Chapter 6

Finite Difference Methods

This section introduces finite difference methods for approximation of par-
tial differential equations. We first apply the finite difference method to a
partial differential equation for a financial option problem, which is more
efficiently computed by partial differential methods than Monte Carlo tech-
niques. Then we discuss the fundamental Lax Equivalence Theorem, which
gives the basic understanding of accuracy and stability for approximation of
differential equations.

6.1 American Options

Assume that the stock value, S(t), evolves in the risk neutral formulation by
the Ito geometric Brownian motion

dS =rSdt+ oSdW.

An American put option is a contract that gives the possibility to sell a stock
for a fixed price K up to time T'. Therefore the derivation of option values in
Chapter 4 shows that European and American options have the formulations:

1. The price of an European put option is

f(t,s) = E[ e Y max (K —S(T),0)| S(t) =s].

2. The price of an American option is obtained by maximizing over all
sell time 7 strategies, which depend on the stock price up to the sell
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time,

fa(t,s) = max E[ e" " max (K —=S5(1),0)| St)=s]. (6.1)

t<r<T

How to find the optimal selling strategy for an American option? Assume
that selling is only allowed at the discrete time levels 0, At, 2At, ..., T. Con-
sider the small time step (7' — At, T'). By assumption the option is not sold
in the step. Therefore the European value f(t,s) holds, where f(7,s) =
max(K —s,0) and for T — At <t < T

fi+rSfs+ %UZ’S%S =rf. (6.2)

If, for a fixed stock price s = S(T' — At), there holds f(T — At, s) < max(K —
s,0) then keeping the option gives the expected value f(T" — At,s) which is
clearly less than the value max(K — s,0) obtained by selling at time 7' — At.
Therefore it is optimal to sell if f(T — At, s) < max(K — s,0) = fr. Modify
the initial data at t =T — At to max(f(T — At, s), fr) and repeat the step
(6.2) for (T'— 2At, T — At) and so on. The price of the American option is
obtained as the limit of this solution as At — 0.

Example 6.1 A corresponding Monte Carlo method based on (6.1) requires
simulation of expected values Ele™"" max(K — S(7),0)] for many different
possible selling time strategies 7 until an approximation of the maximum
values is found. Since the 7 need to depend on w, with M time steps and N
realizations there are M”" different strategies.

Note that the optimal selling strategy

T=7"= irl}f{v t<v<T, fa(v,S(v)) = max (K — S(v),0)}

for the American option, which is a function of f4, seems expensive to eval-
uate by Monte Carlo technique, but is obtained directly in the partial dif-
ferential formulation above and below. This technique is a special case of
the so called dynamic programming method, which we shall study systemat-
ically for general optimization problems in a later Chapter, cf. also the last
example in Chapter 1.

Here and in Exercise 6.2 is a numerical method to determine the value of
an American option:
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(1) Discretize the computational domain [0, 7] X [sq, s1] and let

fa(nAt iAS) ~ fm, fN,z‘ = max (K —iAS, 0).

(2) Use the Euler and central difference methods for the equation (6.2)

fri—fn-1, Fryit1—Fri-1
~Y ~Y Al B A4 LA

Opfa ~ - At Osfa =~ 2AS
7,1 -2 n,it S n,i— r
Ossfa ~ fnrZhtlnit f o f

(3) Make a Black-Scholes prediction for each time step
r r 2,:2 7 L. L 5,
fo-1i = fai(l —1rAt —0%*At) + fmﬂ(imAt + 507 At)

- 1 1
+ fn,i—l(_§TiAt + 502i2At>.

(4) Compare the prediction with selling by letting
fn—l,i = max (fn—l,i7 maX(K - ZAS? 0))7
and go to the next time Step 3 by decreasing n by 1.

Exercise 6.2 The method above needs in addition boundary conditions at
S =spand S = s; for t <T'. How can s, s; and these conditions be choosen
to yield a good approximation?

Exercise 6.3 Give a trinomial tree interpretation of the finite difference
scheme

- - - 1 1
fn+1,i = fnﬂ(l + ’)”At + U2i2At) + fn,i+1 (_iTZAt — §J2i2At>
- 1 1
+ fn ifl(—TiAt — —UZiZAt),
T2 2
for Black-Scholes equation of an European option. Binomial and trinomial

tree approximations are frequent in the finance economy literature, cf. [J.
Hull].
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Let us now study general finite difference methods for partial differential
equations. The motivation to introduce general finite difference methods in
contrast to study only the binomial and trinomial tree methods is that higher
order methods, such as the Crank-Nicolson method below, are more efficient
to solve e.g. (6.2).

The error for the binomial and the trinomial tree method applied to
the partial differential equation (6.2) for a European option is ¢ = O(At +
(As)?), which is clearly the same for the related forward and backward Euler
methods. The work is then A = O((AtAs)™1), so that A = O(e~%/?). For the
Crank-Nicolsen method the accuracy is e = O((At)? + (As)?) and the work
is still A = O((AtAs)™!), which implies the improved bound A = O(¢71).
For a general implicit method with a smooth exact solution in [0, 7] x R4
the accuracy is € = O((At)?+ (As)P) with the miminal work ( using e.g. the
multigrid method ) A = (’)(Z—i(g—z)d), which gives A = (’)(;’jq (;’jp)d). In the
next section we derive these error estimates for some model problems.

6.2 Lax Equivalence Theorem

Lax equivalence theorem defines the basic concepts for approximation of
linear well posed differential equations. Here, well posed means that the
equation is solvable for data in a suitable function space and that the solution
operator is bounded. We will first formally state the result without being
mathematically precise with function spaces and norms. Then we present
two examples with proofs based on norms and functions spaces.

The ingredients of Lax Equivalence Theorem 6.4 are:

(0) an exact solution wu, satisfying the linear well posed equation Lu = f,
and an approximation uy, obtained from Lpu, = fp;

(1) stability, the approximate solution operators ||L; || are uniformly bounded
in h and the exact solution operator ||L~!|| is bounded;

(2) consistency, fr — f and Lpu — Lu as the mesh size h — 0; and

(3) convergence, up, — u as the mesh size h — 0.

Theorem 6.4 The combination of stability and consistency is equivalent to
convergence.
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The idea of the proof. To verify convergence, consider the identity

_ Step(0 _
w—up = Ly'[ Lyu — Lyuy | 2(0) L' (Lyw— Lu) + (f = fn) ].

Stability implies that L,:l is bounded and consistency implies that
Lyu — Lu — 0 and f — fr, — 0,
and consequently the convergence holds

lim (u —wp) = lim L[ (Lyu — Lu) + (F = f) ]

= 0.

Clearly, consistency is necessary for convergence. Example 6.7, below, indi-
cates that also stability is necessary. a

Let us now more precisely consider the requirements and norms to verify
stability and consistency for two concrete examples of ordinary and partial
differential equations.

Example 6.5 Consider the forward Euler method for the ordinary differen-
tial equation

w(t) = Au(t) 0<t<1,

u(0) = uo. (6:3)

Verify the conditions of stability and consistency in Lax Equivalence Theo-
rem.

Solution. For a given partition, 0 = ¢y < t; < ... < ty = 1, with At =
tns1 — tn, let

G"ug where G = (I + AtA).

Then:

(1) Stability means |G"| + |H"| < e£"At for some K, where | - | denotes
the matrix norm |F| = sup,egn:vj<1y |[F'v| with the Euclidean norm

lw| =4/, w? in R
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(2) Consistency means |(G — H)v| < C(At)P*!, where H = €2 and p is
the order of accuracy. In other words, the consistency error (G — H)v is
the local approximation error after one time step with the same initial
data v.

This stability and consistency imply the convergence

| un —u(ndt) | = | (G" = H")ug |

= | (G"'"+G"?*H+ .. +GH"?+ H" Y (G — H)uy |
|G '+ G PH 4 .+ GH 2+ H" (G — H)uy |
C(AH)Pn| ug |efmat
c'(Ary,

VAN VAN VAN

with the convergence rate O(At?). For example, p = 1 in case of the Euler
method and p = 2 in case of the trapezoidal method. O

Example 6.6 Consider the heat equation
Uy = Ugp T>0, (6.4)
u(0) = wup.

Verify the stability and consistency conditions in Lax Equivalence Theorem.

Solution. Apply the Fourier transform to equation (6.4),
Uy = —w’i

so that ,
a(t,w) = e ig(w).

Therefore H = e~2%” is the exact solution operator for one time step, i.e.

~

u(t + At) = Hu(t). Consider the difference approximation of (6.4)

Untli — Uni  Upjitl — 2Ung + Upi

At Az? ’

which shows

2At At
Un+1,i = Unyg 1— @ + A—J,’Q (un,i+1 + un,i—l) )
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where wu,,; >~ u(nAt,iAx). Apply the Fourier transform to obtain

~ 2At At  Axw —jAzw ~
Up+1 = |:<1_A—$2)+A—$2(ej +e J ):| Un

= [1 - 2% + 2% cos(Axw)] Un,
= G, (Let G=1-— 2% + 2% cos(Azw))
= G"y.
1. We have
21| un|2: = i3 (by Parseval’s formula)
= [|G™dol 22

< sup |G [l
Therefore the condition
G| oo < €52 (6.5)
implies L?-stability.

2. We have R R
27|y — u(At)||7> = ||Gio — Hig||75,

where u; is the approximate solution after one time step. Let A
then we obtain

— At
— Az

(G — H)ao| = | (1 — 2\ + 2\ cos Azw — e*W) o)
= O(AP)wiy),
since for 0 < Atw? =z <1
I1—2\ + 2\cos\/z/A—e?|
_ (1 — 20+ 2) (1 - % +O(x2)) — (1 —x+(9(w2))>
< Ca? = CO(At) W,
and for 1 < Atw? = o

2, 4
|1 — 2\ 4+ 2\ cos/x/A—e | < C = C% < C(At)* W™
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Therefore the consistency condition reduces to

I (G = Hio | 15 At | (6.6)

<
< KAtQ ||axxxxu0 H L2

3. The stability (6.5) holds if

|G| = sup |G(w)] = max |1 — 2\ + 2 cos Azw| <1, (6.7

which requires
At 1
<

AT A2 S

(6.8)

The L2-stability condition (6.7) is called the von Neuman stability con-
dition.

4. Convergence follows by the estimates (6.6), (6.7) and ||H||z~ < 1

27| wn — u(nAt) |7 = || (C?” - ﬁ”)ﬂo H}z ) o
| (G" ' +G" 2H + ...+ H" 1) (G — H)g ||32

< G GPTPH A+ HY2G(G - H) g |2
< (Kn(At)%)? < (KTAt)?,
and consequently the convergence rate is O(At). O

Let us study the relations between the operators G and H for the simple
model problem

'+ =0
u(0) =1
with an approximate solution w41 = r(z)u, (where z = AA?):
(1) the exact solution satisfies

—AAt -

r(z)=e e ",

61



(2) the forward Euler method

%+)\un:0 = r(z)=1-uz,

(3) the backward Euler method

“"%;“” M =0 = r(z)=(1+a)7

(4) the trapezoidal method

Uptl — Up A A T
S+ 1) =0 = r(x):<1+§) (1—5),

and

(5) the Lax-Wendroff method

1 1
Upy1 = Uy — AtAu, + iAtQ)Pun = rr)=1—-z+ 5352.
The consistence [e 2 — r(AAt)| = O(A#T1) holds with p = 1 in case 2 and
3, and p = 2 in case 4 and 5. The following stability relations hold:

(1) |r(z)| <1 for z >0 in case 1, 3 and 4.
(2) r(z) — 0 as  — oo in case 1 and 3.
(3) r(z) — 1 as © — oo in case 4.

Property (1) shows that for A > 0 case 3 and 4 are unconditionally stable.
However Property (2) and (3) refine this statement and imply that only
case 3 has the same damping behavior for large A\ as the exact solution.
Although the damping Property (2) is not necessary to prove convergence it
is advantegous to have for proplems with many time scales, e.g. for a system
of equations (6.3) where A has eigenvalues \; < 1, i = 1,..., N and some
A < —1, ( why?).

The unconditionally stable methods, e.g. case 3 and 4, are in general more
efficient to solve parabolic problems, such as the Black-Scholes equation (6.2),
since they require for the same accuracy fewer time steps than the explicit
methods, e.g. case 2 and 5. Although the work in each time step for the
unconditionally stable methods may be larger than for the explicit methods.
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Exercise 6.7 Show by an example that ||u,|7, — oo if for some w there

holds |G(w)| > 1, in Example 6.6, i.c. the von Neumann stability condition
does not hold.
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