€S412: INTRODUCTION TO NUMERICAL ANALYSIS 10/05/10

Lecture 8: Polynomial Interpolation: Using Newton Polynomials and Error Analysis

Instructor: Professor Amos Ron Scribes: Giordano Fusco, Mark Cowlishaw, Nathanael Fillmore

1 Review of Newton Polynomials

Recall the polynomial interpolation problem we have been studylng for the last few lectures. Given
X = (z9, %1, ,2y) and the value of f at the given points F = (f(z0), f(z1),--, f(zn)), find the
polynomial p € II,, so that p|; = = F. We showed in the previous lecture that the solution to this
problem can be written as a linear combination of Newton polynomials.

pn(t) = flzo] - No(t) + flzo, z1] - Ni(t) + -+ + flzo, 1, .., 2a] - Nu(t)
Where the polynomials N;(t) are the Newton polynomials.

i—1

Ni(t) = [Tt )

Jj=0

Note that here, the empty product, corresponding to Ny(t) is 1. Recall that the divided differences
flxo,x1, ..., x;] are defined using a table.

zo [ D[0,0] | D0, 1] D[0,NT |
x| D[L,0] | ... |D[L,N—1]

xn | D[N,0]
Where the first row of the table corresponds to the divided differences f[xzo], f[zo, z1], ..., f[zo,- .., Zn],
and each cell of the table is computed as follows.

o i itj=0
Dli, j] = D[i,j—;]i—_gi[itl,j—l]] Otherwise flzi zivt, o Tigg] (1)

Note that the diagonal in this table, corresponding to the last entry of each row (D][i,n — ] for
i=20,1,...,n) computes the divided differences that we would calculate if the interpolation points
X = (xo,x1,...,2,) were given in reverse order (i.e. (xn,Zp—1,...,21,20)). As always, the final
divided difference (the coefficient of the nth order Newton polynomial) is the same no matter the
order of the points.

f[xOlea AR an—lyxn] - f[xn7x17' . 7'%.71—17‘%.71] - D[Oan]

(In general, D[i,j] = flzi, xit1,...,Tiyj] is the coefficient of the highest degree term of any jth
degree polynomial that interpolates the points (z;, f(2;)), (Tig1, f(Zit1)), - -+, (@its, f(wit;)).) To
illustrate, consider the following example.



EXAMPLE 1.1. Given the input points X = (0,1,2) and corresponding function values F= (2,—2,0)
find the polynomial interpolant ps € 1.

To solve this problem using Newton polynomials, we build the following divided difference table.

0[24]3]
122
2 [0

The first row corresponds to the divided differences f[0], f[0, 1], f[0, 1,_’2], which are the divided
differences we would calculate when building the solution in the order X = (0,1,2).

pa(t) =2-1-4-(t—0)+3-(t—=0)(t—1)
The diagonal (consisting of the last entry in each row) corresponds to the divided differences

f12], f11,2], f[0,1, 2], which are the divided differences we would calculate when building the solution

—

in the order X = (2,1,0).
pa(t)  =0-14+2-(t—-2)+3-(t—-2)(t—1)

It is easy to verify that these polynomials are equivalent.

2 Access and Manipulation of Polynomials in Newton Form
We would like to show that Newton polynomials have properties desirable for numerical analysis,
particularly:

1. Newton polynomials are easy to evaluate. That is, the computational cost of evaluating the
polynomial at a point does not grow too quickly with respect to the degree.

2. Newton Polynomials are easy to differentiate. That is, the computational cost of evaluating
the derivative at a point does not grow too large with respect to the degree of the polynomial.

2.1 Evaluating Newton Polynomials

Consider the following example.

ExXAMPLE 2.1. What is the value of the polynomial
P(t)=2+4+3(t—4) =5t —4)(t+7)

at the point ¢t = 117
The parameters of this problem are:

2 centers: 4, =7
and 3 coefficients: 2,3, —5

Note that the number of coefficients is always one more than the number of centers. The order in
which centers and coefficients appear is important.

We are going to show that it is inefficient to simply plug in the numbers and compute the
operations. In particular we are going to see how the number of operations grows as size of the
polynomial increases.

The following table shows the number of multiplications required for each term.



polynomial: P(t)=243(t—4) =5t —4)(t+7)
number of multiplications: 0 1 2

In general, when the degree of the polynomial is n we have

n(n+1)

0+1+2+...+n= 5

multiplications. Note that we are counting only the number of multiplication because multiplica-
tions are far more computationally expensive than additions, so this gives a good estimate of the
complexity of the evaluation.

This “brute force” method is highly inefficient. In fact suppose that we add a new term

Pt)=2+3(t—4) =5t —4)(t+T7)+6(t—4)(t+7)(t —8)

then we would need three more multiplications. However, we can observe that (¢t — 4) appears as
a factor in each term and (¢t + 7) is a factor in most of the terms. We can make use of this fact to
rewrite the polynomial as

Pit)y=2+(t—4)[3—-5(t+7)]

Notice that P;(t) = 3 — 5(t + 7) is a Newton polynomial itself. The parameters of P;(t) are the
same as before, but crossing out the leftmost ones

/4/7_7
/2/737 -5

We can rewrite the original polynomial as Ps(t) = 2+ (t—4)P;(¢). This did not happen by accident.
In fact suppose we have one more term

4, -7,8
2,3,-95,6

Now the whole polynomial would be P3(t) = 2+ (t —4) P»(t) (i.e. only the index of the polynomial
is shifted). This indicates that each additional term requires just one more multiplication. So the
number of multiplications is linear in the number of terms (and, at worst, linear in the degree of
the polynomial). O

Now we are ready to consider the general case. The Newton polynomial of degree n is
P.(t)=co+ci(t—xo)+ ...+ et —x0) - (t —xp)
and its parameters are

n centers: Ty L1y vy Tp—1
and n + 1 coefficients: cg, c1, C2, ..., Cn

If we delete the first two parameters we have that the parameters of
Poit)=ci+ect—x1)+...+cpt—x1) - (t — xp_1)

are
L1, ..oy Tp—1

€1,€2, --., Cp



In general
Pn_j(t) =cj+ Cj+1(7f — :Ej) +...+ Cn(t — :Ej) cee (t — l‘n—l)

has parameters
Tjy, ooy Tp—1

Cjs Cj415 -+ -5 Cn
The algorithm to evaluate the polynomial is

1. Po(t) = Cp,

2. forj=n-1,...,0

3. Pn_j+1(7f) =c¢+ (t — :Ej)Pn_j_l(t)
We call this technique “nested multiplication”.

ExXAMPLE 2.2. Consider the Newton polynomial P(t) = 3 — 2(t — 5) + 7(t — 5)(t + 11) whose
parameters are
To = 5, Tr1 = —11
60:3,61:—2,62:7

We want to evaluate P(t) at t = 4, which means we want to compute Py(4). The steps are
1. PM@)=T1
2. Py(4)= -2+ (4+11)7 = 103
3. Py(4) =3+ (4—5)103 = —100

2.2 Differentiating Newton Polynomials

We are going to show how to evaluate the derivative of a Newton polynomial efficiently. Consider
the following example.

EXAMPLE 2.3. Find the derivative of the following cubic polynomial
Pit)y=3-2(t=5)+7(t—=5)(t+11)+9(t —=5)(t +11)(t — 1)
and evaluate it at a certain point.

Just finding the derivative symbolically could be difficult if we use the product rule. In fact,
for the last term we would have to take the derivative of (¢ — 5) and multiply by the other 2
terms, then add the derivative of (¢ + 11) times the other 2 terms, and so on... You can imagine
that as the degree of the polynomial grows, this task quickly becomes quite difficult (or at least
time-consuming).

Fortunately, there is a method that makes this task easier. The idea is to look at the recurrence
relation defining the Newton representation and look at what happens when we differentiate it.
Recall that

Pn(t) =+ (t — xo)Pn_l(t)

When ¢ is the first coefficient, and z( the first center. Differentiating on both sides we get
Po(t) = Pooa(t) + (t — 0) P4 (t)

We can easily compute P, (t) if we already know P,,_1(t) and P! _,(¢).
The algorithm is



1. Ry(t) =

2. Pit)=0

3. forj=n-1,...,0

4. Prjs1(t) = ¢j + (t —25) Poja ()

5. P () = Poja(t) + (t —x;) P4 (1)

In other words, we are building the following two vectors starting from the top. The arrows

indicate the dependences.

Po(t) [ Pi(t)
i Pn:(t> 1L Pé:(t)

=0 ]

Note that the coefficients do not appear explicitly in the formula of the derivatives (vector on the
right). However, the coefficients are used in the computation of the polynomials (vector on the
left), and the polynomials are used in the computation of the derivatives. So the derivatives still

depend on the coefficients.

Note that this method is very efficient. Once we have calculated the values of P;(t) (at a cost of
n multiplications), we need only one multiplication per term to evaluate the derivative, for a total

of 2n multiplications.

On the other hand, it is not easy to integrate Newton polynomials, but later in the course we
will see some efficient methods for integrating functions and these methods will work for Newton

polynomials.
We end with another example.

EXAMPLE 2.4. Evaluate p(t) = 3 + 2(1-1) + 4(t-1)(t-7) and its derivative.

Nodes: 17
Coefficients: 8 2 4

Thus:
0

po(t) + (t = T)po(t)
p1(t) + (t = Dpi(?)

po(t) =4 Po(t)
pi(t) =24 (t = T)po(t) | pi(t)
p2(t) =3+ (t — V)p1(t) | pa(t)

So if, say, t =1, we just plug 1 into the expressions above.



3 Error Analysis of Polynomial Interpolation

It is very important to understand the error in polynomial interpolation. Given a function f :

[a,b] — R and a set of points X := {xg,...,2z,} C [a,b], a polynomial interpolant has the property
that the value of the polynomial at the points X is the same as the function. We denote this as
Plx = flx

Note that the error of our polynomial P with respect to the true function f is defined as
e(t) :=|f(t)— P(t)| for all t € [a,b]. Ultimately, we are going to give an upper bound for the error.

Of course, it is easy to bound the error very loosely, for example it is easy to see that e(t) <
maX,e(q ) | f(2)[+max,e(qp) [P(2)] holds for any ¢ € [a,b]. However, this bound may be much larger
than the true error - we want a tighter estimate of the error, and one that gives us more insight
into the sources of error.

p_0(t)=f(x_0)

Figure 1: Interpolating one point

What do we expect, therefore, of a “good” error formula?

1. First, we would expect that e(z;) = 0 for all our interpolation points z; € X.
2. Second, consider interpolating a function f based on one point (xg, f(z¢)), as in Figure 1. Of
course, there will always be some error in this case, unless f is itself constant. If the function

f moves very fast, then the error will be big. If the function f moves slowly, then there will
be less error. The derivative is what controls this. So we require that |f’| not be too large.

ft) p_1(t)

Figure 2: Interpolating two points

Consider next interpolating a function f based on two points, as in Figure 2. Here the error
doesn’t look too bad, even though |f’| is rather large, because the slope of our interpolating
polynomial p; is also large. So here we need to look at the second derivative, f”.



So we can guess that a good error formula if we interpolate n + 1 points will somehow involve
(1) (t — @;) for all points of interpolation x;, and (2) the (n + 1)st derivative.
We can see this in another way from the examples below.

EXAMPLE 3.1. The main problem is that we can always “cheat”. Suppose that we are given the
points of Figure 3a. The points are aligned and the solution is the linear polynomial of Figure 3b
(note that for aligned points the polynomial is linear regardless of the number of points). However,
knowing the points, we could decide to choose a very bad function for which polynomial interpolation
behaves extremely poorly, as in Figure 3c.

Figure 3: Example of bad polynomial interpolation

The way to recognize this kind of function is to look at the derivative. The function of the
previous example has a derivative that changes frequently. Now, consider another example

EXAMPLE 3.2. The first derivative of the function in Figure J changes frequently, but the interpo-
lation works pretty well in this case.

Figure 4: Example of good polynomial interpolation

From example 3.2 we can see that looking only at the first derivative we might not get enough
information. In fact, the general formula for calculating the error of a polynomial interpolant P is
given by

(n+1) (¢
- Pl =L

where c lies somewhere in the smallest interval containing X U {t}.

(t—xzo)(t —x1)- - (t —xp)



Note that to do the error analysis we do not need to know the interpolating polynomial. We
just need to know the derivative of the function and the position of the points. Also note that we
are not going to compute the exact value of the error, but we are looking for a good bound.

EXAMPLE 3.3. Suppose that we are given the function f(t) = sint and the points X = (.5,1.5,2.5).
We want to estimate f(1) — p(1), i.e., we want to estimate the error at the point t = 1.
Using the error formula, we calculate that

B f(3) (ct)
IE]

F(1) — P(1) (t — .5)(t — 1.5)(t — 2.5)

where the point ¢; depends on the value of t. In other words we don’t know exactly where c¢; is, but
we know that it lies in the interval containing X . In this case we consider ¢; € [.5,2.5].
The 3rd derivative of sint is — cost, which is bounded in absolute value by 1, so

IfP () <1

So we can estimate that

1 1
£(1) = PO < |5(1 = 5)(1 = 1.5)(1 = 25)| = —

Note that, since we do not know the precise value of ¢, this is almost certainly an overestimate
of the exact error. However, without more knowledge, this is the best we can do.



