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Numerical Analysis II. 1 QUADRATURE RULES FOR NUMERICAL INTEGRATION

1 Quadrature rules for numerical integration

1.1 Simple quadrature rules

Polynomials are a good for approximating smooth functions, and can easily be integrated exactly. A
simple quadrature rule is based on the approximation

/ ' flayde ~ / ' @)z,

where 21, ...,z, € [a,b] are distinct points and p is the Lagrange interpolation polynomial of degree n—1
of f. That is, p is of degree n — a and

p(zr) = flzg), k=1,...,n.

The Lagrange Interpolation Theorem guarantees the existence and uniqueness of such a polynomial,
which can be written as

p(x) = Z f(@i)Li(z),

where the Lagrange polynomials with respect to the points x1,...,x, can be defined by setting

n
_ r—x . . _ ; _
L;(x) 7j]:‘[133i—33j, ifn>1; Li(z)=1, ifn=1
J#i
These polynomials have degree n—1, have roots at z; for j # i, and take the value 1 at x;. This important
property can be written compactly as

1 71=9
Li(:cj)z{o z#i 1<i,j<n.

Then we obtain the quadrature weights w; as the integral of the Lagrange polynomial L;:

/ab flx)dx = /abp(l’)dz = Xn:f(xz) /b Li(x)dz = if(zl)wZ

i=1 a

Example 1.1 (Midpoint rule). A polynomial of degree zero is constant, ans is determined by ts value at
one point. If we take this point to be the midpoint of the interval [a,b], we get a midpoint rule. Here the
weight is equal to the interval length.
a+b

2

weights: w; =b— a.

points: xp =

Example 1.2 (Trapezoidal rule). If we take the quadrature points to be the endpoints of the interval, we
get the trapezoidal rule. The Lagrange polynomials are then Ly = Z:f, and Lo = 7=, resulting in weights
equaling half the interval length.

points: x1 =a, X2 =20
b—a
5

Example 1.3 (Simpson rule). For Simpsons rule we have three quadrature points, the two end points
and the midpoint. The weights are determined the same way as befoe.

weights: wyp = wy =

. a+b
points: x1 =a, To=

b—a g

weights: w; = w3z = 6
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Numerical Analysis II. 1 QUADRATURE RULES FOR NUMERICAL INTEGRATION

Theorem 1.1 (Taylor”s Theorem). Let f : [a,b] — R and n € N with n > 0. Assume that f™) exists on
(a,b) and that £~V is coninuous on [a,b]. Let o and 8 be distinct points of [a,b] and define the Taylor
polynomial of [ of degree (n — 1) centered at v by

"« (n=1)(q
P Zf - )k:f(oz)+f/(a)(x—a)+f2(!)(z_a)2+...+f(n_11()!)(x_a)n1_
Then, there is a point n between o and 3 such that
(n)
18) = P03 + 0 gy

Let
Ry~ (@) = f(z) — Py~ (@)
Corollary 1.1. Let f : [a,b] — R and n € N with n > 0. Assume that f) exists on (a,b) and that
f=1 s continuous on [a,b]. Then, for all x € [a,b],
[Ra (@)] < *lfv—a\" sup | (n)].
n€(a,b)
Theorem 1.2 (Error estimate for the midpoint rule). Let f € C?[a,b]. Then

a+b (b — a)3 1
< .
2 )‘ S Top o e 7))

1)~ 0 (

Proof. We write

0) = Pha(o) + Ragn0) = £ (“52) 4 (450 (0 557 + by ).

Then, by integrating both sides, we get

1n=0-ar () e r () [ (- a‘;b)d +/ Rl (a)de =
=-ar (“50) vo+ [ Rinte

- / Rbu. (x)do _/ab

1 b a+b\> (b—a)
< — () _ — "ol
< maXI )I/a (x 5 ) 4 nrg[%]lf ()]

Therefore

Ri (e )]dxg

1.2 Composite quadrature rules

Composite quadrature rules can be constructed from simple ones by dividing the interval [a,b] into a
number of subintervals, and applying a simple quadrature rule to each subinterval. This way one easily
obtains a more accurate quadrature rule by increasing he number of quadrature points. For example, we

can divide the interval into N subintervals [ag, bg], K = 1,..., N, and apply the trapezoidal rule to each
to obtain
b N b N b — Qg
/Gf(w)dx:Z/a‘f = 32 S+ 100) 5

704

N and let x, =

If we now assume that all the subintervals have the same length, by — ar = h =
a+ (k—1h, k=1,...,N+1, then we get

N
h h h
3 3?1)5 +Zf(33k)h+f($N+1)*

5 .
k=2

b N
[ o= 3 () + )
a k=1

Composite versions of other simple quadrature rules can be derived the same way, with some presented
below. For simplicity, the interval is chosen to be [0, 1], and h = N~1.

2021.09.22. 4 Aron Erdélyi



Numerical Analysis II. 1 QUADRATURE RULES FOR NUMERICAL INTEGRATION

Example 1.4 (Composite midpoint rule). In this example

3

. 1
pOINts: m’-’”d:(i—>h i=1,...,N,

weights: w™¢=h, i=1,...,N.

7

Example 1.5 (Composite trapezoidal rule). In this example

points: z" =(i—1)h i=1,...,N+1,

(3

weights:  w

ap B i=1i=N+1
“lh 1<i<N+1

Example 1.6 (Composite Simpsons rule). In this example

- h
points: J;flm:(i—l)g i=1,...,2N +1,
i=1, i=2N+1
i=24,6,... 2N .
i=13,57...,2N -1

weights:  w™ =

olgols o

Theorem 1.3. Let [a,b] = [0,1] and let f € C?[0,1]. Then

Zf mzd w™ie E max ‘ //( )|
Wi 24 z€[0,1]
and
N-+1 h2
T _ ?rap ?rap < " 7 )
() ; Few™| < e @)
If f € C*0,1], then
2N+1

L4 max |f (4)( ).
— 2880 z€[0,1]

S Si
Z f zm Zlm

Proof. We will only prove the statement about the composite midpoint rule, the rest of the statements
follow in a similar fashion. We have that

Z f mld mld

@+1

N
p)dz — 3 flal ] =
i=1

N

> ( / fa)da f<x;md>wzmd) ‘ .

i—1

7
We can use a previous theorem on [x;, z;4+1] to conclude that

h
< — max "(2)].
— 24 TE€[Ti,Tit1] f ( )|

[ stwae — sty

Th
us N N 2511 A 4
I(F) =D fr ) =13 </ f(a)dz — f(ﬁmd)w?“d) <
=1 i=1 T

<i/ i f ] <30 e (770 < s 113 =
> £ 2 - p 24 T€[xi,Tit1] z€[0,1] — 24

Nhh3 max |f”(x)| h2 ma |f”(l’)‘

= —_ - < .

24 z€0,1] 24 2€(0,1]

O
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Numerical Analysis II. 1 QUADRATURE RULES FOR NUMERICAL INTEGRATION

1.3 Gaussian quadratures

In this section we use orthogonal polynomials to construct quadrature rules of the form

b n
/ flx)dx ~ ijf(z])

with nodes x; and weights w; carefully chosen.

Definition 1.1. A quadrature of the form above is of order p € Ny, if forall f € CP[a,b] the estimate

z€[a,b]

b n
[ e =3 i) < e max 179a)
a =1

holds for some ¢ > 0 independent of f.
Lemma 1.1. A quadrature of the form above is of order p > 1 iff it is exact for all f € Pp_;.

Proof. If a quadrature of the form above is of order p, then it is exact for all f € P,_; as f ) =0 for
all f € P,_y. Conversely, suppose that the approximation is exact for all f € P,_; and let f € C?[a,b].
Then, using Taylor’s Theorem, we may write

(@) = P~ (z) + R (x),

with P2=! € P, and |RE ! (z)| < mmax,e[q) | f @] Therefore

b
_ / R (e — 3wy RE Y (ay) / R |dm+2\wj||Rp Hay)| <

<m max |fP(@)|(b—a) +m Jnax \f(”) |Z|wg|

z€[a,b]
Thus, the quadrature rule is of order p. O
Lemma 1.2. Given a distinct set of nodes x1,...,x, it is possible to find a unique set of weights
w1, ..., W, such that the quadrature of the form above is of order p > n.

Definition 1.2. We say that p,, € P, is an mth orthogonal polynomial if py, # 0 and p,, L p for all
ﬁ € ]P)mfl-

Definition 1.3. We say that a real polynomial p is monic if the coefficient of the leading term of p equals
1.

Lemma 1.3. For every m > 0, there exists a unique monic mth order orthogonal polynomial py,.
Moreover, any p € P, can be written as a unique linear combination of po, ..., Pm-

Proof. We prove the statement by induction. Let pg = 1. Suppose that pg,...,p, has already been
obtained with the desired property. Let q(x) := ™! and set

n
anrl Z
=0

One can easily check that p,+1 € P,y1\P, and that p,41 L p; for all ¢ = 0,...,n using the induction
hypothesis. Hence, p,11 L p for all p € P, as p = Y. ;¢p; also by the induction hypothesis. If
p € Ppyithen p = dpy1pny1 + ¢, with ¢ € Py, and thus p = Z?:Jrol d;p;, using again the induction
hypothesis. Note that we must have d; = (p,p;) and hence the expansion is unique. This finishes the

induction.

pkapk
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Numerical Analysis II. 1 QUADRATURE RULES FOR NUMERICAL INTEGRATION

We finally prove uniqueness of the monic mth orthogonal polynomial. Suppose, by the way of con-
tradiction, that p,, and p,, are two monic mth orthogonal polynomials such that p,, # P,,. Then
Pm — Pm € Pp_1 and thus

/ |pn - )| dLL'_< _ﬁmapm_ﬁm>:<pmapm_ﬁm>_<ﬁm7pm_]5m>zoy

whence p,, = Pim. O

Corollary 1.2. If p,, and p,, are to mth orthogonal polynomials, then there is ¢ # 0 sch that p,, = P, -
Hence the zeros of mth orthogonal polynomials coincide.

Lemma 1.4. For m > 1, all zeros of an mth orthogonal polynomial p,, are contained in (a,b) and they
ae simple.

Theorem 1.4. Let x1,...,x, be the zeros of an nth orthogonal polynomial p, and let w1, ..., w, be
the solution of the Vandermonde system. Then, the corresponding quadrature method, given by the form
above s of order 2n. Furthermore, no quadrature method of the form can exceed this order.

Theorem 1.5. Letn > 1 and suppose that f € C*"[a,b]. Let x1,...,, be the zeros of an nth orthogonal
polynomial p, and let wy,...,w, be the solution of the Vandermonde system. Then, there is a number

€ (a,b) such that
b _ 1) :
/a f(z Zwkf xr) o) /a[wn(x)] dx,

where

2021.09.22. 7 Aron Erdélyi



Numerical Analysis II. 2 NUMERICAL METHODS FOR ODES

2 Numerical methods for ODEs

2.1 One-step methods

We aim to approximate the solution of

y'(t) = f(ty@®), t>to, y(to)=yo, (1)

where f : [tp,00) x R, 35 € R? is a given vector, and y : [tg,00) — R? is a continuously differentiable
function which we call the solution of the problem. This is called a Cauchy problem or initial value
problem.

We will always assume, that f is continuous and that it is Lipschitz continuous in the second variable,
uniformly in the first:

Hf(t7x)_f(t7y)||S)‘Hm_yH’ Z‘,yERd, tE[to,OO),

where A > 0 and || - || denotes any norm in R%.

2.1.1 The Euler method

In order to derive a simple numerical method for the Cauchy problem we let h > 0 (time step), integrate
from tg to ty + h and approximate the integral to get

to+h
ylto + h) = y(to) + / Fry(r))dr = o + i (to, 3o),

to

with yo = y(to). Motivated by this, given a sequence of equidistant time—instances tg,t; = to + h,ts =
to + 2h, ... we define the approximation

Y1 = yo + hf(to, o),

or more generally,
Yn41 :yn+hf(tn,yn)7 n:()a]-a"' (2)
This is called the explicit Euler method.

Convergence of the Euler method. For simplicity, we take the time-step h = h,, to be constant
and consider a time interval [tg, to + t*], with ¢* > 0. o define what we mean by convergence we consider
a sequence of approximations

t*

Yn = Yn,h, nzoalv"'a\‘hJ»h>07 (3)

of y(tn).

Definition 2.1. A method given by @ 18 said to be converent if

lim max |Yn.n — y(tn)|| = 0.

h—0+ tx
n=0,1,..., \‘EJ

Theorem 2.1. Suppose that [ : [tg,00) x RY — R? is continuously differentiable and that f is Lips-
chitz continuous in the second variable, uniformly in the first. Then, the Fuler method given by (@ 18
convergent.

*

t
Proof. We take d = 1, for simplicity. Let h > 0 and ¢; := y; — y(t;), 1 =0,1,..., {hJ (here we supress

the h-dependence in the notation). Then, using also that y; = e; + y(t;) we get
eit1 — € = Yir1 — Yi — (Y(tir1) —y(t:) = hf(ti, i) — (Y(tit1) — y(t:)) @)
= hf(ti,y(ti) — (Y(tivr) — y(ts) + h(f (L, e + y(t:)) — £t y(t))-

Let
gi = hf(ts,y(t:)) — (y(tiz1) —y(t:))

2021.09.22. 8 Aron Erdélyi



Numerical Analysis II. 2 NUMERICAL METHODS FOR ODES

Vi = f(ti,ei +y(t:) — f(ti,y(ta)).
The term g; is called the local approximation error. Then we may rewrite as

t*
€i+1—€i:9i+h¢ia ZZO,l?)\‘hJ

We use the Lipschitz condition to obtain

[Vi| = [ f(tises +y(ts) — f(ti, y(ts))] < Megl.
Therefore,

t*
|6i+1|§(1+)\h)‘6i|+‘gi‘, i:()’l’“.’\\hJ.

Then, one can easily show, by induction, that the estimate

n—1
len] < (1+A)"eo] + D (14 M) |gn_1-j
7=0

*

t _
holds for n = 0,1,..., {hJ , where we define Zj:lo(- ..) = 0. Using estimates

(1+Ah)n§6)\nh§€>\t*7 TLZO,].“.-,\‘thJ,

and
x t*
(1+A0) < (L4 M) L< et < A =01, ., {hJ . j=0,1,...,n—1,
we arrive at the inequality
n—1
len] <™ | leol + Y lgn-1-4] - (5)
§=0
Next, we estimate |gx|. Note that since f is [tg,00) x R? continuously differentiable it follows that
y € C?[tg, to +t*]. Therefore we may use Taylor’s theorem to write
/ h2 " h2 "
Y(ters) —y(t) = hy (te) + 5y" (&) = hf (tr, y(te)) + 547 (),

where & € (tk, tk+1). Thus,

h h2
< gy < — "(s)]:= =M, k=0,1,...,n—1.
lgxl < Sly" (&)l < 5 e Y (s)l = = n

Inserting this into we get

n—1
. h? . h . t*M t*
|€n| < 6)\t |€0| + E ?M = eAt (|60| +’Ilh2M) < eAt (|60| + 9 h) y = 0717"'7 LJ .
=0

As eg = 0 for the Euler method, we get

max len| < M ——h
t* 2
n=0,1,..., \‘h‘l
and hence
lim max len] =0
h—0+ t
n=0,1,..., hJ

O

2021.09.22. 9 Aron Erdélyi



Numerical Analysis II. 2 NUMERICAL METHODS FOR ODES

2.1.2 Crank—Nicolson method and the theta method

A more general approximation procedure can be derived in a similar fashion as in the case of the Euler
method. Let 6 € [0,1]. Again, integrate from tg to to + h and approximate the integral to get

to+h
y(to + h) = y(to) + /t f(r,y(7))dr = yo + hf(to, yo)0 + hf(to + h,y(to + h))(1 - 0),

with yo = y(to). Motivated by this, given a sequence of equidistant time—instances tg,to = to + h,ta =
to + 2h, ... we define the approximation

Yo = Yo + Ohf(to, yo) + (0 — O)hf(t1,31),

or more generally

Yn+1 = Yn + ohf(tnyyn) + (1 - o)hf(tn+17yn+1)a n=0,1,2,... (6)
The family of methods defined by @ is called the theta method. We highlight some special cases:

1. When 6 = 0, we get
Yn+1 :yn+hf(tnayn)7 n:O71a2a-~'

which is the Euler method.

2. When 6 = 0, we get
Yn+1 :yn+hf(tn+17yn+l)7 n=0,1,2,...
which is called the implicit Euler or backward Euler method.

3. When 0 = % we get

1 1
Yn+1 = Yn + ihf(tnvyn) + ihf(tn+1ﬂ yn+1)7 n= 07 ]-a 23 cee

which is called the Crank—Nicolson method or the trapezoidal rule.

2.2 Multistep methods

In the previous section we considered one step methods. One of the key features of these methods is that
while marching forward in time one discards earlier approximation values and only uses one approximation
value namely the preceding one. In this section we introduce a new class of numerical methods which
might use approximation values from several earlier time-steps and thereby allowing for higher order
approximations. As in the previous section we aim to approximate the solution of .

2.2.1 The Adams—Bashford method

Let h > 0 and denote y,, the numerical approximation of y(t,, ), where t,, = to+nh. Let s > 1 be an integer

and suppose that we have already obtained the first s approximations y,, of y(t,,), m =0,1,...,s — 1.
We wish to advance the solution from ¢,4s-1 to t,4s, n = 0,1,... Therefore, we integrate from
tnts—1 to thys to get
tn+s
Wtnes) = yltare)+ [ Flry(r)ar ™)
tn+sfl

To derive an example of an algorithm that uses the bast s approximation values we use Lagrange
interpolation. We consider the Lagrange interpolation of the function ¢ — f(¢,y(t)) based on the interval

[tn, tnts—1]withrespecttos points t,,, m=n,n+1,...,n+s—1:
s—1
fty(t) = p(t) = Z Lin() f(tntms Y(tntm))s € [tnstnys—1] (8)
m=1

where L,, denotes the Lagrange polynomial

t— tn+l
L,,(t) = .
m( ) 113) tn+m - tn+l
l#m

2021.09.22. 10 Aron Erdélyi



Numerical Analysis II. 2 NUMERICAL METHODS FOR ODES

Next, if we assume that y is sufficiently smooth there is a good chance that still provides a good
approximation on the interval [t,+s—1,tn4s] which we then insert to to obtain the approximation

s—1 tnts
Wtwes) % yltasa) + 3 Fltasmoyltasn)) [ Lu(r)dr
m=0 tn#»sfl

Let

1 tn+s 1 h
by = 7/ Ly (7)dT = 7/ Ly (tpss—1+7)dr, m=0,1,...,s— 1.
h tnts—1 h 0

We therefore arrive at the method defined by

s—1

Yn+s = Yn+s—1 + h Z bmf(tn+mvyn+m)a n= Oa 1; oo

m=0

This scheme is referred to as the s—step Adams—Bashford Method.

2.2.2 General linear multistep methods

Let A > 0, and consider the general form of an s—step multistep method of the form

Z AmYntm = h Z bmf(tn+m; yner)a n=0,1,... (9)
m=0 m=0

where a,,, b, are give constants, independent of n and h. We always take a; = 1. When b, = 0, then
the method is called explicit, otherwise it is called implicit.

Definition 2.2. We write that f(z) = O(g(x)) as © — « if there is a C > 0 such that ||f(z)|| < |g(z)]
when x is near a. If a = oo then the inequality has to hold for x large.
Similar definitions can be stated in case r — a+, * — a— and T — —o0.

We consider the local approximation error of the scheme; that is, how well the solution of satisfies
the algorithm:

2 amy(t +mh) —h Z b f(t +mh,y(t + mh)) = Z amy(t +mh) — h Z by (t +mh).  (10)
m=0 m=0

n=0 m=0
Definition 2.3. We say that the order of a method given by @ wsp>1,if
S S
Y(t,y) == Z amy(t +mh) —h Z by (t +mh) = O(hPTh) as h — 0
m=0 m=0

for all sufficient smooth function y and there exists at least one function y for which the rate cannot be
improved.

In order to analyse the order of method given by @D we introduce the so—called first characteristic
polynomial

p(w) = Z amw™ (11)
m=0
and second characteristic polynomial
o(w) = bpuw™. (12)
m=0
Theorem 2.2. The s—step multistep method given by (@ is of order p > 1 iff there exists ¢ # 0 such that

plw) — o(w)Inw = c(w — 1P + O(jlw — 1/P2) as w — 1.

2021.09.22. 11 Aron Erdélyi



Numerical Analysis II. 2 NUMERICAL METHODS FOR ODES

Proof. We suppose that y is an analytic function with a radius of convergence of its Taylor series being
larger than sh. In we expand y(t +mh) and y'(t + mh) into Taylor series around ¢ and interchange
sums (which is allowed as there are finitely many, convergent infinite series involved):

Wt =3 kZ Sy W (@Rt — > b kz Syt ) m ik
=1 m= =0

= i amy(t ik‘l hk Z amm hi 'y(k) hk 1 Z bmm
k=1

m=0 m=0 k:l m=0

—Zamy +Zk,y<k> <Zamm —kmem )

m=0 m=0

Thus, the method is of order p iff the following conditions hold

i am = 0;
m=0
s s
Zammk:kzbmmk_lv k:1727--'7p; (13)
m=0 m=0

S a1 £ (p 4 1) 3 b
m=0 m=0

Let now w = e*. Then w — 1 iff z — 0. Then, by a similar calculation as above, using Taylor series, we
get

p(w) — o(w) Inw = p(e*) — zo( Z ame™* — z Z b e™*
m=0

S o 1 ) S o 1
= mzz:oam (kzzo k‘!mek> —z Z b (Z k!mek>

= Z am + Z (Z amm® — k bmmk_1> .
! m=0 m

=0

w

Therefore,
p(e?) — zo(e?) = czPT™ 4+ O(|z|PT2) as z — 0, (14)

for some ¢ # 0 iff the conditions is hold. Finally holds iff
p(w) — o(w) Inw = c(Inw)P™ + O(| Inw|P™?) as w — 1,
which is equivalent to the equation in the theorem as
nw=w-—1+0(w-1]*) asw — 1,
as the Taylor series of w — Inw around 1 confirms. O

Definition 2.4. A polynomial obeys the root condition if all its zeros are contained in the closed unit
disc of the complex plane and its zeros of modulo 1 are simple.

Theorem 2.3 (he Dahlquist equivalence theorem). Suppose that the starting values y1,...,ys—1 of (@
converge to yg as h — 0+. Then (@ converges iff it is of order p > 1 and its first characteristic polynomial
p obeys the root condition.

Definition 2.5. For a general linear multistep method to converge it has to be at least of order 1. This
property is called consistency and it can be characterized using as

S S S
Zamzo and Zamm: me
m=0 m=0 m=0
In terms of the characteristic polynomials, this is equivalent to

p(1) =0 and rho'(1) = o(1).

2021.09.22. 12 Aron Erdélyi



Numerical Analysis II. 2 NUMERICAL METHODS FOR ODES

Definition 2.6. A liner multistep method is called strongly stable if 1 is the only zero of its first char-
acteristic polynomial p of modulus 1. If the method is consistent, then 1 is always a 0 of p.

s+ 2
2

Theorem 2.4. he mazimal order of a convergent s—step linear multistep method given by (H) 18 {

for implicit methods and s for explicit methods.

2.2.3 Backward differentiation formulae

These are especially useful for stiff problems.

Definition 2.7. An s—order s—step method is called a backward differentiation formula (BDF) if its
second characteristic polynomial o is of the form o(w) = Bw?, for some B € R\{0}.

Theorem 2.5. For BDF we must have

B = (Z 71n> and p(w) = 8 Z %wsfm(w - 1™,

m=1 m=1

Theorem 2.6. The s—step BDF of order s is convergent iff 1 < s < 6.
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3 Runge-Kutta methods

3.1 Introductin to explicit Runge-Kutta methods

A in previous sections we aim to approximate the solution of

y'(t) = f(ty@®), t>to; y(to) = yo, (15)

where f : [tg,00) x R? — R?, 35 € R is a given vector. Similarly to multistep methods we wish to use a
quadrature to approximate the integrated version of but this time on [t,, tp4+1]:

Y(tnin) = y(tn) + /t+ Fry(r)dr = y(t) + h/o Ftn + byt + hr))dr

n

~yY(tn) +h Y bif(tn + cihyy(tn +¢;h)), n=0,1,...
j=1

This suggests the ”method”
Yn+1 = Yn + thjf(tn +cjh,y(ty +¢;h)), n=0,1,...
j=1

However we do not have access to y(t, + c;h) and hence we will further approximate them by §; defined
as follows. We first set ¢; = 0 and let &1 = 4,,. Then we define

51 = Yn
& =yn + hag 1 f(tn, &1)
£3 = Yn + haz 1 f(tn,&1) + has o f(tn + c2h, 52), (16)

v =Yn + hZ;‘/:_ll au,if(tn + Cih7€i)
and we finally set

Uni1 = Un +h Y bif(tn +cih, &)

j=1
The matrix A = (aj,i)]y‘,i:p where the missing elements are set to 0, is called the Runge-Kutta
matrix, while the vectors b = (by,...,b,)" and ¢ = (¢1,...,¢,)T are called Runge-Kutta weights and

Runge—Kutta nodes, respectively. We usually write the coefficients in the form

cl| A
b

This s called a Butcher tableau of the Runge—Kutta method, where we do not list the 0 elements of A.
Definition 3.1. Let ,
nat = Y(tn) + > biftn +¢;h &),

j=1

where §; are defined as in @) with y, replaced by y(t,). The order of the Runge—Kutta method p > 1 if
Y(tni1) — Uns1 = O(RPTY) as h — 0 for every sufficiently smooth f and there is f where this rate cannot
be improved.

Corollary 3.1. Let f : R? — R be twice differentiable in a ball B around a = (ai,...,aq) and let

x = (x1,...,24) € B. Then, there is b on the line segment joining a and x such that
d d
f 1 *f
= —(zp — = b ; —ag).
f(z) = f(a) +; - (zk — a) + 2j%::1 6a:j6xk( N@; — a;) (e — ak)
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3.2 Consistency of Runge—Kutta methods
Definition 3.2. A Runge—Kutta method with Butcher Tableau

c| A
bT

is consistent iff 30, b; = 1.
Proof. First note, that the continuity of f implies that & — y(t,) as h — 0. Also note that

Ylnt) Z¥tn) _r s 2 i y(tn)), as h— 0.

h
Therefore
tnt1) — U tnt1 — y(ts -
Wne) = Inet _ Wbet Z0)) 57y g, )
j=1
= [t y(tn)) = Y b (b, y(tn)) = 0, as h =0
j=1
iff Z?Zl b; =1. O
Theorem 3.1. Ify, = y(t,), then
j—1
cj :Zaj’i’ 2<j<v,
i=1

if
y(tn +cjh) — & =0(h?), 2<j<v, ash—0,
for all ODE with f : [tg,00) x R? — RY is continuously differentiable and satisfying .

Corollary 3.2. Let f : [tg,o0) x RY — R? e continuously differentiable and satisfy . An explicit
Runge-Kutta method with Butcher Tableau

c| A
b
is of order one (at least) if
v Jj—1
ij =1landc; = Zam, 2<j<w.
j=1 i=1

Proof. First nte the smoothness assumption on f implies that y € C2([t,,tn41]; RY). Hence, by Taylor’s
theorem
Y(tns1) — y(tn) = ¥ (tn)h + O(h?), as h — 0, (17)

and also
Y (tn +cih) =y (t,) + O(h), j=1,...,vash—0. (18)

We then have

y(tn+1> - gn+1 = y(tn+1) - y(tn) - hzb]f(tn + thagj)

j=1

v

= y(thrl) - y(tn) - hzbj(f(tn + th,fj) - f(tn + thvy(tn + Cih))) - hzbjf<tn + thvy(tn + Cih))

Jj=1 j=1
= y(tnp1) = Y(tn) = B> bi(f(tn + €0, &) = ftn + i, y(tn + cih))) = B> by (n + ¢;h).
- - (19)
Using the Lipschitz condition on f, we get
1f(tn + ch. &) = fta + cihyy(tn + cih))| S A& —y(ta +c;h)|| S CR%, j=1,....v, (20)
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as h — 0. Thus, using (L7), and in it follows that
Y(tns1) — Gns1 = ¥ (ta)h + O(h?) + O(R®) — Zb +0Oh?) =0O(h?) ash =0
and the proof is complete. O

3.3 Implicit Runge-Kutta methods

Suppose that ¢; € [0,1], j =1, ..., v, are distinct. We look for a degree v polynomial u with u(t,) = y,
that satisfies the differential equation at exactly v points:

U (tn + cjh) = f(tn + cjhyu(ty, +cih)), j=1,...,v. (21)

We then set y,+1 = u(tn41). We consider the points z; = t,, + ¢jh € [tn,tni1], ¢ = 1,...,v, and the
corresponding Lagrange polynomials L;(¢):

t—x;
Li(t) = 1,
We then have
ZLZ ntch) =Y Lit) f(tn + cjh, u(tn + c;h)).

Therefore, integrating from ¢,, to ¢ and using that u(t,) = y,, we get

lt) = o+ 3 H et + k) [ Li(o)ds

— tn
=t (22)

v 1 t

=g+ 1Sl + cthyultn + ah) - / Lu(s)ds.
=1 h tn
We set
q t7L+th

a1 =y Li(s)ds, j,l=1,...,v. (23)

t’!L
An easy calculation shows, using a change of variables, that a;; does not append on h and n. We define

& =ulty, +cjh), j=1,...,v.

Then gives
-—yn—i—hZf n + ch,u(ty, +clh))ajl—yn+h2a]lft +ah&), k=1,...,v (24)
1=1
His is an implicit system of equations for &;, j =1,...,v. We finally set
1 tn+h 1 tna1
b = 7/ Li(s)ds = 7/ Li(s)ds, 1=1,...,v. (25)
h Je, h Jt,
Again, b; does not depend on h and n as a change of variables shows. By , we then have
Uni1 = Ultng1) = Yo +h Y bif (tn + cthyulty + ch) = yu + 1> bif(tn + b, &). (26)
1=1 1=1
The collocation method defined by — is a particular instance of an implicit Runge-Kutta method.
When ¢;, i = 1,...,v are zeros of a vth orthogonal polynomial on [0,1], then the method is called a

Gauss—Legendre implicit Runge-Kutte method.

3.4 Gauss—Legrende Runge—Kutta methods

Theorem 3.2. Suppose that the solution of @ is sufficiently smooth. If c; € [0,1], j =1,...,v, are
the zeros of a vth orthogoal polynomial on [0,1], then the IRK method is given by —(@) is of order
2v.
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4 Finite Element Method

4.1 The stationary heat equation in 1D

We will use SI units, for example [[K]] for temperature in Kelvin, [m] for length in meter, [J] for energy.
he stationary temperature u(z) [K] at cross section z [m] of a plate filled with width L [m],

D(—a(z)Du(z)) = f(z), xe€I=(0,L). (27)

Here

e u(z) [K] temperature;
e a(z) [7%=] is the thermal diffusivity;
e j(z) = —a(x)Du(z) [-%] is the heat flux density the z—direction (Fourier’s law).

We suppose that no quantity depends on the coordinates y and z. The same equation also describes heat
conduction in a small rod with length L. Dimension control: the units equal on both sides.

4.1.1 Boundary conditions

At x = L the heat flux in the outward direction is proportional to the temperature difference:
J(L) = kp(u(L) —ug), (28)
where
e uy, [K] is the temperature of the environment;
e u(L) [K] is the temperature of the plate at the right boundary section;
o ki, [ﬁ] is the heat transfer coefficient.
On the other hand the heat flux satisfies Fourier’s law:
J(L) = —a(L)Du(L).

Therefore,
—a(L)Du(L) = kr(u(L) — ur),

and hence
aDu+kr(u—w)=0 forz=L.

Similarly at x = 0 the heat flux in the outward direction is proportional to the temperature difference:
~5(0) = ko(u(0) = uo), (29)
as —j(0) is the heat flux in the —x—direction. Again by Fourier’s law we have j(0) = —a(0)Du(0). Thus,
a(0)Du(0) = ko(u(0) — up).
In summary we write the boundary conditions in a compact form as:
aDyu+k(u—uy)=0 forz=0,L. (30)

Here uy4 is the ambient temperature; that is, uqa = wug respectively uqa = uyp, the coefficient is k = kg
respectively k = kr, and Dy is the directional derivative in the outward direction; that is,

d d
Dy=——atx=0, Dy=—atx=0L.
dx dx

The coefficient k£ depends on how well the plate is isolated at the boundary.
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Special case 1: k = 0o, no isolation. We divide by k,

1
EaDnquu—uA:O,
and let k — oo to get 0 +u —ugq = 0. Thus

u=uy at x=0,L.

his boundary condition holds at the boundary which is not isolated, that is at © = 0 or = L. In this
case the temperature on the non-isolated boundary condition is called Dirichlet boundary condition.

Special case 2: k =0, perfect isolation. With k = 0 we get
aDyu =0,

that is, there is no heat flow at the isolated boundary.
As a > 0 one arrives at
Dyu=0atx=0,L.

This kind of boundary condition is called Neumann boundary condition.

Boundary value problem. Find v = u(x) such that

—D(aDu) = f xel=(0,L),

4.2 Weak (variational) formulation

Here we will rewite the boundary value problem in the so called weak form which will lead to a
new solution concept called weak or variational solution. First of all this is essential to set up the finite
element method. Secondly, in many cases the boundary value problem might not have a classical solution.
We multiply the differential equation

—D(aDu) = f

with a smooth function v and integrate by parts on I = (0, L):

L L L
/ fodx = 7/ D(aDu)vdx = — [aDuv]g +/ aDuDvdx
0 0 0

L
= a(0)Du(0)v(0) — a(L)Du(L)v(L) +/ aDuDvdv.
0
Now we use the boundary conditions from :
a(0)Du(0) = ko(u(0) — uo) — go,

—a(L)Du(L) = kr(u(L) —ur)gr.

Therefore
L L
/ fodz = (ko(u(0) — ug) — go)v(0) + (kr(u(L) —ur) — gr)v(L) + / aDuDuvdz.
0 0
We collect the erms that involve the unknown function w on the left hand side and arrive at
L L
/ aDuDvdz + kou(0)v(0) + kru(L)v(L) = / fvdz + (kouo + go)v(0) + (krur + gr)v(L).
0 0
This equation must be fulfilled for every choice of a smooth function v.
The weak formulation. Find a function v = u(x) such hat the equation
L L
/ aDuDvdz + kou(0)v(0) + kru(L)v(L) = / fodz + (koto + go)u(0) + (kuz +gr)o(D)  (32)
0 0

holds for all test functions v.
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4.3 The finite element method in 1D

We will compute an approximate solution y = U(x) that is a piecewise linear function. Therefore we
consider a mesh in the interval I = (0, L):

O=2;<x3<--<a;<---<xn=L.

We always consider N points (also called nodes) x, and N — 1 intervals I; = (z;,x;41) of length h; =
Tit1 — Ly

A continuous piecewise function y = U(x) is completely determined by its nodal values U; = U(x;).
To represent U we will use basis functions y = ¢;(x), one for each node x;.

The function y = ¢;(x) are given the following way: they are continuous, piecewise linear functions

such that
1 i=j
qbl(g”])_{o i£5

A general, continuous, piecewise linear function y = U(x) can be uniquely written as a linear combi-
nation of basis functions:

N
U(z) = Z Uipi(x), with coefficients U; = U(x;).
i=1

Note that both sides of the above equality are continuous, piecewise linear functions and their nodal
values coencide:

N
Uz;) = Z Usdi(x;) = Uj.

We now have a formula that expresses a general, continuous, piecewise linear function y = U(z) using
its nodal values U;. We aim now to calculate the unknown nodal values U; so that the function y = U(z)
is an appropriate solution to the boundary value problem. To do so we will use the weak formulation

L L
/0 aDuDvdz + kou(0)v(0) + kru(L)v(L) = /0 fvdz + (kouo + go)v(0) + (krur + gr)v(L)

We replace the solution u in the weak formulation with the ansatz U(z) = Ziil Ui¢i(x) and use test
functions v = ¢;. We then get

N L

> U / aD¢;D¢jdx + koUy¢;(0) + krUno; (L)

i=1 0

L
= / fojdx + (kouo + 90)¢;(0) + (krur + gr)¢;(L), j=1,...,N.
0

Note that the basic functions ¢; are not smooth in the classical sense as they are not differentiable at
some of the nodes. However, you may assign any value to qﬁ;- at these nodes as there are only finitely

many of those and the value of the integral fOL aD¢; D¢ dx is going to be unaffected. Next, we use the
notation

L L
aij = aji :A angiDgZ)jdx, bj :A f(,ZdeZL',

and
rii =ko, rnn=Fkp, 1y =0, s.=kouo+go, svx=krur+gr, s;=0,

and arrive at
N

Z(aij+rij)Ui:bj+sj, j:].,,N,
i=1
or in matrix form

(A+R)U =b+s.

This is a linear system of equations of N equations and N unknowns. The matrix R and the vector s
are related to the boundary conditions.

The matrix K := A+7R is called the stiffness matrix. The stiffness matrix is symmetric and tridiagonal,
that is k;; = 0, except for j =4 — 1,4,% 4+ 1. The vector [ := b+ s is called the load vector. The interval
I;(xz;, x;41) together with its two basis functions ¢;, ¢;11 is called a finite element.

2021.09.22. 19 Aron Erdélyi



Numerical Analysis II. 4 FINITE ELEMENT METHOD

4.4 Stiff ODE systems and linear stability analysis
4.4.1 Stiff systems

Consider the simple scalar ODE

)

y'(t) =X y(t) t>0
y(0) = yo

where A € R is fixed. The unique solution is given by y(t) = eMyo. If A < 0, then lim; o y(t) = 0
exponentially fast. Let h > 0. We solve the system with the explicit Euler method

Yo =yh +hayl =1+ RNy, n=01,...

yielding
yp = (1+hN) "y, n=1,2,...

and the implicit Euler method
Y=yl + Ay, N=0,1,...

yl = (1 —hN) "y, n=12,...

Since A < 0 and h > 0 we have y. — 0 as n — oo for any h > 0. For the explicit Euler method
[1+hA<1&0<hlA<2

and thus
yP 5 0eh< 2

Al

Ifh> |27‘, then |yZ| — +o00 in an oscillating fashion. This means that for the implicit Euler method
there is no restriction on the stepsize in order for the method to exhibit the same qualitative behavior
as the solution. This is in contrast to explicit Euler method, for which the stepsize restriction h < ﬁ is
necessary to exhibit the same behaviour.

For d > 2 consider the linear system of equations

y'(t) =Axy(t) t>0
y(0) =yo € R?

)

where A € R?*4. The unique solution is given by

o k 0 Lk Ak
y(t) = et tyo = (Z (t;j,) )yo = Zt zz!y07

k=0 k=0

where the first series converges in any induced matrix norm and the second series converges to any vector
norm. Suppose that A is diagonalisable. Notice that

A2=M"'DMM™'DM = M~*D*M

and iterating this one sees that
A" = M7'D"M, n=12,...

Therefore
2.tk ARy > t*M-1DFM 2 tFMIDR(Myg)
_tA 0 Yo Yo
yh) = =3 5 =D k! =D k!

k=0 k=0 k=0
= tkDF (M

— Mt ]5! Yo) = M~1etD Mys.
k=0 ’

Definition 4.1. We call a linear system stiff if all the eigenvalues of A have negative real parts and the
ratio of the largest of the real parts of its eigenvalues and smallest of the real parts of its eigenvalues is
“large”.
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4.4.2 Linear stability analysis

In this section we will investigate which methods are suitable for solving stiff systems.

Definition 4.2. The linear stability domain D of the underlying numerical method is the set of all
complex numbers z = hA € C such that the numerical method with constant stepsize h applied to the
scalar equation

Y (t) = My(t) t>0
y(0) = yo ’

satisfies y, — 0 as n — oo, where y, denotes the approzimation of y(t,).

Definition 4.3. A numerical method with linear stability domain D is called A—stable if
C_{z:Rez<0}CD.

As an immediate consequence we have that if a method is A-stable then y, — 0 for all A > 0 and
Re A < 0; that is, there is no restriction on the stepsize. For stiff problems, one should generally use
A-stable methods.

Theorem 4.1 (Dahlquist’s second barrier). No consistent explicit linear multistep method is A-stable.
The highest order A-stable linear multistep method is of order 2.

Definition 4.4. A numerical method with linear stability domain D is called A(a)—stable if there is an
a(0, 7] such that the finite sector

Z:{z:pe*ie,p>0,7rfoz<9<7r+a}

[e3%

we have Y, C D.

4.5 Initial-boundary value problems and FEM in one spatial variable
4.5.1 Heat equation

Initial-boundary value problem for the heat equation. FInd u = u(z,t) such that
Dyu(z,t) — Dy(a(z)Dyu(z,t)) = f(x,t), ze€lI=(0,L), t>0;
aDyu+ k(u—ua(t)) = g(t), x=0,L;

u(z,0) =w(x), zel.

The weak formulation of the heat equation. Find a function v = u(x,t) such that u(z,0) = w(z)
and for all £ > 0, the equation

L L
/ Dyuvdz + / aDyuDgyvdr + kou(0,t)v(0) + kru(L, t)v(L)
0 0

L
- / foda + (Kouo(t) + go(H)v(0) + (krur () + g1.(£)v(L)

holds for all test functions v.

Finite element approximation The FEM approximation is based on the weak formulation. We
replace the solution u in the weak formulation with the ansatz U(z,t) = Zf\; Ui(t)¢:(x) and use test
functions v = ¢;. This yields
L
0

N ) L N
S0 [ iopde+ Y- U0 [ aDuoiDide + kU (0)05(0) + LU (665(L)
i=1 0 i=1

L
= /0 f(z, t)p(z)dr + (kouo(t) + go(t))#;(0) + (krur(t) +gr(t))¢;(L), j=1,...,N.
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Using the notation

L L L
A5 = Q55 = / aDw@-DI(Z)jdx, mi; = My, = / ¢i¢jd$, bj(t) = / f(x,t)gb](x)dx
0 0 0
and

ri1 = ko, TN =k, 1i; =0, s1(t) = kouo(t) + go(t), sn(t) = krur(t)+gr(t), s; =0.

We arrive at
N

N
ZmijUz‘(t) + Z(az’j +ri)Ui(6) = bj(t) +s;(¢), j=1,...,N.

=1

In the matrix form this reads as
MU () + (A+R)U(t) = b(t) + s(t) = MU(t) + KU (t) = I(¢t).

The matrix M is called the mass matrix. This is a linear, first order stiff differential equation system
that would be solved by a time—stepping method suited for stiff problems, such as the backward Euler
method. One needs to supplement this equation by an initial vector U(0) = y. This can be obtained in
various ways. One possibility is to look for a continuous piecewise linear function that is the closest to w
in some sense. Let U(0) = Zf\il yi¢;. We then require that

L N
/0 (waqS) pjdr =0, j=1,...,N.

This leads to
My =c¢,

where y = (y1,...,yn)? and ¢ = (c1,...,en)T with ¢; = fo )P (x

4.5.2 Wave equation
Initial-boundary value problem for the wave equation. Find u = u(x,t) such that
D?u(x,t) — a®*D2u(x,t) = f(x,t), x € (0,L), t>0,

TDyu+ku=0, z=0,L,

u(z,0) =w(x), «x€][0,L],

Spu(z,0) = z(x), x€][0,L].
The weak formulation of the wave equation. Find a function v = u(z,t) such that u(z,0) = w(x),
Dyu(z,0) = z(x) and, for all ¢ > 0, the equation

2

L L 2 k
/ D?uvdzx + a2/ D, uD vdz + uu(O7 t)e(0) + i
0 0 T T

L
u(L,t)v(L) = / Sfudx
0
holds for all test functions v.

Finite element approximation Like before we use the weak formulation with U(x,t) = Zfil Ui(t)di(z)
and use test functions v = ¢;. This yields

L N L 2, 2
t)/o Pipidr + ; Ui(t)aQ/O Dy¢iDyop; aT °U, (t)#;(0) + 2 - L Un(t)o;(L)

L
:/0 f(z,t)¢j(x)dx, j=1,...,N.

Using the notation

L L L
aij = aj; = a2/ Dy Dygydx, my; = my; = / ipjdx, / f(x,t)p;(x)dx
0 0 0
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and

we arrive at
N

ZmijUi(t) + Z(az‘j +ri)Ui(t) =b;(t), j=1,...,N.

i=1

In the matrix form this yields:

MU(t) + (A+R)U(L) = b(t),
with L = A+ R,

where ¢} = fOLw(x)Qﬁj(x)dx and ¢f = fOL 2(x)pj(x)dx, j=1,...,N.

4.6 Error control: embedded Runge-Kutta methods

The Milne device. The Milne device is a heuristic way of controlling the timestep in a time—stepping
procedure by assessing the local error. Let

K= Hyn+1 _En+1”

and our goal is that
[Yn+1 — y(Ens1)l| <6

for some tolerance §. We suppose that the local errors accumulate at a constant rate and that the sum of
the local errors approximately make up the global error.Therefore we require that x < hd in the stepsize
selection. We proceed as follows:

1. With a given stepsize h we calculate y, 41, Tn4+1 and k.

2. If K > hd, we have h and recalculate y, 41, Trn41 and k.

3. If Kk << hd we double h and recalculate y,4+1, Trn41 and k.
4. If k < hd, accept h and calculate ¥, 41

Assume that we can choose ¢ € R”™” and A € R?="*” such that the Butcher—tableau of the control
method is of form

o
s

and that A is strictly lower diagonal. In this case, we say that the first method is embedded in the second
one and together they form a so—called embedded Runge-Kutta pair. We usually write such pair in a
single Butcher-tableau as

el A
b7
bT

It turns out that embedded Runge-Kutta pairs exists.
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