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Preface

This book is intended as a course in numerical analysis and approximation
theory for advanced undergraduate students or graduate students, and as
a reference work for those who lecture or research in this area. Its title pays
homage to Interpolation and Approximation by Philip J. Davis, published
in 1963 by Blaisdell and reprinted by Dover in 1976. My book is less gen-
eral than Philip Davis’s much respected classic, as the qualification “by
polynomials” in its title suggests, and it is pitched at a less advanced level.

I believe that no one book can fully cover all the material that could
appear in a book entitled Interpolation and Approximation by Polynomials.
Nevertheless, I have tried to cover most of the main topics. I hope that my
readers will share my enthusiasm for this exciting and fascinating area
of mathematics, and that, by working through this book, some will be
encouraged to read more widely and pursue research in the subject. Since
my book is concerned with polynomials, it is written in the language of
classical analysis and the only prerequisites are introductory courses in
analysis and linear algebra.

In deciding whether to include a topic in any book or course of lectures, I
always ask myself, Is the proposed item mathematically interesting? Para-
doxically, utility is a useless guide. For instance, why should we discuss
interpolation nowadays? Who uses it? Indeed, how many make direct use
of numerical integration, orthogonal polynomials, Bernstein polynomials, or
techniques for computing various best approximations? Perhaps the most
serious users of mathematics are the relatively small number who construct,
and the rather larger number who apply, specialist mathematical packages,
including those for evaluating standard functions, solving systems of linear
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equations, carrying out integrations, solving differential equations, drawing
surfaces with the aid of CAGD (computer-aided geometrical design) tech-
niques, and so on. However, it is all too easy to make use of such packages
without understanding the mathematics on which they are based, or their
limitations, and so obtain poor, or even meaningless, results. Many years
ago someone asked my advice on a mathematical calculation that he was
finding difficult. I gently pointed out that his result was invalid because the
series he was summing was divergent. He responded honestly that, faced
with an infinite series, his strategy was always to compute the sum of the
first hundred terms.

There are many connections between the various chapters and sections in
this book. I have sought to emphasize these interconnections to encourage a
deeper understanding of the subject. The first topic is interpolation, from
its precalculus origins to the insights and advances made in the twenti-
eth century with the study of Lebesgue constants. Unusually, this account
of interpolation also pursues the direct construction of the interpolating
polynomial by solving the system of linear equations involving the Vander-
monde matrix. How could we dream of despising a study of interpolation,
when it is so much at the centre of the development of the calculus? Our
understanding of the interpolating polynomial leads us naturally to a study
of integration rules, and an understanding of Gaussian integration rules re-
quires knowledge of orthogonal polynomials, which are at the very heart
of classical approximation theory. The chapter on numerical integration
also includes an account of the Euler—-Maclaurin formula, in which we can
use a series to estimate an integral or vice versa, and the justification of
this powerful formula involves some particularly interesting mathematics,
with a forward reference to splines. The chapter devoted to orthogonal
polynomials is concerned with best approximation, and concentrates on
the Legendre polynomials and least squares approximations, and on the
Chebyshev polynomials, whose minimax property leads us on to minimax
approximations.

One chapter is devoted to Peano kernel theory, which was developed in
the late nineteenth century and provides a special calculus for creating and
justifying error terms for various approximations, including those generated
by integration rules. This account of Peano kernel theory is rather more
extensive than that usually given in a textbook, and I include a derivation
of the error term for the Euler—-Maclaurin formula. The following chapter
extends the topic of interpolation to several variables, with most atten-
tion devoted to interpolation in two variables. It contains a most elegant
generalization of Newton’s divided difference formula plus error term to a
triangular set of points, and discusses interpolation formulas for various
sets of points in a triangle. The latter topic contains material that was first
published in the late twentieth century and is justified by geometry dating
from the fourth century AD, towards the very end of the golden millennium
of Greek mathematics, and by methods belonging to projective geometry,
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using homogeneous coordinates. Mathematics certainly does not have to
be new to be relevant. This chapter contains much material that has not
appeared before in a textbook at any level.

There is a chapter on polynomial splines, where we split the interval
on which we wish to approximate a function into subintervals. The ap-
proximating function consists of a sequence of polynomials, one on each
subinterval, that connect together smoothly. The simplest and least smooth
example of this is a polygonal arc. Although we can detect some ideas in
earlier times that remind us of splines, this is a topic that truly belongs
to the twentieth century. It is a good example of exciting, relatively new
mathematics that worthily stands alongside the best mathematics of any
age. Bernstein polynomials, the subject of the penultimate chapter, date
from the early twentieth century. Their creation was inspired by the fa-
mous theorem stated by Weierstrass towards the end of the nineteenth
century that a continuous function on a finite interval of the real line can
be approximated by a polynomial with any given precision over the whole
interval. Polynomials are simple mathematical objects that are easy to eval-
uate, differentiate, and integrate, and Weierstrass’s theorem justifies their
importance in approximation theory.

Several of the processes discussed in this book have special cases where
a function is evaluated at equal intervals, and we can scale the variable so
that the function is evaluated at the integers. For example, in finite dif-
ference methods for interpolation the interpolated function is evaluated at
equal intervals, and the same is true of the integrand in the Newton—Cotes
integration rules. Equal intervals occur also in the Bernstein polynomials
and the uniform B-splines. In our study of these four topics, we also discuss
processes in which the function is evaluated at intervals whose lengths are
in geometric progression. These can be scaled so that the function is evalu-
ated on the g-integers. Over twenty years ago I was asked to referee a paper
by the distinguished mathematician I.J. Schoenberg (1903-1990), who is
best known for his pioneering work on splines. Subsequently I had a letter
from the editor of the journal saying that Professor Schoenberg wished to
know the name of the anonymous referee. Over the following few years I
had a correspondence with Professor Schoenberg which I still value very
much. His wonderful enthusiasm for mathematics continued into his eight-
ies. Indeed, of his 174 published papers and books, 56 appeared after his
retirement in 1973. The above-mentioned paper by Iso Schoenberg was the
chief influence on the work done by S.L. Lee and me in applying g-integers
to interpolation on triangular regions. The g-integer motif was continued
in joint work with Zeynep Kogak on splines and then in my work on the
Bernstein polynomials, in which I was joined by Tim Goodman and Halil
Orug. The latter work nicely illustrates variation-diminishing ideas, which
take us into the relatively new area of CAGD.

The inclusion of a few rather minor topics in whose development I have
been directly involved may cause some eyebrows to be raised. But I trust
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I will be forgiven, since my intentions are honourable: I hope that by in-
cluding a relatively small amount of material on topics in which I have
carried out research I can encourage all students of mathematics, and es-
pecially those thinking of doing research, to know and understand that the
discovery of new ideas in mathematics is not the sole preserve of the most
outstanding mathematicians.

I was born in Aberdeen, Scotland. Soon after I began lecturing at the
University of St Andrews I learned that the famous Scottish mathematician
James Gregory (1638-1675) had also lectured there. Gregory was born in
Drumoak, near Aberdeen, and was educated at Aberdeen Grammar School,
as [ was. Moreover, Gregory’s year of birth was exactly three hundred years
before mine. There the similarities end, most fortunately for me, in view of
the woeful brevity of Gregory’s life. James Gregory obtained many impor-
tant results in the early development of the calculus, including his discovery
of the series for the inverse tangent. Indeed, H. W. Turnbull [54], who car-
ried out a most rigorous study of Gregory’s publications and unpublished
manuscripts and letters, argues that Gregory’s mastery of what we call
Maclaurin series and Taylor series, after Colin Maclaurin (1698-1746) and
Brook Taylor (1685-1731), entitles him to much more recognition than he
has received. Much ahead of his time, Gregory made a bold attempt at
showing the transcendental nature of the numbers 7 and e, results that
were completed only at the end of the nineteenth century by C.L.F. Lin-
demann (1852-1939).

On completing this book it is a pleasure to renew my thanks to my old
friend Peter Taylor, from whom I have learned much about numerical anal-
ysis. Our meeting as colleagues at the University of Southampton in 1963
was the start of a most valued friendship combined with a fruitful collab-
oration in mathematics. Our book Theory and Applications of Numerical
Analysis was first published in 1973 and is still in print as I write this. It
has been translated into Chinese and Farsi (Persian), and a second edition
was published in 1996. Now, in the fortieth year of our friendship, I am very
grateful to Peter Taylor for his most helpful comments on the manuscript
of this book. At an earlier stage in the preparation of the manuscript, I par-
ticularly remember discussions with Peter concerning the divided difference
form for interpolation on a triangular region. This is one of the few signif-
icant mathematical conversations I can recall sharing that did not involve
writing anything down. We were sitting on a park bench in the Meadows
in Edinburgh before attending a concert by the Edinburgh Quartet in the
Queen’s Hall.

It is also a pleasure to thank my much respected colleague Jozsef Szaba-
dos, who read the first draft of the manuscript of this book on behalf of
my publisher. I am extremely grateful to him for the great care he took in
pursuing this task, and for the wisdom of his remarks and suggestions. As
a result, I believe I have been able to make some substantial improvements
in the text. However, I am solely responsible for the final form of this book.
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A few years ago I invited my good friend and former student Halil Orug
to join me in writing a book on approximation theory. We were both very
disappointed that he was unable to do this, due to pressure of other work.
Different parents produce different children. Indeed, children of the same
parents are usually rather different. Therefore, although Halil and I would
surely have produced a rather different book together, I hope that he will
approve of this one.

This book is my second contribution to the series CMS Books in Math-
ematics, and it is a pleasure to thank the editors, Jonathan and Peter
Borwein, for their support and encouragement. I also wish to acknowledge
the fine work of those members of the staff of Springer, New York who have
been involved with the production of this book. I am especially grateful to
the copyeditor, David Kramer. I worked through his suggestions, page by
page, with an ever increasing respect for the great care he devoted to his
task. I also wish to thank my friend David Griffiths for his help with one of
the items in the Bibliography. I must also mention David’s book Learning
ETEX, written jointly with Desmond J. Higham and published by SIAM.
It has been my guide as I prepared this text in IXTEX.

In Two Millennia of Mathematics, my first contribution to the CMS se-
ries, I expressed my thanks to my early teachers and lecturers and to the
many mathematicians, from many countries, who have influenced me and
helped me. I will not repeat that lengthy list here, having put it on record
so recently. However, having mentioned I. J. Schoenberg, let me write down
also, in the order in which I met them, the names of three other approxi-
mation theorists, Philip Davis, Ward Cheney, and Ted Rivlin. Their most
elegantly written and authoritative books on approximation theory inspired
me and taught me a great deal. I would also like to mention the name of
my good friend Lev Brutman (1939-2001), whose work I quote in the sec-
tion on Lebesgue constants. I was his guest in Israel, and he was mine
in Scotland, and we corresponded regularly for several years. I admired
very much his fine mathematical achievements and his language skills in
Russian, Hebrew, and English. He loved to read poetry in these three lan-
guages. Lev’s favourite poet was Alexander Pushkin (1799-1837), and he
also admired Robert Burns (1759-1796), whose work he began reading in
Russian translation during his early years in Moscow.

I dedicated my Ph.D. thesis to my dear parents, Betty McArtney Phillips
(1910-1961) and George Phillips (1911-1961). With the same measure of
seriousness, love, and gratitude, I dedicate this book to my wife, Rona.

George M. Phillips
Crail, Scotland
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1

Univariate Interpolation

1.1 Introduction

Given the values of a function f(x) at two distinct values of z, say xg
and z1, we could approximate f by a linear function p that satisfies the
conditions

p(xo) = f(zo)  and  p(z1) = f(21). (1.1)

It is geometrically obvious that such a p exists and is unique. (See Figure
1.1.) We call p a linear interpolating polynomial. We may then evaluate
p(z) for a value of z other than xy or z; and use it as an approximation
for f(z). This process is called linear interpolation.

Y

i) T T

FIGURE 1.1. Linear interpolation. The curve y = f(z) is approximated by the
straight line y = p(z).
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We can construct the linear interpolating polynomial directly, writing
p(x) = axr+b and using the above two conditions in (1.1) to give two linear
equations to determine a and b. On solving these equations, we obtain

z1f(x0) — o f (1) s <f(3:1) — f(330)> ) (1.2)

Tl — Zo Tl — Zo

p(z) =

This can also be expressed in the Lagrange symmetric form

) = (E250) o) + (2250 ) sau) (13)

Lo — L1 T — Zo

or in Newton’s divided difference form

m@f@@+ux@(““*”““), (1.4)

T1 — Zo

to which we will return later. Observe that if we write 21 = xo+h in (1.4),
the limit of p(z) as h — 0 gives the first two terms of the Taylor series for
f, assuming that f is differentiable.

It is convenient to denote the set of all polynomials of degree at most n
by P,. Given the values of a function f(x) at n+1 distinct values of z, say
g, X1, ---, Ty, can we find a polynomial p,, € P,, say

pn(x) =ap+a1r + a2m2 44 anxn7

such that p,(z;) = f(z;), for j =0,1,...,n? This means that we require

a0+af1xj+a2x§+"'+anx? :f(xj)a OSJ <n, (15)
giving a system of n + 1 linear equations to determine the n + 1 unknowns
ag, a1, - - -, 0. These equations, which may be written in the form

1 zg a2 - ¥ ag f(xo)
1 xy 22 - ap ay fx1)
: : = ) (16)
1 z, 22 Ty an f(zn)
have a unique solution if the matrix
1 mp 3 g
1z 22 ]
V= . . ) , (1.7)
1z, 22 Ty

called the Vandermonde matrix, is nonsingular. It is not hard to verify (see
Problem 1.1.1) that the determinant of V is given by

detVzH(xi—xj), (1.8)

i>7
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where the product is taken over all ¢ and j such that 0 < j < ¢ < n. For
example, when n = 2,

det V = (21 — o) (22 — @) (22 — x1).

Since the abscissas zg, z1,...,z, are distinct, it is clear from (1.8) that
det V is nonzero. Thus the Vandermonde matrix V is nonsingular, and the
system of linear equations (1.6) has a unique solution. We conclude that
given a function f defined on a set of distinct points xg, 1, . .., Ty, there is
a unique polynomial p,, € P, such that p,(z;) = f(z;) for j =0,1,...,n.
This is called the interpolating polynomial. Note that the degree of p, may
be less than n. For example, if all n 4 1 points (x;, f(z;)) lie on a straight
line, then the interpolating polynomial will be of degree 1 or 0, the latter
case occurring when all the f(z;) are equal.

It is not necessary to solve the above system of equations (1.6), whose
matrix is the Vandermonde matrix, because the interpolating polynomial
pr can easily be constructed by other means, as we will now show. However,
since the solution of the Vandermonde system is an interesting problem in
its own right, we will return to it in Section 1.2.

Instead of using the monomials 1, =, 22,...,z" as a basis for the poly-
nomials of degree at most n, let us use the fundamental polynomials Ly,

Lq,...,L,, where
x—x;
Li(z) = i), 1.9
@ =T (£=%) (19)
J#

and the product is taken over all j between 0 and n, but excluding j = 1.
It follows from this definition that L;(x) takes the value 1 at = x; and
is zero at all n other abscissas x;, with j # i. Each polynomial L;(z) is of
degree n. For example,

(x—x1) (2 — )
(%-131)"'(170—1771)’

LO (LL') =

and we see that Lo(zg) = 1 and Lo(x;) =0 for 1 < j <n. Thus f(z;)L;(x)
has the value f(x;) at = z; and is zero at the other abscissas. We can
therefore express the interpolating polynomial p,(z) very simply in terms
of the fundamental polynomials L;(z) as

pn(x) =Y flai)Li(x), (1.10)
=0

for the polynomial on the right of (1.10) is of degree at most n and takes
the appropriate value at each abscissa xg,z1,...,z,. We call (1.10) the
Lagrange form of the interpolating polynomial. It is named after J.L.
Lagrange (1736-1813) and generalizes the linear interpolating polynomial
given in the form (1.3).
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As we have seen, an interpolating polynomial p, for a given function
f is constructed by using the values of f at certain abscissas zg, ..., Ty,.
We can then evaluate p, at some point z distinct from all the z;, and
use this as an approximation for f(x). This process is called interpolation,
and later in this section we will comment on the accuracy of this process.
Another application involving an interpolating polynomial p,, for a given
function f is to integrate p,, over some appropriate interval [a, b], and use
this as an approximation to the integral of f over [a, b]. We will pursue this
application in Chapter 3.

Isaac Newton (1642-1727) found a particularly elegant way of construct-
ing the interpolating polynomial. Instead of using the monomials 1, x,

x2,...,z" or the fundamental polynomials L;, defined above, as a basis for
the polynomials of degree at most n, he used the polynomials 7, 71, . .., 7y,
where

mi(w) = { (x —xzo)(x— 1) (T — mi—1), I_S i’g n. (1L.11)

The interpolating polynomial p,, € P,, which assumes the same values as
the function f at zg, x1,...,x,, is then written in the form

pn(x) = agmo(x) + armi () + -+ - + apmn(x). (1.12)
We may determine the coefficients a; by setting
pa(z;) = f(zj), 0<j<n,
giving the system of linear equations
aomo(z;) + armi(z;) + - - + ajmj(z;) = f(x;), (1.13)

for 0 < j < n. Note that only ao, ..., a; appear in (1.13), because m;(z;) = 0
when ¢ > j. The system of equations (1.13) has the matrix form

Ma = f, (1.14)
say, where a = [ag, . ..,a,]T, £=[f(z0),- .., f(zn)]T, and the matrix M is
7T0(£Z?0) 0 0 0
7T0(£U1) 1 1'1) 0 0
M= | mo(z2) mi(z2) ma(z2) --- 0 . (1.15)
mo(xn) m(xy) ma(xy) -+ wa(zy)

The matrix M, which we will call the Newton matrix, is said to be lower
triangular, and we will have more to say about lower triangular matrices
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in the next section. If we evaluate the determinant of M via the first row,
we readily obtain

det M = 7o (o) m1 (1) « -+ T (T )- (1.16)

If the n 4+ 1 abscissas xg, 1, ..., %, are all distinct, it is clear from (1.16)
that det M # 0, and so the linear system (1.14) has a unique solution.
The fact that the matrix M is lower triangular is crucial to the success of
this approach to the interpolation problem, since we can solve the linear
system (1.14) by forward substitution. We obtain ag immediately from the
first equation, and then a; from the second. In general, we determine a;
from the (j 4+ 1)th equation, and we can see that a; depends only on the
values of zg up to z; and f(xo) up to f(x;). In particular, we obtain

f(x1) = f(2o)

= d ==t - 1.17
ao = f(zo) an ai o1 — 7o ( )
We will write
a]:f[x();zlavxj]? OS]S'R, (118)
to emphasize its dependence on f and xg,z1,...,2;, and refer to a; as a

jth divided difference. The form of the expression for a; in (1.17) above and
the recurrence relation (1.22) below show why the term divided difference
is appropriate. Thus we may write (1.12) in the form

pn(x) = flzomo(z) + flxo, z1]m(z) + - + flzo, 21, ..., zp]mn (), (1.19)

which is Newton’s divided difference formula for the interpolating polyno-
mial. Observe that f[zg] = f(z9). We write f[zo] in (1.19) rather than
f(zo) for the sake of harmony of notation. The formula (1.4), which we
gave earlier for the linear interpolating polynomial, is the special case of
(1.19) with n = 1. Note that since we can interpolate on any set of dis-
tinct abscissas, we can define a divided difference with respect to any set
of distinct abscissas. Later in this chapter we will find it more appropriate
to use another notation for divided differences, where we write

[xo,xl,...,:cj]f (120)
instead of flzo,x1,...,2;]. In (1.20) we regard [z¢,z1,...,%;] as an oper-
ator that acts on the function f. We now show that the divided difference
flzo,x1,...,2n] is a symmetric function of its arguments xg, 1,...,Ty.
Theorem 1.1.1 The divided difference f[zg,z1,...,z,] can be expressed
as the following symmetric sum of multiples of f(z;),

n x’r
flzo, 1, ..., Tn] :ZL7 (1.21)
r=0 H(xr - ij)
it

where in the above product of n factors, r remains fixed and j takes all
values from 0 to n, excluding r.
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w0 flzo]

f[mo,xﬂ
w1 flad] flxo, w1, 2]

flxy, z2] flxo, x1, 2, 3]
zy  flra] flz1, z2, @3]

flza, z3] flxr, x2, k3, 4]
vz flxs] flw2, 23,74

f[x3,;v4}
T4 fld]

TABLE 1.1. A systematic scheme for calculating divided differences.

Proof. Since the interpolating polynomial is unique, the polynomials p, (z)
in (1.10) and (1.19) are the same. If we equate the coefficients of ™ in
(1.10) and (1.19), we obtain (1.21) immediately. |

It is clear from the symmetric form (1.21) that each divided difference
flzo,z1,...,2zy] is indeed a symmetric function of its arguments, meaning
that it is unchanged if we rearrange the z; in any order. For example, we
have

_ f (o) (@)
flawo, 21, 22] = (o — x1)(20 —22) (21 — 20)(T1 — 72)
f(z2)

(zg — 0)(v2 — 21)’

and we can see that f[zo, z1, z2] is equal to f[z1, 22, zo], and to each of the
four other expressions obtained by permuting the x;.
We can use the symmetric form (1.21) to show that

Flao as.. . ] = L0 T2 Tl = S0 @1y Bual g g
Tn — To

For we can replace both divided differences on the right of (1.22) by their
respective symmetric forms and collect the terms in f(xo), f(z1), and so
on, showing that this gives the symmetric form for the divided difference
flzo,x1,...,n]. By repeatedly applying the relation (1.22) systematically,
we can build up a table of divided differences, as depicted in Table 1.1.

Example 1.1.1 Given the table of values

z |0 1 2 3
fl@)]6 -3 —6 9

let us derive the interpolating polynomial for f of degree at most 3 by using
Newton’s divided difference form (1.19). We first construct the following
divided difference table, like the model given in Table 1.1, but with one
fewer entry in each column.
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0 6
-9
1 -3 3
-3 2
2 —6 9
15
3 9

The values of the x; and f(x;) are given in the first two columns, as in
Table 1.1. To evaluate the divided difference formula (1.19), we require only
the first numbers in columns 2, 3, 4, and 5, together with the first three
numbers in the first column, giving the interpolating polynomial

p3(x) =6 — 9z + 3z(x — 1) + 2z(z — 1)(z — 2). (1.23)

Let us rearrange the order of the four pairs (x;, f(z;)) in the above table
and recompute the divided difference table. For example, the table

3 9
1
0 6 7
—6 2
2 —6 3
-3
1 -3
yields the interpolating polynomial
p3(x) =94 (x —3)+7(z —3)z + 2(x — 3)z(z — 2), (1.24)

and we can easily check that the polynomials in (1.23) and (1.24) are, as
we expect, the same. Both may be expressed in the standard form

p3(z) = 223 — 322 — 8z + 6. |

The function f in Example 1.1.1 above is defined at only four points, and
we have no incentive to evaluate its interpolating polynomial at any other
point. In the following example we begin with a function that is defined
on an interval (in fact, on the whole real line), construct an interpolating
polynomial based on the values of the function at five points, and estimate
the value of the function at some other point of our choice by evaluating
the interpolating polynomial in place of the function.

Example 1.1.2 Let us construct the interpolating polynomial ps(x) for
the function 2% based on the points —2, —1, 0, 1, and 2, and hence estimate
21/2 = /2 by evaluating pa(3).
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For x = -2, —1,0, 1, and 2, we have 2% = i, %, 1, 2, and 4, respectively.
Then, following the method discussed above, we find that the forward dif-

ference form of the interpolating polynomial is

pa(z) = % + i(a: +2)+ é(m +2)(z+1)+ 2—14(:5 +2)(z + 1)z

1
+ %(x +2)(z + 1)a(z —1).

On evaluating ps(z) at « = §, we obtain

23 ~ 1.4121.
512

Since v/2 ~ 1.4142, this interpolation method has provided an approxima-
tion whose error is in the third digit after the decimal point. ]

In the above example, we were able to determine how close the interpo-
lated value py(1) is to 2!/2. What can we say, in general, about the accuracy
of interpolation? The following theorem gives at least a partial answer to
this question.

Theorem 1.1.2 Let x and the abscissas zg, x1,...,x, be contained in an
interval [a, b] on which f and its first n derivatives are continuous, and let
1) exist in the open interval (a,b). Then there exists &, € (a,b), which
depends on z, such that

AR ()

=S (1.25)

f(@) = pulz) = (# —zo)(x — 1) -+ (x — Tn)
Proof. The proof makes repeated use of Rolle’s theorem, which simply says
that between any two zeros of a differentiable function there must be at

least one zero of its derivative. (See any text on analysis, for example,
Howie [27].) Consider the function

(x —x0) (& — )

G(x) = F(e) = pule) = (= (F0) —pue), (126)
where « is any point in the interval [a,b] that is distinct from all of the
abscissas xg, x1,...,Zn. We note that G has at least n 4+ 2 zeros, at «
and all the n 4 1 interpolating abscissas ;. We then argue from Rolle’s
theorem that G’ must have at least n + 1 zeros. By repeatedly applying
Rolle’s theorem, we argue that G” has at least n zeros (if n > 1), G® has
at least n — 1 zeros (if n > 2), and finally that G("*1) has at least one
zero, say at x = £, . Thus, on differentiating (1.26) n+ 1 times and putting
x = &, we obtain

(n+ D'(f () = pn(a))

(a—z0) (@ —mp)

0= f(n_‘—l)(ga) -
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To complete the proof we rearrange the last equation to give an expression
for f(a) — pn(a), and then replace a by z. |

The above expression for the interpolation error is obviously of limited
use, since it requires the evaluation of the (n+ 1)th-order derivative f (n+1)
at &, and in general, we do not even know the value of £,. We note that
there can also be an error in evaluating p, () if there are rounding errors in
the values of f(z;). Despite these shortcomings, Theorem 1.1.2 is valuable
because, as we will see later, it both provides a useful comparison with
Taylor’s theorem and is helpful in establishing a connection between divided
differences and derivatives.

Example 1.1.3 Let us apply (1.25) to estimate the error in the interpo-
lation carried out in Example 1.1.2. In this case, f(z) = 2% o = %, and
n = 4. We have

d d®

— 2% =2"log 2 d  — 2" =2%(log2)®

dz ©8 an dxb (log 2)”,
where log denotes the natural logarithm, so that log?2 ~ 0.693147. Using
(1.25), we find that the error of interpolation in Example 1.1.2 is

5 3 1 -1 =3 2%(log2)®
2 2 2 2 2 5! ’

where i < € < 4. On inserting the two extreme values of ¢ into the above

estimate, we find that the error of interpolation lies between 0.0004 and
0.0076. This is consistent with the known error, which is approximately
0.0021. |

Our next example shows how the error estimate (1.25) can be used to
estimate the error of linear interpolation for any function f whose second
derivative can be evaluated.

Example 1.1.4 Suppose we have a table of values of sinz, tabulated at
intervals of 0.01. What is the maximum error incurred by using linear
interpolation between two consecutive entries in this table? From (1.25)
the error of linear interpolation between two points x¢ and x; is

f" (&)
o (1.27)

f(@) =pi(z) = (2 — 2o)(x — 1)

For any function f such that |f”(x)| < M on [zg,z1], we can verify (see
Problem 1.1.8) that
1
17() ~ (@) < MR, (1.28)

where h = 21 —x¢. In particular, for f(z) = sinz, we have f’(x) = cosz and
f"(x) = —sinz. Thus we can take M =1 in (1.28), and with A = 0.01, the



10 1. Univariate Interpolation

error in linear interpolation is not greater than é -107%. It would therefore
be appropriate for the entries in this table, spaced at intervals of 0.01, to
be given to 4 decimal places. This was well understood in the era, now long
gone, when such tables were in everyday use, and one finds in published
four-figure tables of the function sinz that the entries are tabulated at

intervals of 0.01. |

We will now derive an alternative error term for the interpolating polyno-
mial that has the merit of being applicable to all functions and not merely
to those that possess high-order derivatives. This error term involves a
divided difference rather than an (n + 1)th derivative, as in (1.25). We be-

gin by using (1.22) to express the divided difference f[x,xq,z1,...,2,] in
terms of f[xo,z1,...,2,] and flx,20,21,...,2,—1]. On rearranging this,
we obtain

flz, zoy .oy @n—1] = flxo, ..y xn] + (& — ) flx, 2o, - - -, Tp). (1.29)

Similarly, we have

flx] = flwo] + (x — xo) fl, wo]. (1.30)

On the right side of (1.30) we now replace f[x,xo], using (1.29) with n = 1,
to give

flz] = flzo] + (z — z0) flwo, 1] + (z — z0)(x — 1) f[7, 0, 1], (1.31)

and we note that (1.31) may be expressed as

f(@) =pi(x) + (2 — z0) (2 — 1) f[7, 20, 1],

where p (2) is the interpolating polynomial for f based on the two abscissas
xo and 7. We can continue, replacing f[x,xo,z1] in (1.31), using (1.29)
with n = 2. Continuing in this way, we finally obtain

f(@) =pn(x)+ (x —x0) - (. — 2n) flz, 0, 21, - . ., Tp)- (1.32)

On comparing (1.32) and (1.25), we see that if the conditions of Theorem
1.1.2 hold, then there exists a number &, such that

I A (D))

f[iC,.'Ifo,(El,...,.’En] (TL+1)' .

Since this holds for any x belonging to an interval [a,b] that contains all
the abscissas x;, and within which f satisfies the conditions of Theorem
1.1.2, we can replace n by n — 1, put * = x,,, and obtain

flzo, @1, an] = ; (1.33)
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where £ € (20, zy). Thus an nth-order divided difference, which involves
n + 1 parameters, behaves like a multiple of an nth-order derivative. If we
now return to Newton’s divided difference formula (1.19) and let every z;
tend to xg, then in view of (1.33), we obtain the limiting form

[ (o) w0 (o)

1! n!

pu(z) = f(z0) + (¥ — 20) + -+ (z — 20) : (1.34)
This is the Taylor polynomial of degree n, consisting of the first n + 1
terms of the Taylor series for f, and if we take the limiting form of the

error formula (1.25), we obtain

n ") (g
f) = (o a0

r=0

n+1 f'(n+1) (nfb)

, (1.35)

where 7, lies between x and zg.

In Chapter 2 we will consider another way of measuring how well an
interpolating polynomial p,, approximates f by studying a function, called
a Lebesgue function, that does not depend on f but is derived from the
interpolating abscissas.

There is a very elegant iterative process, called the Neville-Aitken algo-
rithm, that evaluates the interpolating polynomial p,, for a function f on a
given set of distinct abscissas X = {x¢, 21,...,Z,}. In this process, which
is named after E. H. Neville (1889-1961) and A. C. Aitken (1895-1967), the
value of p,(z) is the final number obtained from a sequence of in(n + 1)
similar calculations. Each of these calculations is like the simple process of
linear interpolation, cast in the form

pl(fE) _ (il? B l'())f(xl) — (1’ — (L’l)f(l'())7 (136)

1 — To

and every such calculation evaluates an interpolating polynomial for f at
some subset of the abscissas in X. Consider the following theorem:

Theorem 1.1.3 Let us define pg] = f(z;) for 0 < i < n, and then, for
each k such that 0 < k < n — 1, we recursively define
[i+1]

i () = @20 @) = (@ = @il (@)

, 1.37
Titk+1 — Ti ( )

for 0 < i <n—k — 1. Then each pg] is the interpolating polynomial for
the function f based on the abscissas x;,z;t1,...,Zitk. In particular, pg]
is the interpolating polynomial for the function f based on the abscissas
T2 D

Proof. We use induction on k. By definition, each pg] (x) is a polyno-
mial of degree zero with the constant value f(z;). Let us assume that
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T — X pg)](sc)
0
1 P! () i
z—az pi() 1 pi(z) i
) P! () 1 Y ()
x—xs  py(x) Py (z)
(2]
5 P (z)
v—xs  pil(x))

TABLE 1.2. The quantities computed in the Neville-Aitken algorithm.

for some k > 0, each pg] () is in Py and interpolates f(x) on the abscis-
888 Ti,Tix1,-- -, Titk- (This statement holds for k¥ = 0 and all ¢ such that
0 < ¢ < n.) Then we can verify from (1.37) that if pg] (z) and pgﬂ] (x) both
have the same value C for a given value of z, then pgll(x) also has the

value C. Therefore, since both pg] (z) and pgﬂ] (x) take the value f(x;) for

1+ 1< j <i+k, so also does pﬂ_l(x) If we set © = x; and ¢ = x;1 41 In

(1.37), we can verify that pﬂ_l(z) takes the values f(z;) and f(@;yr41), re-

spectively. Thus each pﬂrl(x) interpolates f on the abscissas z;, ..., Z;1k11,

and it follows from (1.37) that p%lrl(x) is in Pj41. This completes the proof
|

by induction.

The following algorithm gives a precise formulation of the Neville-Aitken
process.

Algorithm 1.1.1 ( Neville-Aitken)
input: zg,...,%n, f(20),..., f(x,), and z
fori=0ton
Py = flx:)
ti = —Z;
next ¢
fork=0ton—1
fori=0ton—%k—1
pg]ﬂ = (tmEj*” - ti+k+1p5]) [(ti = tizr+1)
next 1
next k
output: pg?] = pn(x) |

If we carry out the Neville-Aitken algorithm by hand, it is helpful to
write down the values of pE:] in a triangular array, as illustrated in Table
1.2 for the case n = 3. If we are implementing the algorithm on a computer,
this triangular array helps us visualize the algorithm. Note that although

the algorithm could be implemented algebraically, either by hand or with
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the aid of a symbolic mathematics program, such as Maple, it is usually
applied arithmetically, and then the algorithm must be applied separately
to compute each required value of p,(z). If we need to evaluate p,(x) for
many values of x (for example, in order to draw its graph), it would be
more efficient to use Newton’s divided difference formula, since the divided
differences need be evaluated only once.

Example 1.1.5 Let us apply the Neville-Aitken algorithm to evaluate
3 (%), for the function that is tabulated in Example 1.1.1. In the first

column of the following table, we have the numbers x — z;, with z = %
r—xz;  f(z:)
3
s 6
’ _15
2
1 21
7 3 s
_9 —6
2
_1 -6 _27
2 27 4
2
3
-3 9

The numbers in the above table correspond to those in Table 1.2. We
obtain p3 (%) = —6, which agrees with the result obtained by evaluating
the polynomial p3(x) defined in (1.23). |

Let us consider the interpolating polynomial for a function f on the 2n+2
abscissas xg,71,...,%Zn and xg + h,x1 + h,...,z, + h, and let f’ exist on
an interval containing all those abscissas. This interpolating polynomial is
of the form

n
Pant1(x) = Y _[f(w)ei(w; h) + f(zi + h)Bi(w; b)),

i=0
say, where o; and (3; are polynomials in x that depend on h. The polynomial

Pan+1 can be rearranged in the form

n

> f@i)lei(xsh) + Bi(wsh)] + Ry (f(xi +h) — f(:m)) Bi(z; h).

h
i=0 i=0

We then let h — 0, to give

n

pontr(@) = Y [f(@ius(x) + ' (zi)vi(e)], (1.38)

i=0
say. We can show that

ui(z) = [1 = 2L(x:) (2 — w0))(Li(2))?, (1.39)
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vi(x) = (z — z:)(Li(2))?, (1.40)

where L; is the fundamental polynomial on the abscissas zq, x1, ..., Xy, as
defined in (1.9). The polynomial ps,+; is called the Hermite 1nterpolat1ng
polynomial for f on the n + 1 abscissas zq,z1, ..., Z,, named after C. Her-
mite (1822-1901). Since L; € P, it is clear from (1.39) and (1.40) that u;
and v; belong to Py,,41, and it then follows from (1.38) that po,11 € Papy1.
The derivation of (1.40) is easily completed by writing

vi(x) = lim hg;(z;h).

h—0

The derivation of (1.39) from
wi(z) = lim [e; (x5 h) + B;(x; h)]
h—0

takes a little more work. It is, however, straightforward to verify (1.39) and
(1.40) by checking that

wi(xy) = 0ij, wi(z;) =0, wvi(x;) =0, vj(z;)=70ij

for all ¢ and j, where d; ; is the Kronecker delta function, which has the
value 1 for ¢ = j and is zero otherwise.

We can easily derive an error term for Hermite interpolation. Let us begin
with the error term (1.25) and choose interpolating abscissas xg, 1, ..., Zn
and zo+h,z1 +h, ..., x, +h. Then, if f?7"2) exists in some open interval
(a,b) that contains all the interpolating abscissas, we let h — 0 and obtain
the error term

217" ()

F@) = ponsa(e) = (=000 =20 (0 = )P ger, (14D

where 7, € (a,b).

Example 1.1.6 Let us obtain the Hermite interpolating polynomial (1.38)
for sin mx with interpolating points 0, 1, and 1. With a little work, we find
that (1.38) simplifies to give

’ 90

ps(z) = (16 — 4m)z?(1 — 2)* + 72(1 — z).

From (1.41) the error of this approximation is of the form

2 (:,; ;)2 (z— )zf( 6(!%)’

where f(z) = sinmz, and we find that the maximum modulus of the poly-

nomial 2% (z — %)2 (x—1)? on [0,1] is 435, attained at = § + ?. Thus

76

Orgji(l\smwxfpg)( )|_@a<00031 |
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Problem 1.1.1 Consider the Vandermonde matrix V in (1.7). One term in
the expansion of det V is the product of the elements on the main diagonal,

n

2.3
T1TX3 Ty,

which has total degree
1
1424+--+n= §n(n+1).

Show that det V is a polynomial in the variables zg,z1,...,z, of total
degree in(n +1). If z; = x; for any i and j, observe that det V = 0 and
deduce that z; — z; is a factor of det V. Note that there are in(n + 1)

factors of this form and deduce that

det'V = CH(% —z;),

i>j

where C' is a constant, since the right side of the latter equation is also
of total degree in(n + 1). Verify that the choice C' = 1 gives the correct

coefficient for the term z123x3 - - - 2" on both sides, thus verifying (1.8).

Problem 1.1.2 Show that the fundamental polynomials L; satisfy the
identities
Lo(z) + Li(z) + -+ Ly(z) =1 (1.42)

for all n > 0 and
xoLlo(x) + x1Li(x) + -+ zpLyp(z) =
for n > 1. Can you find any other identities of this kind?

Problem 1.1.3 Show that the fundamental polynomial L;(x) can be ex-

pressed in the form

w(z)

Li(z) = ————,
(z) (x — z;)w!(x;)

where w(z) = (x — xg)(z — 1) -+ (x — x,,). By differentiating the above

expression for L;(x) and using L’Hospital’s rule, show further that

1w (x;)
Li(a) = = 2\,
i) 2 w'(x;)
Problem 1.1.4 Show that
det V =det M,

where V and M are defined by (1.7) and (1.15), respectively.
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Problem 1.1.5 Verify the recurrence relation (1.22) for divided differ-
ences.

Problem 1.1.6 Using Newton’s divided difference form of the interpolat-
ing polynomial for the function sin 7z based on the five points 0, j:%, and
+1, obtain the approximation 91/128 for sin(r/4).

Problem 1.1.7 Apply (1.25) to the function sin7a and thus show that
the estimate obtained in Problem 1.1.6 for sin(w/4) is too large, by an
amount not greater than 7°/73728 ~ 0.004. Compare this error estimate
with the actual error.

Problem 1.1.8 Verify that the derivative of the function (x — xo)(x — 1)
has only one zero, at the midpoint of [z, x1]. Hence show that

_ NS DAY
mgggxll(a: 20) (@ —a1)| = (a1 — o)

and thus derive the inequality (1.28).

Problem 1.1.9 Apply the Neville-Aitken algorithm to evaluate py(x) at
T = % for the function 2% based on the points —2, —1, 0, 1, and 2, and
check that your result agrees with that obtained in Example 1.1.2.

1.2 The Vandermonde Equations

Newton’s solution of the interpolating problem by using divided differences
makes the direct solution of the Vandermonde equations (1.6) unnecessary.
Nevertheless, we will show in this section that the solution of these equa-
tions is not nearly as difficult as one might suppose. We include this mate-
rial for its intrinsic interest, while emphasizing that it is not a recommended
practical method for constructing the interpolating polynomial. We begin
with definitions concerning certain symmetric polynomials in several vari-
ables.

Definition 1.2.1 The elementary symmetric function o,(xo,Z1,...,%n),
for r > 1, is the sum of all products of r distinct variables chosen from the
set {zg,x1,...,2Tn}, and we define og(zg, 1,...,2,) = 1. |

For example,
o2(x0,T1,22) = ToT1 + ToT2 + T1T2.

As a consequence of Definition 1.2.1, we have

or(®0, @1, xy) =0 if r>n+1 (1.43)
Definition 1.2.2 The complete symmetric function 7.(xg,1,...,Ty) iS
the sum of all products of the variables xq, z1,...,z, of total degree r, for

r > 1, and we define 79(zg, 1, ...,2Tn) = 1. u
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For example,

T2(£L'0,£C1, (EQ) = IE% =+ SC% + [L'% + ToT1 + oI =+ T1x9,
T3(x0,21) = 178 + x%xl + zox? + 23,
Note that 7,.(xg,x1,...,%,) contains all of the terms that are contained in
o (0,21, ...,Zn), together with other terms (if » > 1 and n > 0) in which

at least one z; occurs to a power greater than one. It follows immediately
from Definition 1.2.1 that

n+1
1+ zox) - (1 + zpa) Zar (zo,...,zn)z", (1.44)

so that (14 zox) -+ (14+xz,2) is the generating function for the elementary
symmetric functions. Likewise, it follows from Definition 1.2.2 that

1 o )
(1—2oz) (1 — zp2) Hsz ;Tr(:ﬂo,...,xn)x,

j=07r=0

so that (1 — xoz)~!--- (1 — 2,7)~ ! is the generating function for the com-
plete symmetric functions. By equating coefficients of =" in the identity
1 1
(1—zoz) - (1—2p2) (1—zpz) (1 —2p_17)
Tk
- (1—=zox) - (1 —zpw)’

we deduce that
To(Xoy ooy Tn) — Tr(T0y -+ oy Tpe1) = Ty Tr—1(T0y« -+, Tp) (1.45)

for r > 1. Before taking the next step, let us remember that each 7., being
a symmetric function, is unchanged if we permute its arguments ;. Then,
by interchanging x¢ and x,, in the recurrence relation (1.45), we obtain

Tr(Zoy ooy @n) — (X1, oy Tn) = To Tro1(T0y -« -, Tn)- (1.46)

If we now subtract (1.46) from (1.45) and divide by =, — xo, we find that

Tr—1(Zg, ..., xy,) is expressed in the divided difference form
tr1(Tr. .y ) = B @) T (@0 Tnn), (1.47)
Tp — To

Theorem 1.2.1 For any positive integer m and nonnegative integer ¢,

Tm,n(xi,...wnﬂ) :f[‘ri,...,xn+i}, (].48)

where f(x) = 2™ and 0 < n < m. It is worth repeating this result in words:
The complete symmetric function of n 4+ 1 variables of order m — n is an
nth-order divided difference of the monomial =™
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Proof. We prove this by induction on n. Since 7,,,(z;) = 2" = f[z;], we see
that (1.48) holds for the given value of m and n = 0. Now let us assume that
(1.47) holds for a value of n such that 0 < n < m. Using this assumption
and the divided difference relation (1.47), we deduce that

Tmfn(xiJrh v 7xn+i+1) - Tmfn(mi; sy anri)

Tmfnfl(xiv B $n+i+1) = . .
n+i+1 = L3

_ fl@iv1s s Togiv1] — fl@is - T

- )

Tn4i+1 — Zo
and from the recurrence relation for divided differences (1.22) it follows
that
Tm_n_l(l‘o, s ,$n+1) = f[xh s ,$n+i+1],
showing that (1.48) holds for n + 1. This completes the proof. |

Example 1.2.1 To illustrate (1.48) for m = 4 and n = 2, we compute the
appropriate first-order divided differences as follows:

3, .2 2 3
TP+ TiT 0t T T X

3 2 2 3
. T T T Tq0 T T Tiho T X
Liva  Tiyo
and we can verify that the second divided difference simplifies to give
To (X, Tit1, Tite), in agreement with (1.48). |

We now require some definitions concerning matrices.

Definition 1.2.3 Given a square matrix A of order n, its principal sub-
matriz of order m, for 1 < m < n, is the matrix formed from the first m
rows and columns of A. |

Definition 1.2.4 Given a square matrix A of order n, its principal minor
of order m, for 1 < m < n, is the determinant of the matrix formed from
the first m rows and columns of A. |

Definition 1.2.5 A square matrix A = (a;;) is said to be lower triangular
if a;; = 0 for ¢ < j. |

Definition 1.2.6 A square matrix A = (a,;) is said to be upper triangular
ifaiJZOfOri>j. |

We now state and prove a result concerning the factorization of a square
matrix as a product of a lower and an upper triangular matrix.

Theorem 1.2.2 If all principal minors of a square matrix A are nonzero,
then A may be factorized uniquely in the form A = LU, where L is lower
triangular with units on the main diagonal and U is upper triangular.
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Proof. We will prove this by using induction on n, the order of the matrix
A. The result is obviously valid for n = 1. Let us assume that it is valid
for some n > 1. Then consider any (n + 1) x (n + 1) matrix A, 1 whose
principal minors are all nonzero. We can write this in block form as

A, b,
An+l = ; (1 49)
CZ an+1,n+1

where A, is a matrix consisting of the first n rows and columns of A, 1,
b,, is a column vector consisting of the first n elements in the last column
of A,11, ¢l is a row vector consisting of the first n elements in the last
row of A, y1, and ay41,n41 is the element in the last row and column of
A, 1. It follows from our assumption about A,,; that all principal minors
of its submatrix A,, are nonzero. Thus, from our inductive hypothesis, we
can express A, = L,U,, say, where L, is lower triangular with units
on the diagonal and U, is upper triangular. We observe that since A,, is
nonsingular, so are its factors L,, and U,,. The expression of A, ;1 in block
form given in (1.49) suggests how we should now proceed: We should try
to express A, 1 as a product, of an appropriate form L, 1U,11, where
the first n rows and columns of L,,;; and U, ;1 are the matrices L,, and
U, respectively. Let us therefore write

L, O U, e
An+1 == Ln+1Un+1 = 5 (150)
dz 1 OT Un+1,n+1
where the zero column vector 0, the row vector dg, the column vector e,,,
and the zero row vector 07 all have n elements, and Un+1,n+1 is the element
in the last row and column of U,, ;. Our next task is to determine values
of the vectors dg and e,, and the scalar ;41,41 for which the above
factorization is valid. We proceed by multiplying the above two matrices in
block form. (Note that this multiplication process obeys the same rules as
ordinary matrix multiplication, as if the blocks were all scalars.) We thus

obtain
L,U, L,e,

Api1 = . (1.51)
d£U7b dzen + Un+1,n+1

We can now equate corresponding blocks on the right sides of equations
(1.49) and (1.51). This yields four equations. The first equation is

A, =L,U0,, (1.52)
which we already know, and the other three equations are

L,e, = b, (1.53)
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dfu, =c’

n?

(1.54)

and
dZen —+ un+1,n+1 = an+1,n+1. (155)

Since L,, is nonsingular, the solution of the linear system (1.53) determines
a unique value for the vector e,,, and since U, is nonsingular, the vector dTTL
is uniquely determined by (1.54). Finally, we use (1.55) to give up41,n+1,
the final element of the upper triangular factor of A, ;. Thus, having
determined e,,, dg, and 41,041 uniquely, we have obtained the unique

factorization of A, 41, and this completes the proof. |

The above proof is a constructive proof, since it shows how the fac-
torization of a matrix A can be carried out by factorizing its principal
submatrices in turn. Note also how easily the vectors e, and dZ may be
determined, since they are obtained by solving the linear systems (1.53)
and (1.54), which are triangular.

Example 1.2.2 We can complete the matrix factorization

11 1 1 1 0 0 O 1 1 1 e
12 4 8 | 1 1 0 0 0 1 3 e
13 9 27| 1 2 1 0 0 0 2 e3 ’
1 4 16 64 di do ds 1 0 0 0 wugn

by using the process employed in the proof of Theorem 1.2.2. From (1.53)
we obtain
[elv €2, 63] = []-7 7, 12]7

and then we find from (1.54) that
[dla d27 d3] = [17 37 3]
Finally, we derive from (1.55) that w44 = 6. [

A more efficient way of factorizing A = LU is to find the elements of L
and U in the following order: We begin by finding the first row of U and
then the first column of L. We continue in this way, finding next the second
row of U and then the second column of L, and so on. Note that before
we commence the factorization of an n X n matrix, given that L and U are
triangular matrices and L has units on the diagonal, only n? elements out
of the 2n? elements of L and U remain to be determined.

Example 1.2.3 Let us factorize the following matrix. We have put “bul-
lets” in place of the 42 unknown elements of L and U.

2 1 -1 2 1 0 0 0 e o o o

A -4 -3 2 =3| | e 1 00 0 o o o
2 3 2 -1 e o 1 0 0 0 o o

-2 -1 4 =2 e o o | 0 0 0 e
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We find that the first row of U is the same as the first row of A. Then, to
give the correct values for the elements in the first column of A, we find
that the first column of L is the vector [1, —2, 1, —1]T. Next, to complete the
second row of A, we find that the second row of U is the vector [0, —1,0, 1],
and to complete the second column of A we find that the second column of
L is the vector [0,1,—2,0]7. We continue the factorization by completing
the third row of U, the third column of L, and then obtain the final element
of the matrix U. The complete factorization is

2 1 -1 2 1 0 0 O 2 1 -1 2
-4 -3 2 3| | -2 1 00 0 — 0 1
2 3 2 -1 | 1 -2 1 0 0 0 3 -1\’
-2 -1 4 -2 -1 01 1 0O 0 O 1
as may be easily verified. |

Suppose we wish to solve a system of equations of the form Ax = b,
where A is a square matrix that has been factorized to give A = LU, as
described above. Then

Ax=b < L(Ux)=b.

If we now write Ux =y, then the solution of the original system of equa-
tions Ax = b is equivalent to solving the two systems

Ly=b and Ux =y. (1.56)

Although, having factorized A, we now have two systems to solve instead
of one, the total number of calculations required is greatly reduced, since
the matrices L and U are triangular. First we find the vector y in (1.56)
by solving Ly = b; we find the first element of the intermediate vector y
immediately from the first equation, substitute it into the second equation
to find the second element of y, and so on. This process of finding the
elements of y one at a time, beginning with the first, is called forward
substitution. Having found the vector y, we then turn to the solution of
the second triangular system of equations in (1.56). This time, in solving
Ux =y we find the last element of the vector x immediately from the last
equation, substitute it into the second-to-last equation to find the second-
to-last element of x, and so on. This process of finding the elements of x
one at a time, beginning with the last, is called back substitution. Note that
the forward and back substitution processes, giving such a simple means
of solving the above linear systems, are possible because the matrices are
triangular.
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Example 1.2.4 Let us solve the system of linear equations Ax = b, given
by

2 1 -1 2 1 9
-4 -3 2 -3 zo | | —14
2 3 2 -1 z | | =2 |- (1.57)
-2 -1 4 -2 T4 -9

We have already factorized the matrix A = LU in Example 1.2.3. We now
find the vector y by using forward substitution in the equations Ly = b,
which are

1 000 n 9
—2 100 vy || 14
1 -2 10 s | | =2
-1 0 1 1 Y -9

We obtain y; = 9, and then evaluate ys,ys, and y4 in turn, to obtain the
vector y = [9,4,—3,3]T. Finally, we obtain the vector x by using back
substitution in the equations Ux = y, which are

2 1 -1 2] [m 9
0 -1 0 1| |a]| _| 4
0 0 3 -1 |||~ |-3
0 0 0 1] [ a 3

We find that x4 = 3 and then evaluate x3, 2, and x1, in turn, giving the
vector x = [2,—1,0,3]T as the solution of (1.57). [

We now turn to the factorization of the Vandermonde matrix V, defined
by (1.7). Let us assume that the abscissas xg,x1,...,z, are all distinct.
Then, as we have already seen from (1.8), this implies that V is nonsingular.
Since every principal submatrix of order m > 1 of a Vandermonde matrix
is itself a Vandermonde matrix of order m, we see that all principal minors
of V are nonzero. Hence, by Theorem 1.2.2, a Vandermonde matrix can be
factorized uniquely as a product of a lower triangular matrix L with units
on the diagonal and an upper triangular matrix U.

We can obtain the factors of the Vandermonde matrices defined by (1.7)
for n =1,2,3,... in turn, using the construction employed in the proof of
Theorem 1.2.2 and applied in Example 1.2.2. For n = 1, we obtain

1 x| |1 0 1 To
1 x| |1 1 0 o3 —x0 |’

and for n = 2 the factors L and U are

I R
Ty — w0 and 0 z1—z0 (%1 —20)(T0+ 71)
1 == 1 0 0 (2 — x1)(T2 — 20)

1 — o
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For n = 3, the matrix V has the lower triangular factor

1 0 0 0
1 1 0
1 T2 — Zo
r1 — X0
1 I3 — Xo (1'3 —$1)($3—$0) 1
1 —x0 (22 — 71)(T2 — T0)
and the upper triangular factor
T 3 i
xo + 1) (x1 — x0) (23 + xow1 + 23)

1
0 1 — X9 ($1 —1‘0)
0 0 ( T2 71’1)
0 0

—

T2 71’0) (ZL’Q 71’1)(%2 7%0)(%04’.%1 +Z2)
(r3 — 22) (23 — 21) (23 — 20)

o

Let us now consider the (n 4+ 1) x (n 4+ 1) matrix V and its factors L
and U for a general value of n. It is convenient to number the rows and
columns of these (n 4+ 1) x (n + 1) matrices from 0 to n instead of, more
usually, from 1 to n 4+ 1. From the above evidence for n = 1,2, and 3, it is
not hard to conjecture that for a general value of n, the nonzero elements
of L are given by

= [ 2=0 o<j<i<n, (1.58)
t=0

where an empty product (which occurs when j = 0) denotes 1. It is a little
harder to spot the pattern in the elements of U. We note that there appears
to be a common factor in the elements of each row: For example, for n = 3
the elements in the second row of U have the common factor 1 — zg. In
this case, the quantities that remain after removing the common factor are

2 2
0, 1, zo+wz1, xy+ x0TI+ 27,

which are complete symmetric functions. For the matrix U with n = 3,
we see that for 0 < ¢ < 3, the elements in the ith row have the common
factor m;(x;), where m; is defined by (1.11). We therefore conjecture that
the nonzero elements of the general matrix U are given by

um- :Tj,i(mo,...,xi)m(xi), OSZS] S’n, (159)

where again an empty product (which occurs when ¢ = 0) has the value 1.

Theorem 1.2.3 The (n+ 1) x (n+ 1) matrix V can be factorized as the
product of the triangular matrices L and U whose elements are given by
(1.58) and (1.59), respectively.
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Proof. Let L and U be defined by (1.58) and (1.59), respectively. Then the
(,7)th element of LU is

Z li’kuk,j.

k=0

Note that since U is upper triangular, ug ; = 0 for £ > j, and thus we can
replace n by j as the upper limit in the above sum of products I; yuy ;.
Then, using (1.58) and (1.59), we obtain

J k-1 k—1

szum ST E—2t o (wos ) [ (o — o).

Tk — Tk—t—1

k=0 t=0 t=0
This gives
J J k—1
S bk =Y 7iok(@wo, .o wk) [[ (@ — wria), (1.60)
k=0 k=0 =0

which, in view of (1.48), yields

J J
> gk =Y flo, ..., Tk H i~ Tp—t-1)
k=0 k=0

where f(z) = 27. But the latter expression is just Newton’s divided differ-
ence form (1.19) of the interpolating polynomial for f(x) = 27, evaluated
at = x;. Since the interpolating polynomial for f(z) = 27 is smlply 2, it
follows that

J k—1
Zf[xo, oo, Ty 1_[(33Z — Tp_t—1) = ),
k=0 t=0
completing the proof that
LU=V. ]

A different factorization of V as a product of a lower and upper triangular
matrix was obtained by Gohberg and Koltracht [20]. The factorization de-
scribed above is due to Orug [39]. (See also Orug and Phillips [41].) We can
scale the elements of L and U, defined by (1.58) and (1.59), to give lower
and upper triangular matrices L* and U™ whose nonzero elements are

-1
y=1l@i-20), o0<ji<i<n, (1.61)
t=0

and

up ;= Ti—i(T0, -, Ti), 0<i<j<n. (1.62)
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It is clear from (1.58), (1.59), (1.61), and (1.62) that
Zi,kukJ = lzkuz,j’

and the argument following (1.60) shows that V = L*U". Note that in the
factorization V = LU the lower triangular matrix L has units on the diag-
onal, whereas in the factorization V = L*U”* the upper triangular matrix
U™ has units on the diagonal. For further references on the factorization of
the Vandermonde matrix, see Higham [25].

Example 1.2.5 We consider again the table of values

z |0 1 2 3
fl@)]6 -3 -6 9

for which we found Newton’s divided difference form of the interpolating
polynomial in Example 1.1.1. Let us now evaluate the interpolating poly-
nomial directly from the solution of the appropriate Vandermonde system
(1.6), using the LU factorization. Thus we will first find an intermedi-
ate vector y by solving the lower triangular system, as in (1.56), and use
this as the right side of an upper triangular system to obtain the vector
[a0, a1, az,a3]”, the solution of the Vandermonde system (1.6), whose ele-
ments are the coefficients of the interpolating polynomial.

On substituting x; = ¢ for 0 < ¢ < 3 in the 4 x 4 triangular factors
L and U defined by (1.58) and (1.59), we obtain the factorization of the
Vandermonde matrix V,

1 0 0 O 1 0 0 0 1 0 0 0
1 1 1 1 1 1 0 0 01 1 1
V_1248_1210 0026_LU'
1 3 9 27 133 1][00O0 6
Then, as in (1.56), we next solve the lower triangular equations
100 0 n [ 6
1100/ |w| | -3
1210 ys |~ | -6
1 3 31 Ya 9

by forward substitution to obtain y = [6,—9,6,12]7. This intermediate
vector y becomes the right side in the upper triangular system

1 000 aop 6
0 1 1 1 a | | -9
0 0 2 6 as | 6 |’
0 0 0 6 as 12
which we solve by back substitution to give ag = 2, ao = —3, a; = —8, and

ag = 6. Thus the required interpolating polynomial is

p3(z) = 22% — 32% — 82 4 6,
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which agrees with the result obtained by using Newton’s divided difference
formula in Example 1.1.1. |

We conclude this section by obtaining a matrix that transforms the Van-
dermonde matrix into the Newton matrix. If we replace by —1/x and n
by m — 1 in (1.44), and then multiply throughout by ™, we obtain

m

T (@) =Y (1) 00 (20, -, Tm1)2™ ",

r=0

where 7, () is defined by (1.11). On reversing the order of the summation,
we have

Tm(x) = Z(—l)m_ram,r(xo, ey T2 (1.63)
r=0
Thus we may write
Wo(.’t) 1
m1(x) x
l=A] |, (1.64)
7 (2) ™

where A is the lower triangular matrix whose elements are given by

_J D)oij(mo,. . wio), 02>,

%4{0, i < j,
for 0 <i,j < n. As we have already remarked, the monomials 1, z,...,x"
are a basis for the set of all polynomials of degree at most n, and the set of
polynomials 7, ..., m, is another basis. The matrix A is a transformation
matrix, which transforms the first of these bases into the second one. If we
now substitute x = z; in (1.64), we see that A transforms a row of the
Vandermonde matrix V, defined by (1.7), into the corresponding row of
the Newton matrix M, defined by (1.15). Thus we have M” = AV so

that

M = VA. (1.65)

Problem 1.2.1 Deduce from (1.44) the recurrence relation
0r(Toy ooy Tn) = 0r(T0y e o s Tne1) + Ty Or—1(Xoy -+, Tne1),
where r > 1 and n > 1.

Problem 1.2.2 Show that o, (zg,...,Z,) is a sum of ( njl ) terms.

Problem 1.2.3 Show by induction on r, using the recurrence relation
(1.45), that 7-(xo,...,2y) is a sum of ( ni—r ) terms.
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Problem 1.2.4 Verify directly from a divided difference table that
73(20, 21, 2) = flwo, 71, 2],
where f(z) = .

Problem 1.2.5 Deduce directly from Definition 1.2.2 that
1
71(1,2,...,n) = in(n +1).

Problem 1.2.6 Using the recurrence relation (1.45) and the result of
Problem 1.2.5, show by induction on n that

72(1,2,...,n) = 21—4n(n +1(n+2)3n+1).

Problem 1.2.7 Use the recurrence relation (1.45) and the result of Prob-
lem 1.2.6 to show by induction on n that

L 2 4 12 (4 2)(n £ 3).

7'3(1,2,...,71):4—8

Problem 1.2.8 Deduce from (1.45) that

n
(1,...,n) = an,l(l,...,s),
s=1

and so show by induction on r that 7,.(1,...,n) is a polynomial in n of
degree 2r.

Problem 1.2.9 With the choice of abscissas z; = j for 0 < j < n, verify
that the nonzero elements of the (n+1) x (n+ 1) triangular factors L and
U (see (1.58) and (1.59)) of the Vandermonde matrix V satisfy

and
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Problem 1.2.10 Given the table

z | 1 2 3 4
flx) | -16 -13 —4 17

derive the interpolating polynomial ps € P3 for f by factorizing the Van-
dermonde matrix, and hence solve the Vandermonde equations.

Problem 1.2.11 Recalling that
det(BC) =detB detC  and  det B = detB,

where B and C are any square matrices of the same order and B? denotes
the transpose of the matrix B, deduce from (1.65) that det M = det'V,
where M is the Newton matrix defined by (1.15), and V is the Vander-
monde matrix defined by (1.7).

Problem 1.2.12 Let A = LU, where A is a nonsingular square matrix, LL
is upper triangular, and U is lower triangular. Express A’ as the product
of a lower and an upper triangular matrix.

1.3 Forward Differences

When we compute divided differences, as in Table 1.1, we repeatedly cal-
culate quotients of the form

flzjrn, - xipksa] = flog, o @)

LTjtrk+1 — Tj

, (1.66)

where k has the same value throughout any one column of the divided
difference table. We note that & = 0 for first-order divided differences, in
column 3 of Table 1.1, k¥ = 1 for the second-order divided differences in
the next column, and so on. Now let the abscissas x; be equally spaced, so
that z; = x¢ + jh, where h # 0 is a constant. Then, since

Titrt1 — x5 = (k+ 1)h,

we see from (1.66) that the denominators of the divided differences are
constant in any one column. In this case, it is natural to concentrate on
the numerators of the divided differences, which are simply differences. We
write

f(@jpa) = fz5) = fz; + h) — flz;) = Af(x;), (1.67)
which is called a first difference. The symbol A is the Greek capital delta,

denoting difference. It follows that with equally spaced z;, we can express
a first-order divided difference in terms of a first difference, as

Af(x))

flrj,zj1] = 0
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since x;11 — x; = h. If we make the linear change of variable

s = %(m—mo), (1.68)

then the abscissa x; = xg + jh is mapped to j. Without any loss of gener-
ality, we will write z; = j. Then

flrj,zj1] = Af(xy), (1.69)
and

flzjr, mjp0] = flag, @i 1
Tj42 — Ty 2

(Af(xj41) — Af(z;)).

flzg, mjp1, wje] =

It is convenient to define
AP f(x;) = Af(xj41) — Af(zy),

and consequently, the second-order divided difference may be expressed in
the form

f[wj,$j+1,$j+2] = %A?f(lﬁ) (170)

We call A? f(z;) a second-order forward difference. The reader may wish to
explore what happens when we express a third-order divided difference in
terms of second-order forward differences. Based on such evidence, it then
seems natural to define higher-order forward differences recursively, as

AFLf(35) = A (AR f(;)) = A faj40) — AR f(xy), (1.71)

for k > 1, where A'f(z;) = Af(z;). It is helpful to extend the definition
of (1.71) to include k = 0, defining

A% f(x) = f(z)). (1.72)
On pursuing the evaluation of a third-order divided difference, we obtain
L3
f[wjvxj+17wj+27xj+3] = EA f(xj)7

and it is not difficult to guess and justify the following general relation that
connects divided differences and forward differences.

Theorem 1.3.1 For all j, k > 0, we have

1
fleg zian, il = 4 AF f(y), (1.73)

where z; = j.
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Proof. The proof is by induction on k. The result clearly holds for £k = 0
and all j > 0. Let us assume that it holds for some k£ > 0 and all j > 0.
Then

f[xj-‘rla s 7xj+k+1] — f[x]’ s ’xj"rk]
Tjt+k+1 = Tj

_ 1 (Akf($j+1)_Akf($j)>

flzgs @] =

k+1 k! k!
— 1 k+1

on using (1.71). This shows that (1.73) holds when k is replaced by k + 1,
which completes the proof. |

In mathematical tables, functions are usually tabulated at equal inter-
vals, as in the first tables of logarithms, which appeared in the early seven-
teenth century. This gave impetus to the study of interpolation at equally
spaced abscissas. Let us therefore see how Newton’s divided difference for-
mula (1.19) simplifies when we interpolate at the abscissas 0,1, ..., n. First
we have

() =z —-1)(x—-2) - (x —k+1),

for k > 0, with mo(z) = 1, and (1.73) gives
1 .
fl0,1,... k] = HAkf(O).

It then follows from (1.19) that the interpolating polynomial for f con-
structed at the abscissas 0,1,...,n may be written in the form

A{go)m (x) + A Qf!(O)ﬂ'Q(IL') +

We can express p, in terms of binomial coefficients, since we have

1 zz—1)(xz—2)---(z—k+1) x

L A

n!

pn(w) = f(O) +

T ().

thus giving the simpler form

pa() = £(0) + AF(0) ( 1 ) + o+ ATF(0) ( ; ) (1.74)

This is called the forward difference formula for the interpolating polyno-
mial, which we can write more succinctly as

pale) = éﬂf«n (%)



1.3 Forward Differences 31

f(zo)

Af(xo)
f(z1) A? f ()

Af(z1) AP f (o)
f(x2) A?f(x1)

Af(zz) A3 f(21)
f(z3) A% f(x)

Af(xs)
f(z4)

TABLE 1.3. A systematic scheme for calculating forward differences.

Although the forward difference form of the interpolating polynomial is
often attributed to Isaac Newton and his contemporary James Gregory
(1638-1675), it was used before their time by Henry Briggs (1556-1630)
and Thomas Harriot (1560-1621). For further information on the history
of interpolation see, for example, Goldstine [21], Edwards [15], Phillips [44].

To evaluate the forward difference formula (1.74), we first compute a
table of forward differences (see Table 1.3), which is laid out in a manner
similar to that of the divided difference Table 1.1. The only entries in Ta-
ble 1.3 that are required for the evaluation of the interpolating polynomial
pn(x), defined by (1.74), are the first numbers in each column, namely,
f(zo), Af(xg), and so on. From the uniqueness of the interpolating poly-
nomial, if f(x) is itself a polynomial of degree k, then its interpolating
polynomial p,(z) will be equal to f(x) for n > k. It follows from (1.74)
that kth-order differences of a polynomial of degree & must be constant,
and differences of order greater than & must be zero.

Example 1.3.1 In Example 1.1.1 we found Newton’s divided difference
form of the interpolating polynomial for the function f, given in a table
that we repeat here:

z |0 1 2 3
fl@)y]6 -3 —6 9

This time we will use the forward difference formula (1.74). First we com-
pute the following table of differences, whose entries are defined as in Table
1.3 above:

6
-9
-3 6
-3 12
—6 18
15
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Only the first number from each column of this table is needed in con-
structing the interpolating polynomial, which, from (1.74), is

pg(x):fi( g>—9(f>+6(§)+12< 5 )
and this can be rewritten in the form
p3(x) =6 — 92 + 3z(x — 1) + 2z(z — 1) (z — 2), (1.75)
as we found in Example 1.1.1. [ |

Let us suppose that we are given a function f in some implicit form, and
know its value at a sufficiently large number of abscissas. Then if we happen
to know that f is a polynomial, we can obviously determine it explicitly by
evaluating the interpolating polynomial. This is illustrated in the following
example.

Example 1.3.2 We apply this technique to evaluate the complete sym-
metric function 72(1,...,n), given that 71(1,...,n) = in(n+ 1), so that
the recurrence relation (1.45) gives

7'2(1,...,71)—7'2(1,...,71—1):%n2(n—|—l). (1.76)

Now, 72(1,...,n) is a function of n, which we know from Problem 1.2.8 to
be a polynomial of degree 4, and we know the first differences of 7 from
(1.76). We can therefore construct a difference table for 5. In the column
for 7 we insert its value of 1 for n = 1 and put “bullets” in place of the
other values of 7:

n  7o(l,...,n)
1 1
6
2 ° 12
18 10
3 . 22 3
40 13
4 ° 35 3
75 16
5 ° 51
126
6 °

The third column in the above table contains the values of %nz(n +1) for
2 < n < 6. We have continued the table as far as n = 6, one value of n more
than is necessary, so as to obtain two values in the sixth column of the table,



1.3 Forward Differences 33

corresponding to fourth differences of 75. These two values, both equal to 3,
give a reassuring check on the fact that fourth differences of a polynomial
of degree four are constant. We can now write down 7o(1,...,n) in its
interpolating polynomial form, using the forward difference form (1.74).
We will need to replace z in (1.74) by n — 1, since x = 0 corresponds to
n = 1, which is n — 1 = 0, and insert the appropriate forward differences.
We can thus write 72(1,...,n) in the form

n—1 n—1 n—1 n—1 n—1
( o)y >+12< ; )+10< S ) )
and a small calculation yields

1
72(1,...,n) = ﬂn(n—s—l)(n—l—Q)(Sn—&—l), (1.77)
as obtained by other means in Problem 1.2.6. Note how, even before ob-
taining the above explicit expression for 75, we could have determined its
values for 2 < n < 6 by using the column of first differences in the above
table. Thus we obtain, in turn,

(1,2) =146=7, 7(1,2,3)=7+18 = 25,

and so on, finally obtaining 75(1,...,6) = 266, which agrees with (1.77).
We can also add to our above table by inserting numbers, one at a time, be-
ginning with the sixth column by inserting a 3, since the fourth differences
are known to be constant. Then, in turn we can insert

3+16=19, 19451=70, 704126 =196, 1964 266 = 462

in columns 5, 4, 3, and 2, respectively. This last number in column 2 then
gives 1o(1,...,7) = 462, in agreement with (1.77). |

In our above study of interpolation at equally spaced abscissas we found
it convenient to make a linear change of variable so that x; = j. We will
now write down explicit forms, for any set of equally spaced abscissas, for
the main results derived above for the special case where z; = j. Thus we
readily find (see Problem 1.3.1) that when z; = z¢ + jh, for all j > 0,
(1.73) becomes

1
f[.fj,l'j.ﬂ,.l,...,l‘j.ﬂ,.k] = WAkf(l']), (178)

and (see Problem 1.3.2) the forward difference form of the interpolating
polynomial (1.74) becomes

pn(0 + sh) :f(xo)+Af(x0)( | ) + oo+ A f(a0) ( ; ) (1.79)
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where the new variable s is defined by x = xg + sh. It also follows immedi-
ately from (1.33) and (1.78) that if the conditions of Theorem 1.1.2 apply,
then

A" f(x
Jwo) _ jooe) (180
where £ € (z0,z,). On letting h — 0, we obtain
lim SEL0) ) ), (1.81)

provided that f(™ is continuous.

It is easy to see, by using induction on k, that A* f(x;) may be expressed
as a sum of multiples of f(x;), f(z;11), ..., f(zj4r). In fact, we may
prove by induction or deduce from (1.21), the symmetric form for a divided
difference, that

k
A4 fla) = 307 (5 ) i) (1.82)

r
r=0
Let us recall the Leibniz rule for the differentiation of a product of two
differentiable functions: If the kth derivatives of f and g both exist, then
k

k r k—r
e V@) =3 (1) G/ @ oo 0

This rule is named after Gottfried Leibniz (1646-1716). We now state an
analogous result involving the kth difference of a product. We omit the
proof, since (see Problem 1.3.5) it is easily deduced from Theorem 1.3.3.

Theorem 1.3.2 For any integer k > 0, we have

k
A (repata) =30 () A% A glar). W sy
r=0

The Leibniz rule for differentiation (1.83) can be proved directly by in-
duction. However, if we divide both sides of (1.84) by h* and take limits as
h — 0, then the Leibniz rule for differentiation (1.83) follows immediately,
on using (1.81).

In the proof of the Leibniz rule for the divided difference of a product, it
is convenient to use the “operator” notation for divided differences, which
we introduced in (1.20). It is easily verified that

[z0, 21]fg = [0l f - [0, 1]g + [T0, 21]f - [71]9, (1.85)
and, with a little more work, we can show that
[z0, 21, 22] fg = [0 f - [T0, 21, T2]g + [0, 1] f - [1, X2]g + w0, 71, T2] f - [72]9.

This beautiful relation suggests the form of the general result, which we
now state:
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Theorem 1.3.3 The kth divided difference of a product of two functions
satisfies the relation

k

[mjaxj-i-h s 7xj+k>]fg = Z[x]7 s 7xj+7“]f ' [xj+T7 s 7xj+k>]g (186)
r=0

for k> 0.

Proof. We can set j = 0, without loss of generality, to simplify the pre-
sentation of the proof. It is clear that this result holds for £ = 0, and we
saw above in (1.85) that it also holds for k¥ = 1. We complete the proof
by induction. Let us assume that (1.86) holds for some &k > 1. Then let us
write

(1, @eq1]fg — [0, .- 2] fg

(%o, 21, .., Tpt1]fg = . (1.87)
Tk+1 — X0

On setting j = 1 in (1.86), we can express the first term in the numerator
on the right of (1.87) in the form

k

[‘Tlv s 7xk+1]fg = Z[mla s 7xr+1]f : [Ir-f—l» sy $k+1]g' (188)
r=0

From (1.86), with j = 0, the second term in the numerator on the right of
(1.87) is
k

[0, ..., xk)fg = Z[zz:o, R AR T A (1.89)

r=0
We now replace the rth term on the right of (1.88) by

{[CCO, ooy f F (2rg1 — o) [T0, - - - ,!Br+1]f} [rrg1, . Tega]g (1.90)
and the rth term on the right of (1.89) by

[0yl f - L Trsas - @il — @1 — @)@, 2alg fo (1.91)

Note that (1.90) and (1.91) have the term [zg, ...,z |f * [Zr41,. .-, Tht1]9
in common. This pair of terms cancel because [z, . .., zx]|fg has a negative
sign in the numerator on the right of (1.87). This numerator may therefore
be expressed in the form S; + So, say, where

k

51 = Z((ETJrl — .’Eo)[.’bo, e 7£ET+1]f . [1'T+1, e ,xk+1]g, (192)
r=0

obtained from summing the uncancelled term in (1.90), and

k

Sy = Z($k+1 —p)[@oy ey T f [y e TRy g, (1.93)
r=0
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obtained similarly from (1.91). It remains only to replace r by s — 1 in
(1.92), and then write = in place of s, to give

k+1
Sl = Z(xr - 550)[530; e 7xr]f : [.’L'»,-, ey $k+1]g~ (194)

r=1
We then obtain from (1.94) and (1.93) that

k+1

S1+ Sz = (Tp41 — 20) 2[3307 R I AR N Y [
r=0

and, on dividing both sides of the latter equation by xx11 — xo, we deduce
from (1.87) that

k+1
[1‘0,1’1, S 7-'17}g+1]fg = Z[.’L‘o,Il, R ,J]T]f . [xr, Ceey a?kJrl]g.
r=0
This completes the proof. |
There is a variant of the forward difference formula in which the inter-
polating polynomial is written in terms of backward differences. We define
the first-order backward difference,

Vf(x;) = fz;) — fxj-1), (1.95)
where the abscissas x; = x¢ + jh are equally spaced. Then we may write
Vf(zx;
f[xj—hmj] = %

When we explore how a second-order divided difference might be written
in terms of V, we find it natural to define

V2 f(x;) = Vf(x;) = Vf(x;-1),
for then

: . 2 .
f[l‘j_g,xj_l’xj] — i <Vf}(L$j) _ vf(i]—l)) _ szh(;j])

Recall that the order of the arguments in a divided difference does not
matter, and so we could alternatively write

V2 f(zg)

f[xjaxjfhxjfﬂ = oh2

We now proceed in the same way as we did above in our study of forward
differences and, following the behaviour of divided differences, we find it
expedient to define higher-order backward differences recursively, writing

VER f(35) = V (VFf(5)) = V¥ f(;) — VF fa-), (1.96)
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f(zo)

Vf(x1)
f(z1) V2 f(x2)

Vf(z2) V3 f(xs3)
f(x2) V2 f(x3)

Vf(xs3) V3 f(x4)
f(z3) V2 f(x4)

Vf(x4)
f(z4)

TABLE 1.4. A systematic scheme for calculating backward differences.

for k > 0, where VO f(z;) = f(z;) and V! f(z;) = Vf(z;). It is then easily
verified by induction on k that

VI f(a,
f[a:n,j, Tp—jt1y--- ,l‘n] = f[.%'n, Tn—1y--- ,xn,j] = j';zj) (197)
We now recast the divided difference formula (1.19) by taking the distinct
abscissas g, x1,...,T, in reverse order, to give
n j—1
pn() :Zf[xnw-wzn—j]H(xfzn—r)y (1.98)
§=0 r=0

where the empty product (corresponding to j = 0) denotes 1. On making
the change of variable x = z,, + sh, we obtain

TG — ) =1 [ s+ 1) = (19 [ (—s — )
r=0 r=0 r=0

and, on using this and (1.97), we have

flan, ... ,xn_j]ﬁ(x — Zpy) = (1) < —F ) VI f(2,).

r=0 J

If we now sum this last equation over j, we see from (1.98) that

palen-tst) = 217 () Vs, (1.99)

=0 J

which is called the backward difference formula for the interpolating poly-
nomial.

To evaluate the backward difference formula (1.99), we first compute a
table of backward differences (see Table 1.4), which is similar to the forward
difference Table 1.3. The only entries in Table 1.4 required for evaluating
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pn(x), defined by (1.99), are the last numbers in each column, namely
f(zn), Vf(x,), and so on. Note that the numbers in Tables 1.3 and 1.4 are
the same. Thus, for example, Vf(x1) = Af(xo), V2f(23) = A2f(z1), and
in general,

VA f(x) = A" fxj—), (1.100)
for j > k> 0.

Example 1.3.3 Let us evaluate the backward difference formula for the
data that we used in Example 1.3.1 to evaluate the forward difference
formula. Since the abscissas are 0, 1, 2, and 3, we have n =3, h = 1, and
x3 = 3 in (1.99). To evaluate (1.99) we require the values

flx3) =9, Vf(zs)=15 V>f(z3)=18, V°f(z3)=12,
obtained from the difference table in Example 1.3.1. We can thus write

(=s)(=s = D(=s =2

—s)(—s—1
pa(s+3) = 9 — 15(—s) + 18 5)(25 ) 19 - :
which simplifies to give
p3(s+3) =9+ 28s + 1552 + 25°. (1.101)

As a check, let us substitute s = 2 —3 in (1.101), and simplify the resulting
polynomial in x to give

p3(x) = 6 — 8 — 3% + 223,

which agrees with the expression for ps(z) given in (1.75) at the end of
Example 1.3.1. |

Problem 1.3.1 If x; = xg + jh, for j > 0, show by induction on k that

1
flzgsjpn, o wi4k] = WAkf(xj)-

Problem 1.3.2 Given that z; = x¢ + jh, for j > 0, make the change of
variable x = x¢ + sh and hence, using the result of Problem 1.3.1, show
that a typical term of Newton’s divided difference formula (1.19) may be
expressed as

AJ f(xo)

flzo, 1, .. wj] - i) ZW'hjS(S—l)"'(S—J+1),

and thus derive the forward difference formula,

Pulo + sh) = f(z0) + Af (o) ( : ) et A (20) < ’ ) |
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Problem 1.3.3 Consider the function 2* evaluated at x = 0,1, 2, and so
on. Show that
A 2% =27t 9T — 9%

3

and thus show by induction on k, using (1.71), that
Ak 2T = 97

for all nonnegative integers k. Hence verify that the interpolating polyno-
mial for 2* constructed at x =0,1,...,nis

Problem 1.3.4 Let us define
S(n) =0"+1"+2 + ... +n',

for n > 0. Evaluate S(n) for 0 < n < 5 and compute a table of forward
differences. Hence, on the assumption that S is a polynomial in n of degree
5, show that

w-(1)em(3)vm(3) (1) (5 )

and verify that this simplifies to give

1
Zr4 = %n(n—l— DERn+1)(Bn*+3n—-1), n>1.

r=1

Problem 1.3.5 Beginning with (1.86), the expression for the divided dif-
ference of a product of two functions, use (1.78) to deduce the expression
(1.84) for a forward difference of a product.

Problem 1.3.6 Verify (1.97), the relation between divided differences and
backward differences.

Problem 1.3.7 Beginning with the symmetric form (1.21), show that for
equally spaced x;,

Np) =1y () s,

and deduce that
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1.4 Central Differences

When we use the forward difference formula (1.74), we begin with f(zo),
and then add terms involving A f(zg), A% f(x¢), and so on. Thus, obviously,
the first term involves only f(xg), the first two terms involve only f(zg)
and f(z1), and so on. As we add more terms in building up the forward
difference formula, we bring in values f(x;) that are increasingly farther
from x(. Likewise, as we add successive terms in the backward difference
formula (1.99), we bring in values f(z;) that are increasingly farther from
Z,. These observations motivated the study of central differences. Let
xj = 20 + jh be defined for all integers j, and not just for j > 0. Then we
define

§f(z) = f(z+ 3h) — f(z — $h), (1.102)

which we call a first-order central difference. In a similar fashion to the def-
inition of higher-order forward and backward differences, we define higher-
order central differences recursively from

M f () =6 (" f(x) (1.103)

for k > 0, where §° f(x) = f(z) and §' f(x) = § f(x). It readily follows from
(1.102) and (1.103) that

8 f(x;) = flzjra) — 2f (z;) + flzjm1),

so that
8 f(xj) = A% f(xj-1) = V2 f(2541).

Now let us begin with the forward difference formula and, in place of the
original abscissas

Loy, L1, L2, L3, L4y,

where these are distinct, but are otherwise arbitrary, we will use abscissas
taken in the order

Loy L1y, X —1, L2, L -2, T3, L -3y,

where each z; is equal to xg + jh. On putting = x + sh, we may verify
that the divided difference formula (1.19) begins

s+ (5 ) ot dny+ (5) o+ (*31) o+ i)
where the general even-order and odd-order terms are

s+k—1 s+k
( ok )52’ff(:c0) and <2k+1 ) &% HL f(zo + Lh), (1.104)
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flz_2)

5f(1’—1 - %h)
f(z-1) 6% f(x_1)

df(xo — %h) 53f($0 - %h)
f(xo) 6 f(x0)

§f(zo + 2h) 8 f(wo + 1h)
f(x1) 6% f(x1)

6f(z1 + 3h)
f(x2)

TABLE 1.5. A systematic scheme for calculating central differences.

respectively. The above form of the interpolating polynomial is known as
Gauss’s forward formula, named after C.F. Gauss (1777-1855). If, on the
other hand, we introduce the abscissas in the order

Loy L—1,L1,L—-2,T2, LT-3,L3y...,

we obtain a form of the interpolating polynomial that begins

+1 +1
f(x0)+( i ) 6f(x0—§h)+< s ; ) 52f(330)+( s ; ) 8% f(zo—3h),
where the general even-order and odd-order terms are
SER N 2% p20) and [ STF ) 62 fw—Lh),  (1.105)
2k 0 2k + 1 02 '

respectively. This second form of the interpolating polynomial in terms of
central differences is known as Gauss’s backward formula. Table 1.5 shows
a difference table involving central differences. We note how each of the
two formulas of Gauss chooses differences that lie on a zigzag path through
the difference table, beginning with f(xg).

To achieve symmetry about g, it is tempting to take the mean of these
two interpolating formulas of Gauss. Another item of notation is helpful in
pursuing this idea: Let us write

(f(xo + 3h) + f(z0 — 5h)) (1.106)

N |

pf(xo) =

where p is called the averaging operator. Then the means of the odd-order
differences occurring in the two interpolating formulas of Gauss may be
written as udf(zo), pud®f(xo), and so on, and the mean of Gauss’s two
formulas begins

s+ () wosen+ 5 () @+ (5 s
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where the general even-order (for £ > 1) and odd-order terms are

s (sthk—1 2%k s+k 241
2k< ok 1 >5 f(xo) and <2k+1>ﬂ5 f(zo), (1.107)

respectively. This is called Stirling’s interpolation formula, named after
James Stirling (1692-1770). We may verify that

6 (o) = 3 (F(n) = fz ),

and if we truncate Stirling’s interpolation formula after the first three
terms, we obtain

2

s s
p2(xo + sh) = f(xo0) + §(f($1) — flz-1)) + j(f(fﬁ) —2f(z0) + f(z-1)).
If we truncate Stirling’s interpolation formula after the term involving
52k f(z0), we obtain the interpolating polynomial pay(z¢ + sh), which in-
terpolates f at the abscissas _, T_fg41,...,Thp—1, Tk-
Problem 1.4.1 Verify that

pd° f(zo) = 6% (uf (o))
and that

b f (o) = 5 (F(2) = 20(1) + 26 (e 1) = f(z-2)).

Problem 1.4.2 Derive an expansion of §2**! f(xy) by adapting the cor-
responding relation (see (1.82)) for forward differences. Hence verify that

k

> (=1 ar(f(@ra1—r) = F(@_k—140)),

r=0

(2k+1) <2k+1>
QT: —_
T r—1

Problem 1.4.3 Show that

N |

U6 f (o) =

where ag = 1 and

for1<r<k.

2% =

P f(an) = (-1 (5 ) )+ ;<—1>T( ) anr) + o),

r=
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1.5 ¢-Differences

As we saw in Section 1.1, the divided difference formula (1.19) allows us to
interpolate on any set of distinct abscissas. Nevertheless, we derived special
forms of the interpolating polynomial when the intervals between consecu-
tive abscissas are equal, namely the forward difference formula (1.74), the
backward difference formula (1.99), and the interpolating formulas of Gauss
and Stirling based on central differences. In this section we will consider
another special form of the interpolating polynomial, where the intervals
between consecutive abscissas are not equal, but are in geometric progres-
sion. Let us denote the common ratio of the geometric progression by gq.
Without loss of generality, we can make a linear change of variable, shifting
the origin so that xy = 0, and scaling the axis so that 1 — x¢o = 1. It then
follows that x; is equal to the g-integer [j], defined by

] :{ 1-¢)/1-q), q#1,

Js q=1

(More material on g-integers is presented in Chapter 8.) As we observed in
Section 1.3, when we compute divided differences in Table 1.1 we repeatedly
calculate quotients of the form

flzjes - @] — flag, o 4]
Tjtk+1 — T ’

where k has the same value throughout any one column of the divided
difference table, and we noted that the above denominator is independent
of 7 when the abscissas x; are equally spaced. Let us explore what happens
to this denominator when z; = [j]. We have
1— qj+k+1 1— qj )
T —x; = — =q¢lk+1], 1.108
k1 — T - - ¢’k +1] (1.108)

which is not independent of j, although it does have the common factor
[k + 1]. Now when k& = 0 we have

f@je) = flag) _ fl2ie1) = flzg)

Ti,Tir1] =
Tl 2l Tj+1l — Xy q’
It is convenient to define
f(xje1) = f(x5) = Ay f(z)), (1.109)
so that Af(z)
2
flaj, xja] = %. (1.110)

Thus the g-difference A, f(z;) is exactly the same as the forward differ-
ence A f(x;). However, we will see that the kth-order ¢-difference A’; fxj),
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which we define below, and the kth order forward difference A* f(z;) are
not the same for k > 2, unless ¢ = 1. From (1.22), the recurrence relation
for divided differences, and (1.110) we next obtain

A j A ;
fleg,wjpn, 0] = ( qjch(-fjlﬂ) —~ qéj(xy)) /($j+2 — ;).

It follows from (1.108) that
iz — x5 = ¢[2],
and thus the second-order divided difference may be written as

flj, g1, Tjpe] = Aqf(mj;;g; é]Aqf(wj). (1.111)

In view of (1.111) we define
Aff(wj) = Agf(zj1) — a Ay f(ay),
so that we may write

Sl s 2aa] = A% f(;)
JoLj+1,Lj4+2 q2j7+1[2].

It is helpful to gather more evidence, by evaluating the third-order divided
difference f[z;, ;41,2 42, %;43] when each abscissa x; is equal to [j]. We
find that

AVf(xj11) — ¢ Agf(x5)

f[xj7$j+1a$j+27xj+3] = q3j+3[3]' )
where [3]! = [3][2][1]. It thus seems natural to define higher-order g¢-
differences recursively as follows. We write
AGT f(5) = AGf(zje) — 6" AL F () (1.112)

for all integers k > 0, where AYf(z;) = f(x;) and Al f(z;) = Agf(z;).
Note that (1.112) reduces to (1.71), the corresponding relation for forward
differences, when ¢ = 1. We now state and prove the relation between
divided differences and g-differences.

Theorem 1.5.1 For all j,k > 0, we have

Agf(x;)
f[l‘j,$j+1,...,1‘j+k] = m, (1.113)

where each z; equals [j], and [k]! = [k] [k — 1] -- - [1].
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Proof. The proof is by induction on k. The result clearly holds for £k = 0
and all j > 0. Let us assume that it holds for some k£ > 0 and all j > 0.
Then

Flag, o mjpns] = Flojens - @ivnrr] — flog, o 4]
VE (it Tithtl — T
_ 1 A’;f(wm) B Agf(fﬂj)
@k 1] \ gF@ITRD/2[E]L gR2iTR=1)/2 [E]!

Abf(xjq1) — ¢ Ak f(y)
g DEIHR2 | + 1!
AFFLf ()
qFFDRAR 2 [ 4 1)1

on using (1.112). This shows that (1.113) holds when k is replaced by k41,
and this completes the proof. |

Now let us see how Newton’s divided difference formula (1.19) simplifies
when we interpolate at the abscissas «; = [j] for j = 0,. .., n. First we have

m(2) = w(z = [1)(z = [2))--- (= = [k = 1)),

for k > 0, with mo(x) = 1. On writing = = [t], we have

_ _ 1= ¢ 1- qj _ .
z—[] =[] -li= g 1-g ¢ [t — 4],
and so
me([t]) = ¢*FV2 [t = 1) - [t — k +1]. (1.114)
Thus, using (1.113) and (1.114), we have
_ AF f (o)
m([t]) flzo, - an) = " FD 2 e = 1] [t — K+ 1]m-
This may be expressed more simply in the form
mi([t]) flzo, - .. k] = [ ]i ]Af;f(xo), (1.115)
where [t —1]-[t =k + 1]
[ N } = 7 (1.116)

is a g-binomial coefficient, whose properties are discussed in Chapter 8.
Thus, when each z; equals [j], the divided difference formula may be writ-
ten as

po@) =rallh =3 | § | Abstan), (1.117)
k=0
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which we will call the g-difference form of the interpolating polynomial. We
value (1.117) because it is a nice generalization of the forward difference
formula (1.74), which we recover when we choose ¢ = 1. However, if we
wish to evaluate the interpolating polynomial when the abscissas are at
the g-integers, we use the divided difference formula (1.19) rather than
(1.117).

We will now state and verify an explicit expression for a kth ¢-difference
Ak f(x;) as a sum of multiples of values of f.

Theorem 1.5.2 For ¢ > 0 and all j,k > 0,

k

A = Y0 e g, (1.118)

r=0
where each z; equals [j].

Proof. This obviously holds for k£ = 0 and all j, when both sides of (1.118)
reduce to f(z;). Let us assume that (1.118) holds for some integer k > 0
and all integers j > 0. We now begin with the recurrence relation (1.112),
which we repeat here for convenience:

AR () = AR f(2j40) — ¢* AR f(2). (1.119)

On replacing j by j + 1 in (1.118), the first term on the right of (1.119)
may be written as

k

T r{r— k

A flare) =30 K fapn),
r=0

and on replacing r by s — 1 in (1.118) and then writing r in place of s, the

term A’q“f(xj) on the right of (1.119) becomes

k+1
A flas) = St | ). (L)
r=1
It remains only to check from (1.119), (1.120), and (1.121) that the expan-
sion of AF!f(z;) as a sum of multiples of values of f agrees with (1.118)
with k replaced by k + 1. It is easy to check that the terms involving f(z;)
and f(«j4ry1) are correct, on putting » = k + 1 in (1.121) and r = 0 in
(1.120), respectively. For 1 < r < k the expansion of A’;"’lf(xj) contains
two contributions involving f(x;4x41—r). We combine these to give

- k _ k - k+1
_\r,r(r=1)/2 k+1—r _ (_1\r,r(r=1)/2

for 1 < r < k, on using the Pascal-type relation (8.8). This verifies that
(1.118) holds when k is replaced by k + 1, and completes the proof by
induction. |
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As a corollary of the last theorem, on putting ¢ = 1 in (1.118) we obtain a
corresponding expansion for a kth-order forward difference, valid for z; = j.
The latter expansion is the special case of (1.82) where each z; equals j.

The following expression for the kth g-difference of a product was given
by Kogak and Phillips [30]:

k
A5 (gl = X | ¥ Ausep Al rala). (az

r
r=0

where z; = [j]. Observe that if we set ¢ =1, (1.122) reduces to (1.84), the
summation we gave in Section 1.3 for the forward difference of a product
of two functions, for the case where z; = j. We now show how (1.122) may
be deduced from (1.86), the expression given above for the kth divided
difference of a product of two functions, using the relation (1.113), which
connects ¢ differences and divided differences. For it follows immediately
from (1.86) and (1.113) that

A (f(xy)g(zs) zk: AL f(xj) AFrg(xj4y)

GFCIHED2 R g @itr=D72 |l k=N @itk+r=1)/2 [k — ]I’

Then, since
BRj+k 1) =r2j+r = 1)+ (k=r)(2f +k+r—1),

the powers of ¢ in the denominators of the above equation cancel, and
(1.122) follows on multiplying throughout by [k]!, since

||

Problem 1.5.1 If z = [t], show that

t =log,(1—(1—q)x).

If 0 < g < 1, verify that the above relation between t and x holds for
—co <z <1/(1-9q).

Problem 1.5.2 Show that for any fixed integer r such that 0 < r <k,
T = 1) = (=07 == 2 — o],
i

where the product is taken over all j from 0 to k, but excluding r. Hint:

Split the product into two factors, one corresponding to the values of j
such that 0 < j < r, and the other to the values of j such that r < j < k.
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Problem 1.5.3 Use (1.113) and (1.21) to show that

Al f(zo) = ¢V [R)! i _ fla)
! T (T =)

and use the result in Problem 1.5.2 to deduce that

k
Al o) = (-1 R ),
r=0

By reversing the order of the latter summation, replacing r by k — r, show

that
k

Al flan) = S0 | o),

r=0
which is (1.118) with j = 0.
Problem 1.5.4 Evaluate the fundamental polynomial L;(x), defined by

(1.9), when the interpolating points are given by xz; = [j], for 0 < j < n,
and show that

. q(n—i)(n—i+1)/2

Li([t]) = (=1)

[i]![n — 4]! o

where the product is taken over all integers j from 0 to n, but excluding
j=1.
Problem 1.5.5 Deduce from the result in Problem 1.5.4 that if we inter-

polate at the abscissas 0, ..., n, the fundamental polynomial L;(x) is given
by

I _ (_1)n—i )
i(z) = m H(iU —J)-

Jj#i
Problem 1.5.6 Verify the identity

S (%) e =n

J#i

Problem 1.5.7 Derive a g-analogue of the identity in Problem 1.5.6.
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Best Approximation

2.1 The Legendre Polynomials

Given a function f defined on [—1,1], let us write

1/2

7= (f 11[f<x>12dm) . (2.1)

We call || f|| the square norm of f. It can be thought of as a measure of the
“size” of f. The reason for taking the square root in (2.1) is so that the
norm satisfies the condition

IAFI = 1AL AL (2.2)

for all real A\. The square norm, which is analogous to the notion of length in
n-dimensional Euclidean space, obviously satisfies the positivity condition

|f]l >0 wunless f(z) =0, the zero function, when || f|| =0, (2.3)

and, not so obviously, satisfies the triangle inequality

ILF+ gl < WIS+ Nlgll, (2.4)

for all f and g. It is very easy to check that properties (2.2) and (2.3) hold
for the square norm (2.1). The third property (2.4) is a little more difficult
to justify. It may be verified by expressing the integrals as limits of sums
and then applying the result in Problem 2.1.1. The square norm is a special
case of a general norm, which we now define.
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Definition 2.1.1 A norm || - || on a given linear space S is a mapping
from S to the real numbers that satisfies the three properties given by
(2.2), (2.3), and (2.4). |

Note that a linear space contains a zero element, and the norm of the zero
element is zero. Two examples of linear spaces are the linear space of n-
dimensional vectors, and the linear space of continuous functions defined
on a finite interval, say [—1, 1], which we denote by C[—1, 1]. In the latter
case the three best known norms are the square norm, defined by (2.1), the
mazximum norm, defined by

[/l = max |f(z)], (2.5)

—1<x<1
and the norm defined by
1
11 = [ 1f@lds. (2:6)

The three properties (2.2), (2.3), and (2.4), called the norm azioms, are all
easily verified for the norms defined by (2.5) and (2.6). The norms given
by (2.1) and (2.6) are special cases of the p-norm, defined by

7= ([ 11 |f(x>|pdx)l/p, (27)

for any p > 1, and the maximum norm (2.5) is obtained by letting p — oo
in (2.7). The restriction p > 1 is necessary so that the p-norm satisfies the
triangle inequality, which follows by expressing the integrals as limits of
sums and applying Minkowski’s inequality,

1/p 1/p 1/p

> laj+ oyl <Dl + D Iyl : (2.8)
=1 =1 =1

for p > 1. (See Davis [10] for a proof of (2.8).)

Example 2.1.1 Consider the linear space whose elements are the row vec-
tors
x = (z1,Ta,...,Ty),

where the x; are all real, with the usual addition of vectors
x+y=(x14+y1,22+ Y2, , T+ Yn)-
We also have multiplication by a scalar, defined by

Ax = (Axq, Az, ..., Axy),
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where A is any real number. Then

x|l = max |1, (2.9)
|| = 21| + - + |zal, (2.10)
Ix|| = (22 4+ +22)"/? (2.11)

are all norms for this linear space. Except for the verification of the tri-
angle inequality for the last norm (see Problem 2.1.1), it is easy to check
that (2.9), (2.10), and (2.11) are indeed norms. (Corresponding to the zero
function in (2.3) we have the zero vector, whose elements are all zero.)
These vector norms are analogous to the norms (2.5), (2.6), and (2.1), re-
spectively, given above for the linear space of functions defined on [—1, 1].
There is also the p-norm,

x|l = (Ja1|P + Jz2f? + - + |z, |P) 7, (2.12)

for any p > 1, which is analogous to the norm defined by (2.7). It is easy
to verify that the norm defined by (2.12) satisfies the properties (2.2) and
(2.3), and we can apply Minkowski’s inequality (2.8) to justify that it also
satisfies the triangle inequality (2.4). If we put p = 1 and 2 in (2.12), we
recover the norms (2.10) and (2.11), and if we let p — oo in (2.12), we
recover the norm (2.9). |

Now, given f defined on [—1, 1], let us seek the minimum value of || f —p||,
for all p € P,,, where || - || denotes the square norm. For any given norm,
a p € P, that minimizes ||f — p|| is called a best approzimation for f with
respect to that norm. It can be shown (see Davis [10]) that for any norm
and any n > 0, a best approximation always exists. Let us write

p(@) = arg, (@), (2.13)
r=0

where {qo,q1,...,¢n} is some basis for P,, so that any polynomial in P,
can be written as a sum of multiples of the g,, as in (2.13). To find a best
approximation, we can dispense with the square root in (2.1), since the
problem of minimizing ||f — p|| is equivalent to finding the minimum value
of

If—pl? = / /(@) = pla)fd = Elap. ...a).

say, where p is given by (2.13). Thus we need to equate to zero the partial
derivatives of E/ with respect to each as, and we obtain

0

1
9 Blao...,an) = / 2/ (x) — p(a)] - [~gu(x))d,

N 8@5 -1
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for 0 < s < n. This gives a system of linear equations to determine the
coefficients a,, and we will write these as

n
Zcr,sar:bsa OSSSTL;

r=0
where )
bs = f(x)qb(x)da:, 0<s<mn,
-1
and
1
Cr,s = / gr(z)gs(x)dz, 0<r1s<n.
-1
If we can now choose the basis {qo, g1, ..., ¢n} so that

1
/ gr(z)gs(x)de =0, r#s, 0<rs<n, (2.14)

-1

then the above linear system will be immediately solved, giving

as = /_11 f(x)qs(a:)dx/ /_11 [qs(2)]?dz, 0<s<n. (2.15)

Definition 2.1.2 The set of functions {qo, q1,...,qn} is called an orthog-
onal basis if (2.14) holds, and if, in addition,

/1 [gr(2)Pdz =1, 0<r<n, (2.16)

-1

it is called an orthonormal basis. An orthogonal basis can obviously be
made orthonormal by scaling each polynomial g, appropriately. |

We can construct the elements of an orthogonal basis, beginning with
go(xz) = 1 and choosing each g so that it satisfies the &k conditions

1
/ z"qe(z)dr =0, 0<r<k (2.17)

-1

We then say that ¢ is orthogonal on [—1,1] to all polynomials in Py_1,
and thus (2.14) holds. To determine each g € Py uniquely, we will scale
qr so that its coefficient of z* is unity. We say that ¢, and ¢, are mutually
orthogonal if r # s. These orthogonal polynomials are named after A. M.
Legendre (1752-1833). Let us now write

qe(z) =2 + dp_ 12"+ dyx + d,

and solve a system of k linear equations, derived from (2.17), to obtain
the coefficients dg, di,...,d;—1. Beginning with go(x) = 1, we find that
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q1(7) = z, and qo(z) = 2% — % At this stage, we will refer to any multiples
of the polynomials g as Legendre polynomials, although we will restrict
the use of this name later to the particular multiples of these polynomials
that assume the value 1 at = 1. The following theorem shows that the
Legendre polynomials satisfy a simple recurrence relation, and in Theorem
2.1.2 we will show that the recurrence relation can be simplified still further.

Theorem 2.1.1 The Legendre polynomials, scaled so that their leading
coefficients are unity, satisfy the recurrence relation

Int1(2) = (2 — an)gn(z) = Bngn—1(x), (2.18)
where

ap = /11 x[qn(aj)]de/ /_11 [gn(z)]?dz, (2.19)

and

On = /11[qn(w)]2d90/ /_11 (201 (2)]*da, (2.20)

for all n > 1, where go(x) =1 and ¢ (x) = «.

Proof. 1t is clear that gy and ¢; are mutually orthogonal. To complete the
proof it will suffice to show that for n > 1, if g, q1, - - - , g denote the Legen-
dre polynomials of degree up to n, each with leading coefficient unity, then
the polynomial ¢,11 defined by (2.18), with a,, and 3,, defined by (2.19)
and (2.20), respectively, is orthogonal to all polynomials in P,. Now, since
qn—1 and g, are orthogonal to all polynomials in P,_» and P, _1, respec-
tively, it follows from the recurrence relation (2.18) that g, is orthogonal
to all polynomials in P, _s. For if we multiply (2.18) throughout by ¢, (z)
and integrate over [—1, 1], it is clear from the orthogonality property that

/11 Gn+1(2)Gm (x)dx = /_1 2 (%) g (z)dz = 0,

1

for 0 < m < n — 2, since we can write

TG (T) = gm+1(T) + i (),

where r,, € P,,. The proof will be completed if we can show that ¢, is
orthogonal to ¢,—1 and ¢,. If we multiply (2.18) throughout by ¢,_1(z),
integrate over [—1, 1], and use the fact that ¢,—1 and g, are orthogonal, we
obtain

/ 11 1 ()1 (@) = [ 11 a0 @)1 (2)do ~ B, | 11 (g1 ()] d.

Since zgn—1(z) = gn(x) + rn—1(2), where r,_1 € P,_1, it follows from the
orthogonality property that

/ ' (@) (a)d = / a0

-1 -1
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From this and the above definition of 3, it follows that ¢, 41 is orthogonal
t0 Gn—1. If we now multiply (2.18) throughout by ¢, (z) and integrate over
[-1,1], it then follows from the orthogonality of ¢,—1 and g¢,, and the
definition of a,,, that g,+1 is orthogonal to ¢,. |

The following two theorems tell us more about the Legendre polynomials.
First we show that the recurrence relation in (2.18) can be simplified.

Theorem 2.1.2 The Legendre polynomials, scaled so that their leading
coefficients are unity, satisfy the recurrence relation

Gn+1(2) = 2Gn () — Bngn-1(7), (2.21)

for n > 1, with go(z) = 1 and ¢1(x) = z, where (3, is defined by (2.20).
Further, g, is an even function when n is even, and is an odd function when
n is odd.

Proof. We begin by noting that go(z) = 1 is an even function, and ¢; () =
is odd. Let us assume that for some k& > 0, the polynomials qq, q1, - . . , @2k+1
are alternately even and odd, and that a, = 0 in (2.19) for all n < 2k.
It then follows from (2.19) that agr4+1 = 0, and then from the recurrence
relation (2.18) that gop42 is an even function. Another inspection of (2.19)
shows that awort2 = 0, and then (2.18) shows that gk 3 is an odd function.
The proof is completed by induction. Later in this section we will determine
the value of 3,. |

Theorem 2.1.3 The Legendre polynomial of degree n has n distinct zeros
in the interior of the interval [—1, 1].

Proof. Since gy, is orthogonal to 1 for n > 0,
1
/ gn(z)dz =0, n >0,
-1

and thus g, must have at least one zero in the interior of [-1,1]. If z = 2
were a multiple zero of q,, for n > 2, then ¢,(z)/(z — x1)? would be a
polynomial in P,,_5 and so be orthogonal to g,, giving

0= /_11 qu(mdm _ /_11 (M)2dm,

which is impossible. Thus the zeros of g, are all distinct. Now suppose that
gn has exactly k > 1 zeros in the interior of [—1, 1], and that

(@) = (& — 1) -~ (& = zp) 7(2) = mp (@) (2),

say, where r(z) does not change sign in (—1,1). Then if k¥ < n, it follows
from the orthogonality property that

1 1
0= / 4 (1) () = / e ()P () e,

-1 -1
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which is impossible, since |71, (2)]?r(z) does not change sign. Thus we must
have k = n, and consequently r(z) = 1, which completes the proof. |

We will now obtain an explicit form for the recurrence relation (2.21) for
the Legendre polynomials. Consider derivatives of the function

(22— 1" = (z —1)"(z+1)".
It is easily verified, using the Leibniz rule for differentiation (1.83), that

d7

@(ﬁ—l)”:o, 0<j<n-—1, for z=+l, (2.22)
and e
T (2 —1)" =2"n! for z=1. (2.23)
If we define
Qule) = o o (@2 1) (2.24)
)= 2nn! dan v ’ '

it is clear that @, is a polynomial of degree n, and that @, (1) = 1. The
relation (2.24) is called a Rodrigues formula, after O. Rodrigues. We now
state and prove the following lemma.

Lemma 2.1.1 If u and v are both n times differentiable on [—1, 1], and v
and its first n — 1 derivatives are zero at both endpoints x = %1, then

/_1 u(z)v™ (z)dz = (—1)" /_1 u™ (z)v(x)dzr, n>1. (2.25)

Proof. Using integration by parts, we have
1 1
/ u(z)o™ (z)de = —/ u' (z)o™ Y (z)de,
-1 -1
and the proof is completed by using induction on n. |

In particular, if g is any function that is n times differentiable, we obtain

/ g(x) d- (2% —1)"dzx :/ g™ (x)(1 = 2)"dz, (2.26)

—1 dxm -1

and the latter integral is zero if g € P,,_1. We deduce that the polynomial
Q. € P, is orthogonal to all polynomials in P,_;, and thus must be a
multiple of the Legendre polynomial g,. It can be shown that

|Qn(x)] <1, for |z| <1, (2.27)

the maximum modulus of 1 being attained at the endpoints © = £+1. (This
inequality is derived in Rivlin [48], via a cleverly arranged sequence of
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results involving @,, and its first derivative.) To derive an explicit form of
the recurrence relation (2.21), we write

(x2 o 1)n :x2n _nm2n72 +e,

and so obtain from (2.24) that

Qn () = 1 ((2n)!$" ~ n(2n— 2)!$n_2 L ) ’ (2.28)

~2np! U n! (n —2)!

for n > 2. Since the Legendre polynomial ¢, has leading term z", with
coefficient unity, it follows from (2.28) that

Qn() = pngn(z), where pu, = 2% ( 2: ) , (2.29)
and )
Gn(x) = 2™ — Qn(g;_l))znz +oee (2.30)

If we now use (2.30) in the recurrence relation (2.21), we obtain

n+l (n+1)n n—1 . — n+l ’I’L(’I’L—l) n—1 _ n—1
2en+ 1)’ v 202n—1)" Py

and on equating coefficients of ™!, we find that

 (n+n nn-1)  n?
bn= S+ 2en—1) AP —1 (2.31)

It was convenient to work with ¢,,, which is scaled so that its coefficient of
2™ is unity, in the early part of our discussion on the Legendre polynomials.
This enabled us to simplify the recurrence relation given in Theorems 2.1.1
and 2.1.2. In order to refine the recurrence relation, we then introduced @,
the multiple of ¢,, scaled so that @, (1) = 1. In the mathematical literature
it is @, that is called the Legendre polynomial. If we use (2.29) to replace
each ¢, in the recurrence relation (2.21) by the appropriate multiple of
Qn, and use (2.31), we obtain the following remarkably simple recurrence
relation, which deserves to be expressed as a theorem.

Theorem 2.1.4 The Legendre polynomials @),, satisfy the recurrence re-
lation

(n+1)Qnt1(z) = 2n+ 1)2Qn(x) — nQp—1(x), (2.32)
for n > 1, where Qo(z) =1 and Q1(x) = =. u

We find from the recurrence relation (2.32) and its initial conditions that
the first few Legendre polynomials are

1 1 1
1, =z, 5(3x2 —1), 5(5;33 — 3z), g(35x4 — 3022 +3). (2.33)
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The Legendre polynomial @, (z) (see Problem 2.1.7) satisfies the second-
order differential equation

(1—2*)Q!(x) — 22Q,(z) + n(n+ 1)Qy(x) = 0. (2.34)

Let us return to a problem that we posed near the beginning of this
section: Given a function f defined on [—1,1], let us seek the polynomial
pn € P, that minimizes ||f — pn|, where || - || is the square norm. Our
solution to this problem was given in terms of the polynomials ¢, and if
we recast this in terms of the Legendre polynomials proper, we obtain the
solution

z) =Y a,Qu(x), (2.35)
r=0

where

4y = /11 (@)@ (w)d / /11 [Qu(2)]de, 0<r<n. (2.36)

We call the polynomial p,, the best square norm approximation or, more
commonly, the least squares approximation for f on [—1,1]. We remark,
in passing, that the partial sum of a Fourier series has this same property
of being a least squares approximation. If we let n — oo in (2.35), the
resulting infinite series, if it exists, is called the Legendre series for f. From
(2.36) and Problem 2.1.6, the Legendre coefficients may be expressed in
the form

1 1
=3+ [ @ @i o (2:37)
-1
and we have the following result.

Theorem 2.1.5 The partial sum of the Legendre series for f is even or
odd if f is even or odd, respectively.

Proof. As we saw in Theorem 2.1.2, the polynomial ¢, is an even function
when n is even, and is an odd function when n is odd, and (2.29) shows
that this holds also for its multiple, the Legendre polynomial Q. It follows
from (2.37) that the Legendre coefficient a,. is zero if 7 is odd and f is even,
and is also zero if r is even and f is odd. Thus the Legendre series for f
contains only even- or odd-order Legendre polynomials when f is even or
odd, respectively. This completes the proof. |

If f is sufficiently differentiable, we can derive another expression for the
Legendre coefficients by expressing Qs(z) in (2.37) in its Rodrigues form,
given in (2.24), and then use (2.26) to give

2r +1 -
ar 2T+1r|/ F(2)(1 — 22)"d. (2.38)

We now give an estimate of the size of the Legendre coefficient a, for f in
terms of f(7).
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Theorem 2.1.6 If f(") is continuous on [—1,1], the Legendre coefficient
a, is given by

2t
ap = (27’)' f( )(gr)a (239)

where &, € (—1,1).
Proof. Since f(") is continuous on [—1, 1], it follows from the mean value

theorem for integrals, Theorem 3.1.2, that

2r+1 ..,
ar = Wf( )(fr)fm

where )
I. = / (1 —z?)"dz.
-1

Then, using integration by parts, we find that

1
I.= 27“/ 2?(1—2?)" " Yde = 2r(I,_1 — I,.).
-1

Hence
2r 2r 2r —2 2

T+l T i -1 3
where Iy = 2, and (2.39) follows easily. |

Ir IO>

Example 2.1.2 Let us use (2.38) to compute the Legendre coefficients for
the function e®. First we derive from (2.38)

1
ag = 5(e — e 1) &~ 1.175201, a1 = 3e~ ! ~ 1.103638.

If we write

! /1 e”(1 — z*)dx, (2.40)

"= 27‘ T! -1
then (2.38) with f(z) = e® yields a, = 2(2r 4+ 1).J,. On using integration
by parts twice on the above integral for J,., we obtain

Jr = 7(27" - 1)JT_1 + Jr_a,

and hence obtain the recurrence relation

Ay Qr—2
Gr—1 +

= — —_— 2.41
2r+1 2r — 3’ ( )

with ag and a; as given above. The next few Legendre coefficients for e”,
rounded to six decimal places, are as follows:

n| 2 3 4 5 6 7
an | 0.357814 0.070456 0.009965 0.001100 0.000099  0.000008
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All the Legendre coefficients for e” are positive. (See Problem 2.1.10.) Be-
fore leaving this example, we remark that the recurrence relation (2.41) is
numerically unstable, since the error in the computed value of a,. is approx-
imately 2r 4+ 1 times the error in a,_;. Thus, if we need to compute a, for
a large value of , we should estimate it directly from the expression (2.40)
for J,., using a numerical integration method. |

It is convenient to write
1
(f.9) = / F(@)g(x)d, (2.42)
—1

and we call (f,g) an inner product of f and g. It follows from (2.35), the
orthogonality of the Legendre polynomials @5, and (2.36) that

(P, Qs) = as(Qs, Qs) = (f, Qs). (2.43)

Since
(f — Pn; Qs) = (fa Qs) - (pm Qs)a
we see from (2.43) that

(f=Pn,@s) =0, 0<s<n. (2.44)

For further material on inner products, see Davis [10], Deutsch [14]. The
following theorem describes another property concerning the difference be-
tween f and p,.

Theorem 2.1.7 The error term f—p,, changes sign on at least n+1 points
in the interior of [—1, 1], where p,, is the partial sum of the Legendre series
for f.

Proof. First we have from (2.44) that (f — pn, Qo) = 0. Since Qo(z) = 1,
it follows that there is at least one point in (—1,1) where f — p,, changes
sign. Suppose that f(z) — p,(z) changes sign at k points,

—l<xr <xo <--- < xR <1,

and at no other points in (—1,1), with 1 < k < n+1. Then f(x)—p,(z) and
the function 7y (x) = (x — 1) - - ( — @) change sign at the x;, and at no
other points in (—1,1). Thus we must have (f — p,,7) # 0. On the other
hand, since 7, may be written as a sum of multiples of Qq, Q1, ..., Qg, it
follows from (2.44) that (f — pn,mx) = 0, which gives a contradiction. We
deduce that &k > n 4 1, which completes the proof. |

Since, as we have just established, there are at least n + 1 points in (—1,1)
where p,(x) and f(x) are equal, the best approximant p, must be an
interpolating polynomial for f. This observation leads us to the following
interesting expression for || f — p,||, of a similar form to the error term for
the Taylor polynomial or the error term for the interpolating polynomial,
which are given in (1.35) and (1.25), respectively.
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Theorem 2.1.8 Let p, denote the least squares approximation for f on
[~1,1]. Then if f™*Y is continuous on [—1,1] there exists a number ¢ in
(=1,1) such that

_ 1 2 |fQ VA FeT©)
I =l =3 "y~ ey )

where pi,,11 is defined in (2.29).

Proof. We begin with a comment on the notation used in (2.45). We write
U, ~ U, to mean that
. Un
lim — =1,
n—o0 Uy,
and we say that u, and v,, are asymptotically equal, as n — co.
Since the best approximant p,, is an interpolating polynomial for f, we

have from (1.25) that

£(&) = pal) = (& — a0)(w — 1) -+ (o = 2) T —o2),
(n+1)!
where &, € (—1,1), and the z; are distinct points in (—1,1). Taking the
square norm, and applying the mean value theorem for integrals, Theorem
3.1.2, we find that

f V@)
NCESE (@ —20) - (x —2a)|, (2.46)

If = pall =
for some & € (—1,1). If p! denotes the interpolating polynomial for f on
the zeros of the Legendre polynomial Q,, 11, we similarly have

f Y ()

I =il = e —ap) el (2am

where n € (—1,1), and the z; are the zeros of @Q,41. We then see from

(2.47) and Problem 2.1.9 that

1 2 S0 ()]
ne1 V2n+3  (n+1)!

)

If =pull =

where pi,,4+1 is defined in (2.29). Since p,, is the least squares approximation
for f, we have

2 |f ()
Pnit ¥V 2n+3 (n+1)! 7

If =pull < If —prll = (2.48)

where n € (—=1,1). Also, we may deduce from (2.46) and Problem 2.1.9

that
1 2 |
ne1 V2043 (n+1) 7

If = pnll > u (2.49)
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where £ € (—1,1). We can now combine (2.48) and (2.49), and use the
continuity of f(**+1) to give

1 2 |f" Q)
ne1 V2n+3 (n+ 1) 7

If = pnll = m ¢e (=11,

and we complete the proof by applying Stirling’s formula (see Problem
2.1.12) to give

1 2 NZs -
tnt1 V 2n+3 on
Problem 2.1.1 Let
1/2
lall = (a3 + - +a2) "%

Verify the inequality
(@1y1 + -+ 2ayn)? < (2] 4+ an) i+ +yn)

by showing that it is equivalent to

> (wiy; —zm:)* >0,
oy

where the latter sum of %n(n — 1) terms is taken over all distinct pairs of
numbers ¢ and j chosen from the set {1,...,n}. Deduce the inequality

lz1ys + - 4 Tnynl <l - llyll,
and hence justify the triangle inequality for this norm.

Problem 2.1.2 Define
o) = {

and define g(z) = f(—z), —1 <z < 1. Show that

0, -1<z<0,
z, 0<ax<1,

)

1 d 9l/p
Hf||—||9||—m an Hf+9||—m7
where || - || denotes the p-norm, defined by (2.7). Deduce that p > 1 is a

necessary condition for the triangle inequality to hold.

Problem 2.1.3 Scale the Legendre polynomials 1, =, %(31’2 — 1), and
(523 — 3z) so that they form an orthonormal basis for P;.

Problem 2.1.4 Verify (2.22) and (2.23).
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Problem 2.1.5 By writing down the binomial expansion of (2% —1)" and
differentiating it n times, deduce from (2.24) that

=g S (1) (707 )

§=0
where [n/2] denotes the integer part of n/2.
Problem 2.1.6 We have, from (2.20) and (2.31),
2

Bn = /11 [qn(x)]de/ /11 [Qn—l(x)}QdI = 471;17_17

for n > 1. Use this and (2.29) to deduce that

[ @@t/ [ @uwre=21

for n > 1, and hence show that

1 ) 9
| @ = 52

for n > 0.

Problem 2.1.7 If y(x) and p(x) are functions that are twice differentiable,
use integration by parts twice to show that

1

/_1 %{(1 —a?)y/ (2)} plx)dz = _/ (1—2?)y/ (@) (2)dz

-1

— [ - @)y

1 dz

Now write y(z) = Qn(x) and let p € P,_1, and deduce that

=)@ () = (1~ )QU(r) — 200} (x)

is orthogonal to all polynomials in P,,_1, and thus must be a multiple of
the Legendre polynomial @,,. Using (2.28), equate coefficients of ™ in

(1 - 2?)Qn(2) — 22Q; (2) = nQn (),

to give

—n(n—1) —2n = pu,
and thus show that @, satisfies the second-order differential equation given
in (2.34).
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Problem 2.1.8 Show that the polynomial p € P,, that minimizes
1
[ e - plaas
-1

is p(z) = 2" — g,41(x), where ¢,41 is the Legendre polynomial Q41
scaled so that it has leading coefficient unity. Hint: Write

2" = p(@) = guia(z) + > v05(2),
=0

and use the orthogonality properties of the g;.

Problem 2.1.9 Deduce from the result in the previous problem that for
the square norm on [—1, 1], the minimum value of ||(x — zq) - -+ (x — x,,) ]| is
attained when the x; are the zeros of the Legendre polynomial @41, and
use the result in Problem 2.1.6 to show that

. 1 2
min |[(x —xg) - (x — xy)|| = ,
i (@~ w0) - (x — )| = 52

where pi,41 is defined in (2.29).

Problem 2.1.10 Deduce from (2.38) that if f and all its derivatives are
nonnegative on [—1, 1], then all coefficients of the Legendre series for f are
nonnegative.

Problem 2.1.11 Verify that
d

%(a:Q — )" =2na(2® — )",

differentiate n times, and use the Leibniz rule (1.83) to show that

o, n s o n—1 o, n—1

for n > 1. Finally, divide by 2"n! and use the Rodrigues formula (2.24) to
obtain the relation

Q. (z) =2Q),_1(x) + nQn_1(x), n>1.

Problem 2.1.12 Use Stirling’s formula,
n! ~V2mn (ﬁ) ,
e

to show that (see (2.29))

1 (o 2n
Hn =52 n N
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2.2 The Chebyshev Polynomials

Many of the ideas and formulas presented in the last section concerning
the Legendre polynomials can be generalized by introducing a weight func-
tion. This generalization leads to an infinite number of systems of orthog-
onal polynomials. We will pay particular attention to one such system, the
Chebyshev polynomials, named after P. L. Chebyshev (1821-1894).

Given any integrable function w that is nonnegative and not identically
zero on [—1, 1], we can construct a sequence of polynomials (¢%), where ¢%
is of degree n, has leading coefficient unity, and satisfies

1
/ w(z)x"gy (z)dx =0, 0<r<n. (2.50)
-1

The polynomials ¢ are said to be orthogonal on [—1,1] with respect to
the weight function w, and the scaled Legendre polynomials ¢, are recov-
ered by putting w(z) = 1. The generalized orthogonal polynomials ¢¥, like
the Legendre polynomials, satisfy a recurrence relation of the form (2.18),
where the coefficients «,, and 3, are given by

an:/_ w(z)zg® (= 2dx// z))?da (2.51)
ﬁnz/_l d:c// Vg% (z))da. (2.52)

Further, if the weight function w is even, then «,, = 0, the even-order
orthogonal polynomials are even functions, and the odd-order polynomials
are odd, as given by Theorem 2.1.2 for the Legendre polynomials. The
above statements about the generalized orthogonal polynomials are easily
verified by inserting the weight function w appropriately and repeating the
arguments used above in the special case where w(z) = 1. See, for example,
Davis and Rabinowitz [11].
Let us now define

and

1/2

= (f 11w(w>[f<w)]2daf) . (2.53)

It can be shown that ||- || in (2.53) satisfies the three properties (2.2), (2.3),
and (2.4), and so indeed defines a norm, which we call a weighted square
norm. When we choose w(z) = 1, we recover the square norm (2.1). We
then find that

1/2

ir-al=(/ 11 S(@)lf(e) i)
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is minimized over all p € P, by choosing p = p,,, where

pn(x) = Z arqy (), (2.54)
r=0

and each coefficient a,. is given by

1 1
a, = w(z) f(z)g” (z)dx w(@)[g® (2))?dz r<n. .
, / (2)f( mm//ﬁl (@)g (@)Pdx, 0<r<n (255)

If we let n — o0, we obtain a generalized orthogonal expansion for f
whose coefficients are given by (2.55). In particular, if w(z) = 1, we obtain
the Legendre series. We can easily adapt Theorem 2.1.5 to show that if the
weight function w is even, then the partial sum of the generalized orthogonal
series for f is even or odd if f is even or odd, respectively.

The choice of weight function

wr)=>1-2)1+2)"% aB>-1, (2.56)

leads to a two-parameter system of orthogonal polynomials that are called
the Jacobi polynomials. These include the following, as special cases:

a=06=0 Legendre polynomials,
a=pf= f% Chebyshev polynomials,
a=0= % Chebyshev polynomials of the second kind,

a=p ultraspherical polynomials.

Note that the first three systems of orthogonal polynomials listed above are
all special cases of the fourth system, the ultraspherical polynomials, whose
weight function is the even function (1 — 22)®. Thus the ultraspherical
polynomials satisfy a recurrence relation of the form given in Theorem
2.1.2 for the Legendre polynomials. Further, the ultraspherical polynomial
of degree n is even or odd, when n is even or odd, respectively. If we choose
w as the Jacobi weight function (2.56), then (2.54) and (2.55) define a
partial Jacobi series, and it is clear that when a = (3, the resulting partial
ultraspherical series is even or odd if f is even or odd, respectively.
To investigate the Jacobi polynomials, we begin with the function

dn
(1 —1‘)70((14-58)7[37(1 — )1 4 2)" B, (2.57)

xn
First, using the Leibniz rule (1.83) for differentiating a product, we can
show that this function is a polynomial of degree n. Then, following the
method we used for the Legendre polynomials, beginning with Lemma
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2.1.1, we can show that this polynomial is orthogonal on [—1, 1], with re-
spect to the Jacobi weight function given in (2.56), to all polynomials in
P, _1. We then define the Jacobi polynomial of degree n as

%'(1f@*%1+@*%5ﬂ1fmwma+mwﬂi(2%)

QP (@) =

It is easy to adapt the proof of Theorem 2.1.3 to show that the Jacobi
polynomial of degree n has n distinct zeros in the interior of [—1, 1].
The following theorem generalizes Theorem 2.1.4.

Theorem 2.2.1 The Jacobi polynomials satisfy the recurrence relation

QP (@) = (anx + b2) QL () — ¢, Q) (), (2.59)
where

_ (2nta+B8+1)2n+a+ B +2)
" 2n+1)(n+a+3+1)
(@ p)@nta+t st
" 2n+)(n+a+B+1)(2n+a+p)’

n+a)n+B)2n+a+3+2)
(n+Dn+a+p+1)2n+a+p)

b

n =

Proof. This can be justified by following the same method as we used to
prove Theorem 2.1.4. See Davis [10]. |

We can use the Leibniz rule (1.83) again to show that

QA1) = %(n+a)(n71+a)~-«(1+a) = < n—;a ), (2.60)

which is independent of 3. Likewise (see Problem 2.2.2), we can show that
an’ﬁ)(—l) is independent of a. We can express (2.60) in the form

'n+a+1)
(e:B) (1) = 2.61
@) Fn+1H'(a+1)’ (2.61)
where I' is the gamma function, defined by
I(z) = / t"te~tdt. (2.62)
0

It is not hard (see Problem 2.2.1) to deduce from (2.62) that the gamma
function satisfies the difference equation

Iz +1) =a'(x), (2.63)

with T'(1) = 1, and hence justify (2.61).
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From (2.55) the Jacobi series has coefficients that satisfy

ar = / w(@) F(@)Q) (2)da | / JQed @] . (@6

where w(x) = (1 — 2)%(1 + 2)”. Then, if f is sufficiently differentiable, it
follows from (2.58) and Lemma 2.1.1 that the numerator on the right of
(2.64) may be written as

1 1
/ (@) £ (2)QL) (z)dx = — /w(x)f(”(x)(lff)’“dfc, (2.65)

1 27 r! 1

where w(z) = (1 —)*(1+2)”. The denominator on the right of (2.64) can
be expressed (see Davis [10]) in the form

w(@)[Q\ P (2))*dx =

/1 2008+ DPr+a+)I(r+B+1)
1 Cr+a+B8+D)Tr+1)r+a+p+1)

and we note that this is consistent with our findings in Problem 2.1.6 for
the special case of the Legendre polynomials.

One might argue that the simplest of all the Jacobi polynomials are the
Legendre polynomials, since these have the simplest weight function. How-
ever, there are good reasons for saying that the simplest Jacobi polynomials
are the Chebyshev polynomials, which have weight function (1 — z2)~1/2.
Note that the latter weight function is singular at the endpoints x = +1.
The Chebyshev polynomials are usually denoted by T, (), and are uniquely
defined by )

/ (1 —22) V2T (2)Ty(z)de =0, r#s, (2.66)
—1
where
T,€P, and T.(1)=1, r>0. (2.67)

It follows from the above definition of the Chebyshev polynomials that T;,

is a multiple of the Jacobi (also ultraspherical) polynomial Q%_l/ 2,-1/2)

With a = 8= —1 in (2.60), we can show that

Q-1/2-1/2) (1) = 2; ( 2: ) ~ \/%, (2.68)

and, since T, (1) = 1, it follows that

Q( 1/2, 71/2)( ) = 2;n< 2n >Tn($) (2.69)

n

The following theorem shows that the Chebyshev polynomials can be ex-
pressed in a very simple form in terms of the cosine function.
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Theorem 2.2.2 Let us define
tn(x) = cosnf, where x =cosf, —-1<zx<1, n=>0. (2.70)

Then t,, = T,,, the Chebyshev polynomial of degree n.

Proof. On making the substitution x = cos#, the interval —1 < z < 1
corresponds to 0 < 6 < 7, and we obtain

1 g
/ (1 —2%) V2t (2)ts(2)dz = / cosrfcossfdl, r+#s.
0

—1

Since )
cos rf cos s = i(cos(r + 5)8 + cos(r — s)0),

we readily see that

/ (1—22) V2t (2)ts(x)dz =0, r#s.

—1

From the substitution z = cos, we see that x = 1 corresponds to 6 = 0,
and thus ¢,(1) = 1. Now

cos(n + 1)0 + cos(n — 1)8 = 2 cosnb cos b,
which, using (2.70), yields the recurrence relation
ton1(x) =2xt,(x) — th—1(x), n>1,

and we see from (2.70) that to(x) = 1 and ¢;(x) = =. Thus, by induction,
each t, belongs to P,. It follows that ¢, = T, for all » > 0, and this
completes the proof. |

We have just shown that
T,.(z) = cosnf, where z =cosf, —-1<z<1, n>0, (2.71)
and that the Chebyshev polynomials satisfy the recurrence relation
Tni1(x) = 22T, (x) = Th—1(x), n>1, (2.72)

with To(z) = 1 and Ti(z) = z. We find that the first few Chebyshev
polynomials are

1, = 22%2-1, 42® -3z, 8z*—8z2+1. (2.73)

Given how simply the Chebyshev polynomial is expressed in (2.71), we can
very easily find its zeros and turning values. We write

To(z)=0 = cosnf=0 = n9=(2j—1)g, (2.74)
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by

FIGURE 2.1. Graph of the Chebyshev polynomial T4 (z).

where j is an integer. Thus

27 —-1
To(z)=0 = x=-cosbj, where 6; = (327)71-, (2.75)
n
for some integer j. We see from the graph of x = cosf that as 6 takes all
values between 0 and 7, the function z = cosf is monotonic decreasing,
and takes all values between 1 and —1. The choice of j = 1,2,...,n in
(2.75) gives n distinct zeros of T, in (—1,1), and since T,, € P,, all the
zeros of T, are given by the n values
(2j—Dr .
i =cos————, 1<j<n. 2.76
Tj = 008 o ——, <j<n (2.76)
Since for z € [—1,1] we can express T, (z) in the form cosnf, where z =
cos @, it is clear that the maximum modulus of T,, on [—1,1] is 1. This is
attained for values of € such that | cosnf| =1, and

cosnl =+1 = nf=jr = z=-cos(jn/n)=r1j,

say, where j is an integer. Thus the Chebyshev polynomial T,, attains its
maximum modulus of 1 at the n + 1 points 7; = cos(jm/n), for 0 < j <mn,
and T,, alternates in sign over this set of points. For we have

T, (1) = cos jm = (1), 0<j<n.

These n + 1 points of maximum modulus are called the ezxtreme points
of T,. The Chebyshev polynomial T}, is the only polynomial in P,, whose
maximum modulus is attained on n + 1 points of [—1,1]. Note that al-
though we have expressed T,,(z) in terms of the cosine function for the
interval —1 < z < 1 only, the Chebyshev polynomial is defined by its re-
currence relation (2.72) for all real z. Outside the interval [—1,1], we can
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(see Problem 2.2.6) express T,,(z) in terms of the hyperbolic cosine. For
further information on the Chebyshev polynomials, see Rivlin [49].

Let us consider the Chebyshev series, the orthogonal series based on the
Chebyshev polynomials. From (2.55) we see that the Chebyshev coefficients
are determined by the ratio of two integrals, and (see Problem 2.2.12) the
integral in the denominator is

1
_2y—1/2 2, _J ™ 1=0,
[1(1 x“) [T (2)])*dx { L >0 (2.77)
Thus the infinite Chebyshev series for f is
1 o0
50'0 + ; arTr(x)a (278)
where the first coefficient is halved so that the relation
9 1
0 — f/ (1 - 22)" V2 f(2) T () d (2.79)
T J-1

holds for all » > 0. By making the substitution x = cosf, we can express
(2.79) alternatively in the form

2 K
ar = f/ f(cos@)cosrfdl, r >0. (2.80)
T Jo

We will write
1 o0
f(z) ~ 540 + ;,1 a, T, (x) (2.81)

to signify that the series on the right of (2.81) is the Chebyshev series for
the function f. (It should cause no confusion that we used the symbol ~
earlier in a different sense in the statement of Theorem 2.1.8.)

Example 2.2.1 Let us derive the Chebyshev series for sin™! 2. On substi-
tuting = = cos ), we have sin"!z = % — 0, and obtain from (2.80) that

2 (" .
aOZ;/O (5-9)d9=0

and

2 [T 2 [T

ay = f/ (5 —0)cosrfdf = —/ sinrfdf, r >0,

T™Jo mr 0

on using integration by parts. Thus
2 ks
ar = ﬁ(l — (=17, r>0o0,

which is zero when r > 0 is even, and we obtain

L 4 K Top ()
1 z: 2r—1
S CCN; m |

r=1
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If f is sufficiently differentiable, we can use (2.65) and (2.69) in (2.79)
to show that the Chebyshev coefficients for f can be expressed in the form

27‘+1 |
ar T/ FO (@)1 - 22)" V2. (2.82)

We see from (2.82) that if f and all its derivatives are nonnegative on
[—1,1], then all its Chebyshev coefficients are nonnegative. It is not hard
to see that the same holds for the coefficients of any Jacobi series. We also
have the following estimate for the Chebyshev coeflicients, which can be
justified by using a similar method to that used in proving the analogous
result for the Legendre coefficients in Theorem 2.1.6. See Problem 2.2.17.

Theorem 2.2.3 If (") is continuous in (—1,1), then the Chebyshev coef-
ficient a, is given by

FNE, (2.83)

= o= 17"'
where &, € (—=1,1). [ |

Example 2.2.2 Consider (2.82) when f(x) = e”, and write

1
I. = / e (1 — %)Y 2d.
-1
Then, on integrating by parts twice, we find that
I =—2r—-1)2r—2)I,_1+ 2r—1)2r —3),_2, r>2.

From (2.82) we see that the Chebyshev coefficient a, for e” is

2r+1 |
7TIT,
7 (2r)!

Ar =

and thus we obtain
a, = —(2r —2)a,_1+ar_o, 1r>2.

Like the recurrence relation that we derived in (2.41) for the Legendre
coefficients for e, this recurrence relation is numerically unstable and is
thus of limited practical use. |

The members of any orthogonal system form a basis for the polynomials.
Thus, given an infinite power series, we could transform it to give a series
involving the terms of a given orthogonal system. We will illustrate this with
the Chebyshev polynomials, which are particularly easy to manipulate. Let
us begin by writing

T =cosf = (eie + e_w) ,

DN | =
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where i2 = —1, and we can also write

T, (z) = cosnf = (eme + efme) . (2.84)

N |

Then we have

" = 2% (eie + efie)”’

and on using the binomial expansion, we obtain

1 « n 0 —i(n— 1< n (2 —
" = 27 ( . ) eere i(n—r)0 _ 27 Z ( . ) ez(27 n)G- (285)
r=0

r=0

We can combine the rth and (n — r)th terms within the latter sum in
(2.85), using (2.84) and the fact that the two binomial coefficients involved
are equal, to give

n 1(2r—m n —i(2r—mn n
<T>e(2 )0—|—<n_r>e (2 >9:2<T)Tn_gr(:c). (2.86)

If n is odd, the terms in the sum in (2.85) combine in pairs, as in (2.86), to
give a sum of multiples of odd-order Chebyshev polynomials. We obtain

n

” 1 2n +1
1’2 1= 227 Z < r ) T2n+1—27'(x)- (287)
r=0

If n is even in (2.85), we have an odd number of terms in the sum, of which
all but one pair off to give the terms involving the even-order Chebyshev
polynomials T,,, T}, _o,...,Ts, leaving a single term, which corresponds to

r= %n and gives the contribution involving Ty. Thus we obtain

n—1

2?2 = 2% ( 2: ) To(x) + QT: Z ( 2;1 ) Ton—or (). (2.88)

=0

Now suppose we have a function f expressed as an infinite power series,
o0
f@) =3 e, (2.89)
r=0

and let this series be uniformly convergent on [—1, 1]. We then express each
monomial 2" in terms of the Chebyshev polynomials, using (2.87) when r
is of the form 2n + 1, and (2.88) when r is of the form 2n. On collecting
together all terms involving Ty, 771, and so on, we obtain a series of the
form

f(z) = %ao + Z a,; T (z). (2.90)
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It follows from the uniform convergence of the power series in (2.89) that
the series defined by (2.90) is also uniformly convergent. Thus, for any
integer s > 0, we may multiply (2.90) throughout by (1 — 22)~ /2T, ()
and integrate term by term over [—1,1]. Due to the orthogonality property
(2.66), we obtain

/ (1 22)" V2 f(2) T (2)da = as/ (1 — 22" V2T, (2)2dz, s> 0,

—1 —1

and when s = 0 we have

/_11(1 — x2)—1/2f(x)dx _ %ao /_11(1 B m2)—1/2dx.

In view of (2.77) and (2.79), we can see that (2.90) is the Chebyshev series
for f. The relation between the Chebyshev coefficients a, and the coeffi-
cients ¢, in the power series then follows from (2.87) and (2.88). We obtain

( T2 ) Crizs, (2.91)

for all » > 0.

Example 2.2.3 With f(z) = e” in (2.89), we have ¢, = 1/r!, and we see
from (2.91) that the Chebyshev coefficients for e* are

(2.92)

ar = 2r— 1 228 ' (r+ s)

for all » > 0. The first two Chebyshev coeflicients for e*, rounded to six
decimal places, are ag = 2.532132 and a; = 1.130318. The next few are
given in the following table:

r| 2 3 4 5 6 7
ar | 0.271495 0.044337 0.005474 0.000543  0.000045 0.000003

We note from (2.92) that for large r,

compared with ¢, = 1/7!. |

The inner product (2.42) can be generalized by incorporating a weight
function w, writing

1
(f.9) = / w(z) f(@)g(e)de. (2.93)

-1
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Then we can show that
(f=pn,gl) =0, 0<s<m, (2.94)

where p,, is the partial orthogonal series for f with respect to the weight
function w, and the polynomials ¢¥ are orthogonal on [—1, 1] with respect
to w. We may justify (2.94) in the same way that we justified its special
case (2.44). Then, using the same method of proof as we used for Theorem
2.1.7, we obtain the following generalization.

Theorem 2.2.4 The error term f—p,, changes sign on at least n+1 points
in the interior of [—1, 1], where p,, is the partial sum of the orthogonal series
for f with respect to a given weight function w. |

In particular, the error term of the partial Chebyshev series f — p,, changes
sign on at least n+ 1 points in the interior of [—1, 1]. We now consider three
theorems that generalize results, stated earlier, related to the Legendre
polynomials.

Theorem 2.2.5 Given a weight function w, the polynomial p € P,, that
minimizes

1
L/“ W)™ — p(z)dx

-1

is p(x) = 2"t — g2, (x), where ¢, is the orthogonal polynomial of

degree n + 1, with leading coefficient unity, with respect to the weight
function w.

Proof. The proof is similar to that used in Problem 2.1.8 to verify the
special case where w(z) = 1. |

Theorem 2.2.6 Given the norm (2.53) based on the weight function w,
the minimum value of ||(x — o) - (¢ — x,)|| is attained when the z; are
the zeros of the orthogonal polynomial gy ;.

Proof. This result follows immediately from Theorem 2.2.5. |

Theorem 2.2.7 Given the norm (2.53) based on the weight function w,
let p,, denote the best weighted square norm approximation, with respect
to w, for a given function f. Then if f(»*1) is continuous on [—1, 1], there
exists a number ¢ in (—1, 1) such that

/Y

1=l = e )@l 29

n

where the z7 denote the zeros of the orthogonal polynomial g, .
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Proof. This result may be justified in the same way as Theorem 2.1.8,
which is concerned with the special case where w(z) = 1. |

A special case of the last theorem is Theorem 2.1.8 concerning the error of
the truncated Legendre series. Another special case of Theorem 2.2.7, which
we now give as a separate theorem, concerns the error of the Chebyshev
series.

Theorem 2.2.8 Let p, denote the truncated Chebyshev series of degree
n for f on [~1,1]. Then if f("*1) is continuous on [—1,1], there exists a
number ¢ in (—1,1) such that

V[

(2.96)

where the norm is given by (2.53) with w(x) = (1 — 2?)~1/2,
Proof. This result follows from Theorem 2.2.7 and Problem 2.2.18. |

We continue this section with a brief account of the system of polyno-
mials that are orthogonal on [—1,1] with respect to the weight function
(1- m2)1/ 2. As we already mentioned, these are called the Chebyshev poly-
nomials of the second kind, a special case of the ultraspherical polynomials.
Like the Chebyshev polynomials T;,, the Chebyshev polynomials of the sec-
ond kind can be expressed simply in terms of circular functions. For n > 0,
let us write

Un(z) = M, where z =cosf, —-1<z<1. (2.97)
sin 0
On making the substitution z = cos#f, the interval —1 < x < 1 is mapped
to 0 < 6 <, and we obtain

/1 (1 — 222U, (2)Us(2)dx = /7T sin(r + 1)fsin(s + 1)0d0, r # s.
0

-1

Since
1
sin(r + 1)fsin(s + 1)0 = i(cos(r — 5)0 — cos(r + s+ 2)0),

we find that

/1 (1 — 2)Y2U,(2)Us(z)dz =0, r# s,

-1

showing that the functions U, are orthogonal on [—1, 1] with respect to the
weight function (1 — 22)'/2. It remains to show that U,, € P,. Now,

sin(n + 2)0 + sinnf = 2sin(n + 1)0 cos b,
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and if we divide throughout by sin 6 and use (2.97), we obtain the recurrence
relation

Ups1(z) = 22U, (2) — Up—1(x), n>1. (2.98)

We observe from (2.97) that Up(x) = 1 and Uy (z) = 2z, and it follows from
(2.98) by induction that U,, € P, for each n. Thus (2.97) defines a system
of polynomials that are orthogonal on [—1, 1] with respect to the weight
function (1 — 22)1/2.

Since x = 1 corresponds to = 0 under the transformation z = cos¥,
for z € [—1,1], we have

Un(1) = lim S20 D0 s,
6—0  sind

using L’Hospital’s rule. Since, as for all the ultraspherical polynomials, U,
is even or odd when n is even or odd, U,(—1) = (—1)"(n + 1). The zeros
of U,, (see Problem 2.2.21) are

x=cos(jr/(n+1)), 1<j<n.

Let us consider the orthogonal series based on the Chebyshev polyno-
mials of the second kind, whose weight function is (1 — 22)/2. As we saw
in (2.55), an orthogonal coefficient is determined by the ratio of two inte-
grals. Let us begin with the integral in the denominator on the right side
of (2.55), with w(z) = (1 — 22)/2, and make the substitution = = cos# to
give

1 ™ 1
/ (1 — 22)Y2[U, (2)]?dz = / sin?(n +1)0 df = 3™
—-1 0
for all n > 0. Thus if b, denotes the coefficient of U,, in the orthogonal
series, it follows from (2.55) that

2 K
b, = 7/ sin fsin(n + 1)8 f(cos 0)d0, (2.99)
™ Jo
for all n > 0.
We can derive a simple relation between the coefficients b,, of a series of
the second kind, defined by (2.99), and the coefficients a,, of the Chebyshev
series, defined by (2.80). For we can write

2sin @ sin(n 4+ 1)0 = cosnd — cos(n + 2)0,
for all n > 0, and thus, comparing (2.80) and (2.99), we have

1
by, = §(an —Qpy2), n>0. (2.100)
We can obtain the relation (2.100) otherwise by formally comparing the

first and second kinds of Chebyshev expansions of a given function, as we
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did above in deriving (2.91) by comparing a Chebyshev series with a power
series. We begin by writing

sin(n + 1)0 — sin(n — 1) = 2 cosnfsinb.
On dividing throughout by sin §, we obtain
Un(z) — Up—o(x) = 2T, (x), n>2, (2.101)
and we also have
Uo(z) = To(x) and Ui(z) = 2Ty (). (2.102)
Then

1
faoTo —&-Zar r ;;ar " Zar r(@) = Ur—2(2)).

If we now express the right side of the latter equation as

3l 6) 5 3 arUe) = Urale) = 301
—0 r=0

it is clear that the relation between the b,, and the a,, is as given above in
(2.100).

To complete this section on the Chebyshev polynomials, we will consider
again the Hermite interpolating polynomial pa,41(z), defined in (1.38),
which interpolates a given function f(x), and whose first derivative inter-
polates f'(z), at n+1 arbitrary abscissas zg, 21, ..., Z,. Let us take the x;
to be the zeros of 1,41 arranged in the order —1 < 2 < 1 < --- <z, < 1,
so that
(2n—2i+ )7

2n+ 2
It then follows from Problem 1.1.3 that the fundamental polynomial on the
zeros of T}, 41 is

T; = COS , 0<e1<n.

Tn+1 (x )
(= 2:) T}y ()
and on using the expression for the derivative of the Chebyshev polynomial
in Problem 2.2.11, we can write this as

Li(w) = (-1 D@1 = o

(n+1)(z—=x;)

It also follows from Problem 1.1.3 and the expressions for the first two
derivatives of the Chebyshev polynomial in Problem 2.2.11 that

1T7lz/+1( ) _ Ly

1
Li(z; = )
) =5y ) 21— a2
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On substituting these results into (1.39) and (1.40), we find that the Her-
mite interpolating polynomial on the zeros of 7,1 is given by

n

Ponir (@) = Y [f(@)us(z) + [ (wi)vi(2)],

i=0
e te) = (Beli)) o o
" i = (Teatd)' (221, o

Problem 2.2.1 Use integration by parts on (2.62) to show that
Iz +1) =al(x).

Show that I'(1) = 1, and I'(n 4+ 1) = nl, for all integers n > 0, and thus
verify (2.61).

Problem 2.2.2 Use the Leibniz rule (1.83) to obtain

a, _ n Tl‘i’ﬁ — n F(n+6+1)
Q= (07 ) = cr gy

a companion formula for (2.61).

Problem 2.2.3 Verify that Theorem 2.2.1 reduces to Theorem 2.1.4 when
we put a = 3 = 0.

Problem 2.2.4 Deduce from (2.60) that

/o 1 2n
QL 1/2)(1)=2zn< >

n

and use Stirling’s formula (see Problem 2.1.12) to show that

Q1212 (1) 0 L

V'
Problem 2.2.5 Verify from Theorem 2.2.1 that

Qi;ﬁ/?’*l/”(x) _ anxQﬁfl/Q"l/Q) (z) — CnQ(f1/2,71/2) (z),

n—1
where
2n+1 q 4n? — 1
an = and ¢, = ————,
n+1 dn(n +1)

x.

with Q42 () = 1 and QU (a) = |
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Problem 2.2.6 For x > 1, write
x =coshf = %(66 +e79).

Verify that cosh @ > 1 for all real # and show also that

cosh(n + 1)0 4 cosh(n — 1) = 2 cosh 6 cosh nd.
Hence verify by induction, using the recurrence relation (2.72), that

T,.(z) = coshnf, where z = coshf,

for x > 1. Finally, show that

T, (z) = (—1)" coshnf, where =z = —coshb,
for x < —1.

Problem 2.2.7 Deduce from the recurrence relation (2.72) that 7,,(1) =1
and T,,(—1) = (—=1)" for all n > 0.

Problem 2.2.8 Using the recurrence relation (2.72), verify that
Ts(z) = 162° — 202® + 5z and  Tg(x) = 322° — 482 + 1822 — 1.

Write To(T3(x)) = 2(T3(z))? — 1, and show directly that this simplifies to
give Tg(x). Show also that T3(T5(z)) = Ts(x). More generally, show that

T (To(z)) = Tn(Tin(2)) = Trn (),
for all integers m,n > 0.
Problem 2.2.9 Verify that
Tongo(x) = 215 () Ton(x) — Ton—2(x),

for n > 1, with Ty(z) = 1 and Tz (x) = 222 — 1, giving a recurrence relation
that computes only the even-order Chebyshev polynomials. Find a recur-
rence relation that computes only the odd-order Chebyshev polynomials.

Problem 2.2.10 Verify that
Tio(2)Tnr(z) = (Ta(2))? = (T(2))* 1
foralln >k > 0.

Problem 2.2.11 Use the chain rule of differentiation to show from the
definition of the Chebyshev polynomials in (2.71) that

n sinnf and  T(x) = —n? sin 0 cos nf + n sinnd cos 6

T, (z) =

where x = cosf, and deduce that T,, satisfies the second-order differential
equation

)

sin 0 sin® 6

(1 — 2T/ (x) — 2T} (x) + n*T), ().
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Problem 2.2.12 By making the substitution x = cosf, show that

1 ™ I
1— 22" Y27 (2)Pde = cos?rfdo = 1 1+ cos2rf) do,
2
-1 0 0
and hence show that

! / T r=20
_o2\-1/2 2. _ ) =0,
/_1(1 ) V2T, () de { N

Problem 2.2.13 Derive the Chebyshev series for [(1 + x)/2]'/2. Hint:
Make the substitution = cos# and use the identity

1 1 1
2cos§9cosr9:cos <r+ 2> 0 + cos <r 2> 0.

Problem 2.2.14 Obtain the Chebyshev series for cos™! .
Problem 2.2.15 Find the Chebyshev series for (1 — 22)'/2.

Problem 2.2.16 Assuming that the Chebyshev series for sin™! z, derived
in Example 2.2.1, converges uniformly to sin™' 2 on [—1,1], deduce that

1 1 1.1 _n?
1232 52 72 8

Problem 2.2.17 Let

1
Jr = / (1 —22)" 124,

-1

Verify that Jy = 7, as obtained in Problem 2.2.12, and use integration by
parts to show that

Jp=(2r—1) /1 221 —22)" 3 2de = (2r — 1) (Jp_1 — J,).

-1
Deduce that
m (2r)!

o= o
22r (7’!)2

and hence verify (2.83).

Problem 2.2.18 Let 2§, ..., ) denote the zeros of the Chebyshev poly-
nomial T},41, and let || - || denote the weighted square norm, defined by
(2.53), with weight function (1 —22)~1/2. Use the substitution 2 = cos# to
show that

1

1 vz a2
o= ) tw=all = 5 ([ (=) P @Pde) = T
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Problem 2.2.19 Begin with the Maclaurin series

o0

1 _ r (71'37)
€08 L = ;(_U 22r (2r)!

2r

and use the relation (2.91) to compute the first few Chebyshev coefficients
for cos(3mz).

Problem 2.2.20 In the text it is shown that
Un(1)=n+1 and Un(-1) = (-1)*(n+1).

Deduce these results alternatively by using an induction argument on the
recurrence relation for U,.

Problem 2.2.21 Deduce from (2.97) that the Chebyshev polynomial of
the second kind U, is zero for values of 6 such that sin(n + 1)0 = 0 and
sin f is nonzero. Show that

sin(n+1)0=0 = nm+1)0=j7 = x=cos(jr/(n+1)),

and hence show that U, has all its n zeros in (—1,1), at the abscissas
x =cos(jr/(n+1)), for 1 <j < n.

Problem 2.2.22 Use the relations (2.101) and (2.102), which express the
Chebyshev polynomials T},, to derive an expression for every monomial in
terms of the U, like those given for 2! and z2" in terms of the T},, in
(2.87) and (2.88), respectively.

Problem 2.2.23 Deduce from (2.71) and (2.97) that
Ty (x) = (n+ 1)Un(x),
and hence show that T/ (1) = n?.
Problem 2.2.24 Show that
Un(z) = To(2) + 2Un-1(z), n2=1,
and deduce that

Un(z) = ZITT"—T(JC)’ n > 0.
r=0

Problem 2.2.25 Deduce from (2.101) that

n
Uzpti1(x) =2 Z Tont1-2r(2)
r=0

and

Ugn(x) = To(l') + 2 i: TQn,QT((E).
r=0
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2.3 Finite Point Sets

In the last section we constructed a sequence of polynomials (¢%) that are
orthogonal on [—1,1] with respect to a given weight function w, and we
used these as a basis for constructing best approximations for functions
defined on [—1,1].

We will now consider best approximations for functions that are defined
on a finite set of points, say X = {xg,1,...,2n5}. Associated with each
point x; we will assign a positive number w;, called a weight. Then, given
a function f defined on the point set X, we seek a polynomial p € P,, that
minimizes

N
> " wilf(x5) = play)]?, (2.105)
j=0

which we will call a least squares approximation to f on X with respect to
the given weights. We now define

1/2

N
gl = { D wilo@)l® | (2.106)
5=0

and we can show that this is a norm, as in Definition 2.1.1. It is analogous
to the norm defined by (2.53).

Following the same method as we used in Section 2.2 for weighted square
norm approximations on the interval [—1,1], we construct a sequence of
polynomials (¢#)N_,, where ¢ is of degree n, has leading coefficient unity,
and satisfies

N
> wirlgi(x;) =0,  0<r<n (2.107)
§=0

We find that the orthogonal polynomials ¢¥ satisfy the recurrence relation

0 11(2) = (2 = 0n) gy (x) = Brdi 1 (2), (2.108)
where
N N
On = Z%%[%(%)F/ > wjlgs ()P (2.109)
j=0 j=0
and

o =Y wila @) ) S wila (o). (2110)

Note that the last two relations are analogous to (2.51) and (2.52), respec-
tively. We then discover that

1/2

N
If =pll = | D_wilf (x7) = pla))®
§=0
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is minimized over all p € P,, with n < N, by choosing p = p,,, where

pn Z%q,. (2111)

and

Zw] x;)qy (x;) /ij[qT (z;)]?, 0<r<n. (2.112)

We note that py must be the interpolating polynomial for f on the set
X, since then ||f — pn]|| = 0, and this shows why we have restricted n to
be not greater than N. We also observe that the sequence of orthogonal
polynomials is unchanged if we multiply all the weights by any positive
constant.

It can sometimes be more convenient to work with orthogonal polynomi-
als that do not have leading coefficient 1. Suppose Q¥ (x) = ¢,¢¥(x), where
¢ # 0 may depend on 7, but is independent of z. Then it follows from
(2.111) and (2.112) that if we express the best square norm approximation
to f on X as

z) =Y a.Q¥(x), (2.113)
r=0

with n < N, then the coefficient a, is given by

ar =Y Wl @)Q ) ) Y@@, 0<r<n  (2114)
=0 =0

Note that the polynomials Q¥ will satisfy the simple recurrence relation
(2.108) only if every ¢, is equal to 1.

Example 2.3.1 To illustrate the the foregoing material, let us choose the
set X as {—1,0,1}, with weights w; all equal, and let f be defined on X
by the following table:

z | -1 0 1
fley] 12 4

We have ¢§'(x) = 1 and ¢f'(z) = x. Then we find that a; =0 and 3, = 2,
so that ¢5'(z) = 2? — 2. On using (2.112) we find that the orthogonal
coefﬁcients are ap = 3, a1 = § and az ==z Thus the best approximation
in Py is Z + 3z, while that in P2 is 7+ m + (2% — 2). As expected, the
last polynomlal interpolates f on X I

1~

We require some further notation, writing > " to denote a sum in which
the first term is halved, and ) to denote a sum in which both the first



84 2. Best Approximation

term and the last terms are halved. Thus

N, 1
Z uj=§u0+u1—|—-~-—|—uN (2.115)
=0
and
N, 1 1
Z uj=§u0+u1+~-~+uN_1+§uN. (2.116)

7=0
Now let X = {x¢, z1,...,2n}, where z; = cos(mj/N), 0 < j < N, and let

i, j=0and N,
Wj:
1

)

1<j<N-1

Thus X is the set of extreme points of the Chebyshev polynomial Ty. We
can verify (see Problem 2.3.1) that

N
Z ! T (z;)Ts(x;) =0, r#s, (2.117)

Jj=0

and so the Chebyshev polynomials are orthogonal on the extreme points of
T with respect to the given set of weights. It then follows from (2.113) and
(2.114) that the best weighted square norm approximation with respect to
this set of points and weights is

pu(z) = a,Tp(x), (2.118)
r=0

where
N N
=" fa)Tia) ) S M), 0<r<n. (2.119)
7=0 3=0
We find (again see Problem 2.3.1) that
N N, r=0or N,
[T (x))* = (2.120)
=0 iN, 1<r<N-1.

On combining (2.118), (2.119), and (2.120) we see that the best weighted
square norm approximation to f on the extreme points of Ty is

pn(z) =0, To(x), n<N, (2.121)
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say, where
9 N
o =+ ZO f@)Te(zj), 0<r<n. (2.122)
=

If we choose n = N in (2.121), the least squares approximation must co-
incide with the interpolating polynomial for f on the extreme points of
Tn. We now derive a connection between the above coefficients «, and the
Chebyshev coefficients a,., defined by (2.79). First we note that

(2kN +7)7j . T rmj
Topn+r(xj) = cos <N = cos | 2kmj £ W ) =csl x|

and thus
Topnr(x5) = T (). (2.123)

Let us assume that the Chebyshev series for f, given by (2.81), converges
uniformly to f on [—1,1]. Then it follows from (2.122) that

2 o (&
ap = N jgo (; asTs(zj)> TT(Ij)

00 N
= %Za > Ty To(ay). (2.124)

We observe from (2.123) and the orthogonality property (2.117) that the
only nonzero summations over j in the second line of (2.124) are those for
which s = r, 2N —r, 2N 4+ 1, 4N —r, 4N + r, and so on. Thus, for » # 0
or N,

o0
Qr = ar + Z(aﬁkar + a2kN+'r‘); (2125)
k=1
and we find that (2.125) holds also for » = 0 and N, on examining these
cases separately.

We saw in the last section that the Chebyshev polynomials are orthogonal
on the interval [—1, 1] with respect to a certain weight function, and we
have seen above that they are orthogonal on the extreme points of Ty
with respect to certain weights. We now show that they satisfy a third
orthogonality property. For the Chebyshev polynomials are also orthogonal
on the set X = {z7,..., 2} } with all weights equal, where the z} are the
zeros of Txy. We can verify that (see Problem 2.3.2)

0, r#sorr=s=N,
S T(@)Te(x})={ 3N, r=s#0orN, (2.126)

N, r=s=0.
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Then, following the same method as we used in deriving (2.121) and (2.122),
we find that the best square norm approximation to the function f on the
zeros of Ty is

x) = Zla:Tr(x), n<N-1, (2.127)
where
5 N
oy = > @) TH()). (2.128)
j=1

If we choose n = N — 1 in (2.127), the least squares approximation is just
the interpolating polynomial for f on the zeros of T.

We can express o as a sum involving the Chebyshev coefficients, using
the same method as we used above to derive the expression (2.125) for a..
We first verify that

Tornir(2]) = (=1) T (27). (2.129)

Assuming that the Chebyshev series for f converges uniformly to f on
[—1,1], we find that

oFf =a, + Z(q)kmw_r + askN4r) (2.130)
for 0 <r < N —1, and we see from (2.125) and (2.130) that
1 o0
5 (Oér + a kz A4k N—r + a4kN+T). (2131)

The three expressions (2.125), (2.130), and (2.131), connecting the a, with
the coefficients «, and o, suggest a practical method of computing the
Chebyshev coefficients a,. We choose a value of N and then compute a,.
and o, using (2.125) and (2.130). If o, and o differ by more than an
acceptable amount, we increase N and recompute o, and ). When they
agree sufficiently, we use %(ar + ) as an approximation to a,.

Problem 2.3.1 Show that 7, (z;) = cos(wrj/N), where the x; are the
extreme points of Ty, and hence express the left side of (2.117) as a sum
of cosines, using the relation

cos(f + ¢) + cos(0 — @) = 2 cos  cos ¢.
Evaluate the sum by using the identity
sin(k + 3)0 — sin(k — )6

cos kb =
2sin %9

)

and hence verify the orthogonality relation (2.117). Similarly verify (2.120).
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Problem 2.3.2 With z} = cos (2;'271\[1)7: show that

(2§ — Drm
2N

and follow the method of the last problem to verify (2.126). Show also that
T2kNiT(.'I;;) = (—1)kTT($;>.

Problem 2.3.3 Verify (2.130) and (2.131).

T,(z}) = cos

Problem 2.3.4 Show that «,., defined by (2.122), is the approximation to
the Chebyshev coefficient a, that is obtained by estimating the integral

ar:g/ f(cosB) cosrd df
T Jo

(see (2.80)) using the composite form of the trapezoidal rule. Show also
that o, defined by (2.128), is the approximation obtained by applying the
composite midpoint rule to the same integral. (These integration rules are
discussed in Chapter 3.)

2.4 Minimax Approximation

A best approximation with respect to the maximum norm, defined by (2.5),
is called a minimaz approximation, since we wish to minimize, over all p,,
in P,, the mazimum value of the error |f(x) — p,(z)| over [—1, 1]. For con-
venience, we will continue to work with the interval [—1, 1], although what
we have to say about minimax approximations may be applied to any finite
interval by making a linear change of variable. Minimax approximations,
which are also called uniform approximations, are important because of the
following famous theorem due to Karl Weierstrass (1815-1897).

Theorem 2.4.1 Given any f € C[—1,1] and any € > 0, there exists a
polynomial p such that

|f(x) —p(z)<e, —1<z<1. W (2.132)

There are many proofs of this key theorem and we will give two in Chapter
7, based on proofs given by two mathematicians who were born in the
same year, S.N. Bernstein (1880-1968) and L. Fejér (1880-1959). As we
will see in this section, the property that characterizes the error f — p,, of
a minimax polynomial p, € P, for a function f € C[—1,1] is one that is
shared with the Chebyshev polynomial 7}, 1. As we saw in the last section,
the polynomial T;,41 attains its maximum modulus on [—1,1] at n + 2
points belonging to [—1, 1], and T;,41(z) alternates in sign on these points.
It is useful to have a name for this property, which we give now.
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Definition 2.4.1 A function E(z) is said to equioscillate on n + 2 points
Of[—l,l] iffor -1 <zy <m9g < -+~ < ZTp4a <1,

= <7<
|E(x;] _{Igﬂ);l |E(z)], 1<j<n+2,
and
E(.’I?j+1)=—E($j), 1§j§n—‘r1 |

Thus 7,41 equioscillates on the n + 2 points ¢; = cos[(j — 1)7/(n + 1)],
1 <j <n+2 since T,4+1(t;) = (—1)77! and the maximum modulus of
Tpt1 on [—1,1] is 1.

Example 2.4.1 Consider the function

1
E(z) = |z| — A — 22

n [—1, 1]. We can easily check that
B(-1) = ~B(~}) = B(0) = ~B(}) = B(1).

The function E is differentiable on [—1,1] except at = 0. For 0 < = < 1,
we have E(z) =z — § — 2% and

E(z)=1-2z=0 = x:%.

Thus F has a turning value at x = %, and we similarly find that E has
another turning value at © = —%. It follows that F attains its maximum
modulus on [—1,1] at the five points x = 0, :I:%7 +1, and E equioscillates
on these points. As we will see from Theorem 2.4.2, é + 22 is the minimax
approximation in P for |z| on [—1,1]. Note that although & + 2? is a
polynomial of degree two, it is the minimax approximation to |z| on [—1, 1]
out of all polynomials in Pj. |

Theorem 2.4.2 Let f € C[—1,1] and suppose there exists p € P, such
that f — p equioscillates on n + 2 points belonging to [—1,1]. Then p is the
minimax approximation in P, for f on [—1,1].

Proof. Suppose p is not the minimax approximation. We will prove the
theorem by showing that this assumption cannot be true. (We then say
that we have obtained a contradiction to the initial assumption. This style
of proof is called reductio ad absurdum.) If p is not the minimax approxi-
mation, there must exist some ¢ € P, such that p+ ¢ € P, is the minimax
approximation. Now let us compare the graphs of f —p, which equioscillates
on n + 2 points on [—1,1], and f — p — ¢. Since the latter error curve must
have the smaller maximum modulus, the effect of adding ¢ to p must be
to reduce the size of the modulus of the error function f — p on all n + 2
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equioscillation points. In particular, this must mean that ¢ alternates in
sign on these n + 2 points, and thus must have at least n 4+ 1 zeros. Since
q € P,, this is impossible, contradicting our initial assumption that p is
not the minimax approximation. |

Example 2.4.2 For each n > 0, let us define

p(z) = 2" — =T, (a),

2
so that p € P,. (See Problem 2.4.3 for a refinement of this observation.)
Then, since

" 1
= p(e) = 5 Ta (@)

equioscillates on n 4+ 2 points belonging to [—1, 1], it follows from Theorem
2.4.2 that p is the minimax approximation P, for z"*! on [-1,1]. From
Theorem 2.2.5 we see that the same p is also the best approximation for
2"t on [—~1,1] with respect to the weighted square norm, with weight
w(z) = (1 — 22)~Y/2. Finally, if we write || - ||o to denote the maximum
norm, defined by (2.5), we deduce from the minimax approximation for
"1 that ||(x — x0)(x — 1) -+ (T — Z)||oo is minimized over all choices
of the abscissas x; by choosing the z; as the zeros of T;,11. Theorem 2.2.6
shows us that this also holds when we replace ||- || by the weighted square
norm, defined by (2.53) with weight function (1 — 22)~1/2, [ |

In Theorem 2.4.2 we showed that the equioscillation property is a sufficient
condition for a minimax approximation. The next theorem, whose proof is a
little harder, shows that the equioscillation property is also necessary, which
is why we call it the characterizing property of minimax approximation.

Theorem 2.4.3 Let f € C[—1,1], and let p € P, denote a minimax ap-
proximation for f on [—1,1]. Then there exist n 4+ 2 points on [—1,1] on
which f — p equioscillates.

Proof. Let us write E(z) = f(z) — p(z) and assume that E equioscillates
on fewer than n 4 2 points. We will show that this assumption leads to a
contradiction. We can exclude the case where E is the zero function, for
then there is nothing to prove. Then we argue that E must equioscillate
on at least two points, for otherwise, we could add a suitable constant to
p so as to reduce the maximum modulus. Thus we can assume that F
equioscillates on k points, where 2 < k < n + 2. Now let us choose k — 1
points,
1<z <9< <1 <1,

so that there is one equioscillation point of E on each of the intervals

-1, 21), (z1,22), ..., (Tp—2, Th—1), (Tp—1, 1].
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Now we construct a polynomial ¢ such that
qg(z) = +C(x —21)(x — x2) - - - (x — Th—1),

with C' = 1/||(x — z1)(x — x2) -+ (¥ — Zk—1)]||o- It follows from the choice
of C that ||g|lcc = 1. Finally we choose the plus or minus sign so that ¢
takes the same sign as E on all points where || E||« is attained. Now let
S_ denote the set of points on [—1,1] where E(z)g(z) < 0, and let Sy
denote the set of points on [—1,1] where E(x)g(z) > 0. Thus Sy includes
all points where ||E||« is attained, and the union of S_ and S, is simply
the interval [—1,1]. We now define

d = max |B()| < || Ell, (2.133)

choose any 6 > 0, and define £ as any point in [—1, 1] for which

[E(€) = 09()] = [|1E = 0qllco- (2.134)

Obviously, £ € S_or £ € Sy. If £ € S_, it follows from (2.134) and (2.133)
that

I1E = 0qllco = |E(E)] + 0la(§)] < d + 0. (2.135)
On the other hand, if £ € S4, it follows from (2.134) that

1B = bqllcc < max{|E(£)|,0]q(E)|} < max{|[Elloc, 0} (2.136)

In view of the definition of d in (2.133), let us now restrict the value of ¢
so that

0<0<[F]s —d.
Then, whether € is in S_ or in Sy, both (2.135) and (2.136) yield

[1E = 0glloc <[ E]oo-

This contradicts our assumption that k& < n + 2, and completes the proof.
Note that the polynomial ¢, defined above, is in Py_1, and so we are able
to force the above contradiction only if £ < n + 2, so that k — 1 < n and
thus ¢ is in P,. |

The uniqueness of a best approximation for the weighted square norm,
discussed in the previous section, follows from the way we derived it as
the unique solution of a system of linear equations. We now show how the
uniqueness of a minimax approximation can be deduced by deploying the
same ideas used above in the proof of Theorem 2.4.2.

Theorem 2.4.4 If f € C[—1, 1], there is a unique minimax approximation
in P, for f on [—1,1].
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Proof. Let p € P, denote a minimax approximation for f, and if this
approximation is not unique, let p + ¢ € P,, denote another minimax ap-
proximation. Then, using the same kind of argument as in the proof of
Theorem 2.4.2, we argue that ¢ € P, must be alternately > 0 and < 0 on
the n 4 2 equioscillation points of f — p. We deduce that this is possible
only when ¢(z) = 0, which completes the proof. |

We saw in the last section that the best approximation with respect to a
weighted square norm is an interpolating polynomial for the given function.
The above equioscillation theorems show that this is true also for minimax
approximations, and we state this as a theorem.

Theorem 2.4.5 Let f € C[—1,1] and let p € P, denote the minimax
polynomial for f. Then there exist n+ 1 points in [—1, 1] on which p inter-
polates f. |

It is convenient to introduce a new item of notation in the following defi-
nition.

Definition 2.4.2 We write

where || - || denotes the maximum norm on [—1,1], and p € P, is the
minimax approximation for f € C[—1,1]. [ |

Theorem 2.4.5 leads to an estimate of the minimax error E,(f) that
is similar to the estimate given in Theorem 2.2.7 for the error of a best
approximation with respect to a weighted square norm.

Theorem 2.4.6 If f € C"*1[—1,1], then the error of the minimax poly-
nomial p € P, for f on [—1,1] satisfies

1 | fnt1)
Eulf) = 1 =l = g7 g, (2.139)

where £ € (—1,1).

Proof. In the light of Theorem 2.4.5, let the minimax polynomial p inter-
polate f at the points xg, 1,..., 2z, in [—1,1]. Then, from (1.25),

Fr (&)

F(@) = pla) = (@ = wo)(w = 20) - = )

where &, € (—1,1), and thus

min | f* 1 ()|

CESUR (2.139)

I = plloe = [[(& = 2o) (& —21) - (2 = 2n) [0
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the minimum being over [—1, 1]. It follows from our discussion in Example
2.4.2 that

(& = z0) -+ (= @n)]loc = (2 —25) -+ (& = 27|00 = 2%

where the z denote the zeros of T;,11, and thus (2.139) yields

1 min| £ ()
ol > — B W) 2.140

I = pllo 2 (2:40)
If p* denotes the interpolating polynomial for f on the zeros of T},11, then,
again using the error term for interpolation (1.25), we obtain the inequality

max | £ ()|

If =Plloo < ll@ = a0)(@ = a1) - (@ = 2)lloe =357

and so | D)
. 1 max |f" Y (z)|
_ <|If— << 7
Hf p”oo > ”f p ”00 = 9n (n_|_ 1)!

Finally, the theorem follows from (2.140), (2.141), and the continuity of
fo .

(2.141)

Example 2.4.3 If we apply Theorem 2.4.6 to the function e”, we obtain

< e = p@)le €

e < l€” = pn(@)]leo € 5 7

27 (n+1)! — b 27 (n+ 1)
where p, denotes the minimax polynomial in P, for e* on [—1,1]. For
example, with n = 6 and 7, we have the bounds

0.11 x 107° < [[e” — pg(z) [ oo < 0.85 x 1077

and
0.71 x 1077 < |[e* — pr(2)]loo < 0.53 x 1075, W

The next theorem shows that the minimax polynomial is not the only
approximant to f that has an error term of the form (2.138).

Theorem 2.4.7 If p¥ denotes the interpolating polynomial on the zeros
of the Chebyshev polynomial T}, for f € C"*1[—1,1] , then

1 feD ()

20 (n+1)! (2.142)

1f = Phlloe =

where n € (—1,1).

Proof. This is easily verified by adapting the proof of Theorem 2.4.6, and
the details are left to the reader. |
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Example 2.4.4 Let p} denote the interpolating polynomial for e” on the
zeros of the Chebyshev polynomial T}, ;. Then it follows from Theorem
2.4.7 that

e

(2.143)

T % - =

_max e” —py(2)] S I

where —1 < 7, < 1. It is clear that the sequence of polynomials (p)
converges uniformly to e” on [—1,1]. |

We saw in Section 2.2 that when the weight function is even, the best
weighted square norm approximation for a function f is even or odd, ac-
cording as f is even or odd, respectively. We can deduce from the equioscil-
lation property (see Problems 2.4.9 and 2.4.10) that a minimax approxi-
mation for a function f is even or odd, according as f is even or odd,
respectively.

It is clear from Example 2.4.1 that % + 22 is the minimax approximation
in P, for |z| on [—1, 1]. However, we found that the error function equioscil-
lates on five points, and so, by Theorem 2.4.2, % + 22 is also the minimax
approximation in Ps for |z|, as stated in Example 2.4.1. This shows that
if we seek a minimax polynomial p,, € P, for a given function f, we could
find that f — p, has more than n + 2 equioscillation points. For example,
the minimax polynomial in Py (a constant) for the function T} on [—1, 1],
with k > 0, is simply the zero function. In this case, the error function has
k + 1 equioscillation points. The following theorem gives a condition that
ensures that f — p, has exactly n + 2 equioscillation points.

Theorem 2.4.8 If f € C"*[—1,1] and f(®*Y has no zero in (—1, 1), then
the error of the minimax polynomial p € P, for f on [—1,1] equioscillates
on n + 2 points, and on no greater number of points.

Proof. Suppose that f — p has k equioscillation points in the interior
of [—1,1]. Since there can be at most two equioscillation points at the
endpoints * = £1, Theorem 2.4.3 shows that k& > n. This means that
f"—p' has at least k > n zeros in (—1,1). On applying Rolle’s theorem,
we deduce that f” — p” has at least kK — 1 zeros in (—1,1). Since the nth
derivative of p’ is zero, the repeated application of Rolle’s theorem n times
to the function f’ —p’ shows that f("*1) has at least k —n zeros in (—1,1).
Since, by our assumption, f*1) has no zero in (—1,1), we deduce that
k = n, and this completes the proof. |

Apart from the approximation of z"*! by a polynomial in P,, and some
simple cases involving low-order polynomial approximations for a few func-
tions, we have said nothing about how to compute minimax approxima-
tions. We now discuss a class of algorithms based on the work of E. Ya.
Remez (1896-1975) in the 1930s.

Algorithm 2.4.1 The following algorithm computes a sequence of poly-
nomials that converges uniformly to the minimax approximation p € P,
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for a given function f € C[—1,1]. Corresponding to each polynomial in the
sequence there is a set X of n 4+ 2 points. This set of points converges to a
set of points in [—1, 1] on which the error f — p equioscillates.

Step 1 Choose an initial set X = {x1,22,..., 2542} C [-1,1].
Step 2 Solve the system of linear equations
flx) —q(z;) = (=1)e, 1<j<n+2,
to obtain a real number e and a polynomial ¢ € P,,.

Step 3 Change the set X (as described below) and go to Step 2
unless a “stopping criterion” has been met. |

Let us denote a polynomial ¢ € P, that occurs in Step 2 of the above
Remez algorithm by
q(z) =ap+ a1z + - + apz™.

We now verify that, provided that the x; are distinct, the system of linear
equations in Step 2 has a nonsingular matrix, and so the linear system has
a unique solution. The matrix associated with these equations is

1 = ¥ . al —e
1 @ x5 . b +e
A =
2 n n+2
1 Tn42 Tpyo 0 Tpyo (_1) e

Now, a necessary and sufficient condition for a matrix to be singular is that
its columns be linearly dependent. If the columns of the above matrix are

denoted by ¢y, ca,...,Cut2, and they are linearly dependent, then there
exist real numbers Ay, A, ..., Ayt2, not all zero, such that
)\101 + )\2(:2 + -4 )\n+2cn+2 = 0, (2144)

where 0 is the zero column vector with n + 2 elements. If we write
g@) =M+ Xz + -+ Appr2”,

then the vector equation (2.144) is equivalent to the scalar system of linear
equations A
9(@;) + Anya(~1)e =0, 1<j<n+2

Since this would imply that ¢ € P, is alternately > 0 and < 0 on the
n+2 distinct x;, this is impossible, and we conclude that the above matrix
A is nonsingular. Thus, provided that the z; are distinct, the system of
equations in Step 2 of the Remez algorithm always has a unique solution.
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We usually choose the set X in Step 1 of the Remez algorithm to be the
set of n 4+ 2 extreme points of T,,+1. Then we see from Example 2.4.2 that
for the special case of f(x) = 21, this choice of X immediately gives us
the minimax polynomial when we solve the linear system in Step 2.

The solution of the linear system in Step 2 yields a polynomial ¢ € P,
and some number e. It follows from Theorem 2.4.2 that if ||f — ¢|loo is
sufficiently close to |e|, then ¢ must be close to the minimax polynomial,
and we would then terminate the algorithm. Otherwise, if £ is a point such
that |f(£) — ¢(&)| = ||f — qlloo, we change the point set X by including &
and deleting one of the existing points in X so that f — ¢ still alternates
in sign on the new point set. In the scheme that we have just proposed,
we change only one point each time we carry out Step 3. There is a second
version of the algorithm, which converges more rapidly, in which we amend
the point set X by including n + 2 local extreme values of f — ¢ and delete
existing points of X so that f — ¢ still alternates in sign on the new point
set.

Suppose f is an even function and we seek its minimax approximation
in Py,41. Let us choose as the initial set X the 2n + 3 extreme points of
Ton42. Thus X consists of the abscissa x = 0 and n + 1 pairs of abscissas
of the form +z;. The minimax polynomial p must be an even polynomial
(see Problem 2.4.9), and is therefore of degree 2n or less. We can then
see from the symmetry in the linear equations in Step 2 that the same
is true of the polynomial ¢q. The linear equations in Step 2 thus contain
only n + 2 coefficients, namely, e and the n + 1 coefficients to determine
p. Because of the symmetry in X, we need write down only the n + 2
equations corresponding to the nonnegative abscissas in X. We can see that
this simplification persists as we work through the algorithm. At each stage
the set X is symmetric with respect to the origin, and the polynomial g is
even. A corresponding simplification also occurs when we apply the Remez
algorithm to an odd function.

Example 2.4.5 Let us use the Remez algorithm to compute the minimax
polynomial in P3 for 1/(1 + 22) on [~1,1]. We require five equioscillation
points, and initially in Step 1 we choose the set of extreme points of Ty,

X = {—1,—%\/5,0,5\/5,1}.

In Step 2 let us write q(x) = ag+a1z+asx?+azz3. We see that the solution
of the system of five linear equations is obtained by choosing a1 = a3 =0
and solving the three equations corresponding to x = 0, % 2, and 1. This
is in agreement with our remark above concerning the application of the
Remez algorithm to an even function. We thus have the equations



96 2. Best Approximation

1—ag=ce,
2 1
g—ao—iagz —€,
1
5 —ap — a2 = €,
whose solution is ap = 23, ay = —1, and e = 3; ~ 0.041667. In this case,

the error function has just one turning value in (0,1). Although we could
now differentiate the error function to determine the turning value, this
would not be in the spirit of the algorithm. Instead, we simply evaluate the
error function on a suitably dense set of points on [0, 1], say at intervals of
0.01. We find that the extreme values on this finite point set are as follows:

x | 0 0.64 1

f(x) —p(x) | 0.041667 —0.044112 0.041667

We now change the point set to X = {—1,—-0.64,0,0.64, 1} and go to Step
2. This time the solution of the linear system is ag = 0.957111, ay = f%,
and e = 0.042889, to six decimal places. We evaluate the new error function
on the same finite set of points and find that the extreme values are again at
x =0,0.64, and 1, where f—gq assumes the values 0.042889, —0.042890, and
0.042889, respectively. Since the set X cannot be changed further, we accept
the current polynomial ¢ as being sufficiently close to the true minimax
polynomial p, and terminate the algorithm. If we wish greater accuracy we
can repeat the calculation, but evaluate the error at each stage on a finer
grid of points. If we return to the original error function f —q and evaluate
it at intervals of 0.001 in the vicinity of 0.64, we find that this extreme point
is more precisely given by 0.644, where the value of f — ¢ is —0.044120.
Therefore, we now change the point set to X = {—1, —0.644,0,0.644, 1} and
go to Step 2. This time the solution of the linear system is ay = 0.957107,
as = —%, and e = 0.042893, to six decimal places. We evaluate the new
error function at intervals of 0.01, and again refine the extreme point near
0.64. We find that the extreme values are

z | o0 0.644 1

f(z) — q(z) | 0.042893 —0.042893 0.042893

Thus we have the polynomial 0.957107 — 0.5z as a refined estimate of
p, with minimax error 0.042893. In fact, for the function in this example,
we can find p exactly (see Problem 2.4.7). This serves as a check on our
calculations here. We can see that our last estimate of p above is correct
to six decimal places. |

We now state and prove a theorem, due to C.J. de la Vallée Poussin
(1866-1962), which we can apply to give lower and upper bounds for the
minimax error after each iteration of the Remez algorithm.
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Theorem 2.4.9 Let f € C[—1,1] and q € P,,. Then if f — g alternates in
sign on n + 2 points

—1§I1<l’2<"'<l‘n+2§1,
we have
min |f(z;) = q(2;)| < If = pllee < IS = dlleo, (2.145)
where p € P, denotes the minimax approximation for f on [—1,1].

Proof. We need concern ourselves only with the left-hand inequality in
(2.145), since the right-hand inequality follows immediately from the defi-
nition of p as the minimax approximation. Now let us write

(f () = q(x;)) = (f(z5) = p(x)) = p(2;) — q(z;). (2.146)

If the left-hand inequality in (2.145) does not hold, then the right-hand
inequality in the following line must hold:

[f () = p(@)] < If = plloo < |f(x) —q(z;))l, 1<j<n+2.

The left hand inequality above is a consequence of the definition of the
norm. It follows that the sign of the quantity on the left side of (2.146)
is that of f(z;) — g(z;), which alternates over the z;. Thus p —q € P,
alternates in sign on n + 2 points, which is impossible. This completes the
proof. |

The above theorem has the following obvious application to the Remez
algorithm.

Theorem 2.4.10 At each stage in the Remez algorithm, we have
lel < En(f) < If = dlloos (2.147)

where E, (f) is the minimax error, and e and ¢ are obtained from the
solution of the linear equations in Step 2 of the algorithm.

Proof. From the way e and g are constructed in Step 2 of the algorithm,
f — q alternates in sign on the n + 2 points x; belonging to the set X, and

le] = [f(z;) —q(z;)l, 1<j<n+2
Hence (2.147) follows immediately from (2.145). [

Let e and ¢(¥ denote the number e and the polynomial ¢ that occur in

the ith stage of the Remez algorithm. The sequence (‘e(i) ) increases, and

the sequence (Hf — ¢
converge to the common limit E, (f). In practice, these limits are usually
not attained, because we evaluate the error function at each stage at only a
finite number of points. However, the inequalities (2.147) provide a reliable
indicator of how close we are to the minimax polynomial at each stage.

|oo) decreases, and in principle both sequences
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Example 2.4.6 To illustrate the second version of the Remez algorithm,
mentioned above, in which we amend the point set X by including n + 2
local extreme values of f — ¢, let us find the minimax p € P3 for e on
[—1,1]. We will take the initial set X as the set of extreme points of T},
as we did in Example 2.4.5. The solution of the linear equations in Step 2
then yields, to six decimal places, e = 0.005474, and

q(z) = 0.994526 + 0.995682z + 0.543081z2 4 0.1795192°.

On evaluating f —q at intervals of 0.01, we find that it has extreme values at
x = —1,—-0.68,0.05,0.73, and 1. The error f —q has the value e = 0.005474

at x = =+1, by construction, and has the following values at the three
interior extreme points:
x | —0.68 0.05 0.73

f(z) —q(z) | —0.005519 0.005581 —0.005537

If we now evaluate f — ¢ at intervals of 0.001 in the vicinity of the interior
extreme points, we can refine these to give —0.683, 0.049, and 0.732. We
therefore amend the set X, making three changes to give

X ={-1,-0.683,0.049,0.732,1},
and repeat Step 2. This time we obtain e = 0.005528, and
q(z) = 0.994580 + 0.995668x + 0.5429732% + 0.1795343.

When we evaluate f — p at intervals of 0.01, we find that it has extreme
points at x = —1, —0.68, 0.05, 0.73, and 1, where it assumes the values
+0.005528. We therefore accept this polynomial ¢ as being sufficiently close
to the minimax approximation p. The interior equioscillation points are
more precisely —0.682, 0.050, and 0.732. |

If a function is defined on a set X = {xg,21,...,2x}, we can define a
norm
17l = jmax 1f ()],

and seek a polynomial p € P,,, with n < N, that minimizes || f — p||. This is
called a minimax approximation on the set X. Such minimax approxima-
tions behave much like those on a finite interval, as we have discussed in this
section. For example, with n < IV, the error function f — p equioscillates
on n + 2 points in X. Also, when using a Remez algorithm, we can expect
to locate a minimax polynomial on a finite interval only approximately, as
we saw above, whereas we can find a minimax polynomial on a finite point
set X precisely.
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Problem 2.4.1 Show that the minimax polynomial p € P; for 2/(z + 3)
on [—1,1] is p(x) = % 2 — ix, and find the minimax error.

Problem 2.4.2 Let ax + b denote the minimax polynomial in P; for the
function 1/x on the interval [, 3], where 0 < a < . Show that

L 1( Lo )2
a=—— 1 = — Ry Ry s
o 2\Va " VB
and that

1
ar+b— —
T

1/1 1\°
max =—|—=-— .
a<z<p 2\Va /B
Verify that the minimax error is attained at «, 3, and at the intermediate

point /a.

Problem 2.4.3 Use the property that the Chebyshev polynomial T, is an
odd or even function when n is odd or even, respectively, to show that the
polynomial p defined by

is of degree n — 1.

Problem 2.4.4 Let p, € P, denote the minimax polynomial for sin 7z

2
n [—1, 1]. Show that

n+1
0 < |[sin bz~ pu(@)lloe < (F)

(n+ 1)
Problem 2.4.5 Let f € C[—1,1] and let

= 1 M = .
m _@;nglf(w), _{rg;lf(fﬂ)

Show that 3(m + M) € P, is a minimax approximation for f on [—1,1].

Problem 2.4.6 By first showing that the error function has turning values
at z = —2 and = = g, show that the function 1/(3z +5) on [—1,1] has the
minimax approximation ﬁ(&cQ —8x+49) in P, and determine the minimax

error.

Problem 2.4.7 Verify that the minimax approximation in P; for the func-
tion 1/(1+2?) on [—1,1] is $+1+/2—122 by showing that the error function
equioscillates on the five points 0, +£¢, and £1, where €2 = /2 — 1. Find
the minimax error.

Problem 2.4.8 If p € P, denotes the minimax polynomial for f on [—1, 1],
show that A\p + ¢ is the minimax approximation for A\f + ¢, for any real
A and any g € P,. Thus show, using the result of Problem 2.4.6, that the
minimax polynomial in P, for (z + 3)/(3x + 5) is (622 — 8z + 21)/36.
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Problem 2.4.9 Let f be an even function on [-1,1], and let p € P,
denote the minimax approximation for f. By considering the equioscillation
points, deduce that p(—z) is the minimax approximation for f(—z). Since
f(—=z) = f(x) and the minimax approximation is unique, deduce that p is
also an even function.

Problem 2.4.10 By adapting the argument used in the previous problem,
show that a minimax approximation for an odd function is itself odd.

2.5 The Lebesgue Function

Recall equation (1.10),

pu(@) =3 f(w) Li(a),

1=0

where p,, is the Lagrange form for the polynomial that interpolates f on the
abscissas xg, T1,...,T,, and the fundamental polynomials L; are defined
by (1.9). If the values f(x;) all have errors of modulus not greater than
€ > 0, what can we say about the resulting size of the error in evaluating
pn(x) at any point on the interval [a, b]? Suppose that instead of evaluating
Dn, We evaluate p;, where

n

pn(x) = Z f* (@) Li()
and

It follows that

where .
An(x) = Z |L;(x)], a<ax<hb. (2.148)
=0
Hence we have
ax |pn(2) = pp(2)] < € An, (2.149)
where
A, = Zax, An (). (2.150)

Thus errors in the function values f(z;) of modulus not greater than e result
in an error in the interpolating polynomial whose modulus is not greater
than eA,. We call A,, the Lebesgue constant and \,, the Lebesgue function



2.5 The Lebesgue Function 101

associated with the point set {zo,1,...,2,} C [a,b]. These are named
after Henri Lebesgue (1875-1941). Both the textbook by T.J. Rivlin [48]
and the paper by Lev Brutman [6] contain valuable surveys on the Lebesgue
functions.

Now let us consider an infinite triangular array of abscissas,

o0
.Tél) xgl)

X: x(()Q) x§2) xg) (2.151)
ROENG )

where for each n > 0,

agx(()")<x

M) << <, (2.152)
For any function f defined on [a, ], we can construct a sequence of poly-
nomials pg, p1, p2,..., where p, interpolates f on the set of abscissas
{xé"), xgn), . ,x%")}, which forms the (n 4 1)th row of the above triangu-
lar array. When we wish to emphasize their dependence on the array X,
we will write A, (X), n > 0, to denote the Lebesgue constants on [a, b]

associated with this array of abscissas, and write the Lebesgue functions
in the form A\, (X;x).

Example 2.5.1 In the above triangular array X let us choose :1360) =0,
and for each n > 1, let

n 2i .
xg):—l—ki, 0<i<n.
n

Thus the abscissas in each row of X are equally spaced on the interval
[—1,1]. Let us take [a,b] in (2.152) to be [—1,1].

If we interpolate on the abscissas in the second row of X, namely {—1,1},
the fundamental polynomials are Lo(z) = 1(1 — z) and Ly (z) = (1 + ).
Thus the Lebesgue function on [—1,1] is

1 1
and the Lebesgue constant on [—1,1] is A;(X) = 1.

Let us also obtain an explicit form for the Lebesgue function As(z) on
[—1,1] for the set of interpolating abscissas in the third row of X, which is
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Yy
1
-1 0 1 =z

FIGURE 2.2. The Lebesgue function Az(z) defined in Example 2.5.1.

{-=1,0,1}. In this case the fundamental polynomials are

Lo(x) = %x(m —1), Li(z)=1-2% Li(z)= %x(m—i— 1).

The Lebesgue function A2(x) may be expressed as a quadratic polynomial
in each of the intervals [—1, 0] and [0, 1]. We find that

1 1
AQ(I):§I($71)+(171’2)*§I(1+SE):17I7$2, -1<x <0,

and

1 1
Ao () =—§x(z—1)+(1—x2)+§x(1+m) =l+z—2? 0<z<l1.
It is easily verified that Az(x) = 1 for = 0,%1, and that Ax(z) > 1 on
[—1,1]. We find that A5(X), the maximum value of Ag(z) on [—1,1] is g
and this value is attained at x = i%. See Figure 2.2. |
Theorem 2.5.1 The Lebesgue function A, defined by (2.148), is contin-
uous on [a, b] and is a polynomial of degree at most n on each of the subin-

tervals [a, zo], [To,x1], [T1,22], ..., [Xn—1, %], and [2,,b]. We also have
M(z) =1, 0<i<n, (2.153)
and
An(z)>1, a<z<b. (2.154)

Proof. Equation (2.153) follows immediately from (2.148). To verify the
inequality (2.154) we deduce from (1.42) that

1= |Lo(@) + L1 (@) 4+ Lu(@)] < |Lo(@)|+|La(@)] +--+|L(2)] = Au(2)

for a <z <b. Each function |L;(x)|, and therefore the Lebesgue function
An, is obviously a polynomial of degree at most n on each of the intervals
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la, 2o, [xo, z1], [1,22], ..., [@n—1, 2y, and [z, b]. Also, each |L;(z)]| is con-
tinuous on [a, b], and thus the Lebesgue function A, is continuous on [a, b].
This completes the proof. |

We now come to the main result of this section.

Theorem 2.5.2 Let p, € P, denote the minimax approximation for a
given function f € C[a,b], and let p} € P, denote the interpolating poly-

nomial for f on the abscissas :cl(-n) in the (n + 1)th row of the triangular
array X defined in (2.151). Then

If = Pullse < (1+ An(X))En(f), (2.155)

where || || denotes the maximum norm on [a, b] and E,(f) is the minimax

error, defined in (2.137).
Proof. We have from (1.10) that

n

pa(x) =3 fla) L (x),

i=0
where LZ(-n) is the fundamental polynomial that takes the value 1 at the
abscissa mgn) and is zero on all abscissas x§-n) with j # 4. It then follows

from the uniqueness of the interpolating polynomial that
p(@) =Y pulai) L (),
i=0

since this relation holds for any polynomial in P,,. On subtracting the last
two equations, we immediately obtain

n

(@) = pal@) = D (F(x:) — pulzi)) L™ (),

i=0
and thus

[P (@) = pn(2)] < An(x) max [f (i) —pa(@i)l,

where A, is the Lebesgue function. We deduce that

1P = Poll = P = pnll < An(X)En(f). (2.156)

Let us now write

f(@) = pn(@) = (f(x) = pu(@)) + (Pn(z) — Pp(2)),

from which we can derive the inequality

If = Pull < WIS = pall + llpn — P,
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and we immediately have

1f = pnll < (14 An (X)) En (),

which completes the proof. |

Theorem 2.5.3 The Lebesgue constants

M0 = s S Bz

are unchanged if we carry out a linear transformation =z = at + 3, with
a # 0, and the triangular array of interpolating abscissas X = (xgn)) is
mapped to the triangular array T = (tg")), where xl(n) = atgn) + 6.

Proof. Let the interval a < x < b be mapped to ¢ < t < d under the linear
transformation x = at + 3, and let the fundamental polynomial L ( ) be

mapped to
A t— 1"
n _ J
i (t)H<t(n)_t(n)> )
i J

J#i
so that the Lebesgue function A, (x) is mapped to

M) =3 [ )]
i=0
Finally, we define
A (T) = max A (t)

We can verify that

and hence M'(t) = Lgn)(x). Consequently,

A (T) = max A)(t) = max A\, (x) = A (X),

c<t<d a<t<b
and this completes the proof. |

The following result shows that the Lebesgue constants are not increased
if we include the endpoints a and b in the set of interpolating abscissas.

Theorem 2.5.4 Consider an infinite triangular array X, as defined in
(2.151), where

(n) (n)

a<xzy’ <1y <-~-<x;")§b, n > 0.
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Now define an infinite triangular array 7', where téo) is defined arbitrarily,
and for each n > 0, the elements in the (n 4 1)th row of T satisfy
™ = ozntl(.n) + Bn, 0<i<n.

K2

In keeping with this transformation, we define

M(n)(t) = Lgn)(x), where = =ayt+ 6, 0<i<n.

K2

(n) ()

Then, if a,, and 3, are chosen so that t;’ = a and ¢, ' = b, we have
An(T) = max [A,(1)] mgﬂgiigzsﬂlkn(w)I_.;gggz\kn(w)l An(X)

Proof. The proof of this theorem is on the same lines as that of Theorem
2.5.3. Note that since

xén) = antén) + 6, and :ch") = ozntSLn) + Bn,
we need to choose

(n) (n)

Tn — T

b—a

(m) __(n)
and ﬁn:b%bﬂ. -
—Qa

Ay =

Example 2.5.2 Let us consider the Lebesgue constants A, (X) for inter-
polation at equally spaced abscissas. For convenience, we will work on the
interval [0, 1], rather than on [—1, 1], as we did in Example 2.5.1. Thus the

. . : 0
abscissas in the triangular array X are xg ) = 3 and

(n)

T, =, 0<i<n.

i
n
Let us evaluate the Lebesgue function A, (x) at

2n —1
ngn: om

the midpoint of the subinterval [2=1,1]. We already know that A, () has
the value 1 at the endpoints of this subinterval. A little calculation shows
that

B 1 2n-1)2n—-3)---3-1

T 2n—2i—1| 2il(n — i)! '

We can simplify this last equation to give

1 1 2n n
|Li(&n)| = m " 9on ( n ) < ; ) , (2.157)
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from which we derive the inequality

|Li(&a)l 2 in_l : 2;( 2: ) < ! > (2.158)

If we now sum the above inequality over i, and evaluate the binomial ex-
pansion of (1 + z)™ at x =1 to give

=0
we see from (2.148) that
1 1 2n 2n—1
- — h = . 2.1
An(&n) > 51 on ( n ), where &, 5 (2.159)

Note that the above inequality holds strictly because we have equality in
(2.158) only for ¢ = 0. Thus

n 2n—1
2nu—1’ where &, = o

An(&n) >

and p,, is defined in (2.29). If we now apply Stirling’s formula, as we did
to estimate p, in Problem 2.1.12; we find that

1 1 2n on—1
A (X) > - — ~—. 2.1
n(X) 2 2n—1 27 ( n ) VT n3/? (2.160)

In view of the factor 2”1 on the right of (2.160), we have proved that the
Lebesgue constants for equally spaced abscissas tend to infinity at least
exponentially with n. |

It is natural to seek an infinite triangular array of interpolating abscissas
X that gives the smallest values of A,,(X) for every value of n. It would
be nice if for such an optimal array X, the sequence (A, (X))22, were
bounded. However, this is not so, as the following result of Paul Erdos
(1913-1996) shows.

Theorem 2.5.5 There exists a positive constant ¢ such that
2
Ap(X) > —logn — ¢, (2.161)
T

for all infinite triangular arrays X. |

For a proof, see [18]. A simple proof of a slightly weaker version of this
theorem, that

2
Ap(X) > plogn—l
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for every triangular array X, is proved in Rivlin [48].

Thus, for every choice of the array X, the sequence (A, (X)), grows
at least as fast as logn. Moreover, as we will see below, interpolation at the
zeros of the Chebyshev polynomials yields a sequence of Lebesgue constants
that grows only logarithmically with n and so is close to the optimal choice
of abscissas. It is therefore clear that as measured by the rate of growth
of the Lebesgue constants, interpolation at the zeros of the Chebyshev
polynomials is substantially superior to interpolation at equally spaced
abscissas.

Let T denote the infinite triangular array, as depicted in (2.151), whose
(n + 1)th row consists of the zeros of T},11, which we will write as

0 +1—2)r

™ = cos 0;, where 6, = (
t 2n + 2

. 0<i<n,  (2162)

so that

(n) (n)

A<z <2l << <1

We can deduce from the result in Problem 1.1.3 that the fundamental
polynomial Ll(-n) can be expressed in the form

Tn+1($) )
(:17 _ x(n)) TTIL+1 ( ("))

From the expression for the derivative of a Chebyshev polynomial given in
Problem 2.2.11, we can see that

(n)y _ (n+1)sin(n+1)0; ., ;(n+1
(@) = sin 6; =D sin 6;

L (@) =

(2.163)

l
Tn+1

and hence, with = = cos ¥,

.cos(n+1)0 sin 6;

O , 9.164
: (x) =(-1) n+1 cos @ — cosb;’ (2.164)
so that
| cos(n + 1)6] < sin 6;
(T 2.165
n( ,ZC) n+1 ZlCOSQ—C059| ( )

S.N. Bernstein (1880-1968) obtained the asymptotic estimate (see [4])
2
Ap(T) ~ = log(n + 1), (2.166)
and D. L. Berman [2] obtained the upper bound

An(T) < 4V2 + % log(n + 1), (2.167)
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which, together with Bernstein’s asymptotic estimate, tells us more about
A, (T). Luttmann and Rivlin [36] conjectured that A, (T) = A\, (T; 1), and
showed that

2 2 8
lim [)\n(T; 1) — - log(n + 1)} = (7 + log 77) ~ 0.9625, (2.168)

n—oo

where

n— oo 2 3

is Euler’s constant. The theorem that follows, which verifies Luttmann and
Rivlin’s conjecture, is due to Ehlich and Zeller [16] (see also Powell [46]).
The proof given here is based on that given by Rivlin [48].

1 1 1
v = lim [1+++--~+n—10gn] ~ 0.5772

Theorem 2.5.6 The Lebesgue constants for the triangular array 7', whose
(n + 1)th row consists of the zeros of T},11, are given by

= 1 < (2i + D)
An(T) = Xy tan ~—————, (2.169
() = (T Z; nt 12 4t (2.169)
where 0; is defined in (2.162).

Proof. 'We begin by rewriting (2.164) in the form (see Problem 2.5.2)

Lz(»") (z) = (—1)”71‘ cos(n + 1)6 cot 0+ 6 — cot, 6 — b ,
2(n+1) 2 2
and thus obtain
0—0;
T:x) = 2.1
M(Tiz) = n+1 ot —— |, (2.170)

where x = cos 0. Let us write

C(0) = |cos(n + 1)0] z": cot ZE0 ot b —bi (2.171)

2 2

i=0

Since C'(0#) = C(—0), this is an even function that is periodic, with period

27, and is positive for —oo < 6 < co. If we replace 0 by 0 —kn/(n+1), where

1 <k <n+1, then (see Problem 2.5.3) the only change that occurs on the
right side of (2.171) is that the 2n + 2 cotangents are paired differently.

Let the maximum value of C(0) on [0, 7] be attained at § = 6’ such that

(2m — )7 o < 2m+ D)7
2n+2 - 2n+2

where 0 < m < n. We see from (2.172) that 6’ belongs to an interval of
width 7/(n+ 1) with midpoint mm/(n+ 1), and to a smaller interval when
m = 0 or n. In either case, we have

, (2.172)

, mm
n+1

™

S 3n+1)
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Let us now define 8” = |§' — mn/(n + 1)|, and then we have

O<9H< 7T

<0< STy (2.173)

We know that C(0”) = C(—0") and that the expressions for C(6”) and
C(0") differ only in the way the 2n + 2 cotangents are paired in (2.171).
It follows from (2.162) and (2.173) that

9//+9

Z 9" — 0;
2 -2

0< and 0<—

and thus

" X "n_p.
0 +9120 and cote 0

cot <0, 0<i<n.

)

The latter inequalities make it clear that if we put = 6" in (2.171), the
resulting expression will have the same value for any permutation of the
2n + 2 cotangents. This shows that

o no_ "o
0<6%n C) =) =Ce") = 0<0<n) (2n+2) (o).

To pursue this further, we see from (2.165), (2.170), and (2.171) that

sin 0;

C(6) = 2| cos(n+ 1)0| Z Tcosd

—cos ;|

Then, for 0 < 0 < 7/(2n + 2), we have

1
_22 _cosn—i— )6

cosf — cosb;’

and we see from Problem 2.5.4 that

=ontt Zsm& H (cosf — cosb;). (2.174)
J#i

Since each factor cos @ —cosf; is a nonnegative function of 6 that decreases
monotonically on [0,7/(2n + 2)], we see immediately that the maximum
value of C(0) is attained at § = 0. On comparing (2.171) and (2.170), and
putting 8 = 0, we see that

An(T) = An(T51) = —— 3" cot :n+1Z 2n+1—§>
' =0

and (2.169) follows. This completes the proof. |
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It is not hard to deduce from (2.169) that the Lebesgue constants A, (1)
grow logarithmically with n. Let

g(f) =tand — 0,
so that ¢g(0) = 0, and since
g (0) =sec’§ — 1 = tan? 6,

we see that g’(f) > 0 for 0 < § < Z. It follows that

0< 6 < tand, 0<(9<g,
and thus L
T
- = - _ —. 2.1
7 cot 0 7 tan9>0’ 0<0<2 (2.175)
Let us now return to (2.169) and write
A (T) = ! zn:cot@—z -x (2.176)
T n4 P 2 " " '
say, where
1 2 1 (2 0;
Y= — d = ~ —cot—|. (2.1
n—l—l%@i an " n—l—l?_%(@i @ 2> (2.177)

The inequality in (2.175) implies that ¥ > 0, and it follows from (2.176)
that

I 2
A, (T Y = — 2.1
WD) <Ty= =33 = (2.179)
=0
where
1/}1:071 17(2Z+1)7ra
2n+ 2

On writing

and using the result in Problem 2.5.5, we see that

4 1 4 1
An(T) < ;(52n+2 - §Sn+1) <= (1 +log(2n +2) — 3 log(n + 2)) )
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Then, on applying the inequality in Problem 2.5.6, we can deduce that

2 4 1 16
A (T) < =1 -1 log — |,
()<7T0gn+7r<+20 3)

and thus 5
A (T) < =logn + 3. (2.179)
T

Having obtained this inequality for the Lebesgue constant A, (T), let
us estimate how much we “gave away” when we discarded the positive
quantity ¥ from (2.176) to obtain the inequality in (2.178). An inspection
of the expression for ¥ in (2.177) reveals that

P2 NS 2
lim % 5 —cotf ) df = ~log(r/2) ~ 0.287.  (2.180)
0 ™

n—oo s

In fact, 3} is the quantity obtained by applying the midpoint rule in com-
posite form with n + 1 subintervals to estimate the integral given as the
limit of the sequence (X%) in (2.180). (See Section 3.1.) A more detailed
analysis can confirm what is suggested by the foregoing material, that 7
is smaller than the error incurred in estimating ¥,,.

Let T" denote the infinite triangular array whose (n + 1)th row consists
of the extreme points of the Chebyshev polynomial 7},, and thus

xl(-n) = cos¢,_;, where ¢; =cos %, 0<i<n. (2.181)

Intuitively, in view of Theorem 2.5.4, one would expect the Lebesgue con-
stants A, (T”) to be small, since the abscissas in 7" are distributed in a
similar fashion to those in T, and each row of the array T’ contains the
endpoints +1. Using the methods employed in the proof of Theorem 2.5.6,
it is not hard to show that

(T ) = \smn9| Z 9+¢1 0 — ¢

+ cot 5 | (2.182)

where x = cosf and Z” denotes a sum whose first and last terms are
halved. It is also not difficult to verify that A,(T') < A,_1(T) for all
n > 2, with equality when n is odd. More precisely, we have

A (T = zj: . ~———— n odd, (2.183)

(2 — )7 1 (2i — 1)
Ztan < A (T < - Ztan , n even. (2.184)
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An(T) | An(T") | An(T)
1.414 1.000 1.000
1.667 1.250 1.250
1.848 1.667 1.430
1.989 1.799 1.570
2.104 1.989 1.685
2.202 2.083 1.783
2.287 2.202 1.867
2.362 2.275 1.942
2.429 2.362 2.008
10 2.489 2.421 2.069
20 2.901 2.868 2.479
50 | 3.466 | 3.453 | 3.043
100 | 3.901 | 3.894 | 3.478
200 4.339 4.336 3.916
500 4.920 4.919 4.497
1000 | 5.361 | 5.360 | 4.937

TABLE 2.1. Comparison of the Lebesgue constants An(T), An(T"), and A, (T*).

© 00O U WN S

Let T™ denote the infinite triangular array that is derived from 7', the
array whose rows consist of the zeros of the Chebyshev polynomials, by
dividing the numbers in the (n + 1)th row of T by cos(w/(2n + 2), for
n > 1. To be definite, we will choose the sole number in the first row of
T* as zero. We call the numbers in 7%, from the second row onwards, the
stretched zeros of the Chebyshev polynomials. Thus, if the numbers in the
(n 4 1)th row of T* are denoted by a’sgn), we see that

ic(()") =-1 and :Eén) =1
We know from Theorem 2.5.4 that we must have A, (T*) < A,(T), for
n > 1, and Table 2.1 strongly suggests that

A (T) < Ap(T') < A (T)
for n > 2.
Luttmann and Rivlin [36] show that for every triangular array X whose
abscissas satisfy
—1:x(()n) <x§n) < <x$1") =1, n=>1,

each Lebesgue function A, (X;z) has a single maximum

Mjn(X)= —max A(X;z), 1<j<n,

(n) (n)
z; <zl
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on each of the n subintervals [mé@l,mgn)]. As early as 1931 Bernstein [4]
conjectured that if there existed an array X for which

Min(X)=Myp(X)=--=M,,(X), n>2 (2.185)

then the array X would be optimal. Subsequently, in 1958, Paul Erdés [17]
further conjectured that there is a unique array X* for which (2.185) holds,
and that for any array X,
i i < ). .

1I§nj1£n M;n(X) < Ap(X™) (2.186)
In 1978 two papers were published consecutively in the same issue of the
Journal of Approximation Theory, one by T. A. Kilgore [29] and the other
by C. de Boor and A. Pinkus [12], in which these conjectures were proved.
It was shown by Lev Brutman [6] that there is little variation in the n
numbers M; ,(T*), since

* < : . * .
Ap(T%) < 1%1£nMj’n<T ) +0.201,

and thus

An(T*) < AR (X™) 4 0.201.

We may conclude that even if we do not know the optimal array X* ex-
plicitly, it suffices for all practical purposes to use the array of stretched
Chebyshev zeros T*.

Example 2.5.3 Let us find the Lebesgue function Az(z) on [—1,1] based
on the set of interpolating abscissas {—1, —t, ¢, 1}, where 0 < ¢ < 1. With
a little simplification, we find that

|22 — 2]  (1—ad)|t—2| (1 —2?)|t+z
1—¢2 2t(1 — 12) 2t(1 —¢2) 7

)\3(.’17) =

so that ) )
1+t -2
1oz 0<z <,
As(x) =
—t3 + 1 + ta? — 2®
t(1—t2) ’
and Az(x) is even on [—1,1]. It is obvious that Az(x) has a local maximum
value at x = 0, say M(t), and that

t<zx<1,

14
12

With a little more effort, we find that Az(x) has local maximum values, say
M*(t), at * = £a*(t), where

M(t)

1
x*(t) = 3 {t+(t2 +3)1/2} for 0<t<l.



114 2. Best Approximation

We can verify that ¢ < z*(t) < 1, and that

9t — 253 4 (12 + 3)1/2(6 + 21?)
27¢(1 — ¢2) '

M*(t) =
On the interval 0 < ¢ < 1, M(t) increases monotonically and M*(t) de-
creases monotonically, and we find that
M(t) = M*(t) ~ 1.423 for ¢~ 0.4178.
Thus, as we see from the line above and from Table 2.1,
As(X*) &~ 1.423 < A3(T*) ~ 1.430,

where X* and T™ denote respectively the optimal array and the array of
stretched Chebyshev zeros. |

Problem 2.5.1 Show that the Lebesgue function A;(z) on the interval
[—1, 1] for interpolation on the abscissas +t, where 0 < ¢t < 1, is given by

—x/t, —1<ax<—t,
Ai(z) =< 1, -t <z <t
x/t, t<xz<l,

and so verify the value given for A;(7") in Table 2.1.
Problem 2.5.2 Write

6+ 6; 0—0; sin %5 cos PP — gin 0 cos 5
cot 2 — cot 2 sin (”91 sin =% 9 ’
and hence show that
co —co = .
2 2 cos — cos0;
Problem 2.5.3 Following Rivlin [48], let us write
0+ ¢i — ¢
cj — cot ‘;¢ and c¢; = cot 2¢ ,

where ¢; = (2i 4+ 1)7/(2n + 2), for 0 <4 < n. Show that if 0 is replaced by
0 —kn/(n+1), where 1 <k <n+ 1, we have

Coigy 0<i<k—1,
o =

c;k, k<i<mn,
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and
Cighos 0<1<n—k,
¢ —
C;_n—i-l—i—k? n—k+1<i<n.
Verify that as a result of the mapping 6 — 6 —kn/(n—+1), the set of 2n+2
cotangents cj and c; is mapped into itself.

To justify the above result for ¢; with ¢ > n — k + 1, first show that
cot(¢ + 5) = cot(¢ — §) = —tan¢.
Then write ¢; = ™ + «; and show that

_ 0—7m— 0+7m— n
c; :cotf :cotf = Copni1 ik

Problem 2.5.4 Show that
1 Thpa(z) _ T - )
J )

2n$_$?)_j#

(

where the numbers xi"), 0 < i < n, are the zeros of T, 1. Put x = cosf

and hence verify that

cos(n+1)0
cosf — cosb;

=2" H(COSO — cos0;),
J#i

where 0; is defined in (2.162).
Problem 2.5.5 With S,, = > " | 1/i, deduce from the inequalities

1 lde 1 )
y < —_— < -, i>1,
1+1 i T 1

n+1d nd
/ —x<Sn<1+/ —x,
1 T 1 L

log(n+1) < S, <1+logn, n> 1.

that

and hence

Problem 2.5.6 Verify that
(n+1)2 1

n(n + 2) + n(n + 2)

decreases with n, and thus show that

1 1 1. (n+1)? 1 1. 4
1 1) — =1 2) = -1 —log ~——2 < =1 —log -
og(n +1) = 5 log(n +2) = Slogn + 5 log - ommos < S logn + 5 log 5,

for all n > 1, with equality only for n = 1.
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Problem 2.5.7 Show that A, (T), given by (2.169), may be expressed in
the form

1 n 0
An(T) = z
w(T) nH;tanQ,

where 0; is defined by (2.162).

2.6 The Modulus of Continuity

Definition 2.6.1 Given any function f € C[a, b], we define an associated
function w € Cla, b] as

w(0) =w(f;la,b;0) = sup |f(z1) — f(z2)]- (2.187)

lo1—z2|<6
We call w(f;[a,b];d) the modulus of continuity of the function f. |

We have written “sup” for supremum, meaning the least upper bound.
We express the modulus of continuity in the simpler form w(é) when it is
clear which function f and interval [a, b] are involved. It is not difficult to
verify that w € Cla, b], given that f € Cla, b].

Example 2.6.1 For convenience, let us take the interval [a, b] to be [0, 1].
It is obvious from Definition 2.6.1 that

w(1;[0,1];6) =0 and w(4;[0,1];6) = 4.
To evaluate w(d?;4d), let us write
2 — 22 = (1 — z2) (21 + x2).
Thus, if |z — z2| < 4, we have
|27 — 23| < lzy + 2o,

and the right side of the above inequality is greatest when one of x1, xo is
1 and the other is 1 — 4. It is then clear that

w(6%[0,1];0) =6(2 —6) =1 — (1 —6)>.
More generally, it is not hard to see that
w(d™;[0,1;6)=1—-(1—-90)"
for all integers n > 0. [ |

The above example helps give us some familiarity with the modulus of
continuity, although the results obtained in it are of little intrinsic impor-
tance. It is not difficult to justify the following more substantial properties
of the modulus of continuity.
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Theorem 2.6.1 If 0 < d; < dg, then w(d1) < w(da).

Theorem 2.6.2 A function f is uniformly continuous on the interval [a, b]
if and only if
lim w(d) = 0. |
6—0
We conclude this chapter with the statement of two important results
due to Dunham Jackson (1888-1946) that express the minimax error for a
function f in terms of moduli of continuity.

Theorem 2.6.3 Let f € C[—1,1] and let

En(f) = IIf = pllso, (2.188)

where || - || denotes the maximum norm on [—1,1], and p € P, is the
minimax approximation for f € Cfa,b]. Then

En(f) < 6w (1> .o n (2.189)

n

The second result of Jackson that we cite is applicable to functions that
belong to C*[a, b], and gives an inequality that relates E,, (f) to the modulus
of continuity of the kth derivative of f.

Theorem 2.6.4 If f € C*[—1,1], then

En(f) < % Wi (n i k) (2.190)

for n > k, where wy, is the modulus of continuity of f*), and
6k+1ek
T+ k-

For proofs of these two theorems of Jackson, see Rivlin [48].

In addition to the modulus of continuity, there are other moduli that
measure the “smoothness” of a function. These include moduli concerned
with kth differences of a function. See the text by Sendov and Popov [51].

Problem 2.6.1 Show that
w(e’;]0,1];0) = e —e' 0.

Problem 2.6.2 Verify that for the sine function on the interval [0, /2],
we have

w(0) = sind.

Find a class of functions f and intervals [a, b] for which

w(f;[a,b];6) = f(3).
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Problem 2.6.3 If | f/(z)] < M for a < z < b, show that

Ea(f) <M

)
n

where E,,(f) is defined in (2.188).
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Numerical Integration

3.1 Interpolatory Rules

Every student who takes a calculus course learns that differentiation and in-
tegration are inverse processes, and soon discovers that integration presents
more difficulties than differentiation. This is because the derivatives of com-
positions of the standard functions, which traditionally include the polyno-
mials, the rational functions, functions of the form x® with « real, the
circular and inverse circular functions, the exponential and logarithmic
functions, the hyperbolic and inverse hyperbolic functions, are themselves
compositions of the standard functions. On the other hand, the indefinite
integral of a composition of standard functions does not necessarily belong
to this class. For example,

F(z) = /0 e (3.1)

cannot be expressed as a finite composition of standard functions.

This is why we need numerical integration processes, which give us nu-
merical approximations to integrals even in cases where we know very little
about the integrand, that is, the function being integrated. However, in
an individual case where we know more about the integrand, we can often
find a better method. For example, if we wished to estimate the integral
n (3.1) for a value of z in the interval [0, 1], we could begin by integrating
the Maclaurin series for the integrand term by term.



120 3. Numerical Integration

The commonest numerical integration processes are based on interpo-
lation. Let us replace an integrand f by its interpolating polynomial p,,
based on the abscissas g, x1, ..., Z,, and integrate over [a, b]. We obtain

/a  fla)de ~ / ' pula)de = B()),

say, and it follows from the Lagrange form (1.10) that
Ra(f) =Y w!" fi, (3.2)
i=0
where f; denotes f(x;), and

b
wgn) = / L;(x)dz. (3.3)

a
We call R,, an interpolatory integration rule, and refer to the numbers wgn)
as the weights and the numbers x; as the abscissas of the rule. It is clear
from (3.3) that the weights depend only on the abscissas xo, ..., z,, and
are independent of the integrand f. Indeed, it is this very property that
makes integration rules so useful. An obvious choice is to let the abscissas
x; be equally spaced, so that x; = zg+ih, for some fixed nonzero value of h.
We can then introduce a new variable s such that x = 2y +sh. Then z = x;
corresponds to s = i. If we now integrate over the interval x¢p < z < x,,

we obtain
wg’”:/ || dac:h/ 152 as. (3.4)
T oLy — Xy 0 ..t —J
O g J#i

Observe that the second integrand in (3.4) is just the fundamental poly-
nomial corresponding to the abscissa 4 in the set of abscissas {0, 1,...,n}.

Thus, to within the multiplicative constant h, the weights wgn) depend
only on 7 and n and are independent of the value of xy. The rules with
weights defined by (3.4) are called the closed Newton-Cotes rules, named
after Isaac Newton and Roger Cotes (1682-1716). If we interpolate f at
Z1,...,%n_1, and integrate over [zg, x,], we obtain a sequence of formulas
called the open Newton—Cotes rules. The simplest of these, corresponding
ton =2, is

T2
/ f(z)dx = 2hf(xy), (3.5)
xo
where 1 — xg = h. This is called the midpoint rule.

Example 3.1.1 Let us evaluate the weights for the Newton—Cotes rules
corresponding to n = 1 and n = 2. For n = 1, we obtain

bs—1 1
w(()l)Zh/O 3_1ds:§h
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fit

fot

i) ry X

FIGURE 3.1. Area under a curve approximated by the area of a trapezoid.

and

1
wit) = h/ =01y
s 1-0 2"

This gives the Newton—Cotes rule of order one,

/ Fla)dz ~ Sh(fo+ f1) (3.6)

where 1 —xg = h. This is known as the trapezoidal rule, because it approxi-
mates the integral by the area of the quadrilateral whose vertices are (zg, 0),
(o0, fo), (z1,0), and (z1, f1). This is a trapezoid, defined as a quadrilateral
with one pair of opposite sides parallel. See Figure 3.1.

For n = 2, we have

o 2, _1
_h/ (0 — 0—2)d 3h

and we similarly find that w(2) = 1h and wf) = 3h. Thus the Newton-
Cotes rule of order two is

/ fl@)dz = Sh(fo+ 4+ o), (3.7)

where xo — g = 2h. This is called Simpson’s rule, after Thomas Simpson
(1710-1761). |

There is a symmetry in the weights of the trapezoidal rule, and the same
holds for Simpson’s rule. This symmetry holds for the general Newton—
Cotes rule, where we have

wgn) w™. 0<i<n. (3.8)

’I’LZ’

To verify (3.8), let us begin with (3.4) and write

o= [C ] s

Jj#En—1i
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If we make the substitution s = n — u, we obtain

and on writing j = n — k, it is clear that

i=h Hk, du—/o — du=w{",

0 ki ki

A

which justifies (3.8).
If f € P,, it follows from the uniqueness of the interpolating polynomial

that .
[ e = Ru(r) = 3wl
Zo i=0

Thus, when the integrand is a polynomial of degree n or less, the Newton—
Cotes rule of order n gives a value equal to that of the integral. We say that
the rule is ezact in this case. Again, let us make a linear change of variable
and work with the interval [0,n] in place of [xg, 2], so that we have

| aterds =3 wlgti (39)

=0

whenever ¢ is a polynomial in s of degree at most n. We can therefore
determine the weights w( m) by putting g(s) equal to s/ and writing down
the system of linear equations

Zw ': 0 0<isnm (3.10)

where the right side of the above equation is the result of integrating s’
over the interval 0 < s < n.

Example 3.1.2 Let us derive the Newton—Cotes rule that is obtained by
solving the linear system (3.10) when n = 3. On putting j = 0 and j = 2

in (3.10) with n = 3, and using the relations wé ) = w(g) and wég) = wf’)
obtained from (3.8), we obtain the equations

2w(()3) + 2w§3) =3,

9wl + 5w =9,
whose solution is w( ) = =3, 53) = 2. This gives the Newton—Cotes rule of

order three,

/ " e~ 21 3h 438+ 5, (3.11)
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where 3 — g = 3h. This is also called the three-eighths rule.

Note that we wrote down only two (corresponding to j = 0 and j = 2)
of the four possible equations that we could have used, given that this rule
is exact for the four monomials 1, z, 22, and z3. [ |

As we have already deduced from (3.4), the Newton—Cotes weights wgn)

for integrals over an arbitrary interval [xg,x,] are a constant multiple of
the Newton—-Cotes weights of the same order for integrals over the interval
[0, n]. Thus the weights of a given order for integrals over any two intervals
differ only by a multiplicative constant. Let wgn), for 0 < i < n, denote the
Newton—Cotes weights for integrals over the interval [—1, 1], so that

1 n
/ f(a)de =Y wi™ f;, (3.12)
-1 i=0

where f; = f(x;), with z; = —1 4 2i/n. The Newton—Cotes rules are exact
when the integrand f is in P, and, in particular, are exact for f(z) = 1. It
then follows from (3.12) with f(x) =1 that

S w =2, (3.13)
1=0

and so the Newton—Cotes rule of order n for integrals over a general interval
[a,b] is

b n
/ f(z)dr ~ %(b—a)wan)fi,
a i=0

where f; = f(x;), with z; = a 4+ i(b — a)/n, and the weights wgn) satisfy
(3.13). On the interval [—1, 1], the Newton—Cotes abscissas are symmetri-
cally placed with respect to the origin, with one abscissa at x = 0 when n
is even. For we have

2i

1

and so

1
n—i — — —2 = —;.
x n( i+ n) x

It thus follows from (3.12) that each Newton-Cotes rule is exact for every
odd function, that is, for every function f such that f(—z) = —f(x), for
then both sides of the approximate equality (3.12) are zero. In particular,
when 7 is even, (3.12) is exact for the odd-order monomial ™!, Thus the
Newton—Cotes rule of order 2n is exact not just for all integrands f € Py,
but for all f € P,41. For example, the Newton—Cotes rule of order two
(Simpson’s rule) and that of order three (the three-eighths rule) are both
exact for f € Ps.
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We will now seek error terms for the Newton—Cotes rules by using the
error formula of interpolation (see Theorem 1.1.2), thus obtaining an error
term for the trapezoidal rule and, with a little more work, for Simpson’s
rule. First let us recall two results from analysis, both concerned with
continuity, which we now state as Theorems 3.1.1 and 3.1.2. The first is
the intuitively obvious result that a continuous function attains every value
between its minimum and maximum values, and the second is the mean
value theorem for integrals.

Theorem 3.1.1 If f is continuous on [a, b] and y is any number such that

i <y <
argrgrslbf(x) <y< argggbf(x%

then there exists a number &, with a < £ <b, such that y = f(&). |
Corollary 3.1.1 If F is continuous on [a,b] and
a<t) <ty <<ty <),

then there exists a number £ in (a, b) such that

1
F(§) = N(F(tl) + F(t2) + -+ F(tn))
Proof of Corollary. Since the inequalities

in F(z) < F(t,) < F
in, Fe) < F(tr) < max F(z)

hold for 1 < r < N, the same inequalities hold for the mean of the N
numbers F(¢,), and the corollary follows from Theorem 3.1.1. |

Theorem 3.1.2 If F' is continuous, and G is integrable and is nonnegative
on [a,b], then there exists a number ¢ in (a,b) such that

b b
/ F(2)G(2)dz = F(€) / G()dx. (3.14)

Tt is clear, on replacing G by —G, that the same result holds if G(x) <0
in (a,b). Proofs of Theorems 3.1.1 and 3.1.2 may be found in any text on
elementary analysis. |

To derive the error term for the trapezoidal rule, let us choose n = 1
in (1.25) and integrate over [zg,z1], assuming that f” is continuous on
[0, z1]. We obtain

| r@ae - gatso+ 1) = Br(),

o]
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say, where the error term Ep(f) is given by

1 [
Er(f)=; [ (o a)a o)1 (€)do. (3.15)
Zo
It follows from the error formula (1.25) that f”(&,) is a continuous function
of z, and we also note that (x — x¢)(z —z1) < 0 on [zg,z1]. Thus we may
apply Theorem 3.1.2; to give

Z1

1
Er(f)=3£€) [ (o= wo)(w— a1)da,
o
where zg < & < x1. On making the change of variable x = x¢ + sh, we

obtain . ) .
Br(f) = (€ [ sls=1ds = ~Z5 )

so that the error of the trapezoidal rule satisfies

T1 J 1h B h3 . .
[ s = Shiso+ 1) = -G (@) (3.16)

where zg < & < x7.

In practice, integration rules are used in composite form, where the in-
terval of integration is split into a number of subintervals and the same
basic rule is applied to each subinterval. Thus, if we write

/ flx dx—z Irlf(x)dx

and apply the trapezoidal rule (3.6) to each of the integrals in the latter
sum, we obtain

[ 5@ U+ 20 4 2+ 2+ f) = Tl), (317)

say. This is the composite form of the trapezoidal rule. It is equivalent to
the sum of N numbers, each denoting the area of a trapezoid. Thus T (f)
is the integral of the function defined by the polygonal arc that connects
the N + 1 points (xo, fo), (1, f1),- -, (@N, fn). To obtain an error term
for this composite rule, we can adapt (3.16) to give the basic trapezoidal
rule plus error term for a general interval [z,_1, z,],

Ty hd
[ s a5 = - 357(6)

where z,_1 < & < x,. Then, on summing this from r = 1 to N, we obtain

/ f(a)dw — Tn(f Zf”gr
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Since f” is continuous, it follows from Corollary 3.1.1 that

TN 3
[ tayda - 1) = - S5 £700)

where zo < { < xn. On writing z; = a + jh, for 0 < j < N, and putting
xny = b, so that 9o = a and b — a = Nh, we may express the composite
trapezoidal rule plus error term in the form

b
[t =Ty (5) = - 50— aptrc) (319)

where a < & < b. Notice that if f” is positive on [a, b], the error term (3.18)
shows that the trapezoidal approximant T (f) is greater than the value
of the integral. This is in agreement with what we should expect from a
geometrical argument. For if f”(x) > 0, the function f is convex, and the
polygonal arc that connects the points (zo, fo), (1, f1),..., (zN, fn) lies
above the graph of f, and consequently, the area under this polygonal arc,
Tn(f), is greater than the area under the graph of f. Likewise, if f” is
negative, then f is concave, the polygonal arc lies below the graph of f,
and T (f) underestimates the value of the integral of f.

There is a simple modification of the composite trapezoidal rule, in which
Tn(f) is replaced by T (f), defined by

h2 !/ !/
= 13 (F1(0) = f(a)), (3.19)

that is valid for integrands f whose first derivative exists. The rule Tx (f)
is called the trapezoidal rule with end correction. It is somewhat surprising
that (see Problem 3.1.9) by making such a simple change to the trapezoidal
rule, involving the values of the derivative of the integrand at the endpoints
a and b only, we obtain a rule that, like Simpson’s rule, is exact for f € Ps.

Tn(f) =Tn(f)

Example 3.1.3 Let us illustrate our findings on the composite trapezoidal
rule with the function f(x) = e’ on [0,1]. This is a useful test integral,
be2cause we can easily estimate it by integrating the Maclaurin series for
e” term by term, giving

! 2 1 > IE2T > 1
T dr = dex = ——— ~ 1.462652. 2
/0 © o /0 <Z 7! o Z 2r+ 1)r! 6265 (3.20)

r=0 r=0

In the table below, the values of T (f) are rounded to four places after
the decimal point. For comparison later with Simpson’s rule (see Example
3.1.4), we also give the corresponding results for Th(f), the composite
trapezoidal rule with end correction, defined in (3.19).

N | 2 4 10 20
Tn(f) | 15716 1.4907 1.4672 1.4638
Th(f) | 14583 1.4624 1.4626 1.4627
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The values of Tv(f) are all larger than the value of the integral, which is
consistent (see (3.18)) with the fact that f” is positive, since

2
=—e¢
dx?

on [0,1]. Since f” is monotonically increasing, we have

#'(x) v = (24 422)e” > 2

2 < f"(z) < 6e

on [0,1], and so from (3.18) the error in T (f) lies between 1/(6N?) and
e/(2N?). Thus, for example, N would have to be of the order of 1000 to
estimate the integral to six decimal places. |

We will now derive an error term for Simpson’s rule. We begin by writing
down (1.25) with n = 3,

L= ao) (@ — o) (o — o) (e — 1) FOE), (3.21)

f(z) —ps(x) = ﬂ(

and we will assume that f® is continuous. As we observed above, Simp-
son’s rule is exact if the integrand belongs to Ps, and thus

/w2 p3(x)dr = éh(pg(zo) + 4ps(71) + p3(72))- (3.22)

Zo

Since ps interpolates f at zg, 1, 2, and x3, we deduce from (3.22) that

/I2 pa(z)dz = %h(fo +4f1+ f2).

If we now integrate (3.21) over the interval [xg, z2], we obtain

| f@de = 3o + 45+ 1) = Es(), (3.29)

say, where

T u

Zo

Es(f) 1 /w (& = 20)(z — z1) (& — @) (2 — 23) [ (&)dz. (3.24)

The polynomial (z — zg)(x — x1)(x — z2)(x — x3) obviously changes sign
in the interval [zo, 23], at x = 21 and at = x3, and so we cannot apply
Theorem 3.1.2 to simplify (3.24) further, as we did with (3.15) in obtaining
the error of the trapezoidal rule.

We therefore turn to (1.32), the alternative error term for the interpolat-
ing polynomial that involves a divided difference rather than an (n + 1)th
derivative. Let us use (1.32) with n = 2,

f(x) = pa(2) = (x — z0)(z — 1) (x — 22) f[7, B0, 1, T2],
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and integrate over the interval [xg,z2]. The integral of the interpolating
polynomial ps just gives Simpson’s rule, as we obtained by integrating ps in
(3.21). Thus we obtain an alternative expression for the error of Simpson’s
rule, namely,

Es(f) = /12 (x — x0)(x — 21)(z — 22) [z, 20, 1, T2]dT. (3.25)

0

In preparation for using integration by parts on the latter integral, we find
that

d d
%(x —20)%(x — 22)%* = 2(x — 20)(z — 2) %(m —xo)(x — x2),
and since
d
%(x —xzg)(x — x9) =22 — 29 — 22 = 2(x — x71),
we obtain
d 2 2
%(:v —20)(z —x2)* = 4(x — o) (x — 21) (2 — 22).
Thus, using integration by parts on the integral in (3.25), we find that
1 [ 5 5 d
Es(f) = 71/ (x — z0)*(x — x2) %f[x,xo,xl,:rg]d:c. (3.26)
zo

It is encouraging that we can now apply Theorem 3.1.2, since the integrand
in (3.26) is of the form F(z)G(z), where G(z) = (z—0)?(x —x2)? does not
change sign on the interval of integration. The other factor in the integrand
is

— lim flz + 0z, xg, 21, 2] — fla, x0, 21, T2]
dx—0 ox

d
F(LU) = %f[x7x07x17x2] 5
and using the recurrence relation (1.22), the divided differences simplify to
give
F(x) = Jlimof[:c,:c + 0x, xg, 1, x2] = flz,x, 20, 21, X2].
T—

Thus, on applying Theorem 3.1.2 to (3.26), we obtain

1 *2
Es(f) = —Zf[ﬂy 1, T0, T1, T2] / (x — x0)* (2 — 2)°da,
o
say, where o < 17 < x9. Finally, we can replace the fourth-order divided
difference by a fourth-order derivative, using (1.33), and integrate the latter
integral by means of the substitution x = x¢ + sh, to give

(4) 2 5
Bs(f) = —izﬁf 4!(5)/0 (s — 2)2ds = —%f@*)(g). (3.27)
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By pursuing a similar method to that used above for Simpson’s rule, we
can derive an error term for the midpoint rule (3.5) of the form

[ pwrte=anse + 550, (329

where & € (zg, 22). For more details, see Problem 3.1.3.
We can now write down a composite form of Simpson’s rule. Beginning

with
N

[ e [ e

and applying Simpson’s rule (3.7) to each of the integrals in the latter sum,
we obtain the composite form of Simpson’s rule,

/MN f(z)dx =~ Sy, (3.29)

0

where
1
Sy = gh(fo +4fi +2fo+ -+ 2fon_2 +4fon_1 + fon), (3.30)

and the values of f; are multiplied by 4 and 2 alternately, for 1 < j < 2N—-1.
To obtain an error term for the composite form of Simpson’s rule, we begin
with (3.23) and (3.27) and adapt these formulas to the interval [za,_2, Zo,],
to give

Tor 1 h5
/ f(z)dz — gh(f2T72 +4for—1+ for) = —%fm &),
T2r—2

where xa,_o < &, < xo,.. We now sum from r =1 to NV, so that

T2N p S — h5 N )
[ s s =55 310

0

and assuming continuity of f(4) the application of Corollary 3.1.1 yields

T2N 5
[ swn - sy =S 10,

where z¢g < £ < xopn. Finally, writing x; = a + jh, for 0 < j < 2N, and
putting oy = b, so that g = a and b — a = 2Nh, we may express the
composite form of Simpson’s plus error term as

b
[ #ayin =5y = 15 b=t 7O 0) (331)

where a < £ < b.
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Example 3.1.4 We will use the function f(z) = e on [0,1] to illustrate
the results given above on Simpson’s rule, for comparison with our findings
in Example 3.1.3 on the trapezoidal rule. In the table below, the values
of Sy(f) are rounded to four places after the decimal point. In making a
comparison of the composite rules T (f) and Sy (f), we need to take into
account the fact that these rules require respectively N + 1 and 2N + 1
evaluations of the integrand f. Thus corresponding entries in the table
below and the table in Example 3.1.3 are computed using the same number
of values of the integrand, namely, 3, 5, 11, and 21, respectively.

N | 1 2 5 10
Sn(f) | 1.4757 1.4637 1.4627 1.4627

We see from the above table and the table in Example 3.1.3 that the results
from Simpson’s rule are much more accurate than those from the trape-
zoidal rule, and are comparable with those from the trapezoidal rule with
end correction. The error term (3.31) requires f®*), and we find that

4

@e“"z = (12 + 482% + 161‘4)612.

This fourth derivative is positive on [0,1], and thus the above estimates
obtained by Simpson’s rule are all greater than the value of the integral.
Since f* is monotonically increasing,

12 < f®(z) < 76e

on [0,1], and so from (3.31) the error in Sy (f) satisfies

~ T20N*

1 /b 19¢
— < f(z)dx — Sy | <
240N*4 Y

If we compute the numbers in the above table with greater precision, we
find that S9p &~ 1.462652, and as we see from (3.20), this is correct to six
decimal places. |

It is not difficult to show that if f is integrable, for example, if f is con-
tinuous, then Ty (f) converges to the value of the integral as N — co. The
same is true of Sy (f), and indeed, for the composite form of any Newton—
Cotes rule. Examples 3.1.3 and 3.1.4 illustrate the point that unless f*) is
very much larger than f”, Simpson’s rule is greatly to be preferred to the
trapezoidal rule. However, we will see in Section 3.2 that an adaptation of
the trapezoidal rule, Romberg’s method, can be extremely efficient when
the integrand is many times differentiable. Finally, the following example
shows that we should not always expect Simpson’s rule to be very much
better than the trapezoidal rule.
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Example 3.1.5 Let us apply the trapezoidal rule and Simpson’s rule to

estimate the integral of /2 over the interval [0, 1]. Since all the derivatives

of the integrand are undefined (since they are infinite) at x = 0, the error

estimates for both T (f) and Sy (f) tell us nothing, and we cannot use the

trapezoidal rule with end correction. The table below gives a comparison

of Ton(f) and Sn(f), both of which require 2N + 1 evaluations of the
2

integrand, for this integral, whose value is 3.

N | 1 2 5 10
Ton(f) | 06036 0.6433 0.6605 0.6644
Sn(f) | 0.6381 0.6565 0.6641 0.6658

The table shows that although Sy (f) does give better results than Ton (f)
for all the values of N used, there is not a dramatic differencg in the per-
formance of the two rules such as we saw for the integrand e* . |

We were able to use Theorem 3.1.2 directly to obtain an error term for the
trapezoidal rule, and with the aid of a clever argument involving integration
by parts, we were able to use it to give an error term for Simpson’s rule. We
need to turn to other methods to find error terms for higher-order Newton—
Cotes rules. In the next chapter we will show how Peano kernel theory can
be used for this purpose.

Problem 3.1.1 Replace the integrand f(z) by the approximation f(xg)
on [zg, 1], and so derive the integration rule

1
| sy~ h(a).
Zo
This is called the rectangular rule.
Problem 3.1.2 Write f(x) = f(xo) + (x — zo) f' (&), where &, € (29, x1),

and integrate over [xg,x1] to give an error term for the rectangular rule.

Problem 3.1.3 To derive the error term (3.28) for the midpoint rule, be-
gin with the expression

(@)= f(z1) + (. — 1) flz, 21],

obtained by putting n = 0 in (1.32) and replacing xg by x1. Then integrate
(z — 21) f[x, 1] over the interval [zg, 22, and show that

/xz(x —x1)flx,x1]dx = %/12 % (x — xo)(x — x2)} flz, 21] da.

Complete the derivation of (3.28) by following the method that we used in
deriving (3.26), using integration by parts and Theorem 3.1.2.
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Problem 3.1.4 Show that Simpson’s rule Sy may be expressed as the
following linear combination of the two trapezoidal rules T and Toy:

Sw(f) = 3 (UTon(f) ~ T ()

Problem 3.1.5 Verify that

Sn(f) = %(2T2N + Mn),

where Sy and Tsy denote Simpson’s rule and the trapezoidal rule in com-
posite form, each requiring 2N + 1 evaluations of the integrand, and My
denotes the composite form of the midpoint rule that requires N evalua-
tions of the integrand.

Problem 3.1.6 Let us apply the composite trapezoidal rule

1

Ba(f) = 5(f(=1) +2£(0) + (1))

to estimate the integral fil f(x)dx. Find an integrand f for which T5(f)
is exact and for which Simpson’s rule, based on the same three abscissas,
is not exact.

Problem 3.1.7 Derive the open Newton—Cotes rule of the form

3
/0 f(x)de = w1 f(1) + w2 f(2)

that is exact for f € Ps.

Problem 3.1.8 Derive the open Newton—Cotes rule of the form

/_ @) % woa f(-1)+ wf(0) + w1 (1)

that is exact for f € Ps.

Problem 3.1.9 Show that the integration rule
h2

[ H@s & G50 + 1) = (0 w) = ).

where h = x1 — xp, which may be applied to any integrand f whose first
derivative exists, is exact for f € Ps. Deduce that the composite form of
the above rule, the trapezoidal rule with end correction, is also exact for
f € Ps.
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3.2 The Euler—Maclaurin Formula

The trapezoidal rule with end correction (3.19) is a special case of the
Euler-Maclaurin formula, which is named after Leonhard Euler (1707-
1783) and Colin Maclaurin (1698-1746). Assuming that f is sufficiently
differentiable, let us write

h/2 n
[ s@xde xS -hy2) + £(b/2)

—h/2
= Y nre (FEI(/2) - fED(=0/2)), (3.32)
r=1

for any positive integer m. First we note that (3.32) is exact when f(x) =1
and when f(x) = 22"~1, for any integer n > 1. We next observe that (3.32)
is exact for all f € P2m+1 if and only if it is exact for f(z) = 22, 2%,..., 2?™.
On substituting f(z) = 2% into (3.32), and dividing by h25+1/22S we have

equality if

1
25+ 1

=1-> 272525 —1)--- (25— 2r + 2)c,, 1<s<m. (3.33)
r=1

Since this is a nonsingular lower triangular system, we can solve these
equations by forward substitution to determine the ¢y, uniquely, and then
(3.32) will be exact for all f € Pa,,41. Note that the coefficients ¢, do not
depend on m. On solving these equations, we find that the first few values
of the coefficients ¢, are

1 1 1 1 1
1207 77200 7 302400 T T 12006007 0 T 47900160

The value obtained for ¢y is that already found in (3.19), the trapezoidal
rule with end correction. We now make a linear change of variable, mapping
[—h/2,h/2] onto [x;,x;41], where ; = zo+ jh. Under this transformation,
(3.32) becomes

Co =

[ tws = 55 ) + Fas)

= YW e, (FO D () = V(@) (334)
r=1
and with the values of ¢, as derived above, this equation is exact for all

f € Popy1. If we evaluate (3.34) with j = 0, 29 = 0, h = 1, and f(z) = 2%*,
we obtain

1 1<
D=5 2 28(2s = 1) (25— 2r + 2)eay, (3.35)
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giving an alternative linear system to (3.33) for determining the cy,..
We now show that for all » > 1,

BQT
Cor = 5
T 2!

(3.36)

where the Bs, are the Bernoulli numbers, named after Jacob Bernoulli
(1654-1705). These are defined by

T > B.x"
= > et (3.37)
r=0 :

Thus By = 1,B; = —%, and (see Problem 3.2.1) By,—1 = 0 for all » > 1.
On multiplying (3.37) throughout by e* — 1, we obtain

o $2T
z=(e"—1) <1 - %:17 +y B(ZZ)! ) . (3.38)

If we now compare the coefficient of z2*T! on both sides of (3.38) and
multiply throughout by (2s)!, we obtain the same equation as (3.35), with
cor replaced by Ba,./(2r)!, thus justifying (3.36). The next few nonzero
values of the Bernoulli numbers after By are

1 1 1 5
— . Bg=—, Bg=-——, Bpo=—. (339
300 0T 4 7B 300 7 66 (3.39)

By=—

Now let us sum (3.34) from j = 0 to N — 1, and use (3.36) to express
the coefficients ¢y, in terms of the Bernoulli numbers. Finally, we replace
xg by a and xy by b, to give

’ - or Bor 2r—1 2r—1
/ fovde = Tu(H) = S G (£4700) - 1770 @) . 640

where T (f) denotes the trapezoidal sum, defined in (3.17). We note that
(3.40) is exact for all f € Papyi1.

If f € Cla,b], we can use (3.40) with the series on the right truncated
after one term. As we have already noted, this is just the trapezoidal rule
with end correction. If f € C3[a,b], we can use (3.40) with the series on
the right truncated after two terms, and so on. Note that although we
have introduced the Euler—Maclaurin formula as a means of estimating
an integral, we could equally use it to express a sum as an integral plus
correction terms involving odd-order derivatives of the integrand at the
endpoints of the interval of integration.

Having derived the Euler-Maclaurin formula in a constructive manner,
as we have done above, we can appreciate so much more the following very
elegant way of building it up by the repeated use of integration by parts.
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This approach has the advantage of leading us naturally to an error term,
and to a deeper understanding of the Euler—-Maclaurin formula. Otherwise,
it would not seem very useful, since we need to know that it has the form
given by (3.40) in order to follow this route. For simplicity of presentation,
we will take 2o = 0 and h = 1. We define a sequence of functions (p,, ), for
n > 1 such that each p,(z) is a polynomial of degree n for 0 < z < 1 and
is periodic elsewhere in (—o0, 00), with period 1, so that

pr(z+1) =py(x), —o0o0<x< o0, (3.41)

for all n > 1. We define, for n > 1,

1 n
pa(@) = — 3 ( ’Z ) Ba" ™, 0<z<1, (3.42)
T s=0

and we can show that
P () = palz), 0<z <1, (3.43)

for all n > 1. The polynomial p,(x) is commonly written as B, (z)/n!,
where B,,(z) is called the Bernoulli polynomial of degree n. However, we
need to be careful with references to the Bernoulli polynomials, because
there is more than one definition of these, as indeed there is for the Bernoulli
numbers. It follows from (3.42) that

1
plz)=z—=, 0<z<l1. (3.44)

2 )
It is also clear from (3.42) that for all r > 1,

p2r<o>:% and  par1(0) = 0. (3.45)

The first few members of the sequence (p,,), following p;, are defined by
pala) = 327 — 5o+ 35

ps(z) = —2° — —2* + —x,

6" 1 12
1, 1, 1, 1
Pa@) = 1@ = T o = oy

1 s 1, 14 1

for 0 < z < 1, and they satisfy the periodicity condition (3.41) elsewhere
in (—o0,00). These functions are called piecewise polynomials or splines,
about which we have more to say in Chapter 6. We see that p; (z) is a “saw-
tooth” function that is discontinuous at every integer value of x. However,
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as we see from its above explicit form for 0 < z < 1 and the periodic-
ity condition, the function py is continuous on the whole real line, and an
induction argument based on (3.43) shows that p, is continuous on the
whole real line for all n > 2. Indeed, such an argument reveals that these
functions become increasingly smooth as n is increased, and we can deduce
that p, € C" 2(—o00,00) for n > 2. From the periodicity property (3.41)
and the continuity of p,, for n > 2, we see from (3.45) that

B2r
(2r)!
On [0, 1], the polynomial p,, is symmetric about the midpoint z = %7 when
n is even, and is antisymmetric about = = %, when n is odd; that is,

po(l =) = (—1)"pa(z), 0<z <1, (3.47)

for all n > 2. (See Problem 3.2.4.) It follows from (3.47) that pa,41(1) =0
for all » > 0.

Let us use integration by parts. Because p; is discontinuous, we will work
with the interval [0,1 — €], where 0 < € < 1, instead of [0, 1], and write

pQT(O) = p2r(1) -

and  por11(0) = por41(1) =0, r>1. (3.46)

/0 (@) @)de = [py (@) f@) /  f(e)da,

since pj(z) =1 on [0,1 — ¢]. Now we let € tend to zero from above, which
we write as € — 0. We have

lip -9 =l (-e- b= 5
and as € — 04, we obtain
1 1 1
| m@r@ds =50 + 1) - [ sy,
0 0

It then follows from the periodicity of p; that

j+1 1 j+1
[ nwr@a =500+ raem- [ swis

for any integer j. Now, for any integer n > 1, we have

j+1
*/ Prt1 (@) D (2)da,
J

J+1 j+1
[ 2@ @)ds = [pra(a)s )]
J
and if we write down the latter equation with n replaced by 2r — 1 and 2r,
in turn, apply (3.46), and add those two equations together, we obtain

"
[ pa @ @ = 2 (540G 1) - 7))

Jj+1
*/ Pars () FO D (2)d,
J
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If we now use (3.48) and the latter equation with » = 1,...,m, we obtain

J+1 1
[ @ =506+ 16+ 1)

-3 o (G )

J+1
—/ Pam1(2) D (2)da, (3.49)

which holds for all functions f that are sufficiently differentiable. If we now
sum (3.49) from j = 0 to N — 1, we obtain

m

[ stoe=ra1s) - > G - 00

N
- / P21 (x) ) (2)dx, (3.50)
0

where, in the trapezoidal sum T (f), the function f is evaluated at the
integers 0, 1, ..., N. Finally, we obtain (3.40) plus an error term from (3.50)
by making the linear transformation that maps [0, N| onto [z, z¢ + NA].
An alternative derivation of the error term is given in Section 4.2.

Before leaving this topic, we note that p;(z) has the Fourier expansion

>, 2sin 27rnx
pi(e) == = (3.51)

2mn
n=1

(See Problem 3.2.5.) Let us repeatedly integrate this series formally, term
by term. We note from (3.47) that each ps, must have a Fourier expansion
containing only cosine terms, and the expansion for each ps,y; contains
only sine terms. We obtain

2cos2mnx
r 1
r = E , 3.52
p2r () “(2mn)?2 (3:52)
2sin 2mnx
7 1
p2r+1(2) § Qrm)r (3.53)

It is clear that the Fourier expansions in (3.52) and (3.53), for r > 1,
converge uniformly on [0, 1] and so, by periodicity, converge uniformly ev-
erywhere. Then, by the well-known result on the uniform convergence of
Fourier expansions (see, for example, Davis [10]), since for n > 1, p, is
continuous and is periodic with period 1 and its Fourier series is uniformly
convergent, the Fourier series converges to p,. Note that this does not hold
for py, since

1 . 1
p1(0) =p1(1) = -5 and lim p1(1—¢) = 5

e—04
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whereas its Fourier expansion assumes the value 0 at both z = 0 and 1.
If we put = 0 in (3.52) and evaluate ps,(0) from (3.45), we obtain

=1 B
= (—1)lgr—lg2r 22 > 1. 3.54
ngl nQT ( ) ™ (27')'7 T e ( )
The first few such sums are
=1 2 =1 d > 1 76 =1 78
2m T XwTw Lw s om 2w adm

The relation (3.54) also shows us that the Bernoulli numbers Bs, alternate
in sign, as the reader may have suspected from (3.39), and thus, from (3.45),
the values of po,(0) alternate in sign.

Example 3.2.1 Let us use the Euler-Maclaurin formula to compute the
sum S = Y7, 1/n* = n%/6. Although the value of S is known from (3.54),
this example will serve to demonstrate the great power of this method. We
will write S = Sy_1 + Ry, where

N-1 00

SN_1= Z% and RN: Z %,

n=1 n=N

and use the Euler—-Maclaurin formula to estimate the “tail” of the series,
Ry. We begin with (3.40), letting b — oo and setting h = 1 and a = N.
Finally, we let m — oo, to give

Ry = [ @+ 10 - Y DS,

r=1

where f(z) = 1/z%. Note that the term 1 f(IV) is required, since the Euler-
Maclaurin formula involves a “trapezoidal” sum, where the first and last
terms are halved. Note that all the derivatives of the function 1/2? exist

at # = 1 and all tend to zero as z — oo. Since for f(z) = 1/22, we have
fE=D(N)/(2r)! = —1, for all r, we obtain

oL, 1 1 1,1 L of !
N7 N T anN2z T 6N®  30N5 | 42N7  30N? N1iL )~

With N = 10, for example, we estimate Rjg from the line above and add
it to the sum Sy, to give the following estimate of S, with the correct value
below it:

S ~ 1.64493 40668 47,
éw2 ~ 1.64493 40668 48.

Both numbers are rounded to 12 places after the decimal point. |
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There is a finite difference analogue of the Euler-Maclaurin formula,
where the correction terms at the endpoints of the interval of integration are
expressed in terms of differences rather than derivatives. This is Gregory’s
formula,

/ F@)dz ~ Tu(f hZarAfoJr( DIV RN, (3.55)

obtained by James Gregory before Euler and Maclaurin were born. The
coefficients a, are given by

ar—/ol<rj_1)ds. (3.56)

Let us now recast the Euler-Maclaurin formula (3.40), writing the trape-
zoidal sum Tn(f) as T'(h), and writing

B2r
(2r)!

Then (3.40) is now expressed in the form

/b f(x)dz ~ T(h) + Zm: h*" B, (3.57)
a r=1

which emphasizes its dependence on the parameter h. We will use (3.57)
to justify a numerical integration process known as Romberg’s method,
named after Werner Romberg (born 1909). In the account that follows, we
will see that we do not need to know the values of the coefficients E5, in
(3.57) in order to implement Romberg’s method.

To concentrate our attention on the first of the terms in the sum on the
right of (3.57), let us write

F(fE(0) = [V (a) = By

/ f(z (h) 4+ h2Ey + O(h). (3.58)

If we now also write down the latter equation with h replaced by h/2, we
obtain

/ f(z T(h/2) + h2E2 +O(hh). (3.59)

Let us now eliminate the principal error term, involving h2, between the
last two expressions: We multiply (3.59) by 4, subtract (3.58), and divide
by 3 to give

/b F@)dz = TO () + O(hb), (3.60)



140 3. Numerical Integration

where
3

The process of eliminating the term in h? is called extrapolation to the limit,
or Richardson extrapolation, after L. F. Richardson (1881-1953). Note that
we do not have to know the value of Es in order to carry out this process,
nor do we have to know the values of any of the error coefficients Ey;
in the repeated extrapolations that follow. The first extrapolation gives
us nothing new, for T (h) is just the estimate of the integral given by
Simpson’s rule. However, we can continue by eliminating the error term
involving h*, then that involving h%, and so on, assuming that the value of
m in (3.57) is sufficiently large. When we have eliminated the error term
involving h?, we obtain

/ ’ fa)da = T () + O(1S),

say, where

22T (h/2) — T ()

B 42 —1 '

Note that in order to compute 7? (h), we need the numbers T'(h), T'(h/2),
and T'(h/4). In general, we compute, recursively,

T® (h)

4R D(h/2) — TR (p)
B 4k —1 ’

T®) (h)

and we have .
/ f(@)dz = T® (h) + O(h2*+2).

This is valid, provided that the integrand f is sufficiently differentiable.
Romberg’s method gives the accuracy of the Euler—Maclaurin formula with-
out the need to evaluate any derivatives of the integrand.

Exaanple 3.2.2 Let us use Romberg integration to estimate the integral
of €* over the interval [—1,1]. The results are displayed in the following
table.

h  T(h) TW()  TO(h)  TOG(h)

1 1.859141 1.475731 1.462909 1.462654

1.571583 1.463711 1.462658

N

1.490679  1.462723

=

1.469712

o=
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All the numbers in the above Romberg table overestimate the value of
the integral, which is 1.462652, rounded to six decimal places. Compare
T®)(1) = 1.462654, with error 2 - 10-%, and the best trapezoidal approx-
imant in the table, 1.469712, which has an error of 7 units in the third
decimal place. |

In the above example on Romberg integration, all derivatives of the in-
tegrand exist, and we obtained excellent results. We should not expect
Romberg’s method to be as successful when the integrand has a singularity
in a low-order derivative.

Example 3.2.3 Let us use Romberg integration to estimate the integral
of /2 over the interval [0,1]. The results are displayed in the following
table.

h  T(h) TO() T (h)  TG)(h)

1 0.500000 0.638071 0.657757 0.663608

3 0.603553 0.656526 663516
1 0.643283  0.663079
$  0.658130

This is only a test example, for we know the value of the integral to be % All
entries in the table underestimate the integral. The closest estimate, with
an error of more than 0.003, shows an improvement of only one decimal
place of accuracy on the best trapezoidal approximant. All derivatives of
the integrand are singular at z = 0, and thus the Euler—Maclaurin formula,
on which Romberg’s method depends, is not applicable. |

Problem 3.2.1 Show that
T + 1
—x
et —1 2

is an even function, and deduce from (3.37) that
T 1 o Boja?
=1-= .
P 2 2 )
Jj=1

Problem 3.2.2 Express p,;1 as a sum, using (3.42) , and differentiate the
sum term by term to verify (3.43).

Problem 3.2.3 Deduce from (3.43) and (3.46) that

1
/ pr(x)dz =0, n>2,
0
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and show also that

lim p1(x)dr = 0.

e—04 0

Problem 3.2.4 Verify that pa(1 — ) = pa(z) on [0,1], and prove by in-
duction on n, using (3.43) and the result in Problem 3.2.3, that (3.47) holds
for all n > 2.

Problem 3.2.5 The Fourier expansion for a function f defined on [0, 1] is
given by

1 o0
flz) ~ 0 + Z(an cos 2nx + by, sin 2nx),

n=1

where
1
ay, = 2/ f(z)cos2mnadr, n >0,
0
1
by, = 2/ f(@)sin2mnxde, n>1.
0
For f(z) = p1(x), defined by (3.44), show that every a,, is zero and

1
1
bn:2/ rsin2mrdr = ——, n>1,
0

™’ -
as given in (3.51).
Problem 3.2.6 Using the identity
1 — cos 2mnx = 2sin? ™,

deduce from (3.52) that

9]
sm ™I
pQT( ) p27‘ — Z 27‘m or

and show that po,.(z) — pa2-(0) does not change sign.

Problem 3.2.7 Compute the sum S = >"°2 | 1/n® by applying the Euler—
Maclaurin formula, following the method used for estimating the sum in
Example 3.2.1.

Problem 3.2.8 Use Romberg’s method, with three repeated extrapola-
tions, to estimate the integral of 1/(1 4 x) over the interval [0, 1].
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3.3 Gaussian Rules

The best-known interpolatory integration rules are the Newton—Cotes rules,
which we discussed in Section 3.1, and the Gaussian rules, named after C. F.
Gauss. As we will see, these are naturally defined on the interval [—1, 1], and
can be used on any finite interval [a, b] by making a linear change of variable.
The abscissas of these rules are the zeros of the Legendre polynomials. The
Gaussian integration rules are obtained by seeking an interpolatory rule
on the interval [—1,1] whose abscissas x1,...,x, are chosen so that the
rule is exact for all integrands in P,,, where m is as large as possible.
One might expect that the greatest possible value of m is 2n — 1, since
a polynomial of degree 2n — 1 has 2n coefficients, and a rule based on n
abscissas has 2n parameters, since it has n weights and n abscissas. This
turns out to be correct. For as we will show, the rule obtained by integrating
the interpolating polynomial based on the zeros of the Legendre polynomial
@y, over the interval [—1, 1] is exact for all integrands in Py,,—1. This is called
a Gaussian rule or a Gauss—Legendre rule. Thus we find that the one-point
Gaussian rule is

/_1 F(a)dz =~ 2£(0). (3.61)

This is the midpoint rule, the simplest open Newton—Cotes rule, which we
have already met in Section 3.1. (See Problem 3.1.3 for the derivation of
an error term for this rule.) The two-point and three-point Gaussian rules
are as follows:

/11 f(a)dz ~ f (%) +f <\}§> , (362)
/_11 flw)de & gf (‘\/§> + gf(o) + gf (\/E) . (3.63)

It can be shown (see Davis and Rabinowitz [11]) that the n-point Gaussian
rule plus error term is of the form

1 x)dr = Y w™ (2™ M (2n)
NG =3 w1 (") + Gy € G0

(n)

i

where —1 < &, < 1, the abscissas =
polynomial @,,, and the weights wgn) are all positive.

We will now justify our above statement that the n-point Gaussian rule
is exact for all integrands in P, _1. As a first step, we state and prove the

following lemma.

are the zeros of the Legendre

Lemma 3.3.1 If the divided difference f[x,21,...,z] is a polynomial in
x of degree m > 0, then f[z,x1,...,241] is a polynomial of degree m — 1.
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Proof. From the recurrence relation (1.22), we have

f[‘rla"'axk-i-l]7f[xax17~~~7zk]'

T4l — T

f[‘razla"'vxk—i-l] =

The lemma then follows from the fact that the numerator on the right side
of the latter equation is a polynomial of degree m, and the denominator is
a factor of the numerator. The last assertion follows from the observation
that the numerator is zero when we put z = x1, for the numerator then
becomes
flz1, s xpg1] — flegsr, 1, ..., Tkl

This is indeed zero, since a divided difference is unchanged if we rearrange
the order of its arguments. |

Theorem 3.3.1 The n-point Gaussian rule,
1 n
| f@rde = 3wl (=) = Guih)
-1 i=1

say, where zgn), x(Q"), . ,x%") denote the zeros of the Legendre polynomial
Qn, is exact if f € Py,_.

Proof. Let p,,_1 denote the interpolating polynomial for a given function
f on the zeros of the Legendre polynomial @,, and write the error of
interpolation in the divided difference form

f@) —pn_1(x) = qu(x) f {x, xﬁ”), ... ,x;")} , (3.65)

where
) = (5 ) o (o o8

Then, from (2.29), we have

where

1 7i 2n
,Ufn*qn(l)—Qn n .

If we integrate (3.65) over [—1,1], we obtain an error term for the n-point
Gaussian rule,

1 1t .
llf(x)dfon(f) - EllQn(x)f{x,xg >,...,a;5;1>} dr.  (3.66)

If f(z) is a polynomial in x of degree 2n — 1, an argument like that used
in Lemma 3.3.1 shows that the first divided difference f [m, a:(ln)} is a poly-

nomial of degree 2n — 2, and the repeated use of the lemma shows that
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f[x,xgn), .. .,x%")} is a polynomial of degree n — 1. Since the Legendre
polynomial @,, is orthogonal to all polynomials in P,_1, the integral on

the right side of (3.66) is zero, and this completes the proof. |

We have from Theorem 2.1.2 that Q,(—x)
order the zeros of ), so that

(—=1)"Q,(x). Thus, if we

-1< xgn) < xgn)

<oe<z™ <,
we have
2= M 1<i<n

n—u
In particular, x = 0 is a zero when n is odd. Then, in the same way that
we verified the symmetry in the weights of the Newton—Cotes rules, we can
show that the weights of the n-point Gaussian rule satisfy

wgi)l = wgn), 1<i1<n.
We can deduce from this symmetry in abscissas and weights, as we did
with the Newton—Cotes rules, that the Gaussian rules are exact for all
integrands that are odd functions. A Gaussian rule may be applied on any
finite interval, by using a linear transformation to map the given interval
onto [—1, 1], and like the Newton—Cotes rules, Gaussian rules are generally
used in composite form.

We conclude this section by mentioning a simple generalization of the
Gaussian rules. As we saw in Section 2.2, corresponding to any integrable
function w that is nonnegative on [—1, 1], there exists a sequence of poly-
nomials (¢¥) that satisfy

1
/ w(z)z g (x)dr =0, 0<r<n. (3.67)

-1

The polynomials ¢¥ are said to be orthogonal on [—1,1] with respect to
w, which is called a weight function, and the scaled Legendre polynomials
are recovered by putting w(z) = 1. The generalized orthogonal polynomials
gv, like the Legendre polynomials, satisfy a recurrence relation of the form
(2.18), where the coefficients «;, and (3, are given by (2.19) and (2.20),
amended by inserting the factor w(z) into each integrand. Further, if the
weight function w is even, these orthogonal polynomials satisfy Theorem
2.1.2, where again we need to insert the factor w(z) into both integrands
in (2.20), which defines §,. Corresponding to any given weight function
w there exists a system of orthogonal polynomials (¢%), and each system
yields a sequence of Gaussian-type rules of the form

[ (@) f e ~ ;wgm F(0) = 6200, 565)
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say, where x§”), J;én)7 ... ,:cEl") denote the zeros of the polynomial ¢. This
generalized Gaussian rule is ezact if f € Po,_1.

Of all the Jacobi polynomials, those whose related integration rules are
the most widely known are the Legendre polynomials, which we discussed
above, and the Chebyshev polynomials, whose related rules are

/1 (1—2%)"V2f(2)dx ~ % Xn: f(xgm) : (3.69)

-1

where the .Z‘Z(-n) are the zeros of the Chebyshev polynomial T,,. (See (2.76).)

Note that in (3.69), which is called the Gauss—Chebyshev rule of order n,
all the weights are equal.

Problem 3.3.1 Verify directly that the two-point Gaussian rule, given in
(3.62), is exact for integrands 1 and z2, and thus for all integrands in Ps.

Problem 3.3.2 Verify directly that the three-point Gaussian rule, given
in (3.63), is exact for integrands 1, #2, and z#, and thus for all integrands
in P5.

Problem 3.3.3 Assuming that the error of the n-point Gaussian rule is
of the form ¢, f*™(&,), determine the values of ¢;, co, and c3 by putting
f(x) = 2% 2%, and 2% in (3.61), (3.62), and (3.63), respectively. Verify that
the resulting error terms agree with those given by (3.64).

Problem 3.3.4 Verify that the abscissas of the four-point Gaussian rule

are + (15 + 2\/@)1/2 /\/ﬁ, and hence find its weights, so that the rule is
exact for the integrands 1, z2, z*, and 25. Apply the rule to the integrand
28 and, making the same assumption as we did in Problem 3.3.3, show that
the error is given by (3.64) with n = 4.

Problem 3.3.5 By making the substitution £ = cosf, show that the
Gauss—Chebyshev rule (3.69) becomes

/Tr f(cos0)df =~ %zn:f(cos&-)7
0 i=1

where 0; = (2¢—1)7/(2n). Note that this is simply the composite midpoint
rule in the variable 6.

Problem 3.3.6 Show that the Gauss—Chebyshev integration rule of order
three is

| 1(1 —a?) 2 f(@)de ~ T (F(=VB/2) + £0)+ £(V3/2))

and verify that it is exact for all integrands in Ps.
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Peano’s Theorem and Applications

4.1 Peano Kernels

We begin with a verification of the expansion of f(z) as a Taylor polynomial
plus an error term expressed as an integral. If f("*t1) exists on [a, b], then

() (g
f@) = fl@) + F@)e—a) + 4 T D ay s R, @)
for a < x < b, where
Rolf) = o [ 100 - 0 (12

To justify (4.1) and (4.2), we use integration by parts in (4.2) to obtain
A

n!

Rn(f) = (x_a)n+Rn—1(f)'

A second application of this recurrence relation yields

() (g (n-1) (4
- - = - a4 Ruat)

The required result is then established by applying the recurrence relation
n times, and noting that

Ro(h) = [ "yt = f(x) — f(a).
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If f("*+1) is continuous, we can apply Theorem 3.1.2 to (4.2), since (z—t)"
does not change sign over the interval of integration, to give

) [T S A (D) nt1
Rn(f)—T/a (x —1) dt—m(l‘—a) +

where a < &, < x. This is the more familiar version of the error in repre-
senting a function by its Taylor polynomial.

When n > 0 the factor (z — )™, regarded as a function of ¢, is zero for
t = x, the upper limit of integration in (4.2). It is useful to define a function
of ¢t that coincides with (z —t)" for © — ¢ > 0, where « is fixed, and is zero
for x —t < 0. We now give a formal definition of this function.

Definition 4.1.1 For any fixed real number x and any nonnegative integer
n, we write (z — t)" to denote the function of ¢ defined for —oo <t < oo
as follows:

o (x=t)", —oco<t<u,
(w—t)% = { 0, t> . (4.3)
This is called a truncated power function. |

The function (z—t)% has the value 1 for —co < ¢ < z, and is zero for t > z,
and so is not continuous at ¢ = x. For n = 1, we usually write (z — t)%
more simply as (z — ¢)4. As n is increased, the truncated power functions
become increasingly smooth, in the sense that derivatives of increasingly
higher order are continuous. It is not difficult to prove directly from the
definition of derivative that for n > 1,

%(x — ) =-n(z—t)1", (4.4)
and thus the derivative of a truncated power is just a multiple of the trun-
cated power function of one order less. For n > 1, the application of (4.4)
n — 1 times shows that the (n — 1)th derivative of (x — )"} is a multiple of
(z—t)}, which is continuous on —oo < ¢ < co. However, the nth derivative
of (z — t)"} behaves like a multiple of (z — ¢)%, which is not continuous at
t = x. We say that (z — )7, for n > 1, is a spline in C"~!(—00,00). (We
will have much more to say about splines in Chapter 6.) Thus (z — t)} is
continuous, and its first derivative is not; (z — t)% and its first derivative
are continuous, and its second derivative is not; and so on.

With the introduction of the truncated power function, the expansion of
f as a Taylor polynomial plus remainder may be written in the form

f"(a)

n!

fx)=fla)+ f'(a)(x —a)+ -+ (x —a)” + R,.(f),

where

b
Ralf) = [ 1000 1)1, (145)
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Thus, by merely substituting the truncated power function for the factor
(z — t)™, we have obtained an integral form of the remainder in which the
limits of integration are independent of x. We need one more definition,
and then we will be ready to apply (4.5).

Definition 4.1.2 A linear functional L is a mapping from the space of
functions f defined on [a, b] to the real numbers such that

L(af + Bg) = aL(f) + BL(9),

where f, g are any functions, and «, 3 are any real numbers. |

Example 4.1.1 Let p, € P, denote the interpolating polynomial for a
given function f on n + 1 distinct abscissas. Let L, map f to the real
number p,(z). We have included the suffix z in L, to remind ourselves
that this mapping depends on z. As we can easily verify by writing down
the Lagrange form of the interpolating polynomial, L, is a linear functional.
Two further examples of linear functionals are

b n
L(f):/ flydz  and  L(f) = wif(x),
@ i=1

where the w; and x; are any real numbers. |

We can now state and prove the main result of this section, the well-
known theorem named after Giuseppe Peano (1858-1932).

Theorem 4.1.1 Let us define

gu(@) = (x — 07, (4.6)

and let L denote a linear functional that commutes with the operation of
integration, and satisfies the further conditions that L(g;) is defined and
that L(f) =0 for all f € P,. Then, for all f € C""1[a,b],

b
L(f) = / SO (K (1), (4.7)
where 1
K(1) = K,y(t) = - L{g0) (48)

Proof. We need to be rather careful here. For we have been treating the
truncated power function (z —t)} as a function of ¢, with x behaving as
a parameter. In the statement of this theorem we have written L(g;), with
gi(x) = (x — t)7}, to emphasize that L is applied to the truncated power
function (z — )%, regarded as a function of =, with ¢ as a parameter. Thus
the linear functional L maps (x — )’} to a real number that depends on ¢,



150 4. Peano’s Theorem and Applications

that is, to a function of t. The functional L is said to annihilate functions
belonging to P,,. Let us now write f(z) in the form (4.1), with the remainder
R, (f) expressed as in (4.5), which involves the truncated power function.
If we now apply the linear functional L to (4.1), because L is linear and
annihilates the Taylor polynomial, we obtain

b
L) =L [ 7@ - o

Since the linear functional L commutes with the operation of integration,
we have

b
L) = [ 17O L (- 07 at

and we need to keep in mind that the linear functional L is applied to
(x —t)% as a function of . This completes the proof. |

Corollary 4.1.1 If, in addition to the conditions stated in Theorem 4.1.1,
the kernel K (¢) does not change sign on [a, b], then

f(n+1)(£) L (:L,n+1)

L = (n+1)!

(4.9)

where a < £ < b.

Proof. Since f("+1)(t) is continuous and K (t) does not change sign on [a, b],
we can apply Theorem 3.1.2 to (4.7) to give

b
Lmzwm@/mea<«a

This holds for all f € C™*[a,b]. In particular, on replacing f(x) by z"*?
in the latter equation, we obtain

L (™) = (n+ 1)! /bK(t)dt,

which completes the proof. |

Remark 1  Suppose that L is a linear functional that commutes with
the operation of integration, and that L(f) = 0 for all f in, say, P3. Then,
in seeking a kernel K for this linear functional, we would usually define K
by (4.8) where g; is given by (4.6) with the largest admissible value of n for
which L(g;) is defined. But it is worth emphasizing that we could choose
any value of n < 3 for which L(g) is defined. [

Remark 2  The above theorem shows that if K is defined by (4.8), then it
satisfies the equation (4.7). Later (see (4.15)), we will find another function
K that also satisfies (4.7). This prompts an obvious question: Is there a
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unique function K that satisfies (4.7)7 To answer this, let K, denote the
function defined by (4.8). Then, if K is any function that satisfies (4.7),
we have

/b POV @K (1) — Ky(t))dt = 0

for all f € C"'[a,b]. Thus K(t) — K,(t) must be zero on [a,b], except
possibly on a set of measure zero. For example, if we change K (t) at a finite
number of points, the value of the integral in (4.7) will be unchanged. In
particular, if K is continuous on [a, b], then K = K|, is the only continuous
function that satisfies (4.7). |

In the example and problems that follow in this section, the linear func-
tional is of the form

b N N’
L) = [ f@de+ Y cif@)+ o drE),  (40)

where the term involving the integral may be absent, as in Problems 4.1.1
and 4.1.2. We will say that the z; and 2} in (4.10) are abscissas of the
linear functional L. Such linear functionals commute with the operation of
integration, and the same is true of linear functionals obtained by adding
terms involving evaluations of higher-order derivatives of f to the right side
of (4.10).

Example 4.1.2 Let us find the error term for the trapezoidal rule, which
we obtained by other means in Section 3.1. We begin with

b
L) = [ Fa)ds - (5@ + FO)).

where h = b — a. This linear functional L annihilates all functions f in Py,
and we may choose ¢;(z) = (z — t)4+ in (4.8), since L(g;) exists. Then

b
K = L) = [ (0= thedo—5(la= 0+ 0-0)2)

Note that L is applied to (z—t), regarded as a function of 2. For a <t < b,
we have (a —t); =0and (b—t); =b—t. Since (x —t)y =0 for z < ¢ in
the above integral, we may write

b
K(t) = /t (- t)do — g(b—t) - %(b—t)Q _ g(b—t),

and since h = b — a, this simplifies to give

K(t):%(b—t)(a—t)go for a<t<b.
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Since the kernel K (t) does not change sign on [a, b], we can apply Corollary
4.1.1, assuming the continuity of f”. We thus need to evaluate

b
L) = [ atdo = 5@+ 1) = 3~ a¥) - 50— )0 + a?),

3
which simplifies to give L(z?) = —h3/6. Finally, we apply (4.9) to give

b 3
L) = [ fa)ds = S(5@) + FO) = ~131(€)

where a < £ < b. [ |

Problem 4.1.1 Let L denote the linear functional
1
L(f) = f(2) = f(=1) = 5=+ DF (D) = fF(=1)],

which gives the error of linear interpolation at the abscissas —1 and 1. Show
that

1
L= [ oK.
-1
where
Lz-1)(t+1), t<u,
K(t) =
Hz+1)(t-1), t>ua
Problem 4.1.2 Let L denote the linear functional defined by
1
L(f) = f1(0) = 57 (f(h) = f(=h)).
Show that L annihilates all functions f € P,, and deduce that, with n = 2
in (4.6), the Peano kernel satisfies
—ap(h+1)%, —h<t<0,
AK (1) = L((x — 1)}) =
—5=(h—1)?% 0<t<h.
Verify that K is an even function that does not change sign on [—h, h], and
apply Corollary 4.1.1 to show that

2
£/0) = o5 (F(8) = F(=h)) =~ fD(), ~h<g<h

Problem 4.1.3 Apply the Peano kernel theory to find the error term for
the midpoint rule, given by

T2 3
/ f(ac)alglc:2hf(:v1)—|—h?f”(.f)7

where & € (zg, 22), which we obtained by other means in Problem 3.1.3.
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Problem 4.1.4 The linear functional that is associated with the two-point
Gaussian rule is

/f iz — f (~1/V3) - £ (1/V3),

and L annihilates all f € P;. Show that, with n = 3 in (4.6), the Peano
kernel for L is the even function K defined by

-2 (b—1t?), 0<t

7
31K (1) =
1(1-t)4, %<t§1
where
1 V3 1
=__22>0 d b=4V3-6>1t> 0<t< —.
a 1 9 > an \[ > 17, < _\/3

Verify that on [—1,1], K(t) is continuous, nonnegative, and attains its
maximum modulus at ¢ = 0. Hence apply Corollary 4.1.1 to justify the
error term for the two-point Gaussian rule given by (3.64) with n = 2.

Problem 4.1.5 The trapezoidal rule with end correction on [—1,1] is

[ e~ f1)+ £0) = 3(70) = £(1),

This rule is exact (see Problem 3.1.9) for all f € P5. Apply (4.8) where g;
is defined by (4.6) with n = 2, and obtain the kernel
1

“t(1—1%), —-1<t<1.

K(t) =5

4.2 Further Properties
The Peano kernel in Example 4.1.2,
Kit)y==-(b-t)(a—t), a<t<hb,

is zero at both endpoints of the interval on which it is defined. We now
show that this condition holds for a very large class of kernels.

Theorem 4.2.1 Let L denote a linear functional of the form (4.10) such
that L(f) = 0 for all f € P,, where the abscissas z; and « all belong to
the interval [a, b], and let the Peano kernel K be defined by (4.8), with g;
defined by (4.6). Then if n > 2, the kernel K(t) is zero at both endpoints
t = a and ¢ = b. Further, if all coefficients ¢ in (4.10) are zero, then the
above result holds for n > 1.
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Proof. If f(x) = (x —t)", the integral on the right of (4.10) is a continuous
function of ¢. Also, for any fixed x, both (z —t)’} and its derivative are
continuous functions of ¢ if n > 2. Thus, if n > 2 and f(z) = (v —t)7,
we see from (4.10) that L(f) is a continuous function of ¢, and so from
(4.8) and (4.6), the kernel K (t) is continuous. For any linear functional
L that satisfies the conditions of the theorem, with n > 2, let us evaluate
L((z—t)7%) at t = a, which we will write as L ((z — a)?). Then we observe
that for a < x < b,

L((z—a)t)=L((x—a)")=0,
since L annihilates all polynomials in P,. We also observe that
L ((x — b)i) =L(0) =0,

where L(0) denotes the result of applying the linear functional L to the
zero function. It then follows from (4.8) that when n > 2,

K(a)=0 and K(b)=0.

This result is obviously valid when n = 1 if all coefficients ¢ are zero in
(4.10). This completes the proof. |

Example 4.2.1 Consider the three-eighths rule on [—3, 3]. (See Example
3.1.2.) The corresponding linear functional is

L) = [ f@de =303+ 311+ 30 + /®).

Note that L annihilates all f in P;. Let us define K by (4.8), where g; is
given by (4.6) with n = 3. Thus we obtain

3 3
3K (t) = / (z—t)3de — = (3(-1-0)3 +31—-t)3 + (3-1)3),
_3 4
since (—3 —t)3 =0 on [-3, 3]. Now
3 3 1 A
/_3(3: e = /t (o~ 1)de = 23— 1)",

and we find that K (t) is a polynomial of degree 4 in ¢ in each of the intervals
[-3,—1], [-1,1], and [1, 3]. On the first interval, [—3, —1], we have

3K (t) = 3(3 —t)* - %

On the second interval, [—1, 1], we find that

(B(—1— ) £3(1— 1) + (3—1)%) = it(?) + )2,

3K (t) = 3(3 —1)* — % (Bl-t)*+B-1t?°) = i(t2 —3)(t* +3),
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and on the third interval, [1, 3], we have

1 3 1
BIK(t)=-3-t)'—=-(3-1)°%=——t(3-1)°
()= 331" = 3= = 13- 1)
On combining the above results, we find that the kernel is given by
t(3+1)3, —3<t< -1,
K(t)= H*=3)(#*+3), -1<t<1,
—Lt(3 —t)%, 1<t<3.

As predicted by Theorem 4.2.1, K(—3) = K(3) = 0. Let us extend the defi-
nition of K to (—o0,00) by setting K (t) = 0 outside the interval [—3, 3]. We
can then easily adapt the above representation of K on [—3, 3] to (—o0, 00)
by using truncated power functions, expressing K(t) by 57t(3 + t)3 for
—o0 <t < —1, and by —it(3 — t)‘j_ for 1 <t < co. We see that K is an
even function, that is, K (—t) = K(t), and K (¢) < 0 for all real t. Also, by
examining the continuity of K and its derivatives at ¢t = +1 and t = +3, we
see that K belongs to C?(—00,00). On applying Corollary 4.1.1, assuming
continuity of (), we find that L(2*) = —144/5, and thus

3
[ fae = 303+ 30 30 + 5@) - £14©- @)

If we make the linear change of variable x = 2(u — ¢)/h — 3, the interval
—3 < 2 < 3 is mapped onto zg < u < x3, where x; = 29 + jh, and then
(4.11) gives the form of the three-eighths rule in (3.11), with error term
—3h5 £ (1) /80, where 2y < 1 < 3. [ |

Perhaps it is not surprising that the Peano kernel in Example 4.2.1 is an
even function, given that the linear functional is symmetric with respect to
z = 0. Also, in Example 4.1.2, the Peano kernel 1 (b—t)(a —t) becomes the
even function —1(1 — ¢?) when we transform [a,b] to the interval [—1,1],
and the linear functional of Example 4.1.2 is then symmetric about x = 0.
We will now show that for a large class of linear functionals with this kind
of symmetry, the corresponding Peano kernels are even or odd, depending
on whether n is respectively odd or even in (4.6) and (4.8). We begin by
finding an alternative form of the error term for the approximation of f(x)
by its Taylor polynomial, given by (4.1) and (4.2). If f(*+1) exists on [a, b],
we can write

F(v)

n!

f@)y=fO)+f®)(z—=b)+-+

for a < x < b, where

(x—=b)"+ Ry,(f), (4.12)

A - o
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We can use integration by parts to show that

F®)

n!

R.(f)=- (@ =0)" + R, _1(f),

and thus verify (4.12) in the same way that we justified (4.1) and (4.2).
Then we can express R, (f) in terms of a truncated power function, in the
form

b
R0 = (-0 [0 - o)t (113

The truncated power function (t —x)’} has the value (t —z)" whent—z >0
and is zero otherwise. This is consistent with Definition 4.1.1.
Now define
he(z) = (=1)" T (t —2)7, (4.14)

and let L denote a linear functional that commutes with the operation of
integration, and satisfies the conditions that L(f) = 0 for all f € P, and
that L(h;) is defined. Let us write f(z) as in (4.12), where R/ (f) is given
by (4.13), and evaluate L(f). Then, in the same way as we derived (4.7),

we obtain ,
L(f) = / @)K (1)t

where the kernel K is given by

K(t) = Kn(t) = %L(ht). (4.15)

Thus we now have two expressions for the Peano kernel: K = K}, defined
by (4.15), involving the truncated power function (¢ — z)%, and K = K,,
defined by (4.8), involving the truncated power function (z —t)7. We know
(see Remark 2 after the proof of Theorem 4.1.1) that K, (t) and Kj,(t) must
be equal on [a, b], except possibly on a set of measure zero. In the following
theorem we will refine this result for a class of symmetric linear functionals,
and give conditions that ensure that the associated Peano kernels are even
or odd functions.

Theorem 4.2.2 Let L be a linear functional of the form

L = [ @i+ cof(0 +Zcz (e) + f(—)

a
+ Y (@) = f(=ah), (4.16)
i=1

where z; > 0 and 2} > 0 belong to the interval [—a,a]. Further, let L
annihilate all functions f € P, and have the additional properties that
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L(g:) and L(h;) both exist, where g, and h; are defined by (4.6) and (4.14),
respectively. Then the Peano kernels K, and Kj, defined by (4.8) and
(4.15), respectively, satisfy

K, (—t) = (~1)" K (1), (4.17)

If n > 2 in (4.6) and (4.14), the kernels K, and K, are equal, belong to
C"2%[—a,a], and are even or odd, depending on whether n is odd or even,
respectively. If, with n > 2, there are no derivative terms present in (4.16),
then we can improve the smoothness property, to say that

K, =K, € C" [-a,d].
Proof. From (4.8) we have
nKy(~1) = L ((z +0)%)

and we note that

/a (x+t)de = /a(ert)”d:v = M.

—a —t n + 1
Thus, for linear functionals L of the form (4.16), we obtain

teo (B + D e ((wi + )7 + (—a +0)7)

i=1

(a + t)n-‘rl
By () = T

+nz (i + ) = (2 + )11,

where we need to omit the terms involving the truncated power functions
of order n — 1 when n = 0. Let us now use (4.15) to evaluate the kernel

K} (t). Since
a t n+1
no n, _ (tta)"t
La(t x)_glx—/ﬂft z)"dx = T

we obtain

N

teo (1) + Y e ((E— )+ (t+20)7)

=1

(1)l Ky (1) = %
+nz —(t—z)T )T,

where again we need to omit the terms involving the truncated power
functions of order n — 1 when n = 0. A comparison of the latter expression
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for (—1)"T'nlK,(t) with that given above for n!K,(—t) justifies (4.17).
It is also clear from the nature of the truncated power functions that for
n > 2, both kernels are in C"~2[—a,al, and are in C"~![—a,a] if there
are no derivative terms in (4.16). This, together with the fact that K, and
K}, must be equal on [—a,al, except possibly on a set of measure zero,
shows that they are equal on the whole interval [—a,a] when n > 2, and
thus K, = K} is even or odd, depending on whether n is odd or even,
respectively. ]

Example 4.2.2 The trapezoidal rule with end correction (see Problem
3.1.9) on [—1,1] is

[ e = (F=1)+ F1) = 57/ = F(-1)

The related linear functional L annihilates all integrands f in Ps, and in
Problem 4.1.5 we applied (4.8) with n = 2. Here let us apply (4.8) with
n = 3 to give

1
31K (t) = / (z—t)3de—((-1-t)3 4+ (1=t)3)+ (1 -1 — (-1 —-1)7).
—1
Now, on —1 <t <1, since (—1 —t)3 and (—1 —¢)2 are always zero, and
(1—1)% and (1 —¢)? are always nonnegative, we may write

3IK(t) = /1(33 —t)¥dr — (1 —1)*+(1—t)? = i(l — %)%

Again, let us extend the definition of this kernel to the whole real line, by
setting K (t) = 0 outside the interval [—1,1]. It is easily verified that K
belongs to C''(—00,00). Since the kernel K is nonnegative, we may apply
Corollary 4.1.1, assuming continuity of f®*). We find that L(z*) = 16/15
and (4.9) gives L(f) = f*(&)L(z*)/4!. Thus we have

! 1 2
/ J@de = (F(=D) + 7 W) = (7'M = S'(=0) + 57D,
We will now make the linear change of variable z = 2(u — x¢)/h — 1, which
maps [—1,1] onto [xg,x1]. If we then replace u by z, we obtain

o h h2 / ! h5 (4)
dor = — _ A
[ Hwde = 5070 + 1) = G507 )~ o))+ V),
where zg < 1 < 1 = xg+h. By writing down the above rule plus error term
over the intervals [z;_1, z;] of equal length, and summing from j =1 to N,
we find that all but two of the derivative terms cancel, and we obtain the
following expression for the composite trapezoidal rule with end correction,

T0) (@) + 25 (0 — ) f Q)

[ st =) - 0
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where a < ( < b and Ty denotes the composite trapezoidal rule. |

Example 4.2.3 As we saw, Simpson’s rule is exact for all integrands in
P;. Thus, in seeking an error term, it is natural (see Problem 4.2.1) to
evaluate the kernel K defined by (4.8), where g; is given by (4.6) with
n = 3. However (recall Remark 1 that follows Corollary 4.1.1), we will
choose n = 2 in (4.6). We will work with the interval [—1, 1], and define

1
= [ Hade = 57D +470) + £(1).

Then the resulting kernel K satisfies

2!K(t):/ (x—t)idx—%((—l B2 4 A(—t)2 + (1—)2),

-1

and since (—1—¢)3 is always zero, and (1—t)3 is always nonzero on [—1, 1],
we see that

20K (t) = /t (z —t)%dx — % (4=t + (1 —1)?).
Thus
K (t) = %(1 —t)3 — % (4=t +(1—-1)?), -1<t<0,

and ) )
2K (t) = g(l —1)3 — g(l —t)? 0<t<l.
We simplify these expressions for K (¢) on [—1,0] and [0, 1], to give
—gt(1+1)?, —-1<t<0,
K(t) =
—t(1—1¢)?, 0<t<1
We see that K changes sign in [—1,1] and is an odd function. If we extend

the definition of K to (—o0,00) by putting K(t) = 0 outside [—1,1], we
may verify that K € C'(—oc0,00). This error term for Simpson’s rule is

[ =S50+ sy = [ 100

and it holds for all f € C3[-1,1]. |

In Example 4.2.2 we applied the Peano kernel theory to derive an error
term for the trapezoidal rule with end correction, which is a special case of
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the Euler—Maclaurin formula. Let

L) = | fa)de = 5(70)+ £1)
= BQT
* ; (2r)!

On the right of (4.18) we have the Euler-Maclaurin formula on a single
interval with h = 1, that is, (3.40) with N = 1 and h = 1. Therefore, L
annihilates all f € Py, 41, and we find that the kernel defined by (4.8) with
n = 2m + 1 satisfies

(Fe D - &), @as)

2m + 1) Kon(t) =

1
1_t 2m+2 _ ]._t 2m—+1
2m—|—2( ) 2( )

¢ BQT 2m—2r+2
+r§::1(zr)!(2m+1)---(2m—2r+3)(1—t) .

We have written the kernel as K,,, to emphasize its dependence on m. With
m = 1, this simplifies to give
1 1
3K (t) = Z152(1 —t)?2 = ZUQ,
where u = t(1 —¢). All of the kernels K, can be expressed as polynomials
in u. The next few expressions for K, simplify to give

1
51 Ko (t) = —qu(l + 2u),
1
TV Ks(t) = ﬂu?(:szﬂ +4u +2),
1
9K, (t) = —%uQ(l + u)(2u® + 3u + 3),

1
11 K5(t) = ﬂu2(2u4 + 8u® + 17u* + 20u + 10),

with u = ¢(1 — ¢), and we note that 0 < ¢ < 1 corresponds to 0 < u < 7.
The above Peano kernels obviously do not change sign, and we will show
that this holds for every K,,(t). First, by extending Theorem 4.2.2 in an
obvious way to deal with the linear operator defined in (4.18), we see that
K, (t) = K (1 —1t). Let us replace 1 —¢ by ¢ on the right side of the above
expression for K,,(t), differentiate, and compare the expression for K/ (t)
with that for pa,41(t) given by (3.42). Recalling that By = 1, By =
and that B, = 0 when r > 1 is odd, we see that

Ky (t) = p2m (B)-
If we now integrate this equation, using (3.43) and (3.45), we obtain

Km (t) = P2m+2 (t) — P2m+2 (0)7

1
-3
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since K,,(0) = 0, and we see from Problem 3.2.6 that K,,(¢) indeed has
constant sign. Thus we may apply Corollary 4.1.1, and find that

m

Z

Now let us consider (3.35) and (3.36). On putting s = m + 1 in (3.35), we
see that the right side of (4.19) would be zero if we replaced m by m + 1
in the upper limit of the sum. Thus (4.19) greatly simplifies to give

L(x2m+2)

- (2m—2r+4). (4.19)

L (2°™%?) = —Bopo, (4.20)
and (4.9) then gives
L(f) = —2m2_pemt2) (6) < ¢ < 1 (4.21)
(2m + 2)! ’ ’ '

where f("+2) is continuous on [0,1]. In (4.18) let us map [0,1] onto
[, xj41], with ;41 — x; = h, and sum from j = 0 to N — 1. If fm42)
is continuous on [zg,z ], we can combine the N error terms, as we did in
deriving the error term for the composite trapezoidal rule, given in (3.18).
Thus we obtain

m 27
/f Jda = T (f) - Zﬁﬁ?@me)ﬂ”Wm)

_ h2m+2(b_ a) (2%77_%:;) f(2m-|—2)(07 (4'22)

where a = xg, b=z, and a < { < b.

Problem 4.2.1 Use the Peano kernel theory with n = 3 in (4.6) to find
an error term for Simpson’s rule based on the interval [—1,1]. Show that
the resulting kernel is the even function K defined by

1
K(t) = —5(1 —1)3(3t+1), 0<t<1.

Set K (t) = 0 outside [—1, 1], and verify that K belongs to C?(—o00, ).

Problem 4.2.2 Use (4.6) with n = 0 to find an error term for Simpson’s
rule based on the interval [—1,1]. Show that

[ s 3 s+ s = [
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for all f € C'[—1,1], where
0, t=-1,
K(t)= —2-t -1<t<0,
2-t, 0<t<l

Problem 4.2.3 Let us apply (4.8) and (4.15) in turn, with n = 0, to derive
Peano kernels, say K, and K, for the midpoint rule on [—1, 1]. Show that

—1-t, —-1<t<0,
Kg(t){ 1—t, 0<t<l,

and
—1—t, —1<t<0,
Kh(t)_{lt, 0<t<L.

Note that K,(0) = —1 and K,(0) = 1, and that K,(t) = K(t) for all
other values of t on [—1,1].

Problem 4.2.4 Consider the integration rule with error term

[ r@de = 10+ 50 = 200 - 1)

Lo LYy — 2 ()
+ D+ W) = = 1),

where a < & < b. Verify that the rule is exact for all f € P5. Apply (4.8)
with n = 5 to show that the resulting Peano kernel is

1
Kt)=—(1-1t3)3 -1<t<1
() =g (1= —1<t<1,

and hence justify the above error term.



5

Multivariate Interpolation

5.1 Rectangular Regions

Multivariate interpolation is concerned with interpolation of a function
of more than one variable, and we will find that it is by no means as
simple and straightforward as interpolation of a function of one variable
(univariate interpolation). As we saw in Section 1.1, given the values of
a univariate function f at n + 1 distinct abscissas zg, x1,...,%,, we can
choose the n + 1 monomials 1, z, 22,...,z" as a basis for P,, and we can
always find a linear combination of these, a polynomial p,,, that provides a
unique solution to the following interpolation problem: Find p,, € P,, such
that pn(z;) = f(z;) for 0 < j < n. We also saw how the choice of the
fundamental polynomials L;(z) or Newton’s polynomials 7;(x), defined in
(1.9) and (1.11) as alternative bases for P, led respectively to the Lagrange
and Newton forms of the interpolating polynomial in one variable.

There is no theoretical difficulty in setting up a framework for discussing
interpolation of a multivariate function f whose values are known at, say,
N abscissas in real d-dimensional Euclidean space R%. Let X1, Xa,...,Xx
denote N distinct abscissas in R?, and let ¢1, ¢o, ..., ¢n denote N linearly
independent functions in C[R?], the linear space of all continuous mappings
from R¢ to R, the real numbers. Thus none of the functions ¢; can be
expressed as a linear combination of the others. Finally, let S, C C[R]
denote the span of ¢1, ¢s, ..., dnN, that is, the set of all linear combinations
of the ¢;, and let f € C[R?] denote a function that is not in S,. Then we
can obtain a unique solution of the interpolating problem of determining
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ai, as,...,an € R such that
a191(%;) + azga(x;) + - +anodn(x5) = f(x5), (5.1)
for 1 < j < N, if and only if the matrix
¢1(X1) ¢2(X1) ¢N(X1)
p1(x2)  P2(x2) - Pn(x2)
A=| o . (5.2)

b1(xn) dalxn) o dn(xn)

is nonsingular. As a special case, let us take d = 1, choose the ¢; as the
first N monomials, and then Sy is simply Pn_1, the set of polynomials of
degree at most N — 1. Then the above matrix A is the N x NV Vandermonde
matrix, whose (n+1) x (n+1) form is given in (1.7). The following example
warns us of possible pitfalls in multivariate interpolation.

Example 5.1.1 Suppose we have a mapping f from R? to R, and that the
values of f(z,y) are known at the points (1,0), (—1,0), (0,1), and (0, —1).
Let us construct an interpolating function of the form

p(x,y) = a1 + a2z + azy + asxy.

In this case, the system of equations (5.1) becomes

1 1 00 a £(1,0)
1 -1 00 ay | | f(-1,0)
1 0 10 as |~ | f(0,1)
1 0 -1 0 a £(0,-1)

Let rT, v rT and r] denote the rows of the above matrix. Since the

matrix is obviously singular, its rows must be linearly dependent, and we
find that r;1 + ro = r3 + ry. The above system of linear equations has a
solution if and only if

f(l,O) + f(—l,O) = f(ov 1) + f(ov _1)‘

If this condition holds, a1, a2, and a3 are uniquely determined, and a4 may
be chosen arbitrarily. |

In this book we confine our discussion of multivariate interpolation to
two classes of abscissas in d-dimensional Euclidean space R%. For the re-
mainder of this section we consider rectangular arrays of abscissas in R?,
with an obvious extension to boxlike arrays in higher dimensions, and in
Section 5.2 we consider abscissas arranged in triangular formations, with
obvious extensions to higher dimensions. We will find that the methods
of interpolation on both rectangular and triangular classes of abscissas,
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and their extensions to higher dimensions, nicely generalize those used for
interpolation of a function of one variable.

We begin with the equation z = f(z,y), which corresponds to a surface in
three-dimensional Euclidean space. The coordinates of each point (x,y, z)
in the surface satisfy z = f(x,y). For example, the equation z = 1 + 2z +
3y corresponds to the unique plane that passes through the three points
(—%70,0)7 (07—%,0), and (0,0, 1), and the equation z = (1 — 2% — 3?)1/2
corresponds to that part of the sphere with centre at (0,0,0) and radius
1 that lies above the xy-plane. This is the hemisphere of points such that
22 +9%+2%2 =1and z > 0. If for a general function f(z,y), we now fir the
value of z, choosing = = z;, then the equation z = f(x;,y) corresponds to
the curve defined by the intersection of the plane x = x; and the surface
z = f(z,y). We can envisage, say, m + 1 such curves, corresponding to
T = Tg, T1,-..,Ty. Lhen, using our experience with univariate Lagrange
interpolation, we construct an interpolating function

m

f(:v,y) = Z f(xl,y)Ll(x), (53)

=0

where

_ S
s =T1(5=2),
J#
as defined in (1.9), the above product being taken over all j from 0 to m,
but excluding j = i. Note how (5.3) follows the form of (1.10), with f(z;,y)
in place of f(x;). We call £(x,y) a blending function. We will write &(f;x,y)
to denote this blending function when we want to emphasize its dependence
on the function f. The blending function &(f;x,y) agrees with f(x,y) at
all points where the plane x = x; intersects z = f(z,y), for 0 <i < m.

Example 5.1.2 Let us derive the blending function for 2°7¥ that coincides
with the given function for x = —1,0, and 1. Following the model in (5.3),
we obtain the blending function

1 1
E(z,y) =271 cae — ) +20 - (1= 2%) + 277 a(e +1),
which simplifies to give
E(x,y) =222 +32+4). N

We can interchange the roles of x and y in the construction of a blending
function, and interpolate at y = yq, y1,...,Yn. Lo avoid confusion, we will
denote fundamental polynomials in the variable y by M;(y), where

w-T1(2)

k£
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and the product is taken over all k£ from 0 to n, but excluding k = j. Then
we can construct the alternative blending function

n(w,y) = n(f;z,y) = mey] (5.4)

which agrees with f(x,y) along each of the n 4+ 1 curves defined by the
intersection of the plane y = y; with the surface z = f(z,y), for 0 < j < n.
It is then of interest to apply this second blending process, defined by (5.4),
not to f(z,y), but to the first blending function &(z,y), defined by (5.3).
We obtain, say,

n

ple,y) =n(&e,y) =Y (Zf i, y;)L )M (v), (5.5
0

Jj=

and we note that p(x,y) is a polynomial in z and y. On writing the repeated
summation (5.5) as a double summation, we obtain

m

)= flaiy)Lilx) M (y). (5.6)

i=0 j=0

Thus we have first derived £(z,y), the a-blended function for f(zx,y), and
then derived the polynomial p(x,y), the y-blended function for £(z,vy), as
approximations to f(z,y). Denoting the two sets of abscissas defined above
by

X:{anxla--~7xm} and Y:{y07y17"'7yn}7

we now construct a rectangular grid of (m + 1) x (n + 1) points, which we
will write as
X xY ={(2i,y;) |z € X,y; €Y}

We read X xY as “X cross Y” and call it the Cartesian product of the two
sets X and Y. Then we see that L;(x)M;(y) has the value 1 at the point
(xi,y;j), and the value zero at all other points in X x Y. We call L;(z),
M;(y), and their product, L;(z)M,(y), the fundamental polynomials of
Lagrange interpolation for the sets X, Y, and X x Y, respectively. Since
L;(z)M;(y) is a fundamental polynomial for the set X x Y, it is clear from
(5.6) that p(x,y) interpolates f(z,y) on all (m + 1) x (n + 1) points of
X x Y. This interpolatory property of p(x,y) should also be clear from the
way we derived it via the double blending process. For &(x,y) agrees with
f(z,y) along the m + 1 curves defined by the intersection of the planes
x = x; with the surface z = f(z,y), for 0 < i < m, and p(x,y) agrees
with £(z,y) along the n+ 1 curves defined by the intersection of the planes
y = y; with the surface z = {(x,y). Thus p(z,y) agrees with f(z,y) on all
points in X x Y.
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Example 5.1.3 Let X =Y = {—1,1}. Then the Cartesian product of X
and Y is the set of points

{(_17 _1)7 (_17 1)7 (17 _1)7 (17 1)}7

and the interpolating polynomial for a function f defined on these points
is given by

plry) = F(-1, 1) 1z =Dy —1) ~ (L1 1z~ Dy +1)

1 1
~F(L 1) 4 D - D+ ALY+ D),
so that, for instance, p(0,0) is just the arithmetic mean of the values of
f on the four given points. If the four function values are all equal to
some constant C, then we may easily verify that p(x,y) = C. Let us write
z = p(x,y). The coefficient of zy in the above expression for p(x,y) is

1
DL =D f-LD) - 7 -+ D),
and it is not hard to see that this is zero if and only if the four points

(—1,-1,f(-1,-1), (= 1,1, f(-1,1)), (1,1, £(1,-1)), (1,1, £(1,1))

lie in a plane. In this special case, the surface z = p(x,y) is a plane. Oth-
erwise, we can divide p(z,y) by the nonzero coefficient of zy (which corre-
sponds to scaling the z-axis), giving an expression for p(x,y) of the form

p(x,y) =y +ax +by+c=(xr+b)(y+a)+c—ab.

If we now change the origin from (0, 0,0) to (—b, —a, c—ab), then in the new
coordinate system, the surface z = p(x,y) becomes z = xy. Shifting the
origin and scaling (multiplying by a constant factor) does not change the
shape of the original surface, which is a hyperbolic paraboloid. Although this
is a curved surface, it has straight lines “embedded” in it, which are called
generators. We can see this by looking at the above expression for p(z,y).
For if we replace y by a constant C, we see that z = p(x, C) is the equation
of a straight line. This shows that if we look at a “slice” of the surface
z = p(x,y), where the plane y = C' intersects the surface z = p(z,y), we
obtain the straight line z = p(z,C). As we vary C' we obtain an infinite
system of generators parallel to the zz-plane. Similarly, by putting x = C,
we obtain z = p(C,y), revealing a second system of generators that are
parallel to the yz-plane. |

We will now obtain a divided difference form for the two-dimensional
interpolating polynomial that is given in a Lagrangian form in (5.6). It is
helpful to use the operator form of the divided differences, as in (1.20). We
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need to use divided differences with respect to x, and divided differences
with respect to y. Let us write

[3}‘0,...,331‘]1-.]0

to denote the effect of the operator [z, ..., z;] acting on f(z,y), regarded
as a function of x, with the value of y being fixed. Thus, for example,

fey) = fzoy)

Ty — Zo

[1307 xl]l‘f =

Then, using Newton’s form of the interpolating polynomial (1.19) applied
to f(x,y) as a function of z, with y fixed, we can rewrite (5.3) in the form

m

§(fia,y) =Y mi@) [20,. . wila f, (5.7)

=0

where m;(x) is defined in (1.11). We can now apply Newton’s form of the
interpolating polynomial to £(f;x,y), regarded as a function of y, with x
fixed, giving

n

p(e,y) =n(&z,y) =Y T ) Yo yly & (5.8)

§=0
Henceforth, when there is no danger of ambiguity, we will write [z, ..., 2]+
more simply as [xo, . .., x;], and similarly drop the suffix y from [yo, . . ., y;]y.

We may combine (5.7) and (5.8) to give

p(a,y) = 7)o, -] (Z mi(z) 2o, - . . ,:ci]f> : (5.9)
=0 i=0

It is not difficult to see that the operators [z, ..., z;] and [yo, ..., y;] com-
mute; that is, they may be applied in either order to give the same result.
(This is equivalent to the result that is the subject of Problem 5.1.2.) Thus
the interpolating polynomial for f on the set X x Y, which we wrote above
in (5.6) in a Lagrange form, may now be expressed in the divided difference
form

p(z,y) = Z Z mi(2)m;(y) [zo, - - . i) Yo, - - -, Y5 f- (5.10)

i=0 j=0

Example 5.1.4 Let us write down the divided difference form (5.10) of
the interpolating polynomial for the following data:

(ac,y) | (_1’_1) (_171) (17_1) (1

71)
fla,y) |1 5 -5 3
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We compute

—-5—-1
[_171]92 f(l‘,—l) = 1+1 = _3a
5—1
[-1,1], f(-1,y) = 151 2,
3—5

and so derive

(-1, 1] [-1, 1]y f(z,y) = [-1, 1], (f(x, 1)1_+f1(x’ _1)) N _11++13 =t

Hence we may write down the divided difference form of the interpolating
polynomial,
pla,y) =1=-3@+1)+2y+1)+ @+ 1)y +1),
which simplifies to give
p(z,y) =1 — 2z + 3y + zy. [ |

In the divided difference form (5.10), and in the Lagrange-type formula
(5.6), the z; are arbitrary distinct numbers that can be in any order, and
the same holds for the y;. Now let us consider the special case where both
the x; and the y; are equally spaced, so that

z; =20 +ihy, 0<i<m, and y; =yo+jhy, 07 <m,

where the values of h;, and h, need not be the same. Following what we
did in the one-dimensional case, we make the changes of variable

xr =x9+ Shy and Y = Yo + thy.

We define forward differences in the z-direction and forward differences in
the y-direction:

Azf(xvy):f(x+hx)_f(x7y) and Ayf(x,y)zf(ac,y+hy)—f(a?,y)

We also define
DDy f(x,y) = Ay (Ay f(2,y)) -

We find (see Problem 5.1.5) that the two difference operators A, and A,
commute, as we found above for the divided difference operators, so that
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Then, for this “equally spaced” case, we can follow the method used for
interpolation of a function of one variable (see Section 1.3) to transform
the divided difference form (5.10) into the forward difference form

m n

p(x0 + sha,yo + thy) = ZZ( f ) ( ; )A; A f(zo,y0).  (5.11)

i=0 j=0

In Section 1.5 we defined g-integers, and obtained a g-difference analogue
of the univariate forward difference formula. We now derive a ¢-difference
analogue of (5.11). Let us interpolate on the set

X xY, with X ={zg,...,2m} and Y ={yo,...,Yn}s (5.12)

where
1—gq @ . 1—g¢q J .
n= T e =, G3)
We also write
1—q,° 1—gq,’
T =l and y= 7=,

for all real s and t. Note that we have chosen ¢ = ¢, and ¢ = ¢, as
the bases of the g-integers for the x and y variables, respectively. We will
denote g-differences with respect to  and y by A, and A, respectively. (It
should cause no confusion that we have used A, and A, above to denote
forward differences, since these are just g-differences with ¢ = 1.) Thus, as
in (1.112), we have

AR f (2, y;) = AR f(wig1,y;) — o AE f(ai,y)) (5.14)
for k£ > 0, with
Agf(xwyj) = f(mia yj) and A;;f(xmy]) = Awf(mia yj)7
and
A$+lf(xi7yj) = AZf(xmyjH) - quj A’;f(xiayj) (5.15)
for k > 0, with
Agf(xi,yj) = f(i,y;) and Agl,f(ﬂ%yj) = Ay fz4,y;)-

The g-difference operators A, and A, commute, like their forward differ-
ence counterparts. As a consequence of (5.14), we have

ARTEAL F(@i, ;) = ARAL f(zig1, ;) — b ARAL f (2, y;),
and it follows from (5.15) that

ALEAL f(2i,y;) = ALAE f(ai,yj41) — dy ALAL f(wi, ;).
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Since the g-difference operators A, and A, commute, we have

Then, following the way we derived (1.115), we obtain
S t i ;
wElm (oo ad bl = | 5] || A% ag s
x y

where the suffixes  and y on the g-binomial coeflicients indicate that they
are based on g-integers with ¢ = ¢, and g = ¢y, respectively. By summing
the last relation over ¢ and j, we derive from (5.10) the interpolation formula

:iZ[ } {t'}yAiA;f(%o,yo). (5.16)

1=0 j=0

Note that if we set ¢, = ¢, = 1 in (5.16), we obtain (5.11) with 2y =y =0
and hy = hy = 1.

In this section we have shown how the Lagrange form, the Newton di-
vided difference form, the forward difference formula, and the ¢-difference
form of the interpolating polynomial can all be generalized from one di-
mension to rectangular arrays in two dimensions, and it is easy to see how
all these ideas can be extended to boxlike regions in d-dimensions, that is,
to interpolate on a set of points

X1 x Xog x -+ x X4, where X, = {:cgr), {r )v"'>x§‘:)}v 1<r<d.
Example 5.1.5 Consider the circular cylinder defined by the set

C={(z,0)|0<2<1,0<r<1,0<6< 27},

and let
Z ={z0,...,z1}, R={ro,...,rm}, ©={00,...,0,}.
Then define
l m n
p(z,1,0) ZZZLl (r)Nk(0) f(zi,75,01),
i=0 j=0 k=0

where L;(z), M;(r), and N () are fundamental polynomials defined on Z,
R, and O, respectively. We see that p(z,r,0), a polynomial in each of the
three variables z, r, and 0, interpolates f(z,r,0) on the set defined by the
Cartesian product Z x R x ©. |
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Because it is easy to extend one-dimensional interpolation processes to
rectangular and boxlike sets of points, it is also easy to build on our knowl-
edge of one-dimensional integration rules to construct integration rules over
rectangular regions in two dimensions, and over boxlike regions in higher
dimensions. Consider the integral

/cd (/: f(x,y)dx) dy, (5.17)

and let
X ={zo,21,...,xm} Cla,b] and Y ={yo,y1,...,yn} C [c,d].

Then, we can replace the inner integral in (5.17) by an integration rule
with weights wg, . .., Wy, to give

I < / bf(x,y>daz> w~ [ (i wz-f(xuy)) d

If we now apply an integration rule with weights wy, ..., w], to the latter
integral, we obtain

/Cd (/abf(x,y)dw> dy =~ éw; <§wif($i’yj)> )

giving the integration rule

/ (/ f@y dm) dy~Zszw fxi,y5)- (5.18)

1=0 j=0

Thus the weight correbponding to the point (x;,y;) is just the product of
the weights w; and w};, and an integration rule of the form (5.18) is called a
product rule. If we have error terms for the one-dimensional rules involving
the w; and the w;-, it is not difficult to derive an error term for the rule
given by (5.18). It is also easy to see that we can extend these ideas to
higher dimensions.

Example 5.1.6 Let us estimate the integral

dx dy
I= ’
P 1+a2+y2
using product rules. Let us choose m = n in (5.18), and choose w; = w)}
as the weights of a Gaussian rule. The simplest is the one-point Gaussian
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rule (3.61), also called the midpoint rule. For any integrand f(z,y), the
one-point Gaussian rule gives

1
[jwmmw~umm

and hence I ~ 4, which is not very accurate. On applying the two-point,
three-point, and four-point Gaussian rules (see (3.62), (3.63), and Problem
3.3.4), which require 4, 9, and 16 evaluations of the integrand, respectively,
we obtain 2.4, 2.586, and 2.554, respectively, as estimates of I. We could ap-
ply any of the above rules, or any other one-dimensional rule, in composite
form. The midpoint rule is the easiest to apply in composite form, since the
weights are all equal. With 4, 100, and 1600 evaluations of the integrand,
the composite midpoint rule gives 2.667, 2.563, and 2.558, respectively, and
the last estimate is correct to three decimal places. |

As we have seen, we can use product rules to integrate over a region that
is a Cartesian product of one-dimensional regions. Examples of such regions
are the cylinder, which we encountered in Example 5.1.5, the square, the
cube, and the hypercube in higher dimensions. Another approach, which
works whether the region is a Cartesian product or not, is to design inte-
gration rules that are exact for certain monomials.

Example 5.1.7 Consider an integration rule with 13 abscissas, (0,0) with
weight w1, (£r,0) and (0, £r) with weight we, and (s, £t), (£t, £s) with
weight ws, for the square S = {(z,y)| — 1 < z,y < 1}. We seek values of
the parameters r, s, t, wy, wo, and w3 such that the rule is exact for all
monomials z'y’ with i +j < 7, and so it is said to be of degree 7. Any
rule with these abscissas is exact for all monomials x%y’ where at least one
of 4 and j is odd. Thus the rule will be exact for all monomials z%y’ with
i+j < 7if and only if it is exact for 1, 22, 2%, 22y%, and x°. This gives the
equations

w1 +4IU2 +8’U)3 =

-~

2r2wy + 4(s% + 2wz =

2rtwy + 4(s* + tws

N O O > W

8522wy =

2rSwy + 4(s% + t)ws =



174 5. Multivariate Interpolation

It may be verified that these equations are satisfied by
5 12 2 93+ 3186 2 93 — 3186

rf=—, s
35 155 155
4 49 31
Y=g 2T s = 162"

Note that all of the abscissas lie within the square S, and the weights are
all positive. This rule was published by the distinguished mathematician
and physicist James Clerk Maxwell (1831-1879) in 1877. |

Example 5.1.8 Let C = {(z,y,2) | —1 < z,y, z < 1} denote the cube with
side 2 and centre at the origin. Consider an integration rule for C' with 14
abscissas, namely, the six abscissas (+r,0,0), (0,%r,0), and (0,0, £r) with
weight wq, and the eight abscissas (+s,+s,+s) with weight wy. We seek
values of the parameters r, s, wy, and ws such that the rule is exact for
all monomials 2yl z2*with i + j + k < 5, and so it is said to be of degree
5. Any rule with these abscissas is exact for all monomials 2%y z* where at
least one of i, j, and j is odd. Thus, because of the symmetry in z, y, and
2, the rule will be exact for all monomials x'y’z* with i +j +k < 5 if and
only if it is exact for 1, x2, z#, and z2y2. This gives the equations

6wy + 8wy = 8§,

8

2rw, + 85w, = 3’
4 4 8
2r°wy + 85wy = 5
8

8s4w2 = 7

We can verify that the above equations are satisfied by

5 19 5 19 320 121
= —, §° = —, w = —, wy = ——.
30 33 361 361
Note that the abscissas all lie within the cube C, and the weights are
positive. This rule was published by Hammer and Stroud in 1958. |

A large number of integration rules for the square and the cube, in-
cluding those given in Examples 5.1.7 and 5.1.8, and also for the general
hypercube, the circle, sphere, and general hypersphere, the triangle, tetra-
hedron, and general simplex, and other regions, are to be found in the book
by Stroud [53].

Problem 5.1.1 Show that if in Example 5.1.1 we choose the four interpo-
lating abscissas as (0,0), (1,0), (0,1), and (1,1), we can always construct
a unique interpolating function of the form

p(z,y) = a1 + axx + azy + aswy.
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Problem 5.1.2 Verify that

p(x,y) =&z, y) = n(& x,y),

where p(z,y) is the interpolating polynomial for f(z,y) on the set X x Y,
and &(f;x,y) and n(f;x,y) are the blending functions defined in (5.3) and
(5.4), respectively.

Problem 5.1.3 Extend the result obtained in Example 5.1.2 to find the
polynomial p(z,y) that interpolates the function 2°7¥ on the set X x Y,
where X =Y = {-1,0,1}.

Problem 5.1.4 Verify that

1 2o % =oyo
I 21 yo =iyo
1 =z y1 xownr
1 2z y1 ©iyp

det = (21 — 20)*(y1 — w0)?,

and thus prove that there is a unique interpolating function of the form
p(% y) = a1 + a2 + azy + asry

on the set of points {(zo,¥y0), (1, %0), (0, y1), (x1,91)}, provided that g
and z; are distinct, and yo and y; are distinct.

Problem 5.1.5 Verify that if A, and A, are g-differences or forward dif-
ferences, then
AgAy f(@i,y5) = f(@iv1, Y1) — [(@isyj41) — f(@ir1,y5) + f(@,95)
- AyAa:f(xlay])7
so that the operators A, and A, commute. Deduce that
for any integers k,l > 0.

Problem 5.1.6 Derive an integration rule with 8 abscissas, of the form
(£r,0) and (0, £r), with weight wq, and (£s, £s), with weight ws, for the
square S = {(x,y)| — 1 < x,y < 1}, that is exact for all monomials z'y’
with ¢+ 7 < 5, and so is of degree 5. Argue that the rule must be exact for
the monomials 1, 22, %, and 232, giving the equations

4’(1)1 + 4’(1)2 = 4,

212w + 4s%wy =

2rtwy + 4stw, =

O > O = W

454w2 =
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Verify that these are satisfied by

BT e T M0
T T T YT TP ag

Problem 5.1.7 Let C = {(z,y,2)| — 1 < x,y,z < 1}. Consider the 15-

point integration rule for the cube C' that has the abscissa (0,0,0) with

weight %, the six abscissas (£1,0,0), (0,41,0), and (0,0, +1) with weight

%, and the eight abscissas (+1, 41, +1) with weight %. Verify that this rule

is exact for all monomials z'y’ z* with i + j + k < 3.

5.2 Triangular Regions

In this section we will explore interpolation methods on triangular sets of
abscissas, and indicate generalizations to higher dimensions. The simplest
case is to construct an interpolating polynomial in = and y of the form
a1 + asx + azy for a function f on the three points (xg,yo), (1,¥0), and
(21,y1), where xg and x; are distinct, and yo and y; are distinct. Since

1 20 %o
det | 1 1 wo | = (1 —20)(y1 — ¥o)s (5.19)
1z 9

the above determinant is nonzero when xy and x; are distinct and yy and
y1 are distinct, and then the above interpolation problem has a unique so-
lution. This follows from the geometrical property that there is a unique
plane passing through three noncollinear points in three-dimensional FEu-
clidean space. Having thus started with a polynomial of degree one in x
and y that interpolates f(z,y) at three noncollinear points, it is natural to
consider next a polynomial of total degree two in x and y, of the form

aj + asx + asy + a4x2 + asry + a6y2.

As we will see, we can choose values of the six coefficients so that this
polynomial interpolates f(z,y) uniquely at six appropriately chosen points.
In this way, we are led inevitably to triangular numbers of coefficients and
interpolating points. The nth triangular number is the sum of the first n
natural numbers, the first four being

1, 142=3 1+42+3=6, 1+2+3+4=10.

The monomials in z and y of total degree j are

Jj -1 j—2,2 2,5—2 j—1
x7m y7m y?"'?xy 7xy 7y7
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y3
y? Y2 ay?
y Yy ay y ay 2y
1 1 =z 1 T 22 1 T 22 3

TABLE 5.1. The monomials in z and y of degree 0, 1, 2, and 3. Each diagonal
contains the monomials of the same total degree in x and y.

and there are j + 1 of these. Thus the number of monomials of total degree
not greater than n is the (n + 1)th triangular number

1+2+_.,+(n+1):%(n+l)(n+2): ( n+2 )

The monomials in « and y of total degree not greater than n, for 0 < n < 3,
are depicted in Table 5.1, and the layout of this table shows why it is natural
to seek an interpolating polynomial in z and y of total degree n to match
a function on a triangular array of 1 +2+ --- 4+ (n + 1) abscissas.

Example 5.2.1 Let us consider the problem of constructing an interpo-
lating polynomial for a given function f on the six points defined by

(‘T’Layj)7 7’7.] 207 7’+j S 25

where the x; are distinct and the y; are distinct. We will show that

1 20 yo 23 woyo Wi
1 1 o xi 1Yo y§
Lz yo @3 Z2y0 Yo

det = —Y(xg,T1,T Y1, ., (5.20
I zo wn :ch Toy1  Yr (o, 1, 22)Y(Yo, y1,92), ( )
1 x Y1 QC% T1Y1 y%
1 20 y2 23 woy2 Y3

where

P(xg, 21, 12) = (2 — 20) (22 — 1) (21 — 20)*.

First, an argument similar to that used in Problem 1.1.1 shows that o —x¢
and xo — x1 are factors of this determinant. By putting o = x1 in rows 1
and 2, and again in rows 4 and 5, we see that (z1 — 2¢)? is a factor, and
thus ¥(zo,z1,22) is a factor of the determinant. (To see that the factor
x1 — o oceurs twice, we could replace z( in row 4 by x, say, and replace
x1 in row 5 by x}. We then argue that z} — x{, must be a factor. Then,
letting x{, and 2] tend to xo and x;, respectively, we see that the factor
x1 — xp occurs twice in the expansion of the determinant.) Similarly, we
find that ¥ (yo, y1,y2) is a factor. Since both sides of (5.20) are polynomials
of the same degree in the same variables, (5.20) must be correct to within
a multiplicative constant, and it will suffice to compare the coefficients of
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x223y?y3, say, on both sides. The coefficient on the left is the same as the
coefficient of 2223y? in the 5 x 5 determinant obtained by deleting the sixth
row and column of the above determinant. This, in turn, is the same as the
coefficient of —x2y7 in the 4 x 4 determinant obtained by deleting the third
and sixth rows and the fourth and sixth columns of the above determinant.
This 4 x 4 determinant is that which appears in Problem 5.1.4, and we
see that the coefficient of —23y? is indeed —1. This shows that there is a
unique polynomial of total degree in x and y not greater than two that
matches a given function f on the six points defined above. |

The following theorem is concerned with a generalization of the result in
Example 5.2.1.

Theorem 5.2.1 Given any positive integer n and a set of points
Sx ={(xi,y;) 4,5 > 0,i+j <n}, (5.21)

where the x; are distinct and the y; are distinct, there is a unique polyno-

mial of the form i
n
Po(@,y) =D crprzyt "
k=0 r=0

that takes the same values as a given function f(z,y) on the set SR.

Proof. Let A,, denote the square matrix each of whose 3(n+1)(n+2) rows
consists of the 3(n + 1)(n + 2) elements

17x’y7$27$y7y27"'7zy77y
evaluated at the points (z;,y;) of the set SR, taken in the order

(IOa yO)v ('rhyo)a e (In—layo)v (Iﬂnyo)a
(o, 91), (x1,91), - (Tn—1,91),

(1‘07 yn—1)7 (xla yn—1)7
(any”)'

The matrix A is the 3 x 3 matrix that appears in (5.19), and A, is the
6 x 6 matrix in Example 5.2.1. We can extend the method used in Example
5.2.1 to show (see Problem 5.2.3) that the matrix A, is nonsingular for a
general value of n. Thus there is a unique interpolating polynomial of total

degree n in x and y that interpolates a given function f(x,y) on the set
SR. |

The set of points S} defined by (5.21) lie in a triangular formation when
xj = y; = j. However, the set of points SX may lie in a formation that
bears no resemblance to a triangle, as shown by the formation in Figure
5.1, in which n = 2.
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Y
Yo - . . °
Yz b .
Y1t . .
1 1 1 -

FIGURE 5.1. An example of the set Si, defined by (5.21).

Having shown in Theorem 5.2.1 that there is a unique polynomial p,, (z, y)
of total degree n in = and y that interpolates a given function f(z,y) on SR,
we now show how to construct this interpolating polynomial and obtain an
error term. We achieve this by generalizing the one-dimensional relation
(1.32),

f(@) =pn(x)+ (x —x0) - (x — x0) flE, 0, 21, . . ., T0), (5.22)
which we obtained by repeatedly applying (1.29),

flz,xo,y -y @n—1] = flxo, ..., Tn] + (x — x5) flx, @0, - . ., Tn]. (5.23)

When we derived (5.22) we already knew from our study of Newton’s di-
vided difference formula that the polynomial p,(x) interpolates f(z) on
the set of points {zg, z1,...,2,}. We can deduce directly from (5.22) that
pn(x) is the interpolating polynomial for f(z). For we see from (5.23) that

(x — xp) flz, @0y - ., 0] = flx, 20, .oy 2n_1] — flZo,. -, Tn),

and this is zero when x = z,,, since a divided difference is unaltered when
we change the order of its parameters. If we interchange x,, and z;, we also
have

(x—zj)flz, xo,...,xn] = flz,z0,. .., Tj1, Tjg1, - - Tn]—flZo, ..., xn] =0

when = = x;, for 0 < j < n, and we have a similar result when j = 0. It
follows that

(l._xo)"'(x_xn)f[x’anxlv"'vxn] =0

for x = z;, 0 < j < n, and thus the polynomial p, (x) that is defined by
(5.22) interpolates f(x) on the set of points {xg,21,...,Zn}.

We now give a generalization of the Newton divided difference formula
plus error term (5.22) from the one-dimensional set {zg, z1,...,z,} to the
two-dimensional set S} .
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Theorem 5.2.2 Given any function f defined on some subset of R? that
includes S}, let

f(z,y) = pm(z,y) + rm(x,y), 0<m<n, (5.24)

where the sequence of polynomials (p,,) is defined recursively by

pm(x,y) = pm—1<xay) + qw('x’ y)v m > 1, (525)
with
qm(x? y) = Z Wk(x)ﬂ'm_k(y) [x07 e 71‘/6} [yoa cee 7ym—k] f? (526)
k=0

for m > 1, beginning with

po(z,y) = [zo] [yo] f = f(x0,Y0)- (5.27)

Then, for m > 0, the error term r,,(z,y) satisfies

m

Tm(2,y) = Z Tt 1 (2) Tk (V) [2, Z0, - - s k] [Yoy -+ s Ym—i] |
k=0

+ Tt (y) [2] 1Y, 90, - yml S, (5.28)

and the polynomial p,,(z,y) interpolates f(x,y) on the set SX.

Proof. 'We will verify by induction that (5.24) and (5.28) hold for all m,
and then justify that p, (z,y) interpolates f(z,y) on the set SX. It is easily
verified, by simplifying the right side of the equation, that

f(z,y) = [zo] [yo] f + (= — x0) [, 0] [yo] f + (y — vo) [] [y, v0] £, (5.29)

and so (5.24) and (5.28) both hold for m = 0. Let us assume that (5.24) and
(5.28) both hold for some m > 0. Now, using (5.23), we split the summation
in (5.28) into two sums, S7 and S3, and then express the final single term
on the right side of (5.28) as the sum of the three terms 77, Ts, and T3,
defined below. The sums S; and Ss, which are obtained by writing

[.’,U, Zo, - .- ,Ik]f = [Io, s 7xk+1]f + (I - l'k+1)[117,l'0, s a'rk-i-l]fv
are m
S1= ZT"kJrl(x)ﬂ'mfk(y) (205 - - s Tt 1] Y05 - - s Ym—k] f
k=0
and

SQ = Z 7Tk+2(50)71'm—k(y) [1"7 LOy .- 71‘k+1} [yOa v 7ym—k] f7
k=0
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and, similarly, we can write

T1 = Tm+1(y) [zo] [Yos - - - s Ymt1] f
Ty = m1(2)Tm+1(y) [, Zo] [Yo, - - - s Ym+1] [
T3 = mmi2(y) (2] [Ys Yo, - - - Ymr1] f-

It follows immediately from (5.26) and (5.25) that

S1+ 11 = m41(2,y) = pmt1(2,y) — P (@, ). (5.30)
If we now replace k by k — 1 in the above expression for S, we have

m—+1
52 - Z 7Tk+1(x)77m+17k(y) [fﬂ, TQyeo- ,.’Ek] [yov e 7ym+17k] f?
k=1

and we see that
So+Ty + T35 = Terl(!E, y) (531)

It then follows from (5.30) and (5.31) that
rm(z,y) =S1+So+ T+ To+ T3 =rimr1(2,y) + gmei(z,y).  (5.32)
Thus

P (@, y) + 1 (2,y) = (Pm(2,Y) + ma1(2,9)) + Tt (2, ),
so that

f(@,9) = pm(@,y) + rm (2, Y) = pmta (2, y) + rma (2, 9),

and by induction, this completes the main part of the proof. The interpo-
lation property of p,(x,y) is easily verified by showing that with m = n in
(5.28), each of the n + 2 terms in (5.28) is zero for every (z,y) € SR, so
that the error term r,(x,y) is zero on S}. |

Note that in view of the relation between divided differences and deriva-
tives (see (1.33)) we can construct, from (5.28) with m = n, an error term
for interpolating the function f on the set S} that involves the n+2 partial
derivatives of f of total order n + 1; that is,

8”+1f 3n+1f (9"+1f 8"+1f
Oxnt1’ gxndy’ 7 Qxdyn’ Oyntl’

provided that these derivatives all exist.
We see from (5.25), (5.26), and (5.27) that the interpolating polynomial
on SR can be expressed explicitly in the form

pa(ay) = 3 m@) Tk @)z, il o Yilf (5.33)

m=0 k=0
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The divided difference form in (5.33) for interpolation on the triangular set
SR complements the similar formula obtained in (5.10) for interpolation on
a rectangular grid. Let us now examine separately the special case of the
set S} where the z; and y; are equally spaced, so that

z; = x0 +ihy, and y; =yo + jhy, (5.34)

for 0 < 4,5 < n, where the values of h, and hy, need not be the same. By
making a linear change of variable in x and a linear change of variable in
y we can put g = yo = 0 and h, = hy = 1, so that the set S} defined by
(5.21) becomes, say, S™, where

S™ ={(i,4) 4,7 >0, i+j <n}. (5.35)

Beginning with the divided difference form for p,(x,y) on SR}, given by
(5.33), we can deduce a forward difference form for the interpolating poly-
nomial for f(z,y) on the triangular grid S™. We follow the same method as
we adopted in the one-variable case, in Section 1.3, where we showed (see
(1.73)) that

P+ g K = 22 ARSG).
For interpolation on S™, we need to evaluate

() =z(x—1)---(z—k+1)
for k > 0, with mo(z) = 1, and

AkAmfkf(O O)
. — =7y JA\DT
015 Ha 01,y = My f = =5,

Then it follows from (5.33) that

Pulz,y) = f: i( . ) ( U )AﬁA;ﬂ—’“f(o,O). (5.36)

m=0 k=0

If we put y = 0 in (5.36), we see that p,(x,0) is expressed as the one-
dimensional forward difference formula (1.74) for the function f(x,0) on
the point set {0,1,...,n}. Likewise, if we put = 0 in (5.36), p,(0,y) is
given by the one-dimensional forward difference formula for f(0,y) on the
point set {0,1,...,n}.

We will now obtain a Lagrange form of the polynomial p,(z,y) that
interpolates a given function f on S™. To achieve this, we need to find a
fundamental polynomial L; ;(x,y) of degree at most n in  and y that takes
the value 1 at (z,y) = (4,) and the value zero at all the other points in
the set S™. For example, let us seek the fundamental polynomial L4 o(z,y)
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for the set of interpolating points depicted in Figure 5.2, which is the set
S%. We see that the polynomial

z(z —1)(x — 2)(z - 3)

is zero at all the interpolating points except (4,0), since all of the other
points lie on one of the four lines whose equations are

z=0, z—1=0, z—2=0, z—-3=0. (5.37)

Then we can scale the above polynomial to give

1
L4,0('T7y) = ﬂx(x - 1)(1‘ - 2)(3: - 3)7
which indeed takes the value 1 when (z,y) = (4,0) and the value zero on
all the other points in S*. We now make use of the fact that the point
(4,7) lies on three lines, one from each of the three systems of parallel lines
that appear in Figure 5.2. One system is that parallel to the y-axis, already

Y

41

0 1 2 3 4 T

FIGURE 5.2. A triangular interpolation grid.

given in (5.37); there is also a system of lines parallel to the z-axis,
y=0, y—1=0, y—2=0, y—3=0, (5.38)
and a system parallel to the third side of the triangle,
r+y—1=0, z4+y—2=0, z+y—3=0, z+y—4=0. (5.39)

The point (1,2), for example, has the line z = 0 to the left of it, that is,
moving toward the y-axis. (See Figure 5.3.) It also has the lines y = 0 and
y — 1 = 0 below it, moving toward the x-axis, and has the line x +y — 4 in
the direction of the third side of the triangle. Thus the polynomial that is
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the product of the left sides of these four equations, zy(y — 1)(z + y — 4),
is zero on all points in S* except for (1,2). On scaling this polynomial, we
find that

hgww)=—%w@—lﬂx+y—®

is the fundamental polynomial for (1,2), since it has the value 1 at (1,2)
and is zero on all the other points.

This gives us sufficient insight to derive the fundamental polynomials for
all points in the set S™. These points are all contained in the triangle defined
by the x-axis, the y-axis, and the line whose equation is z +y —n = 0.
Given any (i, 7) in S™, consider the following three sets of lines associated
with the point (4, 7).

1. Lines of the form 2 — k = 0 that lie between (4, j) and the side of the
triangle formed by the y-axis.

2. Lines of the form y — k = 0 that lie between (7, j) and the side of the
triangle formed by the z-axis.

3. Lines of the form x + y — k = 0 that lie between (4, j) and the third
side of the triangle, defined by the equation z +y —n = 0.

0 1 2 3 4 z

FIGURE 5.3. How the fundamental polynomial for (1,2) is constructed.
There are no lines in the first of the three sets enumerated above if ¢ = 0,
and if 7 > 0, we have the lines

z=0,2—-1=0,...,z—71+1=0.
If j = 0, there are no lines in the second set, and if j > 1, we have the lines

y=0,y—1=0,...,y—j+1=0.
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If i + j = n, the point (7,7) is on the line  + y —n = 0 and there are no
lines in the third set; otherwise, we have, working toward the third side of
the triangle, the lines

r+y—i—j—1=0, z+y—1—757—-2=0,..., 2+y—n=0.
Note that the total number of lines in the three sets enumerated above is
i+j+n—i—j) =n.

Now if we draw all of these n lines that are associated with the given point
(,74) on a grid like that of Figure 5.2, as we did in Figure 5.3 for the point
(1,2), we see that between them they cover all the points on the triangular
grid except for the point (7, j). Thus, taking the product of the left sides of
all these n equations, we see that

ﬁ(z—S)H(y—S) Il @+y-s (5.40)
s=0 5=0 s=i+j+1

is zero at all points on the triangular grid except for the point (7,7). If
i=0o0r j=0ori+j=n, the corresponding product in (5.40) is said to
be empty, and its value is defined to be 1. We then just need to scale the
polynomial defined by this triple product to give

R ((=3) 1 (= G = T

s=0 s=0 s=i+j+1

which simplifies to give

wen=(1)(1)(152). oo

the fundamental polynomial corresponding to the point (4, j), where it takes
the value 1. Thus the interpolating polynomial for a function f(z,y) on the
triangular grid defined by (5.35) is given by

pn(xa y) = Z f(Za])Lz,j ((E, y)v (543)

where the above summation is over all nonnegative integers ¢ and j such
that i + j < n. Note from (5.41) that the numerator of each fundamental
polynomial is a product of n factors, and so the interpolating polynomial
pn(z,y) is a polynomial of total degree at most n in x and y.

Let us write A\g, pg, and v to denote the lines x —k =0, y — k = 0,
and x +y — (n — k) = 0, respectively. Then the point (i, ) lies on each of
the lines A;, pj, and vy, —;—;. We could use the notation {\;, pj, vn—i—;} to
denote the point (,j), to emphasize that it lies on these three lines.
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Example 5.2.2 When n = 2 in (5.43) we have six interpolating points,
and the interpolating polynomial is

2-z-y)(1-2-y)f(0,0) + z(2-2z—y) f(1,0)

N | =

p2(z,y) =
Fy@ =z -9 JO1) + Jale—1) f(2,0)
Fay fL1) 4 Syl —1) 0,2)

If we evaluate pa(z,y) at the centroid of the triangle with vertices (0,0),
(2,0), and (0, 2), we find that

2 2 1
D2 <373) = §(40é—ﬁ),

where 3 is the mean of the values of f on the vertices of the triangle, and
« is the mean of the values of f on the other three points. |

In Section 1.1 we saw that the interpolating polynomial in one variable
can be evaluated iteratively by the Neville-Aitken algorithm. We can also
derive an iterative process of Neville-Aitken type for evaluating the in-
terpolating polynomial for f(z,y) on the triangular set of points defined
above in (5.35). Let us define pg’] ] (z,y) as the interpolating polynomial for
f(z,y) on the triangular set of points

SE = {(i+rj+s)|rs>0,r+s<k}. (5.44)

The set S,[;’]] contains 1+ 2+ --- + (k + 1) = 3(k + 1)(k + 2) points
arranged in a right-angled triangle formation, with (4,5) as the bottom
left-hand point. Figure 5.2 illustrates the set SLO’O]. Thus pg’j] (z,y) has
the constant value f(7,7). We can compute the interpolating polynomials

pE’j ] (z,y) recursively in a Neville-Aitken style, as we will now see.

Theorem 5.2.3 For k£ > 0 and 4,5 > 0,

i+j+k+1—2—y
Pz, y) = ( P >pgj](w,y)
T =19\ [i41j] Y—7\ [li+1]
+(k+1>pk (z,y) + <k+1>pk (z,y). (5.45)

Proof. From its definition above, each p([)i ] (z,y) interpolates f(z,y) at the

point (7,7). We now use induction. Let us assume that for some k > 0

and all 7 and 7, the polynomial pg’ﬂ (x,y) interpolates f(z,y) on the set

S,[f’j]. Then we see that if all three polynomials pg’j] (x,y), pgﬂ’j] (z,y),
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and pg"jﬂ] (z,y) on the right of (5.45) have the same value C' for some
choice of z and y, then the right side of (5.45) has the value

B R R e R ) e

and thus pg_ﬂ (z,y) = C. Next we observe that these three polynomials all
interpolate f(z,y) on all points (i + r,j + s) for which » > 0, s > 0, and
r+s < k+1, and so pgjﬂ(m, y) also interpolates f(z,y) on all these points.

We further show from (5.45) that pg_i]l (z,y) interpolates f(z,y) also on the
three “lines” of points, these being subsets of the set S,[jﬂ corresponding
to taking r =0, s =0, and r + s = k+ 1 in turn. This completes the proof
by induction. |

Further references on bivariate interpolation may be found in Stancu [52].

Problem 5.2.1 Show that

1 o Yo 1 0 ZTo 1 0 Yo
A= 1 1 Yo = 1 0 Iy 1 0 Y1
1 = Y1 0 1 x 0 1 0

and hence verify that det A = (z1 — 20)(y1 — ¥o)-

Problem 5.2.2 Let A denote the 10 x 10 matrix concerned with the con-
struction of the interpolating polynomial in x and y of total degree 3 on
the 10 abscissas defined by

('Tiayj)v Z7.] 207 7’+.7 S 3)

where the z; are distinct and the y; are distinct, and the points (z;, y;) are
taken in the order specified in the proof of Theorem 5.2.1. By following the
argument that we used in Example 5.2.1, show that

det A = 01/1(55079017352,353) 1b(y(hyl?yQayS)?

where C' is a nonzero constant and

) (wo, w1, w2, w5) = [ [ (s — )" "
i>j
Deduce that this interpolation problem has a unique solution.

Problem 5.2.3 Generalize the result in Problem 5.2.2 from 3 to n, as
follows. Let A,, denote the 1(n+1)(n+2) x 3(n+1)(n+2) matrix defined
in the proof of Theorem 5.2.1, and let

’L/)(l‘o, - ,xn) = H(-Tz _ Ij)n+1—i_

i>7
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Verify that ¢ (o, ...,,) is a polynomial of degree tn(n + 1)(n + 2), and
that det A,, is a polynomial of degree 3n(n + 1)(n + 2), and deduce that

det A, = C (a0, Zn) Y (Yos -+, Yn)s

where C' is a nonzero constant.

Problem 5.2.4 Verify (5.29), and show also that

f(z,y) = [zo] [yo] f + (x — @0) [, 0] [y] f + (¥ — yo) [zo] [y, vo] -

Problem 5.2.5 Extend the result in the last problem from two to three
variables, showing that

f(@,y,2) = [zo] [yo] [z0] [ + (z — 20) [z, 0] [y] [2]
+ (¥ = vo) [zo] [y, ol [2] f + (2 — 20) [o] [yo] [z 20] f-
Problem 5.2.6 Let S denote the set of points in R? defined by

S:{(xzayjazk)|Zaj7k2032+j+k§n}v

where the x; are distinct, the y; are distinct, and the z; are distinct, and
let pn(z,y, z) denote a polynomial that interpolates a given function f on
the set S. Using the result in the last problem, determine p,(x,y, z) when
n =0 and n = 1. Also determine p,(z,y, z) when n = 2.

5.3 Integration on the Triangle

We now discuss integration rules over the triangle. If we integrate the inter-
polating polynomial p,(x,y), defined by (5.43), over the triangle T, with
vertices (0,0), (n,0), and (0,n), we obtain an integration rule

Zw £, 7), (5.46)

where the summation is over all nonnegative integers ¢ and j such that
t+j < n. Thus the weight w! j) is obtained by integrating the fundamental
polynomial L, ;(x,y), defined in (5.42), over the triangle T,,, and we see

that
w; /o (/o Lii(z,y) dz) dy. (5.47)

We say that R, is an interpolatory integration rule on the triangle 7.
From the uniqueness of the interpolating polynomial it follows that when
f(z,y) is a polynomial of total degree at most n in  and y,

min= [ ([ rwaa)an
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We say that the rule is ezact for such functions. In particular, we have

Ru(a"y?) = /0 ! ( /O Y :ﬂysczx> dy (5.48)

for r,s > 0 and r 4+ s < n. On evaluating the inner integral in (5.48), we

obtain
T, S 1 " s S
Ry (2"y*) = / (n—y) 1y dy,
0

r+1
and on making the substitution y = nt, we find that
nr+3+2

1
1 — ) tesde.
r+1 /0 ( )

It is then not difficult to show, using integration by parts (see Problem
5.3.1), that

Rn(l‘rys) —

r!s!

Rn T8\ — r+s+2 )
(@7 =n (r+s+2)!

(5.49)
If we now replace f(x,y) in (5.46) by 2"y*, and use (5.49), for r, s > 0 and
r 4+ s < n, we obtain a system of linear equations to determine the weights
(") . This is preferable to evaluating the weights directly by integrating
the fundamental polynomials, using (5.47). There are some symmetries in
the weights that we can use to simplify the solution of the linear equations.
For we have
w™ (n) _, (n) R (D) — ,(n) N ()
Wi =W = Wiy = Wl = Wiy = Wty (5.50)
Let us consider w( and w; ) . If we interchange 7 and j in (5.47), then
from (5.42) this is equlvalent to interchanging = and y, which leaves the

integral unchanged, since the domain of integration is symmetric in x and

y. This establishes the relation w( ") — w{". It now remains only to show

g T gt
that, say,
(n) (n)

Wij 4,n—i—=j’
and the whole chain of equalities in (5.50) will follow. From (5.47) and
(n)

1,n—i—j

= () Gty ) (7577 ) e

Let us now make the change of variables

(5.42) we can express w as the double integral

r =,
n_§_77>
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and we note that the domain of integration of the latter double integral,
the triangular region x,y > 0, z +y < n, is transformed into the triangular
region £, > 0, £ +n < n. Thus we obtain

e [ () () () o

where |J| denotes the modulus of the Jacobian,

oz 9
% or 1 0
J = det = det = 1.
dy d
% o -
On replacing |J| by unity in (5.51), we see that wi;?fifj = wEZ-).

Example 5.3.1 With n =1, we see from (5.49) with r = s = 0 and (5.46)
with f(z,y) =1 that

1
1 1 1
wé)()) + wg,g + wé’f = 3
It follows from (5.50) that all three weights are equal, and thus
1
1 1 1
w(()g = wg,& = wéf =%

With n = 2, we note from (5.50) that there are at most two distinct weights,
since

and (2) (2) (2)

Wy o= Wy = Wy -
Then, using (5.46) with f(z,y) = 1 and f(z,y) = =y, say, together with
(5.49), we obtain the equations

3w’ + 3w’ = 2,

and

For n = 3 we see from (5.50) that there are at most three distinct weights.
We have the weights at the vertices of the triangle T3,

3 3 3
)~ uff) = uf)

( .
Wo 35
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the weight wﬁ at (1,1), the centroid of the triangle T5; and the remaining

weights

3 3 3
iy =l = ) = uf

Using (5.46) with f(z,y) = 1, 22, and 23, say, together with (5.49), we
obtain the equations

3 3
— il =

s

. . 9
0l + 0 + 6l = 2,

2
9w(()?()) + wﬁ + IwaB = T
243

whose solution is

3) _ 3 3 31 §3) _ 27 -

( _
Woo = 55 W11~ 75 Wio 80

It is instructive to generalize our above account of interpolatory integra-
tion rules on the triangle. Instead of the triangle T,,, with vertices at (0, 0),
(n,0), and (0,n), let us consider any triangle T', with vertices at (z1,y1),
(x2,¥2), and (z3,y3), and area A > 0. We now write

T = T1U] + To2Uz + T3U3, (552)
Y = Y1u1 + YaU2 + Y3us, (5.53)

where
up + us +ug = 1. (554)

We call uy, ug, and ug the barycentric coordinates of the point (z,y). We
can express (5.52), (5.53), and (5.54) in the matrix form

X Ul
y | =A| u |, (5.55)
1 us
where
r1 X9 I3
A= Yi Y2 Y3 . (556)
1 1 1
Thus
) 1 m & n
= GetA | ™ & T |, (5.57)
ns —&3 T3
where

§l=mx2— @3, ML =Y2—Y3, TL=T2Yy3— T3Y2,
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and &;, 1;, and 7; are defined cyclically for ¢ = 2 and 3. It follows that

T — &Y+ T

. 1<i<3. 5.58
7T — &Y + T - ( )

Tt is easily verified that the denominator in (5.58) is independent of i and
is nonzero, since

mix; — &y + 1 = det A = £2A] (559)

for i+ = 1,2, and 3. Each of the linear functions u;(x,y) defined in (5.58)
has the value 1 at the vertex (z;,y;) and is zero at the other two vertices.
In place of S™, defined by (5.35), we have the set of interpolation points

3

3 3
Sp — {(2; /\inilii’z; > | A, A2, Az > 0, Z;)\i:n}’ (5.60)

where the \; are integers. Observe that Sp reduces to S™ when we replace
the vertices of T' with the vertices of T,,. Let us now write fy to denote the
value of f(x,y) at the point

: > N W AilYi
(z,y) = <leu17zylul> = (Z ;l,z ;Ll> ; (5.61)
i=1 i=1 i=1

= ) 1=1

Ai¥i
n

where A1, A2, and A3 are nonnegative integers such that A\; + Ay + A3 = n,
and let us define

3 Al
Ly(z,y) = H NI H (nu; — ),
i=1""" j=0

where, as usual, an empty product is taken to have the value 1. We can see
that Ly(z,y) takes the value 1 at the point (x,y) defined by (5.61) and is
zero at all the other points in the set St, defined by (5.60). Thus L (x,y) is
a fundamental polynomial for the set S7. Let us now define the polynomial

pn(l‘vy) = Zf)\L)\(-T7y)7
A

where the summation is over all the points, enumerated by A1, A9, and Az,
in the set Sp. It is clear that p,(z,y) interpolates f(z,y) on the set Sp.
We now integrate this interpolating polynomial over the triangle T', giving

[ petamdzdy = 3w = Reh). (5.62)
A

say, where the weight w) is given by

wy = / /T Ln(z,y) dz dy. (5.63)
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We see from (5.52), (5.53), and (5.54) that the Jacobian of this transfor-
mation is

Oouq Ouso Ty — T3 T2 — T3
J = det = det =detA. (5.64)
% %’2 Y1 —Ys Y2—U3

We also note that under this transformation, the set of all points (x,y) in
the triangle T corresponds to the set of points (u1,us) in the triangle 7",
say, defined by

T = {(u1,uz) | ur,ug >0, ug +uy < 1}.

It follows from (5.52), (5.53), and (5.54) that « and y are linear in u; and
ug, and so any polynomial in x and y of total degree at most n may be
expressed as a polynomial in u; and us of total degree at most n. Let us
evaluate integrals of the monomials in the variables u; and uy. We have

// u“{ugda:dyz// ufug |J| duy dug,
T ’

where the Jacobian J is given by (5.64), so that

1 1—ug
// uius de dy = QA/ </ ujusg du1> dus.
T 0 \Jo

Thus, following the method used in evaluating R, (z"y*) in (5.49), we obtain

rls!
// ujud dx dy = 20 ——————. (5.65)
T (7' .

To determine the weights wy for the interpolatory integration rule over the
triangle T', we follow the method used earlier to find the weights for the
rule over the triangle T;,. We therefore set up and solve a system of linear
equations, where each equation is of the form

S wsfy = Re(f), (5.66)
A
and f is chosen as each of the monomials uju3 in turn, so that
rls!
Rr(uju3) = 2A Grsrl (5.67)

It follows from (5.66) and (5.67) that, apart from a multiplicative constant
that depends on the area of the triangle, the weights wy for these interpo-
latory rules on Sy, with n fixed, are otherwise independent of the triangle.
Let us suppose we have a set of numbers w) that have been obtained by
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n=1 n=2 n=3
1 0 4
1 1 1 1 9 9
0 1 0 9 54 9
4 9 9 4
n=4 n=>5
0 11
4 4 25 25
-1 8 -1 25 200 25
4 8 8 4 25 25 25 25
0 4 -1 4 0 25 200 25 200 25

11 25 25 25 25 11

TABLE 5.2. Relative weights for interpolatory integration rules of order n on the
triangle, for 1 < n < 5.

multiplying all the weights w) by some positive constant. We call the num-
bers w) a set of relative weights. An interpolatory integration rule of order
n interpolates all polynomials of total degree n or less exactly, and so, in
particular, integrates the constant function 1 exactly. Thus we see from

(5.66) and (5.67) that
Z Wy = A7
A

and it follows from this last equation that if w) are a set of relative weights,
the true weights are given by

A /

EDNTA S
where the summation is over all the points, enumerated by A1, Ao, and Ag,
in the set Sp. It is clear that the weights w) are rational numbers, since
they are derived from a system of linear equations with rational coefficients.
It is convenient to produce relative weights from these, consisting of a set
of integers with no common factor. Relative weights for interpolatory rules
on all triangular sets defined by (5.60), for 1 < n < 5, are given in Table
5.2. The weights for the cases n = 1, 2, and 3 were derived in Example
5.3.1, and those for n = 4 and 5 may be obtained similarly.

Many other integration rules for the triangle and the general simplex are
given in Stroud [53].

WX

Problem 5.3.1 Let L
I = / (1 —¢t)"t%dt.
0
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Use integration by parts to show that

r
Ir,s = mIr—l,s+1a
and deduce that
r!s!
Irs - 7\
’ (r+s+1)!

5.4 Interpolation on the ¢-Integers

Consider the following set of points, illustrated in Figure 5.4 for the case
where n = 4, defined in terms of g-integers (see Section 1.5) by

Sg = A, [411); 14,5 >0, i +j < n}, (5.68)
where, with ¢ > 0,
[]=14+q+¢+--+¢ ' and [j=1+q¢ ' +q¢ %+ +q 71,

for i,57 > 0, and where [0] = [0 = 0. When ¢ = 1 we have [i] = i and
[j]]" = j, and the grid S reduces to the simple triangular grid S™ defined
in (5.35). The grid S has the property, shared with the grid S™, that it
is created by points of intersection of three systems of straight lines. As
we saw in Figure 5.2, the set of points in S™ consists of three systems of
parallel lines, one parallel to each axis and the third parallel to z4+y—n = 0.
The new set of points Sy is created by points of intersection of the three
systems

xr—[k]=0, 0<k<n-1,
y—[k]’zO, OSkSn—l,
s+q"y—[k+1=0, 0<k<n-—1 (5.69)

Note that the straight line with equation =+ ¢*y — [k + 1] = 0 connects the
two points ([k 4+ 1],0) and (0, [k + 1]’, and contains all points of the form
(i, [k+1=1]), 0<i<Ek+1.

We define a pencil of lines as a set of lines that are all parallel, or all pass
through a common point, which is called the vertex of the pencil. In the
case where the lines are all parallel, we can think of the vertex as being at
infinity, in the direction of the set of parallel lines. Thus, in (5.69) we have
three pencils of lines. The first two pencils are systems of lines parallel to
the axes. The third system is obviously not a parallel system except when
g = 1. On substituting the values x = 1/(1 — ¢) and y = —¢/(1 — ¢q) into
(5.69), with ¢ # 1, we can see that every line in the third system passes
through the vertex (1/(1 — q),—q/(1 — q)). Thus the z-coordinate of this
vertex is negative for ¢ > 1, as in Figure 5.4. We can say that this grid is
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FIGURE 5.4. A triangular interpolation grid based on g-integers.

created by two pencils of lines with vertices at infinity, and a third pencil
of lines that meet at a finite vertex. We can now write down the Lagrange
form of an interpolating polynomial for a function f(z,y) on this triangular
grid, as we did for the special case of ¢ = 1. The fundamental polynomial
for the point ([i],[j]’) in this new grid is given by

Li,j (LE, y) = Q45 (Iv y) b’L,] (Ia y) Ci,j (I, y)? (570)

where

outoon =TT (F=50) voteon =TT (3255)

s=0 s=0

T z+¢y — 3]
cilwy) = ]I ([i]+qs‘1[j]’—[8}>’

s=itj+1

and, as usual, an empty product denotes 1. With ¢ = 1, this reduces to
the expression (5.42) for the fundamental polynomial corresponding to the
point (4, 7).

The mesh 57 and its special case S™ illustrate the following result due
to Chung and Yao [8].

Theorem 5.4.1 Let S denote a set of points in Euclidean space R?, and
suppose that to each point p; € S, there corresponds a set of n lines I; 1,
li2,...,lin, such that p € S lies in the union of l; 1, l; 2, ..., l; », if and only
if p # p;. Then there is a unique polynomial of the form

n k
DPn (.T, y) = Z Z Cr,kfrxryk_r

k=0 r=0

that interpolates a given function f(z,y) on the set S. |
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Later in this section we will give other meshes that fulfil the conditions of
this theorem. We continue by giving a Neville-Aitken algorithm for evaluat-
ing the interpolating polynomial for f(z,y) on the set of points S;' defined
in terms of g-integers in (5.68). This generalizes the algorithm given in The-
orem 5.2.3 for computing the interpolating polynomial for f(z,y) on the
set S™, which is the special case of S with ¢ = 1. Let us define pE:’J] (z,9)
as the interpolating polynomial for f(x,y) on the triangular set of points

S =i+l b+ s s 20,045 <k} (5.71)

These interpolating polynomials can be computed recursively, as stated in
the following theorem.
Theorem 5.4.2 For k£ > 0 and 4,5 > 0,

ij (Ltitj+kl—z—g"rhy) 4
P (wy) = ITES] P, y)

( =1[i) fi+19

Tk =) s, )
qilk+1 e

itk

Proof. The recurrence relation reduces to (5.45) when we put ¢ = 1, and
is justified in the same way as the special case in Theorem 5.2.3. |

Recall the grid of points

defined in (5.21), where the x; are distinct, and the y; are distinct. We
showed in Theorem 5.2.1 that there is a unique polynomial of total degree
n in z and y that interpolates a given function f(z,y) on the set SR,
and in (5.33) showed that this polynomial can be expressed in the divided
difference form

n m

pa(ey) = 3 m@) k@)l anllon o yilf (5.72)

m=0 k=0
where the polynomials 7, are defined in (1.11). If in (5.72) we now let

L 1-q ‘ 1—q77
x; = [i] = . and y; = [j]’

for some choice of ¢ > 0, and write = [u] and y = [v]’, we can write the
polynomial p,(x,y) in (5.72) in the form

p =S S [E]] 0 ] st 6m)
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where A, and A, are g-difference operators with respect to ¢ and ¢ *,
respectively, and the two factors that multiply the differences are g-binomial
coefficients, involving ¢ and ¢!, respectively, as defined in (1.116). We can
justify (5.73) in the same way as we verified (5.36), the special case of (5.73)
when ¢ = 1.

Note that the points of the grid Sy, defined by (5.68), all lie on the
triangle whose vertices are the three grid points (0,0), ([n],0), and (0, [n]’).
Let us scale the grid Sy, dividing the z-coordinates by [n] and the y-
coordinates by [n]’, to give a grid of points lying in the “unit” triangle,
with vertices (0,0), (1,0), and (0,1). Since

W _ 1o
n) 1—g [n]
the scaled grid is the set of points

which is more conveniently described as the set of points
(M,l—[ﬂ), 0<i<j<n. (5.74)
[n] [n]

We saw that Sj' has a finite vertex (1/(1—q), —q/(1—¢q)), the point where
the n lines defined by (5.69) intersect. After scaling, this point becomes
(1/(1—q™),—q"™/(1—q")), the finite vertex for the mesh defined by (5.74).
As ¢ — 1, this vertex tends to infinity along the line x + y = 1, and its
pencil is a system of lines parallel to x + y = 1. This limiting form of
the grid defined by (5.74) is just a scaled version of S™, defined in (5.35).
The grid S7 or, equivalently, its scaled version given by (5.74), belongs
to a family of grids based on g¢-integers derived by Lee and Phillips [32].
This family also contains grids created by one pencil of parallel lines and
two pencils with finite vertices, and grids created by three pencils each of
which has a finite vertex. All of these may be derived by a geometrical
construction that relies on Pappus’s theorem, which we state and prove
below. We begin by defining homogeneous coordinates, in which we use
a triple of numbers (x,y, z), not all zero, to denote a point. If A # 0,
then (z,y,2) and (A\z, Ay, Az) denote the same point, and if z # 0, the
point (x,y,z) coincides with the point (x/z,y/2) in R?, two-dimensional
Euclidean space. The straight line denoted by axz + by + ¢ = 0 in R? is
written in the form ax + by + cz = 0 in homogeneous coordinates. The
three rather special points (1,0,0), (0,1,0), and (0,0, 1) are denoted by X,
Y, and Z, respectively. We refer to XY Z as the triangle of reference. We
can see that the line Y 7 is given by

det

o o8

o=

— o wn
Il
o
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or x = 0, since the determinant is zero (two rows equal) when we replace
the coordinates (x,y,z) by those of Y or Z. Similarly, ZX and XY have
the equations y = 0 and z = 0, respectively. We note also that any straight
line through X has an equation of the form by + cz = 0, and any point on
Y Z can be expressed in the form (0,y, 21).

There is another “special” point, (1,1, 1), called the unit point. Its use-
fulness lies in the simplifications that we gain from the following property:
We can find a coordinate system in which any point not on a side of the
triangle of reference XY Z has coordinates (1,1, 1). To justify this, suppose
that in a given coordinate system, a point U has coordinates («, 3, ), and
that U does not lie on a side of triangle XY Z. This implies that the three
coordinates «, 3, and ~y are all nonzero. We now carry out a transformation
that maps (z,vy, z) to (2/,y', 2"), where

¥ =zxla, Yy =y/B, =z

Thus, in the new coordinate system, U has the coordinates of the unit
point (1,1,1), and because of the property that (z,y,2) and (Az, Ay, A\z)
denote the same point when A is nonzero, the triangle of reference XY Z
is unchanged by this simple transformation. Under the more general trans-

formation
& x
nl{=Aly|, (5.75)
¢ z

the special points X, Y, and Z, represented by column vectors, are mapped
to the points, say, X', Y’, and Z’, represented by the columns of the matrix
A. The points X', Y’, and Z’ will be collinear if and only if the columns of
A are linearly dependent, that is, if and only if the matrix A is singular.
Likewise, beginning with any three noncollinear points X’, Y’, and Z’, we
can construct a (nonsingular) matrix A whose columns are obtained from
their coordinates. Then the matrix A~ will map X', Y’, and Z’ to the
special points X, Y, and Z, respectively. It is easy to see that under such
nonsingular transformations, straight lines are mapped to straight lines.
We will now state and prove Pappus’s theorem.

Theorem 5.4.3 Let Ay, Ao, Az, By, Bs, and Bs be six distinct points
lying in a plane, where Ay, Ay, and Ag lie on a straight line I, and By,
B, and Bs lie on a straight line [5. We now construct the points C;, Cs,
and Cj3, as follows:

(1 is the point where As Bz and A3 Bs intersect;
Cy is the point where A3B; and A;Bjs intersect;
Cj5 is the point where A;Bs and As By intersect.

Then the points C7, Cs, and Cj lie on a straight line /. See Figure 5.5.
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A As

Ay

B3

FIGURE 5.5. Pappus’s theorem: The points C1,C2, and Cs are collinear.

Proof. Before commencing the proof note that, having defined the point C
above, we obtain the definitions of Cs and C5 by permuting the subscripts
1, 2, and 3 cyclically. We remark also that this geometrical construction
is fully symmetric in the A;, B;, and C;. For not only do the A; and B;
determine the Cj, but the B; and C; determine the A;, and the C; and
Aj determine the B;. For example, having constructed the points Ci, Co,
and Cj3, suppose we were to remove the points A;, Ay, and Az from our
diagram. Then we could restore them by defining A; as the point where
ByC3 and B3Cjy intersect, and defining Ay and Ag similarly. The following
proof is based on that of Maxwell [37]. Let I4 and lp intersect at P. We
need to allow the possibility that [4 and [g are parallel, because Pappus’s
theorem holds whether they are parallel or not. If [4 and lg are parallel,
we can represent them by the equations

ax +by +cz =0,
ar +by +cz=0,

where ¢ # /. In this case we can take the point P as (—b, a,0), since the
coordinates of P satisfy the equations of both lines. Let () denote any other
point on Iz, and let R denote any other point on [4. We then apply the
unique linear transformation that maps P, @, and R onto X, Y, and Z,
respectively. In this coordinate system, [ 4 becomes X Z. Thus any point on
the line {4 may be expressed in the form («,0,1), and we recover the point
Z on putting « = 0. If we multiply by 1/«, the point with homogeneous
coordinates («, 0, 1) is the same as (1,0,1/a), and we recover X on letting
a — 00. Any point on the line Iz may be expressed in the form (3, 1,0),
and we recover Y on putting 8 = 0, and X by dividing throughout by
and then letting 8 — co. We may therefore write

Ai = (Oéi,o, 1)7 Bl = (ﬁi7170)a 1= 15273'
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We can now determine the coordinates of the C;. The line A B3 has the
equation x — B3y — asz = 0, and on interchanging the subscripts 2 and 3,
we see that the equation of the line A3Bs is x — By — azz = 0. We then
find the point of intersection of these two lines,

C1 = (2fl2 — a3, g — i3, B2 — [33).

By permuting the subscripts 1, 2, and 3 in cyclic order, we see that the
points Cs and Cj are

Co = (a3f3 — a1 fr, 3 — g, B3 — 1),
Cs = (11 — aafla, 1 — a2, 1 — [32).
Now consider any three points x;,y;, 2, ¢ = 1,2,3. These will lie on a

straight line ax + by + cz = 0 if and only if there exist a, b, and ¢, not all
zero, such that

T Y1 21 a 0
) Y2 z9 b = O 5
T3 Y3 23 c 0

and there exist such numbers a, b, and c if and only if the above matrix
is singular. The corresponding matrix formed from the coordinates of Cf,
C5, and (3 is

aofle —a3fB3 ax—ag B2 — B3
agfs —a1fi ag—oay Ps— B
alﬁl - 0¢252 Q] — Q2 51 - ﬁQ

The rows of this matrix are evidently linearly dependent, since their sum
is the zero row vector. Thus the matrix is singular, and the points Cy, Cs,
and C5 indeed lie on a straight line. This completes the proof. |

We now derive the three-pencil mesh obtained by Lee and Phillips [32].
It is convenient to use X, Y, and Z to denote the vertices of these pencils.
Each point P of the mesh lies on three lines, say, l;}, 157 and lg, where
l§ is a member of a pencil of lines that has X as its vertex. Similarly, we
write [ and [ to denote members of pencils of lines that have Y and Z,
respectively, as their vertices. The mesh is generated by constructing one
line in each of the three pencils at a time, as we now describe.

To construct the first line in each pencil, we draw arbitrary lines lg;)

through X, and l(Zl) through Z that are not sides of the triangle of reference.
These intersect at an arbitrary point that is not on a side of triangle XY Z.
Thus, without loss of generality, we can take this to be the unit point
U =(1,1,1), as we justified above. Since lg) joins X and U, it has equation

det =0,

=X
—_ o<
— O W
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U(1,1,1)

Y (0,1,0)

X (1,0,0) Z(0,0,1)

FIGURE 5.6. The first stage in constructing the three-pencil mesh.

which is y = z, and similarly, Z(Zl)7 which joins Z and U, has equation z = y.
We now draw an arbitrary line lg/l ) through Y that does not pass through
X, Z, or U. This must be of the form x = gz, where ¢ # 0 or 1. (If ¢ =0,

the line would pass through Z, and if ¢ = 1, it would pass through U.)
The lines lgg) and l(y} ) intersect where y = z and x = ¢z, which gives the
point (g,1,1). Likewise, lg,l) and l(Zl) intersect where x = gz and = = v,

which gives the point (g, ¢, 1). At this stage we have the lines lgg), lg/l), and

l(Zl), and the first three points of the mesh, (1,1,1), (¢,1,1), and (g, ¢, 1),
as depicted in Figure 5.6.
Next we construct the second lines of the X, Y, and Z pencils. We denote

the line joining X and the mesh point (¢, ¢,1) by lg?), with equation

det =0,

Q=8
K o
= O W

which is y = qz. The line Z(Z2) is defined as that joining Z and the mesh
point (g, 1, 1), which has equation z = qy. We continue by finding the point

where lg?) and Z(ZQ) intersect, which is where
y=gqz and x=qy.

This gives our fourth mesh point, (¢2, g, 1). We choose the line joining this
latest point (¢,¢,1) to Y as lg,z), and find that it has equation x = ¢%?z. We
then find the fifth and sixth mesh points, where l§,2 ) intersects lg;) and Z(Zl).
These are (¢2,1,1) and (g%, ¢%,1), respectively. This completes the second
stage of the construction of the three-pencil mesh, giving Figure 5.7.

It is worthwhile to pause and review the construction we have carried
out so far, and to realize that it is more general than the emerging pattern
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U(1,1,1)

Y (0,1,0)
(¢*,¢*1)

X (1,0,0) Z(0,0,1)

FIGURE 5.7. The second stage in constructing the three-pencil mesh.

in the coordinates might lead us to suppose. We began with essentially any
lines lg), l§,1), and l(Zl), through X, Y, and Z, respectively. However, the
second set of lines, lg?), lg,z ), and l(ZQ), is then completely determined, as are
all the remaining lines, whose construction we now describe.

We continue to criss-cross, as we did above in creating the fourth mesh

point, with coordinates (¢2,q,1). Let lg?) be the line joining X and the

mesh point (¢2,¢?, 1), and let l?) be the line joining Z and the mesh point
(¢%,1,1). Further, let Cy denote the point of intersection of lg?) and Z(ZQ),
and let C'5 denote the point of intersection of ZS’) and lg?). Let us, for the
present, relabel Y as C7. This is the moment of truth: We find that Cf,

(5, and C3 are collinear! The reader will not be surprised that this is a
consequence of Pappus’s theorem. For if we choose

Al = (LO,O)v A2 = (q23 171)7 A3 = (qa 1;
B, = (0707 1)1 By = (q7Qa 1)7 B3 = (qz,q

and apply the Pappus construction, we obtain the collinear points Y = Cf,
and (s, Cs, as defined above. We find that lg?) has equation y = ¢z, and it

)

intersects with l(Z2 , whose equation is x = qy, at the point Cy = (¢3,¢%,1).

Similarly, we find that l(ZS) has equation z = ¢?y and that C3 = (¢3,¢,1).
The algebraic power of the homogeneous coordinates makes it obvious that

Cl =Y = (07 ]-70)a CZ = (q37q27 ]-)7 and CS = (q37Qa ]-)

lie on the straight line with equation z = ¢z, which we denote by lg’).
We complete this third stage of our construction by finding also the points
(¢3,1,1) and (¢3,¢3, 1), where lg}o’) intersects lg) and l(Zl), respectively. Thus,
at this third stage, we have constructed three new lines, lg?), lg’), and l(Z?’),
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X Z

FIGURE 5.8. The third stage in constructing the three-pencil mesh.

and four new mesh points,

>, 1,1), (*,¢.1), (*.¢*1), (&,¢%0).

After k stages, suppose we have the three pencils of lines

lg? with equation y=¢""l2, 1<i<k,

lg/i) with equation 2z = ¢z, 1<i <k,
Zg) with equation = =¢""1'y, 1<i<k,
with vertices X, Y, and Z, respectively, and the §(k+1)(k+2) mesh points
(q",qj,l)7 for 0<j<i<k.

At the (k + 1)th stage, we define ZE?H) as the line that joins X and
(¢*,¢", 1), and thus has equation y = ¢*z. Similarly, we define lgﬂ'l) as the
line joining Z and (¢*, 1, 1), that has equation = = ¢*y. We then find the
point, a “new” Cy, where the lines lgécﬂ) and l(Zz) intersect, and a “new”
C3, where lgﬁl) and lg?) intersect. We find that Cy = (¢**1,¢*,1) and
Cs = (¢"*1,1,1). The points Cy, C3, and C; = Y are collinear, lying on

the line z = ¢**'z, which we denote by lng). We obtain further mesh
points by finding all the points where this new line lg/k 1 intersects lg?,

1<i<k+1, and lg), 1 <i < k+1. This yields two sets, each with k& + 1
points,

("¢ 1),1<i<k+1, and (¢",¢" 1), 1<i<k+1.
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We see that the two sets have k points in common, and at stage k + 1, we
have added the k£ 4 2 mesh points

(@"*q' 1), 0<i<k+1,
and three lines, l(kH) l(kH) and lgﬁ_l). Thus, by induction, our above
assumption about the mesh points and lines at stage k is justified. Figure
5.8 shows the three-pencil mesh after the third stage of its construction.

If we terminate the construction of the three-pencil mesh after the nth

stage, the mesh consists of the (n + 1)(n + 2) points

(¢,¢’,1), for 0<j<i<n. (5.76)

These are contained within the triangle UVW, say, where U is the unit
point (1,1,1), V = (¢",1,1), and W = (¢", ¢", 1). We have constructed n
lines in each of the three pencils, and every mesh point except U, V, and
W lies on one line of each pencil. If we add one further line to each pencil,
to give the three pencils

r=q¢y, y=qz x=q¢z 0<i<n, (5.77)
then every mesh point will lie on one line of each pencil. Now recall how
we constructed fundamental polynomials for points in the set

" =A{(,4) 14,7 =20, i+j<n}

which we introduced in (5.35). We found the fundamental polynomial for
the point (7, ) by considering all lines in the three-pencil mesh associated
with S™ that lie between (¢, 7) and the sides of the triangle containing the
mesh points. We can adapt this process to find the fundamental polynomial
for the point (¢°,¢%,1) in the mesh contained in the triangle UVW. We
begin by writing down the product of the linear forms of all lines of the
form lg?), lg), and l(ZT) lying between (¢*, ¢, 1) and the sides of the triangle
UVW. This gives

jfl n J
Aij(z,y,2) = [[w—q"2) [[ (@—d"2) H z—q"y),
r=0 r=i+1 r=0

a homogeneous polynomial in z, y, and 2 that is zero at all %(n +1)(n+2)
points of the three-pencil mesh except at (¢*, ¢?,1). Thus, if we write

Li,j(l‘,y, Z) = A’i7j(m7y7 Z)/Ai,j(qia qja 1)7

the homogeneous polynomial

Zz.f(qi7 qj7 1)Li7j($7y’ Z)

i=0 j=0
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interpolates f at all points of the mesh.

Now that we have a three-pencil mesh on the triangle UVW  we can
apply a linear transformation to it. Let A denote the transformation that
maps U to (0,0,a), V to (b,0,b), and W to (0,¢,c), where a, b, and ¢
are all positive. The images of U, V, and W under this transformation
correspond to the points (0,0), (1,0), and (0,1) in the Euclidean space R.
Then, representing these points by column vectors, we have (see (5.75))

n n

0 b 0 1 q¢" ¢q
00 c|=A]1 1 ¢ |, (5.78)
a b c 1 1 1
and since
1 q¢" ¢" -t 1 1 0 —q"
1 1 q" =1 — | -1 1 0 (5.79)
1 1 1 -4 0 -1 1

if the positive number ¢ is not equal to 1, we find that

—b b 0
A= T 0 —c c . (5.80)
—4 a—b b—c c—q"a

Under this transformation, the point (¢%,¢’,1), with 0 < j < i < n, is
mapped onto the point (x; j,; ;, 2i,;), Where

[i — 4]

255 = by’ ===, (5.81)
’ [n]
]
ij — €T 7 5.82
Yid = (5.82)
Zij = Tij + Y+ aqiu. (5.83)
]
If we write
13 x
n|{=Aly|, (5.84)
¢ z
where A is given in (5.80), then
T £
y |=A"" ]|, (5.85)
z ¢
and we find that
S B
A7l = bl—a™t gct—at a7t |. (5.86)
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Then, under the transformation A, we see from (5.85) that the lines
r=qy, y=4qz =g~
become
r=q'r2, r2=q'rs, T1=qT3
respectively, where r; = aj_llﬁ + aj_2177 + aj_31C , and aj_kl denotes the (j, k)th
element of A", If 2; ; # 0, the point whose homogeneous coordinates are
given by (5.81), (5.82), and(5.83) corresponds to the point

Py = (%i,j/%,j:Yi,5/%i5) (5.87)

in the Euclidean space R2.

We also see from (5.84) that the vertices X, Y, and Z are mapped onto
the points whose homogeneous coordinates are given by the columns of the
transformation matrix A, and if a # b, b # ¢, and ¢ # ¢"a, these correspond
to the points

-b b —c c
(a_bm)), (b_c,b_c>, (o,c_qna>, (5.88)

respectively, in R2. Let us now write

a b c
B = Y=

b—a’ c—b’ qra—c’

(5.89)

Then, from (5.88), the vertices of the three pencils may be expressed in the
form

(14,0, (=8,1+06), (0,—). (5.90)

(1 + ;) (1 + ;) <1 + i) >0, (5.91)

we see from (5.89) that

If afvy # 0 and

—=14—-, -=1+4-, (5.92)

(D oo

Thus any nonzero values of «, 3, and ~ that satisfy the inequality(5.91)
determine unique positions of the three vertices, a unique value of ¢ > 0,
unique values of the ratios b/a and ¢/b, and hence a unique three-pencil
mesh, determined by equations (5.81) to (5.87).

and
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Example 5.4.1 Let us consider the special case where a = b =c # 0. It
is easily verified that the points P; j, whose homogeneous coordinates are
defined by equations (5.81) to (5.83), correspond to points in R? given by

Pij= (qj i [;L]j] ; [[iLD , 0<j<i<n (5.94)

We note from (5.89) that when we put a = b = ¢ # 0, we have o — 00
and 3 — £o00. Then we see from (5.90) that the vertex (1 + «,0) tends to
infinity along the z-axis, and the vertex (—3, 1+ ) tends to infinity in the
direction of the line x4y = 1. Also, since v = —1/(1—¢"), where ¢ > 0, we
see from (5.90) that the third vertex, (0,1/(1 — ¢™)), is finite unless ¢ = 1,
when v — 00 and the vertex (0, —7) tends to infinity along the y-axis.

The set of points defined by (5.94) all lie in the standard triangle with
vertices (0,0), (1,0), and (0,1). If we carry out the linear transformation
that maps the point (z,y) to (y, 1 —x —y), the triangle with vertices (0, 0),
(1,0), and (0,1) is mapped onto itself, and the grid of points given in (5.94)
is mapped to that defined by

(1 i
P ([n]’l [m)’ 0<j<i<n (5.95)

This is the mesh we have already encountered in (5.74), which is just a
scaled version of the mesh Sy, defined in (5.68). As we saw, the three-pencil
mesh defined by (5.74) has one pencil parallel to the z-axis, one parallel to
the y-axis, and a third pencil with vertex (1/(1 —¢™), —¢"/(1 —¢™)). On
putting ¢ = 1, we have the mesh consisting of the points
Pij= (W) 20, i+j<n,
n'n

a scaled version of the mesh S™ given in (5.35), which consists of three
pencils of parallel lines. |

Example 5.4.2 If we choose a = b # 0, b # ¢, and ¢ # ¢"a, the vertex
(1 4+ «,0) is sent off to infinity and the corresponding pencil of lines is
parallel to the z-axis. The other two vertices are finite, since 3 and  are
finite. In particular, let us choose § = i and v = %, and let n = 4. It then
follows from (5.92) and (5.93) that a = b = 1, ¢ = 5, and ¢* = 20. The
resulting mesh is illustrated in Figure 5.9. The two finite vertices are at
(—=%,2) and (0,-3). [ ]

Example 5.4.3 To obtain a three-pencil mesh with all three vertices fi-
nite, we need only choose finite values of «, (3, and 7. Let us choose

a=p=~= % in (5.90), and let n = 4. This determines the ratios
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0.1

FIGURE 5.9. A three-pencil mesh with two finite vertices.

b/a and c¢/b. Without loss of generality we may choose a = 1, and it fol-
lows from (5.92) that b = 4 and ¢ = 16. Also, we obtain from (5.93) that
qg=2v2. To display the full symmetry of this mesh, let us map the point
(z,y) to (z + 1y, Q\fy) so that the standard right-angled triangle with
vertices (0,0), ( 0), and (0,1) is mapped to the equilateral triangle with
vertices U’ = (0,0)7 V' =(1,0), and W’ = (4, 3V/3). See Figure 5.10. The
points U’, V', and W' correspond to the points U = (1,1,1), V = (¢", 1, 1),
and W = (¢",q", 1), respectively, in the original mesh of points given in
homogeneous coordinates by (5.76). The vertices X', Y’, and Z' in Figure
5.10 correspond, respectively, to the vertices X = (1,0,0), Y = (0,1,0),
and Z = (0,0,1) of the original mesh. |

It is not difficult to generalize the above account of three-pencil meshes
from R? to R?, for any integer d > 2. For notational simplicity, we will
discuss the extension to R? only, and the extension of these ideas for d > 3
is obvious. Again, it is convenient to work in homogeneous coordinates. We
use a quadruple of numbers (z, y, z,t), not all zero, to denote a point. If A #
0, then (z,y, z,t) and (Az, Ay, Az, A\t) denote the same point, and if ¢ # 0,
the point (z,y, z,t) coincides with the point (z/t,y/t, z/t) in the Euclidean
space R3. The plane denoted by azx + by +cz+d = 0 in R? is written in the
form ax + by 4+ cz + dt = 0 in homogeneous coordinates. The four special
points (1,0,0,0), (0,1,0,0), (0,0,1,0), and (0,0,0,1) are denoted by X, Y,
Z, and T, respectively. We refer to XY ZT as the tetrahedron of reference.
(In higher dimensions, the generalizations of the plane and the tetrahedron
are called the hyperplane and the simplex, respectively.) We also have the
unit point, U = (1,1, 1,1).
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Y/

.

U X'

7

FIGURE 5.10. A symmetric three-pencil mesh with three finite vertices.

We can see that the plane Y ZT is given by

z y z t
01 00

det 00 1 0 =0,
0 0 01

or z = 0, since the determinant is zero when we replace the coordinates
(z,y,2,t) by those of Y, Z, or T. Similarly, ZT X, TXY, and XY Z have
equations y = 0, z = 0, and ¢t = 0, respectively. Note also that any plane
through X has an equation of the form by + cz + dt = 0, and any point
on ZT can be expressed in the form (0,0, 21,t1). We can always find a
coordinate system in which any point not on a face of the tetrahedron of
reference XY ZT has the coordinates (1,1,1,1) of the unit point. This is
proved in the same way as we verified the analogous result concerning the
unit point (1, 1,1) with three homogeneous coordinates.
We define a mesh of points

(¢.¢’,q" 1), 0<k<j<i<n, (5.96)
and the four pencils of planes
v=qy, y=4q'z z=qt wz=4g't 0<i<n, (5.97)

which have common lines ZT, TX, XY, and Y Z, respectively. Then, cor-
responding to (5.78), we have

0 b 00 1 ¢" q° q"

0 0 ¢ 0] _ 1 1 q¢° ¢

0 00 d]| A 1 1 1 g™ |’ (5.98)
a b c d 1 1 1 1
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where a, b, ¢, and d are all positive. If ¢ # 1, we find that

-1 n

L q¢" ¢ q¢" 10 0 —¢
1 1 q° ¢° 1 -1 1 0 0
1 1 1 4" S 1—gqn 0 -1 1 0 ’ (5.99)
1 1 1 0 0o -1 1
and thus the transformation matrix A is given by
—b b 0 0
1 0 —c c 0
A=— , 5.100
1—¢gn 0 0 —d d ( )
a—b b—c c—d d—q"a
and its inverse is
qnb—l _ a—l an_l _ a—l qnd—l _ a—l a—l
B b—l _ (1_1 nc—l _ a—l nd—l _ a—l a—l
ATl = p—1 _ g1 qc—l —a ! an—l —al ot |- (5~101)
bl —a! cl—at dl'—at a7t

It should be clear from (5.100) and (5.101) how to write down the coun-
terparts of A and A~! in higher dimensions.
Let us introduce new variables &, n, ¢, and 7, defined by

¢ x
Z =A Z“Z’ (5.102)
T t
Then, under the transformation A, the planes
r=qy, y=q'z, z=q't, z=q't
become
ro=q'ry, To=q'r3, r3=q'ry, 11 =q'rs, (5.103)

respectively, where r; = aj_llf + aj_2177 + aj_31§ + aj_417, and aj_kl denotes the
(4, k)th element of A~

Let us write

a b c B d
—c qra—d’

(5.104)

Then, from (5.100), the vertices of the tetrahedron of reference, X, Y,
Z, T, are mapped to points X', Y’ Z’, and T’, say, whose homogeneous
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coordinates are given by the columns of the matrix A in (5.100). Thus their
coordinates in R? are
X/:(1+a7070)7 Y,:(_ﬁ71+670)7
(5.105)
ZI: (07_771—’_7)7 TI:(anv_a)

If aBvd #0 and

(1 + ;) (1 + ;},) (1 + i) (1 + ;) >0, (5.106)

we see from (5.104) that

S (5.107)
C

(A ed) o

Thus any nonzero values of «, 3, 7, and § that satisfy the inequality (5.106)
determine unique positions of the four points X/, Y’, Z’, and T, a unique
value of ¢ > 0, unique values of the ratios b/a, ¢/b, and d/¢, and hence a
unique four-pencil mesh.

Under the transformation A, defined by (5.100), the mesh point whose
homogeneous coordinates are (¢’,q’,¢",1) is mapped to the point with
coordinates given by

and

ik = bg’ Ol (5.109)
Yigk = cq’“[‘j[;]k], (5.110)
Zijk = dgj, (5.111)
tijke = Tijk + Yigk + 2k + ag’ n =i (5.112)

[]

Example 5.4.4 When a = b = ¢ = d # 0, we see from equations (5.109)
to (5.112) that ¢; ;5 = a for all ¢ and j, and we obtain the grid in R® whose
mesh points are

Pi,j,k:(qj[i_j]aqk[j[;]k],%>, 0<k<j<i<n  (5.113)

These points lie on four pencils of planes whose equations in homogeneous
coordinates are

(@" =D&+ (@" =D+ (¢" = )¢ +7=q'[(¢" = Dn+ (¢" = 1)¢ + 7],
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(¢" = D+ (¢" = )¢ +7=q'l(¢" = )¢+,
(qn - 1)C +7= qu’
(" =D+ (" —Dn+ (" —)C+7=q'r,

where the coefficients of &, 7, ¢, and 7 are taken from the rows of A™!, as
noted in (5.103). Then, in view of our observation following (5.97), we see
that the above pencils of planes have common lines Z'T’, T' X', X'Y’, and
Y'Z', respectively. From (5.104) and (5.105), the conditions a = b = ¢ =
d # 0 imply that the points X', Y’, and Z’ go off to infinity and, unless
g = 1, the point T” remains finite. It follows that the first two pencils have
finite common lines and the last two pencils are systems of parallel planes.
Indeed, if we write = /7, y = n/7, and z = /7, we see that the first
pencil has common line given by the intersection of the planes x = 0 and
y—+ 2z =1/(1 —q"), and the second pencil has common line given by the
intersection of the planes y = 0 and z = 1/(1 — ¢™). The third and fourth
pencils are the parallel systems
z—ﬂ 0<i<n, and z+ —ﬂ ;
=-—, 0<i<n, y+z=-—=, 0<i<n

n] [n]

respectively. |

Example 5.4.5 If we choose a = b = c and d = ¢"a, we see from equations
(5.109) to (5.112) that t; j, = ag®, and we obtain the grid in R?® whose
mesh points are

Pijn = (qj"“ : [;]j], J [;}k],q”—’“g) , 0<k<j<i<n (5.114)

It is easily verified that each mesh point lies on one of each of the four
pencils of planes

x—i—y—m, 0<1t<n,
yfﬂ, 0<i<mn,
[n]
z:l—i], 0<1<n,
[n]
a:—i—y—!—qi_"z—[nl]], 0<i<n

The first three pencils are systems of parallel planes, and the fourth is the
pencil of planes with common line

:chy:l_qn, T
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Because the application of homogeneous coordinates proved to be so
helpful in our treatment of three-pencil meshes in R? earlier in this sec-
tion, it was natural to use homogeneous coordinates right from the start in
our discussion of four-pencil meshes in R3. This turned out to be equally
fruitful, as we have seen, and it is clear that we can use homogeneous coor-
dinates to discuss (IV 4 1)-pencil meshes in N dimensions, for any N > 2.
We showed how the construction of a three-pencil mesh in R? can be carried
out geometrically, and justified the geometrical construction by applying
Pappus’s theorem. Lee and Phillips [33] discuss a theorem that justifies an
analogous construction for obtaining four-pencil meshes in R3.

Problem 5.4.1 Verify that the n lines defined by
r+¢*y—[k+1=0, 0<k<n-1,
form a pencil with vertex (1/(1 —¢q),1/(1 —¢’)), where ¢’ = 1/q.

Problem 5.4.2 Derive the ¢-difference form (5.73) from the divided dif-
ference form (5.72).

Problem 5.4.3 Let Cl = (06262 — Oégﬂg, Qg — (A3, 62 753), with CQ and Cg
defined cyclically, as in the proof of Theorem 5.4.3. Show that C;, Cs, and
Cj lie on the line ax + by + cz = 0, where

a= (203 — azfa) + (a3f — a183) + (@182 — aafh),
b= a151(B3 — f2) + a2B2(B1 — B3) + azB3(fB2 — B1),
c=a1f1(oe — ag) + aofa(az — o) + azfz(ar — ao).

Problem 5.4.4 Construct a three-pencil mesh for which, in (5.90), both
«a and G are finite, «y is infinite, and n = 4.

Problem 5.4.5 Construct a three-pencil mesh for which, in (5.90), « is
finite, both 8 and ~ are infinite, and n = 4.
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Splines

6.1 Introduction

In our study of numerical integration in Chapter 3 we discussed interpo-
latory rules, in which the integrand is replaced by an interpolating poly-
nomial. When such a rule is applied in composite form the interval of
integration is split into subintervals and the integrand is approximated by
an interpolating polynomial on each subinterval. An approximation of this
kind is called a piecewise polynomial. In general, a piecewise polynomial
can be a discontinuous function, with discontinuities at the points where
the constituent polynomials meet, or the constituent polynomials can join
together smoothly to form a function that is continuous. A piecewise poly-
nomial can be even smoother, possessing a first or higher-order derivative
that is continuous. This leads us to the concept of a spline, which we define
as follows.

Definition 6.1.1 Given a =ty < t; < --- <ty = b, a function S is called
a spline of degree n > 1 with respect to the t;, which are called the knots,
if the following two conditions hold:

(i) S restricted to [tj,tj41] is a polynomial of degree at most n,
(ii) S € C" a,b].

We refer to the latter property as the smoothness condition. A spline may
also be defined on an infinite interval. |
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We can define splines where the smoothness condition is chosen differently
or, more radically, we can define splines that are constructed from func-
tions other than polynomials. However, in this account, we will restrict our
attention to the particular splines defined above. Many of the early and im-
portant results concerning splines are due to I. J. Schoenberg (1903-1990),
who is often referred to as the father of splines.

From the above definition, we see from the first condition that a linear
spline S (with n = 1) is a sequence of straight line segments, and the
second condition tells us that S is continuous. Thus a linear spline is just
a polygonal arc. Two conditions are required to determine the first line
segment of a polygonal arc, and then one further condition per line is
required to determine each of the remaining line segments forming the
spline, which is thus determined by N + 1 conditions.

Example 6.1.1 Let S denote the polygonal arc that connects the N + 1
points (t;,y;), 0 <4 < N, where

() Ny 1
= (swen) ey O

so that tp = 0 and ¢ty = 1. The function S is continuous on [0,1], and
so is a spline approximation of degree one (a linear spline). We can verify
(see Problem 6.1.3) that S restricted to the interval [t;_1,t;] is the linear
minimax approximation for z'/2 on [t;_1,t;], for 1 <i < N. [ |

Consider a spline of degree n defined on N + 1 knots. We require n + 1
conditions to determine each of the N polynomials that make up the spline,
less n conditions at each of the N — 1 interior knots to satisfy the property
that S € C" 1[a,b]. Thus, to determine a spline of degree n defined on
N + 1 knots, we require

Nn+1)—(N—-1)n=N+n

conditions. We can look at this in a more constructive way, using the trun-
cated power function, defined by (4.3). Let the spline S' be represented on
[to,t1] by the polynomial

p1(x) = ag + a1 (x — to) + az(x —to)* + - + an(x — to)™.

Suppose that S is represented by the polynomial ps on the interval [t1, ta].
It follows that po, must have the form

p2(x) = p1(z) + ant1(z — )",

for some choice of a,, 41, since p; and ps must be equal, and their first n—1
derivatives must be equal, at the knot ¢;. Thus, using the truncated power
function, we may express S on the double interval [tg, 2] in the form

ag +ar(x —to) +as(x —to)* + - 4 an(r —to)" + anyi(z — ).
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Note that this last expression is valid because (z —#1)"} and its first n — 1
derivatives are zero for x < t;. Clearly, we can use the above argument
repeatedly to build up an expression for S that is valid on the whole of
[to,tn], and we obtain

= ailw—to)' + > anij(z—t;)", to<ax<ty. (6.2)

This last expression contains N + n parameters, as we predicted before
carrying out this construction. Thus any spline of degree n on the interval
[to, tn], with intermediate knots at ¢1,...,ty_1, may be written as a sum
of multiples of the IV + n functions

Lz, x? .. 2" (- ) (x—t2), ... (x —tn_1)]-

Since these functions are linearly dependent, they are a basis for this set
of splines, which is a linear space.

Problem 6.1.1 What can be said about the function S if we were to
amend Definition 6.1.1 and define S as a polynomial of degree at most n

on any interval of [a,b] not containing a knot, but ask that S € C"[a,b]
rather than S € C"~1[a,b]?

Problem 6.1.2 Let us amend the expression for the spline S in (6.2) by
choosing ap = a; = --- = a,—1 = 0 and replacing (z — )" by (z —to)"} in
the first summation, to give the function

= Z anyj(x —t;)}, —oo < <oo.

Verify that S*(z) and its first n — 1 derivatives are zero for —oco < x < tp,
so that S*(x) is a spline of degree n on the interval —oo < z < oo.

Problem 6.1.3 Consider the spline S with knots tg, ..., ¢y, as defined in
Example 6.1.1. Verify that S restricted to the interval [¢;_1,¢;] is the linear

minimax approximation for z'/2 o n [t;_1,t;], by showing that
1
1/2 — =
b A [o1/2 = 5(2)] ANN+1) N

is attained at both endpoints ¢;_; and ¢;, and also at

-4
N 1/2 1/2) B ?

i = ") = v

K 4( 1t N2(N + 1)

where t;_1 < 7; < t;. Show that S approximates z'/2 on [0, 1] with an error
of maximum modulus ey, which is attained at each of the N + 1 knots ¢;
and also at each of the N points ;.
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6.2 B-Splines

We saw in the last section that the n 4+ 1 monomials 1, x, ..., 2" together
with N — 1 truncated power functions of degree n are a basis for the linear
space of splines of degree n on an interval with N — 1 interior knots. It is
convenient to extend the sequence of N + 1 knots tg,...,ty so that they
become a subset of the infinite sequence of knots

<t <t <tp <t <l <,

where t_; — —oo0 as i — oo and t; — o0 as i — oo, with ¢ > 0. In this
section we will show that an alternative basis for this linear space is the
set of B-splines of order n, which we will now define recursively.

Definition 6.2.1 The B-splines of degree zero are piecewise constants de-
fined by

1, i<z <ty
0 _ 9 7 = Ui+1,
Bi(x) = { 0, otherwise, (6.3)

and those of degree n > 0 are defined recursively in terms of those of degree
n—1 by

—t; _ Citn+1 — _
Brw) = (— ) Br o) + (T ) Broi(a). W (6.4)
tz+n — tl tz+n+1 - t2+l

L

ti ti+1 x

FIGURE 6.1. Graph of BY(z). Note that B?(t;) = 0 and BY(t;+1) = 1.

Definition 6.2.2 Let S denote a spline defined on the whole real line. The
interval of support of the spline S is the smallest closed interval outside
which S is zero. |

Theorem 6.2.1 The interval of support of the B-spline B} is [t;, titn+1],
and B} is positive in the interior of this interval.

Proof. Since the interval of support of BY is [t;,¢;11] and B? is positive in
the interior of this interval, the above statement holds for n = 0 and all 7.
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We complete the proof by induction on n. Let us assume that the above
result is true for n — 1 > 0 and all 3. We then deduce from (6.4) that it is
true for n and all 4. Thus, by induction, the theorem holds for all n > 0
and all 4. |

As we will prove later in this section, for n > 0, the B-spline BJ'(x)
is indeed a spline of degree n, as its name and its notation suggest. It
is remarkable that splines of increasing smoothness are generated by the
simple recurrence relation (6.4), beginning with functions of such utter
simplicity as the B-splines of degree zero, which are not even continuous.
We can easily deduce from Definition 6.2.1 that

Tt ti<a<t
Lo <z <t
ti+1 1 A i+1
1 . _
Bi(w)=q 2= <t (6.5)
tito — tit1 -
0, otherwise.

The graphs of BY and B} are shown in Figures 6.1 and 6.2, respectively.
(In the graph of BY, which has discontinuities at ¢; and ¢;,1, we have put a
dot at each of the points (¢;,0) and (¢;41, 1) to emphasize that these points
belong to the graph.)

1 >~

t; tiv1  tigo x

FIGURE 6.2. Graph of the B-spline B} (x).

Example 6.2.1 Consider the function

N

S@) =3 f(t)BL (@), to <@ <ty, (6.6)

=0

where f is any function defined on [tg, ¢ ]. Since the only B-splines of degree
one that make a nonzero contribution to S on the subinterval [t;, ;1] are
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B} | and B}, we see from (6.5) that

S() = 1(6) (P20 )+ 150 (72 ) o<t (61
tit+1 — 15 tit+1 — 15

We observe that S(t;) = f(t;), S(tj+1) = f(tj4+1), and S is linear on
[tj,tj4+1]. Thus the expression on the right of (6.7) is the linear interpolating
polynomial for f on [t;,¢;41], and the function S defined on [ty, tn] by (6.6)
is the polygonal arc that connects the N + 1 points (¢;, f((¢;)), 0 <i < N.
We call S an interpolating first-degree spline. |

It follows from Definition 6.1.1 that the derivative of a spline of degree
n > 2 is a spline of degree n — 1. As we will see later, in Theorem 6.2.8, any
spline of degree n — 1 can be expressed as a sum of multiples of B-splines
of degree n — 1. In particular, since the interval of support of the B-spline
B is [ti, titnt1], its derivative must be expressible as a sum of multiples
of those B-splines of degree n — 1 whose intervals of support overlap that of
B}*. The following theorem shows that in fact, the two B-splines Bffl and
Bﬁfll suffice, and we will deduce the smoothness properties of the B-splines
from this theorem

Theorem 6.2.2 For n > 2, we have

d n n

—B'(z)= | — | B Y2) - | ———— | B" 6.8

wB = () B - () B 68)
for all real x. For n = 1, (6.8) holds for all = except at the three knots t;,
tiv1, and t; o, where the derivative of Bi1 is not defined.

Proof. We will first show that the equation in (6.8) holds for all real z
excluding the knots ¢;. It is easily verified from (6.5) and (6.3) that

gy B Bl

dx tiy1 — b tiyo —tip1
except at the knots ¢;, t;41, and ¢;12. Thus (6.8) holds for n = 1 and all
i, except at some of the knots. We will assume that (6.8) holds for some
n > 1 and all 4, except at the knots. Now let us write down (6.4) with n
replaced by n + 1, and differentiate it, using (6.8), to give

BI'(x) B}, ()

d
— B (g) = - +nC(x), 6.9
dr " @) Livnt1 — i tignto — tig1 @) (6.9)

say, where

- () B V@) B
Litnt1 — titn =t lignt1 —lipa

-1 1
( litnt2 — T ) Bl (z) Bl (x)
+ = .
tivnya — it tivnt1 —Tit1  tigni2 —ligo
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Guided by the terms B!""'(x) and BZL_;QI (z) in the latter equation, and
having the recurrence relation (6.4) in mind, we find that we can rearrange

the terms involving Bz"Jr_ll(x) in the expression for C'(z) to give

) = (t ! )((m )BT @) | (tuinis = x)Bz;f(x))

itnt+1 — b titn — t; titnt+1 — i1

itnt2 — tit1 Litn+1 — it titn+2 — tita

B <t 1 ><<x i) BE @) | (ngs = x)B{;ﬁx))_

We now see from the recurrence relation (6.4) that

Bi(x) By, (z)
tivnt1 —ti tigniz — tig1

Clz) =

and (6.9) shows that (6.8) holds when n is replaced by n+1. This completes
the proof of the theorem for all real values of x, except at the knots. By
an induction argument using the recurrence relation (6.4) we see that for
n > 1, B is continuous for all real z. It follows that for n > 2, the right
side of (6.8) is continuous for all z. Since we have just proved that (6.8)
holds for all x except at the knots, this continuity argument shows that for
n > 2, the relation (6.8) is valid for all x. |

Note that if we choose the knots as t; = 4, for all integers 4, then (6.8)
simplifies to give

d n n—1 n—1
%Bi (x) = B (z) — B (2). (6.10)
Let us now replace n by n + 1 in (6.8), divide throughout by n + 1, and
integrate over [t;,t;1n+2]. Noting that B'"™!(z) is zero at the endpoints of
this interval, which is its interval of support, we find that

1 titn+t2 1 titnt2
7/ BI'(x)dx = 7/ By (x)dz. (6.11)
titnt1 — T Jy, titnt2 — Lit1 Jy,

Since Bj*(x) is zero on [tiyny1,tiqnt2] and B} (z) is zero on [t;, ti11], we
deduce from (6.11) that the average value of a B-spline B over its interval
of support is independent of ¢ and so is independent of the choice of knots.
We can show (see Problem 6.2.2) that

1 titn+t1 1
- / BI(x)dz = (6.12)
titnt1 — b Jy n+1

i

for all integers 1.
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Theorem 6.2.3 For n > 1 the B-spline B} is a spline of degree n on
(—00,0), with interval of support [t;, ti1n+1]-

Proof. We have already shown in Theorem 6.2.1 that B} has interval of
support [t;, ti1n41]. It remains only to show that B € C"~!(—00,0). As
we have seen, this holds when n = 1, since B} € C(—o00,0), and we will
complete the proof by induction on n. Let us assume that for some n > 2,
B! € C"%(~00,00). Then it follows from (6.8) that the derivative of
B belongs to C"~?(—00,00), and hence B € C"~!(—o0, 00). |

It is obvious from (6.3) that the B-splines of degree zero form a partition
of unity, that is,

o0
> Bl(z) =1, (6.13)
1=—00
and it is easy to verify that the B-splines of degree one have this property.
We now state and prove a most helpful identity named after M. J. Marsden
(born 1937), and deduce from it that the B-splines of any degree form a
partition of unity.

Theorem 6.2.4 (Marsden’s identity) For any fixed value of n > 0,

o0

(t—2)" = Y (t—tix1) (¢ —tisn) B} (2). (6.14)

1=—00
When n = 0 the empty product (t —t;11) - (t — ti1n) is taken to be 1.

Proof. We have already seen from (6.13) that (6.14) holds for n = 0. For
our next step in the proof we require the identity

< t—tirnt1
ti — titn+1

) (t; — ) + <H> (tiimsr —@) =t —2.  (6.15)
titnt+1 — Ui

This is just the linear interpolating polynomial for ¢t — x, regarded as a

function of ¢, that interpolates at ¢ = t; and t = ¢;4,41. Let us assume

that (6.14) holds for some n > 0. We then multiply both sides of (6.14) by

t — 2. In the ith term on the right of (6.14) we replace t — x by its linear

interpolant, given in (6.15), and so obtain

00
n li—x n
(b= )™ = 37 (= tig) - (= tinin) () BI(@)
i——o0 tz - tz+n+1

£ ) i) (==t B

tivnt1 — i

1=—00

In the second summation above, we replace ¢ by ¢ + 1, which leaves this
sum unaltered, and we also make a trivial change in the first summation,
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to give

> xTr — ti n
(=)™ = " (t—tis1) - (t—tignr) ( ———— ) Bi'(2)
t1,+n+1 tz

i=—00

> Litnya — T
+ Z (t—tig1) - (t —tiyns1) (tJrJr) 1 (@).

itnt2 — i1

i=—00

Finally, we combine the ith terms in the above two summations, using the
recurrence relation (6.4), giving

(t—a)"™ = > (t—tig1) -+ (t = tizn) B (2), (6.16)
i=—00
which completes the proof by induction. |

Theorem 6.2.5 Given any integer r > 0, we can express the monomial
2" as a linear combination of the B-splines B, for any fixed n > r, in the
form

< " >x N i orltics s tign) B (2), (6.17)

T .
i=—00
where o, (ti11,-- -, titn) 18 the elementary symmetric function of order r in
the variables t;11,...,t;i+n (see Definition 1.2.1), with generating function

given in (1.44). In particular, with » = 0 in (6.17), we obtain

o)

> Bi(x) =1, (6.18)
and thus the B-splines of degree n form a partition of unity.

Proof. 'We see from (1.44) that

n

(L4 tiv12) - (L4 tignz) = Zgr(ti-i-la o tipn)z”
r=0

On replacing « by —1/t, and multiplying throughout by ¢™, we find that
(t—tit1) - (t—tign) =t" Zor(tiJrlv s tign) ()7,
r=0

and we obtain (6.17), multiplied throughout by the factor (—1)", on equat-
ing coefficients of t"~" on both sides of Marsden’s identity (6.14). |
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t; tiv1 tivo tivs x

FIGURE 6.3. Graph of the B-spline B?(x).

Example 6.2.2 Let us derive an explicit expression for the quadratic B-
spline BZ(x), using the recurrence relation (6.4) and the expressions for
B}(z) given in (6.5). The B-spline B?(z) is zero outside its interval of sup-
port, [t;,ti13], and we need to evaluate B? separately on the three subin-
tervals [t;, tit1], [tit1, tit2), and [ti42,t;43]). On the first of these intervals,
we find that

(l‘ — ti)Q
(tig2 —ti)(tigr — ts)

and on the third subinterval, we similarly obtain

, Ui <x < tit1, (619)

B (x) =

2
,  liya <o < tiys. (620)

B2(.T _ (ti‘i’?’ - m)
’ (tiys —tiyo)(tiys —tiy1)

Since, as we know, B? and its derivative are continuous on the whole real
line, we can use (6.19) and (6.20) to find the values of BZ and its derivative
on the closed intervals [t;,t;11] and [t;12, ti+3]. From (6.19) it is clear that
on [t;,tiy1], B,L-2 increases monotonically from zero at x = t;, where Bi2 has
a zero derivative, to = t;,1. Similarly, B? decreases monotonically from
T = tit2 to x = t;13, where B? and its derivative are both zero. We also
note that

bty —t

0< B2(tiy1) = " <1, (6.21)
tive — t;
tirs — 1

0 < B(tiyg) = F2 2 <, (6.22)
Livs —tit1

In the middle interval, [t;11,t;y2], we have

(x —t;)(tiva2 — ) (tivs — o) (T — tip1)
(tive —ti)(tigve —tit1)  (tigs — tig1)(Live — tit1)

Bi(z) = (6.23)

If we use (6.23) to evaluate B2(z) at the endpoints of [t;11,ti12], we ob-
tain values that agree with those given by (6.21) and (6.22), as we should
expect from the continuity of BZ. We also know that the derivative of B?
is continuous at these points. On differentiating the quadratic polynomial
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in (6.23), we obtain a linear expression that is zero for z = x*, say, where

tisstivs — tists
LL‘* _ 1+3bi42 1+1bg ) (624)
tiys +tivo —tiz1 — 1

We now determine the values of * — ;11 and ¢;,42 — 2, and find that

tivs — tig1)(tive —ti
o tz‘+1 _ ( i+3 z+1)( i+2 z+1) )
tiya +tiya —tig1 —t;

and
tivo —ti)(tize — t;
ti+2 = ( i+2 z)( i+2 z+1) > 0’
tivg ttive —tiv1 — t;

which shows that ¢;41 < #* < {;42. Thus the quadratic B-spline Bf has
a unique turning value at the point x*, given by by (6.24), in the interior
of [tiy1,tit2). Since the derivative of B? is positive at # = t;1; and is
negative at x = t; 11, BZ has a local mazimum at x = z*. We now see that
the function B? is unimodal: It increases monotonically from zero at t; to
its maximum value at z* and then decreases monotonically to zero at t;3.
Let us now substitute * € [t;+1,ti42], given by by (6.24), into the right
side of (6.23). After a little manipulation, we obtain

tivs —1;

0< max B?(z)=B*x*)=

<1 (6.25)
—oo<z <00 tivg +tive —tiv1 — t;

The right-hand inequality in (6.25) is consistent with the upper bound
obtained for the general B-spline in Problem 6.2.3. Observe also from (6.25)
that the maximum value of BZ(z) can be made as close to 1 as we please,
by taking ¢;,o sufficiently close to ;1. |

In Section 6.1 we used the monomials and truncated powers as a basis
for splines. Our next theorem adds greatly to our understanding of the
connection between splines and truncated powers, for it shows that a B-
spline of degree n can be expressed as a linear combination of n+2 truncated
powers of degree n. Not only that, but this linear combination of truncated
powers is simply a multiple of a divided difference of a truncated power.

Theorem 6.2.6 For any n > 0 and all 4,
B (z) = (tivn+1 —ti) - [tiy- - s Lign](E — 2), (6.26)

where [t;,...,titnt1] denotes a divided difference operator of order n + 1
that is applied to the truncated power (t — x)", regarded as a function of
the variable t.

Proof. The proof is by induction on n. We begin by showing that (6.26)
holds for n = 0. (Because both BY(z) and (t — )9 are discontinuous, we
need to check carefully what happens at © = ¢; and & = ¢;;;.) Then we



226 6. Splines

assume that (6.26) holds for some n > 0, and use the recurrence relation
(6.4) to write

x—t; n titni2 — n

BrM(z) = <> B (z) + <++2) Bl (x).  (6.27)
titn+1 — ti titnto — i1

Let us now write

t—a)itt=(@t—2)-(t—2)F, n>0.

Thus we may express a divided difference of (t — 2)7"" as a divided dif-
ference of the product of the two functions t — x and (t — )"}, and apply
(1.86) to give

[tire o tigmpa)(t—2) 1T = (6 —2) - [ti, o tignga ] (E— 2)
+ [ti+17 . ,ti+n+1}(t - .’E)i (628)
From (6.26) the first term on the right of (6.27) is equivalent to
(x =) - [ti,- . tign1|(t — ) = G,
say. Then, on using (6.28), we obtain
ﬂi = [ti-l-lv . ,ti+n+1](t — x)?_ — [ti, NN ,ti+n+1](t — 33)1-"_1. (629)
Similarly, the second term on the right of (6.27) is equivalent to
(tixns2 — ) - [tig1s - tigny2](t — ) = i,
say. We now write
Yi = {(tiv1 — ) + (Litns2 = tiv1)} - [Livrs oo tipny2] (= 2)Y,
and apply (6.28) to give
Vi = [tigts oo tivnao)(E— )T = [tigo, .oy tipnso)(t — 2)F
+ (itnt2 = tig1) - [t - - tigng2] (E — @) (6.30)

If we now add j3;, given by (6.29), to ~;, given by (6.30), we find that 3; +;
is the sum of five terms, of which three cancel, leaving only the second term
on the right of (6.29) and the first term on the right of (6.30). Thus we
obtain

Bi +7i = [tit1, - tigna2](t — x)iﬂ — [tiy - tigmg1(t — x)iﬂ»

so that from this last equation and (6.27),

BN (@) = B +9i = (tigns2 — ti)  [tir - - tigng) (E — 2) 1T,
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which completes the proof. |

Having shown in the last theorem that a B-spline of degree n can be
expressed as a sum of multiples of truncated powers of degree n, we now
obtain a converse result, that a truncated power can be written as a sum
of multiples of B-splines.

Theorem 6.2.7 For any knot ¢; and any integer n > 0,

j—n—1

(t—a)p= 3 (t—ti) -t —tin)BM2).  (631)

i=—00
Proof. We begin by writing
o0

(tj—a)" = > (tj —tig1) -+ (t; — tixn) BY (2), (6.32)

i=—00

using Marsden’s identity (6.14). Since in (6.32), B?(x) is multiplied by
the product (t; — tit1) - -+ (t; — tiyn), there is no contribution to (t; — z)"
from terms involving B}*(z) for which j —n < i < j — 1. In addition, by
considering the interval of support of BJ'(z), there is no contribution to
the truncated power (t; — )"} from terms involving Bj*(x) for which i > j,
and this justifies (6.31). |

Theorems 6.2.5 and 6.2.7 lead us to the following result, which shows the
importance of the B-splines.

Theorem 6.2.8 For any integer n > 0, the B-splines of degree n are a
basis for splines of degree n defined on the knots ;.

Proof. This result is obviously true for n = 0. We saw earlier that the
monomials 1, z,..., 2", together with the truncated powers (z —t;)'}, are
a basis for splines of degree n defined on the knots ¢;. Since (see Problem
6.2.6) we have

(ti —2)" =t —2)} + (=1)"(z — )],

for any integer n > 1, we can replace each function (x —t;)"} in the basis by
(t; — ). It then follows from Theorems 6.2.5 and 6.2.7 that each spline of
degree n can be expressed as a sum of multiples of the B, and since these
B-splines are linearly independent, they are a basis. |

Problem 6.2.1 When ¢; = ¢ for all integers 4, deduce from (6.10), using
induction on k, that

k k
%BN) = (-1 ( g > BroF(x), 0<k<n.
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Problem 6.2.2 For t; <t < t; 141, write

titnt1 t _ 4+ \n+1
/ (t—x)idm:/ (t—x)"dx:%,
t t

n+1

i Li

deduce from (6.26) that

L [ B = -
_— H(x)dx = TR 2 —t;
ti+n+1 — ti \ i n+1 (3 s bi4n4-1 0 )

and hence, using (1.33), show that
1 titnt1 1
7/ Bl'(z)dx = .
Lign+1 — i Jy, n+1
Problem 6.2.3 Deduce from Theorem 6.2.1 and (6.18) that
0< max Bl'(z)<1

—oo<r<oo

for all n > 0 and all 3.

Problem 6.2.4 Verify (see Example 6.2.2) that

2/ % 2 ¥ =t
Bi(z") = B (tit1) = —— >0
tivo — 1t
and . .
. 42 — T
BY(2*) = Bl(tija2) = —2—— >0,
tits — tit1

where z*, given by (6.24), is the point where B? attains its maximum value.

Problem 6.2.5 Use the recurrence relation (6.4) and the formulas ob-
tained for the general quadratic B-spline in Example 6.2.2 to derive the
cubic B-spline, say C'(x), on the knots —1, —¢, 0, ¢, and 1, where 0 < ¢ < 1.
Show that C(x) is the even function for which

0, < -1

(1+2)3

Cl)={ T-8° Slerssh

t?2 — 3tx? — (1 + t)a®
t2(1+1) ’

Verify that C(+1) = 0, C(+t) = (1 — t)?/(1 + t), and that the maximum
value of C(z) is 1/(1+1t), attained at = = 0. Note that this maximum value
can be made as close to 1 as we please, by taking ¢ sufficiently close to zero.

—t<z<O0.

Problem 6.2.6 Show, by checking the two cases x < t; and x > t;, that
(ti — {I?)n = (tz — x)i —+ (—1)”(% — tz)i,

for any positive integer n.
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6.3 Equally Spaced Knots

The B-splines are greatly simplified when we choose the knots ¢; to be
equally spaced. It is easiest to choose t; = i, for all integers ¢, and then
any system of equally spaced knots is obtained by shifting the origin and
scaling. When t; = 4, the recurrence relation (6.4) becomes

1 1
BI@) = 2o — 0B @) + 2+ n+ 1- 0B @), (639
and the B-spline BY(x) is given by

oo 1, i<az<i+l,
Bi(x) = { 0, otherwise. (6.34)

These are called uniform B-splines, and all such B-splines of the same
degree are translates of one another, for we have

Bi'(xz) = B, (x +1), —oo<x <00, (6.35)

for all integers i. We also find that each B-spline B} is symmetric about
the centre of its interval of support [i,7 + n + 1], so that

B (z) =Bj(2i+n+1—-1z), —oo<z <00, (6.36)

for all integers i. Both (6.35) and (6.36) can be proved by induction on n.

Example 6.3.1 If we replace t; by ¢ in Example 6.2.2, we see from (6.19),
(6.23), and (6.20) that

3@ —1)?, i<z <i+l,
S _(w—-(i+3)?, i+l<z<i+2

Bi(z) = (6.37)
1(i+3—x)?, i+2<x<i+3,

otherwise.

o

)

We see from (6.37) that the quadratic B-spline B? takes the value % at each
of the knots i+ 1 and i +2, and the form in which BZ(x) is expressed on the
interval [i+1,742] makes it clear that B?(z) attains its maximum value of 2
at x =i+ 2, the midpoint of the interval of support [i, i+ 3]. It is obvious
from (6.37) that BZ(z) is symmetric about the point z = i + 3. These
observations are consistent with our findings in Example 6.2.2. Finally, we
note that the derivative of BZ(z) has the value 1 at = i + 1, the value
—1 at x =7+ 2, and is zero at all the other knots. |
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Example 6.3.2 Let us now derive the uniform cubic B-spline B3(x), by
applying the recurrence relation (6.33) with n = 3, and using (6.37). Since
this B-spline is symmetric about the midpoint of its interval of support
[i,i+4], it will suffice to compute the value of B () on the two subintervals
[i,i4+1] and [i+1,i+2]. Thus we find that B} (z) is the function that satisfies

0, z <14,
B}(z) =< t(x—i)?, i<w<i+l, (6.38)
2_l@w—-i)(i+2-2)? i+tl<z<it?2,

and is symmetric about the knot x = ¢ + 2, so that
Bl(z) = B}(2i +4 — ). (6.39)

Thus (6.38) defines BJ(z) on (—oo,i + 2), and the symmetry condition
(6.39) extends the definition of BJ(x) to the whole real line. We see that
B}(z) has the value § at the knots i 4+ 1 and i + 3, attains its maximum
value of % at the knot ¢+ 2, and is zero on all the other knots. We also note
that the derivative of B}(z) has the value 1 at z =i+ 1, the value —1 at

x =1+ 3, and is zero at all the other knots. |

Having determined the uniform cubic B-spline explicitly in Example 6.3.2,
we now evaluate all the uniform B-splines at the knots.

t; tit1  tit2  tits  tita T

FIGURE 6.4. Graph of the B-spline B} (x).

Theorem 6.3.1 Consider the uniform B-splines whose knots are at the
integers. Then we have

Bo =~y (" ) Gonn, 1<4< (6.40)
0 j - n! ~ r .7 T I = .] - n? .
and BJ(j) = 0 otherwise.

Proof. This is a special case of Theorem 6.4.4, which we will prove later in
this chapter. We obtain (6.40) by putting ¢ = 1 in (6.85). [
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Suppose we wish to construct a spline of degree n to approximate a given
function f on the interval [0, N]. We can write such a spline in the form

N-1

S(z)= Y a,B} (=), (6.41)

rT=—"n

a sum of multiples of all the uniform B-splines of degree n whose interval
of support contains at least one of the N subintervals [j — 1,j], where
1<j<N.

If we put n = 1 in (6.41), we have a linear spline, which is simply a
polygonal arc, as we saw in Example 6.2.1. On putting n = 2 in (6.41) we
obtain the quadratic spline

S(z) = Z a,B*(z), 0<xz<N. (6.42)

We see from Example 6.3.1 that B? has the value 1 at each of the knots
i+ 1 and ¢ + 2 and is zero at all other knots. If we choose S so that it
interpolates a given function f at the knots, it follows from (6.42) with
x =14 that

%(ai—Q +ai-1) = f(i), (6.43)

and this holds for 0 < ¢ < N, giving N +1 equations. We require one further
equation, since in (6.42) we need to determine N + 2 coefficients a,.. For
example, we may impose the condition S’(0) = f/(0), and (see Example
6.3.1) this gives the further equation

—a_s+a_y = f(0). (6.44)

Then we find from (6.44) and equation (6.43) with ¢ = 0 that

a_y = f(0) — 5.f'(0) (6.45)

and L
a1 = f(0) + 5.f'(0). (6.46)

Thus, given a function f defined on [0, N], and differentiable at x = 0,
we can derive the quadratic spline in (6.42) as follows. We first compute
a_o from (6.45) and a_; from (6.46). Then, using (6.43), we compute ay,
ai,...,an_1 recursively from

a; = Qf(l + ].) — Q;_1, 0 S 1 S N —1. (647)

Example 6.3.3 Let us compute a quadratic spline approximation to e”
on [0,1] with N + 1 equally spaced knots. This is equivalent to finding
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an approximation to e*/V on [0, N]. Thus we will compute the quadratic
spline S on [0, N], as defined by (6.42), for the function e*/V. We obtain

=1 L =1+ L
2= 2T oN T TN
and ‘
a;=2e0TV/N _ g, 1 0<i<N-1.
For example, with N = 5 the coefficients a_o, a_1,...,a4 are 0.9, 1.1,

1.3428, 1.6408, 2.0034, 2.4477, and 2.9889, where the last five coefficients
are rounded to four decimal places. Note that when we evaluate the result-
ing spline S(z) for any given value of x, there are at most three nonzero
terms in the sum on the right of (6.42). In the table that follows we evaluate
the spline and the exponential function at the midpoints between consec-
utive knots, to test the accuracy of the approximation. The values of the
spline are obtained using the relation

1 1 3 1
S(Z + 2> = gai_g + 1&1_1 + gai, (6.48)
which follows from (6.42) and (6.37):

x | 05 1.5 2.5 3.5 4.5

S(z) | 1.1054 1.3497 1.6489 2.0136 2.4598
e®/5 | 1.1052  1.3499 1.6487 2.0138 2.4596

Of course, by construction, S(z) and e*/® are equal at the knots, z = 0, 1,
2,3, 4, and 5. |

The above uniform quadratic spline, which interpolates a given function
f at the knots, is so easily computed that it may scarcely seem worthwhile
to consider any other uniform quadratic interpolatory spline. However, it
is aesthetically more pleasing to construct a quadratic spline that interpo-
lates f at those points where the uniform quadratic B-splines have their
maximum values. This requires us to interpolate at the points z = 7 + %,
for 0 <¢ < N — 1. In view of (6.48), this gives the N conditions

1 3 1 1
gai_g + Zai_l -+ gai = f(’L -+ 2) , 01 < N —1. (649)
We require two further conditions to make up the N +2 conditions required
to determine the N + 2 coefficients a; on the right of (6.42). It seems
appropriate to ask that S interpolate f also at the endpoints x = 0 and
x = N, which gives the conditions

S0 s +a) = 1(0) (6.50)
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and

%(QN,Q +an_1) = f(N). (6.51)

We remark, in passing, that the conditions imposed on this quadratic spline
are symmetric with respect to the interval [0, N]. This is not true of the first
type of quadratic spline, as constructed in Example 6.3.3. Continuing with
our construction of this second type of quadratic spline, we now eliminate
a_o between equation (6.49) with ¢ = 0 and (6.50), to give

ga_1 + éao = f(;) - if(O)v (6.52)

and eliminate ay_1 between equation (6.49) with ¢ = N — 1 and (6.51), to
give

1 ) 1 1

—an_3+-any_o2=f|N—=| —=f(N). .

QN 3+8GN 2 f( 2) 4f( ) (6.53)
Thus (6.52), (6.53), and (6.49) for 1 < ¢ < N — 2 only, give an N x N
system of linear equations to determine a_1, ag,...,ay_o. It is convenient

to multiply each equation throughout by the factor 8, and we obtain the
tridiagonal system
Ma = b, (6.54)

where

aT = [a_l,ao, .. .,LLN_Q],

bl = {8f(;> —2f(0),8f(3>,...78f<N— Z),Sf(N— ;) —2f(N)] ;

and M is the N x N matrix

—
(=)
—

M = Lo . (6.55)

1 6 1
L 1 5 -
The elements of the matrix M are zero except on the main diagonal and the
diagonals immediately above and below the main diagonal. Such a matrix is
called tridiagonal. It is also a strictly diagonally dominant matrix, a square
matrix in which the modulus of each element on the main diagonal is greater
than the sum of the moduli of all the other elements in the same row. It
is well known (see, for example, Phillips and Taylor [45]) that a strictly
diagonally dominant matrix is nonsingular. Thus M is nonsingular, and the
system of linear equations (6.54) has a unique solution. After solving the
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linear equations to determine the values of a_1,aq,...,ax_2, we compute
a_o and ay_1 from

a_2=2f(0)—a-1 and ay_1=2f(N)—an—_2, (6.56)

respectively. A tridiagonal system is much easier to solve than a linear sys-
tem with a full matrix, that is, one whose elements are mostly nonzero. In
solving a tridiagonal system we first “remove” the elements in the diagonal
immediately below the main diagonal, using the row operations of Gauss-
ian elimination (see, for example, Phillips and Taylor [45]), and then solve
the resulting system of linear equations by using back substitution.

Example 6.3.4 Let us again obtain an approximation to the exponential
function, this time finding the uniform quadratic spline that interpolates
the function f(z) = e*/N at the knots + = 0 and 2 = N, and at the
midpoint of each interval [i,7 + 1], for 0 < ¢ < N — 1. We will choose
N =5 and solve the 5 x 5 tridiagonal system defined by (6.54). We use
Gaussian elimination to remove the elements below the main diagonal of
the tridiagonal matrix M and then use back substitution to find, in turn,
as, az,...,a—1. Then we find a_5 and a4 from (6.56). The coefficients
a_9,a_1,...,a4 are 0.90035, 1.09965, 1.34312, 1,64049, 2.00370, 2.44731,
and 2.98925, to five decimal places. As a check on the accuracy, we will
compare the values of the spline and the exponential function at the interior
knots z = 1, 2, 3, and 4, remembering that the spline interpolates the
exponential function at x =0 and = = 5:

z |1 2 3 4

S(z) | 1.22139  1.49181 1.82210 2.22551
e”/% | 1.22140 1.49182 1.82212 2.22554

Note that S(Z) = %(ai_z + ai_l). |

Let us now consider a cubic spline on [0, N], of the form (6.41) with
n = 3. We will write
C(z) = B®,(x), (6.57)

as an alternative notation for the uniform cubic B-spline whose interval
of support is [—2,2]. Then, in view of (6.35), we can express any uniform
cubic B-spline on [0, N] as

N-1

S(z) = Z a,Clx —r—2). (6.58)

r=-—3

Now we will seek an interpolating spline S, of the form given in (6.58), that
interpolates a given function f at the knots 0,1,..., N. This gives N + 1
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conditions, and since there are N + 3 coefficients a; in (6.58), we need
to impose two further conditions on S to determine a unique spline. One
possibility is to choose the interpolating spline so that S”(0) = S”(N) = 0.
This is called a natural spline. Another possibility, which is the one we will
pursue here, is to choose the interpolating spline S for which

S(0) = £/(0) and S'(N) = f'(N). (6.59)

It follows from (6.57) and the results derived in Example 6.3.2 that

) =2, c1) = % (6.60)

C-ny =1 o= —%, (6.61)

and C’(x) is zero at all other knots. If we put z = ¢ in (6.58), we see from
(6.60) that the only nonzero terms in the summation are those for which
r=1—3,7—2,and ¢ — 1, and this yields

1
S(i) = 6(01—3 +4a;—2+a;—1), 0<i<N. (6.62)

On differentiating (6.58), we obtain

N-1

S'(z) = Z a,C'(x —r —2). (6.63)

r=—3

When x = i, the only nonzero terms in the latter summation are those
corresponding to r =4 — 3 and r = ¢ — 1, which gives

1
S/(Z) = 5(0,1‘_1 — ai_3), 0 S 1 S N. (664)

We now determine a cubic spline S that interpolates a given function f at
the N+1 knots 0,1, ..., N and whose derivative matches that of f at x =0
and x = N. It is clear from (6.62) and (6.64) that the N 4 3 coefficients a;
for such a spline must satisfy the N + 3 linear equations

%(a,1 — a,3) = f/(O), (665)
%(CLN,1 — G,Nfg) = f/(N), (666)

and )
é(ai,;g +4a;—2+a;—1) = f(i), 0<t<N. (6.67)
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We can simplify this a little by eliminating the coefficient a_3 between
equation (6.65) and (6.67) with ¢ = 0, to give

Sa s +2a1) = f(0) + 3 £(0), (6.6)

and also eliminate ay_; between equation (6.66) and (6.67) with ¢ = N,

to give )
gf'(N). (6.69)

We therefore solve the system of N +1 linear equations consisting of (6.68)
and (6.69), together with (6.67) for 1 < ¢ < N — 1 only, to determine the
N + 1 unknowns a_s,a_1,...,an_2. After solving this linear system, we
need to compute a_z and ay_1 from (6.65) and (6.66), respectively. Before
solving the linear system it is helpful to multiply throughout by the factor
6, to give

%(2&]\/_3 + 4CLN_2) = f(N) —

Ma = b, (6.70)
where

aT = [a727a717 <. 'aa‘N72]7

b = [6£(0) +2/(0),6f(1),...,6f(N —1),6f(N) —2f'(N)],
and M is the (N + 1) x (N + 1) matrix

4 2
14 1

14 1
M = . (6.71)

1 4 1
L 2 4 -
Since this matrix M is diagonally dominant, the above system of linear
equations has a unique solution. In fact (see Problem 6.3.4), for the above
matrix M,

detM = 2v3 (2 +V3)Y = 2= V3)"), (6.72)
for N > 1. When N = 1, the matrix M is simply

4 2
M= [ )2 ] .

If we wish to compute a cubic spline approximation to a given function f
on an interval [a, b], we can choose a positive integer N and map [a, b] onto
[0, N] by making a linear change of variable. We then evaluate the spline
as described above.
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Example 6.3.5 As in Examples 6.3.3 and 6.3.4, let us obtain approxima-
tions to e” on [0, 1], but this time we will use cubic splines. Let us choose
N = 5 and solve the 6 x 6 tridiagonal system defined by (6.70). We use
Gaussian elimination to remove the elements below the main diagonal of the
tridiagonal matrix M. This gives an upper triangular system that we solve
by back substitution to find, in turn, as, as, ..., a_o. Finally, we obtain a_3
and a4 from (6.65) and (6.66), respectively. The coefficients a_3,a_a, ..., a4
are 0.813287, 0.993357, 1.213287, 1.481912, 1.810012, 2.210754, 2.700217,
and 3.298067, to six decimal places. As a check on the accuracy of the inter-
polating spline, let us compare the values of the spline and the exponential
function at the midpoints of the intervals between consecutive knots, as
shown in the following table:

z | 05 15 2.5 3.5 4.5

S(x) | 1.105167 1.349853 1.648714 2.013745 2.459592
e®/5 | 1105171  1.349859 1.648721 2.013753  2.459603

The values of S(z) in the table are computed from

'y ) T gt T g i T g i1 T g

which follows from (6.58), (6.57), and (6.38). Note that C(£3) = 22 and
C(£3) =4 [ ]

2 48"
Problem 6.3.1 Deduce from (6.26) and (1.73) that

1

Blw) = -

+1(;
A" (i — )T,
where B} is a uniform B-spline, and the forward difference operates on .

Problem 6.3.2 Deduce from the result in Problem 6.2.2 that

/ Bl'(x)dx =1,

for all n > 0 and all integers i, where B} is a uniform B-spline.
Problem 6.3.3 Let Bj(j) = a;», where Bj is a uniform B-spline. Deduce
from (6.33) and (6.35) that for n > 1,
1 ;
jpn = (1 + n) Ajajn-1+ A =Aj)aj-1na],  1<j<m,

where A\; = j/(n + 1), noting that ag, = any1,, = 0 for all n. Beginning
with ap1 = a21 = 0 and a;,; = 1, use the above recurrence relation
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to compute the a;, for n = 2,3, and 4. Deduce that a;, lies between
(1+1/n)aj—1,,—1 and (14 1/n)a;j,—1. Finally, show by induction on n
that the a; , increase monotonically from zero to a maximum value, which
is attained twice when n is even, and then decrease monotonically to zero.

Problem 6.3.4 Let us define a sequence of matrices (A;), where A; is
the j X j matrix

—
— s =
B~ =
—_

=~ =

for j > 3, and

A =14 AQ{;‘ H
Expand det A; by its first row to show that
det A; =4detA;_ —detA;_o, j >3,
and verify by induction on j that
detA; = (2+V3) +(2-V3)J, j>1

Observe that we obtain the matrix M, defined in (6.71), on replacing 1 by
2 in the first row of A yy1. On expanding det M by its first row, show that

detM:4detAN—2detAN71, N22,
and thus justify (6.72).

Problem 6.3.5 Solve the linear system (6.70) with N = 1 and f(x) = e*,
and so find the coefficients a_o and a_;. Then determine the values of a_3
and ag from (6.65) and (6.66), respectively. Thus show that the resulting
cubic spline S, defined by (6.58) with N = 1, is given explicitly by

S(z) = g(—5 +26)C(@ + 1) + %(8 — 20)C(a)

+§(72 +2e)C(x — 1) + %(8 +4e)C(z — 2).

Verify that the error of greatest modulus, attained at x = %, is approxi-
mately 4.4 x 1073,
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6.4 Knots at the g-Integers

Having explored the topic of B-splines with knots at the integers, the uni-
form B-splines, we devote this section to an examination of B-splines with
knots at the g-integers, which we introduced in Section 1.5. For any choice
of ¢ > 0, let us put ¢; = [¢] in (6.3) and (6.4). We find that the B-splines
on the g-integers are defined by

oy ) L il <z<[i+1],
Bi(x) = { 0, otherwise, (6.73)

and, recursively, beginning with n =1,

Bra) = D gty

(i+n+1-2) poy
pin B M (). (6.74)

¢+1[n] i+l

Although the B-splines of degree n on the g-integers are not translates of
one another as we found in (6.35) for the uniform B-splines, they are very
simply related to each other, as the following theorem shows.

Theorem 6.4.1 The B-splines with knots at the g-integers satisfy the re-
lation
Bi'(x) = Biyi(qz +1), (6.75)

for all n > 0 and all integers 1.

Proof. Let us express (6.75) in the form
Bi'(x) = B!, (t), where t=qz+1. (6.76)

We observe that

x—M:t—H+H

= e (6.77)

and see that [i] < x < [i + 1] if and only if [i + 1] < t < [i + 2]. It then
follows immediately from (6.73) that (6.76) holds for n = 0 and all i. We
complete the proof by induction on n. Suppose that (6.76) holds for some
n > 0 and all . Then we see from the recurrence relation (6.74) that

t—[i+1]) Hn

(i+n+3]—t) _,
¢ n+1] B+ ~—mr

n+1 .
B (t) - qH_Q[n + 1] Bi+2(t)7

i+1
and, using the inductive hypothesis and (6.77), we have

st = S+ 22 D g o),

Again using (6.74), we see that the right side of the latter equation yields
Bf“(x), which completes the proof. ]
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Example 6.4.1 We find from (6.73) and (6.74) that the linear B-spline
with knots at [, [¢ + 1], and [i + 2] is

roB easivn,
q
Bi(z)=1{ [i+2]—z : 6.78
0, otherwise.

It is clear that B}(z) increases monotonically from zero for z < [i] to
its maximum value of 1 at z = [i + 1]. For > [i + 1], B}(x) decreases
monotonically to the value zero for z > [i + 2].

The quadratic B-spline with knots at the g-integers is

(z — [1])? ‘ ;
e il
[[3]]2 = (Bi(@))?, [i+1] <z <[i+2],
B a) - (6.79)
W’ [i +2] <2 <[i+3],

0, otherwise,

e (i +1) =)+ qlli+2) - )
1l —x)+q(+2| -2
(2) = _ . 6.80
Bi(x) Sy (6.50)
In deriving the above expression for B? in the interval [[i + 1], [i +2]], we
find that the corresponding form in (6.37) for the case ¢ = 1 is a useful

guide. We note that

.+ 1 L+ 2
(i+1]-2)+qi+2—2) =0 for o= LtHFadi+?]
I+g¢
and we see that this value of = lies between [i 4+ 1] and [¢ + 2]. Thus the
maximum value of BZ(z) on the interval [[i + 1],[i + 2]] is

B _lt+q+d?

22 (1+¢?°
which is attained at x = ([i+1]+¢[i+2])/(1+¢q), and this is the maximum
value of BZ(x) over all z. This spline increases monotonically from the value

zero at & = [i] to its maximum value, and then decreases monotonically to
zero at x = [i + 3]. |
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The B-splines with knots at the ¢g-integers, with ¢ # 1, are not symmetric
about the midpoint of the interval of support as we found in (6.36) for the
uniform B-splines. However, in the two theorems that follow, we give two
generalizations of (6.36). We will replace B(z) by B!(z;q¢) in Theorem
6.4.2, since this theorem involves B-splines with two different values of the
parameter q.

Theorem 6.4.2 The B-splines with knots at the g-integers satisfy the re-
lation

B(x;q) = B (¢~ "([2i + n+ 1] — 2);1/q), (6.81)

for all integers n > 0 and 4, all real ¢ > 0 and x, and for n = 0 and all x
except for x = [i] and [i + 1]. [

Theorem 6.4.3 The B-splines with knots at the g-integers satisfy the re-
lation

(23 2i+n+1] -z

B z) = ¢ " tD/2(1 _ (1 — ¢)z)" B! Ritn+l]-2 6.82
M) =g (=g B (o) 682
for all integers n > 0 and 4, all real ¢ > 0 and «, and for n = 0 and all z
except for z = [i] and [i + 1]. [

Proofs of these theorems are given in Kogak and Phillips [30].
We can extend (6.75) to give

Bi'(z) = By (¢™x + [m]), (6.83)

and this is easily verified by induction on m. In particular, we obtain from
(6.83) that

B} ([1]) = Bt (lj +ml), (6.84)

showing that although these B-splines are not translates of one another
unless ¢ = 1, all B-splines of the same degree n and fixed ¢ take the same
values at corresponding knots. We derive the values of the B-splines at the
knots in the following theorem.

Theorem 6.4.4 Consider the B-splines whose knots are at the g-integers,
so that B!*(x) has interval of support [[i], [{ + n 4+ 1]]. Then

1
72 ) g r=1/2 [ ni‘ 1 } [i—r]", 1<ji<n, (6.85)

and By ([j]) = 0 otherwise.

Proof. In view of (6.84), if we know the values of B ([j]) for 1 < j < n,
we can evaluate any spline B} at the knots. We begin with the divided
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difference representation of the general B-spline, (6.26), replace each t; by
[4] and apply (1.113) to give

AGTH([E] — o)t
n _ q +

Bj'(z) = g CHEAD 2] (6.86)
where the g-difference operator acts on ([i] —x)’} as a function of i. We now
put ¢ =0 and = = [j] in (6.86), and use (1. 18) to expand the g¢-difference,
giving

—n(nt1)/2 ntl "
B = T Sy [ ] - -

Since it follows from Definition 4.1.1 and the properties of g-integers that

0, TZ?’L-i—l—j,

(n+1=r=[DE =9
F"n+1l—r—j4", 0<r<n+1-j

we obtain

‘ g~ +1-2)/2 n—j . nal .
By () = T S M

r=0

Now replace j by n + 1 — k to give

n(n+1—2k)/2 k=1
n q r r(r— n+1
By([n+1—k) = = > (-1)¢" WQ[ v

[n]!

]m—ﬂw

r=0

—n(n+1-2k)/2

On multiplying this last equation throughout by ¢ and using

the result (see Problem 6.4.4)

By ([k]) = ¢ "B ([n + 1~ K]),

we find that
= ntl
By(H) = oy 2 e
which is just (6.85) with & in place of j. |

Example 6.4.2 For n > 1 the B-spline B has n knots in the interior
of its interval of support, namely, z = [j], for 1 < j < n. Let us apply

Theorem 6.4.4 with n = 1,2, 3, and 4. We find that Bc[,l](l) =1,
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3
B3([3]) = ﬁ

2¢(1+q)

By([]) = By([2]) = B

and

~ q(345¢ +34¢?)
B [4]! ’

3 2 6
B = PO piay =

We can verify that for any value of n above, the sum of the n coefficients is
unity, in keeping with the general result stated in Problem 6.4.5. |

In the last section we discussed two methods for computing an interpola-
tory quadratic spline, and a method for computing an interpolatory cubic
spline, at equally spaced knots. We can adapt all of these algorithms to com-
pute interpolatory splines with knots at the g-integers. We conclude this
section by adapting the second of the methods for computing a quadratic
spline. We thus interpolate the given function f at z¢o = [0], zy4+1 = [NV],
and also at the points

o= Uy (6.87)

1+gq
where, as shown in Example 6.4.1, z; is the point where the B-spline BZ ,,
with interval of support [[i — 2], [i + 1]], has its maximum value, given by

3]

2 XT;) = 5.
Bi—Q( 1) [2]2

(6.88)

Then, using the explicit representation of the quadratic B-spline in Example
6.4.1, we find that

<~
2]

and B2 ,(i11) = o (6.89)

Bi2—2(xi—1) = 23

where z;_1 and z;41 are given by (6.87).
We now derive a spline of the form

N—-1
S(z)= > aB}(z), 0<x<I[N], (6.90)

r=—2

that satisfies the above N + 2 interpolatory conditions. Note that the first
B-spline in the above summation, B?,(x), has an interval of support that
includes knots at the g-integers [—2] and [—1]. These have the values
1-q? 1
[ e i (Y B Y
l1—¢ ¢

C1l-q¢t 1

1—gq q
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We proceed as in the case with equally spaced knots. First we find from
(6.90), (6.88), and (6.89) that

Lai_:; + Eai_Q + iai_l = f(l‘1) 1<i<N (691)
2° [2]? [2° T
where z; is defined in (6.87), and setting S(z) = f(z) at = 0 and [N]
gives the two further equations

q 1
_ 1= .92
1+qa 2+1+qa1 1(0) (6.92)
and
q
——an_ 1= NJ). .
s+ oo = S(N) (6:95)

We eliminate the coefficient a_s between (6.92) and (6.91) with ¢ = 1, and
also eliminate ay_1 between (6.93) and (6.91) with ¢ = N. Thus we obtain
a system of linear equations, consisting of those obtained from (6.91), which
we will write as

aa;—3 + Bai—o +va;—1, 2<i< N -1, (694)
where 3] )
q q
():77 ﬂ:77 ’Y:*, (695)
2] [2]2 2]

together with a first and last equation. The first equation is

1
da_1 +vyag = f(x1) — Wf(o)’ (6.96)
where v is given above in (6.95) and
-4, 9
0= 2] + P (6.97)
and the last equation is
e
aan-3 +ean—2 = f(zn) — Wf([N])v (6.98)
where « is given above in (6.95) and
1 q?
€= — 4+ —. 6.99)
BRTE |

This is a system of tridiagonal equations of the form

Ma = b,
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where a’ = [a_1,qay,...,an_2] and b? = [b_1,bo,...,bn—2]. The first and
last elements of b’ are

2

b1 = f(z1) — 5f(z0), bn-2=f(zNn)—

(1+4q)

and its other elements are b; = f(x;42), for 0 <4 < N — 3. Finally, M is
the N x N tridiagonal matrix

u_(iiq)zf(lwﬂ)v

0

D ™=
2

a B v
o €

For ¢ > 0 every element of M is positive, and we find that

_q2+q+ %) _14q+2¢°
6 = 7[2]3 > 0, €E—a = 7[2]3 > 0,
and 4 )
4] T+g¢q
Prem T gE T e 7

Thus the matrix M is strictly diagonally dominant, and is therefore nonsin-
gular, for all ¢ > 0. We solve the tridiagonal system to find the coefficients
a_1,ag,--.,anN—2, and then we find the two remaining coefficients a_s and
any—_1 from

a2=(1+¢)f(0)—a-1)/qg and an-1=(1+q)f([N])—qan—a.

Example 6.4.3 Let us construct a quadratic B-spline of the kind we have
derived immediately above. Let us choose the function f(z) as e®/[V], with
N =5, and let us take ¢ = 0.95. We solve the tridiagonal system to find
a_1, agp,...,as3, and then find a_5 and a4, as described above. We find
that the coefficients a_s,a_1,...,a4 are 0.8841719, 1.1100367, 1.3778033,
1.6917329, 2.0559284, 2.4742331, and 2.9501281, to seven decimal places.
As a check on the accuracy, we compare the values of the spline and the
exponential function at the interior knots x = [1], [2], [3], and [4]:

: |0 2 3 4

S(z) | 1.247353 1.538793 1.878500 2.270444

e/l | 1.247354 1.538793 1.878499  2.270441
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It is interesting to compare the accuracy of the above results, in which we
used g = 0.95, with the results in Example 6.3.4, where we solved the same
problem with ¢ = 1. [ |

Problem 6.4.1 Show that the B-splines with knots at the g-integers, de-
fined by (6.73) and (6.74), satisfy B}*([j]) = By, ([j + m]).

Problem 6.4.2 Verify (6.86), which expresses a spline on the g-integers
as a g¢-difference of a truncated power.

Problem 6.4.3 Show that for the quadratic B-spline defined in Example
6.4.1, the only nonzero values of the derivative at the knots are

d 2 d -2
—BX[i+1)=———— and —B¥[i+2])= ——.
Bl =gy e B2 = g
Problem 6.4.4 Deduce from Theorem 6.4.3 that
By([n+1—j]) = ¢" "2 By([j]).
Problem 6.4.5 Deduce from (6.18) that
> B =1.
j=1
Problem 6.4.6 Show, using (6.74) and (6.84), that
n(l; [.7] n— . qul[n+17‘7] n— .
By (i) = ¢ B6~ () + =85~ (i — 1]).

[n] " [n]
Problem 6.4.7 Use the result in Problem 6.4.6 to show, by induction on
n, that we can write

Bp(l) = 2L,

where p; ,,(¢) is a polynomial in g of degree £ (j—1)(2n—j) with nonnegative
coefficients. Deduce from the result in Problem 6.4.4 that

Pn+1—jn (Q) = qn(n+1—2j)/2 pj,n(Q)'

Problem 6.4.8 Construct a quadratic spline S of the form (6.90) that
interpolates a given function at the N+ 1 knots = = [i], for 0 < ¢ < N, and
also satisfies the condition S’(0) = f/(0).
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Bernstein Polynomials

7.1 Introduction

This chapter is concerned with sequences of polynomials named after their
creator S. N. Bernstein. Given a function f on [0, 1], we define the Bernstein

polynomial .
Bu(fiz) =Y f (%) ( " )x’“(l—x)”—r (7.1)
=0

for each positive integer n. Thus there is a sequence of Bernstein polynomi-
als corresponding to each function f. As we will see later in this chapter, if f
is continuous on [0, 1], its sequence of Bernstein polynomials converges uni-
formly to f on [0, 1], thus giving a constructive proof of Weierstrass’s The-
orem 2.4.1, which we stated in Chapter 2. There are several proofs of this
fundamental theorem, beginning with that given by K. Weierstrass [55] in
1885. (See the Notes in E. W. Cheney’s text [7]. This contains a large num-
ber of historical references in approximation theory.) Bernstein’s proof [3]
was published in 1912. One might wonder why Bernstein created “new”
polynomials for this purpose, instead of using polynomials that were al-
ready known to mathematics. Taylor polynomials are not appropriate; for
even setting aside questions of convergence, they are applicable only to
functions that are infinitely differentiable, and not to all continuous func-
tions. We can also dismiss another obvious candidate, the interpolating
polynomials for f constructed at equally spaced points. For the latter se-
quence of polynomials does not converge uniformly to f for all f € C[0, 1],
and the same is true of interpolation on any other fixed sequence of abscis-
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sas. However, L. Fejér [19] used a method based on Hermite interpolation
in a proof published in 1930, which we will discuss in the next section.

Later in this section we will consider how Bernstein discovered his poly-
nomials, for this is not immediately obvious. We will also see that although
the convergence of the Bernstein polynomials is slow, they have compensat-
ing “shape-preserving” properties. For example, the Bernstein polynomial
of a convex function is itself convex.

It is clear from (7.1) that for all n > 1,

Bn(f;0) = f(0) and Bn(f;1) = f(1), (7.2)

so that a Bernstein polynomial for f interpolates f at both endpoints of
the interval [0, 1].

Example 7.1.1 It follows from the binomial expansion that

n

B,(1;2) = Z ( Z ) (1l—2)" "=+ (1-2)" =1, (7.3)

r=0

so that the Bernstein polynomial for the constant function 1 is also 1. Since

r{ny\_(n-1
n\r ) \r—1
for 1 < r < n, the Bernstein polynomial for the function x is
R = r({n _ n—1 1y et
Bn(x,x)—z(:)n(r) z"(1—a)" —xZ(rl) (I—a2)" ",

Note that the term corresponding to » = 0 in the first of the above two
sums is zero. On putting s = r — 1 in the second summation, we obtain

() —xZ(n_1> #(1—z)" 1 =g, (7.4)

the last step following from (7.3) with n replaced by n — 1. Thus the Bern-
stein polynomial for the function z is also x. |

We call B,, the Bernstein operator; it maps a function f, defined on [0, 1],
to By, f, where the function B, f evaluated at x is denoted by B, (f;z).
The Bernstein operator is obviously linear, since it follows from (7.1) that

By(Af + pg) = ABnf + puBng, (7.5)

for all functions f and g defined on [0,1], and all real A and p. We now
require the following definition.
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Definition 7.1.1 Let L denote a linear operator that maps a function f
defined on [a,d] to a function Lf defined on [c,d]. Then L is said to be a
monotone operator or, equivalently, a positive operator if

f(x) > g(x), zelab] = (Lf)(x) = (Ly)(x), = €le,d],  (7.6)
where we have written (Lf)(x) to denote the value of the function Lf at
the point z € [a, b]. [

We can see from (7.1) that B,, is a monotone operator. It then follows from
the monotonicity of B, and (7.3) that

m< flx) <M, z€[0,1] = m<B,(f;z) <M, z€][0,1]. (7.7)
In particular, if we choose m = 0 in (7.7), we obtain
f@)>0, z€[0,1] = Bu(f;z)>0, zel0,1]. (7.8)
It follows from (7.3), (7.4), and the linear property (7.5) that
B, (ax + b;z) = ax + b, (7.9)

for all real a and b. We therefore say that the Bernstein operator repro-
duces linear polynomials. We can deduce from the following result that the
Bernstein operator does not reproduce any polynomial of degree greater
than one.

Theorem 7.1.1 The Bernstein polynomial may be expressed in the form

n

Bu(fin) =3 (1) A (7.10)

r=0

where A is the forward difference operator, defined in (1.67), with step size
h=1/n.

Proof. Beginning with (7.1), and expanding the term (1 — x)"~", we have

s =Y (5) (1) e e (1)

s=0
Let us put t = r + s. We may write

t

>, (7.11)

n—r n
t=0 r=0

3 -

r=0 s

Il
o

since both double summations in (7.11) are over all lattice points (r,s)
lying in the triangle shown in Figure 7.1. We also have

()=
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0

FIGURE 7.1. A triangular array of 1(n + 1)(n + 2) lattice points.

and so we may write the double summation as

> (5 ) (1)) -2 (7)o

t=0

on using the expansion for a higher-order forward difference, as in Problem
1.3.7. This completes the proof. |

In (1.80) we saw how differences are related to derivatives, showing that

B0T@0) _ eme), (712)

where € € (zg,z,,) and x,, = 2o + mh. Let us put h = 1/n, 2o = 0, and
f(z) = x%, where n > k. Then we have
n"A"f(0) =0 for r >k

and
nF ARF(0) = fR)(€) = k! (7.13)
Thus we see from (7.10) with f(z) = z* and n > k that

Bn(xk; x) = aor® + a1 4+ +ap_1z + ag,

say, where ag = 1 for k =0 and k =1, and

o (1) (=) (-3) - (- 57)

for k > 2. Since ag # 1 when n > k > 2, this justifies our above statement
that the Bernstein operator does not reproduce any polynomial of degree
greater than one.
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Example 7.1.2 With f(z) = 2%, we have

0 =0 850 =7(3) - 10 = .

and we see from (7.13) that n?A2f(0) = 2! for n > 2. Thus it follows from

(7.10) that
2oy (M) E () o (1oL,
Bn(x’x)<1>n2+(2)n2n+<l n)
2 2 1
B, (z%;2) = 2° + —z(1 — z). (7.14)
n

which may be written in the form

Thus the Bernstein polynomials for #? converge uniformly to 22 like 1/n,
very slowly. We will see from Voronovskaya’s Theorem 7.1.10 that this rate
of convergence holds for all functions that are twice differentiable. |

We have already seen in (7.7) that if f(x) is positive on [0,1], so is
B, (f;x). We now show that if f(z) is monotonically increasing, so is

By (f; ).
Theorem 7.1.2 The derivative of the Bernstein polynomial B, 1(f;x)

may be expressed in the form
r n r(1 _ \n—T
n—|—1> ( , )x (1—2x) (7.15)

for n > 0, where A is applied with step size h = 1/(n + 1). Furthermore, if
f is monotonically increasing or monotonically decreasing on [0, 1], so are
all its Bernstein polynomials.

By(fir)=(n+ )3 Af (
r=0

Proof. The verification of (7.15) is omitted because it is a special case of
(7.16), concerning higher-order derivatives of the Bernstein polynomials,
which we prove in the next theorem. To justify the above remark on mono-
tonicity, we note that if f is monotonically increasing, its forward differences
are nonnegative. It then follows from (7.15) that B;,,(f; ) is nonnegative
on [0,1], and so By4+1(f;x) is monotonically increasing. Similarly, we see
that if f is monotonically decreasing, so is By,y1(f;x). |

Theorem 7.1.3 For any integer k > 0, the kth derivative of B,1x(f;x)
may be expressed in terms of kth differences of f as

B = TS g () (M) ara e a

r=0

for all n > 0, where A is applied with step size h = 1/(n + k).
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Proof. We write

n+k
Bt = 31 () (1 ) eramer

and differentiate k times, giving

where

We now use the Leibniz rule (1.83) to differentiate the product of " and
(1 — z)"*+*=" First we find that

FAPI I
dzs”
0, r—s <0,
and
(n+k—r) +
s -1 1 nrsTro o p—s5<n
T T B A
dxk—s
0, r—s>n.

Thus the kth derivative of 2" (1 — 2)"T*=" is

o) = S0 () e " (1

where the latter summation is over all s from 0 to k, subject to the con-
straints 0 < r — s < n. We make the substitution t = r — s, so that

n+k

Z Y = Z Z (7.19)

s t=0 s=0

A diagram may be helpful here. The double summations in (7.19) are over
all lattice points (r,s) lying in the parallelogram depicted in Figure 7.2.
The parallelogram is bounded by the lines s =0, s =k, t =0, and t = n,
where t = r — 5. We also note that

(n—l—k)( rl (n+k—r) :(n+k)!(T” ) (7.20)

r r—s)!(n+s—r)! n! -5
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0 n n+k r

FIGURE 7.2. A parallelogram of (n 4+ 1)(k + 1) lattice points.

Tt then follows from (7.17), (7.18), (7.19), and (7.20) that the kth derivative
of Bptr(f;x) is

e ()5 (1) 0

Finally, we note from Problem 1.3.7 that

e (1) (7)o (v5)

s=0

where the operator A is applied with step size h = 1/(n+k). This completes
the proof. |

By using the connection between differences and derivatives, we can de-
duce the following valuable result from Theorem 7.1.3.

Theorem 7.1.4 If f € C¥[0,1], for some k > 0, then
m< fP@) <M, zel01] = am<BP(fiz)<aM zel0l]

for all n > k, where ¢cg = ¢; = 1 and

Ck:<1—1> <1_2)...<1_k_1>7 2<k<n.
n n n

Proof. We have already seen in (7.7) that this result holds for k¥ = 0. For
k > 1 we begin with (7.16) and replace n by n — k. Then, using (7.12) with

h = 1/n, we write
(k)
Akf (%) _f nngT)’ (7.21)

where r/n < & < (r + k)/n. Thus

B(k) fa Z Ckf(k) )n—k—'r'7
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and the theorem follows easily from the latter equation. One consequence
of this result is that if f*)(z) is of fixed sign on [0, 1], then B,(Lk)(f; x) also
has this sign on [0, 1]. For example, if f”(z) exists and is nonnegative on
[0,1], so that f is convex, then B!(f;x) is also nonnegative and B, (f;x)
is convex. |

Bernstein’s discovery of his polynomials was based on an ingenious prob-
abilistic argument. Suppose we have an event that can be repeated and has
only two possible outcomes, A and B. One of the simplest examples is the
tossing of an unbiased coin, where the two possible outcomes, heads and
tails, both occur with probability 0.5. More generally, consider an event
where the outcome A happens with probability « € [0,1], and thus the
outcome B happens with probability 1 — 2. Then the probability of A hap-
pening precisely r times followed by B happening n—r times is " (1—x)"~".

Since there are ( : ) ways of choosing the order of r outcomes out of n,

the probability of obtaining r outcomes A and n — r outcomes B in any
order is given by

porte) = (7 )ara oy,
Thus we have

por(@) = (") ($25) a0

and it follows that

DPrr() > ppr_i1(z) ifand only if r < (n+1)z.

We deduce that p, ,(z), regarded as a function of r, with = and n fixed,
has a peak when r = r, ~ nz, for large n, and is monotonically increasing
for r < r, and monotonically decreasing for r > r,. We already know that

an,r(x) - Bn(l,l') = 1a
r=0
and in the sum

n

S pr@)f (£) = Bulfio)
r=0

where f € C[0,1] and n is large, the contributions to the sum from values
of r sufficiently remote from r, will be negligible, and the significant part
of the sum will come from values of r close to r,. Thus, for n large,

Tz

Bu(fiz) = f (=) ~ f(@),

and so B, (f;z) — f(z) as n — oo. While this is by no means a rigorous
argument, and is thus not a proof, it gives some insight into how Bernstein
was motivated in his search for a proof of the Weierstrass theorem.
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Example 7.1.3 To illustrate Bernstein’s argument concerning the poly-

nomials py, ,, let us evaluate these polynomials when n = 8 and z = 0.4.
The resulting values of p,, ,(z) are given in the following table:

r | o 1 2 3 4 5 6 7 8

pnr(x) | 0.02 009 021 0.28 023 0.12 0.04 0.01 0.00

In this case, the largest value of p,, , is attained for r = r, = 3, consistent
with our above analysis, which shows that r, ~ nxz = 3.2. |

Theorem 7.1.5 Given a function f € C[0,1] and any € > 0, there exists
an integer N such that

|f(z) = Ba(f;o) <€, 0<z<1,
for all n > N.

Proof. In other words, the above statement says that the Bernstein poly-
nomials for a function f that is continuous on [0, 1] converge uniformly to
f on [0, 1]. The following proof is motivated by the plausible argument that
we gave above.

We begin with the identity

2 2
(o) = () 2o
n n n
multiply each term by ( : ) 2"(1 — )™ ", and sum from r = 0 to n, to
give
- r 2 n T n—r 2 2
Z(f —33) K (1—2)""" = By(a%;z) — 2zB,(z; ) + 2°B,(1; x).

n
r=0

It then follows from (7.3), (7.4), and (7.14) that

n

S (7))t o

r=0

For any fixed x € [0, 1], let us estimate the sum of the polynomials p,, ,(x)
over all values of r for which r/n is not close to x. To make this notion
precise, we choose a number § > 0 and let Sy denote the set of all values
of r satisfying ’% — x‘ > §. We now consider the sum of the polynomials
Dn.r(x) over all r € Ss5. Note that |% — :v| > ¢ implies that

L (E-a) = (7.23)
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Then, using (7.23), we have

3 < " )xrax)”r < 612 3 (%f:c)2 ( " >zr(1x)w.

reSs

The latter sum is not greater that the sum of the same expression over all
r, and using (7.22), we have

Since 0 < z(1 —z) < % on [0,1], we have

( : )xT(l < (7.24)

Let us write

where the latter sum is therefore over all r such that |- — x| < . Having
split the summation into these two parts, which depend on a choice of §
that we still have to make, we are now ready to estimate the difference
between f(x) and its Bernstein polynomial. Using (7.3), we have

1) =B = 3 (s -1 (2)) (7 ) wra -y

r=0
and hence
@) =Balfi) = Y (F@) -1 (%)) ( " )xr(l e
rESs

X1 (2) (3 )

r&Ss

We thus obtain the inequality

o= tsins 3 s ()] (7 )=

r
reSs

+> ‘f(x) - (%)’ < " >xr(1 — )"

réSs
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Since f € C[0, 1], it is bounded on [0, 1], and we have |f(x)| < M, for some
M > 0. We can therefore write

for all r and all z € [0,1], and so
> ‘f(ﬂc) —f (%)’ ( : ) 2"(1—2)" " <2M Y ( : ) 21— 2)"
rESs iy

On using (7.24) we obtain
Sl QI )ra-err s
reSs

Since f is continuous, it is also uniformly continuous, on [0, 1]. Thus, cor-
responding to any choice of € > 0 there is a number § > 0, depending on €
and f, such that

o] <8 = |f(@) - f@)] < 3,

for all z,z" € [0,1]. Thus, for the sum over r ¢ S5, we have

S -1 (@) (2) o <53 (1) 0o

r&Ss
€ - n r(1 _ \n—r
<22J(r)x(1 2y
and hence, again using (7.3), we find that

> ’f(x) —f (%)‘ ( :f ) 2"(1—z)" " < % (7.26)
rSs

On combining (7.25) and (7.26), we obtain
M €
It follows from the line above that if we choose N > M/(e§?), then

‘f(.%‘) - Bn(fam)l <€
for all n > N, and this completes the proof. |

Using the methods employed in the above proof, we can show, with a
little greater generality, that if f is merely bounded on [0, 1], the sequence
(Bn(f;))$2, converges to f(z) at any point & where f is continuous. We
will now discuss some further properties of the Bernstein polynomials.
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Theorem 7.1.6 If f € C*[0,1], for some integer k& > 0, then B%k)(f;a?)
converges uniformly to f*)(z) on [0,1].

Proof. We know from Theorem 7.1.5 that the above result holds for k£ = 0.
For k > 1 we begin with the expression for Bﬁfﬁk(f; x) given in (7.16), and

write (k)( )
r _ JY(Er
A <n+k)  (n+ k)R

where r/(n + k) < & < (r+k)/(n+ k), as we did similarly in (7.21). We
then approximate f*)(¢,), writing

FOE) = D (L) + (19 -1 (5)).

r r
n n

We thus obtain

n!(n + k)k B(k)

(n+k)! ek (f12) = S1(2) + S2(2), (7.27)
say, where
r=0
and

Sa(0) = 3 (£9(6) - 1 () ( " ) (1)
r=0

In Sy(z), we can make |, — =| < § for all r, for any choice of § > 0, by
taking n sufficiently large. Also, given any € > 0, we can choose a positive
value of § such that

FBg) 5 (2] <

n
for all 7, because of the uniform continuity of f*). Thus Sy(z) — 0 uni-
formly on [0,1] as n — co. We can easily verify that

nl(n + k)"
———— =1 as n— oo,

(n+k)
and we see from Theorem 7.1.5 with f*) in place of f that S1(z) converges
uniformly to f*)(x) on [0,1]. This completes the proof. |

As we have just seen, not only does the Bernstein polynomial for f
converge to f, but derivatives converge to derivatives. This is a most re-
markable property. In contrast, consider again the sequence of interpolating
polynomials (p%) for e” that appear in Example 2.4.4. Although this se-
quence of polynomials converges uniformly to e” on [—1, 1], this does not
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hold for their derivatives, because of the oscillatory nature of the error of
interpolation.

On comparing the complexity of the proofs of Theorems 7.1.5 and 7.1.6,
it may seem surprising that the additional work required to complete the
proof of Theorem 7.1.6 for £ > 1 is so little compared to that needed to
prove Theorem 7.1.5.

Y
D
A
C
B
1:vl 1ch 1:Ug Tz

FIGURE 7.3. A and B are the points on the chord C'D and on the graph of the
convex function y = f(x), respectively, with abscissa x3 = Az1 + (1 — 2.

We now state results concerning the Bernstein polynomials for a convex
function f. First we define convexity and show its connection with second-
order divided differences.

Definition 7.1.2 A function f is said to be convex on [a,b] if for any
x1, T2 € |a,b],

() + (1= N f(az) > FOar + (1 — Aaz) (7.28)

for any A € [0, 1]. Geometrically, this is just saying that a chord connecting
any two points on the convex curve y = f(x) is never below the curve. This
is illustrated in Figure 7.3, where C'D is such a chord, and the points A
and B have y-coordinates Af(z1) + (1 — A) f(z2) and f(Axy + (1 — Na2),
respectively. |

If f is twice differentiable, f being convex is equivalent to f” being non-
negative. Of course, functions can be convex without being differentiable.
For example, we can have a convex polygonal arc.

Theorem 7.1.7 A function f is convex on [a,b] if and only if all second-
order divided differences of f are nonnegative.

Proof. Since a divided difference is unchanged if we alter the order of its
arguments, as we see from the symmetric form (1.21), it suffices to consider
the divided difference f[zg, 21, x2] where a < 29 < 1 < 29 < b. Then we
obtain from the recurrence relation (1.22) that

flro,21,22) >0 & flry, 2] > flro, 21]. (7.29)
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On multiplying the last inequality throughout by (2 —x1)(z1 — xg), which
is positive, we find that both inequalities in (7.29) are equivalent to

(x1 = 20)(f(22) — f(21)) = (22 — 21)(f(21) — f(0)),
which is equivalent to
(x1 = 20) f(72) + (22 — 1) f(w0) > (w2 — 0) f(21)- (7.30)

If we now divide throughout by x5 — z¢ and write A = (z2 — x1) /(22 — x0),
we see that 1 = Azg + (1 — A)zo, and it follows from (7.30) that

Af(xo) + (1= A)f(22) = f(Azo + (1 = A)aa),
thus completing the proof. |

The proofs of the following two theorems are held over until Section 7.3,
where we will state and prove generalizations of both results.

Theorem 7.1.8 If f(z) is convex on [0, 1], then
By(fix) =2 f(z), 0<z<1, (7.31)
for all n > 1. |
Theorem 7.1.9 If f(x) is convex on [0, 1],
Bn-1(fiz) 2 Bu(fi2), 0<a <1, (7.32)

for all n > 2. The Bernstein polynomials are equal at x = 0 and =z = 1,
since they interpolate f at these points. If f € C]0,1], the inequality in
(7.32) is strict for 0 < < 1, for a given value of n, unless f is linear in

r—1 T
n—1’"n—1|’

B,—1(f;7) = Bu(f; ). u

each of the intervals [ for 1 <r <n—1, when we have simply

Note that we have from Theorem 7.1.4 with k = 2 that if f”(z) > 0, and
thus f is convex on [0, 1], then B, (f;z) is also convex on [0, 1]. In Section
7.3 we will establish the stronger result that B, (f;x) is convex on [0, 1],
provided that f is convex on [0, 1].

We conclude this section by stating two theorems concerned with esti-
mating the error f(z) — B, (f;x). The first of these is the theorem due to
Elizaveta V. Voronovskaya (1898-1972), which gives an asymptotic error
term for the Bernstein polynomials for functions that are twice differen-
tiable.

Theorem 7.1.10 Let f(z) be bounded on [0, 1]. Then, for any = € [0, 1]
at which f”(z) exists,

lim n(Bu(fs2) ~ () = g2(l—o)f"(x). W (733)

n—oo
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See Davis [10] for a proof of Voronovskaya’s theorem.

Finally, there is the following result that gives an upper bound for the

error f(x)—By(f;x) in terms of the modulus of continuity, which we defined
in Section 2.6.

Theorem 7.1.11 If f is bounded on [0, 1], then

3 1
—B.fl < zw|l—=], .34
I :,f||_2w<\/ﬁ> (7.34)
where || - || denotes the maximum norm on [0, 1]. |

See Rivlin [48] for a proof of this theorem.
Example 7.1.4 Consider the Bernstein polynomial for f(z) = |z — 1|,

r 1 n T n—r

The difference between By, (f;z) and f(z) at x = 1 is

r 1 n\
n B r = €n,
say. Let us now choose n to be even. We note that

-5 (7)-(5-3) (0

for all r, and that the quantities on each side of the above equation are
zero when r = n/2. It follows that

Bn(f;z) = Z

r=0

n

1

on
r=0

n/2

n “lr 1 n\ 1 r n
2€nzn2‘<r>2z<2n>(r)' (7.35)
r=0 r=0
Y,
11
2
0 i 17

FIGURE 7.4. The function f(z) = |z — %] on [0, 1].
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Let us split the last summation into two. We obtain

n/2

go(:):l((n/z)*i( )) () e

and since
(7)=(00n) e
n T r—1
we find that
n/2 n/2 1 n 1
o n — - n — _ an—1
3t (7)) () - ()
It then follows from (7.35) that

1 n 1
ep = —— ~
27+l \ n/2 2mn

for n large. The last step follows on using Stirling’s formula for estimating
n! (see Problem 2.1.12). This shows that ||f — B, f|| — 0 at least as slowly
as 1/y/n for the function f(z) = |z — 1|, where | - || denotes the maximum
norm on [0, 1]. |

Problem 7.1.1 Show that
By(x3;2) = 23 + %x(l —2)(1+ (3n —2)x),
for all n > 3.
Problem 7.1.2 Show that
Bn(e®;x) = (ze®/™ + (1 — z))"
for all integers n > 1 and all real «.

Problem 7.1.3 Deduce from Definition 7.1.2, using induction on n, that
a function f is convex on [a,b] if and only if

for all n > 0, for all . € [a,b], and for all A, > 0 such that
X+ +-+ A, =1

Problem 7.1.4 Find a function f and a real number A such that f is a
polynomial of degree two and B,, f = Af. Also find a function f and a real
number A such that f is a polynomial of degree three and B, f = \f.

Problem 7.1.5 Verify Voronovskaya’s Theorem 7.1.10 directly for the two
functions 2% and 3.



7.2 The Monotone Operator Theorem 263
7.2 The Monotone Operator Theorem

In the 1950s, H. Bohman [5] and P. P. Korovkin [31] obtained an amazing
generalization of Bernstein’s Theorem 7.1.5. They found that as far as
convergence is concerned, the crucial properties of the Bernstein operator
B, are that B, f — f uniformly on [0,1] for f = 1, o, and 22, and that
B,, is a monotone linear operator. (See Definition 7.1.1.) We now state the
Bohman—Korovkin theorem, followed by a proof based on that given by

Cheney [7].

Theorem 7.2.1 Let (L,,) denote a sequence of monotone linear operators
that map a function f € Cfa,b] to a function L, f € Cla,b], and let L, f —
f uniformly on [a,b] for f = 1, , and x2. Then L, f — f uniformly on
[a,b] for all f € Cla,b].

Proof. Let us define ¢;(z) = (t — x)2, and consider (L, ¢;)(t). Thus we
apply the linear operator L, to ¢;, regarded as a function of z, and then
evaluate L,¢; (which is also a function of z) at @ = t. Since L,, is linear,
we obtain

(Ln¢t>(t) =t (Lngo)(t> - Zt(Ln91>(t) + (Ln92)(t)a

where

Hence
(Lnde)(t) = [(Lngo) (t) — 1] = 2t[(Lngr)(t) — 1] + [(Lnga)(t) — °].
On writing || - || to denote the maximum norm on [a, b], we deduce that
IZnell < M?[|Lngo — goll + 2M||Lugs — g1l + [ Lng2 — gell,

where M = max(|al, |b|). Since for i = 0, 1, and 2, each term ||L,g; — gl
may be made as small as we please, by taking n sufficiently large, it follows
that

(Ln)(t) = 0 as n — oo, (7.36)

uniformly in .

Now let f be any function in Cfa,b]. Given any € > 0, it follows from
the uniform continuity of f that there exists a 6 > 0 such that for all
t,x € [a,b],

[t—z| <d=|f(t)— f(z)] <e. (7.37)

On the other hand, if |t — x| > §, we have

(t—x)
52

2
|f(@) = f@)] <20 f1l < 2011 = agy(z), (7.38)
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say, where a = 2| f||/6% > 0. Note that ¢;(z) > 0. Then, from (7.37) and
(7.38), we see that for all t,x € [a, b,

[f(t) = f(@)] < €+ agy(z),

and so

—e—agy(r) < f(t) — f(z) < €+ age(z). (7.39)
At this stage we make use of the monotonicity of the linear operator L,,. We
apply L, to each term in (7.39), regarded as a function of x, and evaluate
each resulting function of x at the point ¢, to give

—€(Lngo)(t) — a(Lnde)(t) < f()(Lngo)(t) — (Lnf)(t)
< €(Lngo)(t) + a(Lnde)(t)-

Observe that (L, ¢:)(t) > 0, since L,, is monotone and ¢¢(x) > 0. Thus we
obtain the inequality

[f () (Lngo)(t) = (Lnf)(B)] < €l Lngoll + a(Lngr)(E)- (7.40)

If we now write L,go = 1+ (Lng0 — go), we obtain

”LngO” § 1+ ||LngO - gOHa

and so derive the inequality

| @) (Lngo)(t) = (Lnf)(B)] < (1 +[[Lngo — goll) + a(Lnge)(t).  (7.41)

We now write
f@) = (Ln F)(E) = [F () (Lngo)(t) — (Ln f) ()] + [f () — f(£)(Lngo)(t)],
and hence obtain the inequality

[F (&) = (La F)O] <[ (#)(Lngo)(t) = (Lnf)(D)]
() = F()(Lngo)(D)]-

In (7.41) we have already obtained an upper bound for the first term on
the right of (7.42), and the second term satisfies the inequality

[F(#) = F () (Lngo) O] < [I£]] [[Lngo = goll- (7.43)

Then, on substituting the two inequalities (7.41) and (7.43) into (7.42), we
find that

[f(t) = (Lnf)D] < e+ (1F]1 + ) [1Lngo — goll + a(Lndr) (). (7.44)

On the right side of the above inequality we have € plus two nonnegative
quantities, each of which can be made less than € for all n greater than
some sufficiently large number N, and so

£ (&) = (Ln )(E)] < 3e,

(7.42)
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uniformly in ¢, for all n > N. This completes the proof. |

Remark If we go through the above proof again, we can see that the
following is a valid alternative version of the statement of Theorem 7.2.1.
We will find this helpful when we discuss the Hermite—Fejér operator.

Let (L,) denote a sequence of monotone linear operators that map func-
tions f € Cla,b] to functions L, f € C[a,b]. Then if L, gy — go uniformly
on [0,1], and (L, ¢¢)(t) — O uniformly in ¢ on [0, 1], where go and ¢, are
defined in the proof of Theorem 7.2.1, it follows that L, f — f uniformly
on [0,1] for all f € Cla, b). [ |

Example 7.2.1 We see from Examples 7.1.1 and 7.1.2 that

1
B,(1;z) =1, Bu(z;z) =2z, and B,(z* ) =2+ ﬁx(l —x).

Thus B, (f;x) converges uniformly to f(z) on [0,1] for f(z) = 1, z, and

22, and since the Bernstein operator B,, is also linear and monotone, it

follows from the Bohman-Korovkin Theorem 7.2.1 that B, (f;z) converges
uniformly to f(z) on [0,1] for all f € C[0, 1], as we already found in Bern-
stein’s Theorem 7.1.5. |

We now recall the Hermite interpolating polynomial pe,41, defined by
(1.38). If we write

Gon+1(x) = Z[azuz(:c) + b;v; ()], (7.45)
=0
where u; and v; are defined in (1.39) and (1.40), then
Gan+1(Ti) = @iy Gopyr(zi) = by, 0<i<n (7.46)
If we now choose

a; = f(zi), b;=0, 0<i<n, (7.47)

where the z; are the zeros of the Chebyshev polynomial 7}, 1 and f is a
given function defined on [—1,1], it follows that

Qnt1(7) = Z f@i)ui(z) = (Lo f) (), (7.48)

say, where u; is given by (2.103), and so

(Lo f)(z) = (Tnj(f>> Zf(xa(“—m. (7.49)
=0
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We call L,, the Hermite—Fejér operator. It is clear that L, is a linear oper-
ator, and since

0<l—-zz<2 for —-1<z<1, (7.50)

for all i, we see that L, is monotone. We also note that L,, reproduces
the function 1, since the derivative of 1 is zero and (L,1)(zx) interpolates
1 on the Chebyshev zeros. It is also obvious that L, does not reproduce
the functions = and z2, since their first derivatives are not zero on all the
Chebyshev zeros. Let us apply L, to the function ¢y(x) = (t — x)?. We

obtain 5 n
_ n+1
(Lo = (T2 ) S0

and it follows from (7.50) that

L, t)| < ,
(Lad)(O) <
so that (L,¢¢)(t) — 0 uniformly in ¢ on [—1,1]. Thus, in view of the
alternative statement of Theorem 7.2.1, given in the remark following the
proof of the theorem, we deduce the following result as a special case of
the Bohman-Korovkin Theorem 7.2.1.

Theorem 7.2.2 Let (L,,) denote the sequence of Hermite—Fejér operators,
defined by (7.49). Then L, f — f uniformly for all f € C[-1,1]. |

Theorem 7.2.2, like Bernstein’s Theorem 7.1.5, gives a constructive proof
of the Weierstrass theorem. A direct proof of Theorem 7.2.2, which does
not explicitly use the Bohman—Korovkin theorem, is given in Davis [10].
We will give another application of the Bohman—Korovkin theorem in the
next section.

We can show (see Problem 7.2.1) that the only linear monotone operator
that reproduces 1, x, and 22, and thus all quadratic polynomials, is the
identity operator. This puts into perspective the behaviour of the Bernstein

operator, which reproduces linear polynomials, but does not reproduce z2,

and the Hermite-Fejér operator, which does not reproduce x or z2.

Problem 7.2.1 Let L denote a linear monotone operator acting on func-
tions f € C[a,b] that reproduces 1, x, and x2. Show that (L,;)(t) = 0,
where ¢;(z) = (t — x)%. By working through the proof of Theorem 7.2.1
show that for a given f € Cla,b], (7.40) yields

1f(t) = (LA (D) <€

for all t € [a,b] and any given € > 0. Deduce that Lf = f for all f € Cla, b],
and thus L is the identity operator.
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Problem 7.2.2 Deduce from Theorem 7.2.2 that

. Thni1(x) 21— Tix
lim =1
n1—>00< n+1 ;(x—mP ’

where the x; denote the zeros of T},11.

7.3 On the g-Integers

In view of the many interesting properties of the Bernstein polynomials,
it is not surprising that several generalizations have been proposed. In
this section we discuss a generalization based on the g-integers, which are
defined in Section 1.5. Let us write

n n—r—1
n ' _ S

Bn<f,x>—ZOfT[ e [ a-aw (7.51)

for each positive integer n, where f, denotes the value of the function f at

x = [r]/[n], the quotient of the g-integers [r] and [n], and [ 7; } denotes

a ¢-binomial coefficient, defined in (1.116). Note that an empty product

in (7.51) denotes 1. When we put ¢ = 1 in (7.51), we obtain the classical

Bernstein polynomial, defined by (7.1), and in this section we consistently

write B, (f;x) to mean the generalized Bernstein polynomial, defined by

(7.51). In Section 7.5, whenever we need to emphasize the dependence of

the generalized Bernstein polynomial on the parameter ¢, we will write
Bi(f;x) in place of B,(f;x).

We see immediately from (7.51) that

Bn(f;0) = f(0) and  B,(f;1) = f(1), (7.52)

giving interpolation at the endpoints, as we have for the classical Bernstein
polynomials. It is shown in Section 8.2 that every g-binomial coefficient is
a polynomial in ¢ (called a Gaussian polynomial) with coefficients that are
all positive integers. It is thus clear that B,,, defined by (7.51), is a linear
operator and, with 0 < ¢ < 1, it is a monotone operator that maps functions
defined on [0, 1] to P,. The following theorem involves g-differences, which
are defined in Section 1.5. This result yields Theorem 7.1.1 when ¢ = 1.

Theorem 7.3.1 The generalized Bernstein polynomial may be expressed

in the form
n

n T T
Bu(f;) =) [ . ] A7 foa”, (7.53)
r=0
where
ALfi =N i —q AT, >

with AQf; = f; = f([j]/[n]).
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Proof. Here we require the identity,

_H_ (1—-¢°z) = Z_:(—l)sqs(sf”/2 { e } z°, (7.54)

S
s=0 s=0

which is equivalent to (8.12) and reduces to a binomial expansion when we
put ¢ = 1. Beginning with (7.51), and expanding the term consisting of the
product of the factors (1 — ¢°z), we obtain

Bu(f; @) Zfr[ ] ZO<—1)S<JS(“>/2[”ST]3;S,

Let us put ¢t = r + s. Then, since

n n—r | _ | n t
r s Tt r |’
we may write the latter double sum as
n t
n t t—r (t—r)(t—r—1)/2 n t t
Z{t}xZ( 1) g [ :|fr_Z|:t:|Aqf0x7
t=0 r=0 t=0

on using the expansion for a higher-order g-difference, as in (1.121). This
completes the proof. |

We see from (1.33) and (1.113) that

Af;f(ﬂﬁo)

F©
R

:f[anmh-“axk] =

where x; = [j] and & € (xo,x)). Thus g-differences of the monomial z* of
order greater than k are zero, and we see from Theorem 7.3.1 that for all
n >k, B,(z*; ) is a polynomial of degree k.

We deduce from Theorem 7.3.1 that

Bn(1;2) = 1. (7.55)

For f(x) =2 we have A)fo = fo=0and A} fo=fi — fo=1/[n], and it
follows from Theorem 7.3.1 that

B, (z;z) = x. (7.56)

For f(z) = x* we have AQfo = fo =0, Ajfo=fi — fo=1/[n]*, and

Aifo=Ff2—(L+a)fi +afo= <[[Z]]>2—(1+q) (%)2
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We then find from Theorem 7.3.1 that
z(1 — )

[n]

The above expressions for B,,(1;z), B, (z; x), and B, (2%; x) generalize their
counterparts given earlier for the case ¢ = 1 and, with the help of Theorem
7.2.1, lead us to the following theorem on the convergence of the generalized
Bernstein polynomials.

B, (2% 2) = 2? + (7.57)

Theorem 7.3.2 Let (g,) denote a sequence such that 0 < ¢, < 1 and
qn — 1 as n — co. Then, for any f € C[0, 1], B, (f;x) converges uniformly
to f(z) on [0,1], where B,,(f;z) is defined by (7.51) with ¢ = gy,.

Proof. We saw above from (7.55) and (7.56) that B,(f;x) = f(x) for
f(z) =1and f(z) = z, and since q,, — 1 as n — 0o, we see from (7.57) that
B,(f; x) converges uniformly to f(x) for f(z) = 2. Also, since 0 < ¢, < 1,
it follows that B, is a monotone operator, and the proof is completed by
applying the Bohman-Korovkin Theorem 7.2.1. |

We now state and prove the following generalizations of Theorems 7.1.8
and 7.1.9.

Theorem 7.3.3 If f(z) is convex on [0, 1], then
B,(fiz) > f(z), 0<z<1, (7.58)
forallm > 1 and for 0 < ¢ < 1.
Proof. For each x € [0, 1], let us define
n—r+1

x,,[[r]] and Ar{ﬁ}xr sl;[o(lqux), 0<r<n.

We see that A\, > 0 when 0 < ¢ < 1 and z € [0, 1], and note from (7.55)
and (7.56), respectively, that

A+t +A, =1

and
)\01‘0 + )\11’1 + -+ )\nscn =x.

Then we obtain from the result in Problem 7.1.3 that if f is convex on

[07 1]7
Bn(fa x) = Z )‘Tf(xT) > f <Z )‘rxr) = f(CL'),

r=0

and this completes the proof. |
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Theorem 7.3.4 If f(z) is convex on [0, 1],
Bn-1(fi2) > Bu(fi2), 0<z<1, (7.59)

for all n > 2, where B,,_1(f;z) and B,,(f;x) are evaluated using the same
value of the parameter q. The Bernstein polynomials are equal at x = 0 and
x = 1, since they interpolate f at these points. If f € C[0, 1], the inequality
in (7.59) is strict for 0 < x < 1 unless, for a given value of n, the function

f is linear in each of the intervals H;:i]], [n[i]l]}, for 1 <r <n—1, when

we have simply B,,—1(f;z) = B,(f; z).

Proof. In the proof given by Davis [10] for the special case of this theorem
when ¢ = 1, the difference between two consecutive Bernstein polynomials
is expressed in terms of powers of x/(1 — x). This is not appropriate for
q # 1, and our proof follows that given by Oru¢ and Phillips [40]. For
0 < g <1, let us write

(Bn-1(f;2) — Bu(f;2)) jl:[:(l —q°x)"!
-5 (7ly) { e H (ma

We now split the first of the above summations into two, writing

n—1

z" H (1—- qs-r)_l = "/}r(x) + qn_r_lwr-&-l(x%

s=n—r—1
say, where
n—1
H (1—q°z)" L. (7.60)

On combining the resulting three summations, the terms in ¢g(z) and
¥, (x) cancel, and we obtain

n—1 n—1

(Bos(fia) = Bulfia) [J0 -0 =30 | [ awn(oh (o)

s=0 r=1

where

o= f([n[i] 11) +q"%f(5;iﬂ> ‘f<[[;]1>' (762)




7.3 On the g-Integers 271

It is clear from (7.60) that each ,.(z) is nonnegative on [0,1] for 0 < ¢ <1,
and thus from (7.61), it will suffice to show that each a, is nonnegative.
Let us write

s I s R '
MR M T ey M R T ey
It then follows that
gl an x — Az :ﬂ
1-A=¢q 7] d Az + (1= Nz ]’

and we see immediately, on comparing (7.62) and (7.28), that
ar = Af(z1) + (1 = A) f(z2) — f(Az1 + (1 = N)a2) 2 0,

and so B,_1(f;2) > Bn(f;x). We obviously have equality at = 0 and
x = 1, since all Bernstein polynomials interpolate f at these endpoints.
The inequality will be strict for 0 < = < 1 unless every a, is zero; this can
occur only when f is linear in each of the intervals between consecutive
points [r]/[n — 1], 0 <r <n—1, when we have B,,_1(f;x) = B, (f;z) for
0 < z < 1. This completes the proof. |

We now give an algorithm, first published in 1996 (see Phillips [42]), for
evaluating the generalized Bernstein polynomials. When ¢ = 1 it reduces
to the well-known de Casteljau algorithm (see Hoschek and Lasser [26]) for
evaluating the classical Bernstein polynomials.

Algorithm 7.3.1 This algorithm begins with the value of ¢ and the values
of f at the n + 1 points [r]/[n], 0 <r < n, and computes B, (f;z) = (E"],
which is the final number generated by the algorithm.

input: ¢; f([0]/[n]), f([1]/[n]).-... f([n]/In])
forr=0ton
W= F([r)/ )
next r
form=1ton
forr=0ton—m
= (g =g ) T
next r
next m

output: f(gn] = B,(f;x) [ |
The following theorem justifies the above algorithm.

Theorem 7.3.5 For 0 <m <n and 0 <r <n —m, we have

m—t—1

A=Y g |y e TT o) (7.63)
t=0

s=0
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and, in particular,
= Bu(fi2). (7.64)

Proof. We use induction on m. From the initial conditions in the algorithm,
f[o] = f([r]/In]) = fr, 0 <7 <m,itis clear that (7.63) holds for m =0
and 0 < r < n. Note that an empty product in (7.63) denotes 1. Let us
assume that (7.63) holds for some m such that 0 < m < n, and for all r
such that 0 < r <n —m. Then, for 0 <r <n —m — 1, it follows from the
algorithm that
FH = (" — gma) f)

and using (7.63), we obtain

m—t—1

m m T S
fimil = (g - me[t}x I:I()(q —q¢°z)
m m—t—1
t r+1 S
Sy AP | QUSR]
t=0 s=0
The coefficient of f, on the right of the latter equation is
m—1 m
(" —q™) [ (@ —q¢'2) = [](¢" - ¢°x),
s=0 s=0

and the coefficient of f.i 11 is ™1 For 1 < t < m, we find that the
coefficient of f,4; is

r m m tmitil r s tm ! r+1 s
(=g | T |t [ @ =)+ ] [ e [T )
s=0 s=0
m—t—1
=aa' [ (¢"—q'2),
s=0

say. We see that

=+ 3

ar = (q" —q"x) [

and hence

i (e e )

It is easily verified (see (8.7) and (8.

R Y BT I R P Y e
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and thus
ar = (¢" —q™ "x) [ mjl ] :

Hence the coefficient of f, ¢, for 1 <t < m, in the above expression for
,[m+” is
m+ 1 ] tm_t T s
.| [ - ).

s=0

and we note that this also holds for t = 0 and ¢ = m + 1. Thus we obtain

m+1 - m—t
m+1 .
fimH] = Z frt n } ! H(Q - q°z),
t=0 - s=0

and this completes the proof by induction. |

The above algorithm for evaluating B, (f; «) is not unlike Algorithm 1.1.1
(Neville-Aitken). In the latter algorithm, each quantity that is computed
is, like the final result, an interpolating polynomial on certain abscissas.
Similarly, in Algorithm 7.3.1, as we see in (7.63), each intermediate number

#™ has a form that resembles that of the final number (En] = B,(f;z).

We now show that each fim] can also be expressed simply in terms of
g-differences, as we have for B, (f;z) in (7.53).

Theorem 7.3.6 For 0 <m <n and 0 <r <n —m, we have
m - m—s)r m S S
flm =" gm=s) { ) }Aqfrx. (7.65)
s=0

Proof. We may verify (7.65) by induction on m, using the recurrence rela-
tion in Algorithm 7.3.1. Alternatively, we can derive (7.65) from (7.63) as
follows. First we write

m—t—1 m—t—1

I (@ -2 =" I ad-2ay),

s=0 s=0
where y = z/q", and we find with the aid of (7.54) that

m—t—1 m—t

I1 (@ —a'2) =D (~1)y g0 b/ztm=t=ir [ mj‘t ]mj.
s=0 j

<
Il
o

On substituting this into (7.63), we obtain

J

m m—t
=2 e [ " } Y (1)U et { met ] 2.
t=0 7=0
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If we now let s = j 4+ ¢, we may rewrite the above double summation as
“ m > S
- i iG—1)/2
Zoq(m s)r |: . ]xs 2)(71)qu(§ )/ [ i :| fr+s—j;
5= j=

which, in view of (1.121), gives
[m] _ Em (m—s)r | T s :
f} - ‘7Oq { S } quf}ﬂf7

and this completes the proof. |

Problem 7.3.1 Verify (7.65) directly by induction on m, using the recur-
rence relation in Algorithm 7.3.1.

Problem 7.3.2 Work through Algorithm 7.3.1 for the case n = 2, and so
verify directly that f(gQ] = By(f; x).

7.4 'Total Positivity

We begin this section by defining a totally positive matrix, and discuss
the nature of linear transformations when the matrix is totally positive.
We will apply these ideas in Section 7.5 to justify further properties of the
Bernstein polynomials concerned with shape, such us convexity.

Definition 7.4.1 A real matrix A is called totally positive if all its minors
are nonnegative, that is,

.. . 11,51 i1,Jk
A( otz Tk >det : L =0, (7.66)
J15J25 -5 Jk ! '
Qig,gi 7 Qigg
for all i1 < iy < +-- < i and all j; < jo < -+ < jg. We say that A is
strictly totally positive if all its minors are positive, so that > is replaced
by > in (7.66). |

It follows, on putting ¥ = 1 in (7.66), that a necessary condition for a
matrix to be totally positive is that all its elements are nonnegative.

Theorem 7.4.1 A real matrix A = (a;;) is totally positive if

( ii+1,...i+k

Qi1 ik ) >0 foralli,j, and k. (7.67)

Similarly, the matrix A is strictly totally positive if the minors given in
(7.67), which are formed from consecutive rows and columns, are all posi-
tive. |
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For a proof, see Karlin [28]. In view of Theorem 7.4.1, we can determine
whether A is totally positive or strictly totally positive by testing the pos-
itivity of only those minors that are formed from consecutive rows and
columns, rather than having to examine all minors.

Example 7.4.1 Let us consider the Vandermonde matrix

1 zg 2% - ¥

1 @y 22 - ap
V=V(o,..,z.)=| . . . . | (7.68)

1 =z, x% xn

As we showed in Chapter 1 (see Problem 1.1.1),
det V(zo,...,x,) = H(l‘z —xj). (7.69)
i>j

Let 0 < g < 1 < -+ < . Then we see from (7.69) that det' V > 0, and
we now prove that V is strictly totally positive. Using Theorem 7.4.1, it is
sufficient to show that the minors

j i+1 i+k
xl  alt wl"
J J+1 J+k
1+1 1+1 i+1

det . . .
J J+1 Jj+k
Tivk Tigke - Tigk

are positive for all nonnegative i, j, k such that i+k, j+k < n. On removing
common factors from its rows, the above determinant may be expressed as

(Ii s $i+k)j det \f(l‘z7 . ,Ii+k) > 0,
since
det V(ay, ..., xiqp) = H (xs —xp) > 0.
i<r<s<it+k

This completes the proof that V is strictly totally positive. |

If A = BC, where A, B, and C denote matrices of orders m x n, m X k,
and k X n, respectively, then

A(z:l,...,i.p ) Y B( i1y ip >C<ﬁ1ﬁp ) (7.70)
Jis--5]Jp Br1<--<Bp ﬂlw'wﬁ}? Jis sy Jp

This is known as the Cauchy-Binet determinant identity. It follows imme-
diately from this most useful identity that the product of totally positive

matrices is a totally positive matrix, and the product of strictly totally
positive matrices is a strictly totally positive matrix.
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Definition 7.4.2 Let v denote the sequence (v;), which may be finite or
infinite. Then we denote by S~ (v) the number of strict sign changes in the
sequence V. |

For example, S7(1,-2,3,—-4,5,—-6) = 5, S7(1,0,0,1,—-1) = 1, and
S—(1,-1,1,—1,1,—1,...) = co, where the last sequence alternates +1 and
—1 indefinitely. It is clear that inserting zeros into a sequence, or deleting
zeros from a sequence, does not alter the number of changes of sign. Also,
deleting terms of a sequence does not increase the number of changes of
sign. We use the same notation to denote sign changes in a function.

Definition 7.4.3 Let
v, = Zaikuk7 1=0,1,...,m,
k=0

where the u; and the a;;, and thus the v;, are all real. This linear trans-
formation is said to be variation-diminishing if

S7T(v) < S (u). |

Definition 7.4.4 A matrix A, which may be finite or infinite, is said to
be m-banded if there exists an integer [ such that a;; # 0 implies that
I<j—i<l+m. |

This is equivalent to saying that all the nonzero elements of A lie on
m + 1 diagonals. We will say that a matrix A is banded if it is m-banded
for some m. Note that every finite matrix is banded. We have already
met 1-banded and 2-banded (tridiagonal) matrices in Chapter 6. In this
section we will be particularly interested in 1-banded matrices, also called
bidiagonal matrices, because of Theorem 7.4.3 below.

We now come to the first of the main results of this section.

Theorem 7.4.2 If T is a totally positive banded matrix and v is any
vector for which T'v is defined, then

ST(Tv) < S~ (v). |

For a proof of this theorem see Goodman [22].

When we first encounter it, the question of whether a linear transfor-
mation is variation-diminishing may not seem very interesting. However,
building on the concept of a variation-diminishing linear transformation,
we will see in Section 7.5 that the number of sign changes in a function f
defined on [0, 1] is not increased if we apply a Bernstein operator, and we
say that Bernstein operators are shape-preserving. This property does not
always hold, for example, for interpolating operators.
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Example 7.4.2 Let v denote an infinite real sequence for which S~ (v) is
finite. Consider the sequence w = (w;)$2, defined by

w; =v; +v;_1 for ¢>1, and wy = vp.

Then w = Tv, where

O = = O
= -0 O
= O O O

-
I
OO ==

Let us consider the minors of T constructed from consecutive rows and
columns. Any such minor whose leading (top left) element is 0 has either a
whole row or a whole column of zeros, and so the minor is zero. It is also not
hard to see that any minor constructed from consecutive rows and columns
whose leading element is 1 has itself the value 1. Thus, by Theorem 7.4.1,
the matrix T is totally positive, and so we deduce from Theorem 7.4.2 that
ST(w) =85 (Tv) < S (v). |

Theorem 7.4.3 A finite matrix is totally positive if and only if it is a
product of 1-banded matrices with nonnegative elements. ]

For a proof of this theorem, see de Boor and Pinkus [13]. An immediate con-
sequence of Theorem 7.4.3 is that the product of totally positive matrices is
totally positive, as we have already deduced above from the Cauchy—Binet
identity.

Example 7.4.3 To illustrate Theorem 7.4.3, consider the 1-banded fac-
torization

1 11 1 0 0 1 0 0 1 1 0 1 00
1 2 4]1=]10120 1 1 0 0 1 2 01 1
1 39 0 1 1 0 1 1 0 0 2 0 0 1

The four matrices in the above product are indeed all 1-banded matrices
with nonnegative elements, and their product is totally positive. |

We now state a theorem, and give a related example, concerning the
factorization of a matrix into the product of lower and upper triangular
matrices.

Theorem 7.4.4 A matrix A is strictly totally positive if and only if it can
be expressed in the form A = LU where L is a lower triangular matrix,
U is an upper triangular matrix, and both L and U are totally positive
matrices. |
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For a proof, see Cryer [9].

Example 7.4.4 To illustrate Theorem 7.4.4, we continue Example 7.4.3,
in which the matrix

1
A=|1
1

W N
© b =

is expressed as a product of four 1-banded matrices. If we multiply the first
two of these 1-banded matrices, and also multiply the third and fourth, we
obtain the LU factorization

1 00 1 1 1
A=|(1 10 0 1 3 |=LU,
1 21 0 0 2
and it is easy to verify that L and U are both totally positive. |

The matrix A in Example 7.4.4 is the 3 x 3 Vandermonde matrix V (1,2, 3).
In Section 1.2 we gave (see Theorem 1.2.3) the LU factorization of the
general Vandermonde matrix.

Example 7.4.5 Let

Then we can easily verify that A is totally positive, and it is obviously not
strictly totally positive. We give two different LU factorizations of A:

100 1 0 1
A=LU=|1 0 0 01 0|,
0 0 O 0 0 O
where L is totally positive but U is not, and
1 00 1 0 1
A=LU=|1 1 0 0 0 0|,
0 1 1 0 0 0

where both L and U are totally positive. This example shows that we can-
not replace “strictly totally positive” by “totally positive” in the statement
of Theorem 7.4.4. [ |

Definition 7.4.5 For a real-valued function f on an interval I, we define
S~(f) to be the number of sign changes of f, that is,

ST(f) =supS™(f(zo0),..., f(zm)),

where the supremum is taken over all increasing sequences (zg, ..., Zm,) in
I, for all m.
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Definition 7.4.6 We say that a sequence (¢y, ..., ¢,) of real-valued func-
tions on an interval I is totally positive if for any points 0 < zg < -+ < x,
in I, the collocation matrix (¢;(x;))f ;—o is totally positive. |

Theorem 7.4.5 Let ¢;(z) = w(x)p;(z), for 0 < i < n. Then, if w(z) >0
on I and the sequence of functions (¢, ..., ¢,) is totally positive on I, the
sequence (o, ...,%,) is also totally positive on I.

Proof. This follows easily from the definitions. |

Theorem 7.4.6 If (¢o, ..., ¢,) is totally positive on I, then for any num-
bers ag,...,an,

ST (agpn + -+ + andn) < S (ag, ..., an). |
For a proof of this theorem see Goodman [22].

Definition 7.4.7 Let L denote a linear operator that maps each function
f defined on an interval [0, 1] onto Lf defined on [0, 1]. Then we say that
L is variation-diminishing if

ST(Lf) < S(f). u

Problem 7.4.1 Show that an n x n matrix has (2" — 1)? minors, of which
%n2(n + 1)? are formed from consecutive rows and columns. How many
minors are there in these two categories for an m X n matrix?

Problem 7.4.2 Show that the matrix

<
<)

a1 a2 a3 a4
apg a1 az das
0 apg a1 a2
0 0 ap ap
0 0 0 ao

OO OO

is totally positive, where a; > 0 for all ¢, and a%_ai_lai_i'_l >0forl <i<3.

Problem 7.4.3 Let v denote an infinite real sequence for which S~ (v) is
finite. Consider the sequence w defined by

I
wT:ZUS for r>0.
s=0

Show that S~(w) < S~ (v).
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Problem 7.4.4 Repeat Problem 7.4.3 with the sequence w defined by
T r
wT:Z< s )vs for r>0,
s=0
again showing that S~ (w) < S~ (v).

Problem 7.4.5 Show that the matrix

(wo+to)™' (zo+t1))™t 1 mo
(r1+to)™t (z1+t)™t 1 g
(1’2 +t0)71 (1’2 +t1)71 1 xo
(z3+to)™" (z3+t))™' 1 a3

is totally positive if 0 < zg < 21 < 2 < 23 and 0 < ty < t7.

7.5 Further Results

This section is based on the work of Goodman, Orug and Phillips [23]. We
will use the theory of total positivity, developed in the last section, to justify
shape-preserving properties of the generalized Bernstein polynomials. We
will also show that if a function f is convex on [0, 1], then for each x
in [0,1] the generalized Bernstein polynomial B, (f;x) approaches f(x)
monotonically from above as the parameter ¢ increases, for 0 < ¢ < 1.

In the last section we saw that for 0 < zg < 21 < --- < x,, the Vander-
monde matrix V(xo, ..., x,) is strictly totally positive. It then follows from
Definition 7.4.6 that the sequence of monomials (%) is totally positive on
any interval [0, 00). We now make the change of variable ¢t = z/(1 —z), and
note that ¢ is an increasing function of x. Thus, if ¢; = z;/(1 — x;), and we
now let 0 < zg < 1 < -+ <z, <1, it follows that 0 < tg < t1 < --- < ty.

Since the Vandermonde matrix V(to,...,t,) is strictly totally positive,
it follows that the sequence of functions

1 T 22 z"
M-z’ (1—2)2""" (1 —a)"

is totally positive on [0,1]. We also see from Theorem 7.4.5 that the se-
quence of functions

(1—2)" 21 —2)" " 2?1 —2)" % .. 2" (1 —),2") (7.71)

is totally positive on [0, 1]. Since the n+ 1 functions in the sequence (7.71)
are a basis for P,, the subspace of polynomials of degree at most n, they
are a basis for all the classical Bernstein polynomials of degree n, defined
by (7.1), and we can immediately deduce the following powerful result from
Theorem 7.4.6.
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Theorem 7.5.1 Let B,,(f;x) denote the classical Bernstein polynomial of
degree n for the function f. Then

S™(Buf) < S7(f) (7.72)

for all f defined on [0, 1], and thus the classical Bernstein operator B,, is
variation-diminishing.

Proof. Using Theorem 7.4.6, we have

S_(an) S S_(f07f1a"'7fn) S S_(f),

where f, = f(r/n). [ |
For each ¢ such that 0 < ¢ <1, and each n > 1, we now define

n—j—1
Pli@) =2 ] 0-q¢x), 0<z<1, (7.73)
s=0

for 0 < j < n. These functions are a basis for P,, and are thus a basis
for all the generalized Bernstein polynomials of degree n, defined by (7.51).
We have already seen above that (P, o, P, ..., P, ) is totally positive on
[0,1], and we will show below that the same holds for (P 4, Py ,..., Pl ),
for any ¢ such that 0 < ¢ < 1.

Since the functions defined in (7.73) are a basis for P,, it follows that
for any choice of ¢ and r satisfying 0 < ¢,r < 1, there exists a nonsingular
matrix T™?" such that

Pg,,o (z) Pﬁ,o ()
: = T™"e" : . (7.74)
Pl (z) Py ()

Theorem 7.5.2 For 0 < ¢ < r < 1 all elements of the matrix T™?%" are
nonnegative.

Proof. We use induction on n. Since T"%" is the 2 x 2 identity matrix,
its elements are obviously nonnegative. Let us assume that the elements of
T™%" are all nonnegative for some n > 1. Then, since

Pq

i141(@) =xP (), 0<j<m, (7.75)

for all ¢ such that 0 < ¢ <1, we see from (7.75) and (7.74) that

Pg+1,1(35) P£+1,1(x)
— Tn,q,r .

: : (7.76)
Pg+1,n+1($) Pr7;+1,n+1(95)
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Also, we have

Pl ole) =1 —q"z)Ply(x)=(1—q"z Zt” arpr (7.77)
where (to'y"", t0y"", ..., o) denotes the first row of the matrix T™".

If we now substitute

(1—q"2)P; ;(v) = Py () + (r" 7 —q") 1,+1(T)

in the right side of (7.77) and simplify, we obtain

Pl o@) =tod" Priro(x) + (1 —q")tgr Prig ()

L Z Y ol gl ) Proy (). (7.78)
Jj=1

Then, on combining (7.76) and (7.78), we find that

PrZH,o(x) tg:g” Vz;+1 Priq o(7)

Pn+1,1(x) Pn+1 1(.73)
. = . , (7.79)

n,q,r
Pg+1,n+1($) 0 T P£+1,n+1(95)
so that g .
oo Vag1

T = : (7.80)

O Tnz‘LT

In the block matrix on the right side of (7.80) O denotes the zero vector
with n + 1 elements, and v._; is the row vector whose elements are the
coefficients of P w1, 1( )s++s Ppiqngr1(x), given by (7.78). On substituting
x =0 in (7.80), it is clear that t5}]" = 1. We can deduce from (7.78) that
if 0 < ¢ <r < 1, the elements of v% 11 are nonnegative, and this completes
the proof by induction. |

It follows from (7.80) and the definition of v, that
too T =gl (7.81)

and ‘
tgjy*l T (7171+1—J —q ) aQs +t0’q’ , 1 S _7 g n. (782)

We will require this recurrence relatlon, which expresses the elements in
the first row of T""%" in terms of those in the first row of T™%", in
the proof of our next theorem. This shows that the transformation matrix
T™%" can be factorized as a product of 1-banded matrices. First we require
the following lemma.
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Lemma 7.5.1 For m > 1 and any real r and a, let A(m,a) denote the
m X (m + 1) matrix

Then
A(m,a)A(m+1,b) = A(m,b)A(m + 1,a). (7.83)

Proof. Fori=0,...,m — 1 the ith row of each side of (7.83) is

[o,...,0, L=t ym=t g — b, (r™ —a)(r™ " = 1),0,... 0. m

For 1<j<n-—1,let Bgn) denote the 1-banded (n+1) x (n+ 1) matrix
that has units on the main diagonal, and has the elements

J n—yj ,j—1 n—j n—j
r’ —q N —q S, T —q ,0,...,0

on the diagonal above the main diagonal, where there are n — j zeros at
the lower end of that diagonal. Thus, for example,

1 7,,2 _ qn72
1 r—q

By =
1

The matrix Bg”H) can be expressed in a block form involving the matrix

Bgn). We can verify that

1 et
B{""Y = (7.84)
0 I
and
(1) 1 c;‘.r
B/ = n) (7.85)
0 B;

for 1 < j < n-—1, where each c;f is a row vector, 0 denotes the zero vector,
and I is the unit matrix of order n + 1.
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Theorem 7.5.3 For n > 2 and any ¢, r, we have
TS — Bg”)Bg") ce BgLn—)l’ (786)

where B;") is the 1-banded matrix defined above.

Proof. We use induction on n. For all n > 2 let

smer = BB ... B . (7.87)
It is easily verified that
1 r—q O
T2 =8> =BP =10 1 o0
0 O 1

Let us assume that for some n > 2, T™?" = §™%"_ Tt follows from (7.84)
and (7.85) that

1 cl 1 ct 1 cl
Sn+1,q,r — . . (788)
0o I o B o B

If we carry out the multiplication of the n block matrices on the right of
(7.88), then, using (7.86), we see that

1 d’
grtlar _

0 Tn,q,T

where d7 is a row vector. Thus it remains only to verify that the first rows
of T" 147 and S"197 are equal. Let us denote the first row of S™%" by

We will show that sq’" = 0. Let us examine the product of the n — 1
matrices on the right of (7.87). We can show by induction on j that for
1 < j <n-—1, the product Bgn)Bén) ‘e B;n) is j-banded, where the nonzero
elements are on the main diagonal and the j diagonals above the main
diagonal. (See Problem 7.5.2.) Thus S™?%" is (n — 1)-banded, and so the
last element in its first row, s;°Y", is zero.

0,n >
(n+1) in the block form

Now let us write the matrix B j

A(j,¢"77) O
B(.n+1) _
j

C; D,
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where A(j,q"T177) is the j x (j + 1) matrix defined in Lemma 7.5.1, O
is the j x (n 4+ 1 — j) zero matrix, C; is (n+2 —j) X (j + 1), and D; is
(n+2—j)x(n+1-j). Thus

A(l,q")---AG.q" ) o7
Bg_n+1)Bg’L+1) . B;"H’l) — s (789)
Fj GJ

where A(1,¢")---A(j,q" T 77) is 1 x (j+1) and 07 is the zero vector with
n+ 1 — j elements. In particular, on putting j = n in (7.89), we see from
(7.87) that the first row of 8"TH%" ig

[A(1,¢")A(2,¢" ") - A(n—1,¢*)A(n,q),0] = [w",0], (7.90)

say, where w! is a row vector with n + 1 elements. (We note in passing

that this confirms our earlier observation that the last element of the first

row of S"THOT ig zero.) In view of Lemma 7.5.1, we may permute the
quantities ¢",¢""1,...,q in (7.90), leaving w’ unchanged. In particular,
we may write

WT = A(L qn_l)A(27 qn—2) U A(TL -1, q)A(n7 qn) (791)

Now, by comparison with (7.90), the product of the first n — 1 matrices in
(7.91) is the row vector containing the first n elements in the first row of
S™%7"  and thus

1 rm—q"
T _ [ 0T n,q,r
W= [30,0 seeer 80l
1 r—q"
1 " —q"
475 n,q,r
= [too s ﬂfom,ﬂ
1 r—q"
This gives
n+1,q,r _ o
0,0 =1p0
and

spy M= (T — e+ 1] 1< G <n
where we note that ;" = 0. It then follows from (7.81) and (7.82) that

$n+1qr — tn+1qr

0,] ’ OS]S'H/,

and since sg 9" =0 =t F 11", (7.86) holds for n+ 1. This completes the
proof. |

If 0 < ¢ <™ ! <1, all elements in the 1-banded matrices B§n) on the
right of (7.86) are nonnegative. Then, from Theorem 7.4.3, we immediately
have the following result concerning the total positivity of T™%".
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Theorem 7.5.4 If 0 < ¢ < "~ < 1, the transformation matrix T™?" is
totally positive. |

Theorem 7.5.4 has the following important consequence for the generalized
Bernstein polynomials.

Theorem 7.5.5 For 0 < ¢ < 1, the set of functions (Py ..., PZ,), which
are a basis for all generalized Bernstein polynomials of degree n, is totally

positive on [0, 1].

Proof. Let Aj denote the collocation matrix (P ;(2))}";—o, Where we have
0<zg<- <z <1 Then we see from (7.74) that

Al =TmIAL (7.92)

For every ¢ such that 0 < ¢ < 1, A? is the product of two totally positive
matrices, and so is itself totally positive. It then follows from Definition
7.4.6 that (P ..., P?,) is totally positive on [0,1]. [ |

Let p denote any polynomial in P,, and let g, denote any real numbers
such that 0 < ¢,r < 1. Since (P! P1,)and (P g,..., P} ,) are both

07
bases for P, there exist real numbers af,...,a? and af), ..., a! such that

p(x) = agPlo(x) + -+ ai P (z) = agPy o(z) + -+ +ap Py (x), (7.93)

n+ n,n n+ n,n

and we can deduce from (7.74) that

[ad,ai, ..., ad|T™"" = [ag,al, ... a}). (7.94)

r'n

If 0 < ¢ < "1, the matrix T™%" is totally positive and (see Problem
7.5.1) so is its transpose. In particular, the matrix T™"! is totally positive
for all r such that 0 < r < 1. Thus we see from (7.94) and Theorem 7.4.2
that

S~ (ag,--.,ap) < S (af,...,al) < S (af,...,al),

where
p(x) = aéP,iO(a:) + .- +alPl (2). (7.95)

n- n,n

Since (P, ,, ..., P, ) is totally positive, it follows from Theorem 7.4.6 that
for 0 < ¢ <r"~! <1 and with p defined by (7.93) and (7.95),

S™(p) £ S (ap,...,ap) < S (af,...,an) < S (ad,...,a). (7.96)
We can now state a generalization of Theorem 7.5.1.

Theorem 7.5.6 Let BI(f;x) denote the generalized Bernstein polynomial
that we denoted by B, (f;«) in (7.51). Then

ST(BLf) <S57(f) (7.97)

on [0,1], and thus the operator BY is variation-diminishing.
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Proof. Let us choose

p(x) = Bi(fix) = agPo(x) + -+ ai P, ()

in (7.97). We have already noted that the g-binomial coefficient Z } is a

polynomial in ¢ with positive integer coefficients, and so is positive if ¢ > 0.
Thus, for ¢ > 0,

S_(B’?zf) S S_(f07f1a" 7fn) S S_(f),
where f, = f([r]/[n]).

Let p denote any linear polynomial; that is, p € P;. Then, since B{
reproduces linear polynomials, we may deduce the following result from
Theorem 7.5.6.

Theorem 7.5.7 For any function f and any linear polynomial p, we have
ST(Baf—p) < ST(BL(f—p) <S5 (f —p), (7.98)
for 0 < ¢ <1. |

The next two theorems readily follow from Theorem 7.5.7.

Theorem 7.5.8 Let f be monotonically increasing (decreasing) on [0, 1].
Then the generalized Bernstein polynomial B¢ f is also monotonically in-
creasing (decreasing) on [0,1], for 0 < ¢ < 1.

Proof. We have already proved this in Theorem 7.1.2 when ¢ = 1. Let us
replace p in (7.98) by the constant ¢. Then, if f is monotonically increasing
on [0, 1],

ST(Bif—ec) <S5 (f—-c <1

for all choices of constant ¢, and thus Bf f is monotonically increasing or
decreasing. Since

Bi(f;0) = £(0) < f(1) = Bi(f;1),

B{ f must be monotonically increasing. On the other hand, if f is monoton-
ically decreasing, we may replace f by —f, and repeat the above argument,
concluding that B f is monotonically decreasing. |

Theorem 7.5.9 If f is convex on [0, 1], then BY f is also convex on [0, 1],
for0 < g < 1.

Proof. Let p denote any linear polynomial. Then if f is convex, the graph of
p can intersect that of f at no more than two points, and thus S~ (f—p) < 2.
It follows from (7.98) that for any ¢ such that 0 < ¢ <1,

ST(Bif—p) =S (BLf—-p)<S(f-p) <2 (7.99)
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Suppose the graph of p intersects that of BIf at a and b. Then we have
p(a) = Bi(f;a) and p(b) = BL(f;b), where 0 < a < b < 1, and we see
from (7.99) that B f — p cannot change sign in (a,b). As we vary a and b,
a continuity argument shows that the sign of B f —p on (a,b) is the same
for all @ and b, 0 < a < b < 1. From the convexity of f we see that in the
limiting case where ¢ = 0 and b =1, 0 < p(x) — f(x) on [0,1], so that

0<Bl(p— fiz)=px) - Bi(fiz), 0<z<1,

and thus BY is convex. W

We conclude this section by proving that if f is convex, the generalized
Bernstein polynomials B{ f, for n fixed, are monotonic in g.

Theorem 7.5.10 For 0 < ¢ <r <1 and for f convex on [0, 1], we have
f(@) < By(fiz) < Bj(fiz), 0<az<1 (7.100)

Proof. It remains only to establish the second inequality in (7.100), since
the first inequality has already been proved in Theorem 7.3.3. Let us write

CZ,jz[g] and ag’j:[?].

Then, for any function g on [0,1],

n n o n
q q q ql mar
Bq g, ZQCJ JP"J ZZ ,thk: Pr ( )
Jj=0 j=0 k=0
and thus
n n
Br(g;w Z ti" (G )an, ;- (7.101)
=0 ]:0
With g(z) = 1, this gives
n n n
1= ay Pl(@) =) Piy) Yt a)
Jj=0 k=0 j=0
and hence
Z% Wlag i =apn, 0<k<n. (7.102)

On putting g(x) = z in (7.101), we obtain

x_ZCZJ gwpgy )_Z Zt K na nJ

k=0
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Since
n
ZC n,j n,J 7177 (z) =z,
j=0
we have
Zt" et al o=y, 0<k<n. (7.103)
Let us write e q
ta
k n,j
)\j — Jij
n,k

and we see from (7.102) and (7.103), respectively, that
Z)‘j =1 and (= Z)\jCZ,f
§=0 j=0

It then follows from Problem 7.1.3 that if f is convex,

n

ST <N,
§=0

=0

which gives

(Chi) <D (ah ) T al L F(CE ). (7.104)
On substituting
n
=2 0
k=0

obtained from (7.74), into

Bq f7 Zf ,j n,](x)
7=0

we find that

n
Bi(f;x) Zan K (ap ) I F(CE)al

j:O
It then follows from (7.104) that

n

Bi(fix) 2 ) ap kP (@) (k) = Bp(f; ),

k=0

and this completes the proof. |
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Problem 7.5.1 Given that
det A = det AT,

for any square matrix A, deduce from Definition 7.4.1 that if the matrix
A is totally positive, so also is AT,

Problem 7.5.2 Let Aj, Ay, ... denote m x m matrices that are 1-banded,
and whose nonzero elements are on the main diagonal and the diagonal
above the main diagonal. Show by induction on j that for 1 < j <m — 1,
the product AjA;---A; is a j-banded matrix.



8
Properties of the g-Integers

Had I been content to write only three or four pages on the topics in this
chapter, such material could have been incorporated in Chapter 1, since
it is required in Chapters 1, 5, 6, and 7. However, I wished to say a little
more about g-integers than is strictly necessary for the applications in these
earlier chapters, and thought it would be misleading to begin a book on
approximation theory with even a very short chapter on such material.
Therefore, I hope that the reader, having worked with g¢-integers and ¢-
binomial coefficients in these earlier chapters, will endorse my decision to
say a little more about them in this final chapter.

8.1 The g-Integers

It is convenient to begin by repeating the definitions of a g-integer, a ¢-
factorial, and a ¢-binomial coefficient, which we stated in Section 1.5. Let
N denote {0,1,2,...}, the set of nonnegative integers.

Definition 8.1.1 Given a value of ¢ > 0 we define [r], where r € N, as

- { G0 gty o)

and call [r] a g-integer. Clearly, we can extend this definition, allowing r to
be any real number in (8.1). We then call [r] a g-real. |
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For any given ¢ > 0 let us define
N, = {[r], with r € N}, (8.2)
and we can see from Definition 8.1.1 that
N,={0,1,1+¢q, 1+q+¢* 1+q+¢+¢, ...} (8.3)

Obviously, the set of g-integers N, generalizes the set of nonnegative inte-
gers N, which we recover by putting ¢ = 1.

Definition 8.1.2 Given a value of ¢ > 0 we define [r]!, where r € N, as

VM:{KW—H~WW = (8.4)

and call [r]! a g-factorial. |

Definition 8.1.3 We define a g-binomial coefficient as

t 7[t][t—1]-~~[t—7“+1]
o g | (5

for all real ¢ and integers r > 0, and as zero otherwise. |

Since for the rest of this chapter we will be concerned with g-binomial
coefficients for which t = n > r > 0, where n is an integer, it seems
appropriate to make these the subject of a separate definition.

Definition 8.1.4 For any integers n and r, we define

[n}:[n][n—1]~-[n—r+1] [n)!

r ]! T ]l =]l (8.6)

for n > r > 0, and as zero otherwise. These are called Gaussian polynomi-
als, named after C.F. Gauss. We will show in the next section that they
are indeed polynomials. |

The Gaussian polynomials satisfy the Pascal-type relations
n n—1 sl n—1
e ] 6
n ner | n—1 n—1
e e

Although the identities (8.7) and (8.8) hold for all real n and all integers
r > 0, we will be concerned with their application to integers n > r > 0
only. To verify (8.7) for integers n > r > 0 we write, using (8.6),

and

S R R GRS AT I e Y
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Since

) 1_q7" qr(l_qn—T) 1_qn
rl+q"[n—7]= + = = |n],
P+ d = = o T e = g =)

the right side of (8.9) indeed simplifies to give { : }, thus justifying (8.7).

We may verify (8.8) similarly. Note that when we put ¢ = 1, both identities
(8.7) and (8.8) reduce to the more familiar Pascal identity for ordinary
binomial coefficients,

(:>:(2j>+<n;1>~ (8.10)

It is obvious from the relation

n n!
= — >r >
(7‘) ri(n —r)l’ nzrz0,

that the ordinary binomial coefficient is a positive rational number. How-
ever, we know that we can say more than this, that for n > r > 0 it is
always a positive integer. We may deduce this from the Pascal identity
(8.10), using induction on n. Likewise, we can verify from (8.6) that

[ n } _(=gmH(A =g ) (1 —g")
r 1-g)(1-¢*) - (1-q") ’

(8.11)

and thus :f is a rational function of the parameter q. However, just

as the ordinary binomial coefficient is an integer rather than merely a ra-
tional number, we can deduce from either one of the Pascal-type identities
(8.7) and (8.8) that the expression on the right side of equation (8.11) is a
polynomial in ¢ rather than a rational function of ¢q. The details are given
in the proof of Theorem 8.2.1 in the next section.

Consider the identity

n

S— . S(s— n S
[[a+a " 2)=> ¢t 1)/2{8]% (8.12)
s=0

s=1
which reduces to the binomial expansion
n __ - n s
(1+2) _ZO<S>a: (8.13)

when we set ¢ equal to 1. To justify (8.12), we begin by writing

Gn(z)=(1+2)(1+gx) - (1+¢" '2) = Zcrmr. (8.14)
r=0
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We replace z by gz and deduce from (8.14) that
(1+¢"2)Gn(x) = (1 + 2)Gnlg),

so that

n

(1+q"2) Z ez = (1+2x) Z cr(qx)”.

r=0 r=0
Then we equate coefficients of x° to obtain

cs +q"cs—1=q°cs +q¢° eso,
so that

C. = qsfl 1-— qn78+1 Csfl _ qsfl [’I’L -5+ 1] Csfl
) 1—¢ [s] ’

for 1 < s < n, and we also have ¢y = 1. It readily follows that

‘= qs(s—l)/2 [n—s [—Is—] [ls][ﬁ I] 34_[3]] -+ [n] o = qs(s—l)/Q [ Z } . (8.15)

which verifies (8.12).
We now examine the expression

. s—1 -1 _ - n+s— 1 s

[[a+¢ ')t => { ) } (—x) (8.16)
s=1 5=0

for the inverse of the g-binomial expansion (8.12). We can verify (8.16) by

adapting the method we used above to verify (8.12). Let us write

Ho(e) = (1+2) (L4 g2) " (14 ¢" o) = 3 doa,

replace x by gz, and obtain the relation
(1+a)Hy(z) = (14 ¢"2)Hy(qz),
so that - -
(1+4+=x) Z dsz® = (1+q"x) Z ds(qz)®.

s=0 s=0

On equating coefficients of z*, we obtain
1— n+s—1 -1
4, — (q) g, = s,

I [s]

for s > 1, with dy = 1. We deduce that

dS:(_l)s[n-l-s—l ]

S
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which justifies (8.16).
The identities (8.12) and (8.16), which have applications in the theory
of partitions, both go back to Euler. See Hardy and Wright [24].

Problem 8.1.1 Show that for any real numbers s, ¢, and wu,
[s] [t +u] = [s +u][t] = ¢"[u] [s — 1].
Problem 8.1.2 Verify the Pascal-type identity (8.8).

Problem 8.1.3 Show that for all integers n > r > 0,

Fl=0 ]

Problem 8.1.4 Replace r by n — r in the identity (8.7). Apply the result
of Problem 8.1.3 to both terms on the right side of the identity and so
deduce the second Pascal identity (8.8) from the first.

Problem 8.1.5 Deduce from (8.5) that

-n _ (_1\",—@2n+r—-1)r/2 n+r—1
B !

foralln>r > 0.

Problem 8.1.6 With G, (z) as defined by (8.14), verify that the relation

Gula) = e | | (817)
s=0

S

whose coefficients were derived above in (8.15), holds for n = 1. Write
Gpt1(z) = (14+¢"2)G, () and deduce that the coefficient of z° in G, 11 ()

s(s—1)/2 | T n _(s—1)(s—2)/2 n
cee e geeme ]

is
Show, using (8.8), that this simplifies to give

s(s—1)/2 n n—s+1 n _ s(s—1)/2 n+1
e ([F]ree L) e

justifying that (8.17) holds when n is replaced by n + 1, thus completing
an induction argument that (8.12) holds for all n > 1.

Problem 8.1.7 By comparing coefficients of 2% on both sides of the iden-
tity G (2)Hy,(x) =1, show that for 1 <k <mn,

k
k=t t(t—1)/2 | M n+k—t—11_

t=0
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Problem 8.1.8 Use induction on n to verify that

N e B e

7 S
=0

for 0 <s<n.

8.2 Gaussian Polynomials

In this section we discuss properties of the Gaussian polynomials, which
are defined above by (8.6).

Theorem 8.2.1 For 0 < r < n, the g-binomial coefficient

n } .

is a
s
polynomial of degree r(n — r) in ¢, and all its coefficients are positive.
Proof. We will use induction on n. The above result is clearly true for

n = 0. Now let us assume that the result holds for some fixed value of
n > 0 and all n 4 1 values of r satisfying 0 < r < n. Then let us consider

RS N A I

which is just (8.7) with n replaced by n+ 1. From our inductive hypothesis,
we note that both terms on the right of (8.18) are polynomials with positive
coefficients, the first term being the zero polynomial when r = 0. The degree
of the first term is (r — 1)(n + 1 — r), when r > 0, and the degree of the
second term is

r+r(n—r)=r(n+1-—r).
Thus { ”j L ] is a polynomial of degree r(n + 1 — r) with positive coeffi-
cients, and this completes the proof. |

Example 8.2.1 Using (8.6), we find that

{5} [5]! [B][4]  (1—¢®)(1—q")

213 2] (1-¢)(1-q)’

which simplifies to give
5
[2]1+q+2q2+2q3+2q4+q5+q6, (8.19)

and we note the symmetry in the coefficients of this polynomial. |
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Definition 8.2.1 We say that a polynomial
p(x) =ao+ a1+ + amo1™ ' + apa™ (8.20)
is reciprocal if its coefficients satisfy the condition
ar = am—r, 0<1r <m. [ |

Definition 8.2.2 We say that the polynomial p in (8.20) is unimodal in
its coeflicients if for some integer k, 0 < k < m,

ap < a1 < <A 2 Agyp1 =0 2 Qe u

Thus the polynomial in (8.19) is both reciprocal and unimodal in its coef-
ficients. Since

1
mmp<> = + Q1T+ -+ az™ + apz™,
x
the property that a polynomial p of degree m is reciprocal is equivalent to
saying that
1
a:mp(> = p(x). (8.21)
x

Let us now write

1—qJ
) = —— 8.22
b= 1= = (8.22)
so that [j]" is derived from [j] by substituting 1/q for ¢q. We note that
¢~ =[5l (8.23)

’
Similarly, let us write [r]’! and [ : } to denote the expressions we obtain
n
T

when we substitute 1/q for ¢ in [r]! and { ]7 respectively. We then have

1—qg° " 1— —r4+1 1— —1
= (L TV () s
1—qg! 1—qg1! 1—¢g!

so that
g V2 ] =[] (8.24)
We note that (8.24) holds for all » > 0, and since
1 1 1
in(n— 1) — 57’(7’ -1) - i(n—r)(n—r— 1)=r(n—r),

it follows from (8.6) and (8.24) that

) [ n ]/ _ [ n } , (8.25)

r r
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Since the degree of the Gaussian polynomial { :f } is 7(n — r), it follows

from (8.25) and (8.21) that every Gaussian polynomial is reciprocal, as we
found for the particular case given in Example 8.2.1.
Let us return to (8.14), from which we obtain

Gitj(@) = Gi(@)(1 +g'z) - (1 + ¢+ 1a),

so that .
Givj(z) = Gi(2)G;(q"),

and using (8.17), we derive the relation

Gl qu<s 1)/2{ } qus 1)/ [ l(qix)s_

On equating powers of z" in the last equation, we find that
oo [iti] 2 Z ol I (8.26)
r — t r—t |’

where
_ %t(tf1)+%(r—t)(r7t71)+i(r7t),

and since )
o — ir(r— D=r—-t)G-—1),

we see that (8.26) yields the identity

{H—J} Z(r B t){ Hrjt} (8.27)

This is a g-analogue of the Chu—Vandermonde identity,

<Zj]>_;(;><rj_t> (8.28)

If we choose i = 1 and j = n — 1, we obtain only two nonzero terms on
the right of (8.27) for r > 1, and indeed this choice of ¢ and j shows that
(8.27) is a generalization of the Pascal identity (8.7).

Example 8.2.2 With i =4, j =3, and r = 5 in (8.27), we obtain

el el G ]
E

Since
3
] [3 ] =(1+q+2¢*+¢*+q") -1,
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E

] [3] =(1+q++¢)-1+q+4d),

AR

the above expression simplifies to give

and

7
{ 5 } =1+4q+2¢° +2¢° +3¢" +3¢° +3¢° + 2¢" +2¢° + ¢° + ¢"°.
Alternatively, since { 57, } = [ ; }, we can apply (8.27) with i =4, j =3,
and r = 2 to give

cleelo] e ][] 6]

which simplifies to give the same result for { 57, } |

Gaussian polynomials arise in the theory of partitions. (See Andrews [1]
or Hardy and Wright [24] for further material on partitions.) Let p(s) denote
the number of partitions of the positive integer s, meaning the number of
ways of representing s as the sum of positive integers, which are called the
parts of s. In counting the number of partitions, we ignore the order of the
parts. For example, since

5=44+1=34+2=3+1+1=24+2+1=2+1+1+1=1+1+1+1+1,

we say that there are seven partitions of the positive integer 5, and write
p() =1

Let us now consider a function whose power series, in powers of ¢, has

p(s) as the coefficient of ¢°. This function, which was first obtained by
Euler, is

1 o0
=D _p(s)q’ (8:29)
(1-q)1—¢*)(1~g3)- - ; ’

where we conveniently define p(0) = 1. The function on the left side of
(8.29) is called a generating function. Each partition of s supplies one unit
to the coefficient of ¢°. For example, the partition 5 = 34141 corresponds
to constructing ¢° by multiplying ¢* chosen from the expansion

1

W:1+q3+(q3)2+“'

1+1

by ¢'*! = ¢? chosen from the expansion

1 2
—=14q+q+--.
1—¢q
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TABLE 8.1. The partition 15=44+4+3+2+ 1+ 1.

We can represent a partition by an array of nodes, arranged in rows and
columns. Each row of nodes represents one part, and the parts are arranged
in decreasing order, with the largest part in the first row. This is called a
Ferrers graph, named after N. M. Ferrers (1829-1903). Table 8.1 gives a
Ferrers graph for the partition 15 =444 4342+ 1+ 1. Many interesting
results can be deduced with the aid of a Ferrers graph. For example, we
can “read” a graph by columns rather than rows. Then Table 8.1 would
represent the partition 15 = 6 +4+ 3+ 2. A partition read by rows and its
corresponding partition read by columns are said to be conjugate to each
other. By considering conjugate partitions we can see immediately that the
number of partitions of s into exactly m parts is the same as the number of
partitions of s whose largest part is m. A graph is said to be self-conjugate
if its graph and the corresponding conjugate graph are equal.

Example 8.2.3 The partitions of 10 into 3 parts are 8+ 1+ 1, 7+ 2+ 1,
64+3+1,64+24+2,5+44+1,5+3+2,4+4+2, and 4+ 3+ 3, while the
partitions of 10 into parts whose largest is 3 are 3+34+3+1,3+3+2+2,
34+3+24+14+1,34+34+1+1+14+1,34+24+2+2+1,3+24+24+1+1+1,
3+241+141+141,and 3+1+14+1+14+1+1+1. There are eight of each
kind of partition, in accord with the result deduced above. As an exercise,
the reader is encouraged to determine which pairs of partitions, one being
chosen from each of the above sets with eight members, are conjugate to
each other. |

Let p(m,n; s) denote the number of partitions of s into at most m parts
of size at most n, and let p’(m,n;s) denote the number of partitions of s
into exactly m parts of size at most n. These are defined for all integers
m > 1 and n > 1, and p'(m,n; s) is obviously zero for s < m. It follows
immediately from these definitions that

p'(m,n;s) = p(m,n;s) —p(m — 1,n;s). (8.30)

If we extend the definition of p(m,n;s) to m = 0, writing p(0,n;s) = 0,
(8.30) will hold for all m,n > 1. We also write p”’(m,n;s) to denote the
number of partitions of s into exactly m parts, the largest being exactly n.
Tt follows from this and the definition of p’(m,n;s) that

P’ (m,n;s) =p (m,n;s) —p'(m,n — 1;5), (8.31)
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and (8.31) will hold for all m,n > 1 if we extend the definition of p’(m, n; s)
by writing p’(m, 0;s) = 0.

Example 8.2.4 From the partitions of 5 given just above (8.29), we may
verify that p(4,3;5) = 4, p(3,3;5) = 3, p'(4,3;5) = 1, p’'(4,2;5) = 1, and
p"(4,3;5) = 0. m

We are now ready to derive a generating function for p”(m,n;s) and
hence, via (8.30) and (8.31), obtain generating functions for p'(m,n;s)
and p(m,n;s). Our approach is to consider the Ferrers graphs for the par-
titions enumerated by p”(m,n; s). Such partitions are either in the set S,
say, whose smallest part is 1, or in the set Sy whose smallest part is greater
than 1. The number of partitions in the set S; (think of removing the last
part, of size 1, from all such partitions) is just the number of partitions of
s — 1 into m — 1 parts, with largest part n, which is p”(m — 1,n;s — 1).
If we remove the first column from the Ferrers graphs of all partitions in
the set S5, we see that the number of partitions in S; is the same as the
number of partitions of s —m into m parts, with largest part n — 1, which
is p’’(m,n — 1; 5 — m). We have thus established the recurrence relation

p'(m,n;s) =p"(m—1,n;s—1)+p"(m,n—1;s —m), (8.32)
and it is clear from the definition of p”’(m,n;s) that
p'(m,n;s)=0 if s<m+n-—1 (8.33)
We will show by induction that
m4+n—2 >
gt [ } = Z p"(m,n;s)q’. (8.34)

m—1
s=m+n—1

To verify (8.34), let us write
gmtn-t [ m+mn—2 } _ Z a(m,n; s)¢°. (8.35)

m—1
s=m+n—1

Now it follows from (8.7) that

m+n—1 m+n—2 _ m+n—1 m+n—3 2m+n—2 m+n—3
{ m—1 }—q [ m—2 |11 m—1 ’

q
and on equating coefficients of ¢® in the last equation, we obtain
a(m,n;s) =a(m—1,n;s — 1)+ a(m,n —1;s —m). (8.36)

We note that this recurrence relation for a(m,n;s) is the same as the
recurrence relation (8.32) for p”(m,n; s), and since

a(1,1;1) = p"(1,1;1) =1,
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we can say that a(m,n; s) = p”(m,n; s) for all m,n > 1 such that m+n = 2
and all s such that m+n—1 < s < mn. We now assume that a(m,n;s) =
p"(m,n;s) for all m,n > 1 such that m + n = k, for some integer k > 2
and all s such that m +n — 1 < s < mn. It follows from the recurrence
relations (8.32) and (8.36) that a(m,n;s) = p”(m,n;s) for all m,n > 1
such that m +n = k + 1 and all s such that m +n —1 < s < mn. Thus,
by induction, the sequences a(m,n;s) and p”(m,n; s) are the same, which
justifies (8.34). In view of (8.31) and the relation

q

min—1 | m+n—=21| _ | m+n-1| | m+n-—2
m—1 =14 m q m

we readily deduce that
qm{m—i—n—l] Zp (m,n; s) (8.37)

Similarly, we deduce from (8.30) and the relation

Al e

that

[m“ﬂ mens (8.38)

Observe that since
m+n | [m+n]!
m — [m]!n)’

the generating function for p(m,n; s) is symmetric in m and n. We deduce
that

p(m,n;s) = p(n,m;s),

which also follows by considering conjugate Ferrers graphs and employing
a similar argument to that used just before Example 8.21.

Next we determine a one-to-one correspondence between the partitions
of s into at most m parts of size at most n and the partitions of mn — s
of the same kind. We obtain this by “subtracting” the Ferrers graph of
such a partition of s from the Ferrers graph of the partition of mn into
m parts of size n, the latter being a rectangular array of nodes. Table 8.2
illustrates this correspondence for partitions into at most 7 parts of size
at most 5, between the two partitions 15 = 44+4+3+2+ 1+ 1 and
20=5+4+4+3+2+ 1+ 1. In the general case, corresponding to any
partition of s into at most m parts of size at most n,

s=citcat -+ Cm,
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O e e o o o o
O O O e o o o
O O O O e e o
O O O O O e o
O O O O O O O

TABLE 8.2. The partitions 15 = 4+44-3+2+1+1 and 20 = 5+4+4+3+2+1+1.

where n >c¢1 > ¢ > -+ > ¢, > 0, we have the partition
mn—s=Mn—cp)+n—cm_1)+ -+(n—c1) =di+da+--+dpn, (8.39)
where each d, is defined by d, = n — ¢;p—r41. Since
n>d >do>-->dp >0

(8.39) does indeed define a partition of mn — s into at most m parts of size
at most n. From this one-to-one correspondence between such partitions of
s and mn — s, we deduce that

p(m,n;s) = p(m,n;mn — s). (8.40)

From (8.38), this shows that every Gaussian polynomial is reciprocal, as
we showed by other means earlier in this section. It can also be shown that
every Gaussian polynomial is unimodal. This is equivalent to showing that

p(m,n;s — 1) < p(m,n;s)

for 0 < s < %mn Somewhat surprisingly, there does not seem to be any
simple proof of this depending on combinatorial arguments of the sort we

have used in this section, and we therefore omit the proof. See Andrews [1].

Problem 8.2.1 Consider the n + 1 Gaussian polynomials { 7: , Where n

is fixed and 0 < r < n. Show that the greatest degree of these polynomials
is 2n? when n is even, this being attained when r = %n, and the greatest

degree is (n? — 1) when n is odd, attained when r = £ (n £ 1).

Problem 8.2.2 Repeat the proof given in the text that [ : } is a poly-

nomial of degree r(n —r), but apply the induction argument to the second
Pascal-type relation (8.8) instead of (8.7).

Problem 8.2.3 By reversing the order of summation in (8.27), obtain the
following alternative expression for the Chu-Vandermonde identity:

[ L4

t=0



304 8. Properties of the g-Integers

Problem 8.2.4 Display the Ferrers graphs of the self-conjugate partitions
of 5 and 10.

Problem 8.2.5 Show that the number of self-conjugate partitions of s is
the same as the number of partitions of s into distinct odd numbers.

Problem 8.2.6 Show that the generating function for self-conjugate par-
titions is the infinite product

A+2)1+2>)(1+25)(1 +27)---

Problem 8.2.7 Show that p”’(m,n,m+n—1)=p"(n,mm+n—1)=1
for all m,n > 1. What are the values of p”’(m,n,m+n), p"”"(m,n,m+n+1)
and p’(m,n,m +n+2)?

Problem 8.2.8 Show that
p(m,n;s) ZZ (1,45 s)

noting that p”(i,7; s) is zero if s <i+j — 1.

Problem 8.2.9 Show that p(6,6;18) = 58 by determining the largest co-
efficient in the Gaussian polynomial { 162 ]7 using (8.27).

Problem 8.2.10 Show that

n | 4 t ‘
=0
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