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Overview and Course Organization

1. General Information and Mathematical Background [1 week].

e Administration Details:
Grading Scheme, Course Website, Tutorials, Office hours Prerequisites etc.

e What is Numerical Analysis ?
The generic difficulty, Mathematical Modelling and Numerical issues, Condi-
tioning and Stability of a problem, The need to approximate, Using existing
methods as implemented in available Software libraries

e Mathematical Preliminaries:
Floating Point arithmetic, Relevant results/theorems from Calculus,

2. Interpolation and Approximation [3 weeks].

e Approximation and interpolation — basic problem [3]

e Existence and uniqueness of polynomial interpolant [3.1]

e Representation of interpolating polynomial [3.1]

e Newton basis (divided differences), monomial basis, Lagrange basis [3.1]
e Properties of divided differences [3.2]

e Errors in polynomial interpolation [3.1]

e Interpolating with derivative constraints — Hermite interpolation (or oscula-
tory interpolation) [3.3]

e Difficulties with polynomial interpolation [3.4]

e Piecewise polynomials and splines [3.4]
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e Linear and Cubic Splines [3.4]
e Choice of end-condition [3.4]

e Shape preserving splines and 2-D splines
3. Least Squares Polynomial Approximation [1 week].

e Least squares approximation —discrete and continuous [8.2]
e Normal equations and existence/uniqueness of solution [8.2]
e QR algorithm

4. Numerical Quadrature [4 weeks].

e The basic Problem [4.3]

e Interpolatory Rules [4.3]

e Errors in Interpolatory Rules [4.3]

e Gaussian Quadrature [4.7]

e Composite Quadrature Rules [4.4]

e Extrapolation — Romberg Quadrature [4.5]
e Adaptive Quadrature Rules [4.6]

e Special Difficulties [4.9]

e Two Dimensional Quadrature [4.8]

5. Numerical Ordinary Differential Equations [3 weeks].

Mathematical Preliminaries [5.1]

Taylor Series Methods [5.2, 5.3]
Runge-Kutta Methods [5.4]

Higher-order Runge-Kutta Methods [5.4, 5.5]
Error Estimates [5.5]

Stepsize Control [5.5]

1 General information / Mathematical Background

1.1 What is Numerical Analysis?

e Consider the investigation of a well defined mathematical model arising in any
application area. The problem is ‘well defined” in the sense that there exists a
‘solution’ and it is unique.

e We are interested in the ‘Conditioning’ (or sensitivity) of the underlying mathe-
matical problem. That is, do small changes in the data defining the problem lead
to ‘small’ changes in the exact (unique) solution?
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e For virtually all mathematical models of practical interest one cannot determine

1.2

a useful ‘closed form’ expression for the exact solution and one must approximate
the exact solution.

In Numerical Analysis we develop and analyse algorithms to approximate the exact
solution to mathematical problems.

— Algorithms must be constructive and finite (time and space).

— We must analyse the errors in the approximation.

— We must also quantify the stability and efficiency of the algorithms.

The focus of this course is on the intelligent use of existing algorithms embedded
in widely used numerical software. (It is NOT focused on deriving algorithms or
writing code.)

— How to interpret the numerical (approximate) results.

— What method (algorithm) should be used.

— Can a ‘standard’ method be applied to a particular problem?

— What methods are available in the usual ‘Problem Solving Environments’ that
scientists, engineers and students work in. For example in MATLAB, MAPLE
or Mathematica.

— In order to appreciate the limitations of the methods we will work with (primar-
ily in MATLAB) we must analyse and understand the underlying algorithms
on which the methods are based.

Mathematical Preliminaries (A Review):

. Floating Point Arithmetic (from CSCC50 and CSCB70):

Recall that a floating point number system, Z, can be characterized by four pa-
rameters, (3, s,m, M), and each element of Z is defined by:

Z:.dldg"‘dsXﬁe,

where d; #0,0<d; < pB,and m <e < M.

The floating point representation mapping, fI(z), is a mapping from the Reals to
7 that satisfies:
fl(z) =z(1+¢€), with |¢] < p.

where g is the ‘unit roundoff’ and is defined to be 1/2 3175,

For any standard elementary arithmetic operation (+, -, X and /), we have the
corresponding F.P. approximation (denoted by @&, ©, ® and ©) which satisfies, for
any a,b € Z,

a®b= fl(a-b) = (a-b)(1+e),

where |e| < p and - is any elementary operation.
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For any real-valued function, F’ (ay,as,- - ay,), the most we can expect is that the
floating point implementation F', will return (when invoked) the value y satisfying:

gy = F(fl(a), fl(az),- - fl(an)),
= Flay(1+¢€),a(1+€),-an(1+€,)),
= fl(F(la1(1+€1),a2(14€), - a,(1+€,)).

Therefor if y = F(ay,as,---a,) is the desired result (defined by exact arithmetic
over the Reals), the computed value (computed in FP arithmetic), g, will at best
satisfy (for differentiable functions, F'):

gl _ NG el
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where € = [e1, €3+ - €,]", and

OF o OF OF  OF
oz’ ‘'Oxy Oxy  Oxy,

evaluated at x = (aq,as,---a,). From this expression we see that we could be in
trouble with an inherent (independent of the approximation used) amplification of

1521
TFl

relative error whenever

is large.

2. Basic Notation:

We will use standard notation from calculus and analysis. For example:

e [a,b] is the closed interval, (x € R, such that a <z <b).
e (a,b) is the open interval, (z € R, such that a < x < b).

o ["(z) = i=f(@).
e f € (C"a,b = fisn times differentiable on [a,b] and f™(x) is continuous
on (a,b).

. gz(:zr v) = 29(x,9), gy(2,9) = 29(2,9), guy(2,y) = 525 9(x,y) etc.
e g(h)=0(h")ash — 0« Jhg>0and K > 053 [g(h)] < Kh" V0 < h < hy.

3. Useful Theorems from Calculus:

We will also frequently use the classical theorems from analysis such as:
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Intermediate Value Theorem Let f(x) be continuous on [a,b]. If f(z;) < a <
f(z2) for some a and xq, x9 € [a,b], then o = f(n) for some n € [a, b].

Max-Min Theorem Let f(x) be continuous on [a,b]. Then f(z) assumes its
maximum and minimum values on [a,b]. (That is, 3z and & € [a,b] > Vz €

[a, 0], we have f(z) < f(x) < f(2).)
Mean Value Theorem for Integrals Let g(z) be a non-negative (or non-positive)
integrable function on [a, b]. If f(x) is continuous on [a, b] then

[ty = ) [ g(w)a,

for some 7 € [a, b)].

Mean Value Theorem for Sums Let f(x) € C'[a,b], let 21, 2o, - - -, 7, be points
in [a,b] and let wy, ws, - - -, w, be real numbers of one sign, then

n

> wif(z:) = f(n)Y_wi,

i=1 i=1
for some 1 € [a, b].

Rolle’s Theorem Let f(x) € C'a,b]. If f(a) = f(b) = 0 then f'(n) = 0 for
some 7 € (a,b).

Mean Value Theorem for Derivatives If f(z) € C'[a,b] then

)]

for some 7 € (a,b).

Fundamental Theorem of Calculus If f(z) € C'[a,b] then Vz € [a, b] and any
¢ € |a,b] we have

f@) = 1@+ [ 1(s)ds.

Taylor’s Theorem (with remainder) If f(z) € C"'[a,b] and c is any point
in [a, b], then for = € [a, b], we have

(x —¢)?
2

where Ryy1(z) = & 5 (x — u)" f" (u)du.

fl@) = f(e) + f'(c)(x —c) + f(c)

4 fM(0) ot Ryt (),

Note that Taylor’s Theorem is particularly relevant to this course. We can observe
that, since (x — u)" is of constant sign for u € [c, x] we can write

Runn(@) = 5 [ =y g = 72410y

(x —c)" !

(n+ 1)

for some 1 € [c, x] .



We can also observe the first few terms of the Taylor Series provides an accurate
approximation to f(c + h) for small h since we have

hn—l—l

o 1)!f"“(n)-

Fleth) = F(e) 4 hf'(e) - (e +

where the error term, F(h) is O(h").

Interpolation and Approximation

. The Basic Problem:

Approximate a continuous function f(z), by a polynomial p(z), over [a, b].
— f(x) may only be known in tabular form.

— f(x) may be expensive to compute.

. Definition:

A polynomial p(x) interpolates f(x) at the nodes x¢, x1, - - - x,, if p(z;) = f(z;) for
i=0,1,---n.

(Intuitively if f(z) and p(z) agree at the x; then they should be ‘close’ at nearby
points.)

. Key Theorem:
Given distinct nodes xg, 1, - -z, and arbitrary fo, f1,--- f., there is a unique
polynomial p,(x) of degree at most n that interpolates f(x) at xo,z1, - - - zp.

Proof:

(a) Existence: (constructive)
Let P,(z) = ag + a1(x — x¢) + -+ - an(x — x0) (x — 1) -+ - (. — Tpp—1).
For any choice of ag,ay,- - ay, P,(z) will be of degree at most n. We will
choose the a; to ensure that P,(z;) = f;. This results in a system of n + 1
linear equations in the n + 1 unknowns, ag, ai, - - - a,. The i*" equation is:

ag + a1 (w; — xo) + -+ (@ — x0) (25 — 1) - (T — Tp1) = [
and we have (in matrix form):
Ba = f,

where a’ = [ag, ay, - - -an]T,i =[fo, f1, - fu]¥,and Bisan (n+1) x (n+1)
matrix,

1 for j =0;i=0,1,---n,
(i —xo)(z; —x1) - (v —xj—q) forj=1,2,---n;i=0,1,---n.

B = (bj), bij = {

Note:



i. B is lower triangular since b;; contains a factor (x; — x;) for j > i.

ii. b; # 0 since xg, x1, - - - ,, are distinct. This implies B is nonsingular and
there exists a unique solution a. Solving this triangular linear system by
forward substitution we have:

ayg = an

ar = (f1 —ao)/(x1 — x0),

an = [fu— (a0 + ar(xn — 20) + - ap1(Tn — 20)(¥n — 1)+ - (Tp — Tn2))]
/(@0 = x0)(2n — 21) -+ (T — Tna)]-
iii. The first r + 1 terms, ag, aq, - - - a,, determine a polynomial of degree at
most r that interpolates f(zx) at zg,x1, " z.

iv. The resulting P,(x) satisfies the interpolation conditions and the coef-
ficients ag, aq, - - - a, define the Newton Form of this polynomial. (The
Newton Form depends on the nodes and their order.)

(b) Uniqueness:
Let g,(z) be a polynomial of degree at most n such that g¢,(z;) = f; for
i =0,1,---n. Then with r(z) = P,(z) — ¢.(x) we observe that r(z) is a
polynomial of degree at most n such that r(x;) = 0 for ¢ = 0,1,---n. Then,
by Rolle’s theorem, 7’(x) has n distinct zeros, r’(x) has n — 1 distinct zeros,
. and r"(z) has one zero in the interval containing the nodes.

But this is impossible unless r(z) = 0, in which case ¢,(z) must equal P,(x).

4. Representation of Interpolating Polynomials:
The interpolating polynomial P, () is unique but it can be represented in different
ways. Consider the following representations of P,(x):

(a) Monomials (powers of z or (z —w) ):

P,(z)=co+crz+ - cpa”,

(In this case P,(x) is represented by the coefficients ¢y, ¢y, - - ¢, and we do
not need to know the nodes or their order to evaluate or use this polynomial.)

(b) Newton Basis (or divided differences):

P.(x) =ap+ ar(x —xo) + - - an(z — x0)(x — 1) -+ - (¥ — Tp1),

(In this case P,(z) is represented by the a;’s and one must know the nodes
and their order to use this polynomial.)

(c) Lagrange Basis:
We introduce the j Lagrange basis function /;(x) (associated with the nodes
[zi]izo) by

G = ] @-o0) [ (@ —o)= J] &%)

Y
i=0,i#j i=0,i#j i=0,i#j (z; — ;)

7



for j=0,1,---n.
Then it is clear that ¢;(z) is a polynomial of degree n such that

0 forj=0,1,---n;j #1,
gﬂ'(“”i)_{1 for j = i.

It is also clear that any linear combination of the ¢;(x) will be a polynomial
of degree at most n. In particular,

Py(x) =>_ fiti(x),
=0
since P,(z) is unique and the polynomial 3%, f;¢;(z) satisfies,
> fili(x;) = fi, fori=0,1,---n.
=0

(In this case P,(z) is represented by the function values, fy, f1,- - f, and we
must know the nodes to use P,(x).)

The particular choice of what representation to use will depend on the appli-
cation. Often we will use the Lagrange form in our analysis but other forms
in our implementations.

For example, with the Lagrange representation of P,(x) one cannot easily
determine P/ (x) while this task is easy with the monomial representation.
An Example:

Consider the unique quadratic defined by the three interpolating conditions,
Py(—1) = 7,P(0) = 2, and P,(1) = 1. We then have the nodes xy =
—1,2;1 = 0, and x5 = 1 with the corresponding function values fy = 7, f1 =
2 and fy, = 1. The Lagrange basis set is,

(x —0)(z—1) r?—x

bo(z) = (—1-0)(-1-1) 2
e+ D=1 2*-1 5
b = oo T o T
(x+1)x >+
L) = i ha-o - 2

In Lagrange form Py(z) is

Py(z) = folo(z) + fils(x) + fola(z),

5 2
= 72 $)+2(1—x2)+$2+x
( = 22° —3x+2 (in monomial form))

5. Divided Differences



(a) Definition: The divided difference, f|xo,x1,- - x;] is defined to be a; the (i +
1)** coefficient of the interpolating polynomial P,(z) written in Newton form.

P.(x)=ap+a(z —xo) + - an(r —x0)(x — 1) -+ - (T — Tpp1).

(b) Recall that the first r 4+ 1 coefficients of the Newton form of P,(z) deter-
mine a polynomial of degree at most r that interpolates f(x) at the nodes

('rOu Ty 'r'r'>'
(c) Properties of Divided Differences:

i flzo,z1,- -z = flxjy, zj,, - - ], where jo, j1,- - j; is a permutation of
0,1, .

1i. f[l'o,l’l, e l‘z]

Proof of these properties:

— [flromi,wia]—flzr @, 2]
ro—T; *

i. The polynomial of degree at most ¢ interpolating f(x) at (xo, 21, 2;)
is

Pi(x) = flaol+ flxo, v1)(x—20)+ - - flwo, 1, - 23] (w—20) (X —21) - - - (T—25_1),

Note that the coefficient of z* in this polynomial is f[zg, z; - - - 2;]. Simi-
larly the polynomial P;(z) interpolating f(z) at (xj,,z;,,- - ;) is

Pi(x) = flaj )+ flajo, v )(w=ajo)+- - flagy, wjy, - (0 =) (0 —5,) - - (=25 _,)-

Now the sets [zg, 71, -~ 2] and [rj,, 2, - 7] are identical (only the
order may be different) so by uniqueness we have Pj(z) = P;j(x). In
particular the respective coefficients of 2° must agree and we have,

f[fﬂo,ffl"‘xi] = f[xjmxjn"'xji}'

ii. Consider the orderings (x1, za, - - - 74, o) and (xg, z1, - - - ;). Writing P;(x)
using the two different Newton Forms (corresponding to these different
orderings) we have,

Pi(x) = flzo] + flwo, 21](x — o) 4+ -+ flwo, w1, i) (w0 — wo) (x — 1) - -+ (T — 231),
= fle1] + floy, xo)(z — 21) + - - flor, 29, -+ - x4, o] (2 — 1) (2 — 29) -+ - (T — 7).

Multiplying the first equation by (z —x;), the second equation by (x — )
and subtracting we obtain,

(@—2)P@) — (v —a0)Px) = (z0 - ) P(a),
= [flwol(x — z;) — flzi](z — 20) - -
+  flro, 1, i |(x — o) (@ —21) -+ - (T — mi—0) (. — ;)
— flr1, o,y (x — wo)(x — 1) - - (2 — 251)
+  flro,x1, - x)(x — x0) (2 — 21) -+ (T — 29)

- f[-fl?l,xz, e 'iEi,fBo](fE - ﬂfo)(fl? - £E1) s (:E — .7:1)
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But the last term in this expansion vanishes and this implies the co-
efficient of ' in the polynomial (xy — x;)P;(z) is flzo, 1, - Ti 1] —
flxy, @2, - 2;]. But we have shown before that the coefficient of x? in
Pi(x) is flxg, 1 - 4] so we can conclude,

flwo, w1~ 21] — flog, 2o, - 24

f[l‘(),ﬂfl,"'l‘i] =

6. Error in Interpolation

(a)

Let E,(z) = f(x) — P,(z). To investigate the behaviour of E,(z) consider
fixing x and determine the interpolating polynomial p,,41(z) of degree at most
n+1 (in z), interpolating f(z) at the n+ 2 nodes (xq, xy, - - -z, ). We then
have,

Pu+1(2) = [flwo] + flwo, x1](z — o) + -+ - flwo, @1, - 2, @] (2 — w0) (2 — 21) -+ (2 — @a)
= P.(2) + flro,x1, - xn, 2] (2 — x0) (2 — 1) - - (2 — ).

Evaluating this expression at z = x and using the fact that p,.i(z) = f(2)
we have,

Ey(z) = f(z)— Pul2),
pn+1(x) - Pn(l‘),

= flro,x1,  xn, 2)(x — x0) (2 — 21) -+ - (T — 7).

If flzo,x1,- - xn, x| (as a function of x) is ‘slowly varying’, then we can esti-
mate E,(z) by

€Stn(9€) = ?:O(x - xz‘)f[ﬂﬁo,xh c T, $n+1]

for some 1.

Theorem: Given f(x) r-times differentiable on [a, b] then

_ [P

rl

f[$07$1, e 'x’/‘]

for some 71 € [a, b].

Proof:

For r = 1 this is the Mean Value Theorem for derivatives. Now, for the
general case, let P.(z) be the unique polynomial of at most degree r that
interpolates f(z) at (xg, 21, --2,). Then E.(x) = f(z) — P.(z) has r + 1
zeros in [a, b]. By repeatedly applying Rolle’s Theorem this implies

E.(z) has at least r distinct zeros in [a, D],
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1!

= FE,(x) has at least r — 1 distinct zeros in [a, b],

= E"(x) has at least 1 zero in [a, D).
Let 7 be one zero of EM(z) in (a,b).

0=E"(n) = ") =P (n).

r

But since P,(z) is a polynomial of at most degree r, P")(z) is a constant.
More precisely

Pr(r)(n) = f[x()u Ty x'r‘]r!'
and we have the desired result:

f(n)

rl

— f[x07x17 .. 'xr]-

Corollary: If f(x)is n+ 1 times differentiable and P, (z) interpolates f(z) at
the n + 1 distinct points (zo, 1, - x,) € [a,b] then Yz € (a,b) In € (a,b)

such that,
fr () 1

E,(x)= i [z — ).

(n+1)! 1y
NOTE:

i. This is an expression for the exact error in interpolation. We can use it
to derive an overall error bound and to provide guidance in the choice of
interpolation points.

ii. Increasing n may not imply |E,(z)| — 0 since |f"*V| may grow faster
than (n 4+ 1)! as n increases.

iii. One can show (a classical theorem in approximation theory) that for any
continuous function, f(z) defined on [a,b], and € > 0 there is an n > 0
and set of interpolation points (zg, z1, - - - x,) such that |E,(x)| < e Vz €
[a,b]. (The z;’s will depend on f and e.)

iv. What can be done to minimise |E,(z)| for (zg, 21, x,) € [a,b] 7 One
approach would be to choose the z;’s to make

n

gﬁé{bg |z — x4

a minimum. This leads to the choice of Chebyshev points where we have

n b—a

I 7 \n+l
argggbglx il = 2=)""
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(e) We can exploit the properties of divided differences to derive an efficient
scheme for computing and estimating the error in polynomial interpolation.
If one introduces a two dimensional tableau of divided differences, d
0,1,---n; 7=0,1,---7 where

1,9 v =

dij = flwimj Tijir, -z,
_ fligs ijin, - wica] = fl@ijin, Tiojio, - @
- il?i_j — T ’
. difl,jfl - di,jfl
- ZEZ'_]' — T '

then computing the entries in the tableau by rows is easy and effective (by
hand or in MATLAB).

7. An Example:

Consider determining the cubic polynomial, P;(z), and estimating the associ-
ated error (over the interval [—2,2] ) given the data values, f(—2) = 4, f(—1) =
6, f(0) =1, f(1) = 0 and f(2) = 2. Note that the nodes or interpolation points
defining Ps(z) are (—2, —1,0, 1) while the node x4, = 2 is used only in the derivation
of the error estimate. The associated tableau of divided differences is presented in
Table 1.

X f[xz] f[xi—ll'i] f[xif2xi71$i] f[9€i73$i725€z'7133'i] f[$if4$173$172517i71$i
214
116 5 =2
6—1 __ 245 __
011 10 — -5 50 = —7/2
1-0 _ —5+1 —7/2—2
Lo o1 = 1 —o = 2 -2-1 11/6
2|2 Hios FPogp FEo_yg ke

We then have
Piy(z) =4+42(x+2)—7/2(x+ 2)(z+ 1) + 11/6(x + 2)(x + 1)z,

and the associated error estimate,

est,(r) = flxo,x1, T2, T3, 14] H)(x — i),
126+ 2@+ D)@ - 1)

8. Hermite (or osculatory) Interpolation

In many applications one is interested in deriving interpolating polynomials which
interpolate derivative as well as function values. That is we want to determine a
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polynomial P, (z), of degree at most n that satisfies P, (z;) = f(z;) fori =0,1,---k
and P, (z;) = f'(x;) for i = 0,1,---r (where n = k +r + 1). Note that each of
the k + r + 2 constraints is linear in the unknowns (the coefficients defining the
polynomial P,(x) ) and, as for standard interpolation, we can solve for these
coefficients by solving a linear system of n + 1 equations in n + 1 unknowns. In
particular the algorithm based on the divided difference tableau to constructively
generate the Newton form of P,(x) can easily be generalized to handle this class
of problems.

Recall that for the standard case of interpolating solution values only at n + 1

distinct interpolation points (g, x1, - - -, z,) we can determine the Newton form of
P,(x),

P.(x) = flxo]+ flxo, v1](x —x0) +- - - flxo, z1, - zp)(x —x0) (. —21) - - (T — (1),

using the diagonal entries of the divided difference tableau. The first three columns
of this tableau are :

Z; f[wz] f[xi—h l‘z] f[xi—% Ti—1, ffz]
Zo f[xo] = f(xo)

w1 | flo] = f(o1) Jw = flwo, 1]

v | flea = f(w) PR = o BT
o | flan] = flan) LGl = flo g0, Hemtm o

In the limit as two interpolation nodes coalesce (ie, z,,, — Z;,41), the corresponding
entries of the divided difference tableau become:

T f[Iz] f[Iz'—l, l’z] f[xi—% Ti-1, 13z]

T | Flom] = Flam)
Tm+1 f[xm—l—l] - f(xm—i-l) f(xM)_f(J:th) - f/(

Tm—Tm+1

xm)

This suggests that when the function value and derivative are both prescribed at
the node x,, we introduce two rows in this tableau (corresponding to z,, ) and the
first 2 columns of the tableau are initialised to:

T flzi fleicy, zi]  flvig, v, 24

v | flon = Fam)
O | flom] = fon)  f ()
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With these modifications, the remaining entries in the tableau are computed in
the usual way (row by row) with the diagonal entries yielding the Newton form of
the Hermite interpolating polynomial, P,(z).

Note that the error analysis for Hermite interpolation is analogous to that for
standard interpolation and similar error estimates can be justified.
9. Piecewise Polynomial Approximation:

The basic idea is to obtain accurate approximations of f(x) on [a, b] by subdividing
the interval, a = xy < 27 < --- < xpr = b and over each sub-interval, [z;_1,z],
introduce interpolation points (&; 0, &1, - - - & n), and then approximate f(x) by the
interpolating polynomial P, (z) of degree at most n. The resulting approximating
function, S(x) is then defined on [a, b] by,

S(x) = Piy(z) for x € [x;_1, x4,

and is referred to as a piecewise polynomial.
Note:

(a) The evaluation of S(z) requires an initial search to locate the correct interval
such that z € [z;_1, x;].

(b) The error in this approximation satisfies,

@) - 5@ = LD @ ey

(n+1)! 5
Lo
- (n4+1D" 7
where L is a bound on |f"™(x)| and h; = (z; — ;1) (usually a constant
— (b—a))
= 29y,

(¢) S(x) will be continuous if the endpoints of each subinterval are interpolation
points. That is, the set of points [¢; ;]}_y must include z; and x;_;. S(z) will
not in general be differentiable.

10. An Example — Piecewise Linear Interpolation:

On each subinterval [z;_1, z;] let P, ;(x) be the linear polynomial interpolating f;_;
and fi7 ) )

Pa(2) = af + af’ (x — z;1),
where o) = f,_; and o\’ = f [;_1,2;]. Note that S(x) will then be continuous
and satisfy,

L
1)~ () < Zn
where h is the maximum subinterval width (usually h = (b —a)/M ).

11. Piecewise Cubic Approximations (3 possibilities):

14



(a)

Piecewise Cubic Interpolant: On each [z;_1, z;], introduce & = z;-1,&3 = 5
and two additional points & 1,&; 2 to define P, 5(x). We then have,

L
@) = S(@) < ', h= gliélx |z — zi4.

Note that S(z) is continuous but not ‘smooth’.

Hermite Cubic: Define P, 3(z) to be the unique cubic polynomial associated
with [x;_1, ;] such that P, 5(z;,—1) = fi_1, Pi:;),(:vi_l) = fi_y, Pis(x;) = fi and
P, 4(x;) = f;. Recall that this can be viewed as the limiting case of piecewise
cubic interpolation where &1 — ;-1 and &5 — w; with flz,—1,&41] — fi/_1
and f[v;, o] — fi/'

Note:

i. The resulting S(z) will be continuous and differentiable since P, 5(z;_1) =

fi/—l = ]:)i/—l,3<fi*1)‘
ii. The error in S(x) satisfies

F) = 5@ < o - — )
< T2y

4!
where L > max,<,<p{|f*(z)|} and h = max, |z; — z;_4].

iii. In some applications f; may not be available or may be too expensive to
compute.

iv. The resulting S(z) will be continuous and ‘smoother’ than Piecewise
cubic interpolants, but S” (x) will usually be discontinuous.

Cubic Splines (concentrate on smoothness of S(x)):

The basic idea is to determine the polynomial, H,:&(m)? associated with [z;_1, z;],

by requiring _FA)Z3(I) to interpolate f;_1, f; and have continuous first and sec-

ond derivatives at x;_1.

Consider the following representation of P, s(z),
pz3(9€) = cio+ Cia(r —2i1) + cip(e — xi1) + (e — 2i21)°,

which can be stored as a 4 x M array.

The piecewise polynomial, S (x) is determined by specifying 4M linear equa-
tions which uniquely determine the ¢; ;’s. To do this we let h; = x; —2;_; and
we associate ‘interpolation’ and ‘smoothness’ constraints with each subinter-
val.

e On the first subinterval (3 interpolation constraints),

P1’3({L‘()) =7 = (1= ? ,

151,3(360) =fo = cio=fo

~

P1,3(x1) = fl = C10 + Cl,lhl + Cl,Qh% + Cl,3h? — fla

15



e On the second subinterval (2 interpolation and 2 smoothness constraints),

Poslz) = fi = cao=fi,

Pyg(w1) = Pig(z1) = a1 — 11 — 2c12h — 3ei3hi =0,
13(T1) = 2cop —2c19 — 61 3hy =0,
Pys(w2) = fo = a0+ conha + conhl + cashl = fo,

e In general on the i'" subinterval (2 interpolation and 2 smoothness con-
straints),

Cio = fi—l,

2
Ci1— Ci—11 — 201'71,2hi71 - 301'71,3@‘_1 =0,

R

2¢,9 — 2¢i_12 — 6¢i—13hi-1 = 0,

2 3 _
¢io + cithi + ciohy +cishy = fi,

B
&
I
o
4

e And finally on the last subinterval we impose an additional interpolation
constraint:

ey}

PM,3($M) =cMy T+ QCM,ZhM + 36M,3h2 = 7.

Note:
i. The two extra interpolation constraints imposed at zy and x,; can be
set by specifying f(; and f,, or by using the respective approximating
values, f [xo,ml] and flza—1,zp] or by replacing these constraints with

1

Plg(xo) = PM3(xM) = 0. The latter choice leads to what are called
‘natural splines’.

ii. The total number of linear equations is then 3+4(M —1)+1 = 4M. This
system can be shown to be nonsingular as long as the z;’s are distinct.

iii. The error bounds for splines are similar to that for cubic Hermite. That
is, it can be shown that, in most cases

[f(2) = S()| < 7 (h/2)*

(although for natural splines we only have O(h?) accuracy).
iv. The choice of the ‘knots’ (the z;’s) can be significant.

v. For an alternative derivation of splines see Johnson and Riess.
(d) Difficulties with Piecewise Cubics:

e They do not preserve monotone data. That is if the data is monotone
(increasing or decreasing) then, in some applications, so should the in-
terpolant. This leads to the notion of ‘Splines under tension’ and results
in additional (nonlinear) constraints on the coefficients.

16



e They do not preserve discontinuous derivatives. For example in repre-
senting ‘corners’ in parametric curves.

e They assume accurate data. In many applications (in particular in those
arising in CAD and computer graphics) one often wants to represent the
‘general shape’ of the function or curve rather than insisting on strict
interpolation. This leads to the notion of Bezier Curves/approximation
which is useful in interactive design using curves and surfaces. Another
approach to cope with this difficulty is to use ‘data fitting’ or linear least
squares.

12. Interpolation in 2 Dimensions:

Consider the problem of approximating u(x,y) in a finite region of R? or ap-
proximating a surface in 3-dimensions. We can generalize the notion of piecewise
polynomials to higher dimensions in a natural way:

(a) The original region (or domain) is first decomposed (or partitioned) into a
collection of regularly-shaped subregions. Usually rectangles or triangles are
used. If the original domain is not a simple shape there may be some ‘ap-
proximation’ introduced in this partitioning process.

(b) Over each subregion (the triangular or rectangular mesh element) one can
define a bi-variate polynomial (in = and y) and use the total collection of
such polynomials to define the bivariate piecewise polynomial, S(z,y).

(c) As in the one dimensional problem one can define the coefficients of the
polynomials associated with each element by imposing interpolation con-
straints, solution continuity constraints at the boundaries, and /or smoothness
of derivatives at the boundaries.

Least Square Polynomial Approximation

1. The basic Problem— Data Fitting:

Given data {z;, f;}™, find the polynomial p,(x) of degree at most n represented
by,

pn(T) = co+ 1+ - - cpa”,

such that G(c¢) is minimized, where G(c) is defined by,

m

G(c) = Z(pn(l“z) - fz’)Q-

1=0

e Other norms (measures of the error) could be minimized. For example we

could use,
G(e) = 3 Ipalwi) = fil or G(c) = miax [pa(2i) — fil,
=0

17



but these measures are not differentiable and the resulting algorithms are
more complex.

e We will assume that the x;’s are distinct and m > n. From standard results
in linear algebra we know that these assumptions will guarantee a full rank
problem with a unique solution.

2. Characterization of the ‘best fit’, p,(z)
Let 7;(¢c) = pn(x;) — f; for i = 0,1, ---m. We then have,

ri(c) = c+azit- ey — fi
- [AQ N i:|z ’
where A is the (m + 1) x (n + 1) matrix,
1 =z xh
N
1 xm x%

cis the n+1 vector, ¢ = (cg, ¢1, - - - ¢,)" and f is the m+1 vector, f = (fo, f1,- - )"

From standard results in calculus we know that G(¢) is a minimum when,

G
T —0for i=01.--n.
o, 0 for 5=0,1,---n
But since G(c) = 21", rZ(c) we have,
oG 0 |&
- - = A 1
de; de; L:Zo K (g)] W
ULNS,
= > - (ri(o), (2)
; de;
- ari(c)
= 2 ; ri(c) ae, (3)
From the definition of r;(c) we have,
ori(c) 0
8cj N aCj {AC iL,
= (aiy) =],

fori=0,1,---m;57=0,1,---n.

It then follows that



Therefore to achieve % =0 for 7 =0,1,---n we must have,
J

(ATf>j =0, forj=0,1,---m.
This is equivalent to asking that,
ATr =0 or AT (Ag—i) =0.
Note that the matrix AT A is a square (n+1) x (n+ 1) nonsingular matrix and we

can therefore compute the best fit least squares polynomial, p,(z) by solving the
linear system:

ATAc = ATf

These linear equations are called the Normal Equations.

. An Efficient Algorithm for solving the Normal Equations:

To solve the Normal Equations efficiently we can use a QR based algorithm (from
Numerical linear algebra) that doesn’t require the explicit computation of the
(possibly ill-conditioned) matrix AT A.

Consider forming the QR factorization (or Schur decomposition) of the (m + 1) x
(n + 1) matrix A,
A=0R = (QiQ2 - Qus1)R,

where Q is an orthogonal matrix and R is an upper triangular matrix. This is
a standard factorization in numerical linear algebra and is usually accomplished
using a modified Gram Schmidt algorithm or an algorithm based on the use of a
sequence of ‘Householder reflections’. We will consider the latter approach.

That is, we will determine Q as a product of n + 1 Householder reflections:
QA=R & Qn(Qn - QTA) ) =R,

where each Q; = QT is an (m + 1) x (m + 1) Householder reflection and R is an
(m+1) x (n+ 1) upper triangular matrix,

[z x T ]
0 x T
0 0 x
R=|: : . zllg],
0 0 0
00 -+ 0]

and R is a square (n+ 1) x (n+ 1) upper triangular matrix.
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With such a factorization of A we have,

ATA = (QR)TOR =RTQT"QR = R'R,

where
[x x|
z 0 O 0 0 =z T T T
T z x 0 0 0 0 T r x T
R"R= L . = .
: 0 T :
T T 0 oo T T x
00 -+ 0

= | BT o}lﬂ:RTR.

Now solving the Normal Equations to determine ¢ can be done by solving the
equivalent linear system,

R'Re=A"f.

This requires the computation of AT f (‘at a cost of (n+1)(m+1) flops ) and two
triangular linear systems (at a cost of n? flops). The cost of determining the QR
factorization of A is n?>m + O(nm) and therefore the total cost of this algorithm
to determine ¢ is n*(m + 1) + O(nm) flops.

Note that in most applications m is much larger than n and n is often less than 4.

We can define a similar algorithm for the continuous least squares problem, where
we are asked to minimize G(c),

b
G(0) = [ (pale) ~ f(x))de.
In this case the definitions of a,;; and f; are modified but a similar QR-based
algorithm is available.
Numerical Quadrature

. The basic Problem — approximation of integrals:

We will investigate methods for computing an approximation to the definite inte-
gral:

The obvious generic approach is to approximate the integrand f(z) on the interval
[a, b] by a function that can be integrated exactly (such as a polynomial) and then
take the integral of the approximating function to be an approximation to I(f).
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2. Interpolatory Rules:

When the approximating function is an interpolating polynomial, P,(z), the cor-
responding approximation I(P,(x)) is called an interpolatory rule. We will inves-
tigate several widely used interpolatory rules.

Consider writing P,(x) in Lagrange form,

where [;(x) is defined by

We then have

Note:

e The ‘weights’ (the w;’s) depend only on the interval (the value of a and b)
and on the z;’s. In particular these weights are independent of the integrand.

e The interpolatory rules then approximate I(f) by a linear combination of
sampled integrand evaluations.

o lfa=u2y<z <---2, =0b are equally spaced the corresponding interpola-
tory rule is called a Newton-Coates quadrature rule.

3. Errors in Interpolatory Rules:

The error associated with an interpolatory rule is E(f) = I(f)—1(F,) and satisfies,
b b b
B() = [ f@de— [ Payde = [([f(2) = Pao))da,

b
= E,(x)dz,

a
where E,(z) is the error in polynomial interpolation and satisfies,
E,(x) = (zr—x0)(x—x1) - (x — x,) f[xo, X1, + - Tn, T,
= IL,(2)f[xo, 1, - Ty, z].
This expression for the error is valid for all interpolatory rules. In some special

cases we can simplify this expression to obtain estimates and/or more insight into
the behaviour of the error.
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e First special case — If II,,(x) is of one sign ( on [a,b]) then the Mean Value
Theorem for Integrals implies,

b
E(f) = [ flao,a, v allla(a)de,
= f[x07x17"'xn75] /an($)d$,

for some & € a,b]. Also since f[zg,z1,- -2y, & = f((r;ili)(?)

for some n €
(a,b), we have shown that if II,(z) is of one sign then,

E(f) = (nil)!f(”“)(ﬁ) f: Hn(x)dx

e Second special case — If [?IT,(z)dz = 0 we have, for arbitrary .1,

flxo, @1, xny ] = flwo, 21, Tpy o] + flTo, @1, -+ Tp1, 2] (T — Tgr),

and therefore,

E(F) = /abf[aco,xl,---xn,x]Hn(x)dx,
= /ab flzo, 1, -+ - Xy |1, (x)dx + /ab flzo, 1, -+ xpyr, 2|l 1 (2)dz,
= /abf[%o,xl,'"$n+1a$]Hn+1(x)dx-

As a result, if ff I1,(z)dr = 0 and we can choose x,1 so that II,.;(x) is of

one sign, then using a similar argument to that presented in the first special
case, it follows that, if [*II,(x)dz = 0 and I, () is of one sign,

E(f) = ﬁf(nﬁ) (n) f; i1 (z)dz

4. Examples of Interpolatory Rules:

(a) Trapezoidal Rule (an example of the first special case):

T(f) = /b Py (z)dz,

a
where g = a and z; = b. We then have,

Pi(z) = lo(z) fo + li(x) fL =

r — I r — 29

Jo+

To — T1 X1 — Zo

.

Therefore we have

() = [ aef@+ [ T aarw)

= (54 s+ (M5 s

- ("5 @+ s
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We also have that II;(z) = (z — a)(z — b) is negative for z € [a,b] and

[Py (z)de = —@. We therefore have satisfied the conditions of the first

special case and this implies,

1"

T(f) = (%539)[f(a) + F(0)), ET(f) = 52 (b~ a)

Simpsons Rule (an example of the second special case):

with x¢g = a,xq1 = 222,29 = b.

Exercise: Using

Pio) = )1 (@) + 1) (57 + (o) 0
where
RO
o= sy
B (x —a)(z —b)
R L T )
o - G2

Simplify and verify (after some tedious algebra) that,

a+b

/ab Py(z)dx = [/ab lo(z)dz] f(a) + [/ab I (z)dx] f( )+ [/ab lo(z)dz] f (D),

i ("5°) @+ ar 3+ s

Note that for z € [a,b], IIx(x) is antisymmetric about “TH’ and this implies

[P TIy(x)dx = 0. Furthermore by choosing 5 = 42 we have

a+b

3(z) = (z — a)(x - ) (x —b),

is of one sign and this implies,
s Ly [f
BS(f) = 1(F) = S(F) = /() [ Ma(w)da.
But ! 3(z)dz = —£(%5%)® so we have,

15
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S(f) = (B59)[f(a) + 4F(20) + Fb)),  BS(f) = L (b5e)

5. Gaussian Quadrature (choosing the z;’s to maximize accuracy):

(a) Recall that the error in interpolatory rules satisfies,

b
() = [ flag.as, - -an, 2l (o) do,

and if [°TI,(z)dz = 0 we have,

b
E(f) :/a flzo, 1, -+ xpar, 2|1, (z)de,

for any choice of =, 1.

Now if ["TI,,1(z) = 0 as well we can repeat this argument and obtain,

b
B(f) = [ floo, 1, nsz 2l (@)dr,

For the general case, let go(z) =1 and ¢;(z) = (x — 2pp1) (T — Tpga) -+ (x —
Tpyi) fori=1,2---(m —1). We can then show that if ff 1L, (x)g;(z)dx = 0,
for i =0,1,---(m — 1) then,

b
E(f) = /a flo, 21, Togemy g (1) dov.

(b) The key idea of Gaussian Quadrature is to choose the nodes or interpolation
points, (xo, L1, - - 2,) such that [*II,(2)q(z)dz = 0 for all polynomials, ¢(z),
of degree at most n. Therefore, in particular for the choice ¢(x) = ¢;(z) for
i=0,1,---n we have ["II,(z)q(z)dz = 0, and from the above observation,

b
E(f) = /a f[ﬂﬂo, Ty, '$2n+17$]H2n+1($)dm~

To ensure that Iy, () is of one sign for « € [a b] we can choose z,,; = x; for
i=1,2,---n+1 and we then have Iy, (z) = [13(z) with the corresponding
error expression,

b
E(f) = f[x()axla © T4, E] / Hi(l')dl‘,
1
— (2n+2)

where s, = [P T2 (x)dx.

Note that such rules will be exact for all polynomials of degree at most 2n+1.
That is, if the integrand is a polynomial of degree less than 2n + 2 the cor-
responding Gaussian Quadrature interpolatory rule (based on the n carefully
chosen points) will give the exact answer.
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(¢) How do we choose the z;’s to ensure that [’ T, (x)q(x)dz = 0 for all polyno-
mials, ¢(z) of degree at most n 7

This question leads to the study of orthogonal polynomials.

e Definition: The set of polynomials {ro(z), 1 (z),- - rr(x)} is orthogonal
on [—1,1] iff the following two conditions are satisfied:
i. Y ri(2)rj(v)de =0, fori # j,
ii. The degree of r;(x) is i for i =0,1,--- k.
e Properties of orthogonal polynomials:
i. Any polynomial gs(z) of degree s < k can be expressed as.

0(2) = %ww.

ii. ri(x) is orthogonal to all polynomials of degree less than k. (This
follows from the previous property.)

iii. ri(x) has k simple zeros all in the interval [—1,1].
Proof:
For r(x), let {1, pio,- - pm} be the set of points in [—1,1] where
ri(z) changes sign. It is clear that each pu; is a zero of ri(x) and all
simple zeros of r(x) in [—1, 1] must be in this set.
We then have m < k as the maximum number of zeros of a polynomial
of degree k is k. To show that m > k (and hence m = k ) assume
the contrary, ie. m < k. With this assumption we have that

m

G () = ][ (= = ),

i=1

is a polynomial of degree m < k that changes sign at each y; and,

/11 Gm ()1 (2)dz = 0,

but §,,(x) and ri(x) have the same sign for all z in [—1,1] (they
change sign at the same locations) and this implies a contradiction
(the integrand is of one sign but the integral is zero) and therefore
our assumption must be false and m > k.

iv. The r(z) satisfy a 3-term recurrence,

rer1(z) = as(x — bs)rs(z) — cors_1(2),

for s = 1,2, .-k, where the a4 are normalization constants, r_;(z) =
0, and if t, = [, r?(2)dz then,

1 1
bs = —/ or?(x)de,
ty J-1
Asts

Cg = ——.
as—lts—l
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For example, we obtain the classical Legendre polynomials if we nor-
malise so rs(—1) = 1. This leads to,

25 +1 S

as = , bs =0, ¢c;= .

s+1 s+1

e Orthogonal Polynomials on arbitrary intervals [a, b].
To transform orthogonal polynomials defined on [—1,1] to [a, b] consider
the linear mapping from [—1,1] — [a,b] defined by x = %%y + 222, The
corresponding inverse mapping is y = ﬁ[&v — b — a] and from calculus
we know,

[ o= [ oS+ vy

This relationship, combined with the properties of Legendre polynomials
(that we have identified above) give a prescription for the selection of the
set of interpolation points (the z;’s) that define Gaussian Quadrature:

For i = 0,1,---n, set y; to the i zero of the Legendre Polynomial,
Tny1(y). With this choice we note that [I_o(y — y;) = K 7,41(y) for

some constant K # 0. Then with x; = b_T“yi + I’J“T“ we have,

b—a a+b ™ b—a a+b

Hn(2y+2)=H(2y+2—fcj),

and therefore for any polynomial, ¢(z) of degree at most n,

b b—a, (! b—a b+a, b—a b+a
[ @@ = (50 [ MG+ a5y + )y,
b—a. b—a b+a,.
= (50 [ WS+ i)y,

(where ¢(y) is a polynomial of degree at most n since the degree of ¢(x)
is at most n)
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That is with the z;’s chosen as the ‘transformed zeros’ of the Legen-
dre polynomial, 7,41(y), we have the interpolation points satisfying our
desired property.

6. Composite Quadrature Rules:

Approximating the integrand with a piecewise polynomial leads to the class of
Composite Rules. Let a = 29 < 21 < ---xp = b and S(z) be a piecewise poly-

nomial approximation to f(z) for x € [a,b]. We can then use [’S(x)dz as
the approximation to I(f) = [’ f(x)dr. Recall that S(x) = p;.(z) for © €
[i_1,2;]) i=1,2,--- M. From calculus we have,

/abS(x)dx = Z/ S(x)dx,

—A sum of basic interpolatory rules.

If we use equally spaced z;’s and low degree interpolation we obtain familiar rules:

e The composite trapezoidal rule, Ty (f):

z; ) ) " - ;
/gc1 f(x)dx = %[f(mi—l)—l—f(xi)] S (771)($112 Tio1) |
h f//(ffh)h3
9 [fic1 + fi] — —

Summing over all sub-intervals we obtain,

—hZfz f0+fM)

with the corresponding error expression,

Ey(f) = I(f) = Tu(f).
M h3

= _212]0 7]2

If f"(x) is continuous we can apply the MVT for sums to obtain the expres-

sion,
N
Ef(f) = —f' )Y 15 forsomen € (a,b),
i=1

1" h3

= —f My, (buth=(>-a)/M)
1" h2

= —f' -0,

We therefore have:
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Tv(f) =hSM0 fi+ h/2(fo + fur)

with

Efy=—f"(n)®-a)3(3)|

e The composite Simpsons rule, Sy/(f):

Similarly we can derive the Composite Simpsons Rule:

Su(f)=h/6 [fo + fu A2 4 fzel/z]

with the corresponding error expression,

By (f) = ~5a® (p — a)(h)*

7. Error estimates for composite rules:

e Trapezoidal rule: Consider the contribution to the overall error that comes
from the *" sub-interval,

19— 1",
= /I f(z)dx — 5(fi—1 + fi),

T
= —(E)h?f (&)-

E®

Subdividing [z;_1, x;] into two subintervals leads to,

Ti—1/2 hl . —1 hl ", =
/. f(z)dr ~ Z(fi—l + fi—1/2) with error = E<§)3f (&),
T hl . -1 hz ", op
/ flx)dx =~ Z(fi—l/z + f;) with error = E(E)?)f (&).

Ti—1/2

Summing these two terms we obtain,

TD(f) ~ %(le +2ficip + fi) = Tz(i)(f)a

with an associated error expression,

Do 1 h
-5 =5G

2@+ 1) = o2 @,

Now if we assume that % is ‘small enough’ so that f" doesn’t change much
on the i subinterval (ie, f" (&) ~ f" (&) =~ f(&) ) then subtracting these
two error expressions we obtain,

—h3 -3

hl " . " )
19 f&)[1—1/4 = Eh?f (&)

(O =1 = (10 -1 =) - T &
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We can then estimate the error associated with the approximation, Tz(i) as

1/3 {T 2(i) — 1(1)] and, after summing over all M subintervals, we obtain

M

ESTos = 3 (T — 70

2M = 23( 2 1 )7
i=1
L[S~ 70 _ o)
- [pr -y,
i=1 i=1

1

Furthermore by applying the MVT for sums, it can easily be shown that

E ST,y also equals %4(5)(%)2(1) —a) for some & € (a,b).

Note:

(a) This estimate is only justified for h; sufficiently small so that 1" is almost
constant over each subinterval.

(b) The computation of EST,y can be subject to large relative error as it
involves the subtraction of ‘near equals’.

(c) A validity check is available based on the monitoring the ratio |EST)/ESTop|
which should be close to 4.

e A similar analysis for Simpsons rule yields,

1
ESTS, = 15 192 = S,

- f(4)(77> h 4
= g () (0—a)

where the corresponding validity check is that |ESTy/ESTsy,| ~ 16.
e Exercise: Show that Thas + ESThy = Sa.

8. An Example: Consider applying the Composite Trapezoidal and Composite
Simpsons rules in single and double precision floating point arithmetic ( 5 = 16
and s = 5, s = 12, respectively) to approximate fol e~**dz. The numerical results
are presented in Table 1 and they clearly indicate the ability of the validity check
to reflect when the error estimate can be trusted. Note that we have only justified

it in the limit as A~ — 0 and in the situation where truncation error dominates
round-off error.

9. Extrapolation — Romberg Quadrature:

e Recall, for the Trapezoidal rule we have established,

Ty + ESToy = S TS + §(T2( by,



M ‘ Approximation ‘ EST

‘ True Err ‘ Ratio

I) Composite Trapezoidal, Ty, — single precision

2 | 0.7313699000000 | -.158E-01 | -.155E-01 | 4.07
4 1 0.7429835000000 | -.387E-02 | -.384E-02 | 4.02
8 | 0.7458651000000 | -.961E-03 | -.959E-03 | 4.00
16 | 0.7465841000000 | -.240E-03 | -.240E-03 | 4.00
32 | 0.7467608000000 | -.589E-04 | -.632E-04 | 3.79
64 | 0.7468032000000 | -.141E-04 | -.208E-04 | 3.04
128 | 0.7468135000000 | -.342E-05 | -.106E-04 | 1.97
256 | 0.7468156000000 | -.715E-06 | -.840E-05 | 1.26
512 | 0.7467660000000 | .165E-04 | -.580E-04 | 0.15
IT) Composite Trapezoidal, Ty, — double precision
2 | 0.7313702518257 | -.158E-01 | -.155E-01 | 4.07
41 0.7429840977975 | -.387E-02 | -.384E-02 | 4.02
8 1 0.7458656148428 | -.961E-03 | -.959E-03 | 4.01
16 | 0.7465845967854 | -.240E-03 | -.240E-03 | 4.00
32 | 0.7467642546494 | -.599E-04 | -.599E-04 | 4.00
64 | 0.7468091636350 | -.150E-04 | -.150E-04 | 4.00
128 | 0.7468203905388 | -.374E-05 | -.374E-05 | 4.00
256 | 0.7468231972433 | -.936E-06 | -.936E-06 | 4.00
512 | 0.7468238989181 | -.234E-06 | -.234E-06 | 4.00
IIT) Composite Simpson, Sy, — single precision
2 | 0.7468550000000 | .217E-04 | .310E-04 11.5
4 | 0.7468255000000 | .197E-05 | .143E-05 21.7
8 1 0.7468219000000 | .234E-06 | -.209E-05 T
16 | 0.7468218000000 | .795E-08 | -.221E-05 9
32 | 0.7468217000000 | .119E-07 | -.238E-05 9
64 | 0.7468134000000 | .552E-06 | -.107E-04 2
128 | 0.7467956000000 | .118E-05 | -.284E-04 A4
256 | 0.7467887000000 | .457TE-06 | -.353E-04 .8
512 | 0.7467867000000 | .139E-06 | -.374E-04 9
IV) Composite Simpson, Sy, — double precision
2 | 0.7468553797881 | .217E-04 | .312E-04 11.4
4 1 0.7468261205246 | .195E-05 | .199E-05 15.7
8 1 0.7468242574329 | .124E-06 | .125E-06 15.9
16 | 0.7468241406041 | .779E-08 | .779E-08 16.0
32 | 0.7468241332968 | .487E-09 | .487E-09 16.0
64 | 0.7468241328400 | .305E-10 | .305E-10 16.0
128 | 0.7468241328115 | .190E-11 | .196E-11 15.6
256 | 0.7468241328097 | .119E-12 | .173E-12 11.3
512 | 0.7468241328096 | .748E-14 | .611E-13 2.8

Table 1: Numerical results for Composite rules applied to approximate fol e dx
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= > {3(fi—1 +2fic1p+ fi) — 6(fi—1 + fi)} ;
i=1
Mop

= Z 5 {fkl +4fii12+ fz} )
=1

- SM7

= I(f)+O(h"),

(A fourth order approximation to I(f)).

e This process of taking a basic quadrature rule, applying it with a sequence of
‘stepsizes’ h, h/2,h/4,---h/2% and then using a linear combination of the re-
sulting approximations, Ag, A, - - - A to obtain a higher order approximation
is called extrapolation.

When the Trapezoidal rule is used as the basic rule this is called Romberg
quadrature (or Romberg Integration).

e To justify extrapolation for the Trapezoidal rule we must show that whenever
f(z) has (2k + 2) continuous derivatives, then the true error satisfies,

EJY\;[ = Clh2 + C2h4 + .. Ckth + O(h2k+2)’

where the ¢;’s are independent of h.

(a) One can then ‘eliminate’ the h* term in the error by taking a linear
combination of Ty, and Ty, (two different approximations to I(f)). Let
h be the interval width associated with T5,;,. We then have,

Tone = I(f) + cih® 4 coh* + - - ceh® 4+ O(h*FF2),
Tor = I(f) +c1(2h) + c2(2h)" + -+~ cx(20)™ + O((2h)™72).
Defining T3, by,
o = T
3 ;
= Toym + %(TQM —Tu),
= I(f)+ ch* + cAhb 4 - L h®* + O(h%H2),

1
TQM

we have derived an error expansion for this fourth order approximation
(which is Simpson’s rule).

Similarly, by considering the resulting error expressions for Ty, and T},
we can ‘eliminate’ the O(h*) term to obtain,

15
T — T}
= T “AM T 2M
(7
= Som + ESTyy,,
- [(f)+cgh6+cih8+...Cih2k+0<h2k+2)'

)7
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(b) This process can continue and we have, in general,

Tmfl - mfl1
m — qpm—1 2m M 2m—1 N
TQmM - T2mM + 4m _ ] )

where we have the following expansion of the error,
Tomp = I(f) + Cmlhﬂmﬂ) + cz”h?(m“) 4. .Cznth: + O<h2k+2).

(c) This technique gives high order approximations but round-off limits the
accuracy that can be achieved. In practice we usually have m < 6 or 7.
Note that we can obtain more accuracy by increasing m or M since the
error term associated with 732 ), is O(R*™*V) which is O((%2)*m+D).
The ‘cost’ of computing this approximation is 2™ M evaluations of the
integrand.

10. Error estimates for Gaussian Quadrature Rules:

o Let G,(f) = X1 qwif(x;) denote the (n + 1) — point Gaussian quadrature
rule.

(a) We have shown,

and this is optimal.

(b) The rules G,41,Gpyio,- -, are higher order and therefore asymptotically
more accurate (as (b —a) — 0) so we could form an error estimate from
one of these. That is, we could use,

ESTq, = Guir(f) = Gu(f) = Ea, + O(b — a9+,

(c) The rules G, and G,, have at most one common interpolation point
so the computation of this error estimate more than doubles the cost
(2n + k + 2 integrand evaluations).

e An alternative (to forming an error estimate based on G,,1x) is is to use the
integrand evaluations already available (for the computation of G, (f)) and
introduce only the minimum number of extra evaluations required to obtain
an effective error estimate. This approach leads to a class of quadrature rules
called Kronrod quadrature rules, K, x(f). The error estimate for G, (f), is
then K, x(f) — Gn(f), where K, x(f) is more accurate and less expensive
to compute than is G,4x(f). Kronrod proposed a particularly effective class
of such rules where k =n + 1,

n n+1

Koni1(f) =D aif(x;) + Z b f (),

1=0
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where the zis are the interpolation points associated with G,,(f), and the
y;’s are the extra interpolation points necessary to define an accurate approx-
imation to I(f). Kronrod derived these weights (the a;’s and the b;’s) and
the extra interpolation points (yo, 41, - - ¥n) S0 that the resulting rule is order
3n + 3. The resulting error estimate is then,

ESTg, = Konyi(f) — Gulf),

with an associated cost of 2n + 3 integrand evaluations and an order of accu-
racy of O((b — a)3"*4).

e The resulting Gauss-Kronrod pairs of rules can be the basis for composite
quadrature rules and adaptive methods. These methods are widely used and
implemented in numerical libraries.

11. Adaptive Quadrature Rules:

o A straightforward implementation of a numerical quadrature method based on
a basic quadrature rule with error estimate would accept, as input parameters:

(a) The integrand function, f(z).
(b) The upper and lower limits of integration, a and b.

(¢) The desired accuracy, TOL, where the method would attempt to provide
an approximation, A, that satisfies |I(f) — A| < TOL.

and proceed, as in the case of the composite rules (introduced earlier). That is
after applying the basic rule, if the magnitude of the associated error estimate
exceeds TOL, the interval [a, b] is subdivided (by interval halving) and the ba-
sic rule applied to each sub-interval (with an associated overall error estimate
obtained by summing the magnitudes of the estimates from each subinterval).
This process of interval halving and updating the approximation to I(f) and
the associated error estimate EST(f) continues until |[EST(f)| < TOL with
some failure condition possible if no convergence is achieved after a reasonable
amount of effort (for example after 8 — 10 subdivisions).

Such an implementation will work well for functions that are smooth and
relatively well behaved over the interval of integration. On the other hand,
such a method can be inefficient if the integrand is badly behaved (rapidly
varying for example) on only a small part of the interval of integration. In
such cases it would be more effective to concentrate the effort (the integrand
evaluations) in the neighborhood where the integrand is changing rapidly.
This is the key idea behind ‘adaptive’ quadrature methods.

e In adaptive quadrature methods, a basic rule with an associated error esti-
mate is implemented in a similar fashion to the straightforward implementa-
tion discussed above except that uniform interval halving is not used when
more accuracy is needed. Rather than doubling the total number of inte-
grand evaluations on each step of the method (as is the case with uniform
interval halving) we selectively refine or subdivide only those subintervals
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whose approximations have an associated error estimate that is too large.
That is, on each step we use interval halving to update the approximations
and corresponding overall error estimate for only a subset of the subinter-
vals. At each step of the method we maintain a partitioning of the interval
a= Xy < X; <--- Xy =0band we have the associated approximation, A(f)
and associated error estimate, EST(f),

A = XA
"
BST(f) = Y. |EST|

where A, and EST, are the approximation and error estimate associated with
applying the basic rule to the r** subinterval.

The effectiveness of this approach depends largely on how one decides which
interval to subdivide next ( when |EST(f)| exceeds TOL).

e Several possible refinement strategies (strategies for choosing which subinter-
val to halve) are possible. We will consider two alternatives. Note that in
each case one must choose a suitable data structure carefully to ensure that
the potential advantages of the strategy can be realized.

(a) Equal distribution of the error to each subinterval:
Each interval is allowed to contribute an amount to the total error that
is proportional to its width. The maximum allowable error on the i
subinterval is then **~1T'OL and this will guarantee,

N
|[EST(f)| = Y |EST,
=1
N .
< Y (oL,
=1 -
TOL X
= (b—a);(xi_xi_l)’
— TOL.

Note that this strategy can be effectively implemented recursively or using
stacks.

(b) Refine where error contribution is largest:
On each step subdivide only the subinterval with the estimate of largest
magnitude. Such a strategy can be effectively implemented using an
ordered linked data structure, where the ordering is determined by the
magnitude of the corresponding estimate, EST,.

12. Special Difficulties:

One can often introduce a mathematical transformation of a difficult quadrature
problem to ‘reduce’ it to an equivalent ‘standard problem’.
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e Infinite range problems (improper integrals):
The infinite integration, [;° f(x)dz or [ f(z)dx is well-defined only if
limp oo fiF f(z)dz exists.
Some possible approaches for approximating I(f) = [5° f(x)dz when it exists:
(a) For 0 = Ry < Ry < ---Ry < ---, define A; as the approximation to

/ 1%,  f(w)dz associated with a standard quadrature rule. We then have
that,

J
Sj = ZA“
=0

can be used as an approximation to /(f) if R; — oo. This process can
halt (at a fixed value of j) when |A;| < TOL.

(b) If f(z) = w(x)g(x) with w(z) positive, then one can apply a generalized
Gaussian rule. For example, if w(x) = e™* we obtain Gauss Laquerre
rules. In this case we have,

[T @@t = 3w,

=0
where the x;’s are the zeros of polynomials orthogonal on [0,00) with
respect to w(x).

(c) Special transformation of variable. Let # = p(t) for some differentiable
function p(t). We then have,

p1(0) ,

fUd=A“f@Mx=44@ 7o) (t)dt.

For example, if z = —1In(t), = t = e~ and we have

1) = [ 7= (o).

e Singularities of the integrand: Consider the approximation of I(f) = [° f(x)dx
where f(a) or f(b) is undefined. For example,

1 1
1= |,

For such problems we can attempt to ‘remove’ the singularity by the following
procedure,

(a) Determine the ‘type’ of the singularity at t = t*, choose s(x) where
> s(z)dx can be computed analytically and where (f(z) — s(z)) is not

a
singular at t*.

(b) Replace [ f(z)dz by [(f(x)—s(x))dz+ [ s(x)dx where standard methods
can be used to approximate the first integral and the analytic formula
used for the second.
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For the above example, with f(z) = m consider what happens as x — 0,

1 1
212 413 213 (/6 + 1_)7
1 /6 —1

14216 z1/3

We therefore have,

1 1 1 1 11_3:1/6
/():L’l/2—|—x1/3dx:/o 1+x1/6dx+/o xl/3 de.

The first integral on the right hand side can then be approximated by standard
methods while the second is equal to 3/10.

For the general case the key step is to perform an expansion of the integrand
about the point of singularity (¢* = a or t* = b) to allow one to ‘remove’ it.

13. Two Dimensional Quadrature:

Consider the problem of approximating integrals in two dimensions,
HﬂZ/Af@wW@,

This problem is more complicated than the one dimensional case since D can take
many forms.

e One can develop the analogs of Gaussian rules or interpolatory rules but the
weights and nodes will depend on the region D. Such rules can be determined
and tabulated for simple regions such as rectangles, triangles and circles. An
arbitrary region must then be transformed onto one of these simple regions
before the rule can be used. Such a transformation will generally be nonlinear
and may introduce an approximation error as well.

e One can apply a ‘product rule’ where one reduces the 2D-integral to a se-
quence of two 1D-integrals:

b rBy) b
L[, fvdzdy= [ gw)iy.

where
B(y)

o) = [ flay)de

a(y)

is approximated, for a fixed value of y, by a standard method (for example,
A Zj]‘io wif(x;,y), and [? g(y)dy is also approximated by a standard (possibly
different) standard method. That is

b M
/mwwR:Z@mw,
a r=0
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Q

Z(DT (Z wjf('rjayr>) )
=0 =0

= D> (@w)f(xs, ).

r=075=0

Note that error estimates for product rules are not easy to develop since the
function g(y) ~ Zj]\io w; f(z;,y) will not be a ‘smooth’ function of y unless
M and the z;’s are fixed. In particular this ‘inner rule’ cannot be adaptive.

5 Numerical ODEs

1. Mathematical Preliminaries:

e Definition: A first-order ordinary differential equation is specified by:

y = flzy),
over a finite interval [a, b].

Note that a solution of this ODE, y(z), is a function of one variable (this
is the reason for the term ‘ordinary’ as opposed to ‘partial’). When the
solution depends on more than one variable (ie a multivariate function) it is
called a partial differential equation — PDE). The term first-order refers to the
highest derivative that appears in the equation. We will consider higher-order
equations later. For ODEs the variable x is called the independent variable
while y (which depends on z) is called the dependent variable. ‘Solving’ the
ODE is interpreted as determining a technique for expressing y as a function
of x in some explicit way.

e A function ®(z) is a solution of this ODE if ®(z) € C'[a,b] and Vz € [a, D]

we have ®'(z) = f(z,®(x)). (Note that this condition is often easy to check
or verify).

—An Example:

y' = My, has solutions ®(x) = ¢ ¢ for any constant c¢. In particular this
ODE does not have a unique solution but rather a whole family of solutions
(characterized by the parameter c).

e To determine a unique mathematical solution we must add an additional
constraint as part of the problem specification. This can be done in many
ways. The most common is to prescribe the value of the solution at the initial
point of the interval. That is we specify,

y(a) = yo.

—Definition: An ODE together with the initial conditions specifies an initial
value problem for an ordinary differential equation (IVP for an ODE).
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Before we can attempt to approximate a solution to an IVP we must consider
some essential mathematical questions:

(a) Does a solution exist?
(b) If a solution exists, is it unique?
(c) Can the problem be solved analytically? (If so, is it worth it?)

Definition: The function f(x,y) (a function of two variables that defines the
ODE) satisfies a Lipschitz condition in y (ie, wrt its second argument) if
dL > 0 such that Vo € [a,b] and ¥V u,v we have

[f(z,u) = fz,0)] < Llu =],

In particular, if f(z,y) has a continuous partial derivative with respect to y
and this derivative is bounded for all y, then f satisfies a Lipschitz condition
in y since,

o) = £ 0)] = |5 ] fu o,
for some 7 between u and v.

Theorem:

Let f(x,y) be continuous for x € [a,b] and Vy and satisfy a Lipschitz condi-
tion in y, then for any initial condition yg the IVP,

/

Yy = f(xay)7 y(“) = Yo, over [CL, b]?

has a unique solution, y(x) defined for all = € [a, b].

Extension to systems of equations:

Often one must deal with a system of n ‘unknown’ dependent variables of the
form:

nh = fl(x7y17y27”'yn)7
Yy = f?(xvylay%'”yn)a

Yo = fn(x7y17y27 o yn)a

with initial conditions all specified at the same point,

yl(a) = (1,
y2(a) = (g
yn(a) = Cp,
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In vector notation, this system of IVPs in ODEs can be written
Y'=F(z,Y), Y(a) =Y,

where Y(ZL‘) = [yl(x)7y2(x)7 e yn(x)]T7 Yo = [Cla Coy e Cn]T and F(ﬁa Y) is a
vector-valued function,

'fn(xv Y)

The theory and the investigation of numerical methods that we present will be
the same for systems as for scalar IVPs. In particular, the main mathematical
Theorem quoted above holds for systems.

—Examples of systems:

(a) From Biology:
A predator-prey relationship can be modeled by the IVP:

y; =1y — 0.1y192 + 0.02z

Yo = —1yo + 0.02y19s + 0.008z

with
yl(o) = 30, y2(0) = 20.

Here y; () represents the ‘prey’ population at time x and y(x) represents
the ‘predator’ population at time z. The solution can then be visualized
as a standard z/y solution plot or by a ‘phase plane’ plot. Figure 1
illustrates the solution to this system. We know that for different initial
conditions solutions to this problem exhibit oscillatory behaviour as z
increases.

A biologist may be interested in whether the solutions to this equation
are ‘almost periodic’ (in the sense that the difference between successive
maximum is constant) and whether the local maxima approach a steady
state exponentially. (See Figure 2).

(b) From Chemistry:
The chemical reaction involving the combination of two chemicals C; and
(s, to yield a product Cj is represented (in chemistry) by the mechanism
(or notation)

Ky
Ci+0Cy = C

39



(a) Solution Plot (b) Phase Plane Plot

Figure 1: Solutions to the predator prey problem for x in [0, 20]

Figure 2: Typical behaviour of prey or predator population and decay to steady state

We can model this chemical reaction with the system of 3 ODEs, where
y1(z) = [C4] the concentration of the chemical Cy at time z, yo(x) = [Cs]
and y3(z) = [Cs]. The resulting system of IVPs whose solution for z €
[a,b] describes the change in concentrations over time as the reaction
takes place (possibly approaching a steady state) is,

v = Kiys — Koyiye,
vy = Kyys — Koyrye,
yf), = Koyryo — Kiys.
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e Extension to Second (and higher) order ODEs:
Often physical or biological systems are best described by second or higher-
order ODEs. That is, second or higher order derivatives appear in the math-
ematical model of the system. For example, from physics we know that New-
tons laws of motion describe trajectory or gravitational problems in terms

of relationships between velocities, accelerations and positions. These can
often be described as IVPs where the ODE has the form y"(z) = f(x,y) or

y'(x) = f(z,y,9).

(a) A Second-order ODE can be reduced to an equivalent system of first-
order ODEs as follows: With y" = f(x,y,v) we let Z(z) be defined

by,
Z(x) = [z1(x), z2(2)]",

where z;(z) = y(x) and z5(z) = ¢/(z). It is then clear that Z(z) is the
solution of the first order system of IVPs:

7 = |2 ] ,

— Note that in solving this ‘equivalent’ system for Z(z), we actually de-
termine an approximation to y'(z) as well as to y(z). This has impli-
cations for numerical methods as, when working with this equivalent
system, we will actually be trying to accurately approximate y'(x)
and this may be a more difficult problem than just approximating
y(z).

— Note also that to determine a unique solution to our problem we must
prescribe initial conditions for Z(a), that is for both y(a) and y'(a).

— Higher order (greater than second order) equations can be reduced
to first order systems in a similar way.

2. Taylor Series Methods:

o If f(z,y) is sufficiently differentiable wrt x and y then we can determine the
Taylor series expansion of the unique solution y(z) to

y = f(x,y), yla)=yo,
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by differentiating the ODE at the point ;5 = a. That is, for x near zo = a
we have,

(l‘ - x0>2 "

y(@) = y(wo) + (z = zo)y'(z0) + 54" (z0) + -+,

To generate the TS coefficients, y™ (xy)/n!, we differentiate the ODE and
evaluate at © = xg = a. The first few terms are computed from the expres-
sions,

yl(x) = f(xay) = f,

d
y”(x)za (z,y) = fot fyy
= fot fuf-

d

—['(@)] = (faoe+ fayf) + (oo + L ) + £, (Fe + fo 1),
= fxr+2fmyf+fyyf2+fyfm+f5f

In general, if f(z,y) is sufficiently differentiable, we can use the first (k + 1)
terms of the Taylor series as an approximation to y(z) for [(x — x¢)| ‘small’.
That is, we can approximate y(z) by Zo(x),

k
~ xr — X
Zro(x) =yo+ (x —xo)yy + -+ + %y(()k)-

Note that the derivatives of y become quite complicated so one usually chooses
a small value of k (for example £ <6 ).

One can use Zxo(x1) as an approximation, yi, to y(z1). We can then evaluate
the derivatives of y(z) at = x; to define a new polynomial Zj;(z) as an
approximation to y(z) for |(z — x;)| ‘small’ and repeat the procedure.

Note:

(a) The resulting 2 j(x) for j = 0,1, - define a piecewise polynomial ap-
proximation to y(x) that is continuous on [a, b].

(b) How do we effectively choose h; = (z; — x;_1) and k7

Let Ty(z,yj—1) denote the first k + 1 terms of the Taylor series expanded

about the discrete approximation, (z;_1,y;—1), and 24 ;(x) be the polynomial

approximation (to y(z)) associated with this truncated Taylor series. That
is,

?:'kg(x) = yji—1+h T (z, yj—l):
hk:—l

Tf(k_l)(%fb Yj-1),

h
Tk(xayjfl) = f(xjfbyjfl) + §f (333'7173/]'71) T+

where h = (v — z;_1).

A simple, constant stepsize (fixed h) numerical method is then given by:
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-Set h = (b —a)/N;
-for j=1,2,---N

Tj = Tj-1 + h;

Yi = yj1 +h Ti(xj1,95-1);
-end

3. Local and Global Errors:

Note that, strictly speaking, 2 ;j(z) is not a direct approximation to y(z) but to
the solution of the ‘local’ IVP:

z = flx,2), z(rj1) =y

Since y;_; will not be equal to y(z;_1) in general, the solution to this local problem,
zi(x), will not then be the same as y(x).

To understand and appreciate the implications of this observation we distinguish
between the ‘local” and ‘global’ errors.

Definitions:

e The local error associated with step j is z;(z;) — y;.

e The global error at z; is y(x;) — y;.

4. The Classical Approach:

A Classical (pre 1965) numerical method approximates y(x) by dividing [a, b] into
equally spaced subintervals, z; = a + j h, where h = (b —a)/N and (proceeding
in a step-by-step fashion), generates y; after y, ya, - - - y;—1 have been determined.

e If the Taylor series method is used in this way, then the TS theorem with
remainder shows that the local error on step j (for the TS method of order
k) is:

k+1
o B0y ) BT )
! (k+1)! (k+1)!

e An Example:
If £ =1 we have Eulers Method where

Y = Y +h f(zi1,951),
and the associated local error satisfies,

h2 1"
LEj =~ (15)-
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e Classical convergence result (for a fixed-step method):
Definition: A method is said to converge if and only if,
o {jq}g?;]v ly(z;) = yj|} — 0.
e Theorem: (typical of classical convergence results)
Let [:Uj,yj]é\[:o be the approximate solution of the IVP, 4" = f(z,%), y(a) =
Yo over [a,b] generated by Euler’s method with constant stepsize h = (b —
a)/N. 1If the exact solution, y(z), has a continuous second derivative and

£, < L, |y" ()| <Y then the associated global error, e; = y(x;) —y;, at the
points x; = a + j h satisfies,

hY
‘€j| < E(e(ﬂ?j—aco)L . 1) + 6(95]-—1:0)L|€0|7
hY
< ﬁ(e(b—a)L — 1)+ e(b—a)L’€0|.

Note:

(a) ep will usually be equal to zero.

(b) This bound is generally pessimistic as it is exponential in (b — a) where
linear error growth is often observed.

(c) In the general case one can show that when local error is O(hP™!) the
global error is O(h?).

Proof of this Theorem (Outline only): Eulers Method satisfies,

Yi = yj1+hf(zi1,y;1)
A Taylor series expansion of y(z) about z = z;_; implies

) = ylesa) + bz vlz)) + oy )

Subtracting the first equation from the second we obtain,
h2

y(r;) =y = y(@j1) = yj—1 + b [f(rj-1,y(x5-1)) — flrj-1,95-1)] + Eyn(ﬁj)-

If Y = max,epy [y ()] and | f,| < L, then, from the definition of e; and the
observation that f(z,y) satisfies a Lipschitz condition with respect to y, we
have
h2 1"
sl < Tl + hEly(g) — g+ 15y ()
h2
< lej_1| +hLlej 1| + ?}/’

h2
= |€j_1|(1 —f‘ hL) + EY
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This is a linear recurrence relation (or inequality) which after some work

(straightforward) can be shown to imply our desired result,
hY
el < S (07 — 1) 4+ ey,
Note that this is only an upper bound on the global error and it may not be
sharp.

5. An Example:

Consider the following equation,
y/ =y, y(0)=1, on [0,1].
Now since 3—5 =1, L =1 and since y(z) = €*, we have Y = e and ¢y = 0.

Applying our error bound with A = 1/N and yx = y(1) = e we obtain,
h
IGEn| = Yy — €| < 7‘3(@ —1) < 2.4h.

But for h = .1 we observe that y;g = 2.5937.. with an associated true error of
.1246... This error bound is .24.

6. Limitations and Difficulties with Classical Approach:

e Analysis is valid only in the limit as A — 0.

e Bounds are usually very pessimistic (can overestimate the error by several
orders of magnitude).

e Analysis does not consider the affect of f.p. arithmetic.
To extend the analysis, consider applying Eulers method with roundoff error:

Assume fI(f(zj-1,y;-1)) = f(zj-1,y;-1) +¢; and
Yy = Yi-1 @h® fl(f(rj—1,95-1)),
Yi—1 +hf(xj—1,y;-1) + he; + pj,

where |¢;[, |p;| < p.
Then, proceeding as before we obtain,
2

h? _
lej] < lej-al(1+hL) + =M,
where M =Y + u/h + p/(h?).
Therefore the revised error bound becomes:

M (e(b_a)L - 1)7

2L
_ _ hY  u 1
— (b—a)L (b a)L_l e el el
e leo] + (e >(2L+2L+2hL)'

So, as h — 0, the term g~ will become unbounded (unless the precision

changes) and we will not observe convergence.

lejl < e feg| +
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e Special difficulties with fixed-h Euler:

— The low order results in requiring a small stepsize, which leads to a large
number of derivative evaluations and excessive amount of computer time.

— The use of a constant stepsize can be inappropriate if the solution behaves
differently on parts of the interval of interest. For example in integrating
satellite orbits ‘close approaches’ typically requires a smaller stepsize to
ensure accuracy.

7. Runge-Kutta Methods:

(a)

We will consider a general class of one-step formulas of the form:
Yj = Yi-1 + h®(zj1,95-1). (4)
where ® satisfies a Lipschitz condition with respect to y. That is,
|®(x,u) — ®(z,v)| < L|u—v].

We will consider a variety of choices for & and will observe that, in each case
considered, ® will be Lipschitz if f is.

Two examples of such formulas are:
Euler: ¢ = f.
Taylor Series: ¢ = T (x,y).

Definition: A formula (4) is of order p if for all sufficiently differentiable
functions y(z) we have,

y(z)) = y(wjo1) — (w1, y(aj-1)) = O(WT). ()
Note that:
i. The LHS of (5) is defined to be the Local Truncation Error (LTE) of the
formula.

ii. Order p implies that both the LE and the LTE are O(h**!). (This follows
by substituting z;(z) for y(x) in the definition.)

Main Result:

Theorem: A p'* order formula applied to an initial value problem with con-

stant stepsize h satisfies,

—a Ch? —a
ly(a;) = y;] < leole™™ ) + T(eﬁ(b - 1).

This result can be proved using a similar argument to that used in the Euler
convergence theorem.
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(d) We wish to consider formulas ® that are less ‘expensive’ than higher order
Taylor Series and yet are higher order than Euler’s formula. Consider a
formula ® based on 2 derivative evaluations. That is,

Q(xj_1,yj-1) = wiky + wako,
where,

kl = f(xjflvyjfl%
ky = f(xj—1+ah,yj_1 + hGk).

We determine the parameters wy,ws, a, 3 to obtain as high an order formula
as possible. From the definition of order we have order p if

y(x;) = y(r;_1) + h(wiky + woky) + O(APT) (6)

for all sufficiently differentiable functions y(x). To derive such a formula we
expand y(z;), k1, k2 in Taylor Series about the point (x;_1,y;-1), equate like
powers of h on both sides of (6), and set «, 3, w1, wsy accordingly.

In what follows we omit arguments when they are evaluated at the point
(2j-1,yj-1). The expansion of the LHS of (6) is

LHS = y(z;),
/ h? . h®
= y(xj_1) +hy (il?j—l) Ty (zj—1) + oY (zj-1) + O(hY),
= y(Iﬁ 1)+hf+ (fx+fyf)
h3

+og oo+ 2fayf + fouf? + fofe + £ ) + O(h*).

The expansion of the RHS of (6) is more complicated and first requires the
expansions of k; and ko,

kl = fv
ky = f(zj_1+ah,y(z;—1) + Bhky),
= f(wj_1,y(wj_1) + Bhf) + (ah) fo(xj_1, y(2j-1) + Bhf)
F O g (ey) + B0F) + O(1),

ﬁhf)

= [f T Ohffy + o O(h?’)]

+ [ahfs + afh? f fry + O(h?)] + [@fm + O(h3)1 ,

g

2
= [+ BFfy+afe) bt (5 f2 fuy + @B fay + = fm> h? + O(h?).
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The expansion of the RHS of (6) then is (with these substitutions for k; and
ko)
RHS = y(z;_1)+ h(wiki + waks),
y(zj_1) + hw f + hwy [- ] + O(RY),
= ylzjo1) + [ +w2) f] b+ [wa(BLfy +afo)] B2

3 a’ 3 4

Finally these expansions are true for all values of h, so equating like powers
of h, in the LHS and RHS expansions, we observe the following:

For order 0 : The coefficients of h° always agree and we have order at least
zero for any choice of the parameters.

For order 1: If w; +wy = 1 the coefficients of h' agree and we have at least
order 1.

For order 2: In addition to satisfying the order 1 constraints we must have
the coefficient of h? the same. That is aw, = 1/2 and Sw, = 1/2.

For order 3: In addition to satisfying the order 2 constraints we must have
the coefficients of h® the same. That is we must satisfy the equations,

1
wo? = ?,
wafB = g;
w252 = %,
R
=

Note that there are not enough terms in the coefficient of A3 in the expansion
of the RHS to match the expansion of the LHS. We cannot therefore equate
the coefficients of h? and the maximum order we can obtain is order 2. Our

formula will be order 2 for any choice of ws # 0, with w; = 1 — wy and
a == ﬁ This is a one-parameter family of 2"¥-order Runge-Kutta
formulas.

Three popular choices from this family are:
Modified Euler: w, = 1/2

ki = f(zj—layj—l)a
ko = flxja+ hyj—1 + hky),

h
Yj = Yj-1+ 5(]?1 + ks).
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Midpoint: wy =1

kl - f(xj—la yj—1)7

h h
ky = floj_1+ 5 Y1t 57?1)7
Yj = Yj-1+ hka.

Heun’s Formula: w, = 3/4

ky = f(ajjfl?yjfl)?

2 2
ky = f(zj—1+ gh; Yj-1+ gh/ﬁ),

h
yj = yj—l + Z(kl -+ Skg)

8. Higher-order Runge-Kutta formulas:

An s-stage explicit Runge-Kutta formula uses s derivative evaluations and has the
form:
Y; = Yj—1 + h(wiky + woks - - - + wik),

where

kl = f('rjflvyj71>7
ke = f(xj—1 + agh,yj—1 + hfa k1),

s—1
ks = f(xj—l + ash, Yj—1+ h Z 6srkr)'
r=1

This formula is represented by the tableau,

(%) 521 -

Qg ﬁsl 632 s ﬁsfl,s -

w1 W9 c Ws

These 5(52—_1) + (s — 1) + s parameters are usually chosen to maximise the order of

the formula.

The maximum attainable order for an s-stage Runge-Kutta formula is given by
the following table:

S 11213456
maxorder | 12314114 ]|5
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Note that the derivations of these maximal order formulas can be very messy
and tedious, but essentially they follow (as outlined above for the case s = 2) by
expanding each of the k, in a 2-dimensional Taylor series.

An Example — The Classical Fourth Order Runge Formula (1895)

1/2|1/2 -

121 0 1/2 -
110 o0 1 -
1/6 1/3 1/3 1/6

9. Error Estimates:

(a)

Ideally a method would estimate a bound on the global error and adjust
the stepsize, h, to keep the magnitude of the global error less than a toler-
ance. Such computable bounds are possible but are usually pessimistic and
inefficient to implement.

On the other hand, local errors can be reliably and efficiently estimated and
controlled. Consider a method which keeps the magnitude of the local error
less than h TOL on each step.

That is, if z;_;(z) is the local solution on step j,

’

ziq = flw,21), zia(zj1) = yj1,
then a method will adjust h = z; — z;_; to ensure that |z;_1(z;) — y;| <
hTOL, fOI‘j: 172"'NTOL‘

Nror

With this type of error control one can show that, for the resulting (x;, y;) ;2
there exists a piecewise polynomial, Z(z) € C'[a, b] such that Z(z;) = y; for
j=0,1,--+ Npor and for z € [a, ],

|Z'(x) = f(x, Z)] < TOL.

We can also show that,

TOL
L

ly(ay) = ys| < —— ("9 —1).
Derivation of Local Error Estimates for Runge-Kutta formulas:
Consider the Modified Euler Formula:

11 -
| 1/2 1/2

20



We have shown

zia(zj) = yja+ g(/ﬁ + k2)
1, 1 1
32w+ 3 o+ e =y @)

= y]+ |:112fyyf2+éffxy+112fcca:_fa:y_fy2f:| h3+0(h4),
= y; +c(f)h’ +O(h?).

"

h® 4+ O(h*),

It then follows that the local error, LE, satisfies
LE = c(f)l’ + O(h?),

where ¢(f) is a complicated function of f. There are two general strategies
for estimating c(f) — the use of ”step halving” and the use of a 3™ order
”companion formula”.

Step Halving: let y; be the approximation to z;_1(z;) computed with two
steps of size h/2. If ¢(f) is almost constant the we can show

5a(ey) = B+ 26(1) (5)° + O

and from above

Zj_1<l’j) =Yj + C(f)h3 + O(h4)
Therefore the local error associated with g;, [//E, is

LB = 2(f)() + 0",

= %(yj —9;) + O(h").

The method could then compute ¥;,y; and accept g; only if %|yj — ;| <
h TOL.

Note that this strategy requires five derivative evaluations on each step
and assumes that each of the components of ¢(f) is slowly varying.
Third Order Companion Formula: To estimate the local error associ-
ated with the Modified Euler formula consider the use of a 3-stage, 3"

order Runge-Kutta formula,

A~

Y = Yj—1 + h(d}lkl + d)gk‘g + @3k3),
zj-1(z;) + O(h*),

We also have

h
Yi = Yj-1+ §(k1 + k),

= Zj—l(xj) — C(f)h3 + O(h4)
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Subtracting these two equations we have the local error estimate,
est; = (5 — ;) = (/) + O(hY).

Note that, for any 3¢ order formula, k; = /%1, so we require at most 4
derivative evaluations per step to compute both y; and est;. Furthermore,
if g =as =1 and 521 = (b1 = 1, we have 12;2 = ko and the cost is only
three derivative evaluations per step. The obvious question is can one
derive such a 3-stage 3" order Runge-Kutta formula ? The answer is yes
and the following tableau with &3 # 1 defines a one-parameter family of
such ”companion formulas” for the Modified Euler formula:

1 1 -
Qs | Bs1 P2 -

‘wl Wy w3

with

o A 1 -1 14 3a
~2 ~ ~2 A ~ ~ 3
Ba1 = 0437532 =03—03, Wy = 7, W3 = - ———, W1 = 1—(

6(G3 — 1) 6(a5 — 1)’ )

63
Generalization to Higher Order: This idea of using a ”companion for-
mula” of order p + 1 to estimate the local error of a p** order formula
leads to the derivation of s-stage, order (p,p + 1) formula pairs with the
fewest number of stages. Such formula pairs can be characterized by the

tableau:
&%) ﬁzl -
Qg ﬁsl s Bs—l,s -
w1 Wa . Wg
W Wy ... W
where

Y = Yj— + h Zwrkr

r=1

= Zj—l(xj) - C(f)thrl + O(hp+2)7

Qj = yjfl—i_hzdjrkr

r=1
= zj1(z;) + O(h"*?),
est; = (9; —y;)
= c(f)hp+1 + O(hp+2).

Note that the error estimate is a reliable estimate of the local error asso-
ciated with the lower order (order p) formula. The following table gives
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the fewest number of stages required to generate formula pairs of a given
order.

order pair | (2,3) | (3,4) | (4,5) | (5,6) | (6,7)
fewest stages 3 4 6 8 10

10. Stepsize Control:

e Step is accepted only if |est;| < hRTOL.

e If h is too large, the step will be rejected and the derivative evaluations will
be wasted.

e If h is too small, there will be many steps and more function evaluations than
necessary.

The usual strategy for choosing the attempted stepsize, h, for the next step is
based on ‘aiming’ at the largest h which will result in an accepted step on the
current step. If we assume that ¢(f) is slowly varying then,

lesty| = |e(f)IPT + O(R*?),
and on the next step attempted step, hj; = vh;, we want
|68tj+1| ~TOL hj+1.
But

lestin| = [e(f)|(vhy)P*,
P |est;].
We can then expect
lestjy1| =~ TOL hjiq,
if
V" estj| = TOL (yhy),

which is equivalent to
YPlest;| = TOL h;.

The choice of v to satisfy this heuristic is then,

(TOL%)UP
y=|— .

|est|

A typical step-choosing heuristic, justified by the above discussion, is to use the
formula,

TOL h;\'"* .
lest ] 77

h/j+1 - 9 (

where .9 is a ‘safety factor’. The formula works for use after a rejected step as well
but must be modified slightly when round-off errors are significant.
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