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1 Preliminary Information

The basic problem to be solved is the ordinary differential equation

V= ), vl = (1)

We wish to solve for the function y(z) on the interval g < « < x;y. Here y may be a vector of length n > 1,
and F' must also be of dimension n. If n > 1, we say we have a system of differential equations.
1.1 Lipschitz condition
A Lipschitz condition for a function F'(z,y) is that for any u, v,
|1F (2, u) = F(z,v)| < Lllu—v]|

for some constant L.

Example 1.1:
If F'is a scalar differentiable function, then let
oF
L= —(x,y)|.
max a9 (x y)‘

Then we have

aF

r _F 9 (g, w)(u — v
|F(w,u) (2, v)] = | 9y ( A ) for some w between u and v
lu — ] |u — |

< max|—

Note that the Lipschitz condition does not require differentiability.

Example 1.2:
Consider F(z,y) = |y| which is not differentiable, then
u—v| fuv>0
IH%MFWWHKMWM{U+J L
If wv < 0, then |u + v| < |u — v|, and therefore,
|F(z,u) — F(x,v)| < |u—1|
Therefore, F(x,y) = |y| is satisfies the Lipschitz condition with Lipschitz constant L = 1.

In the case of systems, this translates into the largest eigenvalue of the Jacobian matrix when the function
F is differentiable.

Theorem 1 The equation
d
2 =Fy), ylwo) =0

has a unique solution in any domain where F'(z,y) is a Lipschitz continuous function of  and y.

The Lipschitz condition bounds the difference between two solutions with different initial conditions. We
will assume, unless otherwise noted, that F' is always Lipschitz continuous.



1.2 Higher order ordinary differential equations

Note that we are assuming only one derivative in our discussion above. This is normal because any higher
order equation can be reduced to a system of first order equations.

Example 1.3:

Consider the second order ordinary differential equation

y' =F(x,y,y")

Let u = ¢/, then v’ = 3" = F(z,y,u) and we have the system

y/
u' = F(x,y,u)

2 Basic Numerical Methods

2.1 Basic Strategy

The basic strategy for solving equation (1) is to give approximate values for the solution of equation (1) at
discrete nodes on the interval zo < z < xy. We will label the nodes by wo,...,z;,..., oy = 5. We define
the step size to be Az; = xj41 — =; and note that xy — zo = Zj:ON,l Azx;. A fixed step size means that
Az = Az for all j and 5 —zo = NAz. whe discussing convergence and stability, the measure of the step
size will be determined by max; Ax;.

Our goal is to compute values y; such that y(z;) = y;.

For the following discussion, we will assume the step size is fixed unless otherwise noted. Most of the
theory for fixed step sizes carries over to variable step sizes, but the proofs are just messier.

2.2 One-Step Methods
2.2.1 Taylor Series Methods

Our first class of numerical methods are derived from the Taylor polynomial approximation of the solution.
First consider a scalar equation

y/ = f(m,y)7 y(l‘o) =Y

Suppose y; = y(x;), then we want to approximate y(z;+1) by yj+1. The Taylor polynomial expansion gives

1
Yirr = y(rj1) = y(x;) + (i1 — 25y (25) + 5 (@1 = )%y () + -

Now, we know y'(z;) = F(z;,y(z;)) from the differential equation, so we have
1
y(@js1) =y + AxF(zj,y;) + §Aa:2y”(xj) 4.
If we cut off the expansion at the first order, then we get the famous Euler’s method

Yj+1 =y; + AxF(xj,y;)



To get more terms, one must compute y”(x;), y"’(x;) and so on. Thus,

y'(z) = %y/(ff)
= %F(m,y)
= Fx(:r,y) + Fy(xvy)y/(x)

This leads to the second order Taylor series method
1
Yi+1 = y; + AaF(x;,y;) + §A372(Fw(xjyyj) + Fy(x5,y5) F (5, 95))

Notice that we called this method second order. To determine the order of a method, we must compute
the local truncation error of the method. To compute it, plug the exact solution into the numerical method
and compute the error.

Example 2.1:

For Euler’s method, the local truncation error 7 is computed by taking Taylor expansions around the
point (z;,y(x;)) to get

T =y(zj41) — y(z;) — AzF(z;,y(x;)))
=y(x;) + Azy'(x;) + %Azzy”(:cj) + O(AIS) —y(z;) — AzF(zj,y(z;))

1
S A%y (w5) + O(Az?)

This shows that 7 = O(A:E2). We will see later that one power of Az is lost over the interval z¢o <z < zy,
so Euler’s method is a first order method. This makes sense because it comes from the first order Taylor
expansion.

Example 2.2:

For the second method,

T = y(agen) — ylog) — AaF (g, y(ay) — 5 Aa?Falag, y(w;) + Fy g, u() F g, ()]
= yla) + Ay () + G AT () + ALY (1) + O(AT*) — y(ay) ~ AF (e, (7))
— SACPIE () + By gy F (2, 0(2)
= SAPY"(;) + O(Aa?)

Thus, the local truncation error is 7 = O(Az?) and the method is second order.

These are examples of one-step methods because y;41 depends only on the value of y; and not on any of
the previous yo,...,y;—1. It is an explicit method because y;1 does not appear on the right hand side.

To generate an implicit method, we need only change the point around which the original Taylor expansion
is taken.

1
y(x) = y(zj) + (25 — 20y (25501) + 5(%‘ - $j+1)2y//($j+1) +0(Az?)



This leads to the second order implicit Taylor series method

1
Yj = Yj+1 — AxF(zj401,y541) + §A$2(Fw(%‘+1, Yir1) + Fy (i1, ¥j01) F (25401, Y541))
The first order implicit Taylor series method is given by
Yi+1 = Y; + AxF ()41, Yj41)

which is otherwise known as Backward Euler.
Implementing an implicit method such as this is difficult because this may be a non-linear system of
equations. The advantage of these methods is their improved stability properties.

2.2.2 Methods based on quadrature rules

One problem with Taylor series methods is that they require the evaluation of one or more derivatives of the
function F' where y' = F. We will now look for methods that only use F' itself.

We can derive a new set of methods by studying numerical quadrature methods. The relationship between
quadratures and the differential equation can be seen below:

() = F(z,y(x)) 2)
/ (@) dz = / Pz, y(x)) de

0
x1

y(er) — (o) = / F(z,y()) da

y(e1) = y(zo) + / F(z,y(z)) d 3)

Zo

We must approximate the last integral in order to derive a new numerical method. As a first approximation,
suppose we take on the interval zo < x < 7, the approximation F(z,y(x)) =~ F(xo,y(x¢)). Then the
integral becomes

/ " Flay(e) de ~ / " Plao,y(ao)) de
= (z1 — o) F (20, y(x0))

Plugging this approximation into equation (3) gives

Z1

y(z1) :y(:vo)+/ F(x,y(x))dx

Zo

~ y(zo) + (1 — xo) F(z0,y(z0))

and we see we recover Euler’s method.
We can improve our method by taking a better approximation for the integral in equation (3). The
trapezoidal rule approximation for an integral has the formula

| Py dr = 5o — o) (Ploo,u(w0) - Flar,y(e)

0

Using this approximation, we get the method

Ax
Y1 ="Yo + T(F(xovyo) + F(z1,91))



where we have used the notation y; ~ y(x;). Notice that this is an implicit method because of the presence
of 1 on the right hand side of the formula. We can convert this method to an explicit method by giving an
approximation for y; on the right hand side. To do this, we can use Euler’s method so that

Y7 = Yo + AxF(z0,y0)

where y7 =~ y;. Putting this into the quadrature method gives

Ax
Y1 =Yo + T(F(ﬂﬁoayo) + F(x1,97))

Ax
=10+ T(F($07yo) + F(z1,90) + AzF(20,%0))

To reduce the number of function evaluations, this method is commonly reorganized into the form

ki = F(xo,y0)
ko = F(x1,y0 + Axk:)

Az
Y1 ="Yo + 7(k1 + k2)

This method is called the Improved Euler method.
Is this method really better? We should verify the order of convergence for this method by computing
the local truncation error. To do this, first note that
F(z1,y(x0) + AzF (0, y(20))) = F(xo + Az, y(z0) + AzF (0, y(20)))
F(l‘o, ( )) + Axky (1‘0, ( )) +A$F($07y(l‘o))F (CC(), ( )) +O(A$ )

We therefore get

y" (z0) + O(Az) — (a:o)—g(F(ro, (w0)) + F(x1 +y(w0) + AzF (z0,y(70)))

Ax3
Yy (x0) + —— 5

6
A? A A
= Azy (z0) + Txy (z0) + Ty”’( o) + O(Az?) — {(F + F+ AzF, + AzFF, + O(Az?))

A 3
=y (w0) + O(Ac?)

= 0(Az?)

A 2
7 = y(z0) + Ay’ (z0) + Tx

Therefore, the method is second order accurate.

A shorthand way to quickly check the order of accuracy of a method is to verify its accuracy for the
differential equation F(x,y) = \y. The exact solution for this equation is y(z) = yoe *~%0). Using this
differential equation in the Improved Euler method gives

Y1 =1Yo + %(Ayo + Myo + Az Ayo))
=1y + %(2)@0 + AzA?yp)
=yo + Mayy + }AzQ)\QyO
<1 + Mz + = ()\AJ:) ) Yo
= ey + O(Az?)

Note that this is a necessary condition for the convergence rate, but not sufficient. It is possible to construct
differential equations for which this shorthand method will claim a higher order method than it really is,



but it does give a maximum size on the actual order of the given method. In this example, Improved Euler
is at best a second order method (which in fact it is).
The next best integration method is Simpson’s Rule. The quadrature rule is given by

Xy 1
[ Flay@) do G — 20) (F (o, y(00) + AF @1, y(as2)) + Flon, @)
o
A first attempt at using Simpson’s Rule for a time integration could go something like this:

. Az
Y12 = Yo + TF(xmyo)

Y1 =yo + AzF (12,91 )2)

Ax . .
y1=yo + —= (F(@o,y0) + 4F (2172, 41/2) + F(21,91))

Let us use the shorthand method to check for the accuracy of this method. Assume y’ = Ay, then
Az B N
Y1 ="Yo + ?()\Z/O + 4Ny1 /o + A7)

Az Az .
=1y + ? (/\yo + 4 <y0 + 7)\340) + )\(yO + Al’)\y1/2)>

A A A
=yo+ ?x (/\yo + 4\ <y0 + ;Ayo) +A <y0 + Az (yo + 793/\1/0)))

1 1
= 1o + Mzyy + 5()\A$)2y0 + E()‘Afc)syo

- (1 + (\Az) + %()\AJS)2 + %(AAw)?’) Yo
= (M + 0(Az*))yo

This shows that the method so constructed is no better than second order accurate.

Considering that we replaced a lower order quadrature with a higher order quadrature, we should expect
better. One way to improve the calculation would be to take a better approximation for the intermediate
value y; /2. Instead of using Euler’s method to get y; /2%, perhaps we should use Improved Euler. The method
then becomes

. Az
Y12 = Yo+ TF(xoyyo)
s’k Ax *
Y172 = Yo + 7F($1/2, Yi/2)
Y1 = Yo + AzF(z1/2,Y1))
Al‘ ok *
Y1 =Yoo+ ?(F(JUOJJO) + 4F($1/2ay1/2) + F(21,97))

If we use this algorithm, the shorthand accuracy check gives the result
1 5 1 3
y1 = |14+ (MAz) + 5()\Aac) + Z()\Aac) Yo

é which is too small, and this time it
which is too big (of course what we really want is the coefficient ).

In light of this discrepancy, let us take a different approach and take a linear combination of the two
methods to try to get the right coefficient for the cubic term. The linear combination of the two methods

amounts to taking

Notice that in the previous case, the cubic term had a coefficient of

s 1
1S 7

Az * *% *
Y1 =yo + ?(F(xo,yo) + aF (212,91 0) + BF(212,97)2) + F(21,97))



Let’s again look at the shorthand accuracy check.
Ax % *ok *
Y1 ="yo + ?()\yo + adyi s + BAYT 2 + AyT)
Ax
=Y+ 5 Ayo +aX | yo + —/\yo + BA { vo + )\yl/Z +A (yo + AI)\%/z)
Az Ax
=190+ 5 ()\yo + al (yo + —/\y ) + A <yo + —)\ (yo + 7/\yo>)
+ A (yo + Az (yo + )\y1/2>))
Ax Ax Ax Ax
=Y + — 6 (Ayo + aA (yo + 2>\y0) + BA (yo + 7)\ (yo + 2>\yo>)
A A
+ A (y() + Az (yo + TIL')\ (yo + ;Ay()))))
1 1 1 1 1 1 1 1
=1+ =MAx(2 —MNA? [ Za+=B4+1)+=-N\Ax)? [ =8+ =) +=(NAz)?
<+6Ax(+a+ﬁﬂw#\@ @a+#ﬂ->+&Ax)<ﬁ+2>+4M:w Yo

Az

To get the best approximation of e , we must have solve the following equations

%@+a+@:1
1/1 1

1/1, 1

5(1“5) =

The first two equations turn out to be the same, and the third requires 7 = 2 so that the solution is
«a = (8 = 2. This gives the equation

D= N =

:<1+(AA$%+;QAxF4—é@Amf%—;ﬁAAxf>y0:(@Aw+CXAxﬂmo

which indicates the method is at best fourth order.
Reorganizing this new method into a more compact form, we get

k1 = F(zo,y0)

Ax
kzzF($0+ > ,yo+—k1>

Ax A
ks = F (20 + ==, yo + —— ks

2 2
ky = F(l‘o + Az, yo + A.”L'k‘g)

A

y1=y0+%(k1+2k2+2k:3+k’4)

This method is called Runge-Kutta 4 because it is a fourth order accurate method of the Runge-Kutta class
which we will describe next.

2.2.3 Runge-Kutta methods

The Runge-Kutta class of numerical methods are one-step methods which can be constructed of any order
accuracy. The general description is as follows. To take one step from z; to =41, let

Xo=mz;, Yo=y;, Fo=F(Xo,Yo)



Then for £k =1,...,s,
Xi =z + oAz
Yi=y; + Az i BrejmFm
m=0
Fy, = F(Xy, Y)

S
Yi+1 =y; + A Z Vi F
k=0

Example 2.3:
Euler’s method is a first order Runge-Kutta method where s = 0, 7o = 1.

Example 2.4:

The fourth-order Runge-Kutta method described earlier uses the parameters s = 3, a; = 1/2, ag = 1/2,
az=1,010=1/2, f21=1/2, B32=1,7% =1/6, 71 =72 =1/3, 73 = 1/6.

We can see from the last example that writing down all the parameters for a specific Runge-Kutta
method can be cumbersome. To organize the coefficients we can use a Butcher array where the coeflicients
are arranged in a table Each row of the array is a single stage of the Runge-Kutta method

0= (7))
ay | Bio
oy | B2 o
Qg 65,0 e e ﬁs,s—l
Y0 T T Ys—1 Vs

Example 2.5:

The fourth order Runge-Kutta method in the earlier example can be written as a four stage Butcher
array shown in Table 1

0
1/2 | 1/2
12 0 172

1/ 0 0 1
| 1/6 1/3 1/3 1/6

Table 1: Butcher array for a Fourth order Runge-Kutta method

Note that the objective in building a Runge-Kutta method is to get the most accuracy with the fewest
uses of the function F. To get an optimal method, we must choose the a’s, (#’s, and ~’s so that the local
truncation error has the highest possible exponent (i.e. is maximally accurate). Consider the Runge-Kutta
method To get the optimal method, we want to choose a1, 51,0, 70, and ~y; so that the local truncation error



Xo=uzj, Yo=y;, Fo=F(Xo,Yo) 0= ag
X1 :xj—i-ale, Yl :yj+A"Eﬂ1’0F0, F1 :F(Xl,Yl) aq 51,0
Yi+1 =y + Az Fo + 1 F] [0 m

has the highest possible order. Computing the local truncation error, we get

1 1 .
7 =y(x;) + Axy'(z;) + §AI29"(%) + gﬁl’dy'"(%‘) +0(Az?)
—y(xy) — Ax[voF (25,y;) + 1 F(z; + a1Az,y; + Az o F (5, y5)]

AJZQ 3
——

Ax
= AxF(xj,y;) + F,+ F,F)+ T(F” + FypyF + FpyF + Fny2 + Fy(F, + F,F))

— Ax (70F + 71 (F + Fpon Az + FyAxf oF + %Fma%AxQ + Fzyalﬂl,oAa@QF + %FyyA:fﬂioFQ))
+0(Az?)

Now look at the coefficients of the Az and we get

Az': F—(y0+7m)F =0

1
A.’EQZ E(Fx + FyF) — ’leéle — 'ylﬁl,OFyF =0

1 1 1
Az 5 (Fow +2F0 F + FyyF? + foFy + FJF) — §yla§FM — a1 B1,o0Fey F — 57153017%1?2 =0
Knocking off these terms, we get the equations

Aats 50+ =0

1 1
Az? = —yia1 =0, = —71510=0

2 2
1 1 1 11
Az?: 6 57104% =0, 5 —mafro=0, ¢ - 5715%0 =0,77?

Since the Az? term cannot be eliminated with the parameters given, then the method will be at most second
order provided the first two sets of equations are satisfied. The equations for Az and for Az? can be solved
to get

1
Y+tn=1 7= e @ = B1,0 (4)
a1

Clearly, the improved Euler method has v = 71 = 1/2, @1 = 1, and 810 = 1. Other solutions also exist
such as aq = 3/4, 810 =3/4, 11 =2/3, v = 1/3. All methods which solve equations (4) are optimal in the
sense that the highest order method possible is achieved with the given number of function evaluations.

Note that to satisfy the equations (4), it must be that v # 0. If we let v; = 6, then all the parameters
can be written as a function of 6.

m==0
’}/0:1—’}/1:1—6
11
Mo T
1
51,020412—

20

10



This is now a one-parameter family of second order Runge-Kutta methods. Which value of 6 is best? Look
at the local truncation error and we see that

1 11 1 11
— A3 2 2 2
T=Azx {E[FM +2Fy B+ Fyy F= + Fo By + FF] — iﬁFM — EF'WF 3 49Fny }

We want to choose 0 so as to reduce the error as much as possible. For example, take 6 so that z — 8—9 =0
implies that 6 = Z
In general, for higher order Runge-Kutta methods, the number of parameters can be very large. Deter-

mining the optimal parameters depends on the function F', so there is not in general a unique choice for the
parameters that is optimal for all problems.

2.3 Multistep Methods
2.3.1 Adams-Bashforth and Adams-Moulton methods

The Runge-Kutta and Taylor series classes of methods all advance one time step by only requiring knowledge
of one previous time step, i.e. y;;1 depends only on y;. Recall that the Runge-Kutta class was motivated
by trying to use numerical quadrature rules to generate methods for ordinary differential equations. We can
instead use quadrature over two or more previous steps to also get a higher order method.

The most common explicit methods of this type are the Adams-Bashforth class. Suppose we are given n
previous time steps, y;, Yj—1; - - -, Yj—n+1. Define P,(z) to be the interpolating polynomial such that

P, (zq) = F(zq,yq) forq=13j, ..., 5—n+1

We can write a formula for P, (z) directly using Lagrange polynomials.

= Z F(jp1-k, Yj+1-k) Li(2)
k=1

n
Li(z) = e
me=1 Titl=k = Tjt+l-m
m#k

Note that L (z) is a polynomial such that

I ( ) 1 if Tg = Tj+1—k
X =
kita 0 if Tq 75 Tjt1—k

It is this property that makes constructing P, (z) straightforward.
We now can construct a method based on the quadrature of P, ().

zj+Ax
yj+1 = yj + / Pn(l‘) dl‘

J

zj+Ax N
=yj +/ ZF(ijrlfkayj#lfk)Lk(l’) dx
x

J k=1
n zi+Az
=y + Z F(zj41-k, yj+17k)/ Li(x) dx
k=1 Zj

This formula can be simplified if we assume a fixed step size, 4 = ¢ + gAz, and hence
n
H Xr — il'j+1 m
o2 (m—k)Ax
Mtk

11



and the integral becomes
x '+Aa:
i Az(t+m—1)
x)de =A dt
/wj v I/ H (m —k)Ax
m;ék
t
= Ax/ H tm-
m;ék

We can now derive the coefficients for the Adams-Bashforth class of methods.

Example 2.6:
Adams-Bashforth-1. In this case, we only go back to z;:

Pi(z) = F(x;,y;)

i +Ax
Yjr1 = Yj +/ Py(x)dx
xr

J

i +Ax
:yj+/ F(xj,y;) dx

J

=y;+ AxF(xj,yj)

and we see that we again recover Euler’s method.

Example 2.7:
Adams-Bashforth-2.

T —Tj-1

) F(zj,y;) + 4) F(xj-1,yj-1)

Tj—Tj-1

1 1
= A_(x —zj_1)F(zj,y;) E(x zj)F(zj-1,95-1)
T +Ax 1
= — _1)F F; 1d
Yj+1 yj+/£j Az(x xj-1)Fj (x —aj)Fj-1dx
) 11 zj+Ax
y.7+ 2A (‘Tﬁl’]—l) F]7§A (‘T l']) F]_l
T
1 11 11
:yj+ |:§A_4A 2F 2EA$2FJ,1 §MA[IJ2FJ +0

3 1
Yji+1 =Yy + EAJ}F] - §A$Fj_1

12



To compute Adams-Bashforth-3, let’s use the simplified formulas for the integrals:

z;+Ax 1
/ Ll(x)dx:Ax/ trly (ix2 dt
. s \2—1/)\3-1

J

1
1
zAx/ 5(t2+3t+2)dt
0

A 1
m <3t3 + 3t2 +2t>

2 2 0
Aaj23 23
T 26 12

T +Ax 1
/ Lo(z)dx = Ax/ (t> (H?) dt
. o \1—-2/\3-2

J

1
= —Ax/ t2 + 2t dt
0

xi+Ax 1
J t t+1
L =A — —
/z. o) do x/o (1—3> (2—3) ”

J

and therefore
23 4 5
Yji+1 =Yy + EAJZFJ - gAJZFj_l + EAmF]_Q

Let us now check the truncation error for this method.

1
T=y+ Axy + §A$2 "+ Ax?’ "4 0(Axt)
23
—y— —AmF + gA.’L‘F(SUjfl,yjfl) - EA.’IJF(.’I}j—27yj*2)
1 11
:_AZ// A3/// A — AxF
5 + — P +O0(Az?) A

4 1 1
+3 (F — AxFy + (yj—1 — y;) Fy + §A$2Fm = Ax(yj—1 = yj)Foy + 5 (Y1 — ;) Fyy + O(Ax?’))

2

1
L s — )2Fy + 0<Ax3>)

5
- EA.I (F —2AxF, + (yj—2 —y;)Fy + = (2Aa:) —2Az(yj—2 — y; ) Foy + 5

Now note that
1
yy-1 —y; = —Awy’ + A%y + O(Az?)

Yj—2 —y; = —20zy’ + = (2Ax)2 "+ 0(Az?)

13



Thus,

1 1
T = §Am2 Yy + Ax3 Yy + Ax{ Aa:Fx—F( Azy' + = Ax2 ”) Fy—|—§Ax2Fm

2
—Am( Axy' + A£U2 ”) Fgcy—l—1 ( Azy' + Ax2 ”> Fyy

2

5
— EAw [—QAa:Fw + (—2Axy’ + 2A2%Y")F, + 2A2° F,,

— 2Ax(—2Azy’ + 2422y Fyy + ;( 20zy’ + 2A2%y")? Fyy}

1 4 4 5 5
=Az?|-y'— -F,— -FF,+ -F, + -FF,
x[zy gir Tyttt J]
1 2 2 4 2 5 5 5 5
+ Axg |:6y/// +3 3 //Fy + gF.L.L + gy/ny + gy/QFyy - ngFy - éFll - gy/Fw - Ey/QFyy + O(Aa’A)

1 1 1
= Az? [Ey" — §y"] - EAx3 [y — (Fy + FFy)Fy — Fyy — 2FF,, — F*F, |

= 0(Az?)

The Adams-Moulton family of methods are implicit methods, but they are constructed in a similar way.
This time, the polynomial is such that

Pn(l’j+1_k) = Fj+1_k, for k = 0,. o, = 1.
We again integrate this polynomial to get

zj+Ax
yj+1 = yj +/ Pn(l') d.]?

J

Again, we use the Lagrange polynomials so that

Z -k Lk (z

where )
Li(z) = T Tom
=0 Tjt1—k — Tj41—m
m#k
We then get
n—1 zj+Ax
Yir1 = Y5 + Z Fji1- k/ Li(z)dx
k=0 T
Example 2.8:
Adams-Moulton 1: We have
P1 (CL’) = Fj+1

zj+Ax
Yi+1 = Yy +/ Fiji1dx
Zj

=y;j +ArF(xj11,Y541)

and we see that we recover the backward Euler method.

14



2.3.2 Backward Difference Formulas

Note that the Euler methods can also be derived by looking at forward and backward finite differences:

y(@jt1) —y(z))
S my (1) = Flag,y)
Tj+1 = Ty
Solving for ;11 we get
Yj+1 = y; + AxF;
which is again Euler’s method. This approximation could equally be applied to give an approximation for
/

y'(zj41) so that

y(@j41) — y(z;)

= xy (41) = F(%41,Y541)

Tj+1 — T
Thus, we get the method
Yj+1 = Yj T AzFj
which is backward Euler.
Now suppose we take a better approximation for the derivative. Let P, (z) be a function which interpolates

the values of y (not F' as for the Adams methods). Then

Po(jy1-k) = Yj41—k,, for k=0,... n.

and we require P} (z;41) = F(2j41, Po(z41)) = F(2j41,y;+1). Now,

n

r—Tiqp1—
Li(z) = H I fork=0,...,n
Tjri—k — Tj4l—m

m=0

m#k

and hence

Po(z) =Y yjr1-rLn(z)
k=0

Pl(zj41) = > yjr1-rLi(zj1) = F(z11,y541)
k=0

Recall that

B n zf(l’j+(1*m)A$)
Ly(z) = WEIO zj+ (1 —k)Az — (z; + (1 —m)Ax)
m#k

B ﬁ r—z;+(m—1)Ax

foers (m — k)Ax)
m#k
d - 1 S orx—xj+ (m—1)Ax
2 — J
dx k(z) . ;_% ({ — k)Ax 1_—[0 (m—k)Azx
! £k Mtk b .
Tj+1
n 1 n m
N Z(ﬁ—k)Ax H (m —k)
=0 m=0
(£k m#k,L _
Tj41
1
Az k

15



Now, we get
QoYj+1 +1y1 + - -+ QpYjt1—n = A$F($j+17yj+1)

For n = 1, we again get backward Euler. For n = 2,

=0 =0 =1,2

020 m=£0,6

S
a1 = = —

! (e—1) 4 m—1
0#£1 m#£1LL
2 2
1 m 1

“2_;(4—2) EO m—2_ 2

042 m#£2,6

Therefore, the method is
3 1
SYi+1 — 2y; + J¥i-1= AzF(zj41,Yj+1)
Backward difference formula methods will appear again when we discuss stiff equations.

2.3.3 General Linear Multistep Methods

We have seen three different families of linear multistep methodswhich are derived in different ways. All
these methods can be encapsulated in the general form

k k k
D i =ArY BiF(xjp1-iyii-i) = Az Y BiFj
=0

=0 =0

We require ay # 0 so that we can advance the method. The method is explicit if By = 0 and implicit if

Bo # 0.

The characteristic polynomial for this method is the polynomial with the «;’s as coeflicients:
k
p(@) = Oé()ek —+ Oglek_l 44 akQO — Zaiek_l
i=0

Note that the choices of the a’s and f’s are not unique. To normalize them, we assume p’(1) = 1.

Example 2.9:
All Adams-Bashforth methods have the form

k
v =y + Y BiF

i=0
hence ag = 1, @y = —1. Therefore,
p(0) = 0 — ¢+
p0) = kO — (k—1)9~2
P =k—(k=1)=1

16



so the Adams-Bashforth methods are normalized.

Example 2.10:

A second order backward difference formula method is

3 1
Qi+t = 245 + 5yj-1 = ArFjn

In this case,

3, 1
p(6) = 567 — 20+
p'(0) =30 —2
p(1)=1

so this method is normalized.

2.3.4 Predictor-Corrector Methods

We have seen both explicit and implicit linear multistep methods. Explicit methods are easier to program
and implicit methods allow for learger time steps. Can we find a middle ground? A predictor-correcteor pair
is a combination of an explicit method (predictor) and an implicit method (corrector).

Example 2.11:

A predictor-corrector pair can be made from Adams-Bashforth 1 and Adams-Moulton 2:

Yip1 = yj + AxF(x),y5) (AB1)
Az ”
Yi+1 =Y; + T(F(xj,yj) + F(2j41,Y541)) (AM2)

In fact, this method we have already seen as Runge-Kutta 2, aka improved Euler.

A popular combination is to use Adams-Bashforth methods as predictor and Adams-Moulton as corrector
where the Adams-Moulton corrector is one higher order. This is because the two methods use the same
number of earlier time steps.

Example 2.12:

Notice that if we combine Adams-Bashforth-2 with Adams-Moulton-3, the two methods use only two
past values of F', namely F}; and F}_;.

. 3 1

yj+1 = yj —|— EF] — §Fj,1 (ABQ)
5 .8 1

yirr =yi+ i + 5 — pfia (AM3)

17



Next, we consider the order of a predictor-corrector pair. Suppose the two methods are given below:
k k
Predictor: Z (X:yj—i-i—i = Az Z ﬁ;’ij-‘rl—i
i=0 i=1
k k
Corrector: Z QY jyi—i = Ax Z ﬂiFj-‘rl—i
i=0 i=1
Suppose we have the local truncation errors for each method given by

k
o =y(xi) + Y [

of B;
_Jy(xjﬂfi) + Ang(%‘Hfiv y($j+1i)):|

i=1 0 0
: Q; Bi Bo

o =y(zn) + Y —a—oy(%ﬂﬂ') + ACEQ—OF(%Hff» Yir1-i) | + Axa—OF(ijm y(@541))
i=1

We now take this information to compute the truncation error of the combination method.
_ Bo Bo
T="7c+ A:Z?OTF(xj+hy(Ij+l) —Tp) — AICTF(IJ‘H, y(zj+1))
0 0
B A Bo A Bo
=71c+ ﬂfa—o[F(xjH, y(@jt1)) — TP Fy (@)1, y(zj41))] — xa_OF(xj-&-ly y(@jt1))
I
=170 — fca—oFy(xjH,y(ij))TP
= O(r¢) + O(AzTp)

Therefore, we get error of order equal to the corrector provided the predictor is at least one less order than
the corrector.

2.4 Implementation of Implicit Methods

Consider the linear multistep method

Q;
Yji+1—i

k
Bo B
Yj+1 = AOCQ—OF(%H; Yj+1) + Z Aiﬂa—onHfi - Oé_o

i=1

When [y # 0, this method is implicit and we must solve this equation for y;4; at each time step. To focus
on that solution, we can rewrite the method in the form

v=AzyF(v) + Azxd + p (5)
Our objective is now to solve this equation for v. Let us assume that F' is Lipschitz continuous in y so that
1F(v) = F(w)|| < L{jv — w]|

for some L. This assumption gaurantees equation (5) has a unique solution for a sufficiently small Azx.
An iterative method for solving equation (5) is to set ug = y;, then iterate by

Um+1 = AzYF (up) + Azé + p

18



If V is the exact solution, then we have

[0 = thsall = [|A2YF (0) + Axd + g — AzyF(um) — Aad — p
= Azl [[F(v) = F(um)]|
< Ay Llfo =t < -+ < (A} L)™ [0 — uol|
Therefore, this converges provided Az|y|L < 1, i.e. Az < 1/|y|L.
This shows that even though an implicit method can in theory take arbitrarily large time steps, solving

the system of equations imposes its own time step restriction which can be even more severe than for an
explicit method.

3 Convergence and Stability

We will now establish the general heuristic theorem:

Theorem 2 Consistency plus stability implies convergence.

3.1 One-step Methods

Any one-step method can be written in the form
Yi+1 = y; + Ax®(z;, y;, Az)

where @ is a function which also depends on F. We wish to show that a method constructed in this way
converges to the exact solution as Az — 0.
Note that

Yj+1 — Yy
JTQTJ:‘I’(%,%,A%)

so if Az — 0, the left side approaches y'(z;) = F(xj,y;). Therefore, if we are to get convergence, we must
require
Alim O(z;,y,Azx) = F(z;,y;)
x—0

This is called consistency.

A method is stable if ®(z,y, Az) is Lipschitz continuous as a function of y. For Runge-Kutta methods,
this condition is met if and only if F' is Lipschitz continuous.

Now we will prove convergence.

Lemma 1 Suppose {w,} is a sequence which solves

Wil = (1+A.’L‘L)wj+Al‘(5j, 7=0,1,...

j—1
then w; < LIy + Z L (Be(—t=1) Ag5,.
£=0

Proof 1
We proceed by induction. Clearly, for j = 0, we have wy < wy. For j = 1, we have

wy = (1 4+ AzL)wo + Azdg < ey + Azdy

19



In general,

’LU]'+1 = (1 + AJ}L)U}] + Aa:éj
J—1

(1+ AzL) [eLA””jwo + Z eFATG==D A5,
{=0

IN

+ A.’E(Sj

IN

j—1
ehte [eLijwo + Z elAr =D Ags, | + Az,

£=0

J—1
= el AUty ) " el U0 Aws, + Aws;
=0

J
_ eLAa:(j+1)w0 + ZeLAx(j—e)Am(se
£=0
which proves the inductive step.

Now define the error of the method by

wj = |ly; — y(z;)]]
and let §; = == ||7;|| where 7; is the local truncation error at step j. Finally, define dax = max|§;|. Then,
i1 = |[Yj+1 — y(@;41)]
= |l(y; + Az®(z;,y;, Ax)) — (y(z;) + Az®(z;,y(z;), Az) + 75)]|
= l(y; —y(x;)) + Ax(®(z;, y;, Ax) — P(xj,y(x;), Az)) — 75|
< ly; —y(a;)ll + AzLlly; — y(a;)I| + [|7]]
= (1 + Aa:L)wj + AJZ(SJ
We can now apply the Lemma to conclude

Jj—1
w; < eLAx]wO +A$§ eLAx(]—E—l)(sé
£=0

Assume we are solving the differential equation on a fixed interval [a, b], then Azj < b — a, and hence

j—1
w; < el =0 + Ax Z elb=a)g,
£=0
< eL(bia) (wO + (b - a)5max)

Therefore, w; — 0 as Az — 0 because dmax = O(AzP) where p is the order of the method and wy — 0.
Note that wq is normally not zero, but of order machine epsilon

3.2 Convergence of Adams-Bashforth methods
Recall the general Adams-Bashforth method:

Yi+1 =y; + A Z Fit1-iBi

i=1
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where

i+Ax N
1 Tt T — Tip1—
B = — ptiom g,
xr

Ax j m—0 Tjt1—i — Tj41—-m

m#i
Let e; = y(x;) — y;, then

n n
Y(Tj+1) — yj+1 = y(z;) + Az Z F(zjr1-i,y(@j1-i) + 75 —y; — Az Z F(xj41-isYjr1-i)
i=1 i=1

Taking the norm of each side, we get

n
llegall < llesll + Azl Y~ llejraill 18] + |7l
i=1

Next, define wy = maxo<k<n |lex||, =D iy |Bi], then wjy1 = (1+ AzLB)w; + Az||t;/Az||. Then we have
llej1ll < (1 + AzLB)w; + Azdj = wjtr

If w; > maxo<k<; ||ex||, then wj;1 > max(w;,||lej41]|]) > maxo<r<jti|lex||. Finally, we use the lemma as
before to get
w S eLﬂ(b—a) (wo + (b - a)amax

3.3 Characteristic Polynomials of Linear Multistep Methods

Recall the general form of a linear multistep method

k k
Z Y1 = Ax Z BiFji1-i
i=0 i=0

where ag # 0. Recall we defined the first charateristic polynomial

k
0)=> aif""
=0

It is normalized if p’(1) = 1. The second characteristic polynomial is formed in a similar way using the 8’s

k
S
=0

If the method is to be at least order 1, then

k
=Y owy(zji-i) — Az BiF(zii1-i,y(zit1-:))
=0 1=0
: (iAx)?
= i (y(@jq1) —iAzy' (zj41) + 5 Y (zj41)
i=0

k
Z F(aji,y(xj41) = iA2Fy (251, y(2)41)) — iDay (2j51) Fy (241, y(2541))) + O(Az?)
=0

k

— Azy(zj41) lz i + i

=0

Az? i
+ Ty//(l'jJrl) Z o+ 2if;

=0
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Thus, a zero order method would require that the first sum be zero, a first order method would also require
the second sum to be zero, and a second order method would require all three sums to be zero. Let’s look
at these in order:

k
0= ZO% = p(1) (6)
=0
k k k
0= Zza + 8= Z ko — (k — i)a; + Zﬂ =kp(1) — p'(1) + o(1) (7)
. Z;O =0 =0 .
0=> ia; +2if; = (k* = 2ki+i® — k+i)o; — (k% — k)ay — (—2k + D)io; + 2 kB — (k—i)B; (8)
i=0 =0 =0

— (1) — (K = k)p(1) — (~2k + 1)(kp(1) — p (1) + 2ko(1) — 207 (1)
Therefore, we have the conditions for the order of the method to be

First Order
Second Order

Third Order

0= p"(1) — (K = k)p(1) + (2k — 1)(kp(1) — p' (1)) + 2ko(1) - 20°(1)
= p"(1) — (2k — 1) + 2k — 20" (1)
— (1) —20/(1) + 1

For stability, consider the simple problem

and suppose the starting data for the linear multistep method has errors so that y; = ¢; where §; is small
but not zero for 0 < j < k. Then the numerical method becomes

k
Z a;Yjt1—; =0
i=0

This is a constant coefficient difference equation. Equations of this form are solved by guessing a solution of
the form 4
y; =7’

Inserting this into the equation, we get

k k
0= E QYj41—i = E iyl T
im0 i=0

Throwing away the trivial solution z = 0, we are left with

So if z solves p(z) = 0, then y; = vz7 solves the difference equation.
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Now, suppose there is a root z of p(z) = 0, where |z| > 1, then suppose §; = 727, then
lyj| = [yl |2 — o0 as j — oo

Clearly, this is not a stable method if it sends 3’ = 0 off to infinity. Therefore, we have a necessary condition
for stability that all roots of p(z) = 0 must have magnitude |z| < 1. A linear multistep method which
satisfies this requirement is called zero stable. Note that we know at least one root is z = 1 because we know
p(1) = 0 is required for consistency.

Example 3.1:
The Adams-Bashforth methods are stable because p(z) = z — 1 which has only the root z = 1.

Example 3.2:
Consider the linear multistep method

Az

o [4F; +2F; 1]

1
g(yjﬂ +4y; —5y;_1) =

For this method, p(z) = 22+ 2z — 2 and 0(2) = 22 + 5. Note that p/(1) = 1, so the method is normalized.
Also, p(1) =0, o(1) = 1, and p”(1) — 20'(1) = —1 so this method is at least second order. However, this
method is not zero-stable because rho(z) = 0 has roots z = 1, —5. To see why this is a problem, suppose
small errors in the initial data are made when solving 3y’ = 0, say yo = €, y1 = —5e, then

y2 = —4y1 + Byo = —4(—5¢) + be = 25¢
ys = —4ya + by; = —4(25¢) + 5(—5e) = —125¢

Yn = (—5)"e

Thus, the solution rapidly grows, and hence the method is not stable.

It should also be noted that if a root z of p(z) = 0 is such that |z| = 1, then a cannot be a repreated root
of p(z) = 0. To see why, suppose z is a repeated root of p(z) = 0, then p’(z) = 0 as well. In this case, it can
be shown the difference equation has a solution

yi =7 + 1)

which will also grow if |z] = 1 and the method is not stable.

Therefore, we have the root condition: If a linear multistep method is stable, then all roots of p(z) = 0
must be |z| < 1 with roots |z| = 1 not repeated. The strong root condition requires that all roots of p(z) =0
be |z] < 1 except for the required z = 1 root.

3.4 Multistep Convergence Theorems

We state, without proof, the following results regarding convergence of multistep methods using fixed step
sizes.

Theorem 3 A backward difference formula method of order n is not stable if n > 6.

Theorem 4 A backward difference formula method of order n < 6 is convergent of order min(p, g) where ¢
is the order of accuracy of the starting values.
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Theorem 5 A linear multistep method of order p is convergent of order min(p, q) where the accuracy of
the starting values is order ¢ if it satisfies the root condition.

Theorem 6 A predictor-corrector pair of order (p, q) converges of order min(p+1, ¢, r) where the accuracy
of the starting values is order r if both steps satisfy the root condition.

3.5 Computational Errors

One source of error that we have conveniently ignored is roundoff error. For the majority of computations,
roundoff is not a difficulty, but it can arise.

To fit in the theory so far, we can lump roundoff error into the truncation error of a method. So for our
proof of convergence of a stable one-step method, we use the fact that 7 = O(Ax?) for some p > 1. The
truth is, 7 = O(AaP) + € where € is an error due to roundoff. Returning to the conclusion of the proof of
convergence, we see we really have

w; < eL(b_“)(wo + (b— a)dmax)

= L0 (wy + (b—a) (O(A2" ™) + 1)

Thus, as Az — 0, w; / 0 because the last term increases as Az decreases. This only becomes a factor when
the theoretical truncation error approaches € which is typically about machine e.

Example 3.3:
Consider Euler’s method applied to y' = y2, y(0) = 1, then

1 )
7 = A0y (z;) + O(As?)

Now, 3" = 2yy’ = 2y3, and y(x) = 1/(1 — z) so that

1 . )

T = §Ax22(1 — ;) + 0(Az®)

At z; = 0.9, y(z;) = 10, so that for double precision, € ~ 1076 - 10 = 107!, So, we must be cautious if

L2 3 ~15

§Ax -2-10° =~ 10

ie. Az~ 1079.

Example 3.4:

Suppose we try Improved Euler on 3’ = 2, then
1
i = ~Axdy" (v;) — ZAx3(Fm +2FF,, + F?F,,) + O(Az") + ¢

where y' = F(z,y). Now, y"”' = —6(1 —z)™*, Fpy = Fyy =0, Fy =2, F2 =y, s0

1 1
7; = Az® E(_6)(1 —x;) "t = ZZy;l + e+ O(Azx?)

= —gAxg(l —x;) "t + e+ O(Azx?)
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Thus, at x; = 0.9, we must be cautious if Az310* ~ 10715, i.e. Az~ 107193 ~ 10763,

Note that both these examples would look much worse if we used single precision arithmetic. Then
machine epsilon is € ~# 1078 and Euler’s method breaks down for Az ~ 10~° while improved Euler’s method
breaks down for Az ~ 1073-%. This analysis is supported by looking at the table of values 1 where y’ = y? is
solved using single precision. Note the decay in the accuracy for Az ~ 10~2. This agrees with our predicted

Ax 107! 102 103 101
E(Ax) 23x1073% 32x107° 57x107° 29x10*
E(Az)/Az? | 23x 1071 3.2x107! 57x10" 29x10*

Figure 1: Error data for Improved Euler applied to y’ = 32, y(0) = 1

breakdown of Az =~ 1036,

This analysis is particularly important when considering implicit methods and determining the stopping
criterion for the iterative solver of y;;1. In this case, the error in doing a finite number of iterations can be
interpreted as a computational error e. It could be reduce to approximately machine epsilon, but at a high
cost. It is better to iterate until the relative error is an order of magnitude smaller than the local truncation
error so that it does not affect the theoretical convergence rate of the method.

3.6 Absolute Stability

When we discussed stability in the context of convergence, it was a requirement for the convergence of
the method and not necessarily one useful in practice. A more practical interpretation of stability is to
understand how large of a step size can be taken without destroying stability. To study this, we consider the
linear system of ordinary differential equations

y = Ay + B.
Suppose that u, v are both solutions of this equation, then
u —v' = A(u—v).
If w = u — v, then of course w’ = Aw. Absolute stability is where a method has the property that

[uj+1 = vj1] < [uo — vo
[wjt1] < [wol

for all j.
As an example, consider Euler’s method, and let w; be given by

Wi41 = Wy + AZZ?AUJ] (9)

Assume A is diagonalizable, then A = TAT ! where A is a diagonal matrix with the eigenvalues of A down
the diagonal. Equation (9) now becomes

TT  wipr =TT 'wj + AxTAT 'w;

Let w; = T~ 'wj, then w; solves
’lZ)j+1 = ’lI)j + ASEA’(I}]

This is now a decoupled system, so we can look at each of the scalar equations

S0t -
Wi = W; + AzAw;
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where )\, is the ¢t eigenvalue of A.

The region of absolute stability is the set of values of Az in the complex plane for which the magnitude
of w does not increase. It can be calculated by calculating the region for each of the separate scalar equations
and the final region is the intersection for each of the different scalar equations. Suppose we are looking at
the £*1" equation (dropping the £ for convenience) we have Wjt1 = W; + AxA®;. This is a difference equation
which we can solve by assuming w; = az? to get

az? Tt = az? + aAz)d

z=14+AzA=1+¢
where £ = Az\. Now what we need is the values of all £ such that |z| < 1.
12 =1+ +8 =1++E+€
Now let & = x + iy, then this becomes
1214 (x+iy) + (. —iy) + (x+iy)(x —iy) = 1 + 22+ 2* +y* = (1 +2)* + o2

Thus, the region of absolute stability for Euler’s method is a circle of radius 1 centered at £ = —1 in
the complex plane. This same strategy can be employed for other methods, but rapidly becomes more
complicated.

Compare this to the region for backward Euler. For backward Euler, we have

’UNJj+1 = U~)] + Ax)\zbj+1

az? Tt = a2l + aAz)I T

z=1+4¢&z
(1-¢z=1
1
Z—ﬁ
Therefore,
1> |2z
(1 1
-(7e) ()
_ 1
S (1-901-9
B 1
C1-2z+a2+92
1
ST

Thus, the region of absolute stability is everywhere outside the disk in the complex plane centered at £ = 1.
The difference between these is that forward Euler has a bounded region of absolute stability and backward
FEuler has an unbounded region of absolute stability.

Theorem 7 All zero-stable explicit Runge-Kutta methods, explicit linear multistep methods, and explicit
predictor-corrector pairs have finite regions of absolute stability.

In general, calculating regions of absolute stability is not easy by hand but can be carried out by computer.
Comparison between regions of absolute stability helps determine the optimal method for a given problem
by looking at the values of A that are present in a given ordinary differential equation.
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4 Error Estimation and Control

When computing numerical solutions, we would like to be able to know at least a bound on the error of the
computed solution. So far, we have seen that so long as Az is “small enough”, the solution will converge to
the exact solution, but what is “small enough?” Ideally, we would like to specify an error tolerance as an
input parameter to a method. In order to accomplish this, we must be able to (1) estimate the error and
(2) use the estimate to dynamically control the error.

4.1 Global Error Estimates

Up to now, we have focused on the order of the local truncation error, but have not done much else with it.
In fact, what we can do is make an assumption which can be shown to be valid, that the error of a method
can be written in the form

y; = yl(a;) + AaPe(z;) + O(AzPH)

for some smooth function e(z;). We can use this representation to estimate the error as we have already
seen in the homework. Suppose zy = b is the final time of a calculation, then we use the same method twice
with two different step sizes to get an estimate for the error.

Az : yn = y(b) + AzPe(b) + O(AxPT!)

B =0+ (5) e+ oaart

Taking the difference, we get
yn — yan = AaPe(d)(1 - 277) + O(AxP*Y)

Error = AzPe(b) = % +O(AxPTY)

This is the same result in a slightly different form that was derived in the first homework.

4.2 Local Error Estimation

While the formula for the global error is useful for estimates of the error for a fixed step method, it is not
an efficient means for controlling the error of a computation. Ideally, one wishes to give the gloval error as
a parameter for a solver which then produces a solution within the accepted tolerance.

There are two components necessary for accomplishing this, step size control and error estimators. We
gebin with error estimators. We will focus on one-step methods because they are much easier to use for
adaptive time stepping.

We assume the method is of the form

Yj+1 = y; + Axd®(x;,y;, Ax)

The principal error function of this method is a function ¢ (z,y) which is a smooth function that is derived
from the leading order error term in the local truncation error for the method. Thus,

Tit1 = w(@jp1) — yje1 = AaPT (x5, ;) + O(AaPT?)

where u(z) is the exact solution with given initial condition u(z;) = y;.
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4.2.1 Richardson Extrapolation

Consider a one-step p** order method, then we know
w(zjsr) — Y1 = AxP (g, y5) + O(AzP*?)
where 1) is the principal error function. Now suppose we cover the same step in two half steps:

ACE Pl 2
ur(j41/2) — Z/;+1/2 = <2> P(zj,y;) + O(AzP*?)

Az \PT! 2
U2($j+1) - y;+1 = (7) 1/)($j+1/27y;+1/2) + O(Aprr )

Now,

(w(wjqr1) = yj1) — (u2(wjqrr) — y;+1) =(1- 2_(p+1))A$p+1¢(33j7yj) + O(A$p+2)
Yii1 — Ui+ (w(@izn) — ua(zjp)) = (1 — 27N APy (25, y5) + O(AzPH?)

And then we have

Az
ay) = aay0) = (e 1172) = valoyoaye) + O (G oy~ waase )

Az \ P
U(l'j+1/2) - U2($j+1/2) = U(%’+1/2) - y;+1/2 = (7) %Zf(ﬂ%yj)
Az p+1
u(xjir) —ug(2ip1) = <7> P(x,y;) + O(AzP*?)

Therefore,

Ui~y = (1— 9—(p+1) _ 27(p+1))AIp+11/)(:17j,yj) + O(AzPT?)
2P —1

= —5— AT (w;. ;)

Thus, the local error estimate is

2p N
Local error = AzPt ) (x;,y;) = ﬁ(yjﬂ — Yjt+1)

Note that this method can also be used to improve the order of accuracy of the method by always taking the
higher order approximation and adding the error back in. However, adding the error back in can adversely
affect the stability of the method, so is not always done.

4.2.2 Solution Pair Method

Suppose you have two methods, one of order p, and the other of order p+ 1. If we look at each of the errors
we get

p: w(zjg1) — yjs1 = AxP (g, y5) + O(AzPT?)
p+1: w(zjt1) — yi = O(AzP*?)
Taking the difference, we see that
Local error = AxPt1e(xz;,y;)
= (w(@j+1) — yj+1) — (u(®@j41) — ¥511)

_ *
= Y11 — Yj+1
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4.2.3 Forward-Backward Method
Given a single p'" order method, take a forward step to get

w(@jsr) = Y1 = DaP (e, y5) + O(AaP*?)
Next, take a backward step of the same size

(=Az)P (41, y541) + O(AxPT?)
= (*dx)pﬂi/’(xj» yj) + O(AzP*?)

v(w;) — yj

If we assume p is odd, then add together to get

2007 (2, y5) = w(wj1) — yi +o(z)) —y;

u
w(zj1) —v(zjp1) +olz;) —ulz;) +y; — y;

Now, as we did for Richardson extrapolation, we have

v(z;) —u(z;) = v(zj41) — u(@j1) + O(Az[|v(zj11) — u(T)t1)l])
= v(rj41) — w(@jr1) + O(Az||yjr1 — u(wjt1)l])
= v(xj41) — u(zj41) + O(AzP*?)
Plugging this back in gives
yi — 5 = 2827 2 (x;, ;) + O(AzP?)

1
AzPep(z;,y;) = 5w —yi) + O(AzP*?)

Note that when we advance one step and use these error estimates, we could use these estimates to
improve the accuracy of our method. This is called local extrapolation. For soe methods it is possible to use
local extrapolation, but the stability of these methods is difficult to establish and can lead to problems for
stiff equations. Also, the error estimate is no longer technically valid.

4.3 Step Size Control

Now that we have error estimates, we will use these estimates to control the error. Suppose we are solving
an equation on an interval of length L and have a requirement that the error be bounded by some tolerance
€. Certainly if we bound the error of step j by e; < +Az; where Az; is the length of step j, then

Total error = Zej < Z %ij = %L =€
J J

So the objective is to ensure e; < +Ax;.
Recall ¢; ~ Aw§+lw(xj, y;), then

€
At (g, y5) < 7 A%;
1
AP < ii
I Lap(xy, )

Since we are free to choose any size for Az;, then we can always find a Az; that will satisfy the one-step
error bound. We therefore have a crterion for an acceptable time step, namely

€
ej = Ax?“d)(xj,yj) < ZAZCJ'

29



Using this estimate, if we take a step of size Ax} instead, then the estimated error would be

Axi\PH!
predicted error (Ax;‘) = Aw;pﬂw(%,yj) _ (A J) e
Lj

Thus, the optimal step size is predicted to be

Al‘; p+1 ¢ .
ej < —Azj

Aa:j - L J
€ Axm_l

Az = — —7

( $j) L €;

Azt 6AI§+1 v
i

This gives a predicted optimal step size. The actual step size which satisfies the local error criterion must
be verified. Since the optimal step size is approximate, people often take step sizes to be about O.9Aa:;.
One must be careful about rapidly varying step sizes, particularly when they grow for stability reasons.
Thus, it is common to allow the step size to shrink quickly, but the step size should not increase by more
than a factor of 5 from one time step to the next.
Let us now describe the variable step algorithm for a method M of order p on the interval a < z < b.

1. Given Az; (usually the previous step size), compute error estimate e;.

AgPt! 1/p
' . . w [ €2
2. Use e; to compute the optimal step size Az} ~ 7
€j

3. Set Az’ = min(0.9Az7,2Az;,b — x;)

4. Compute the error estimate e/ using Ax’;

5. If e > %Ax;-, then go to step 4.

6. Apply the method with step size Az; = Ax.

7. Go to step 1

5 Stiff Equations
Recall from our convegence proofs for one-step methods we found that the computed error was bounded by
wj < el(b—a) (wo + (b — a)dmax)

where 0, was given by the local truncation error, and L is the Lipschitz conatant of F. When discussing
practical step size limitations due to fixed point iterations for implicit methods, we saw that

Az|y|L <1

where v = O(1), and L is the Lipschitz constant. In fact, the quantity L(b—a) is one measure of the stiffness
of a problem. If L(b — a) is large, it shows that we must take much smaller timesteps to bound the error
and smaller time steps to gaurantee convergence for fixed point iteration. The stiffer the problem, the more
difficult it is to solve numerically.
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Consider the scale ordinary differential equation
y'=Jy—p)+p(x), y0)=A
where J is a constant. The exact solution is
y(x) = (A= p(0))e’" + p(x)

If J < 0, then this problem is stable and if J is large, then the solution curves converge quickly to the curve
y = p(z) during the initial transition or boundary layer.
In the boundary layer, the truncation error is
Az? Ax?
= —y"(&) = =~ [(a = p(0))J%elJE) + 1" (€)]
If J is large, then the first term will dominate in size and a small time step is required. In this regime (b—a)
is small, so L(b — a) is manageable.

Outside the boundary layer,
B Az? "oy Ax? P

= SO = )

and hence an accurate solution is independent of J, so larger time steps would be OK. But the stability
requirement of methods still apply, so that stable solutions are only possible for small values of Ax. Since
the stability restriction seems to be the problem, then we can turn to the implicit method backward Euler
which has almost the same truncation error. Ordinarily, this will require fixed point iteration which has a
convergence requirement of AxL < 1 which is even more restrictive than Forward Euler!

It is therefore clear we need the unconditional stability properties of implicit methods while skirting
around the fixed point iteration procedure. In practice, backward difference formula methodsare the primary
tool for stiff equations so we will focus on them. Consider the second order backward difference formula
method

1 2
Yj+1 = §(4yj —Yj-1) + gAmF(xj+1vyj+1)

At each step we must solve for y;4; and x;11, yj, yj—1 are all fixed. Thus, this equation can be wrtten in
the form

y=AxyF(y) +¢
If we apply fixed point iteration, we get

y" = AryF(y™) + ¢
If y* is the exact solution, then y* = AzvyF(y*) + ¢ and we get
y" =yt = Aay(F(y™) - Fly"))
Suppose F' is a linear function of y, say F(y) = Jy + B, then
Y™ =yt = Aay I (" - )
Let Amax be the largest magnitude eigenvalue of J, then
[y =y < Az Ymaxly™ — | < (AzyAmax) " y" — v

and hence we see that backward difference formula methods have the same practical time step limitation as
other implicit methods.
Suppose we linearize F' about the current iterate y”. Then,

F(y)~ F(y™) +J(y—y™)
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OF
where J is an approximation to 8—(ym) If we make this replacement, we get
Y

Y = AryF(y™ ) + 4
= Azy[F(y™) = J(y™ ' —y™)] +
(I — Aay)y™ ' = Axry[F(y™) — Jy™] +
y" = (1 = Axy )T HAzy(F(y™) — Jy™) + 4]
IfJ= %—‘Z (y™), then this amounts to Newton’s method. There are two difficulties with simply using Newton’s
method. First, it requires a matrix inversion every iteration because J depends on m, and second, the matrix

J can be very large for some systems so that storage becomes an issue.
Suppose J is held constant where J = %—Z(y*), then the procedure goes as follows:

Yyt =9+ AayF(y™) + AzyJ (y™ T —y™)
y =9+ AyF(y") + Axy (y" — )
Yyt = Aay(F(y™) = Fy™)) + Aayd (y" 7 = y) — AayJ (y™ — y*)
= Aoy T (y™ —y*) + Dy (Y™ —y*) — AeyJ (Y™ —yY)
where J is the evaluation of %—5 at some point between y™ and y* via the mean value theorem

_OF

F(u)—F(U)—a—y

(w)(u =)
for some w between v and v. Now we have
y" =yt = (I = Aay )T Aay (T = Ty - )
Thus, convergence of the iteration is dependent upon
(I — AxyJ) P Azy(T - )| < 1

This shows that faster convergence is achieved by either taking Az smaller or making J a better approxi-
mation of 7.
The method for getting the next iterate is actually slightly different. Subtract y™ from each side to get

ym+1 _ ym _ ,(/} 4 A,T’yF(ym) _ ym 4 A.’E’yJ(ym+1 _ y'rn)
ow define the residual r™ =¥ 4+ Az — , then
Now defi h idual ™ = ¢ + AxyF(y™) — y™, th
merl o ym =™ 4 Ax,yj(ym+1 o ym)
(I = AxyJ)(y™*t —y™) =™
MLy — (I — Axy )™
Yyt =™ 4 (I — Az )™

Y

Using this type of iteration larger times steps can be taken provided J is a good approximation of J. For
that reason we must study approximations of 7.

At present, we have a couple choices. We can supply an explicit expression of the Jacobian, or we can
compute a numerical approximation of the Jacobian. The first method is preferrable, but is not always
possible or practical for large complex systems. We will concentrate on numerical approximation.

Suppose y' = F(x,y) is a system of n equations so that the Jacobian is an n x n matrix. Let ej be the
kth coordinate vector, and let & be a small scalar. The k" column of .J is then given by

Tr= 5 ~ on

(z,) +0(6%)
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Thus, it requires NV 4 1 evaluations of F' to compute J. If F' is complicated, this could be expensive to
be used every time step. For nono-stiff equation, this many function evaluations is not very good, so often
Jacobians are kept and reused for multiple steps.

We can now describe the algorithm for stiff equations

1. Choose a backward difference formula method of desired order and write in the form
k

Z AiYn+1—i = 'YF(xn—&-l; yn-i-l)
=0

Define the function F' to be this method rewritten in the form

Yn+1 = 7F(yn+1) +

where we note again that all past values y,, y,—1, etc. and x,41 are all constants in the solution of
this equation.

2. Determine an approximation of the Jacobian J either by an explicit description or by numerical dif-
ferentiation.

3. Given y1,. .. ,yn, define 1% = o) + AzyF(y,) — yn, and y° = y,,. Then iterate
Yyt =y (I Azy )™

m—+1

Terminate when y — y™ is below tolerance.

4 ypy1 =y™

6 Application to Partial differential equations

We can use these methods we have described to solve partial differential equations. Consider the equation

ou ou

— =« a<x<b 0<t<T
ot

Ox’ -
Suppose we have an approximation of % at any time ¢, then we could think of this as an infinite set of
ordinary differential equations where an ordinary differential equation corresponds to each point z in the
domain a < x < b. The different ordinary differential equations are coupled together through the presence
of the spatial derivative term g—:.

Suppose now we choose a finite subset of these ordinary differential equations, say regularly space points
x; and assume u(z,t) is approximated by an interpolating function at the x;. Assume for now there is a

matrix D such that

94 (z0) u(zo)
: ~D :
9u(zn) u(zn)

Then we would have a system of ordinary differential equations given by

5 (o) u(zo)
: =aD
%(xzv) u(zy)
u(xo, t)
Let U(t) = : , then we have 4 = aDU.
u(zy,t)
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Now the only question that remains is what the matrix D looks like. At x;, we want to approximate
%(xj, t), so let’s assume v is approximated by a quadratic polynomial that interpolates u at x;_1, €, ;1.
Using Lagrange polynomials, the interpolating polynomial would be

(z—zj1)(x —z)
(@41 — zj-1) (251 — 7))

(z —zj-1)(T —xj11)
(xj —xj—1)(xj — Tj41)

(z —z;)(@ — xj41)
zj—1—z;)(Tj—1 — Tj41)

+u(zj41)

pj(w) = U(%“j—l)( +u(z;)

Assume z;41 —x; = x; — x;_1 = Az, then

u(jt1)

w(zj—1) u(mj)(x—xj_l)(xijH)Jr AT (x —zj_1)(xz — ;)

pj(z) = A2 (z—z;)(x —xj41) — Az

Now, we have

2_2@33) %p;(x])
B {uéxij;) [(z—2;) + (2 — zj41)] UA(%Q) (= xj_1) + (. — zj51)]
el wa—1>+<xz3>]}i_%
- UQX;J)F )- 123;2) (Az — Az) + u&;)m )
1

The only part that remains unsolved is what to do at the endpoints. If we take periodic boundary conditions,

then D becomes

o 1 0 0 -1
-1 0
1 0 :
D=_——
2Ax 0
0 . . 1
1 0 -~ 0 -1 0]

Of course this only scratches the surface of the analysis required for solving partial differential equations,
but it at least shows the connection between methods for ordinary differential equations and those for partial

differential equations.
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