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1 Review of Numerical Methods for ODE’s

We will start with a review of analyzing numerical methods for ordinary differential equations. Many of the
techniques we will be using this quarter are easier to understand in the framework of ordinary differential
equations. We will then carry these ideas over to partial differential equations when possible.

Definition 1 An Ordinary differential equation is a problem of the form

y'(t) = fy(t),t) (1)
y(0) = yo

where y(0) = gy is the initial condition.

Suppose we wish to solve (1) on the interval 0 < ¢ < T numerically.



Definition 2 Let 0 = ¢y < t; < t3 < --- < ty = T be a finite sequence of points in the interval [0, T].
A numerical method for solving (1) is a mapping A(f,yo) from t; to y; for each i. The value y; is an
approximation to the true solution y(¢;) of (1).

Example 1.1:

[Euler’s Method] We start with yo = y(0), the initial condition of (1). Successive values of y; are given
by the definition:

Yirr = Yi + f(irts)(tiyr — ;)

Definition 3 An algorithm converges if given € > 0, there is an h > 0 such that if max; |t; 11 —t;| < h, then

[y(T) —yn| <e

The definition of convergence is nice, but unwieldy. What we need is conditions on a method which
will ensure convergence. The main result we will obtain is one which applies equally well to linear partial
differential equations as well, namely stability plus consistency implies convergence.

Assume that the function f in (1) is continuous in ¢ and Lipschitz continuous in y for —oco < y < 0.
Suppose further that we try to solve this equation using a one-step method of the form

where we will assume ¢,11 — ¢; = h is constant.

Definition 4 A one-step method of the form (2) is stable if there is an hg > 0 and K > 0 such that if y
and g are two different starting values, then

lynv — In| < Klyo — Jol
for all 0 < h < hyg.

Put more simply, this definition means that for a stable method, a bounded change in the initial conditions
results in a bounded change in the computed solution.

Example 1.2:

A very simple example of a stable method is ¢ (y,t, h) = 0. Of course this example is exceedingly stable,
but it is also exceedingly useless.

Clearly, stability is not enough to ensure convergence. In particular, this definition makes no mention of
the differential equation that is being solved. We will come back to this point later.

Theorem 1 If ¢(y,t, h) is Lipschitz in y with Lipschitz constant K, then the one-step method (2) is stable.



Proof 1
Consider two solutions yy, gn, derived from (2).
lyn —In| = lyn—1 +h(yn—1,tn—1,h) = Gn—1 — hY(In—1,tN—1,h)]
<lynv—1—On-1| +h[Y(yn-1,tn-1,h) = (IN-1,tN_1,D)|
<lyn—1 —In—1]| + hK|yn—1 — Jn—1]|
=1 +hK)lyn—1—In-1]
< (1+hE)Nyo — ol
< " Elyo — go| = " |yo — o
Therefore, the method is stable.

Note here that we needed the last equation because the constant must be independent of the step size h.

Example 1.3:

Euler’s method is stable. For Euler’s method, ¥(y,t,h) = f(y,t), and if we assume f itself is Lipschitz
continuous in y then so is 1, hence by the theorem, Euler’s method is stable.

Definition 5 A method of the form (2) is consistent if ¢ (y,¢,0) = f(y,t) for all y, ¢ in the domain.

Suppose that y(t) is the exact solution, and define an error term 7 by the equation

y(tn+1) = y(tn) + hw(y(tn)» tn, h) + hr.

Solving for 7 produces

ht = y(tns1) — y(tn) — WP (y(tn), tn, h)
= ) W (1) + o b 4+ 0) = 3(0,) — W) 1)
2
= Wy (1) — 9y (tn), tn, W] + 5y b+ OB)

h
T = y/(tn) —P(y(tn),tn, h) + gy//(tn +0h)

= fy(tn), tn) — Y(y(tn), tn, h) + gyu(tn + 6h)

As h — 0, we want 7 — 0, so this implies that we must have |f(y(tn),tn) — ¥(y(tn),tn, h)] — 0 as h — 0.
So consistency is a useful requirement, since it is connected to the size of the local truncation error 7.

Theorem 2 If ¢(y,t,h) is Lipschitz in y with constant L, continuous in ¢ and h, for all 0 < ¢ < T,
—00 < y < 00, 0 < h < hg, then the method (2) is consistent iff it is convergent.

Proof 2
Let 9(y,t,0) = g(y,t) and consider the initial value problem

Z'(t) = g(z,1)
z(0) = yo

We will prove that y,, — z(¢,) as h — 0 where y,, is given by (2).



Let e, = yn — 2(t,), then

ent+1 = Ynt1 — 2(tns1)

= Y + " (Yn,tn, h) — 2(tn) + h2'(t, + 60h)
en + bW (Yn,tn, h) — g(2(tn + OR), t, + Oh)]
en + b (Yn,tn, h) — Y (2(ty, + OR), L, + 6N, 0)]

and hence
lens1| < len| + Y (Yn, tn, h) — Y (2(tn + 0h), t, + 0h,0)]
Thus,
< |€n| + h|w(ynvtn7h) ( (tn)vtnvh)
+ 9 (2(tn), tns h) — P(2(tn), tn, 0)
+¥(2(tn), tn, 0) — Y(2(tn + Oh), by + R, 0)]
< |€n|+h|w(yn7 n )_ ( (tn)7tn7h)‘
+ [Y(2(tn), tny h) — P (2(tn), tn, 0)]
+ [P (2(tn) tn, 0) — Y(2(tn + Oh), t, + 60, 0)]
<len|+ hLlen| + hD
where

D= t,h) — t),t "(t) = 2'(t+ 6h
e [0, 1,0) — 60, 1,0) + mas 120 — 2/ (c-+ 0n)
0<hZho 0<h<ho
Since 9, (and hence g and z’) is continuous as a function of ¢, h on the compact set [0, 7] x [0, ho], then
D is finite. Also, 1 is uniformly continuous, so D — 0 as h — 0.

Therefore, |e,+1| < (1 + hL)|e,| + hD.

Lemma 1 If |e;+1| < (1 + hL)|e,| + hD and 0 < nh < T, then

1+hl)" -1 D
len] < D (%) + (1 4+ hL)"eg| < f(eLT — 1) +efTeg).
Proof 3
The proof is by induction. It is trivially true for n = 0. Assume it is true for k£ = 0,...,n, then

lent1] < (14 hL)|e,| + hD

100 [p () ] 400

1 )" -1
_D (%) (1+hL) + hD + (1 + hL)"™ ey

=D [(1 +hL) (%) + h} + (14 hL)" e

n+1 _

=D ((1 +hL) 7 (L +hL) +h> + (1 + hL)" 1 eg|
n+1l _

=D (%) + (14 hL)" e

which proves the first inequality by induction. The second inequality follows from the fact 1+ hL < e, so
(1 + hL)n < ehnL — 6TL.



Since |eg| = yo — 2(0), then we now have

fenl < (7 - 1)
Finally, we have as h — 0, D — 0, so e,, — 0 and therefore y,, — z(t,,) as h — 0.
If 4 is consistent, then ¢(y,t,0) = f(y,t) = g(y,t), so y'(t) = 2/'(¢) and y(0) = 2(0), hence by uniqueness
of solutions for system (1), it follows that y(¢) = z(¢) which proves convergence.
If the method converges, then y,, — y(¢,) and y,, — z(t,), hence y(¢,) = z(t,). Since this is true for every
€ [0,T], then it must be that z(t) = y(¢t) on [0,T] and hence f(y,t) = ¢'(t) = 2'(t) = g(y,t) = ¥(y,t,0).
Therefore, 1) is consistent.

We have now shown that a one-step explicit numerical method for solving ordinary differential equations
of the form (1) will converge provided it is both stable and consistent.

Example 1.4:

Euler’s method, Runge-Kutta methods are both stable and consistent, hence they are convergent.

This proof also shows that the order of the error is one less than the order of the error made at the local
level. For Euler’s method, if we plug the true solution of (1) into the method, we make a small error 7:

Yn+1 = Yn + hf(ynytn)
y(tn—O—l) = y(tn) =+ hf(y(tn), tn) +7h

Solve for 7:

Th = y(tn—i-l) - y(tn) - hf(y(tn)a tn)
2

= y(tn) by (1) + " b+ 6) = (1) = Bf (b))
2

_ %y”(tn +60n)

This is called the truncation error.
Again, write e, = y(t,) — yn, then we have

|e7l+1| < ‘en| + h|f(y(tn)atn) - f(ynvtn)| + h‘Tl
< (14 hL)[en| + hlr].

Let D = Zmaxo<;<r |y (t)| = $hK, then we again get

lent1| < len|(1+ hL)+ hD

and hence

D ir

len| < f(e -1
1hK
2 L
In particular, D = O(h), so Euler’s method is a first order method.

Lastly, we will show how the order of a method can be demonstrated a posteriori by experiment using
a technique similar to Richardson’s extrapolation. Assume the error e, ~ AhP, then ey, /2 ~ A (%)p.
Thus,

(eXT —1) - 0as h — 0.

€n,h AhP

R =2P.
eannsz  A(L)”




Therefore,

We often use this type of technique to verify the order of a method and as a check that the method has
been programmed correctly. In practice, it is not often that an exact solution for the equation is known
(otherwise, why are we computing it?).

2 partial differential equations

We move on now to the approximation of partial differential equations. We will begin with some general
information about partial differential equations. There are three main classifications for partial differential
equations.

e Hyperbolic: u; = ug, Or Uy = Ugy-

e Parabolic: u; = uyy.

o Elliptic: uzg + uyy = 0.
We will only deal with hyperbolic and parabolic equations in this course. These are time dependent problems
and will generally be formulated as initial value problems. Elliptic equations are not time dependent, and
are normally handled using techniques from numerical linear algebra.
2.1 Hyperbolic Equations

The simplest hyperbolic equation is the “baby wave equation”
up = ug, u(z,0) = f(x).

The solution of this problem is u(z,t) = f(x 4 t) and is easily verified. The solution shows that the initial
data is simply translated at speed 1 to the left as depicted in the figure below.

Illustration of “baby wave equation” solution

Hyperbolic differential equations are typified by finite time transmission of data.
Similarly, the second order wave equation is given by

Ut = Uy, w(z,0) = f(z), wu(z,0)=0.

This system has the solution

w(w, ) = %f(z+t) + %f(z — 1),



Thus, information travels at a finite rate, but in both directions.

Hyperbolic equations are often referred to as convective, non-dissipative, or dispersive. This is also true
for equations which contain an odd number of derivatives of x. Even the second order wave equation is
convective because it can be written as a first order system that looks like the baby wave equation with only
one spatial derivative.

Consider a linear hyperbolic system of equations

up = Au,, —oo <z <oo, u(x,0)=uy(z)

where u € R™ and A is an n X n matrix. This problem is hyperbolic if A has n distinct real eigenvalues.
In two dimensions,

uy = Aug + Buy

is hyperbolic if for any «, 8 not both zero, aA + 3B has n distinct real eigenvalues. The matrices A and B
may depend on z, y, and t in which case the n distinct eigenvalues must hold for all x, y, and ¢.
If we add a forcing term f(z,t),
uy = Aug + f(x,t)

hyperbolicity is still determined by the eigenvalues of A independent of the forcing term.

2.2 Parabolic Equations

Parabolic equations are typical of dissipative phenomena such as energy loss (friction, tension, or heat). The
canonical parabolic equation is the “heat equation”

Ut = Uz, u(x, O) = f(:r)

We will not give the full solution to this problem here. However, we will give the solution for a particular
wave mode ‘
Ut = Uge, u(x,0)= etk

To solve, we assume that u(z,t) = e“*e?*. Then,

wewtezk:w _ _k2ewtezkw
w=—k?
Thus,
u(x,t) = e teihe

The number k is called the wave number with corresponding wave length A\ = 27 /k. Notice that u(z,t)
decays in time (dissipation). Another key characteristic of parabolic equations is that information travels
infinitely fast.




Tllustration of “heat equation” solution

The heat equation and other equations with an even number of spatial derivatives are called often called
diffusive or dissipative. Also, note that the sign is important for parabolic equations (unlike for hyperbolic
equations).

3 Well Posedness

In general, we say a time dependent partial differential equation is well posed if solutions grow no worse than
exponentially. Thus, a Cauchy problem of the form

up = Aug, u(zx,0) = g(x)
is well posed if there are constants C', « such that
lu(z, t)|| < Ce*[Ju(=,0)|| = Ce*||g(x)]l.

Note that C, a are independent of the initial data g(z).
Note also that we are using functional norms which we will be using often in this course. The typical
norms we will use are:

1

Il = ([ lis@iPas) 2 norm:

@l = [ life)de I-norm:
If@)llec = max || f(z)l| oo-norm:
Example 3.1:
1. We have already seen that the “backward heat equation”, u; = —uy,, is ill-posed.

2. Let
01
Uy = 1 0 Uy
and suppose we look for periodic solutions corresponding to the k' Fourier mode. We assume that
u(z,t) = e“*e’*@ 2 where z is an unspecified constant vector. Plugging it in we get

) 0 1 .
wt ikx , __ wt ikx
we*t ez =k [1 O] e“te

or

w 101
i N

Thus, % must be an eigenvalue of the matrix. This matrix has eigenvalues £1, so we have

w

ik

Therefore, u(x,t) = eT*#*¢?*?2 and we have an oscillating, non-growing solution.



3. Consider the equation

Ut = Ugpza-
Again, we look for a solution of the form u(z,t) = e“'e?**. We get

wewtezk:v _ k46Wt€Zk£.

So w = k*, and hence u(x,t) = ek*teikz Since k can be taken to be arbitrarily large, we cannot bound
the solution by Ce®t.

4

Solution strategy for partial differential equations

Consider the following initial value problem

up = uy, u(x,0)=g(r), —oo<z<o00.

Let’s take this apart and see how we can solve this numerically.

Giveninitial data

Numerical domain of the solution

We will advance in time just like in ordinary differential equations, and the time derivative is computed
by computing the discrete spatial derivatives on the right hand side.

We present here a simple algorithm for solving the initial value problem (4) as a basic method from which
all other methods evolve. If we let u;; &~ u(x;,tx), then we are given the initial data wu;g, and we must find
ui for k> 0. The algorithm for computing the u;; would go something like

5

. Initialize u;o = g(z;).
. Given wyy, for all i and a given k, compute an approximation for wu,(z;, tx).

1
2
3.
4

Compute u; ;41 using a single or multi-step, implicit or explicit ordinary differential equation method.

. Go to step 2.

Spatial Derivatives

Thus, we need an approximation for the spatial derivative u,. If we treat u, as an ordinary differential
equation in z, then Euler’s method would become

u(z + h,t) = u(z,t) + hug(z,t)

(2, 1) %(u(w +ht) — 1))

10



The discretized version would then be

Ug (x4, t) = E(Ui-i-l,k — i) = Dy

Alternatively, we could just have easily used the backward Euler approximation to obtain
1
Uy (T3, ) = E(Uzk —ui—1k) = D_ugy.

We saw that these approximations to the derivative are only first order accurate, can we do better? We
will try to find the highest order approximation for wu,(z;,t;) that only uses the values w;_1, ui, and
uit+1k- At this point we are only interested in spatial derivatives, so every approximation will be taken at
time tg. To reduce clutter, let us drop the time increment k for the time being.

Assume u,(z;) = ajuir1 + agu; + a—ju;—1. What values of a_1, ap, and a1 will produce the smallest
truncation error? The local truncation error is

T =ou(x + h) + apu(x) + a_ju(z — h) — uy(x)

2 3
= 1 () 0a0) + ) + )+ O

2
+ apfu(x)
2 3
s (40 = (o) + B taa(0) = ) + 001
— ug ()

=(a_1+ag+aj)u(z)+h <a1 —a_1 — %) ug () + %(oq + a_1)uzz(x)

hS
+ F(al — a1 )Uggn () + O(hY)
We need to knock off terms, thus we get the system of equations
apt+ayg+a_1=0
hOél — hOé,1 =1

o1 +a_1=0

which has solution av_1 = —%, ap =0, a1 = % Plugging these value back in, we get the truncation error
h? 1
T = Kﬁ”w”(m) +O(hY)
h2

= Fuwm(x) +O(hY)

This means the approximation

1
Uy (T4, th) = %(Ui+1,k — ui—1,k) = Dot
is a second order approximation.
The above analysis relied upon Taylor series approximations to analyze the spatial derivatives Dy, D_,
Dy. We can also use Fourier analysis as well.

11



Assume u(z) = e’*®, then we are approximating u, = ike’*®. Plugging this into the difference Douy, we

get
1 1
2h(uz+1kfuz 1k):2h( (I+h)7u(f£*h))
1 ’L T ’L xr—
— 2h( ik(z+h) _ Sik( h))
1 ,
_ thkx — 'Lkh 7zkh
ikh —ikh
_ ikx € —€
=ik ( 2ikh )
o sin(kh)
ik i SI(
1Re 7kh

The error in Fourier space is then

error = ike

ikr Sln(kh) .7 dkx _ Sln(kh) -7 dkx
i ike'™ =1 o ike

Let e(kh) =1— Smk:h) be the relative error term in Fourier space. There are some important conclusions

we can draw from this error term.

1. For fixed k, w — 1l as h — 0, so for fixed k, e(kh) — 0 as h — 0. This is the analog of the
consistency requirement we have seen for ordinary differential equations.

sin(kh) _ | kh = (R G 4 O((kh)T)

kh kh
2
=1-1+ @ + O((kh)*)
_ (kh)?
=

+ O((kh)")

This shows that the approximation is second order.

3. The error is only a function of kh which is non-dimensional and can be related to the number of grid
points in a wavelength.

Let A be a wavelength, then
eik(z+)\) — eikm

and hence \ = Tﬁl Let N be the number of grid points in a wavelength, then N = %, and therefore

2m
hN = — or |hk| =
L

In fact, we have
(kh) (2m)?
6N2 "
So the local relative error can be determined directly by the number of grid points in a wavelength.
We can graph the approximations to u, in Fourier space. Assume h is fixed, say h = 1, then plot the

numerical and exact multipliers of e?* as a function of k. The exact solution is y(k) = k. Central differencing
has the graph of y(k) = kzw, and the 5-point stencil is y(k) = k (4 sin(k) ésméik)).

e(kh) = +O((kh)*) ~

12



Plot of approximations of u, in Fourier space

13




1. Notice that as k£ — 0, all the plots pass through the origin. This is required in order to claim the
method is consistent.

2. Notice that the errors are largest for kh = w. In terms of grid points per wavelength, this corresponds
to N = 2, which is the fewest number of points needed in order to see the wave.

3. On a related note, higher wave numbers in a problem beyond |k| = 27 can manifest itself on the grid

masquerading as a low wave number. This can be the source of serious numerical errors as we will see
when we discuss spectral methods.

Higher order derivatives for u, are also possible. However, it comes at a price. We have already seen that
the best we could do was second order if we restrict our viewpoint to the points w;_1, u;, u;4+1. To obtain
higher order approximations, we will need more grid points. We follow the same procedure as before: find
constants a_,, ®_py1, ..., @1, Qq, Q1, ..., G, such that

n

Uy = E Qg j Uit

j=—n

While balanced formulae, i.e. |a_;| = |o;|, must often produce the best results, unbalanced formulae
with certain properties have virtues as well as we will see later.

Next, let’s compute a stencil for approximating u,,. Again, we will use only the nearest neighbor grid
points.

T =01Uj1+1 + QUi + Q—1U;—1 — Ugy

= aqu(z + h) + agu(z) + a_ju(x — h) — Uugy(x)
h? h3 h*
= (u(x) + hug(z) + ?um(x) + Eumm(m) + ﬂumm(x) + O(h5)>
+ apu(x)
h? h3 h*

fa, <u(x) = hug(7) + 5

— Uy ()
Again, we knock off terms to get the equations

a1 +ag+a_1=0

hoay —ha_1 =0
h? h?
_— —Q_ :1
2a1—|— 204 1

1

775 Qo = ;—22 Therefore, the approximation is

which has the solution a; = a_1 =

1
Upy ﬁ(ui_H —2u; + ui_l) = D+D_uik

and the truncation error is )

h 4
T = ﬁumm +O(h%)

This approximation is also second order.

14



Let us employ Fourier analysis as before. Let u = €’*®, then u,, = —k?e***. We have

1
DiD_u; = ﬁ(ui_ﬂ —2u; + ui_l)
— %(eik(erh) _ 2€ikm + eik(th))
h
1 . . _
_ ﬁ(ezkh + 671kh _ 2)ezkx
2 ikx
= ()2 (1 — cos(kh))(—k2et*®)

Thus, the relative error is

e(kh) =1-— #(1 — cos(kh))
_ 2 o~ (=) (kh)*
=1- (kh)? <1 *; (2n)! )
2 4

—1- (ki)g <1 - <1 - R S +O((kh)6)>>
2

=1-2 <% - UZQ + O((kh)4))

2
= B o((knyt)

Clearly, for fixed k, e(kh) — 0 as h — 0. Using the relation |kh| = 2T, we see that

(2m)?
12N2

e(N) =~

6 Temporal derivatives

Now that we have studied spatial derivatives, let’s combine the spatial derivative with time derivatives as
in ordinary differential equations. We will see that including time derivatives will add new wrinkles beyond
the simple ODE problems. For example:

1. A perfectly stable spatial derivative coupled with a perfectly stable temporal derivative does not guar-
antee a stable numerical method.

2. Stability is not an independent quality of a discretization, but depends on the relative size of the spatial
and temporal time steps, as well as the actual differential equation being solved.

Numerical errors fall into two categories: dispersive and dissipative. Dispersive error is where different
wave numbers have different phase velocities. Dissipative error is artificial loss of energy.
We will start by analyzing dispersive errors. Suppose you have an initial value problem with solution of
the form
u(m,t) _ eiw(k)teik:vz (3)
dw
dk
= constant.

so that u(x,t) oscillates with frequency w(k). The quantity is a velocity and is sometimes called the

dw

group velocity. A solution with no dispersion has 7

Example 6.1:
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Consider the equation u; = cu,, and plug in the solution (3) to get

iw(k)eiw(k)teikz _ ickeiw(k)teikm

w(k) = ck

Then Z—‘g = ¢, a constant, and so this equation is non-dispersive.

Example 6.2:
Consider the equation u; = 4z + Cuzys, and plug in equation (3) to get
iw(k)eiw(k)teikw — keiw Rt gikz _ 1.3 piw(k)t ika
w(k) =k —ck?

and hence Z—‘,‘C’ =1 — 3ck? which is not constant. Therefore this equation is dispersive.

Notice that this also indicates that higher wave numbers oscillate faster and faster without bound which
is not normally encountered in physical problems. However, numerical methods can introduce numerical
dispersion giving interesting, real, and completely wrong results. Stability alone does not guarantee a
reliable solution.

How does dispersion appear in numerical methods solving non-dispersive problems? Consider again the
equation u; = ug, u(r,0) = e**. Assume that u(x,t) = ¢(t)e?*®, then

eikmé — Zk¢62kT

and hence ¢(t) = e** so that w(k) =k, % = 1. So this problem is non-dispersive.
Next, let us apply Dy on the right hand side. Assume v(x,t) = 9(t)e’** where
vy = Dgw.
Plugging in v yields
I itkx . Sln(kh) ikx
= k‘—
Ppe 1 o e
. i .7.sin(kh)
as we saw earlier. Hence ¢ = ik—;—1 and
w(t) _ ei sin(hk:h)t

so that % = cos(kh) # constant.
We shouldn’t be shocked by this. Recall that when we approximated u, by Dy we got the local truncation

error of )

r = M OUY),

Thus, when we approximate u; = u, by us = Dou, we are really solving the modified equation
h2 4 2

But we saw earlier that this equation is dispersive.
Let us look at the two solutions again to study how to manage dispersive errors. The exact solution is

u(ax,t) — elktelkr — ezk(m—i—t)
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and the computed solution is
)

v(z,t) =e .
Clearly, the errors are in the phase, and they will grow linearly in ¢t. Let p(z,t) = ik(xz + ) and q(x,t) =
ik (%t + x) be the phases respectively. The phase error is then

(o) = a0 = 1 (1= 5 ) o

kh)?

Now to control the amount of error in the computed solution we need to know the number of periods in
time the solution will be calculated as well as the spatial wavelength of the problem. Suppose you wish to
solve for J periods in time, where a period is given by T' = 27 /k, then t = JT = J2x/k or kt = 2w J. At the
same time, we have the number of grid points per spatial wavelength is given by N = 27 /kh or kh = 27 /N.
Plugging these into the error expression gives

(2m)?
6N?

e(J,N) = ‘QWJ

_ ' (2m)?* J_
6 N2

We can use this to control the size of phase errors by increasing the number of grid points per wavelength.
Next we turn to dissipative error. We continue to solve u; = u,, u(z,0) = e** but now we'll take a
different approximation for u,, namely
Uy = D+’LL

Recall that the modified equation in this case is

Uy = Uy + Euwm

The even derivative is indicative of a dissipative term.
let us again apply Fourier analysis to the problem. Let w(z,t) = p(t)e***, then

ik ezk‘(x—i—h) _ ezkac

pe™t =p W
et
= peik“”%(cos(kh) — 1+ isin(kh))
S0
o(t) = con(in) ~1isin(kh)

.sin(kh) , cos(kh)—1
e te D t

Thus, w(x,t) = € e =Gt ke Notice that the second term decays with time. This is a purely
artificial result and is not from the original equation.
The decay rate is then

cos(kh) —1 _1— M5 _p2p
h T h 2

_ (kt)(kh

so the decay term becomes e el Using kt = 2wJ and kh = 27 /N, we get a rate of decay of

J(2m)?2
e 2N t
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Again, by increasing the number of grid points per wavelength and computing over a fixed number of periods
J in time, we can control the amount of dissipation in the computed solution.
Finally, let us try using D_ for the approximation. In this case we get

< ikn ethr _ eik(a:—h)
e = _—_—
P P h
b 1 efzkh
= pe
P h
_ peike 1 — (cos(kh) — isin(kh))
h
and hence,
isin(kh), 1—cos(kh)
plt)y=e "7 tem
o g (kW)
~e- zsn\’ikh,)tel 1+h’ 7,

i sin(kh) k2n
=e h te 5t

The second exponential this time is a growth term which grows faster with increasing k. That means this
method blows up.

There is another explanation for why D is stable while D_ is not. For this, let us look at the differential
equation again. Recall that the exact solution of the initial value problem

up = ug,  u(r,0) = g(z)

is u(z,t) = g(xz+1t). Thus, u(z,t) is constant along the lines x + ¢t =constant as depicted in the figure below.

BN\

Plot of approximations of characteristics in = — ¢ space

Thus, information is traveling from right to left in this case. Now look what each approximation does in
the figure below.

Illustration of stencils compared to characteristics
Given a point (x,t), the domain of dependence is the set of points y such that a change in the initial

data at the point y results in a change in the value of the solution u(z,t). For this problem, the domain of
dependence is the single point (z + ¢, 0).
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A general rule of thumb is that the numerical domain of dependence must contain the theoretical domain
of dependence. Thus, we see that D, Dy satisfy this condition provided that At < Az. On the other hand,
D_ cannot satisfy this condition for any value of At.

7 Explicit Methods

We are now ready to start discussing the analysis of fully discretized numerical methods. The first method
we will analyze is one we have done in the homework. We wish to solve the initial value problem u; = cu,
u(x,0) = g(x). We also assume that the space step size is h, and the time step size is k.

7.1 Forward Euler in time, Central Difference in Space

The first method we will try is

Dt ul" = cDoul
L ) = ()
u = S )
W = D i — )
where \ = % This is an explicit one-step scheme. Explicit because the value at time n + 1 is defined

explicitly in terms of earlier time steps. It is a one-step method because the value of n + 1 depends only on
data at time n.
Let’s compute the truncation error for this method. Let u(z,t) be the exact solution, then

n

Ck n n n
kr =l + %(uiﬂ —ul ) — uiJr1

u(z,t) + %(u(x + h,t) —u(x — h,t)) —u(z,t + k)

2h
ck h? h3 h* 5
=u-+ %(U + hu, + 7“@95 + Eummz + ﬂuzzmﬂ + O(h ))
2 h3 h4
- (uu — hu, + 7’“11 - Euzxm + ﬂumzzz + O(hs))
]{32
— (u+ kuy + 7utt + O(k?)))
h2 k?
= oty + ch - tprs + O(kh*) — ku; — 5t + O(k%)
h? k2
= k-t — -t + O(kh* + k%)
h? k
T = %ua:mz - §utt + O<h4 + k2)
=O0(h*+k)

Thus, this is a (1,2) method, i.e. a first order in time, second order in space method.

Next, let us do the analog of Fourier analysis called von Neuman analysis. Again, we assume the initial
data is e***. In this case, we also assume x; = jh. At the same time, we let z represent the growth term in
time. Thus, we assume

’LL;l — Znezle — Znezéjh _ Znezjf

where £ = /(h.
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As before, we plug this into the discretization to get
L iIE _ n i€ ﬂ(znei(ﬂl)&  2neilmDEy,
Dividing through by z"e¥¢, we get
A _
z=1+ §(€Z§ —e7%)
=1+ iAsin(¢)
For stability, we need |z| < 1+ Ch for some constant C. We have
12]2 = 1+ A?sin?(¢)
k2

= ]. —+ ? SiHQ(g)

Ak
=14+ Ck where we assume e <C

S0,

|z <1+ Ck
< ek

and hence,
|Z|n < ean — eCT
for some fixed time 7. This argument follows the same argument we used for showing stability of methods

for ordinary differential equations. Therefore, the method is stable, though not very desirable because it
grows in size while the exact solution does not.

7.2 Backward Euler
Next, let us analyze the implicit one-step method:

D™ u} = cDou?

_ c
(uj —uf H= %(U?ﬂ —uj_y)

n_ . n—1 Ck n n
uj = uj +fh(uj+1fuj_1)

1
z

n n n _ . n—1
QUj—1 T U = SU = Uy

To solve this, we would write this as a matrix equation. Let

U = [u?|,and A =

o[>~
oL
]
>
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Then this equation becomes AU™ = U"~!. Thus, U" = A~'U"1.
Again, let us apply von Neuman analysis to this method.

A ngili-18 4 ngise _ A ngiGine _ a1 i

A - A
526716 +z— §zelg =1

A )
z (§€_Z£+ 1-— §€z£> =1

z(1 —iXsin(€)) =1

1
1— irsin(€)

1 14irsin(g)
1 —4Asin(§) 1 +iAsin(€)
14iAsin(é)
C 1+ AZsin?(€)

= (i) * (i)

1+ AZsin?()

(14 A2sin?(€))2
1

T 112 sin?(€)

<1

z =

Therefore, this method is unconditionally stable. Note also that except for certain modes, |z| < 1 which
means that almost all modes are damped in time.

7.3 Lax-Friedrichs Method

The next method we’ll discuss is the Lax-Friedrichs method. It is very similar to the forward Euler method.

uftt = §(Uj+1 +uj )+ §(Uj+1 —uj_y)

Von Neuman analysis gives
e ige _ %(znez‘ml)s 4 aneil=g) 4 %(znei(m)s _ meili=Dey

z= %(ei5 +e7%) + %(eiE —e %)
= cos(€) + iAsin(€)
22 = cos?(€) + A2 sin?(€)
— cos?(€) + sin(¢) + (A2 — 1) sin?(¢)
=1+ (A —1)sin?(¢)
Thus, this method is stable if |A] < 1, i.e. % < 1. This is called the Courant-Friedrichs-Levy condition, or

more briefly the CFL condition. It is a condition which essentially forces the numerical method’s domain of
dependence to contain the theoretic domain of dependence.
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The truncation error for this method is
1 ck 1
kT = §(U;L+1 + U;L_l) + ﬁ(u?+1 — U;L_l) — U;H_
2 3

1 h 4
= §(u + hu, + o Use " Uaae + O(h*)
h? h3
+u — hug, + 7um — gulm + O(h4))
2 3

ck h
+ %(U + hug + ?uxx + Fumcx + O(h4)
h? h3 4
—u+ huy — 7um + Fuxm + O(h%))
2

k
— (’LL —+ kut —+ ?utt + O(kg))

2 khQ k‘2
=u+ ?um + ckuy + cTuIm + O(h4) —u — kuy — ?utt + O(k3)

h? ch? k
T = %uzz + ?Uzmr - §Utt
Clearly, the averaging of u} changed the dispersive error into a dissipative error. This means that this
method tends to smooth things out.

In general, explicit schemes are easier to program, but are less robust and always have restrictions on the
size of time steps to ensure stability. On the other hand, implicit schemes are very robust and stable, but
they are expensive to compute, harder to program, and in the case of non-linear problems be very difficult
to solve for the update. Which method to use is very much dependent on the problem.

7.4 Leap-Frog Method

The next method we will consider is the Leap-Frog method so called because to get from time step n — 1 to
n + 1, one leaps over time n. The scheme is

Dou;? = Douj

1, . o 1
ﬁ(uj-‘rl - Uj 1) = ﬁ(uj—ﬁ—l ug—l)
W = S - )

Von Neuman analysis then proceeds as before.
SHLIE o n=Loi€ | )\(neilHDE _ neili=1)¢)
1 , ,
2= =+ M€ — e
z
0=2%—2zX\i2sin(¢) — 1

i2Xsin(€) £ y/ —4X2sin®(€) + 4

2
=isin(€) £ /1 — A\2sin?(¢)

122 =1 — A2sin?(€) + A2 sin?(¢)
=1

z =
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provided that 1 — A2 sin2(§) >0,or A<1.

This method is not very robust, its error is purely dispersive, 7 = O(k? + h?). Note also that z has two
roots &~ +1. The z = —1 mode is not physical and represents the fact that the even and odd time steps are
decoupled. With no damping, the z = —1 mode will persist.

The decoupling can be visualized by looking at the figure below where the dependency of data is plotted.
Note that the coupling of the two sets of data is only through the initial data. It is this decoupling which
causes oscillations to propogate and persist in computations.

The Leap-Frog method can be extended to higher order in space by using higher order approximations
on the right hand side. The Leap-Frog (2,4) method is

ujJrl = uj 1—|—/\<§(uj+1 —uj_y) — g(uj+2—uj_2)>
If we apply von Neuman analysis to this method we get
4 . . 1 . .
22 =14 Az | = (e —e ) — Z (e — 712
3 6
2 . 4 . 1.
22 =14 2i\z 3 sin(§) — 8 sin(2¢)

0=2%—2i\ <% sin(¢) — ésin(%)) z—1

202 (4sin(8) - Lsin(26)) + \/4 — 422 (45in(€) — & sin(2¢))
N 2

= ix (Gsin(©) - goin20)) = \/ 1= a2 (G sin(e) - ésm@g)f

z

2

2
2= (oin(©) - Fon2g)) 13 (5 sinie) - Fnceo))

=1

provided 1 — A? (4 sin(¢) — %sin(2§))2 > 0. This happens when

1
A< < 0.728

= %sin(§) — § sin(2¢)

Again, this method has purely dispersive error and the odd/even steps still decouple.

Note that if k¥ = 6h for some 6, then the truncation error, 7 = O(k?) + O(h*) = O(h% + ht) = O(h?).
Thus, if the time step k is taken to be on the order of h, then in fact, the fourth order accuracy in space is
drown out by the second order accuracy in time. For that reason, Leap-Frog (2,4) is better when smaller
time steps are taken. This is in contrast to Leap-Frog (2,2) where times steps closer to the stability limit is
better.

There are three things about Leap-Frog in the present state that need to be discussed: how to start, how
to recouple the odd/even steps, and how to damp some of the high order oscillations due to dispersion.

The starting procedure is not difficult, but does need to be done with some care. Errors in the starting
procedure will not be damped because of the dispersive error. The simplest starting procedure is to use a
one-step method for the first step. A better startup is by bootstrapping from a very small first one-step
method. For example, use a one-step method to go from 0 to k/8. Then use Leap-Frog to go from 0 to k/4,
then k/2 using 0 and k/4, and finally out to k& by using 0 and k/2. From there, it can be run at a uniform
time step.

The next problem is how to recouple the odd/even time steps. There are a couple different approaches to
this problem. One way to recouple the alternate time levels is to use a one-step method at regular intervals.
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The frequency of the one-step applications is problem dependent where they are frequent enough to prevent
decoupling and not so often as to compromise the second order in time accuracy. Second order accuracy in
time becomes a problem if the number of times the one-step method is applied scales with the number of
time steps.

An alternative method of recoupling is to periodically average in time. Suppose that the computation
has proceeded to time step n+1. Define U?H/Q = (u} +u§-’+1)/2 and u;-klm = (u} +u?71)/2. Now compute
on the half-steps until the next averaging puts the computation back on the whole-steps.

Finally, we need to discuss what to do with methods which have purely dispersive error and how to
damp high oscillation errors in a computation. To analyze the addition of dissipative errors, let us model
dissipation by the equation

y = —ay
If we take a straightforward Leap-Frog approach, we get

1
A

n+l unfl) = —qu”

Assume u” = z"u?, then we get
22— 1= —2kaz
224+ 2%az—1=0
_ f2kai\/2m — hat ViTaR
Let 2z = V14 a2k2 — ak, and z9 = —V1+ a2k? — ak. Then
zlszak<\/mfak

=+v/(1+ak)2—ak=1+ak—ak=1

z

On the other hand,

|zo| = ak + V14 a?k? > 1+ ak

So zy represents an exponentially growing solution. While this is stable growth, it is a growth that is not
desirable.

There are two remedies for this problem. We can either lag the dissipation or average in time. A lag in
dissipation would look like

1

ﬁ(un—ﬁ—l o un—l) _ _aun—l
22— 1=—2ka
2?2 =1-2ka

Thus, |z| = v/1 —2ka < 1. It has no growth modes.
Averaging in time gives

1
%(unJrl 4 unfl) — _a(unJrl _ unfl)/2

22— 1=—ak(z* +1)
(1+ak)z? =1 —ak
1—ak

2 _
=7 1+ ak
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Carrying this over to the Leap-Frog (2,2) method, we modify u; = cu, by
U = iy — €hMugpee (2, t — k).
For the Leap-Frog (2,4) method the equation becomes
U = Uy + €hOUppppee (T, t — k)

where the new spatial derivatives are computed using central difference approximations and € is optimized
by experiment. Note also that the lag in time simply means that the dissipation terms are computed at time
n — 1 instead of n.

7.5 Lax-Wendroff Method

The next method we will consider will have a purely dissipative error, yet be of higher order accuracy. If we
take a higher order Taylor expansion of u(x,t + k), we get

k2 3
u(z,t+ k) =u+ ku + 5 et + O(k?)

Now, recall that u; = cug, and hence uy = c*ugy, S0

k2c?
u(z,t + k) =u+ keu, + 5 Uas + O(K?)

If we take central differences we get

u; " = uj +—2h(uj+1fuj_1)+—2h2 (uj+172uj +uj_1)
Von Neuman analysis gives

z=1+4 %(ei§ —e ) ¢ >\;(6i6 —2+4e7 %)
=1+ iXsin(€) + A\*(cos(§) — 1)
=1—2)\%sin?(£/2) + isin(€)
12| = (1 — 2A\%sin?(£/2))% 4+ A% sin?(€)

=1 —4X\%sin?(£/2) + 4\ sin*(£/2) + 4)\%sin?(£/2) cos?(£/2)

=1 —4)\*sin?(£/2) + 4\ sin*(£/2) + 4)\?sin?(£/2) (1 — sin?(£/2))

=1+ 4M\sin?(£/2) — 4X\%sin(£/2)

=1+4X2(\% — 1)sin*(¢/2)
Therefore, if A < 1, then for every mode —7 < £ < m, £ # 0, |2| < 1. This means that Lax-Wendroff is
dissipative for all modes except & = 0.

The next thing to note is that for fixed ), |z| < 1— &% for § depending only upon A. This indicates that
the Lax-Wendroff method has fourth order dissipation.

7.6 MacCormack’s Method

MacCormack’s method is a variation of Lax-Wendroff which is easier to adapt to more complicated equations.
Lax-Wendroff is broken into a predictor corrector pair. Thus,

i = ul + AD u! (F)

, 1. n N
u?“ = i(u] +ul + AD_1;) (B)
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This is called the FB step where F stands for forward differencing and B stands for backward differencing.
If we interchange the Dy and D_ then we would have a BF step. It is easy to show that for u; = cu, this
method and Lax-Wendroff are the same. The advantage for this method comes when it is applied to more
complicated equations. For example, consider the hyperbolic conservation law

up = [f(w)a

To compute uy; as in Lax Wendroff would result in a complicated nonlinear expression. MacCormack’s
scheme makes it easier:

Wt = (i +uf £ ADf(3)) (B)

In practice, FB and BF steps are used alternating every time step. A stability bound for this method
applied to conservation laws is similar to that for Lax-Wendroff, namely

o
— max; | f(uf)]

There are extensions of MacCormack’s method to obtain (2,4) and (2,6) versions. In this case alternation
of FB and BF is required and these steps are modified from the above description. In each case, the time
step must be taken much smaller to reap the benefits of the higher spatial accuracy similar to what happened
with Leap-Frog.

7.7 Runge-Kutta Time Stepping

We can also use Runge-Kutta methods for advancing in time. The fourth order Runge-Kutta method is

K

Ky =kf(u",t,), @ =u"+ 71
k K
KQkf<ﬁlatn+2>a ﬁ2:un+?2

Let us analyze this for its growth modes. We will solve the equation

d
4 au, u(0) = u°

i
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and assume that v = 2"u". Then,

Ky = kaz"™u®

kaz” 0

G = 2"u’ +

nga(z +u’ kaz )
a)?
Gy = 2"u’ + = (k‘aJr >

(1+ —ka + - (ka)) Q7

K;=ka (1 + ika + i(k‘a)z) 2"u?
3 = 2"u’ + ka (1 + —ka+ = (k:a) ) "0
(1 +ka+ - (ka) —(ka)3> 2"u0
Ky =ka (1 + ka + = (ka) 1(k:a)3> 2"u?
u = 20 = (k‘a + 2ka + (ka)? + 2ka + (ka)? + %(k;a)3 + ka + (ka)?

1 4 n, 0
§(ka) Z(k‘a) >z u

n+1u0

and since u"*! = z , we get

_ 1o e 1o v 1
zf1+(ka)+2(ka) +6(ka) +24(ka)

Of course, we should have been able to predict this result since we know that this method is fourth order,
and that the exact solution would be e®*. For purposes of analyzing the wave equation, we now suppose
that a = i, then we get
2z =1+ika — k*a® —ik3a® + k*a?
=1-Ka? + kot +i(ka — k3a?)
From this we find that |z| < 1 provided |ka| < 2.8. Let D4 be the fourth order central difference scheme,

and let U™ = |u} |, then we apply Runge-Kutta to solve

aun
dt

Writing it this way will assist with the von Neuman analysis.
Assume U™ = a(t)e™"U°. Plugging this into (7.7), we get

da . (4sin(§) 1sin(2¢)
dt(3 no T3 on )

_G©

h

= D,U".

27



From our earlier analysis, we know that we get stability if |k$| <28or

h

h
k<28 ——]<28
< S S e 1G]

1G(E)
We came across G(§) before with Leap-Frog (2,4) and so we get

k < h(2.8)(.728)

Note that using Runge-Kutta in time means more intermediate storage. A low storage version for time

. . P . d X
independent equations is given for the equation Z¢ = f(u):

K
Ky =kf(u"), 41 =u"+ —41
K
Ky = kf(in), iy =u"+ =
K
K3 =kf(a2), d3=u"+ 73

Ky =kf(as), u"™' =u"+ K,

This method has the same stability criterion as the original Runge-Kutta fourth order method.
This is then a (4,4) method. It has dispersive error, so artificial dissipation is often added similar to
Leap-Frog, but for this method the time lagging of the dissipation is not needed.

8 Systems of Equations

Every one of the methods we have can also be applied to systems of equations such as
Uy = AU, x, t) Uy, U(z,0)=do(z)

where 4 is an m-vector and A is an m x m matrix. Recall that the requirement for hyperbolicity is that A
have m distinct real eigenvalues, call them pq,. .. ,u,,. These eigenvalues are called the characteristic speeds
of the equation.

The von Neuman analysis for methods also still works for systems. For example, Leap-Frog (2,2) is

—n+1 _ —-n—1 —n o =n
uptt =uy o+ ANA(U]y — T q)

Now assume 4} = 2"etthi0  then
I22 — T —MAz(e* — e ®a%) =0
(I2% — N2iAzsin(¢) — i =0

Now A = TAT~! where A is a diagonal matrix with diagonal entries i1, ..., fim, SO we can write
T(I2* — X\2iAzsin(€) — DT ' +0=0
(I2% — 2XiAzsin(¢) — DT =0
since T has a trivial null space, then for this equation to hold, we must have at least one of the equations
2% — 2\ipgzsin(€) — 1 = 0.

This is the same equation we saw for Leap-Frog where we had the stability limit A < ﬁ This must hold

for any «; and hence we get the stability restriction of
1

D
maxy=1,...m |/
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This argument will apply to any of the methods we have analyzed so far.
This method of decoupling will also be useful for when we deal with boundary conditions, so we will
discuss it further. If we have the original equation

U = Ay,
Then,
0, = TAT i,
T ', = AT i,
Let @ = T~ ', then we have the equation
Wy = AW,
This is the decoupled equation which can now be solved as a list of scalar equations

8wi - 8’[1)1'

ot Mor

These equations will be recoupled via the boundary conditions as we will see later.

9 Implicit Methods

We have already seen the backward Euler method, but there are better implicit schemes. We are still working
on the equation u; = u,.

9.1 Crank-Nicolson Method

The Crank-Nicolson method is 1
D+’U,;-l = §(D0u?+1 + D()U;—l).

The truncation error is

h?  5k2 ) )
T = <E+§>u1rx_0(h )+O(k} )

so it is a (2,2) scheme with pure dispersive error.
Next, we will do the von Neuman analysis:

Lo L (L e e i€ _ it
k(z 1) 2(2hz(e e )—|—2h(e e ))
z—1= %)\(z + 1) sin(§)
1

Thus, it is unconditionally stable.
The implementation of Crank-Nicolson is similar to the Backward Euler method where a matrix equation
must be solved every time step and that matrix is also tridiagonal.
This and other implicit schemes are often rewritten in a “S-formulation” where
5 = unJrl .

j j U
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The Crank-Nicolson method then becomes

A
urH—l _ n+1

j Z(uj+1 - U;Ijll) =uj + Z(UJ?—H —uj_y)
n A n+1 n+1 A n n
07 — Z(éjrl - 5jj_1) = §(Uj+1 - uj—l)
The method is then a two step process
67 — 1(5]'4-1 - 51'—1) = 5(“j+1 - “j—l)

n+l _  n n
u;tt = uj + 47

While theoretically this is entirely equivalent, it is less prone to catastrophic roundoff errors.
Another thing to note is that since Crank-Nicolson has purely dispersive error, it is prone to oscillations
and non-linear instability. One way to combat this is to make a slight change in the method

D+U;-l = O[D(]’U,?+1 + (1 — Oé)D()U;-l

For a = 1, it is the backward Euler method and for @ = 1/2, it is Crank-Nicolson. The method is second
order in time only for « = 1/2, but a formally second order in time method can be recovered by choosing
o= % + a1 k. In practice, «a is simply a parameter to be set when the method is invoked.

9.2 Compact 4** Order Approximation for u,

Next up is a fourth order in space method that requires only three points in space. Recall that

h2
D()Uj = Uy + Fuxxx + O(h4)

Dy D_uj = ugz, + O(h?)

Combining these, we get Uz, = Dy D_u, + O(h?), so
h2
Douj = Uy + €D+D_uw + O(h4)

2
— (I + %D+D_> u, + O(h*)
and hence

9 -1
Uy = <I + };D+D_> Dou + O(h*)
this is a fourth order accurate implicit approximation of U, where this is only a tridiagonal matrix to be
inverted.

The method is typically coupled with Runge-Kutta 4 to obtain a (4,4) method with a compact stencil.
Also, note that this method has a time step restriction even though it is an implicit method. That is, because
it is not implicit in time.

10 Semi-implicit Schemes

Consider the equation
uy = Uy + R(u)
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where R is some given nonlinear expression of u. To solve this with a fully implicit method will involve a
nonlinear solve of the equation every time step. This can be expensive if it is even possible. An equation of
the form (10) commonly arises in convection-reaction equations in chemistry where R(u) models the chemical
reaction.

A semi-implicit method is a method where part of the equation is modeled with an implicit method while
another part is pure explicit. For example, we can apply a combination of Crank-Nicolson with the explicit
multi-step method Adams-Bashforth.

10.1 Adams-Bashforth Multi-step Method

The Adams-Bashforth method is a family of multi-step methods for solving ordinary differential equations.
The second order Adams-Bashforth method for solving y' = f(y,t) is

Yn+1 ::yn‘+’§(3f(ynvtn)'_ f(Yn,tn))

So if we were simply solving u; = R(u), we would have

n n k n n—
with =l + 5(3R(uj) — R(u}™")

Combine this with Crank-Nicolson for the convection part to get

n 1 n n 3 n 1 n—
Dyl = §(D0uj+1 + Douj) + S R(uf) — S R(U; D)
Thus, we still have a (2,2) method. So we still have a tridiagonal linear system for the implicit step. Also,
we only have to solve that system once each time step (as opposed to more if we had used a Runge-Kutta
type of method for the non-linear part or MacCormack’s method.)
The §-formulation can also be used in this type of method as well.

11 Parabolic Equations
The canonical parabolic equation is the heat equation given by
Ut = QUgz, a >0

Many of the schemes we have already discussed can be applied to this equation except for Leap-Frog. Recall
that Leap-Fog is unstable for even derivatives evaluated at time n. We had to lag in time for the artificial
dissipation.

The time step restriction is more severe for the heat equation. To see this, consider the basic (1,2) method

D*u? = Dy D_u”

which is
uﬂ+1

k
I =y a5 (ufg = 2uf +ul)

B2
Now let us apply von Neuman analysis

z=14 B —2+e7%)

where 8 = a

=

z=14 B(2cos(§) — 2)
— 11— 25(1 - cos(e)
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To get stability, we want
—1<1-28(1-cos(§)) <1

Clearly, the second inequality is always satisfied. For the first inequality, we get
~1<1-28(1 - cos(€))
1> B(1 = cos(¢))

1
ps 1 —cos(§)

Therefore, we have a time step restriction of the form

1
< Z
-2

h2
E< —
~ 2a
This is a significantly more restrictive time step requirement because every time the space step is halved,

the time step must be cut by a quarter.
This type of restriction on parabolic equations is typical of explicit methods. If we instead switch to a

backward Euler implicit method, we get

D™} =aDyD_uj
1 n n—1 1 n n n
E(u] —uiT) = aﬁ(ujJrl —2u} +uj_,)
1

The matrix on the left is a diagonally dominant matrix which means that it is better conditioned, and hence
more accurate solutions are obtained when solving the linear system.
Applying the von Neuman analysis, we get
1=(1428)z— ez — Be %z
= (1420 —20cos(§))z
= ! <1
1 +28(1 —cos(§)) ~

for all £&. So the method is unconditionally stable as expected.
Now consider a reaction-convection-diffusion equation

z

U = Uy + Uy + R(w)

to avoid the time step restriction, we apply an implicit method to the diffusion term, either implicit or
explicit for the convection term, and explicit for the non-linear term.

Unconditional stability when solving u; = au,, does not mean that the time step size k can be taken
arbitrarily large. For example, consider the Dufort-Frankel method (a modification of Leap-Frog) for solving
Ut = Uz, Which is unconditionally stable according the the von Neuman analysis.

uﬂJrl — unfl 1

J J _ n+1 n—1
= ﬁ(u;ﬂ_l —uiT —ul T )
Tt —ut 1

J J _ n n n n+1 n n—1
T_ﬁ(uﬁ_l—Quj —|—uj_1)—ﬁ(uj —2uj +ul)

n+1 n—1 n+1 n+1
u; " —ug 7i(un w4 un )_k;_zuj —2u}’+uj

2% T op2h Il J j—1 h2 2

Now, suppose we keep A = % constant and let k, h — 0. Then we get

_ 2
Up = Uggy — N Uy
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which is the wrong equation. On the other hand, let § = h—kz be held constant, then we get as k, h — 0,
Ut = Ugy — kﬁutt — Ugy-

The moral of the story is that stability and consistency is not always enough to show convergence in the
world of partial differential equations. A corollary could be, just because a computed solution is stable and
converges as h, k — 0 does not guarantee that the limiting solution solves the original equation.

12 Boundary Conditions for the Heat Equation

Consider the initial boundary value problem

The heat equation requires two boundary conditions, typically one boundary condition at each endpoint.
The boundary conditions can be represented by

au(0,t) + Pu,(0,1t)
~u(l,t) + duy(1,1)

fo(t)
fi(t)

These are called the impedance boundary conditions. If 3 or § = 0, it is called a Dirichlet boundary condition.
If v or a = 0, then it is called a Neuman boundary condition.

Modeling these numerically is trivial. Pure Dirichlet conditions simply set the value at the endpoints.
For mixed boundary conditions, a ghost point is often used. For implicit methods, this simply adds an
additional equation to be solved at each endpoint. For explicit methods, the ghost point is determined from
the already computed points in the interior. For example, at the left end point (where uf = u(0,t,)) we
would have

n 1 n n
oug ™t 4 Fon (ui T —uh) = foltas)

2h
= ufl= F(fo(tnﬂ) —augth) —uptt
For the special case where a = 0, often the grid points are chosen to straddle the endpoint so that x_; = —h/2

and xg = h/2. In this case, we get
1 n n
E(ulﬂ —u"h) = foltns1)

This reduces the error in approximating u, at the endpoint by half.

13 Boundary Conditions for Hyperbolic Problems

The approximation of boundary conditions is as important as the approximations of the equation itself.
Implemented poorly and they will pollute your solution and reduce accuracy and even convergence rates and
stability.

To treat boundary conditions right, we need to understand the effect of boundary conditions on the exact
solutions. Consider the equation

Ut = Uz, —00<x<0
u(z,0) = f(z)

This is not enough information to solve the problem in the region (co,0] x [0,7]. To see why, we return to
the characteristics of the problem. In the figure above, consider the point A. In order to determine the value
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of u we follow the characteristic back until it hits the boundary at x = 0. As stated, there is insufficient
information to determine the value of u at A. To complete the picture, we must know the value of u on the
x =0 line, i.e.

u(0,t) = g(t)
So the complete solution is

(e t) = {f(a:+t) x>t

glxa+1t) z<t

Notice that in order for the solution to be continuous, we must also have the additional compatibility
condition g(0) = f(0).

On the flip side, suppose we wish to solve the same equations on the interval 0 < z < +o00. This time,
we cannot impose a boundary condition because the value of u is already determined. We know that for
e >0, u(e, t) = f(e+t) and as e — 0, u(e, t) — f(¢), so for continuity at x = 0, we must have u(0,¢) = f(t)
and hence u(0,t) is completely determined.

13.1 Systems of Equations
Next, consider the second order wave equation
Upt = Uge, 0< <400
We can rewrite this as a system, let vy = u; and v = u,, then
e P bl i ol o R A S
v2], Ug |, Uyt Ut g U], 1 0] |ug 1 0] |vg

So we are reduced to the first order system
S (0 1],
Ve = 1 0 Vg

To identify the direction of the waves, we can decouple this system. The matrix has eigenvalues £1 and

. 1 1 . .
eigenvectors [J and {_1] respectively. We can then write

Dol Al Al
10 1 =10 -1]|5 -3
and hence
1 1]t o]f[t l]
Uy = 2 4|7,
P P
1 1 1 0 1 1
Al Al e
[5 510 15 -3
1 1
Let w:[i _ﬁ]ﬁthenweget
2 2
R 1 0
or
8’UJ1 8’UJ1
5 or )
8w2 8w2
ErT (5)



Now, we saw before that we could not specify boundary conditions for equation (4) at « = 0. On the
other hand, the characteristics for equation (5) go in the opposite direction, and so for this part we need
to specify the value at x = 0. We call the function w; the outgoing wave because the data is leaving the
domain. The function ws is the incoming wave. The boundary conditions we specify for ws must then be
proscribed and may depend upon the outgoing data, hence we get

wo(0,t) = awq(0,t) + g(¢)

where g(t) is an arbitrarily specified function and « is an arbitrary constant. In particular, this means that
we may specify only one boundary condition at this boundary.

Example 13.1:

Suppose this equation arose as part of a vibrating string simulation. We could tie the end down to a
fixed height, say u(0,t) = 0. How does this translate into the boundary condition formulation above? We
get u;(0,t) = 0, and write the boundary conditions in equation (13.1) can be written in terms of u as

Ut (Oa t) — Uy (07 t) = a(ut (Oa t) + Uy (Ov t)) + g(t)
Plugging u;(0,t) = 0 into this equation gives
—uz(0,1) = aug (0,1) + g(t)

Thus, we get equality if we take « = —1 and g(¢) = 0.

The general case follows the same argument as above. Suppose we have
uy = Ay, 0<2x < +00

Suppose that A has eigenvalues 1,. ..,y > 0, and fiyy1,. . . ,ptm < 0, then we decompose A as TAT ! where
T is the matrix of eigenvectors e1,. .. ,e,, respectively. Then A = TAT~!. Let Bo be the first r rows of 771,
and By be the last m — r rows of T~!. Then define ¥y = B;i and ¥o = Botp. The boundary conditions
are now specified as

v = Mo + g(t)
where M is an m — r X r matrix. In particular, it tells how many boundary conditions are needed (m — ).

If the domain is bounded on the right, then we would get the complement of boundary conditions at the
right endpoint.

Note that the matrix A need not be constant. If we are solving on the domain [a,b], the sign of the
eigenvalues of A at A(a,t) and A(b,t) determine the number of boundary conditions necessary at each
endpoint. If A varies with time, this must be checked and the number of conditions adjusted in time.

What if we don’t follow the rules for boundary conditions? Suppose we are solving uy = u,;, —oo <z < 0
and assume u(z,t) = e“te*® where u > 0. Then if we plug this into the equation, we see that y = o and
u(zx,t) is an exponentially growing solution with arbitrarily large rate o, i.e. the problem is ill-posed and the
solution is unstable. So under specified boundary conditions lead to unstable solutions. On the other hand,
over-specifying the boundary conditions give incorrect results and often oscillatory computations.

Example 13.2:

As an example, consider the linearized Euler equations for one-dimensional inviscid flow. Let p be the
density, u the x—velocity, and p the pressure. The Euler equations are

Pt + upy + puy =0 (6)
1

up + Uty + ;pm =0 (7)

Pt + upy + ypuy =0 (8)

35



where ~ is the gas constant. These equations are conservation of mass, momentum, and energy respectively.
Suppose we wish to study the disturbance in a constant ambient state as in sound waves. The ambient
state is represented as pg, ug, and pg, and then we write the variables in terms of the disturbances:

p=po+p
u=1uy+u
p=po+p

where p/, v/, and p’ are small relative to the ambient state. Plugging these in, we get

p; + (uo +u')pl, + (po + p')us, =0

Py + Uopy + poy =0 (67)
uy + (ug +u')ul, + pl, =0
t ( 0 ) 00 4 p/
! / 1 1 / /
w AUty + | — = —=p | pp =0
Po Po
1
ut + uouy, + —p, =0 (7)
Po
P+ (uo +u)pl +v(po + p)uy =0
P + uop), +ypou;, =0 (8)
Written as a system, this becomes
4 —uy  —po 01 o
/ . _ I !
u/ =10 [ o u/
P, 0 —wo —uo] |P'],

This system describes the propagation of sound in an ambient medium.

Assume ug > 0 and that we are solving this on the finite interval ¢ < x < b. The left endpoint z = a
is called the inflow boundary, and x = b is the outflow boundary. To determine the number of boundary
conditions on each end, we must find the eigenvalues of the matrix.

—Uug — A —pPo 0

Odet[ 0 —up — A —piOO —Ypo  —ug— A

1
— (a0 + 3 [t + A = 730
Po
Thus, we get the eigenvalues

)\1 = —Up

Po
Po

/\23:—UQ:|:

)

The value ¢y = ,/ % is the speed of sound in the ambient medium. Thus, the eigenvalues are —ug, —ug £ cg.

If the flow is supersonic, i.e. ug > ¢y, then all the eigenvalues are negative. This means that three boundary
conditions are required at the inflow end and none at the outflow end.

For a subsonic flow, ug < ¢g, then there are two negative eigenvalues and one positive one. To see what
boundary conditions can be specified, let us work a little harder. The matrix can be factored into

1 [ J—

1 =

T B ° 11
4 1 _ _ pPo

0 20 20 8 UOO Co 0 0 2p 2{(}

— _Po <

0 co Co Uo + Co 0 2 2¢o
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Note that for subsonic flow, —ug < 0 and —ug — c¢g < 0 while —ug + ¢g > 0. The characteristic variables are
now

/
/ y4
L0 =z [rho =
Lo 1 A R P’
0 2p 2%0 u/ 2 /+ TO/
0 —£ = p _pou 4 p
2 2¢o 5 T 2o

Thus, at the left endpoint, we must specify boundary conditions for c3p’ — p’ and for pocou’ + p’. At the
right endpoint, we must specify the outflow condition —cgpou’ + p’.

At the left endpoint, we are free to specify say p’ and v/, but not both v’ and p’. At the right endpoint,
one choice of boundary conditions is called non-reflecting or radiation boundary conditions. In this case,
we assume no disturbances are entering the problem from far downstream (towards large x). Hence, we
specify that the condition at outflow be the same at +o0o. For example, we could use the boundary condition
—copou’ +p' = 0.

14 Numerical Approximation of Boundary Conditions

Implementation of boundary conditions numerically can lead to problems in the whole scheme. For example,
consider Leap-Frog applied to u; = u;, 0 <z < 1. From what we have learned about boundary conditions,
we must specify a boundary condition at = 1, but not at x = 0. However, a grid point placed at x = 0
requires a grid point on the left to compute the Leap-Frog step. For this reason, we will need to study
numerical boundary conditions.

This problem can also occur at inflow. Imagine the value is specified at x = 1 and we are using Leap-Frog
(2,4). Then a grid point outside = 0 will be required, what value should it have?

As with numerical methods in the infinite domain, we must also study the effect of numerical boundary
conditions on the accuracy and stability of the whole numerical method with boundary conditions. Fortu-
nately, it can be shown that there are no compound difficulties due to a problem having two boundaries, i.e.
each boundary condition can be analyzed separately to give a complete analysis of the whole scheme.

With regard to the accuracy of boundary conditions, there is a general theorem which states that an
order (p, ¢) method for the interior requires only a (p—1,¢— 1) accurate method at the boundary to maintain
(p, q) accuracy overall.

For example, if you are using a second order scheme in space, and need extrapolating boundary conditions,
you would not want to use

n+l _  n+l
Up = U

because this is only a 0" order extrapolation. Instead, you would need at least 1% order accuracy such as

u(T)LJrl _ 2u11+1 _ ug+1

For stability, we will use the Kreiss stability theory. In addition to doing the standard von Neuman
analysis, we assume u} = z"7, and we must show that there is no solution for which |z| > 1 and || < 1 for
both the numerical method in the interior and for the boundary condition. Note that this type of analysis
is very similar to the stability theory we did in the continuous case where we assumed a solution of the form
u(z,t) = e7tel® 1 < 0 where z plays the role of et and & plays the role of e#®. In that case, we saw that
specifying boundary conditions eliminated solutions with growth modes when the boundary condition was
required. In this discrete case, we want to ensure there is no growth mode (i.e. |z| > 1) for an allowed
solution of |k| < 1.

Example 14.1:

Assume we are applying Leap-Frog to u; = ug, * > 0 then the discretization is

n+l _  n—1 n _an
uwit =l + ANujyy —ujy)
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Plugging in uj = 2"K | we get
2 2
Z’k=kKk+ Ak — 1)z

Solving for k, we get

1—2?
2
K®+ k—1=
Az
From this, we can see that there are two solutions, x1(z) and k2(z) where k1(2)k2(z) = —1. We are looking
for any solution where |z| > 1 and |k| < 1, so we will take |k1(2)] < 1 and |k2(%)| > 1. Note that we cannot
have |z| > 1 and |k (2)| = [r2(2)| = 1 because then u? = z"€”* plugged into the numerical method would

allow |z| > 1 which violates the assumption that the von Neuman analysis established a stable method.
What we must now show is that k;(z) plugged into the boundary condition to ensure that |z| > 1 is not
allowed. If we try the boundary condition ug'H = ], then we get 1 = r1(2), which is ruled out. On a
side note, this type of boundary condition still does not yield a stable method because this is not a sufficient
condition to guarantee stability of the whole scheme.
If we do one-sided differencing, we get

uftl =+ M - )

and we get z =14 A(k1(z) — 1). From above, we find that

B 1-1422—-1-2224+ 24442222
2 Az

k1(2)

Now we plug this solution into equation (14) to get

1422 - VT 227 1 28 A2
z_1+)\<1/2 oV AZ+Z+ : —1>
z

Simplifying this equation gives
0=4z(z—1)*(A—1)

Thus, the only solutions are z = 0, 1. Therefore, |z| > 1 is not allowed and the method may be stable.

This analysis is based upon the following theorem.

Theorem 3 (Ryabenkii-Godunov) If a numerical method is von Neuman stable, and the treatment of
the boundary is stable, then plugging u7 = 2"kJ into both the numerical method and the boundary method
will have no solution with both |z| > 1 and |k| < 1.

Notice that this is only a necessary condition and is not sufficient to prove stability. In practice, this is
a very difficult result to establish and gets worse for larger than three point stencil methods.

We return now to the equation u; = uy, 0 < & < +o00, u(z,0) = f(z). We have already seen that in
theory, we are not allowed to impose a boundary condition at x = 0, yet if we employ a central difference
method, we will need to know how to advance the grid point at the left end.

One way to handle this is to take advantage of our knowledge of characteristics. Since data moves from
right to left, we could use the (1,1) upwind scheme

+ n __ n
D uy = Diug

aptt =+ At - )
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On the plus side, it sends data in the right direction, and solves the problem of what to do at the left
endpoint. The method is only (1,1), but we saw earlier that this is sufficient to maintain (2,2) accuracy in
the interior.

We don’t normally use this upwind scheme in the interior except around shocks. For more general
problems, we may not always be able to identify the direction of the characteristics so that the correct
upwind direction is taken.

In general, we will discuss two kinds of boundary conditions, extrapolation and one-sided differences.
However, the two are very similar in their approaches.

14.1 Extrapolating Boundary Conditions

Consider the following situation, we are using a central difference scheme to advance the interior points. The
problem is, how do we compute the value ugH? Central difference is not possible because there is no point
to the left of ug. Suppose we have computed the values u}”‘l for j > 1 and need to compute ug‘H. The 0"
order approximation is

Dyugtt =0
n+l _  n+l
Uy =U

We can get higher order extrapolations by insisting a higher order derivative is zero. An r* order extrapo-

lation method is given by
Df'lug"'l =0

For example, the first order extrapolation is

_ 2 n+l
0= D7 ug

= D+(D+Ug+1)

= D (! — )

= (D — D)

_ %(ugﬂ — oy 4yt

Solving for u8+1 gives

n+1l __ n+1 n+1
uy = 2uy — g

It can be shown that extrapolation of any order is stable if coupled to a method with dissipative error,
however there can be degradation in accuracy near the boundary depending on the method used.

14.2 One-Sided Differences

Instead of extrapolating out to the boundary, we can employ one-sided differences. We have already seen

one example, namely
+ . n _ n
D™ uf = Diug

Now,
Dyug = E(ul —ug)
1 n n
= ﬁ@ul - 2ug)
1 n n n
= ﬁ(ul - (2U0 —uy))
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Suppose u”; = 2u{ — uf', then we have

1
ﬁ(u? —u",) = Doug.
In face, one sided differences are equivalent to extrapolation at time n to establish the value u”;. Then the
interior method can be used right up to and including the boundary. Again, this type of boundary method
is stable when coupled to a dissipative method.

We finish this section with a few notes about these extrapolation methods. First, if the equation is a
conservation law, e.g. u; = (f(u))z, then it is generally better to extrapolate the flux itself rather than
evaluate f at an extrapolated point. For example, the first order extrapolation would be

f-1=2fo—hf

where f; is the value of f(u;).

Stencils in space that require more than three points may require more than one grid point to be extrap-
olated. In this case, extrapolate outward one grid point at a time. For example, a 3'¢ order extrapolation
where u_1, u_o are needed is done by first extrapolating to get u_1.

u_1 = 4dug — 6uq + 4us — us
Then use this to compute u_o
U_o = 4u_1 — 6ug + 4uy — uo

Note also that stability is only assured for methods with dissipative error terms. That eliminates Leap-
Frog for example. To handle Leap-Frog, we may stably apply one-sided differences. A better one-sided
difference for Leap-Frog adds dissipation and is given by

1
W =g A (o] - 7 )

This too can be used with Leap-Frog to give stable results.

14.3 Linear Systems

Consider the problem
iy = Atiy, 0<x < +00

where A is an m X m matrix. If all the eigenvalues are positive, then the characteristics leave the boundary
and all characteristic variables must be specified via the boundary conditions. If all the eigenvalues are
negative, then all the characteristics enter the boundary and so one-sided differencing or extrapolation must
be used.

The hard case is when there is a mixture of inflow and outflow characteristics. The prototypical example
of this is the system we looked at earlier, namely

mt: [(1) (1)} mx 0< <400

This has eigenvalues +1 and characteristic variables u + v, u — v. We saw before, that the inflow boundary
conditions must be determined by the outflow conditions and a specified function, i.e.

u(0,t) — v(0,t) = a(u(0,t) + v(0,t)) + g(t)

Suppose the boundary condition is give as v(0,¢) = g(¢). To handle this, we first look at the outgoing
variable and note that

(u+v)=(u+v),
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Since this is outgoing, we use one-sided differences to obtain

uf ™ ot = uf 4 o + Al 4 o] — (v + )

n+1
0

At the same time, we must also solve v, = g(tn+1). Thus, we must solve the simultaneous system

U(T)LJrl = g(tn+1)
= U,

ug ™+ ot = ug 4 of + Al 4 of — (ug +0p))

This is called the characteristic boundary treatment.

In general, to solve the inflow/outflow condition, we get m simultaneous equations to solve where r
equations are upwind differences applied to the r outgoing characteristic variables and m — r equations are
given according to the local boundary conditions. This system of equations is then solved to produce the
new value of ;.

15 Two-Dimensional Problems

Next we will look at problems in higher spatial dimensions. We will see how the stability criterion change
in this new regime. As before, we start with a linear hyperbolic system.

Uy = Ally + By
This system is hyperbolic if for any o, 3, not both 0, there is a matrix P, g such that
P, 5(0A+ BB)P,3 =D

where D is a real diagonal matrix. In particular, this implies that each of the systems i; = A, and @, = B,
are each hyperbolic. Also, if we assume a solution of the form

iz, y,t) = ewteloToify g
then we get

iwelwtezozmezﬁyﬁo _ iaAezwtezamevﬂyﬂo + iﬁBezutezaxezﬂyﬁo

wily = (aA + ﬁB)ﬁQ

Thus, @y must be an eigenvector of (a4 + SB) with eigenvalue w.

One important thing to note about this problem is that we cannot reduce this to the scalar problem as
we did in the one-dimensional case. Recall that in the one-dimensional case, we could diagonalize the system
and decouple it into a series of scalar equations. In the two- and higher-dimensional cases, this is not possible
in general because A and B will most likely not both diagonalize with the same similarity transformation.

We can carry over much of our analysis tools, however. For example, let us apply von Neuman analysis
to the two-dimensional Leap-Frog method applied to the scalar equation

Ut = Uz + Uy

At At
n+l _  n—1 n n n n
Ui =Wk + o Wk — uae) + A—y(“j,k+1 —ujg1)

As before, we assume a solution of the form
n n zjfezkn

uj, =z"e
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where £ = {1 Ax and n = 3 Ay for wave numbers /1, ¢5. Plugging this into the method gives

At ; At .
2 _ =g —ig =i —in
=1+ N (e e ") +z ; (e e "

At At
— 52 iy, Pt iy, T _
0=2"—=z2 s 2isin(€) + Ay 2i bm(n)) 1

z = i(Agsin(€) + Ay sin(eta)) £ \/1 — (Agsin(&) + Ay sin(n))?

|27 = (Ao sin(€) + Ay sin(1)? + (1 — (As sin(€) + Ay sin(n))?)
=1

Thus, we get stability provided

1 — (Agsin(€) + Ay sin(n))? >0
| Az sin(§) + Ay sin(n)| <1

Thus, we are guaranteed stability if A, + A, < 1. Note, for example, if A, = A\, = A, then we have

A<

DN | =

which is more restrictive than the one-dimensional case.
If we apply this same approach to the two-dimensional system

Uy = Atly + By
then we assume o}, = 2"e€e* g, and plug in to get as before,
(2% = DI — 2iz(A\z Asin(€) + N\, Bsin(n)))io = 0
This equation can be solved only if % is an eigenvector of the matrix
Az sin(§)A + Ay sin(n)B

Let u1(&,m), -.., um(&,m) be the m eigenvalues of this matrix, then we are again reduced to the scalar
problem and we see that we get stability if

max [e(8,m)| <1
In particular, if A, = Ay = A and p1,. ..,y are eigenvalues of sin(€) A + sin(n) B, then we get

1
~ max |pe(€,m)|

If A= B, then max|us(&,n)| = 2max |u;'| where uj' are the eigenvalues of A. If A, B have a common set

of eigenvectors, then
1

= (] + [uf])’

In general, for any matrix norm we have |ue(&,n)| < ||4]| + ||B|| and hence
1
A< o
1Al =+ 1Bl

This is usually more restrictive than is necessary in practice.
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15.1 Operator Splitting

One way to maneuver around the more restrictive time stepping is done via operator splitting. To begin,

consider the scalar differential equation
Ut = Uz + Uy

An explicit central-difference method would be
n+l _ n n n
uiy =ulp + k(Dyouj s, + Dyouj )

= (I +kDzo+ kDyo)ujy
For small k, we formally get

1 + k(D;E,O + Dy,O) ~ + k'(Dz,O + Dy,O) + k'QDm,ODy,O
= [ +kDy0)(I+kDyyp)

This is called operator splitting, and the method becomes

N A
iy = (I +kDyo)uf, = uj) + 5(”?,1%1 —uj 1)

n . N A
ul Tt = (I +kDy o)y g = iy + 5 (@, — ar_q )

Notice that we are therefore solving w; = u, and then using the results to compute u; = u, to get to
the next time step. In this way, our time step restriction is limited by the 1-dimensional operators which is

better.
This method of splitting can be applied to most methods, however, we must be careful when applying it

to systems of equations. Consider the system of ordinary differential equations
¥ =(A+B)y

The exact solution is §(t) = e(A+B)g,. In particular,

2
e(A"'B)kz[—l—(A—FB)k—i—%(A—i—B)Q—l—u-

2
:I+(A+B)k;+%(A2+AB+BA+BQ)

k? k2 k2
=1+kA+ 7A2+I+kB+?BZ+k;2AB+ 7(BA—AB)

k2 k2 k2
= (I + kA + 7A?> <I+ kB + ?BQ> + ?(BA — AB)
~ e FeBF L O(k?)
Notice that we get e(ATBk = ¢AkeBE only if A, B commute.

Notice also that if we reverse the roles of A and B, the second order error term simply changes signs.
This suggests that if we alternate in applications of the splitting, that the second order error may cancel.
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Thus, we get

2 k2 )\’ 2
etheBReBloAR <I + kA + 7A?> (I + kB + 7BQ> (I +kA+ 7,42) + O(k?)

k2 k2
= <I+kA+ 7/12 + kB + k?’AB + 7B?)

2 2
(I + kA + %AQ + kB + k*BA + %BQ> + O(k*)

=1+ 2kA+2kB +2k*A% + 2k* BA 4 2k* AB + 2k* B? + O(k%)
2k)?
=I1+42k(A+ B)+ %(AJFB)2 + O(K?)

_ 6(A+B)2k +O(/€3)

Therefore, alternating the order of the operators results in a second order method in time. At the same
time, the stability requirement reduces to that for the one-dimensional case. Note that this only works for
one-step methods. Multi-step methods such as Runge-Kutta and Leap-Frog require intermediate steps which
do not make sense in this framework.

Also, suppose that the operator B requires a time step half as large as A, then it can be applied as

E pk pk pk
oAk B% BE BE BE Ak

for example. In other words, take one step with operator A with time step k and follow that with two steps
of size k/2 for operator B, then reverse the order. This has applications in many equations where the two
operators have different stability restrictions, such as for example, the reaction diffusion equation

Ut = Uz + R(u)

where the solution of u; = u,, is followed by a solution of u; = R(u). For this type of equation it is common
that these two operators will have widely disparate time step restrictions, say on the order of 10 to 1. Using
multiple steps for one operator while the other takes a single step is an efficient way to solve this type of
equation.

15.2 Alternating Directions Implicit Method

A particular variation of operator splitting is called the alternating directions implicit method. Consider the
equation

Ut = Ugy T Uyy
(this method applies equally well to the wave equation) and apply Crank-Nicolson to it.

k k
"t ="+ §(Dm+Dm,u"+1 + Dy Dy—u™) + §(Dy+Dy,u"+l + Dy D,_u")

Writing this in the form of operators, we get

2 2 2 2
k k , k k
(I — §Dy+Dy> (1 — EDHDI) untl = (1+ §Dw+Dw> (1 + EDy+Dy) u™

Breaking this into two separate steps, we get the method

<I — EDHDI_ — EDy+Dy_) unt = (I + EDHDI_ + EDy+Dy_> u™

k k
<I — 2DT+D7-_> ’ll,n+1/2 = (I + 2Dy+Dy_) u” (9)
k nt1 k n+1/2
I— 5Dy Dy Ju™t = (I 4+ 5De Do | u (10)
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Now, if we do the von Neuman analysis on equation (9), we get

(1 pateost©) = 1) 22 = (14 g (conta) = 1))

L2 1+ B(cos(n) — 1)
1= fB(cos(§) — 1)

Notice that this has a stability requirement of 5 < 1. Likewise, for equation (10), we get

L2 14 B(cos(§) — 1)
1= B(cos(n) — 1)

which also has a stability requirement of § < 1. But when we combine these two steps, we get

_ 1 Bleos(n) 1) 1+ Bleos(€) 1)
1= fleos(€) — 1) 1~ Blcos(n) — 1)
_ 1+ Bleos(y) — 1) 1+ Bleos(€) — 1)
1= fleos(n) — 1) 1~ flcos(€) — 1)

IN
—_

Thus, the method is unconditionally stable even though neither of the intermediate steps is. At the same
time, this is a (2,2) method as well.

15.3 Anisotropic Errors

Solving multi-dimensional problems can also result in errors which are not isotropic. Sometimes this is
referred to as “grid effects” because the errors vary according to the orientation of the problem with respect
to the grid.
Consider the wave equation
Up = Uy + Uy

with semi-discrete approximation
l'ij = onu]'k + Dyoujk

For this analysis, we are only concerned with the spatial discretization. Suppose we have a wave traveling
in the direction 6, then we expect a solution of the form

u(z, t) = eteiltl(cos(O)z+sin(6)y)
Plugging this into the equation, we get the exact phase of the solution,

w = |¢|(cos(6) + sin(h))

Next, plug it into the discretization to get
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where £ = |¢| cos(0)h and n = |[{|sin(f)h. Finally, we get the general phase error given by

w —wp, = |€|(cos(f) + sin(f)) — < h h

3 3
= |¢|(cos(8) + sin(8)) — % (5 _ % 4y— %)

= |€|(cos(#) + sin(f)) — % <|€| cos(0)h — %W’ cos®(0)h® + €| sin(0)h — %W’ sm3(9)h3)
— |¢)(cos(6) + sin(6)) — (a cos(6) — é|€|3cos3(9)h2 + €] sin(0) — é|€3sin3(9)h2>
= %|€|3h2(cos3(9) + sin®(9))

Notice that the phase error dependence on @ is different than that for the exact phase error. This means
that the amount of error in the phase in not proportional to 6, but varies with the grid. Also note that the
maximum error occurs for § = 0, w/2, m, and 37/2 which corresponds to the directions along grid lines. This
type of error will manifest itself, for example, in the squaring of a circle as it moves.

15.4 Boundary Conditions in 2D
Consider the system
Uy = Ad, + Bi,

in a rectangular domain. The hyperbolicity condition ensures that both A and B have m distinct eigenvalues.
When enforcing boundary conditions, looking only at derivatives in the normal direction, so if the boundary
is x = 0, enforce boundary conditions according to the system u; = Atl,.

In corners, it is difficult to get boundary conditions which work perfectly. Often oscillations or even
instability can result there. One approach is to impose both the z— and y— direction boundary conditions
at the corners.

16 A Bridge from Finite Differences to Spectral Methods
16.1 A Double-Step Method

Consider the equation

ur =au;, 0<x<1, 0<t<L1
u(z+1,t) = u(z,t), (periodic BC)
u(z,0) = up(x)
a>0

Let us solve this using the simplest possible method, namely the (1,1) method

+ . n __ n
D™ v} = aDuj

ak

= o G — )

J
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We can construct a new method from this one by taking two steps of length k/2:

un+1/2 o ak n

j =uj + 2h<“j+1 — uy)
ak
n+1 n+1/2 n+1/2 n+1/2
ujJr :’U/] / +2h(uj+1/ _uj /)

ak ak\?
=uj + T(ugﬂrl —uj) + (%> (uf o —2uf ) +ul)
We begin our analysis of this method by looking at its stability properities. Let u} = 2" then we get

k
S1/2 ar eith _ 1

<1+ gfL( ith _ 1)>2

So,

_1)

(1 . %(cos(fh) _ 1))2 + (% sin((@)j >
- (1 + :(1 — cos((h)) (% - 1)>2

and we get stability if g —1<0,or % < 2. This means we have a new method which has a time step

restricion twice as large as the original method. Note that we have not violated the CFL condition because
the new method also has a stencil which is twice as large.

Next, we can look at the truncation error for our new method:

k2
kT: ’U,t+ —utt+0(k‘3)
ak 3
-7 u + hug + uerO(h )
a2k
e (u+ 2u, + 2h2uyy — 2u — 2huy — hP gy + u + O(h3))
k2 kh 2K2
= kuy + 7utt — akuy, — aTum; — aTum + O(higher order terms)
2K2 kh a’k?
= ( 5~ %) Uss =~ Uaa + O(higher order terms) (11)
2K2 kh
= (a - a2 ) Uz + O(higher order terms)
2k h
T= (GT a2 ) Uge + O(higher order terms) (12)

Notice that the expression in the parentheses in equation 11 is the error for the original one-step method
D+u? = D.uj and our new method adds a correction term which exactly halves the time step error, while
leaving the spatial error untouched.

So it appears to the uninitiated, that we have essentially gained something from nothing. Our new
method has twice the time step length and half the error. In truth, we get one or the other, in other words,
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for a fixed time step size k, the new method will have half the error of the original method. Or, we can take

double the time step length while achieving the same total error. Of course, we truly have accomplished

nothing, because all we have done is made halving the time step in a simple method look complicated.
Nonetheless, let us make it more complicated by framing the discussion as a linear algebra problem. Let

uf
Ur =
up
then we can write the original numerical method as a matrix equation:

ak ak
I=5 %

Un+1 _ A(k‘)Un _ T, . un"

Hence our 2-step method can be written as
Ut = A(k/2)A(k/2)U™ = A(k/2)?U™

The stability analysis can be framed in this by assuming U™ = 2"V for some constant vector V. Plugging
this into the matrix equation, we get

2"V = A(k/2)% 2"V
2V = A(k/2)*V

So the vector V must be an eigenvector, and the growth rates are governed by the eigenvalues of the matrix
A(k).

To compute the eigensystem for A(k) does not seem difficult to do numerically, but analytically it appears
at first glance to be laborious. However, we can in fact write the eigenvectors for this matrix down explicitly.

The eigenvectors are
r eQﬂ'i@/N T

e2mit2/N

V() = e%i:fj/N . forf=0,1,...,N—1

_e2m‘éN/N_
These eigenvectors will be obvious when we discuss spectral methods, but for now we can identify these
eigenvectors with each of the numerical wave modes that can be represented on a grid of physical length 1
using N grid points, i.e. h = 1/N.

Now that we have the eigenvectors, we can easily compute the corresponding eigenvalues by computing

_ak ak 27il/N
1 A A e

| =I5

ak 2milN/N
W e
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The j* row, for j =1,..., N — 1 is then

(A(k)V(E))j _ (1 . %) eQTriZj/N + a’_:e%rif(j-‘rl)/N

>

_ <1 _ak + %gme/zv) 2mili /N

- <1 + % (2t - 1)) V(o)

Therefore, the eigenvalues are (1 + % (eZWWN - 1)) for =0, ..., N—1for A(k), and hence the eigenvalues
for A(k/2)? are

<1 n 62% (€2m'€/N _ 1))2 = <1 + ;—z(cos(ﬁ) +isin(§) — 1))2

where £ = 27¢/N as we saw in our original analysis. Thus, we again have |z| < 1 if % <2.

16.2 An m-step Method
Now, why should we take only two steps? We can just as easily consider an m-step method given by
Uttt = A(k/m)™U™

This method has the benefit that the error term is

and the growth modes are
o (10 2 (o)
mh
which yields |z| < 1 if % < m.

While this method looks appealing, it is actually nothing more than using the original method with a
smaller time step. The reason we don’t use this reformulation is because the computational cost of computing
the matrix A(k/m)™ is greater than using A(k). The brute force method of computing A(k/m)™ is exactly
equivalent to taking a smaller time step. However, we know the eigenvalues and eigenvectors of this system,
so we can easily diagonalize A(k/m), and hence compute A(k/m)™ for less cost than computing A(k/3)? by
the brute force method. When we diagonalize A(k/m), we get

A(k/m) = FAF~!

where

F=[V(0) V1) V(2) - V(N-1)]

and A is a diagonal matrix with entries
k .
Agp = (1 + an (627”[/]\7 — 1))
mh

A(k/m)™ = FA™F~!

Finally, we get
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16.3 A Connection to the Fourier Transform

Let’s take a closer look at the matrix of eigenvectors, F. The entries of F are Fj, = 2% /N and so given
a vector U, we have

N-1 N-1 .
(FU)] _ Z FjZUf — Z eZﬂlf]/NUé
£=0 £=0

Thus, F' is none other than matrix form of the discrete Fourier transform. That means that we already know

what F'~! looks like, namely (F~1);, = +e=27%/N_ To check that we are right, we see that for r # s,

2

2|~
N\g

-1

(FF?l)rs — 6271'1'57"/N6727m’£s/N

i

e27ri€(r—s)/N

0
627\'1’(7’—5)N/N -1

= N(e2ﬂ'i(r—s)/N _ 1)
eZTri(r—s) -1

==
T

- N(eQﬂ'i(rfs)/N _ ]_)

=0
because r — s is an integer. If r = s, then
N-1 N-1
1 : - 1 N
-1 _ = 2mils/N ,—2mwils/N _ ~ I
(FF )SS—N;e e _Ngl_]\f_l

Thus, F~! is the inverse discrete Fourier trnasform.

When we discuss spectral methods later, we will see this same transformation again. In fact, what we
are doing is translating our problem into Fourier space, solving the easier decoupled problem analytically,
then transforming back into real space. This is precisely the idea behind spectral methods.

16.4 An oco-step Method

Of course, we need not stop at a finite number of steps, what if we take m — +o00? Define A>® =
lim,,— 00 A(k/m)™. We can construct this matrix again, by computing the similarity transformation

A® = lim FA™F~!

m——+o00o

A = (1 4 I (gamirn 1)>’” (1 2)"

where r = 25 (e2™¢/N — 1) 5o

Recall that

r\mMm
lm A= tim (14
m— 00 m— 00 m

:er

and hence
ak ( 2mil/N _
A?? — % (e 1)

= ¢ (cos()Fisin(§)—1) where & = 2mil /N

— ¢ (cos(§)=1) ,i%E sin(€)
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We get unconditional stability from the fact that
|Z| — e%(cos(g)fl) |ez“—h’“ sin(§)|
— T (cos(®)-1) <

since %(cos(é) — 1) < 0. In addition to unconditional stability, we also get no time stepping error, and all
for the same cost as the finite m-step method.

Now, one may ask why we have worked so hard in order to obtain an unconditionally stable method with
a little less error, but there is a fundamental difference. While a standard implicit method can stably take
an arbitrarily large time step, it is not practical to use the method for very large time steps because of the
presence of an error term in time. The method we describe here does not suffer from this problem, and so
can take much larger time steps with better accuracy than the implicit method.

Note that this still does not mean there is no error in time. The spatial error in the method is still
present, and this contributes to artificial diffusion. This effect can easily be seen by looking at the growth
modes which contain e% (©s€)-1) The larger the time step k, the larger the amount of diffusion. This
means that the solution will degrade over very long time periods. However, this method still is a significant

improvement over the corresponding conventional implicit method.
16.5 A Heat Equation Example

Let’s look at another example; solve for large time:

u(0, t) ;U(IT:) =0
u(z,0) = up(x)

If we use the basic explicit method D*u;? = aDyD_u7, then the matrix equation is

n+1 k k
uy X 1-2% 5 uf

n+ ak ak ak n
U i 1-237 & uy

U71,+1 _ _ .
ak

.+1 ' k h? k n

n a a
Un_q nZ 1-— 2? UnN_1

One way to generate the matrix F' is to look at the analytic eigenfunctions for the problem. In this case,
the eigenfunctions are sin(7fx) for £ =1, 2, ..., N — 1, so we expect the eigenvectors for the discrete system
to be (Vg); = sin(w¢j/N), and we can see that this is the case. The eigenvalues are then

1— 2%@ %126 i Sin(ﬂ'é/N) 1
ak ak ak .
o 125 5
. ak
ak. h ak :
w1 =250 |sin(r¢(N —1)/N)]
1 _25 ﬁ i sin(wE/N) ]

g 1=-25 p

g 1-28 |sin(m¢(N —1)/N)]
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(AVy); = B(ml(j — 1)/N) + (1 = 2B) sin(mlj /N) + Bsin(ml(j + 1)/N)
= B(sin(mlj/N) cos(nl/N) — cos(nlj/N)sin(nl/N)) + (1 — 203) sin(wlj /N)
+ B(sin(mlj/N) cos(ml/N) + cos(mlj/N) sin(ml/N))
= (2B cos(ml/N) + (1 — 2[3)) sin(wlj/N)

and therefore,
Ay =28 cos(ml/N) + (1 —208) =1+ 26(cos(ml/N) — 1)

fort=1,2,..., N—1.
Now, for long time behavior, we must compute

A = lim <1 + Q—k(cos(wf/N) - 1)

a
m——+00 mh?2
_ 62;1_; (cos(ml/N)—1)

Notice that as k — +oo, we get Ay — 0. This makes sense because the long term steady state solution is
u(z,+o00) = 0.

17 Numerical Methods for Stochastic Differential Equations

17.1 Preliminaries

Before going through the analysis for stochastic differential equations, let us first review a few key concepts
that we will need for our analysis. This is by no means comprehensive, but just a quick build up so that we
can describe the basic equations and numerical methods. For a reference text, see “Numerical Solution of
Stochastic Differential Equations”, by P. Kloeden and E. Platen.

The standard Gaussian distribution for a random variable with mean p and variance o2

is

1 —(z=m)?
e 202

This function has a maximum value of \/2170 at x = u, and points of inflection at = y £+ 0. A random

variable with this distribution is written as X ~ N (u;0?).

A stochastic process is a sequence of random variables Xy, X5, ..., X,, ... which may describe the
evolution of a probabilistic evolution at times t; < to < --- < t, < ---. We can also define a continuous
time stochastic process where for each time ¢, in some interval [0, a] or [0, +00) we define a random variable
X(t) = X;.

A Gaussian process is a stochastic process where each random vairable X, has Gaussian distribution. A
particular Gaussian process is a Wiener process W = {W (t), t > 0} where for any sequence t; < ts < t3 <
-+ < ty, the random variables W (t;41) — W(t;) are independent. Also,

W(0)=0, EW()=0, Var(W(t)—W(s))=t—s

this is also sometimes called Brownian motion.
An TIto process X = {X;, ¢ > 0} has the form

t t
X, =Xo+ / a(s, Xs)ds + / b(s, Xs)dWs
0 0

for t > 0, where Xy = x¢ is a possibly random initial condition, a(t¢,x) is a continuous function called the
drift, and a b(t,x) is a continuous function called the diffusion. In differential form, this equation is written

dXt = CL(t, Xt)dt + b(t, Xt)th
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where W = {W;, > 0} is a Wiener process. In order for the Ito process to have a solution in the strong
sense, we must make the following assumptions:

(Measurability): a(t,z) and b(t, ) must both be L? measurable in the domain (¢,z) € [to,T] x R.
(Smoothness): There exists a constant K > 0 such that
la(t, z) — a(t,y)| < K|z -y
[b(t, ) — b(t, y)| < Klx -y
(Stability): There exists a constant K > 0 such that
ja(t, )" < K*(1+ |2]*)
[b(t, ) < K*(1+ |2f)

(Initial Data): The initial data X;, has bounded variance, i.e. E(|Xy,|?) < co.

Some explicitly computable examples that we will compare against are given below:

Example 17.1:

Additiive noise in an Ito process is modelled by the equation

dXt = —G,Xtdt + det

t
X, =e @ (Xo + b/ e’ dVVS)
0

The solution to this equation is

Example 17.2:

Multiplicative noise in an Ito process is modelled by the equation
dXt = aXtdt + bXtth

and the solution is
X, = Xpells=1)20m)

and for fixed time steps, we can evaluate this last formula by computing

Xpn = Xoe((ai%bQ)thbZ?:l Wik*W(i—l)k)

17.2 The Euler-Maruyama Method

The FEuler-Maruyama method is the equivalent of Euler’s method for deterministic equations. Let X =
{X:, 0<t¢<T} be an Ito process which solves

dXt = G,(t, Xt)dt + b(t, Xt)th
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where X is given and is possibly random. Let ¢,, = kn be the time steps, then define

Yo = Xo
Yor1 =Y, + a(tru Yn)k + b(tna Yn)(th+1 - th)
where we hope Y;, = Y (¢,,) = X, . Note that if b = 0, this reduces to the deterministic Euler method solving

the equation o’ = a(t, z). Note also that because W is a Wiener process, AW,, = W; — W; is a random

n+1 n
variable with

17.3 Strong Convergence

In order to evaluate numerical methods, we need to define an error estimate. We begin with the error defined
by
error = € = E(| X7 — Y/(T)])

We can use this error estimate to define strong convergence. Let Y* be the approximation using time step
size k. We say that Y* converges strongly to X at time 7T if

lim E(|X; —=Y*#)) =0
Jim B(1X, = YE()])

The order of convergence p is defined as a constant where
e(k) = BE(| X, — Y*(T)|) < CkP

We shall see that the Euler method has strong convergence rate p = %
We say that a method is strongly consistent if there is a function c(k) with limy_ g+ ¢(k) = 0 such that

- (\E (ml -
k

? n

Ank) —a(nk Yk)

2
) < c(k) (13)
E (% Vi = Yo = By = Yo' Ank) = b(nk, Y,0) (Wi, - W(n_nk)!z) < c(k) (14)

for all fixed values Y;*. Condition (13), in the absence of noise, is equivalent to the deterministic consistency
condition. On the other hand, condition (14) gives an indication of pathwise closeness where the random
parts of the method and the analytic solution converges to zero.

Theorem 4 A strongly consistent time discrete approximation Y* of a 1-dimensional autonomous Ito pro-
cess X with Y*(0) = X converges strongly to X.

Proof 4
For 0 <t <T, let
Z(t) = sup E(|Yy — X,

0<s<t

54



We then have

= sup F
0<s<t

< (Cp sup {E(
0<s<t

ns—1

Z (YE, - vk - /ta(Xr)dr—/Otb(Xr)dWT

2
o |
)
Y (Vb =Y = BV = Y A) = bV (Wngye — War))

-Ank:) a(Yy)

ns—l

Yfﬂ - YrﬂAnk) - a(Yf)k)

)
b(Yn’i) —b(X,.) dW,

)}
)

2
> E( Vs = ¥ = B = VM) = B Wi~ W)

ngk s s
+2K2/ Z(r)dr + K*FE </ (1+|XT\2)dr+/ (1+Xr|2)dWT)}
0 nsk nsk

s

)

ns—1
< Cj sup {kZZEO <%

0<s<t

t
< Cinsk*e(k) + Cingke(k) + 2K / Z(r)dr + K2k(1 + Cs)
0
t
< Cs / Z(rydr + CiTe(k)(k +1) + kK?(1 + Cy)
0

< Cs /t Z(r)dr 4 Cy(k + c(k))
0

Now we use a lemma called Gronwall’s inequality which is given by

Lemma 2 (Gronwall’s Inequality) Let «, 8 : [to,T] — R be integrable with 0 < «(t) < B(t) +

Lj; s)ds for ¢ € [ty,T] where L > 0. Then

t
alt) < B(t) + L/ e =) s ds

to

for t € [to, T
We apply Gronwall’s inequality to the inequality we have for Z(¢), namely
t
Z(t) < Cg/ Z(r)dr 4+ Cy(k + c(k))
0

Thus, we have

Z(t) < Ca(k + c(k)) + Cs /Ot G0y (k + c(k)) dr

< Cs(k + (k)

55



Finally, recall that Z(t) = E(]Y*(t) — X;|?). Lyapunov’s inequality states that E(|X|?) < (E(|X|P))/?,
o

E(YMNT) = Xz|) = VZ(T) < /Cs(k + c(k)) — 0

and therefore we get convergence.

17.4 Weak Convergence

A computed solution Y* converges weakly to X1 as k — 0 with respect to a class C of test functions g : R — R
if
i B(g(X7)) ~ B(g(yH(T))| =0
for all g € C.
If C has just the function g(x) = x, then this reduces to the usual deterministic convergence criterion. A
method is weakly consistent if there is a nonnegative function ¢(k) with limy_ o+ such that

E Vv - Yy
k

1
P (\(kml Yy

> < c(k) (15)

Atn) - CL(tn, Yf)

Atn> — b(t,, V)2

2) < c(k) (16)

The first condition is the same as before, but the second condition is much weaker because only the variance
of the increments must match the Ito process. That means we won’t expect pathwise convergence. Note
that the Euler-Maruyama method has strong order of convergence 1/2, and weak order of convergence 1.

Example 17.3:

An Euler method which is weakly consistent, but not strongly consistent is the method given by
Vi1 = Yo + altn, Yo)k + b(ty, Yy)En k2

where the &, are independent 2-point random variables with P(§, = +£1) = 1/2.

17.5 Strong Taylor Approximations

We have already seen the 1/2 order Euler-Maruyama method. As in the deterministic case, let’s take higher
order terms in the Ito-Taylor expansion. In order to build up higher order Taylor approximations, we need
to know the Taylor expansion, known as the Ito-Taylor expansion (there is also a corresponding Stratonovich
calculus paralleling the Ito calculus, but we will concentrate here on just the Ito calculus).

The expansion is built for a particular Ito-process. Let X; solves

dXt = CL(t, Xt)dt + b(t, Xt)th
then
1 1
Xe =X, + aI(O) + bI(l) + (aa' + 51)2(1”) I(O, 0) + (ab’ + EbeH) 1(071) + ba’I(LO) + bb/I(Ll)

+ higher order terms
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where

t s 1
](0,0) = /t /t drds = —(t - t0)2
0 Yto

T = //dw AW, = (Wi~ Wi — (¢~ to))

I(O 1) 71 / d?"dW
0 to

1(1,0) = /t\ /t\ dWT ds =7
0 0

While we cannot compute explicit formulae for the last two integrals, we can say some things about their
statistics. We will make use of that fact when we do higher order approximations. Note that o', V', etc.
indicate partial derivatives with respect to x.

Note too, that when looking for the number of terms needed for a given accuracy, each 1 in the multi-
index of I gives an k'/? and each 0 gives a full k. That means that to elevate the Euler-Maruyama method
to a fully first order strongly convergent method, we need to include the term bb'I(; ;). This leads us to the
Milstein method:

1
Yn-i-l =Y, + a(tn, Yn)k + b(tmyn)(Wt - th) + §b(tnvyn>bw(tm Yn)((thH - th)2 - k)

.
This method is 1.0 strongly convergent.

If we go to a higher order method, we will need to additionally include I(q, 0y, L(0,1), {(1,0)> L(1,1), L(1,1,1)
which will give us an order 1.5 method. The problem with this and higher order methods is that we don’t
have explicit formulae for many of these multiple Ito integrals. However, the statistics of these integrals can
be determined, as well as relationships between the different integrals. To this end, given the Wiener process

W, define
tnt+k s
A7 = 1(170) :/ / dWr ds
tn tn

3
BAZ)=0, B(AZ)="" and BAZAW) = LK

This random variable has statistics

Clearly, AZ and AW are related. We can compute the pair (AZ, AW from two independent random
variables Uy, Us ~ N(0;1) to get

AW = Uk, AZ= %k3/2 (U1 + %UQ)
The strong 1.5 order method then becomes
Yoi1 =Yy, + ak + bAW,, + %bb’((AWn)Q — k) +dbAZ + % (aa + L2 ”) k>
+ (ab' + %b%”) (KAW — AZ) + %b(bb” + (b')%) (%(AWn)z - k> AW,
17.6 Weak Ito-Taylor Expansions

By contrast to the previous method, we also construct the weak Ito-Taylor expansion methods using the Ito-
Taylor expansion. For second order weak convergence, we need only include the double stochastic integrals
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T0,0y, L(0,1), {(1,0), and I(1,1) to get a very similar method as the strongly convergent one

1 1 1
Y11 =Y, +ak +bAW,, + Ebb’((AWn)2 —k)+adbAZ + 3 (aa’ + §b2a”> k2

1
+ (ab’ + 5b%") (EAW — AZ)
However, this is a much stronger method than is necessary for second order weak convergence. In

particular, the computation of the two correlated random variables AW,,, AZ can be replaced by a single
3-point random variable £, where

P(§=i\/3_k):%andP(§:0):§

We then get equations for AW,,, AZ given by
1
AW, =¢&,, and AZ,, = ifnk

Plugging this into the above approximation, we get

1 1 1 1
Yoi1 =Y, +ak + 08, + Ebb'((fn)2 —k)+ a’b§£nk + - (aa’ + —a"b2> k>

2 2
+(a+ o) (k- Leok
2 nt T gen

1 1 1 1 1
=Y, +ak +b&, + 5bb’((gn)2 —k)+ 5 K (ab’ + 5b”b2 + a'b) +5 (aa’ + 5a”z>2> k?

Similarly, we can build up higher order methods for both weak and strong Ito-Taylor expansions.

17.7 Applications of Stochastic Differential Equations

In this section, we will look at a handful of applications of stochastic differential equations and the use of
both strong and weak convergent methods.

17.7.1 Applications of Strong Approximations

Example 17.4:

[Investment Finance] A safe investment is an investment which grows at a deterministic rate, so if P; is
the price of a safe asset, then P, solves the deterministic equation dP; = aP; dt for some constant a > 0.
Similarly, a risky investment would have a similar equation with multiplicative noise (the higher the price,
the greater the fluxuations)

dQ: = aQ: dt + BQ: AWy

Let us assume a > a since taking on risk should also have a potentially higher return. An investment
portfolio should include some of each investment. Let f be the fraction of the portfolio invested in the risky
investment, and hence 1 — f is the fraction invested in the safe investment. We can then write the total
value of the portfolio, X; by

dXt = f(O[Xt dt + BXt th) + (]. - f)aXt dt — cdt
= (1= fla+ fa)X; —c)dt + fBXy dW,
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where ¢ > 0 is the consumption rate. The investor’s problem is to optimize the portfolio distribution and
consumption rates to optimize some objective function of the portfolio. This then becomes an optimal
stochastic control problem.

Example 17.5:

[Satellite Orbital Stability] Suppose a satellite is moving in a circular orbit, and let z(¢) be the radial
perturbation from the circular orbit. Fluctuations in the atmosphere density and other phenomena cause
fluctuations in x. Sagirow proposed a model equation for x given by

Z+b(14 a&)t + (14 a&t)sin(z) — csin(2z) =0
where a, b, ¢ are constants with b > 0, ¢ > 0. If we let X} = z and X? = i, then this can be written as a

system of stochastic differential equations:

p [th X2 0

th} - [be — sin(X}) csin(2Xt1)} at+ [abe —bsin(xp)| M

Example 17.6:

[Stochastic Annealing] Suppose we wish to compute the global minimum of a given objective function
V :RY — R. The gradient descent algorithm uses the equation

&t =-VV(z)

The problem with this method is that it is dependent upon the initial condition and can result in finding
only a local minimum instead of a global minimum.
One way to circumvent this problem is to include additive noise to this equation to get

dX; = -VV(Xy)dt + o(t) dW;
where dW, is a d-dimensional Wierner process. If VV' is uniformly Lipschitz and has growth bound
VV(2)* < K(1+|zf)

for some K > 0, then for the special choice of
c

V1og(t +2)

with ¢ > 0 it can be shown that the distribution of X, is proportional to e~V (/T where T' = o(t)? — 0,
t — 0 and hence X; — X with the greatest probability where X is the global minimum.

o(t) =

17.7.2 Application of Weak Approximations

Example 17.7:

[Numerical Solution of Diffusion Equations] Consider the partial differential equation
1
ue(t,x) + EAu(t,x) +V(t,z)u(t,z) =0 (17)
w(T,x) = f(x)
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for 0 <t <T, x € R™ where V(t,z), f(x) are given. Note that this problem has a terminal condition, not
an initial condition.
Using the Frynman-Kac formula, we have a solution of the form

u(t,z) =F (f(WT)e.ftT V(s,Ws) ds

W, = x) (18)

where W = W, s > t, W; = x is an m-dimensional Wiener process. Equations such as this arise, for example,
in the analysis of wave scattering in random media.

If we evaluate equation (18) for all ¢, z, then we have solved equation (17). We can evaluate equation
(18) by using a high order weak method to solve the stochastic differential system

dXF =dwk, Xy =2a% fork=1,...,m
dX" =V(s, XL X2, ., X™)dt, X7t =0
Then,
ult,x) = B(f(X}, ..., Xp)eXr )

Since we are only interested in the statistics, i.e. the expected value of a functional of Xy, then we can
use the simpler weakly convergent methods to solve this system and achieve good results.

18 Vortex Methods

18.1 Analysis and origin of vortices

Vortex methods are used to model incompressible flow. To describe vortex methods, we will derive some
equations which describe the evolution of vorticity in a flow.
The momentum equation from the Navier-Stokes equations is
ou 1 1
— + (@ V)i=—-Vp+ =V
5 T(@V) VPt g

The incompressibility condition is that V-4 = 0. We make the additional assumption related to incompress-
ibility that the density p is constant.
Define the vorticity £ by

ow OJv du OJw Ov Ju
Oy 0z 0z Ox’dx Oy

f—Vxﬁ_( ————————

where @ = (u, v, w). We will also need the vector identities

1
EV(ﬁ-ﬁ) =uUx (Vxd)+ (g V)d
Vx(Ux&=(& V)i—&V-u)—(d V)E+ d(nabla-§)
Using the first identity in the momentum equation gives
u 1 1 1
% + E(V(ﬁ-ﬁ)) —ux (Vxu)= —;prL EVQQY
If we take the curl of this equation we get

AV x i)

o Jr%VX (V(i 1) =V x (i x (Vxﬁ)):f%Vme%v%vXﬁ)
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But Vx Vf=0,so
Vx (V@ -4)=VxVp=0

and we are left with

9¢ N
E—Vx(uxf)—EV§

Using the second identity, we get

23

S+ (@ V)E— (€ V)T +E(Y ) UV ) = V%

R
From the incompressibility condition, we have V-4 = 0, and the vector identity 0 = V- (V x @) = V - £ gives
193 1

-2 TR — . 7= 2
o+ (V)€ (6 V)i = 5V
In two dimensions,
ov  Ou
5 - (51752353) - (070753) - (0303 % - 8y>
Also, (£- V)4 =& %ﬁ = 0. Thus, the equation becomes
o€ _ 1o

If the flow is also inviscid, then we have the equation

o _

E + (u . V)§ =0
Theorem 5 The equation

o

ot +@-V)¢=0

holds iff the vorticity is advected under its onw velocity field.

Proof 5
Let (z(t),y(t)) be the path of a particle starting at (x(0),y(0)) = (x0,%0). The claim is that the vorticity is
constant along the path (x(¢),y(t)). We have

0
ey, 1) =&+ 6, + &

ot
=&u+ §u+ &
=&+ (U-V)E=0

Thus, &(x(t), y(t),t) = &(zo, Yo, 0).

If the domain D of the flow is simply connected, and we use the incompressibility assumption V - @ = 0,
then there is a stream function 1 such that

U=¢y7 U:_'(/)w

Theorem 6 For fixed %, level lines of ¢ are parallel to the flow.
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Proof 6
Fix t and let ¥ (z(s),y(s),t) be constant. Then

dip
% = wxxs + wyys =0

Using 9, = —v, ¢y = u, we get
0= —vxs + uys

Thus, v - 4+ = 0 and hence 1 is parallel to u.
Next, we will find an equation for . Notice that
v2¢ = waw + wyy ==V Uy = —53($, Y, t)

The solution to this equation is
]' / ! ! /! !/ /
w(xvyvt) = D %log”(xay) - ((E Y )Hﬁ(m Y vt)d(x ’y)

From this we can now compute the velocity

— _ Y ., o
e /D 2n||(z,y) — (x/,y/)||2£(x YL td( y)

—ZT

vty = [ et (e )

If we also have no flow boundary conditions, then we must have u - 7 = 0 where 77 is the normal to 0D.
To account for the boundary condition we look for a potential function ¢ such that

V26 =0
0
9 (g —a) )y

1|5

so that % exactly cancels the velocity induced by the vorticity. The final velocity is then
Suppose we have an infinite domain and a single point vortex, i.e.

{0 (z,y) #0

3 70 =
§(@:y,0) something (z,y) =0

then we get the stream function
k
=——1
b(z,y) = —5-log Iz, )l

and the corresponding induced velocity is

( ky —kx >
2m(z, y)I12" 27| (2, )P )
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18.2 Point Vortex Method for Incompressible Inviscid Flow

In general, we saw that the stream function was given by
v t) = [ 6=’y —)el o/ e’ )
where G(z,y) = 5= log||(z,y) — (2/,y')|| and the resulting induced velocity is
(ula0)0(,.0) = [ Kooy =)elal o (")
where K(x,y) = %
From this we can form the basis of a basic vortex method. Suppose the initial vorticity is given in a

domain D. Discretize the domain into small cells, e.g. a square box divided into small squares. Within each
cell 4, the total vorticity is computed to give the strength of the vorticity in that cell

cell;

Next, we assume that the vorticity distribution is a sum of delta function distributions,

N
y) = Y Tid(ll(z,y) = (ziy)ll)
i=1

where (z;,y;) is the center of cell i. Now we can compute the induced velocity as

(u,v) /Kz—a:y y Zranxy) (i) D’ )

N
im1 (xl, QZ) |2
But what we need is only the velocity at the points (z;,y;). At the location (z;,y;), the vorticity there moves

only according to the induced velocity field from the other vortices. Thus, the velocity field at (z;,y;) is
(u;, v;) where

=T Yi — Yj
U; =
D R T

Fj Iifl‘j
v; =
Z ;zw( — )+ (i — 4,)?

To complete the method, we need to handle the boundary conditions. Without viscosity, we can only

impose one boundary condition on the sides. One typical solution is to use no-flow boundary conditions, i.e.

% = 0. To solve this, we must use a potential flow to balance the induced velocity at the boundary so that

they cancel to give no normal velocity. Thus, we must solve,
V3¢ =

8¢ (¢ya ¢x) - on D

on

The potential function ¢ gives a potential velocity
(ugot7 ’UZPOt) _ V¢

From this we can define a numerical method:
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1. Discretize the domain and compute &;, I';, z;, and y; from the initial conditions.
2. Compute the induced velocity field (u,v) at (x;,y;) and on 9D.
3. Solve the Poisson problem V¢ = 0, g—i = —(u,v) on dD. Then, (uP®",vP°") = Vo (zi, yi).

IR

4. Move the vortices by Euler’s method
it = a o+ h(u+ u)™)
it =g+ k(v o)

5. Go back to step 2.

One problem with this method occurs when two vortices approach each other. This will give large
velocities which is unrealistic. To handle this, Chorin created the vortex blob method to deal with this
problem. It cuts off the maximum velocity but also creates a time step restriction. Hald proved that the
vortex blob method converges to the exact solution.

Another problem arises when a large number of vortices are floating around. When viscosity is added to
the mix, we will see that new vortices can be created, so the number of vortices can be quite large. One way
to handle this is to compute the vorticity on a fixed mesh using the equation

23

S+ (@ V)E=0

A straigtforward discretization is then
+en n n n n
D7 = —uin Doo&r — V5 Dy

where u?k, U;-Lk, are the computed induced velocity plus potential velocity.

A less dramamtic speed-up is to compute the velocity on a fixed mesh instead of at each vortex. The
vortex velocities are then interpolated from the mesh values. This method is called the particle in cell method
and can be faster if the number of grid points is much less than the number of vortices.

The point vortex and particle in cell methods can be combined for better accuracy by noting that the
velocity due to vorticity drops off as %2 Thus, we can make a local correction by exchanging the local
interpolated velocity for the real two point vortex interaction, but only for vortices that are nearby. This is

called the Local Correction Method.

18.3 Point Vortex Method for Incompressible Viscous Flow

Now we will add in viscosity. The equation becomes

193 . 1 _,

ot +@-V)§E= RV 13

Adding viscosity will also require an additional boundary condition. the additional boundary condition we
will add is the no-slip condition. The no-slip condition is ©-7 = 0 where 7 is the unit tangent to the boundary
0D. This additional condition can be the source of new vorticity. The amount of vorticity depends on the
Reynolds number R. Viscosity also means the vorticity will be diffused. To see how to handle this in the
framework of the point vortex method, we will take a little side-trip.

18.3.1 Particle Methods for Diffusion Equations
Suppose we have the heat equation

1
up = Eum, u(z,0) = §(x)
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The exact solution is

1 —z?
u(x,t) = ———=eT/E
VA4rt/R
But this is a Gaussian distribution with mean zero and variance 2. The same result would arise if N

R
particles are placed at « = 0, each with mass 1/N and then each particle takes a random jump with mean

zero and variance 2t/ R. The amount of heat particles between = and x + Az will be the Gaussian. Now let
each particle jump with mean zero and variance 2At/R, m times, to get u(x, mAt). This is a way to solve
the equation.

18.3.2 Application of Particle Methods to Point Vortex method

Applying this to vortices is straightforward. We assume operator splitting:

& = (it V) (19)
L oo

&= V% (20)

(21)

The first equation we solve using the techniques described above. The second is solved using the random
jump method. Thus, each vortex undergoes a random jump (7, 77, ) where (1, 7,) are drawn from a Gaussian
distribution with mean zero and variance 2At/R.

Putting it together, we now get

ot = 2l k(s + )+, (22)
yi =y 4 k(v + 0P 4y

We next have to see how to deal with the no-slip boundary condition. To see how to handle this, imagine
a stationary fluid on top of an infinitely long flat plate. The plate is then moved along its length at speed
U. To see how much vorticity is generated, we must balance the fluid velocity on either side of the plate.
Now the vorticity at the plate is given by

_Ov Ou ou

5*%*@:*%:*2?@(9)

because the no-flow condition gives v = 0 at the plate. Thus, we get a new vortex with strength —2Uds
where the boundary is discretized into segments of length ds.

The algorithm above for the point vortex method for inviscid flow can now be amended to include viscosity
effects.

1. Initialize the vortices from the initial conditions
2. Compute the induced velocity field .

Solve the Poisson problem V2¢ = 0, % = —u-1.

Ll

Compute the tangential velocity of 4 + V¢ at dD.
5. Create new vorticies at the boundary with strength —2Uds to offset the tangential flow at the boundary.
6. Advect and diffuse the vortices using equations 22.

7. Go back to step 2
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