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Abstract

We first prove a basic theorem that if a set of polynomials satisfies an orthogonality relation
with respect to integration, the set also satisfies an orthogonality relation with respect to summa-
tion. This result is then used to derive the Gaussian quadrature formula. The orthogonality
relations give rise to interpolation formulas and a connection between the coefficients in these
interpolation formulas is established. Finally, the analysis is used to get an estimate of the error
in the Gaussian quadrature formula. Some error coefficients are evaluated in the cases where the
orthogonal polynomials are those of Jacobi, Laguerre, Hermite and Bessel.

Introduction

In this section, we set down some key relations needed to establish a basic
theorem and some of its consequences. For the most part, we omit proofs as the
results are well known and are given in a number of standard references. Let

(1) 4(x) = X a,,x*
k=0

be a set of orthogonal polynomials over the interval [a, b] with respect to the
nonnegative weight function w(x), w(x) = 0, so that

b
@) f W)X = oS

where &, is the usual notation for the Kronecker delta function. The polynomials
q.(x) satisfy the three term recurrence relation

(3) qn+1(x) = (A,,X + Bn)qn(x) - qun—l(x)’ n > 0"
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f2] Error in an interpolation formula 197

4) q1(x) = (Aox + By)go(x),
where
an+1,n+1 Anhn
5 A = —nrlmrl . = 2" .
( ) ? an-n ’ C" An-—lhn—l: ’ i 0’
(6) B, = AfFuri~1n);  ty = “-a:‘— n>0,r, = 0.

As a consequence of the recursion relation, we have the Christoffel-Darboux
formula

(Ah )" dn+ 1(00)9,(Y) = qu(X)qn+1(¥)
n''n x _ y .

(7 Y b g0 y) =
k=0

We suppose throughout that f(x) can be represented by an expansion in
series of polynomials {g,(x)} which is uniformly convergent in [a, b]. Thus

(8) f(x) = ZO cda(x),
k=
B b
©) 6 = 1 [ weatoreods.
Suppose that f,(x) is an nth degree polynomial approximation to f(x) such
that
(10) f(xu) = fn(xa)7 a = 0,1,"',", qn+1(xu) = 0.

Then by the Lagrangian interpolation formula, we have
(11) f(x) = fn(x) + Rn+1(x)9
: qn+ l(x)f(xu)

a=0 (x - xu)q,:+l(xa) ’

(12) Jux) =

where R, (x) is the remainder. The remainder is usually expressed in terms of a
certain divided difference or derivative of f(x). If f(x) is analytic, it can also be
expressed as a Cauchy contour integral involving f(x). We do not record these
expressions as they can be found in various sources. For a complete discussion,
see Davis (1963). Later, we derive an expression for the remainder in terms of
the coefficients c,.

In the Christoffel-Darboux formula (7), put y = x, and combine with (12)
to get

(13) ’n(x) = 2 dk-nqk(x)’
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198 Yudell K. Luke 31

= Anhu o f(xa)qk(xa)
he a0 4n, (X)qu(x0)

(14) dk.n

A basic theorem

We now show that if a set of polynomials satisfies an orthogonality relation
with respect to integration, the set also satisfies an orthogonality relation with
respect to summation. In particular we prove the following

THEOREM. Let

n Anhn n q (xu)qk(x )
15 vy = > Y Y e Gne(x) = O.
(13) S T B @ gy it

Then
(16) ViR =64, JSnksn

Proor. The representation (11) is exact if f(x) is a polynomial of degree < n.
If f(x) = q;(x), fu(x) = q;(x) for j £ n and for such an f,(x), it follows from (13)
thatd,,, = 1if k = jand d,,, = 0if k # j.In (14), put f(x) = g,(x) and call the
resulting expression V,(",)( We therefore have (15) and (16) and the theorem is
proved.

COROLLARY 1.

(17) hV$ = Ve, for all j and k,
(18) Moy = V& = Oforalljand k,
(19) Vr(.n+)2.k = —Cn+1Vr(:k’n
n A AH r— B h n
Vr(|+)r,k = (Bn+r—l - ;Z;LL’ V}r+)r~1nk - Cn+r—1 Vl(H{r—Z,k
A . _h Aoy (C )
(20) 4 Antro1lisn Vrt"+)r—l.k+l 4 Antr 11— 10k ym

Akhk Akhk ntr—t.k—=1>

(1) v, =0ifk<n—r+1L, k#nifr =0,V" =1,

Il

Api1Apiz - Aprr-ih
2 V(n) B - n+14in+2 n+r—-1%n+1
(2 ) n+rn—r+2 A,.-,.+2A,,—,+3"'A"h"_r+2, r

IV

2.

ReMARK. Equation (20) holds for k = O provided we set V{,_, _, = 0.

Proor. The first two items are trivial and (19) follows from (15) and (3) with
n replaced by n + 1. Equation (20) is a generalization of (19) and is proved as
follows. In (15), putj = n + rand for q,, (x,) use (3) with nreplaced by n + r — 1.
Thus with the aid of (15) we get

https://doi.org/10.1017/51446788700029499 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700029499

[4] Error in an interpolation formula 199

(
V(n) = Bn+r—1 Vrg’-li-)r—l,k - Cn+r—1 Vn'jzr-—l-k

n+rk

AnAn+r—- lhn "Z 9n+r- l(xu)xuqk(xa)
hk «=0 q;:+ l(xa)qn(xu)

Next, in the latter sum, for x,g,(x,) use (3) with k instead of n. The stated result
readily follows again with the aid of (15). Equations (21) and (22) are easily proved
by induction and we omiit details.

COROLLARY 2. If in the definition of orthogonality (2), a = — b and q,(x)
is even or odd according as n is even or odd, then
(23) Vf.','f. = 0ifj+ kisodd, all n,

2Anhn /2] qj(xu)qk(xa)
hk x2=0 q,l,+l(x1)qn(xa)

(24) Vine =

ifj + kisevenandn = 2r —1isodd,

(25) V.. = 2Anhn "z qj(xa)qk(xu) A,,h,.qJ(O)q,‘(O)
( Pk he  o=0 4., ,(x)g.(x,) hq,, (0)4,(0)

if both j + k and n are even.

REMARK. The hypotheses of this corollary with a = oo and a = 1 are sat-
isfied by the Hermite polynomials H,(x) and the Jacobi polynomials P *%(x)
respectivelv. Except for normalization factors, the latter are also known as
ultraspherical or Gegenbauer polynomials and include as special cases, Legendre
polynomials and both kinds of Chebyshev polynomials.

Proor. Clearly g,(x)q,4,(x) is even in x and never vanishes for x = x_. If
n + 1 is even, we can designate the zeros of g, ,(x) as + ag, + o; -, + %,
where n = 2r — 1. So from (15)

Anhn r_zl [1 + ( - )j+k]qj(xa)qk(xu)
hk x=0 qy:+ l(xu)qn(xa)

(2r—1) __
Vi =~ =

whence (23) and (24) are at hand. The proof of (25) is quite similar and we skip
the details.

The Gaussian quadrature formula

It is an easy matter to recover the Gauss quadrature formula. For from (11),
(13), (14) and (2), we have

b S

- + Sy42e
«=0 qn+ 1(xu)qn(xa) 2

It

b
f w(x) f{x)dx A,h,

b
(26) SZu+2 = f \V(x)R"+ I(X)dx'

o
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The sum portion of (26)is readily recognized as the approximate Gaussian quadra-
ture formula for the integral and S, , is the remainder. This formula is usually
proved in a different manner. See, for example, Krylov (1963), Dayvis (1963), and
Szego (1959). If we presume that (26) is known, the orthogonality relation (16)
readily follows when we put f(x) = q;(x)g,(x) in (26), j,k < n. This is the proof
as given in Szego (1969). Our theorem is posed as a problem in Davis (1963),
p- 360, problem 3, and no doubt the intended proof is along the lines just noted.
Qur presentation seems quite natural especially in view of the results in the
following section.

The coefficients in the interpolation formulas

If the expansion (8) is truncated after n 4+ 1 terms, we get a polynomial
approximation to f(x) of degree n. Equation (13) atfords a similar approximation.
In practice evaluation of the c,’s, see (9), might be troublesome as closed form
expressions are not usually known. In numerous cases of practical interest, even
when the ¢,’s can be defined in closed form, they are quite often more simply
evaluated by means of recurrence relations used in the backward direction. In
this connection, see Luke (1969). An alternative procedure is to evaluate ¢, by
numerical integration. Indeed, if ¢, is approximated by the Gauss formula (26),
(there replace f(x) by f(x)g,(x)), we see that d, ,, equation (14), is an approxi-
mation for ¢,. In this section we establish a connection between ¢, and d, , and
then obtain a useful representation for R, ,(x) as defined by (11).

In (14) replace f(x,) by (8) with x, instead of x. Then after a straightfor-
ward computation and use of (15) and (21), we arrive at
(27) diw = ¢t Zo Cant 245k Vant 245k
where the coefficient of ¢,,,,_, can be deduced from (22). Equation (27) can be
further simplified if (23-25) pertain. The special cases of (27) as well as (43) and
(44) below corresponding to the situations where the orthogonal polynomials are
those of Chebyshev have been delineated in Luke (1969), Chapter 8.

Form (8), (11), (14) and (27), we have

R, (x) f(x) = filx) = ,E:O Cgilx) — k=ZO dy.wdi(x)

= k"ZO (ex =~ dindai(x) + X cqu(x)

k=n+1

© ©
qk(x) Z Cont2+5-k Vg':!)+2 +s—k.k + Z cqu(x)’
0 $=0 k=n+1

I
|
™M =

(28)

k

and with the aid of (18)-(22), we find
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Ry (X)) = ¢py1Gys1(X) + €ar2[dn+2(x) + Cpi1g4(x)]

+ s [anest) + rztelein g o, BB b, oo
(29) + o
or
(00 Ryar(®) = Cpuipes(¥) [1 + 2 Uy + By) + J

in view of (3). Indeed, in (29), the coefficient of each c,.,, r = 1, must contain
g.+:(x) as a factor since R,,,(x) = 0 when x = x,, « =0,1,---,n. In practice
(29) and (30) can be advantageous, for even though the ¢,’s may be difficult to
evaluate, asymptotic estimates are often available and these can be employed to
apprise the remainder. For this and related considerations, see Luke (1969),
Chapter 8 and the references given there.

For an application of the above, suppose we want to approximate
2 W(x)f(x)dx by 7 W(x)f(x)dx where W(x) is not necessarily the weight
function associated with the sequence of orthogonal polynomials {q,(x)}. In this
situation, the error is given by f,f W(x)R, . ((x)dx where R, (x) is given by (29).
In particular, if g,(x) is the Chebyshev polynomial of the first or second kind and
W(x) = 1, our results are applicable to the quadrature schemes discussed by
Clenshaw and Curtis (1960), Elliott (1965), Fraser and Wilson (1966), Chawla
(1968), Nicholson, Rabinowitz, Richter, and Zeilberger (1971), and Riess and
Johnson (1972). Our error analysis differs from those propounded in these papers.
Further investigation on this point is reserved for a future paper.

If in the above consideration, W(x) = w(x), the weight function associated
with the sequence of orthogonal polynomials {g,(x)}, we then get the error for
the Gauss quadrature scheme. This aspect of the subject is taken up in the next
section.

Error in the Gaussian quadrature formula

Now from (26), (11), (8) and (13), (2) and (27), and because of uniform con-
vergence of (8), we have

b 0 b
Sovs = [ W@~ f000dx = X o [ w0
n b h
Gy = T de [ @00 = 20 (),
k=0 Ja do,o
whence
(32) Soyniz2 = ;0 Copt+2+s92n+24+5
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h n
(33) . Gont2+s = — aooo V(2n)+2+s,0'
From (22),
A, A A4 h
34 — n+14in+2 2n+1%%p+1
(34) Gon+2 AoA, — Aaq,0
and we prove that
—h i
Gan+3 = aooo V(2n)+3~0’
V(znn)+3.0 = X P Co = 1,
s=0

A _sB -
P, ( 2n+2-s0s BZn+2—s) Api1Aniz - Agnr1-shas s

A AA - A,

s

Agpssih
ﬁ: = bobx "'bs—1v5>0. bk = -2 +1‘;k’:(k e ’

s > 0.

. Azn+2Asns1 > Aznra-sh
(35) és — 2n+2 s ,
ApAy - As-yho

To deduce (35), put r = n+3 — s and k = s in (20). Use (21). We then obtain
the recurrence formula

(36) Vn—s = Ps + bs Vn—s-l’ Vn—s = V(Z’:l)+3—SrS'

Now V_, = 0 in view of (18). So V, = p, is known and the desired solution
of the difference equation (36) is

Vees = Dy + > PsirBeir_1bgyra-- by
r=1
(37) s = n,n—l’...’(),

whence (33) follows.
To get V(Z'Z,)M_O, putr = n+ 4 — s and kK = s in (20). Then

A2n+3—sBs (n) -C V(n)
A 2n+3—49,3 2n+3—s " 2n+2-s,s

Wn—-s = (BZn+3—s_

s k

CsAZn +3 —sh

- A h
s=1 (n) 2n+3-s
14 P S A A AL
1s’s 2n+3-s,5-1

s+1 W
+ Ash, n—s—1»

(38) W = V(Znn)+4—.1,s'

n-—s

Both V{),,_,, and the same with s replaced by s — 1 are known from (22). Since
W_, =0, W, is known and the wanted solution of (38) follows after the manner
of that for (36). V"), ,, r > 4, can be developed in a similar fashion.
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The form (32) is advantageous for the study of the error since the coefficients
¢, depend only on w(x) and f(x) while the coefficients g, depend on elements
associated with the system of orthogonal polynomials. Thus in the absence of
closed form expressions for g,, the early coefficients for use in (32) can be tabulated
once and for all upon specification of the system of orthogonal polynomials and
associated weight function.

Under fairly general conditions, it is known that expansions in series of or-
thogonal functions converge in the mean to the functions associated with them.
But for most purposes in applied mathematics, mean convergence is not strong
enough. We usually require at least point wise convergence. Indeed, in our present
analysis we require uniform convergence to deduce (32). Unfortunately, except for
expansions in series of Jacobi polynomials, very little is known on pointwise con-
vergence. If f(x) is analytic in the closed interval — 1 £ x < 1, then its associated
Jacobi series is convergent in the interior of the largest ellipse with foci at + 1 in
which f(x) is analytic. If f(x) is analytic as above and we expand in Legendre or
Chebyshev polynomials, then we have uniform convergence. However, the form
for S,,+, might well be suitable for other systems of orthogonal polynomials
when f(x) is analytic. Further, it might also be applicable when f(x) is not analytic
on the path of integration. In the absence of theoretical criteria, it appears that
we must rely on heuristic means for guidance on these and other related questions.
In this connection, we also recognize that only the lead term of (32) is known in
closed form. The higher order terms can be determined by summation and in
particular cases, see the next section, explicit expressions for some of the higher
order terms are found. In view of the above remarks, our analysis is not complete.
Some exploratory numerical work is underway, but we postpone further con-
siderations for a future paper.

In some recent work*, Chawla (1971) takes up the special case when f(x) is
analytic and is expanded in series of Legendre polynomials. He shows that for s
fixed and n large,

2n + 3)(2s — 2)!
(39) Jant2+2s = (7!/2)1)* 22s(2’(l +3 +)E)‘)(25 _)1)(s N2

[1+0(n™hH)].
For s = 0, he obtains g,,., , precisely as do we, see (44) with « = 8 = 0. Actually,

Chawla writes g,,, ;42 = etc. without O(n—1) as above. In any event, it is impor-
tant to realize that O(n—1) is s dependent. This aside he writes

i 1 1
(40) Son+2 = (7‘/2")* (C2n+2 ) Conta — g Cant 6 )

If the coefficients ¢, are known in

41) f6) = % ¢ Ty(x),

* I am grateful to the referee for pointing out this reference.
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where T, (x) is the Chebyshev polynomial of the first kind, Chawla shows that for
Gauss-Legendre quadrature

n
(42) Sone2 = 5 (C;n+2 - c,an+4)‘

For the example f(x) = (9x% + 1)-*, the latter estimate is in good agreement
with the true error even though f(x) has singularities near the path of integration.
For an integrable singularity on the path of integration, e.g. f(x) = (x + 1)}, the
referee states that in some unpublished work c,,, g3+ 2 1S @ poor approximation
to the error. Thus several interesting questions arise in connection with the use of
(32), especially for functions which are not analytic. But, as previously remarked,
we defer further comments for a future paper.

Evaluation of error coefficients in particular cases

It is of interest to compute g,,, , and g,,.; in four cases of practical interest.
In one case, we also get g,,.,. We follow the notation in Luke (1969), Chapter 8
and Erdelyi et al. (1953).

Caske 1. Jacobi Polynomials

a=—1,b=1wx) = 1—-x+x)"
— p@B) _(OC+1),, —n,n+/1|1—x) -
qn(x) P,, (X) - n! 2 o+ 1 ——-——2 . A a+ﬂ+ 1,

_2T(n+a+ DI+ B+ 1)

h, = @Cn+ Hn!Ln+ 2) ’
_@n+DRn+ A+ 1) 3 (2 — BH(2n + A
@ A= ey T DT Ai=D)
Then

2T+ a+2l(n+ B+ 2M(n+ A+ D(n+ DIT@n + A + 4)
Gan+2 = [T@n+ 4+ D20 + A+ 3)(2n + 2)!

(44) = (m2n)*[1 + 0(n™ H].
Also

¢ = (@*=BHT A+ DL(n+a+2)T(n+ B+ 2)T(n+ A+ 1)(n+1)!T(4n+1+6)
Psts = 2I(x + DI(B + DIQ2n + 4 + 2)[T(2n + 4 + 3)]22n + 3)!

45) x [ ! - ! ]
Qs+21+D2s+A1~-1) @Gn+5+A—-25)dn+3+ 4 —29)

Now
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(n+1)
A-D2n+Ai+1) "’

" . . -1 (n+1)
(46) ZO [4n+Ai+5—-2s)4n+ i+ 3 —2s)] S G F A A AES

s=

3 [@s+ A+ D2s+i-D]! =
s=0

Thus after some algebra we get

_ 2=+ DI (n+a+2)T(n+B+2)0(n+A+ 1) (n+2)!TEn+A+5)
G2n+3= @n+ A+ DI@n + 2+ 2)PT2n + 4 + 4)(2n + 3)! ’

(47) Ganss = — (a— BXn/2n)*[1 + O(n™ 1]

If « = B, gon+3 = 0 which is in agreement with (23). In a similar fashion we get
the following data for g,,, 4.

(48) 9an+a = EFy + E;F, + EyFy,

_ (o — 49 E, = -0
@n+i+D2n+2+3)° 2 2n+A+2°

n+DII(n+a+2)In+p+2)0(n+ A+ DI@n + 4+ 8)
Cn+H [T+ 2+ DPTQn + i+ %)

16(2nn)}[1 4+ 0(n~ )],

El = E3 = “_Ez,

0:

—_
S
O

~—

I

F, = G ~6Gy»G, = % a,G, = X b,
k=0 =0

k

3 (n+1—-k)n+2-k)
T (@n+5-2k+A)2@4n+7 -2k + A2k + /- 1)’

b = (n+1—-kn+2—-k)
T @n+S5S—2k+DQ2k+A-1)2Rk+i+ 1)

dn+1—-kn+2~k2n+3-2k)2n+3+4)

a,

GOy a = b = — G TS ok p@n+ T— 2k + D2k £ A— Dk + AT 1)’
Foo p @n+3-K0n+3—k+a)en+3-k+p)2n+2—k+ A
75 (4n+4—2k+)@4n+5—2k+ )*(@n+6—2k+ 1)

6y = "ED [ o]

oy k(k + a)(k + B)(k + A — 1)
37 @k +A—2@2k+ A - D22k + 4)
(52) - ("1’2 D114+ 011
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In certain special cases, the required sums in (50), (51) and (52) can be ex-
pressed in closed form. Here care must be exercised in that k is a discrete parameter
and must first be assigned a value before assigning values to « and f.

Casel. a = B, A = 20+ 1.

6(n + 1) [1+ G-a) ]

E,F, = 0,E,F, = -~ "7
(53) E.F, >T2 71620 + 20 + 3) (n+tx+%)(2n+oz+zl)

- On d-ao 1 . B
EFs = = e m s [1+n+a+%] it ot~ 4,
0
(54) E;F; = ~ 3 if a= —3%,
69 ues =~ Y [y, _Godiary ]
n+4 16(2n + 20 + 3)(n + a + %) (n+a+%)(2n+a+%) ’
(56) Jamia = — G+ a)n2n)*[1+0(n™H].
CAsE2. a = — B, A =1
2
(57) EG =0, EG = g s,
__ btn+1) (1 — 4a?)
%8) EE = = Gon+3 [” (2n+5)(4n+7)] ’
_ on (1 - 4a?)
9 EFs = 16Gnv3) [” Zn+1 ]
B —da)m+ 1) @n + 1)
(60) Ganre = 16(2n+1)(2n+3)[ + (2n+5)(4n+7)]’
(61) Ganra = — 31— 4 n2n)* [1+0(n"H].

Cask 11. Generalized Laguerre Polynomials.

a=0 b= 00, wx)=e"x"

4.0 = LOG) = lim PPt~ 2xjp) = C Do pypiat 1,
B :
62) h =F(n+a+1) 4 = — 1 B _21_+<x+1
n n! > T n+1’ " p+1 :
We find
In+a+2)n+1)! atn**? -
(63) G2n+2 = (2” +2)' = J2n+2 [1 + O(n 1)] s
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20 2 2)! 1 ot
(64) Gan+s = (n+a_(*-2n)_(:;)-! )n + 1) = 7;_2':4_2 [1 +0(n—1)],

_n+ DT (n+a+2)(n+1)
Gan+a = 6(2n + 4)!

”inu+i

(65) = 23 [t +0(n~H].

m+3)2n+Dn+2)+1 —«a]

Case HI. Hermite Polynomials

a=—0w, b=ow wx =e",
4u(x) = Hy(x), Hyppmifx) = (=)V"22""*mIx"LEH(x?),
e =0 or ¢ =1,
(66) h, = n*2"n!, A, =2, B, = 0.
Then
Gamrz = hyyy = T2+ 1)1,
Gonre = — T2 2+ Din + D(n + 3),
(67) Gantrry = 0, r = 0,1, .

Case 1V. Bessel Polynomials

Though the basic theory has been developed for real polynomials over real
paths, it is obvious that the results hold for complex polynomials over complex
paths. The Bessel polynomials are useful for the numerical inversion of Laplace
transforms, see [9, Vol. 2, pp. 194, 253]. We have

N ean (v’ ._Z)Qm(v’ —Z) _ (_)"n 1omn
@)™ fc z"+1 dz = (2n + vI(n + vy

1
(68) 0., =2) = aFo( = mn +vi3),

where C is the path ¢—ijoo to ¢ +ioo, ¢ > 0. Also

_(2n+v)(2n+v+1) B — (v=1)2n+v)
n+v T (n+v)2n+v—1)

(69) A, =

Then

(=Y T(n4+v+ ) (n+ D)'T(@En +v + 4)
[T@n+v+2)]2I'2n+ v+ 3)

(_)n+122n+(3/2)—v

(70) g2n+2 =

[t +0(™ 4],

nv
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an (=) + DE(n +v + 1)(n + 2)!T4n +v + 5)

Gomt3 = T F v D[TCn + v+ 2)PT2n +v + 4)

_\n 2n+(7/2)-¢
- i+omy).
nv‘—-l
(72) Gan+s = EiF; + EF) + EjF3,
Ay — 1)%¢ ¢
= = - ————— E = —
E, Cn+v+DRr+v+3)° E, 2n+v+2’ 3 E,

- o (n+ DIT(n+ v+ DI@n + v + 8)
7 4=V Tren+v+ PrCn+ v+ 8

( _ )nn3—v22u—v+ 17/2[1 + O(n—l)] ,
(714) Fy = Gy — Gy,

where G, and G, are given by (50) with 4 replaced by v,

T5) F,= % @nt 3@t 2 k)
2T o n+ 4+ 2k+v)@n+5—Tk+v)2(4n + 6 — 2k +v)’
o k(k +v—1)
(76) Fy = k§1 Qk+v—2Q2k +v— 122k +v) "’
If v=1,
o d(n+ 1) 2n +1 J
(77 Janee = 7 400 + D2n +3) [H (2n +5)4n +7) ]
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