Chapter

Polynomial Interpolation

A fundamental mathematical technique is to approximate something compli-
cated by something simple, or at least less complicated, in the hope that the
simple can capture some of the essential information in the complicated. This
is the core idea of approximation with Taylor polynomials, a tool that has been
central to mathematics since the calculus was first discovered.

The wide-spread use of computers has made the idea of approximation even
more important. Computers are basically good at doing very simple operations
many times over. Effective use of computers therefore means that a problem
must be broken up into (possibly very many) simple sub-problems. The result
may provide only an approximation to the original problem, but this does not
matter as long as the approximation is sufficiently good.

The idea of approximation is often useful when it comes to studying func-
tions. Most mathematical functions only exist in quite abstract mathematical
terms and cannot be expressed as combinations of the elementary functions we
know from school. In spite of this, virtually all functions of practical interest can
be approximated arbitrarily well by simple functions like polynomials, trigono-
metric or exponential functions. Polynomials in particular are very appealing for
use on a computer since the value of a polynomial at a point can be computed
by utilising simple operations like addition and multiplication that computers
can perform extremely quickly.

A classical example is Taylor polynomials which is a central tool in calculus.
A Taylor polynomial is a simple approximation to a function that is based on in-
formation about the function at a single point only. In practice, the degree of a
Taylor polynomial is often low, perhaps only degree one (linear), but by increas-
ing the degree the approximation can in many cases become arbitrarily good
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over large intervals.

In this chapter we first give a review of Taylor polynomials. We assume that
you are familiar with Taylor polynomials already or that you are learning about
them in a parallel calculus course, so the presentation is brief, with few exam-
ples.

The second topic in this chapter is a related procedure for approximating
general functions by polynomials. The polynomial approximation will be con-
structed by forcing the polynomial to take the same values as the function at a
few distinct points; this is usually referred to as interpolation. Although polyno-
mial interpolation can be used for practical approximation of functions, we are
mainly going to use it in later chapters for constructing various numerical algo-
rithms for approximate differentiation and integration of functions, and numer-
ical methods for solving differential equations.

An important additional insight that should be gained from this chapter is
that the form in which we write a polynomial is important. We can simplify al-
gebraic manipulations greatly by expressing polynomials in the right form, and
the accuracy of numerical computations with a polynomial is also influenced by
how the polynomial is represented.

9.1 The Taylor polynomial with remainder

A discussion of Taylor polynomials involves two parts: The Taylor polynomial
itself, and the error, the remainder, committed in approximating a function by a
polynomial. Let us consider each of these in turn.

9.1.1 The Taylor polynomial

Taylor polynomials are discussed extensively in all calculus books, so the de-
scription here is brief. The essential feature of a Taylor polynomial is that it ap-
proximates a given function well at a single point.

Definition 9.1 (Taylor polynomial). Suppose that the first n derivatives of the
function f exist at x = a. The Taylor polynomial of f of degree n at a is written
T,(f; a) (sometimes shortened to Ty, (x)) and satisfies the conditions

T,(f; @) (a) = fP(a), fori=0,1,...,n. 9.1)

The conditions (9.1) mean that T,,(f; a) and f have the same value and first
n derivatives at a. This makes it quite easy to derive an explicit formula for the
Taylor polynomial.
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Figure 9.1. The Taylor polynomials of sin x (around a = 0) for degrees 1 to 17.

Theorem 9.2. The Taylor polynomial of f of degree n at a is unique and can
be written as

— )2 _\n
Tn(f;a)(x)=f(a)+(x—a)f’(a)+()C—mf”(a)+...+(x a)

> —f ™ (a). (9.2)

Figure[9.1shows the Taylor polynomials of sin x, generated about a = 0, for

degrees up to 17. Note that the even degree terms for these Taylor polynomials

are 0, so there are only 9 such Taylor polynomials. We observe that as the degree
increases, the approximation improves on an ever larger interval.

Formula (9.2) is a classical result of calculus which is proved in most calculus

books. Note however that the polynomial in (9.2) is written in non-standard
form.

Observation 9.3. In the derivation of the Taylor polynomial, the manipula-
tions simplify if polynomials of degree n are written as

Pn(x) =cp+c(x—@+cx—a)’++cp(x—a)".

This is an important observation: It is wise to adapt the form of the poly-

nomial to the problem that is to be solved. We will see another example of this
when we discuss interpolation below.
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The elementary exponential and trigonometric functions have very simple
and important Taylor polynomials.

Example 9.4 (The Taylor polynomial of e*). The function f(x) = e* has the nice
property that f”(x) = e* for all integers n = 0. The Taylor polynomial about
a = 0 is therefore very simple since Y (0) = 1 for all n. The general term in the
Taylor polynomial then becomes

(x—a)kf(k)(a) _ xk
k! Tk
This means that the Taylor polynomial of degree n about a = 0 for f(x) = e* is
given by
2 x3 X"
Th(xX)=1+x+—+—+-+—.
2 3 n!
For the exponential function the Taylor polynomials will be very good approx-
imations for large values of n. More specifically, it can be shown that for any
value of x, the difference between T}, (x) and e* can be made as small as we wish
if we just let n be big enough. This is often expressed by writing
. 2 3 ot X
e =1+x+—+—+—+—+
2 31 4 5l
It turns out that the Taylor polynomials of the trigonometric functions sin x
and cos x converge in a similar way. In exercise[d]these three Taylor polynomials

are linked together via a classical formula. R

9.1.2 Theremainder

The Taylor polynomial T, (f) is an approximation to f, and in many situations
it will be important to control the error in the approximation. The error can be
expressed in a number of ways, and the following two are the most common.

Theorem 9.5. Suppose that f is a function whose derivatives up to order
n+ 1 exist and are continuous. Then the remainder in the Taylor expansion
Ry (f;a)(x) = f(x) — Ty(f; @) (x) is given by

R,Af;a)(x):%f D (x—n"dt. 9.3)
-Ja

The remainder may also be written as

(x_ a)n+1

TR 0

Ru(f;a)(x) =

where ¢ is a number in the interval (a, x) (the interval (x, a) if x < a).
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The proof of this theorem is based on the fundamental theorem of calculus
and integration by parts, and can be found in any standard calculus text.

We are going to make use of Taylor polynomials with remainder in future
chapters to analyse the error in a number of numerical methods. Here we just
consider one example of how we can use the remainder to control how well a
function is approximated by a polynomial.

Example 9.6. We want to determine a polynomial approximation of the func-
tion sinx on the interval [—1,1] with error smaller than 10™°. We want to use
Taylor polynomials about the point a = 0; the question is how high the degree
needs to be in order to get the error to be small.

If we look at the error term (9.4), there is one factor that looks rather difficult
to control, namely f (n+1) (&): Since we do not know the degree, we do not really
know what this derivative is, and on top of this we do not know at which point
it should be evaluated either. The solution is not so difficult if we realise that we
do not need to control the error exactly, it is sufficient to make sure that the error
is smaller than 107°.

We want to find the smallest 7 such that

xn+1 (n+1) 5

— " <107, 9.5

i+ D! f ©) 9.5)
where the function f(x) = sinx and ¢ is a number in the interval (0, x). Here we
demand that the absolute value of the error should be smaller than 1075, This is
important since otherwise we could make the error small by making it negative,
with large absolute value. The main ingredient in achieving what we want is
the observation that since f(x) = sin x, any derivative of f is either cosx or sin x
(possibly with a minus sign which disappears when we take absolute values).
But then we certainly know that

| FlotD) (5)’ <1. 9.6)

This may seem like a rather crude estimate, which may be the case, but it was
certainly very easy to derive; to estimate the correct value of ¢ would be much
more difficult. If we insert the estimate on the left in (9.5), we can also
change our required inequality,

x|n+1

xtl f(”"'l) ©| < | <10°°
(n+1)! S (n+ D! '

If we manage to find an n such that this last inequality is satisfied, then (9.5) will
also be satisfied. Since x € [-1, 1] we know that | x| < 1 so this last inequality will
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be satisfied if

<107°. 9.7)
(n+1)!

The left-hand side of this inequality decreases with increasing n, so we can just
determine n by computing 1/(n+1)! for the first few values of n, and use the first
value of n for which the inequality holds. If we do this, we find that 1/8! = 2.5 x
10° and 1/9! = 2.8 x 107°. This means that the smallest value of 7 for which
will be satisfied is n = 8. The Taylor polynomial we are looking for is therefore

3 x5 x7

ps(x) = Tg(sin; 0)(x) = x — s 120 " 5010’
since the term of degree 8 is zero.

If we check the approximation at x = 1, we find pg(1) = 0.8414682. Com-
paring with the exact value sinl = 0.8414710, we find that the error is roughly
2.73 x 1075, which is close to the upper bound 1/9! which we computed above.

Figure9.1{shows the Taylor polynomials of sin x about a = 0 of degree up to
17. In particular we see that for degree 7, the approximation is indistinguishable
from the original in the plot, atleastupto x=2. R

The error formula (9.4) will be most useful for us, and for easy reference we
record the complete Taylor expansion in a corollary.

Corollary 9.7. Any function f whose first n + 1 derivatives are continuous at
X = a can be expanded in a Taylor polynomial of degree n at x = a with a
corresponding error term,

(x—a)® £+ (ae =)

— —_— / e
fO=f@+x-af @+ -+ - i

V&, 9.8)

where &y is a number in the interval (a, x) (the interval (x,a) if x < a) that
depends on x. This is called a Taylor expansion of f.

The remainder term in lets us control the error in the Taylor approxima-
tion. It turns out that the error behaves quite differently for different functions.

Example 9.8 (Taylor polynomials for f(x) = sinx). If we go back to figure[9.1} it
seems like the Taylor polynomials approximate sin x well on larger intervals as
we increase the degree. Let us see if this observation can be derived from the

error term )
_x—a"
e(x) = TESN f €. 9.9
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Figure 9.2. In (a) the Taylor polynomial of degree 4 about the point a = 1 for the function f(x) = e* is shown.
Figure (b) shows the Taylor polynomial of degree 20 for the function f(x) =logx, also about the point a = 1.

When f(x) = sin x we know that | f**1 (&)| < 1, so the error is bounded by

xn+l
le(x)| = i

(n+1)!

where we have also inserted a = 0 which was used in figure Suppose we
want the error to be small on the interval [—b, b]. Then | x| < b, so on this interval
the error is bounded by

n+l1
(n+1)!
The question is what happens to the expression on the right when n becomes
large; does it tend to 0 or does it not? It is not difficult to show that regardless of
what the value of b is, the factorial (n + 1)! will tend to infinity more quickly, so

le(x)] =

n+l1

lim =0.
n—oo (n+1)!
In other words, if we just choose the degree n to be high enough, we can get the

Taylor polynomial to be an arbitrarily good approximation to sin x on an interval
[—b, b], regardless of what the value of bis. &

Example 9.9 (Taylor polynomials for f(x) = e*). Figure (a) shows a plot of
the Taylor polynomial of degree 4 for the exponential function f(x) = e*, ex-
panded about the point a = 1. For this function it is easy to see that the Taylor
polynomials will converge to e* on any interval as the degree tends to infinity,
just like we saw for f(x) =sinx in example |

Example 9.10 (Taylor polynomials for f(x) =Inx). The plot in figure[9.2] shows
the logarithm function f(x) = Inx and its Taylor polynomial of degree 20, ex-
panded at a = 1. The Taylor polynomial seems to be very close to In x as long as
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x is a bit smaller than 2, but for x > 2 it seems to diverge quickly. Let us see if this
can be deduced from the error term.

The error term involves the derivative "V (¢) of f(x) = Inx, so we need a
formula for this. Since f(x) = Inx, we have

flx) = i =x!, ffx=-x?% f"x)=2x"
and from this we find that the general formula is
fPw=EnM -1k, k=1 (9.10)
Since a = 1, this means that the general term in the Taylor polynomial is

(x-DF
k!
The Taylor expansion therefore becomes

ko1 (x—=DF

") 1y = (—
=01 .

&

n (x—l)k (x_l)n+1
nx kZ::1( ) k n+1

where ¢ is some number in the interval (1, x) (in (x,1) if 0 < x < 1). The problem-
atic area seems to be to the right of x = 1, so let us assume that x > 1. In this case
&> 1, so therefore ¢~ < 1. The error is then bounded by

(x — 1)n+1 E—n—] - (x— 1)n+1

n+1  n+l
When x—1< 1, i.e., when x < 2, we know that (x—1)"**! will tend to zero when n
tends to infinity, and the denominator n+1 will just contribute to this happening
even more quickly.
For x > 2, one can try and analyse the error term, and if one uses the integral
form of the remainder it is in fact possible to find an exact formula for the
error. However, it is much simpler to consider the Taylor polynomial directly,

n (x _ l)k
pn(0) = T 1)(x) = Y (-DF T —".
k=1 k
Note that for x > 2, the absolute value of the terms in the sum will become arbi-

trarily large since
ck
lim — =0
k—oo k
when ¢ > 1. This means that the sum will jump around more and more, so there

is no way it can converge for x > 2, and it is this effect we see in ﬁgure (b). B

206



Exercises

1 In this exercise we are going to see that the calculations simplify if we adapt the form of a
polynomial to the problem to be solved. The function f is a given function to be approxi-
mated by a quadratic polynomial near x = a, and it is assumed that f can be differentiated
twice at a.

a) Assume that the quadratic Taylor polynomial is in the form p(x) = by + by x + by x2,
and determine the unknown coefficients from the three conditions p(a) = f(a),
p@=f"(a),p"@=f"a.

b) Repeat (a), but write the unknown polynomial in the form p(x) = by + by (x — a) +
by (x — a)?.

2 Find the second order Taylor approximation of the following functions at the given point
a.

a) fx)=x3,a=1
b) f(x)=12x*+3x+1,a=0
¢ f(x)=2%a=0
3 Inmany contexts, the approximation sin x = x is often used.

a) Explain why this approximation is reasonable.

b) Estimate the error in the approximation for x in the interval [0,0.1]

4 The Taylor polynomials of e*, cos x and sin x expanded around zero are

X P SIS x’
e=l+x+—+—+—+—+-—-+——
2 6 24 120 720 5040
¥ x* i
cosx=1-—+——-——
2 24 720
. © KO x7
SinX=x——+-——-——+

6 120 5040

Calculate the Taylor polynomial of the complex exponential eix, compare with the Taylor
polynomials above, and explain why Euler’s formula e'* = cos x + i sin x is reasonable.

9.2 Interpolation and the Newton form

A Taylor polynomial based at a point x = a usually provides a very good approx-
imation near a, but as we move away from this point, the error will increase. If
we want a good approximation to a function f across a whole interval, it seems
natural that we ought to utilise information about f from different parts of the
interval. Polynomial interpolation lets us do just that.
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Figure 9.3. Interpolation of e at two points with a secant (a), and at three points with a parabola (b).

9.2.1 Theinterpolation problem

Just like Taylor approximation is a generalisation of the tangent, interpolation is
a generalisation of the secant, see figure[9.3]

The idea behind polynomial interpolation is simple: We approximate a func-
tion f by a polynomial p by forcing p to have the same function values as f
at a number of points. A general parabola has three free coefficients, and we
should therefore expect to be able to force a parabola through three arbitrary
points. More generally, suppose we have n+1 distinct numbers {xi}?zo scattered
throughout an interval [a, b] where f is defined. Since a polynomial of degree n
has n + 1 free coefficients it is natural to try and find a polynomial of degree n

with the same values as f at the numbers {x;}}"_.

Problem 9.11 (Polynomial interpolation). Let f be a given function defined
on an interval [a, b], and let {x; ;‘:0 be n + 1 distinct numbers in [a, b]. The
polynomial interpolation problem is to find a polynomial p,, = P(f; Xo, ..., Xn)
of degree n that matches f at each x;,

pn(xi) = f(x;), fori=0,1,...,n. 9.11)

The numbers {x;}}"_ are called interpolation points, the conditions (9.11) are
called the interpolation conditions, and the polynomial p, = P(f; xo,...,Xn)
is called a polynomial interpolant.

The notation P(f; xo, ..., x,) for a polynomial interpolant is similar to the no-
tation T (f; a) for the Taylor polynomial. However, it is a bit cumbersome, so we
will often just use p; when no confusion is possible.
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Figure 9.4. Three interpolation points and the corresponding quadratic interpolating polynomial.

In many situations the function f may not be known, just its function values
at the points {x;}!"_;, as in the following example.
Example 9.12. Suppose we want to find a polynomial that passes through the
three points (0, 1), (1,3), and (2,2). In other words, we want to find a polynomial
p such that

p0)=1, pl)=3, p@) =2 (9.12)

Since there are three points it is natural to try and accomplish this with a quadratic
polynomial, i.e., we assume that p(x) = cp + c1x + cox2. If we insert this in the
conditions (9.12) we obtain the three equations

1= ]9(0) = Co,
3=p()=cy+c1+co,
2=p@2)=cy+2c +4co.

We solve these and find ¢y = 1, ¢; =7/2, and ¢, = —3/2, so p is given by
(x)—1+7x 3 2
pRu=iroX=5 %

A plot of this polynomial and the interpolation points is shown in figure[9.4, &

There are at least four questions raised by problem[9.11} Is there a polyno-
mial of degree n that satisfies the interpolation conditions (9.11)? How many
such polynomials are there? How can we find one such polynomial? What is a
convenient way to write an interpolating polynomial?
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9.2.2 The Newton form of the interpolating polynomial

We start by considering the last of the four questions above. We have already
seen that by writing polynomials in a particular form, the computations of the
Taylor polynomial simplified. This is also the case for interpolating polynomials.

Definition 9.13 (Newton form). Let{x;}!_, be n+1 distinct real numbers. The
Newton form of a polynomial of degree n is an expression in the form

Pn(x) = co+c1(x— xp) + C2(x — xp) (X —X1) + -+
+cep(x—x0)(x—x1) - (x—xp-1). (9.13)

The advantage of the Newton form will become evident when we consider
some examples.

Example 9.14 (Newton form for n = 0). Suppose we have only one interpolation
point xo. Then the Newton form is just py(x) = ¢p. To interpolate f at xy we have
to choose ¢y = f(xp),

po(x) = f(xo). W

Example 9.15 (Newton form for n = 1). With two points xp and x; the Newton
form is p; (x) = ¢+ c1 (x— xp). Interpolation at xp means that f(xp) = p1(xo) = co,
while interpolation at x; yields

fx1) = p1(x1) = f(x0) + c1(x1 — Xo).

Together this means that

_ fx1) = fxo)

X1 — Xo

co=f(x0), ¢ (9.14)

We note that ¢y remains the same asinthecase n=0. =

Example 9.16 (Newton form for n = 2). We add another point and consider in-
terpolation with a quadratic polynomial

p2(x) = co + €1 (x = Xo) + C2(x — xp) (x — X1).
at the three points xy, x1, X2. Interpolation at xy and x; gives the equations

f(x0) = p2(x0) = co,
f(x1) = p2(x1) = co + c1(x1 — X0),
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which we note are the same equations as we solved in the case n = 1. From the
third condition

f(x2) = p(x2) = co + c1(x2 — x0) + c2(x2 — x0) (X2 — X1),

we obtain

X1—Xo

[ - fxg) - LEELS (- )

C2
(X2 — xp) (X2 — x1)

Playing around a bit with this expression one finds that it can also be written as
flx2)=f(x1) _ f )= f(xo)
X2—X1 X1—Xo

= . 1 (9.15)
X2 — Xo

It is easy to see that what happened in the quadratic case happens in the
general case: The equation that results from the interpolation condition at xj
involves only the points (xo, f(x0)), (x1,f(x1)), ..., (xk, f(xx)). This becomes
clear if we write down all the equations,

f(xo) = co,
f(x1) =co+ c1(x1 — x0),

f(x2) = co + c1(x2 — xo) + c2(x2 — X0) (X2 — X1),
(9.16)

J(xx) = co + 1 (g — Xo) + €2 (k= X0) (X — X1) + -
+ Cr—1 (X = Xo) -+ (X = Xje—2) + Cie (X — Xo) -+ (X = Xpe—-1).
This is an example of a triangular system where each new equation introduces
one new variable and one new point. This means that each coefficient c; only

depends on the data (xo, f(xo)), (x1, f(x1)), ..., (xk, f (xx)), so the following the-
orem is immediate.

Theorem 9.17. Let f be a given function and xy, ..., X, given and distinct in-
terpolation points. There is a unique polynomial of degree n which interpo-
lates f at these points. If the interpolating polynomial is expressed in Newton
form,

prn(x)=co+c1(x—xp) +---+cp(x—x0)(Xx—x1) - (X — Xp-1), (9.17)

then ¢y depends only on (xo, f(x0)), (x1, f(x1)), ..., (xk, f (x)) which is indi-
cated by the notation

cr = flxo,..., Xl (9.18)
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Figure 9.5. Interpolation of sin x with a line (a), a parabola (b), a cubic (c), and a quartic polynomial (d).

fork=0,1,..., n. The interpolating polynomials p,, and p,—, are related by

Pn(x) =ppn_1(x) + flxo,..., Xpl (X = x0) -+ (X — Xp—1).

Some examples of interpolation are shown in figure[9.5] Note how the qual-
ity of the approximation improves with increasing degree.

Proof. Most of this theorem is a direct consequence of writing the interpolating
polynomial in Newton form, which becomes

pn(x) = flxol + flxo, x1](x — x0) + -+ + fx0, ..., Xp] (x = X0) - -+ (X = Xp—1)  (9.19)
when we write the coeefficients as in (9.18). The coefficients can be computed,
one by one, from the equations (9.16), starting with ¢y. The uniqueness follows
since there is no choice in solving the equations (9.16); there is one and only one

solution. N
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Figure 9.6. The function f(x) = y/x (solid) and its cubic interpolant at the four points 0, 1, 2, and 3 (dashed).

Theorem [9.17| answers the questions raised above: Problem has a so-
lution and it is unique. The theorem itself does not tell us directly how to find
the solution, but in the text preceding the theorem we showed how it could be
constructed. One concrete example will illustrate the procedure.

Example 9.18. Suppose we have the four points x; =i, for i =0, ..., 3, and we
want to interpolate the function /x at these points. In this case the Newton
form becomes

p3(x)=co+crx+cox(x—1)+c3x(x—1)(x—-2).
The interpolation conditions become

0 = co,

1=c¢cy+cy,
V2=cy+2c1 +2¢s,
\/§=co +3c; +6¢2 +6¢3.

Not surprisingly, the equations are triangular and we find
©=0, a=1 c=-(1-V2/2), c3=0B+V3-3V2)/6

Figure[9.6]shows a plot of this interpolant. R

We emphasise that the Newton form is just one way to write the interpo-
lating polynomial — there are many alternatives. One of these is the Lagrange
formwhich is discussed in exercise[I]below.
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Exercises
1 The data

x |o
1

134
f | 0]2]1
are given.

a) Write the cubic interpolating polynomial in the form
p3(x)=co(x—-1D(x-2)(x-3)+c1x(x—-2)(x-3)+cox(x—1)(x—3) +c3x(x—1)(x—2),

and determine the coefficients from the interpolation conditions. This is called the
Lagrange form of the interpolating polynomial.

b) Determine the Newton form of the interpolating polynomial.

c) Verify that the solutions in (a) and (b) are the same.

2 In this exercise we are going to consider an alternative proof that the interpolating poly-
nomial is unique.

a) Suppose that there are two quadratic polynomials pj and p» that interpolate a func-
tion f at the three points xg, x; and x. Consider the difference p = p2 — p1. What
is the value of p at the interpolation points?

b) Use the observation in (a) to prove that p; and p» must be the same polynomial.
¢) Generalise the results in (a) and (b) to polynomials of degree n.

9.3 Divided differences

The coefficients ¢ = f[xo, ..., Xi] have certain properties that are useful both for
computation and understanding. When doing interpolation at the points xy, ...,
X we can consider two smaller problems, namely interpolation at the points xy,

..., Xp—1 as well as interpolation at the points x, ..., X.

Suppose that the polynomial g interpolates f at the points xy, ..., Xx_1 and
that g; interpolates f at the points x, ..., X, and consider the polynomial de-
fined by the formula

0= 2" o) + 2 g () (9.20)
p _xk—xoqo xk—qul . .
Our claim is that p(x) interpolates f at the points xy, ..., Xx, which means that

p = pi since a polynomial interpolant of degree k which interpolates k+1 points
is unique.

We first check that p interpolates f at an interior point x; with 0 < i < k. In
this case qo(x;) = g1(x;) = f(x;) so

X
p(xi) = xk

—Xx X—Xp
(xi) + (x;) = f(x;).
k—xofx xk—xofx J
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At x = xo we have

U q1(x0) = qo(x0) = f(xo0),
X0

X X

as required, and in a similar way we also find that p(xy) = f(xg).
Let us rewrite (9.20) in a more explicit way.

Lemma 9.19. Let P(f;xy,...,Xx) denote the polynomial of degree k — 1 that
interpolates the function f at the points Xy, ..., x;. Then

X — X

Xk 4 P(f;x1,..., xp)(x).
X0

P(f;x0,...,xp)(x) =

— P(f;x0,...,xk-1)(x) +
X0

From this lemma we can deduce a useful formula for the coefficients of the
interpolating polynomial. We first recall that the term of highest degree in a
polynomial is referred to as the leading term, and the coefficient of the leading
term is referred to as the leading coefficient. From equation we see that the
leading coefficient of the interpolating polyonomial py is f[xo, ..., x¢]. This ob-
servation combined with Lemmaleads to a useful formula for f[xo,..., xgl.

Theorem 9.20. Let ci = f[xo,...,x;] denote the leading coefficient of the in-
terpolating polynomial P(f; xy, ..., xy). This is called a kth order divided dif-
ference of f and satisfies the relations f[xg] = f(xp), and

flx1,...,xK ] = flxo, ..., Xp-1]

flxo,...,xk] = P (9.21)

fork > 0.

Proof. The relation follows from the relation in lemma if we con-
sider the leading coefficients on both sides. On the left the leading coefficient is
flxo,..., x¢]. The right-hand side has the form

Xp— X _
2 (fixo,..., k115 + lower degree terms)+
Xk — Xo
X — X0 _
(flx1,..., x] x5!+ lower degree terms)
X — Xo
_ f[xly---rxk']_f[xO)---;xk]

x* +lower degree terms,
X — X0

and from this follows. N
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The significance of theorem [9.20| is that it provides a simple formula for
computing the coefficients of the interpolating polynomial in Newton form. The
relation also explains the name 'divided difference’, and it should not come
as a surprise that f[xy,..., x¢] is related to the kth derivative of f, as we will see
below.

It is helpful to organise the computations of divided differences in a table,

Xo  flxol

x1 flal  flxo, x1]

x2  flxel  flxn, x2] flxo, x1, X2] (9.22)
x3  flxsl  flx2,x3]  flx1,x2,x3]1  flxo0,X1, X2, X3]

Here an entry in the table (except for the first two columns) is computed by sub-
tracting the entry to the left and above from the entry to the left, and dividing by
the last minus the first x; involved. Then all the coefficients of the Newton form
can be read off from the diagonal. An example will illustrate how this is used.

Example 9.21. Suppose we have the data

x |o|1]2]3
f@of1]1]2

We want to compute the divided differences using (9.21) and organise the com-
putations as in (9.22),

x f(x)
0 0
1 1 1

2 1 0 -1/2
3 2 1 1/2 1/3

This means that the interpolating polynomial is
1 1
p3(x)=0+1(x—-0) - E(x—O)(x— 1)+ g(x—O)(x— D(x-2)

1 1
—x—Ex(x—1)+§x(x—1)(x—2).

A plot of this polynomial with the interpolation points is shown in figure[9.7 N
There is one more important property of divided differences that we need to
discuss. If we look back on equation (9.14), we see that

_ fx1) = f(xo)

c1 = flxo, x1]
X1 — Xo
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Figure 9.7. The data points and the interpolant in example

From the mean value theorem for derivatives we can conclude from this that
flxo, x11 = f'(&) for some number ¢ in the interval (xo, x;), provided f’ is contin-
uous in this interval. The relation shows that higher order divided differ-
ences are built form lower order ones in a similar way, so it should come as no
surprise that divided differences can be related to derivatives in general.

Theorem 9.22. Let f be a function whose first k derivatives are continuous in
the smallest interval [a, b] that contains all the numbers xy, ..., X. Then

F®E)
k!

flxo,..., xx] = (9.23)

where ¢ is some number in the interval (a, b).

We skip the proof of this theorem, but return to the Newton form of the in-
terpolating polynomial,

Pn = flxol + flxo, x11(x — x0) + -+ + - f[X0,..., Xp] (x — Xp) - -+ (X — Xp—1).

Theorem[9.22]shows that divided differences can be associated with derivatives,
so this formula is very similar to the formula for a Taylor polynomial. In fact, if
we let all the interpolation points x; approach a common number z, it is quite
easy to show that the interpolating polynomial p, approaches the Taylor poly-
nomial

(x-2)"

To(f;2)(0) = f(2)+ fl(2)(x—2) +---+ f () =——.
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1 a)
b)
2 a)
b)

Exercises

The data
x [o0]1]2]3
f@lof[1[a]9

are sampled from the function f(x) = x2. Determine the third order divided differ-
ence f[0,1,2,3].

12
1|4

Explain why we always have f[xyp,...,x;] = 0if f is a polynomial of degree at most
n-1.

We have the data
x_[0]1]2]
fo 2 1[0
which have been sampled from the straight line y = 2 — x. Determine the Newton

form of the quadratic, interpolating polynomial, and compare it to the straight line.
What is the difference?

Suppose we are doing interpolation at xop, ..., X, with polynomials of degree n.
Show that if the function f to be interpolated is a polynomial p of degree n, then
the interpolant pj, will be identically equal to p. How does this explain the result in
(@)?

3 Suppose we have the data

©0,y0), Ly, @,y2), GBy3) (9.24)

where we think of y; = f(i) as values being sampled from an unknown function f. In this
problem we are going to find formulas that approximate f at various points using cubic
interpolation.

a)

b)

c)

Determine the straight line p; that interpolates the two middle points in (9:24), and
use pj(3/2) as an approximation to f(3/2). Show that

1
fB/2)=p1(B/2) = E(f(l) +f(2).

Find an expression for the error.

Determine the cubic polynomial p3 that interpolates the data (9.24) and use p3(3/2)
as an approximation to f(3/2). Show that then

—Y0+9y1-9y2+y3

f3/2) = p3(3/2) = T

What is the error?

Sometimes we need to estimate f outside the interval that contains the interpola-
tion points; this is called extrapolation. Use the same approach as in (a), but find an
approximation to f(4). What is the error?
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9.4 Computing with the Newton form

Our use of polynomial interpolation will primarily be as a tool for developing
numerical methods for differentiation, integration, and solution of differential
equations. For such purposes the interpolating polynomial is just a step on the
way to a final computational formula, and is not computed explicitly. There are
situations though where one may need to determine the interpolating polyno-
mial explicitly, and then the Newton form is usually preferred.

To use the Newton form in practice, we need two algorithms: One for de-
termining the divided differences involved in the formula (9.19), and one for
computing the value p,(x) of the interpolating polynomial for a given number
x. We consider each of these in turn.

The Newton form of the polynomial that interpolates a given function f at
the n+ 1 points xy, ..., x, is given by

pn(x) = flxol + flxo, x11(x — x0) + -+ + fX0,..., Xpl (X — X0) -+ (X — Xp—1),

and to represent this polynomial we need to compute the divided differences
flxol, flxo,x1l, ..., flx0,...,%xn]. The obvious way to do this is as indicated in
the table (9.22) which we repeat here for convenience,

Xo flxol

x1 flal  flxo, x1]

X2 flxel  flx1,x2]  flxo, X1, X2]

x3  flxsl  flxz2,x3]  flx1,x2,x3]  flxo, X1, X2, x3]

We start with the interpolation points xy, ..., X, and the function f, and then
compute the values in the table, column by column. Let us denote the entries in
the table by (d; i) ?:0, =0’ where i runs down the columns and k indicates the col-
umn number, starting with 0 for the column with the function values. The first
column of function values is special and must be computed separately. Oth-
erwise we note that a value d; ;. in column k is given by the two neighbouring

values in column k-1,

dix1—di_1 -
di,k: i,k—1 i-1,k 1’ (9.25)
Xi— Xi—k

for i = k, while the other entries in column k are not defined. We start by com-
puting the first column of function values. Then we can use the formula
to compute the next column. It would be natural to start by computing the diag-
onal entry and then proceed down the column. However, it is better to start with
the last entry in the column, and proceed up, to the diagonal entry. The reason
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is that once an entry d; ; has been computed, the entry d; ;—; immediately to
the left is not needed any more. Therefore, there is no need to use a two dimen-
sional array; we can just start with the one dimensional array of function values
and let every new column overwrite the one to the left. Since no column con-
tains values above the diagonal, we end up with the correct divided differences
in the one dimensional array at the end, see exercise[l}

Algorithm 9.23 (Computing divided differences). Let f be a given function,
and xy, ..., X, given interpolation points for some nonnegative integer n. Af-
ter the code

fori=0,1,...,n

fi=f(x);
fork=1,2,...n
fori=n,n-1,...,k

fi=(fi— fi-))/(xi = xi—);
has been performed, the array f contains the divided differences needed for
the Newton form of the interpolating polynomial, so

pn=Jo+ filx—x0) + folx —xp)(x—x1) + -+ fu(x— Xx0) -+ (x — Xp—1). (9.26)

Note that this algorithm has two nested for-loops, so the number of subtrac-
tions is
n n n n
Y Yo=Y 2m-k+1)=2) k=n(n+1)=n*+n
k=li=k k=1 k=1
which follows from the formula for the sum on the first n integers. We note that
this grows with the square of the degree n, which is a consequence of the double
for-loop. This is much faster than linear growth, which is what we would have
if there was only the outer for-loop. However, for this problem the quadratic
growth is not usually a problem since the degree tends to be low — rarely more
than 10. If one has more points than this the general advice is to use some other
approximation method which avoids high degree polynomials since these are
also likely to lead to considerable rounding-errors.
The second algorithm that is needed is evaluation of the interpolation poly-
nomial (9.26). Let us consider a specific example,

p3(x) = fo+ filx—x0) + folx—x0) (x — x1) + f3(x — x0) (x — x1) (x — Xx2).  (9.27)

Given a number x, there is an elegant algorithm for computing the value of the
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polynomial which is based on rewriting slightly as

p3(x) = fo+(x— xo)(ﬁ +x—x)(fo+(x- xz)fs)). (9.28)

To compute p3(x) we start from the inner-most parenthesis and then repeatedly
multiply and add,

s3= f3,
So=(x—Xx2)s3+ fo,
si=@x—-x)s2+ fi,
S0 = (X — Xo)$1 + fo.
After this we see that sy = p3(x). This can easily be generalised to a more formal

algorithm. Note that there is no need to keep the different s;-values; we can just
use one variable s and accumulate the calculations in this.

Algorithm 9.24 (Horner’s rule). Let Xy, ..., X, be given numbers, and let
(fi)}_, be the coefficients of the polynomial

Pn(x) = fo+ fi(x—x0) +---+ fru(x—x0) -+ (X — Xp—1). (9.29)
After the code

S:fn;
fork=n-1,n-2,...0
§=(x—xp) * s+ fi;

the variable s will contain the value of p; (x).

Exercises

1 Use algorithm to compute the divided differences needed to determine the Newton
form of the interpolating poynomial in exercise 9.3[I} Verify that no data are lost when
variables are overwritten.

9.5 Interpolation error

The interpolating polynomial p,, is an approximation to f, but unless f itself is
a polynomial of degree n, there will be a nonzero error e(x) = f(x) — p,(x), see
exercise 2] At times it is useful to have an explicit expression for the error.
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Theorem 9.25. Suppose f is interpolated by a polynomial of degree n at n+1
distinct points Xy, ..., Xn. Let [a, b] be the smallest interval that contains all
the interpolation points as well as the number x, and suppose that the func-
tion f has continuous derivatives up to order n+ 1 in [a,b]. Then the error
e(x) = f(x) — pn(x) is given by

fUE)

e(x) = flxo,..., Xn, X](Xx = X0) -+ (x — Xp) = (n+1)!

(x—x0)...(x—xp), (9.30)

where ¢ is a number in the interval (a, b) that depends on x.

Proof. The second equality in follows from (9.23), so our job is to prove
the first equality. For this we add the (arbitrary) number x as an interpolation
point and consider interpolation with a polynomial of degree n + 1 at the points
Xo, ..., Xn, X. We use t as the free variable to avoid confusion with x. Then we
know that

Pn+1(8) = pu(@) + fxo, ..., Xn, X1 (£ = X0) -~ (£ — Xp).

Since p;+1 interpolates f at t = x we have p;+1(x) = f(x) so
F(0) =pn(0) + flxo,..., Xp, X](x = X0) -+ (x — xp)

which proves the first relation in (9.30). B

Theorem [9.25 has obvious uses for assessing the error in polynomial inter-
polation and will prove very handy in later chapters.

The error term in is very similar to the error term in the Taylor expan-
sion ([9.8). A natural question to ask is therefore: Which approximation method
will give the smallest error, Taylor expansion or interpolation? Since the only
essential difference between the two error terms is the factor (x — a)"*! in the
Taylor case and the factor (x — xp) - - - (x — x,) in the interpolation case, a reason-
able way to compare the methods is to compare the two polynomials (x — a)"*!
and (x—xg) -+ (x — xp,).

In reality, we do not just have two approximation methods but infinitely
many, since there are infinitely many ways to choose the interpolation points.
In figure[9.8lwe compare the two most obvious choices in the case n = 3 for the
interval [0, 3]: Taylor expansion about the midpoint a = 3/2 and interpolation at
the integers 0, 1, 2, and 3. In the Taylor case, the polynomial (x—3/2)* is nonneg-
ative and small in the interval [1, 2], but outside this interval it grows quickly and
soon becomes larger than the polynomial x(x — 1)(x — 2)(x — 3) corresponding
to interpolation at the integers. We have also included a plot of a third polyno-
mial which corresponds to the best possible interpolation points in the sense
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Figure 9.8. The solid, nonnegative graph is the polynomial factor (x —3/2)* in the error term for Taylor ex-
pansion of degree 3 about the a = 3/2, while the other solid graph is the polynomial part x(x —1)(x —2)(x —3)
of the error term for interpolation at 0, 1, 2, 3. The dashed graph is the smallest possible polynomial part of
an error terms for interpolation at 4 points in [0, 3].

that the maximum value of this polynomial is as small as possible in the interval
[0, 3], given that its leading coefficient should be 1.

If used sensibly, polynomial interpolation will usually provide a good ap-
proximation to the underlying data. As the distance between the data points
decreases, either by increasing the number of points or by moving the points
closer together, the approximation can be expected to become better. However,
we saw that there are functions for which Taylor approximation does not work
well, and the same may happen with interpolation. As for Taylor approximation,
the problem arises when the derivatives of the function to be approximated be-
come large. A famous example is the so-called Runge function 1/(1 + x?) on the
interval [-5,5]. Figure shows the interpolants for degree 10 and degree 20.
In the middle of the interval, the error becomes smaller when the degree is in-
creased, but towards the ends of the interval the error becomes larger when the
degree increases.

9.6 Summary

In this chapter we have considered two different ways of constructing polyno-
mial interpolants. We first reviewed Taylor polynomials briefly, and then studied
polynomial interpolation in some detail. Taylor polynomials are for the main
part a tool that is used for various pencil and paper investigations, while inter-
polation is often used as a tool for constructing numerical methods, as we will
see in later chapters. Both Taylor polynomials and polynomial interpolation are
methods of approximation and so it is important to keep track of the error, which
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Figure 9.9. Interpolation of the function f(x) = 1/(1 + x?) on the interval [-5,5] with polynomials of degree
10 in (a), and degree 20 in (b). The points are uniformly distributed in the interval in each case.

is why the error formulas are important.

In this chapter we have used polynomials all the time, but have written them
in different forms. This illustrates the important principle that there are many
different ways to write polynomials, and a problem may simplify considerably
by adapting the form of the polynomial to the problem at hand.
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