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1. INTRODUCTION

In this paper we develop quadrature formulas for splines with equispaced
knots. For special classes of splines, we give simple explicit expressions for
the weights in the quadrature formulas in terms of the zeros of the
Euler—Frobenius polynomials and show that these weights are positive. The
zeros of these polynomials of odd degree up to 15, are given by Nilson [2]
and by Schoenberg and Silliman [4] to a high degree of accuracy. The
general quadrature formulas can also be used to obtain the cubic natural
spline quadrature formula given in Ahlberg, Nilson and Walsh [I,
pp. 44—47] and the semicardinal odd order natural spline formula of
Schoenberg and Silliman [4].

Two of the quadrature formulas that we derive can be stated as follows.
Let S be a spline of odd degree m with knots at the integers O, 1,..., .
Suppose that S??(0*)=8%(n")=0, for 2<2i<m—1, where §%
denotes the kth derivative of S. Then

[ 86 dr= (SO +S@) (347 S Gr-ayIGI+ D))

+1 i=(m+1)/2

m-—1

+Z S(J')(l—i > ar+Aar+ ),

m+1,_x3on

where A, i=1,..,m—1 with 4,,_, <4, _, <+ <4, <0, are the zeros of
the mth Euler—Frobenius polynomial. Moreover, the weights in this
quadrature formula are positive.
If § is an integrable semicardinal spline on [0, c0) with knots at the
integers and with S®?(0*)=0 for 2 < 2i < m — 1, then
212
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m—1 \

j:o S(x) dx = S(0) (1/2 2 Y ye,- 1))

m+1,_ming

e} . : 2 m—jl '{—j

+J§l SU) ( m+ 1 i:(mzn)/z l )
The weights in this quadrature formula are positive. Both of these formulas
do not involve derivative data at the interval end points and their proof in
Theorems 2 and 4 below is one of the main objects of this paper. The
composite trapezoid formula which is the exact quadrature formula for
splines whose odd derivatives vanish at the end points also does not involve
derivative data. This is also the case with the semicardinal formula of
Schoenberg and Silliman [4]. In the case of the finite interval, we derive in
Theorem 9 an explicit quadrature formula for splines whose even derivatives
vanish at one end point and whose odd derivatives vanish at the other end
point. These explicit quadrature formulas are based on the fact that, for these
special classes of splines, the values of the derivatives at the interval end
points can be expressed in terms of the values of the spline at the knots and
finite powers of the matrix T= (¢;,) = (({) — (7)) with ({)=0 if i > j. These
expressions are given in Theorems 6, 8 and 9. This matrix T plays a basic
role in the work of Nilson [2] on spline interpolation. Our quadrature
formulas rely on an expression, given in Theorem 7, for the trace of any
analytic function of 7.

The paper is organized as follows. The necessary definitions and the main
results are collected in the next section. The third section contains the proofs
of these results. The fourth section is devoted to numerical results and to
remarks on extensions.

2. SPLINE QUADRATURE FORMULAS

We consider mth order splines S with knots at the integers 0, L,...,n
defined by
(i) S € C™ (0, n), that is, S and its derivatives of orders up to m — 1
are continuous on (0, n);
(ii)) S restricted to the interval [j— 1,j] is a polynomial of degree
m>21,forj=1,2,..,n

Letting B; be the ith Bernoulli number (B,=1, B,=—1/2, B,=1/6,
B,=0,B,=-1/24, B,,_, =0 for k > 1), we define the (m — 1)-dimensional
column vectors b, d and e to have components b,;, d; and e, respectively,
given by

bi=—B;,,/(i+1), diz(’:l) [1+(=1)]/2
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and
e= (") A+

We denote the corresponding row vectors by b”, d” and e”. We define I, J
and T to be the (m — 1) X (m — 1) matrices with entries given by

,- Wy _(m
1=Gp) I=@0e T=@=((1) (7))
with ())=0if i > j and d;; being the Kronecker delta.
Let SY(0%) and SY'(n™) denote the jth right and left hand derivatives of
S at O and n, respectively. Let u and u* be the (m — 1)-dimensional column
vectors with respective components

u=S20%)!  and wr=(-1YSPn),  j=12..m—1

We call u and u* the “left end vector” and the “right end vector” of S. With
this notation, we can state our first result.

THEOREM 1. Let S be an mth order spline on [0, n| with knots at the
integers 0, 1,...,n; n> 1. Then the end vectors u and w* of S satisfy the
relations

(Ir+Hu+u*)=-2 :i: SKNT* + T" M) e — 2(S(0) + S(n))
X (T"=T)(T—1)"e, (1)
(" —JYu—u*)=-2 nil SKk)T* — T %) e — 2(S(0) + S(n))
k=1
X(T"+TYT—-D""e. (2)
The proof of this result will be given in the next section. The integral of S

is, of course, given by the Euler—McLaurin formula

n—1

jn SEx)dx= 3 S(k)+(S(0)+S(n))/2—b"(u+u*). 3)

Relations (1) and (2) distinguish an (m — 1)/2-dimensional hyperplane in
which u + u* and u — u* lie. This hyperplane will be explicitly described in
Theorem 10 of Section 4. For certain special subspaces of splines, (1) and
(2) can be used to calculate u+u* and then (3) yields an explicit
quadrature formula. We will proceed to do this for one class of splines after
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introducing some notation. We note that our proof of (1) and (2) also gives
a direct proof of (3).

We follow the terminology of Nilson [2] and define the mth order Hille
polynomial by

P, (x)=(1—x)"" (d/dlog x)"(1/(1 — x)).
The mth order Euler—Frobenius polynomial 4,, is then given by
5,"()() = Pm(x)/x
From this definition, it readily follows that
d,(x)=1, G,(x)=1+x,
5m(x) = mx6m~ l(x) + (1 - X) d(X6m— l(x))/dx'

The zeros 4; of J,(x) are real, negative and distinct [2] and if enumerated in
decreasing order A, , <A,_, <A, ;<--<4,;<0, then 44, ;=1 for
j=1,2,.,m—1[2,p. 444].

We define a spline S on [0,n] to be “even alternating” if SY’(0%)=

SY(n~)=0 for j even.
We can now give our next result.

THEOREM 2. Let S be an even alternating spline of odd order m on
[0, n] with equispaced knots at the integers 0, 1,..., n. Then

m—1

[ st ae= SO+ (54— S @r-ay/lar+ D)

+1isaion
nfl 2 m—1
+ S sH)(1-—— Y @i+ ,1;’+1), 4
=1 ) ( m+ 1 i:(rﬁn/z( N ) ®)

where A;, i=1,.,m—1 are the zeros of the mth order Euler-Frobenius
polynomial.

When m =3, the even alternating spline reduces to the natural cubic
spline. In this case the weights in formula (3) are the same as those given for
natural cubic splines in [1, pp. 46—47].

In the next section we shall see that the A, appearing in Theorem 2 are the
eigenvalues of the matrix 7. This fact can be used to obtain the following
asymptotic form of Theorem 1.

640/42/3-2
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THEOREM 3. Let m be an odd integer and let S be an integrable mth

order semicardinal spline on |0, c0) with knots at the integers 0, 1,2,.... Let
P; and Q denote the projections

-E=IT(T—1JV@r—%%

J#i (5)
o= > P,.
<1
Then
| " Sex)dr=SO)2+ S S(K)—bTu, 6)
1} k=1

where u satisfies the equation

OJu=—5(0) Qe + d) — 2 f S(k) QT*e. 1)
k=1

For even alternating splines the corresponding asymptotic result yields a
simple explicit formula which we give in our next result.

THEOREM 4. Let m be an odd integer and let S be an integrable mth
order even alternating semicardinal spline on [0, c0) with knots at the
integers 0, 1,2, 3,.... Then

0 2 m—1
S(x) dx = S(0 (1 24— Y 1 /1,.—1)
J, St)de=50)(1/ T, V=)
[ee] 2 m-—1 )
+Y S0 (1--55 27,
ng m+1 i=(r§l)/2
where A;, i=1,2,..,m— 1, are the zeros of the mth order Euler—Frobenius
polynomial.

The above quadrature formulas yield the following result for the weights.

THEOREM 5. The weights in the quadrature formulas for the even alter-
nating splines in Theorems 2 and 4 are all positive.

As seen by the quadrature formula (4) of Theorem 2, Egs. (1) and (2) of
Theorem 1 can be explicitly solved for certain classes of splines and u and
u* can be expressed in terms of the values of S at the knots without the use
of derivative data. This is indeed the case for even alternating splines for
which we get the following results.
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THEOREM 6. Let m be an odd integer and let S be an even alternating
spline of order m on [0, n] with knots at the integers 0, 1,..., n. If u and u*
are the end vectors of S, we have

w= —(T" = T-")"" [2 :;: S(P)T"? — T*~"Ye — SOYT" + T~") d
+28(n)d ] — 5(0) e,w (8)
Wk = —(T" — T-")~! [2 pii S(P)T" =T ") e — S()(T" + T~")d
+25(0) d] —S(n) e._ 9)

The relations (8) and (9) completely determine the even alternating spline
of order m which interpolates the points (/, S(/))j =0, 1,..., n. They can also
be used to obtain the explicit quadrature formula (4) for such splines. We
take up the details of the derivations of these results in the next section.

The matrix T plays a basic role in the derivation of our results as well as
other questions concerning splines (see the results in [2]). The following
result concerning this matrix 7 is fundamenttal in the proof of Theorems 2
and 4 above, and is of independent interest.

THEOREM 7. If F is an analytic function in a deleted neighborhood of the
origin, then

2(m + 1)b"F(T) e = —Trace F(T). (10)
Alternatively, for the projections P; defined in (5)

Am+1)b™Pe=—1, 1<i<m—2. (11)

3. DERIVATION OF THE QUADRATURE FORMULA

In this section we give the proofs of the results that were stated above. We
start by establishing three lemmas that give some properties of the matrix 7.
We then give the proof of Theorem 6, which follows easily from these
lemmas. The proofs of Theorems 1 and 3, as well as a proof of Eq. (3) based
on Theorem 1, are given next. We then proceed to prove Theorem 7, which is
a key element in establishing the remainder of our results. The section
concludes with the proofs of Theorems 2, 4 and 5.

We start by considering some properties of the (m — 1) X (m — 1) matrix
T which are essentially already in the literature but which we collect for
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convenience in Lemma 1, below. We first introduce some notation.
Throughout this paper m will be an odd positive integer.

Let S, be an mth order spline with knots at the integers i, 0 i< n, and
such that S,({) =d,,. We will call S, a “delta spline” at p. Let u,(i) be the
column vectors whose jth component is S ())/j!, j = 1, 2,..., m — 1, with SY
denoting the jth derivative of §,. Let u}(i) be the column vector whose jth
component is (—1) SY@)/j!, j=1, 2,..., m — 1. We can now state Lemma 1.

LEMMA 1. The spectrum of T consists of the (m — 1) distinct zeros A,,
i=1,...,m—1, of the mth Euler—Frobenius polynomial é,. So, 4, ,<
Ap_z <+ <4, <0 and A;4,,_;=1. The eigenvector v® corresponding to
the eigenvalue A, of T has components

p$ = (—1y~! (’;,’_"11) (=AY 10 A Jj=1,2um—1.

Finally, T is similar to its inverse: T~' = JTJ (trivially, J=J ') and

Tu, (k) =u,(k + 1), 0<kgp—12, pHIgkg<n—1, (12)
TuX(k + 1) =u}f(k), 0<kgp—2, p+lIgkgn—1. (13)

Proof. Since S, is an mth order spline which vanishes at k for k # p,
then if 0<kp—2 or p+1Kkgn—1, and x€ [k, k+ 1] we have
S,x)=Y" [x—k) SP(Kk)! and S,(k+1)=X7,8Yk)/j!=0. The
spline matching conditions at the knots are SY((k + 1)7)=S((k + 1)*),
yielding the relations

> Sk (G- i) =8Pk + 1).
=i
Since S\ (k)/m! = — Y7 SY(k)/j!, we obtain the relation
el Il m . ,
> [(l.)— ( ; )} SOkt = SP(k + 1)/it, 1i<m—1.
i1

Recalling the definitions of T, u, and u} we see that this is equivalent to
Tu,(k)=w,(k + 1), and Eq. (12) holds. A similar argument shows that (13)
also holds.

From the definitions of u, and u}* we see that —Ju(k) = u,(k). From this
and (12) we obtain the relations TJuf(k)=JuX(k+ 1), and hence,
TITha}(k)=Tu¥(k+ 1), 1<k<p—2,p+1<k<n—1 For k=1, this
yields TUTJu¥(1)=TuX(2), and using (13) with k=1 we have
TJTJu}(1) =u}(1). Since u(l) is an arbitrary (m — 1) vector we conclude
that 7-! =J7J. An immediate consequence of this fact is that if 4 is an
eigenvalue of T then so is 1/4.
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These simple considerations show that the operator T translates the vector
u,(k) at the knot k to w,(k + 1) at the knot k + 1. Nilson [2] considers a
related operator S (denoted by T in [2]) with entries s;; given by

s;;=m!l/[j{(m —i)!] it i>J;
=1/ — Dl =—mY[jlm—1]  if i</

If we let Y be the (m — 1) X (m — 1) matrix with entries y;;=j! d;;, then it is
immediately seen that the (i,j)th entry of Y™'SY is

(N)-(7) i<
m 1 m— 15 S-~ 1 l
> X i slpéjpp yjj!: m
==t ' - ( ; ) P>

So, Y™!SY =T. From this we see that the spectrum of S and that of T are
identical. Using Theorem 1 in [2] we obtain our claims concerning the
spectrum of T, and the form of the eigenvectors of 7. This completes the
proof of the lemma.

Since the eigenvalues of T are negative, the matrix 7 — [ is invertible.

Letting r be the vector with components r;,= (m—i)/[(i + 1)}(m + 1)],
i=1,2,.,m—1, we have the following lemma.

LEMMA 2. Let T, b, d, e and r be as defined above. Then
b'=r"(T-0N""' and d=T+D(T-1)""e

Proof. We show that b"(T—I)=r". Let g; be the jth component of
b”(T — I) and note that

0= -7 ()= (7) 2]
(

m+1) (]+I)J+BH1
i+1 j+l i+1 j+1

I

143 1
&
*

1 ™ m+1
“mrl ZB,-( ; )—Bo—(m+1)31]
i=0
1 J Jj+1 B,
B, —B,—(j+1)B . =
j+l[§ 1( i ) o=+ 1) 1+BJ+1:|+J-+1

Now using the identity >"}_B,('*')=0 with /=m — 1 and j — 1 we get

1 1
q;=B, <j—+1—_m_+1)= (m—=j/1G+ Dm+ D]=r;,
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and the first equation in the lemma is proved. The second equation is a direct
consequence of the relation T(d —e)=d +e.
We note that

bTez_mY_‘lB”l (m):__i*%", .<m+l)
j:lj+1 J m+1j;2 ’ J

Sy

=——1—[—B0-—(m+l)B1

—— =—(m—1)/2(m+ 1),

| SO |

and we have the relation
bTe=—(m—1)/22m + 1),

which will be used below.
Our final lemma is the following.

LemMA 3. Let u, and u} be the left and right end vectors of the mth
order delta spline S,. Then

TPu, + JT" " Puf = —2e, p#0n (14)
and

Jug+ T'uf = —e —d,
(15)
T"a, +Juf=—e—d

Conversely, any two (m — 1) vectors u, and u} satisfying (14) and (15)
determine a unique mth order delta spline S, with end vectors u, and u.

Proof. For p # 0, n let SJ be the mth order polynomial which vanishes at
p— 1 and p and whose jth derivative at p equals j! times the jth component
of TPu,, j=1,2,..,m—1 Let S;, be the mth order polynomigl which
vanishes at p and p-+ 1 and whose jth derivative at p equals (—1)’ ;! times
the jth component of 7"~”u}. Then setting

Sp(x)zsg(x)-" [x_(p_l)]m5 X € [P—l,p],
and
Sy()=8,(x)+ [p+1—x|", x€ [pp+1],

we need to match derivatives of order 1,2,..,.m—1 at p for these two
expressions. Performing the differentiations and matching we get the relation

JUTu,); + mlf(m — )t = (= 1) JUT""Pu); + (=1) ml/(m — j),
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hence,
)+ Gy = [y =) (1) =z

In matrix form this is equivalent to

TPu, +JT" Puf = —2e.

Equation (15) follows from similar considerations at the end points 0 and n.
The converse claim follows from the fact that any solution of (14)}-(15)
can be used to construct a delta spline S, with SY(i)/j! =Ty,
j=le,m—1, S,(i)=0, i=0,1,.,p—1, and (—1Y SL@)/j'=T"""u},
J=lLe,m—1, 8,(i)=0,i=p+2,p+3,.,n While for x€ [p—1,p], or
x€ |p,p+ 1], S, can be constructed as in the first part of the proof of the
lemma. This completes the proof. We can now give the proof of Theorem 6.

Proof of Theorem 6. We first show that there exists a unique even alter-
nating delta spline at p, p#0,n If S, is even alternating and p+ 0, n,
Juf =u¥ and (14) becomes T"u,+ 7° "uf =—2e, hence uw, + 7 "uy =
—2T Pe. Multiplying this last equation by J, and using the relations
Ju,=w,, JT"=T"J, Je=e, we get u, + T"uf = —277¢. Subtracting this
last equation from the previous relation involving u, and uf we get
(IT"—T " uf=2(T?—T")e. Now, T"—T "=T (T —1I) is inver-
tible by the results on the spectrum of T given in Lemma 1. So, u} is
uniquely given by

uf=—2(T"—T~")"'(I" = T")e. (16)

Conversely, any (m — 1) vector uf given by (16) is even alternating, i.e.,
obeys Ju} =u}. This is easily seen to be the case upon multiplying the right
hand side of (16) by J and using JT? = T~?J, Je =¢, J~! = J. Similarly, we
arrive at the following unique solution of (14)-(15) for the left end vector u,
of an even alternating S,:

w,=—2T"—T-")~(T"" — T"~")e, (17)

which again is easily seen to obey Ju, =u,.

Similarly, we may show, using (15) instead of (14), that there exists a
unique even alternating delta spline at each of the end points 0 and n. The
resulting end vectors are

Uy=uf=—e+ (I"—T~")"Y(T"+ T~ ")d, (18)
wi=u,=-2T"—T-")"'d. (19)
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Any even alternating spline S may be uniquely represented as a linear
combination of the unique even alternating delta splines by

569= 3 () 5,(x)

The end vectors of S are, hence, given by
u= > S(p)u,, wr= ) S(p)uf.
p=0 p=0

Substituting (16)-(19) into these two equations we get (8) and (9). From the
above, these are the only possible values that u and u* can have. This
completes proof of Theorem 6.

Proof of Theorem 1. We first show that (1) and (2) hold, then give a
derivation of (3). To this end, let S be the spline of Theorem 1, and let S, be
the unique even alternating delta spline at k. Then S° =8 —>"7_, S(k) S, is
a null spline with $°(j)=0 for j =0, 1,..., n. So,

S=8"+ Z S(k) S,. (20)
k=0

From (14) we get u, + 7" "Ju} = —2T *e and T "Ju, + u} =-2T""*e.
Adding these two equations we have (I + T7"JN)(w, + uf) =
~2(T~* + T*=") e. Multiplying by J we get

(T"+ N +uf)=-2(T"+T""*e, k+#0,n. 21
In a similar way we get the relation
(T" — D)(u, —uf) = —2(TF — T %), k+#0,n (22)

For k=0, n we use Eq. (15) instead of (14) and Lemma 2 to obtain in an
analogous manner

T+, +uf)=—T"+DNe+ (T"—-D)d
=—(T"+De+(T"—I(T+ID(T—-0)""e (23)
=2T"—T)NT-1)""e, k=0,n,

and

(T =N, —f)=—(T"—De+ (T"+1)d
——(T"—De+ (T"+T+DT-N""e (24)
=2T"+TN(T—1) e, k=0,n.
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For the null spline S, with end vectors u® and u’* the matching condition
clearly is T"u® + Ju®* = 0, which leads to
4+ THu® +u’*)=0 (25)
and
(J—THW® —u’*)=0. (26)
From (20) we see that u =u"+ }7_, S(k)u, and u* =u®* +37_  S(k) ujf.
Combining these relations with Eqgs. (21)-(26) we obtain Egs. (1) and (2).
Since the mth order Euler—McLaurin formula is exact for mth order splines

with equispaced knots, (3) follows, and the proof of Theorem 1 is complete.
We now give an independent proof of (3). From (20) we have

n
vo

[soa=[ s+ ¥ 56 s

and we will obtain Eq. (3) by computing the integrals on the right hand side
of this expression. We define W, = [ S,(») dy, and note that if k # 0, n,

W, = Z [ [Z SP) - Pyt d
£ 3 [7[S o spene - a
+fkk_l (= (k — 1))" dx +j:“ (k+1—x)" dx.

If k=n the above expression holds without the last term, when k=0 it
holds without the term before the last (here 3", !, =3"7~, = 0). Performing
the integrations and recalling the definition of the vectors r, u, and u), we
get for k#0,n

k—1 n—k—1
W,=2/(m+1)+r" [ S Tha+ > T"u;“}
p=0

p=0 =
=2/ + 1) + (T — 1) [(T* — D w + (T"* — I uf]
=2/(m+ D+ b (T —Du+ (T * - Dug],
since, by Lemma 2, b" =¢"(T—1)"".

Now, Jb =b"J =b7, so the expression for W,, k # 0, n, can be rewritten
as:

Wie=2/(m+1)+b" [T+ JT" *u¥] — b [u, + uf].
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Using Eqgs. (13) and (14) we then get
W,=1-=bT(u, +u}), k+#0,n. (27

By symmetry, W, and W, are given by the same expression, and following
the steps in the above computation of W,, we get

W,=1/m+ )+ c"(T—D~(T" =),
=1/(m+1)+b"[T"u, + Ju¥] —b"[u, + u’).
Using (13) and (15) and noting b"d = 0, we get

=1/2-b"(u, +u}), so Wo=1/2—-b"(ug +uk). (28)

For the null spline S° we recall that 7"u® + Ju®* =0, and get
[sma=x [ L sowo-mi|o

= i ut(p) =" X TP

p=0 p= 1
=T (T — 1)~ \(T" — ) u® =b"(T" — [) u°
=bT[(T"u® + Ju’*) — (u® + Ju’*)]
=-b"(’ +Ju’*)=—-bT(? + u’*).

Collecting this result, (27) and (28) in the expression for the integral, we
get

n—1

/S0 dy=15@+sm)2+ ¥ S@

n
— b7 [u" +u®* + N Sk)(u, + u;“)]. (29)
Noting that w=u"’+Y7_ S(k)u, and u*=u’*4+ Y% _ Sk)u¥, we
obtain Eq. (3). This completes the derivation of (3).

The proof of Theorem 3 proceeds in the same manner as that of
Theorem 1. However, the matching conditions (14), (15) and (25) must now
reflect the fact that the semicardinal spline is integrable. In particular, this
implies that the vectors w,(p+1) and u’ lie in the ecigenspace of T
corresponding to eigenvalues of modulus less than one, so (I — Q)u
(I—Qu,(p+1)=0. Now, since Tx,=A;x; implies TJx,=JT 'x,=
{1/ Jx;, we see that (I—Q)x=0 is equivalent to @Jx=0. So, the
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integrability conditions can be written as, QJu® = QJu,(p+1)=0. The
matching conditions are readily seen to be

TPu, — T 'u,(p + 1) =—2e, p#0 (30)
u,— T 'ag(l)=d —e. (3D
With this, we can now give the proof of Theorem 3.

Proof of Theorem 3. For a semicardinal spline S we have
[v.0]
S(x)=8x) + >~ S(k) Si(x),
k=0

where S° is a null semicardinal spline and S, is a semicardinal delta spline.
In particular, the S, can be taken to be the natural semicardinal fundamental
functions (see Lecture 8 in [3]), in which case by the results in the same
reference the series in the above equation converges locally uniformly and
absolutely, and the integrability of S implies that }5° S(n) S, is integrable
(hence, so is S°), and the integration can be performed termwise. So,
© © © ©

[“s@yds=] s°ydx+ Y Sm)| Six)dx.

0 0 k=0 0
Now, these integrals can be computed in the same manner as in the proof of
Theorem 1, and lead to the expressions:

k—1

J Si(x)dx=2/(m+ 1) +17 [ S Tu+ N TP 'ulk + l)],
0 p=0 p=0

—

the convergence of the infinite series following from the fact that the vector
u,(k + 1) belongs in the eigenspace of T corresponding to eigenvalues with
modulus less than one. So, (30) and (31) imply

jw S, (x)dx=2/(m+ 1)+ 7 (T = 1) [(T*— Dy — T 'wy(k + 1)]

=2/(m+ 1) +b"[T'u, — T 'wy(k + 1) — uy]
d—e—u,, k=0,
_gl—bruk, k#0,

~{1/2—bTa,, k=0.

=2/(m+1)+b"

Also,

© ©
J S'x)dx=r" N T’ =¢"(T—1)""u,=—b"u’.

0 p=0
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Combining these expressions, we get

© [Se) o0

[ s@ax=150)+ ¥ Sk)-b7 [uO + ¥ ukS(k)].

0 k=1 =
Sinceu=u’+ 32w, Sk) =u’ + 32 | ST  "u k + 1) — 2T *e] +
S(0)[T 'uy(1) + d —e] and using the facts that QJu®=QJu,(p + 1)=0,
and QJT?~'=TP*!'QJ, we obtain Egs.(5) and (7) of Theorem 3. This
completes the proof of Theorem 3.

The proofs of the rest of our results are based on Theorem 7, whose proof

we next present.

Proof of Theorem 7. We first note that (10) and (11) are equivalent. In
fact, if (11) holds, then since T* = Y7\ A% p,, k an integer, then b"T*e =
—3m12%/2(m + 1), and (10) follows since F(T) has a convergent expan-
sion in powers of 7. Conversely, let (10) hold, then —2(m + 1)b"T*E =

ml=2(m+ 1)b"PeAr = 7' A% = Trace T%, holds for all integers k.
Now, the eigenvalues A, are all distinct, so, since 4, = 1/4,,_,, multiplying
by A%(A4,] <|4,| for i# 1) and letting k> oo, we get —2(m + 1)b"Pe=
limy g 275" —2(m + 1) b Pye(A;4,)* =limy o, 375, (/A1) = 1. Re-
peating this with 4,,...,4,,_,, we see that (11) holds.

We now introduce some notation that will be used in the rest of the proof.
Let z and 1 be (m — 1) column vectors with components

m
s = 1=1,
zl (i_l), i

and let h=e+d, so h;=(7). Let 4 and B be the (n—1)X (m—1)
matrices with entries a,;= ({) and b;=—(7), with (})=0, if i > j. Clearly,
T=A + B, and we state four identities which will be used in completing our
proof. These are

2Am+ )b T = (m + 1) rTT" = 17T"" g, (32)
174"z = —(n + 1) Trace(4"B) — Trace(4"*")
n—1
+ > Trace(4""") Trace(4'B), (33)

i=0
Trace T"*' = (n + 1) Trace(4"B) + Trace(4"*")

n—1
+ " Trace(T" ' —A" ") Trace(4'B) (34)

i=0

and

Trace(4‘B)(17T'z) = 17A'BT'z. (35)
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Before giving the proof of (32)—(35) we show how they lead to the proof
of the theorem. From (32) it is seen that all we need to show is that

—Trace T"=17T""12 foralln=1,2,... (36)

(recall that from (10), 2(m + 1)b"e = —(m — 1) = —Trace T*), since (36)
implies that 2(m + 1)b"T"e = —Trace T" for all such n. But, from (36),
2m+ DB'T " = 2(m+ 1)b7JT"Je = 2(m+ 1)b"T"e = —Trace T" =
—Trace 77", and (36) implies the same relation holds for n=—1,-2,.... In
turn these relations imply that (10), hence, (11) holds. We now prove (36)
by induction.

For n=1, we have to show that —Trace T=17z. Now, 17z=
T () = DR () =2" —m — L. Also,

—Trace T = mil [(m)_ <l”=”:] (m) —m+1=2"-m—1,
i=1 l l iz1 v 1
and (36) holds for n = 1. Assume that it holds for i < n. Then from (34) we
et
: —Trace T"*' = —(n + 1) Trace A"B — Trace A" *+!
+ n}—:l (Trace 4"~ ')(Trace A'B)
i=0
n—1

— Y (Trace ") Trace A'B,

i=0
and uvsing (33) and the induction hypothesis, this yields
—Trace T"*' = 174"z + "il (17T"~'~'z) Trace A'B.
i=0
Using (35) we now get
—Trace T"*' =17 _A" + El A"BT"""I] z

i=0

r n—2
=17 |4"+ A" 'B+ ) A"BT"—"—‘] z

i=0

r n—3
=1"{4""'T+A4" BT+ }| A"BT"‘i"} z

i=0

[ n—4
:lT An—2T2 +An—3BT2+ S AiBTn—-i‘l]z

L i=0

=1T7T"z.
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This completes the induction and the proof of (36) for n=1, 2,.... From
what was already established, the proof of Theorem 7 will be completed once
relations (32)—(35) are proved.

We start by proving the first equality in (32). Recall that from Lemma 2,
b”(T—I)=r", and hence,

b Te=b"(T—D)T"(T—D'e=t"T"'T(T—D)""'e.

So, we need to show that 2T(T—I)"'e=h, or else, 26 = (T—1)"'h. In
fact,

AN(T—1)'e=(T+I)(T—-1)"'e+(T—I)T—-I)'e=d+e=h.

This establishes the first equality in (32).
In order to prove the second equality (32) we start by noting that

fuhf-[(i’)—(’?)]<’?>=(iﬁ>(m'”_j>-(’?)(m"i)
()= () ] =t

Using this relation, we get

m—1 m-1
(m + l)rTTn_lh Z Z Z (m + 1) rsltslsz 59537 tsnvlsnhsn
s1=1 s,=1 sp=1
m—1 m—1
- Z 2 (m+1) T Bt somes, " bmspmes,_,
s)=1 Sp=1
m—1 m—1
_ Z Z (m+ 1)"m-u,,hm_u,,’u,,,,.u,, by
uy=1 u,=1
Noting that
u m
1 = 1 - ( )
(m+ )rm—u"hm—u,, (m+ ) (m'—un+ 1)(m+ 1) m‘-un

= (1) =2
T \u,—1/) "

m—1

(m+ DT '"h= ) - Z wnity " By yunZy =171z

u=1

we get

which is the second equation in (32)
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We next note that, if G= (g,J) is an (m—1)X (m—1) matrix, then
Trace(GB) = —}.1";., 8,(7)=—17Gh. Also, if H=(h;), is an (m—1) X

(m—1) matrix, then (Trace(GB))1"Hz=(—Y;; g,(7)( Xk hul(,"1)) =
— > it 8T hi(,")=1"GBHz. In particular, letting G=4' and

H =T, we get Eq. (35). Finally, we note that
m m m m
sasommm= % 5,1 (1) (5 D)5l )
ikl J ! i J Kk !
= (Trace GB)(Trace HB).

We now give the proof of (33). We see from the above that Trace(4"B) =
—174"h=— 373 [(n+ 1) = n'](7), since the ith entry in 174" is
(n+ 1) —n', Wthh can be seen from the following simple inductive
argument. For n=0, 174° =17, and the ith entry is one, satisfying the
above relation. Assuming that the relation holds for (n — 1), we have

(AN = )= X [ = o= 1P

=Z = =14 ()
=n+ 1) —n',

so the formula holds for all » > 0. Hence,

Trace(4"B) = i [(n+ 1) —n'] (:n) +(n+1)"—n"
 =—(4 )" 42+ )" — "

Next, we note that Trace 4" ="' ()"=m — 1, since 4 is tridiagonal
with diagonal entries ({)= 1. So,
n—1
—(n+ 1) Trace(4"B) — Trace(4"*') + 3 Trace(4" ') Trace(4'B)

i=0

=(n+D[E+2)"=2(n+ )" +n"]—(m—1)
-~ E (m—D[E+2)" =2+ 1)" +i™]

= (n+ D[(n+2)" = 2(n + )" + n"]

e Erade ]

=+ D(n+2)" =2+ D"+ "] = (m—D[(n + 1)" —n"].
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We will now show that this last expression is aiso equal to 174"z, and
hence, that (33) holds. This is again a simple computation:

lTA”z=§: [(n+ 1) =] (l,_’fl)
—(n+1) [i n+ 1) (':’) —mn 1" — (n + 1)'"]

—n[é}n%?)—mn"’“—n"’J

— (4 D[+ —mn+ )" — (4 1)
—n[(n+ )" —mn™"' — n"|

=+ D[n+2)"—2(n+1)" +n"|
—(m—D[(n+1)"—n"],

which is the desired equality. This proves that (33) holds.
We finally come to the proof of (34). We first show that

n n—1
T" ' =Y ABA" 44" + Y (T —A"")BA', n=0,1,2,.. (37)
i=0 i=0

It is clear that (37) holds for n=0 and n=1, each of the sides of the
equation reducing to A + B if n=0, and to A+ B> +A4AB+BA if n=1.
Assuming that (37) holds for n =k, we see that

k
Tv(k+1)+1=(A +B) Tk+l=(A +B) [ZAiBAk—i+Ak+l
i=0
k—1 ) ) )
+ Z (Tk~1_Ak-1)BAt:|
i=0

k k
— zAi+1BA(k+l)~(i+l)_+_ Z BAiBAk7i+A(k+l)+l
i=0 i=0
k—1 ) ) . k—1 ) .
+BAI(+1+ Z (Yw(k+1)—t__A(k+1)—l)BAt__ Z BAk—lBAl
i=0 i=0
k+1
— Z AiBA(k+l)—i_BAk+l+82Ak+A(k+l)+l+BAk-+—!
i=0
k Iy 3 .
+ Z (T(k+l)71_A(k+l)—t)BA1_(T__A)BAk

i=0

x
+
—

k
= AiBA(k+l)-i+A(k+l)+1 + Z (T(k+l)_i—-A(k+l)_i)BAi.

0 i=0

¢

T
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So, (37) holds for n =k + 1, and hence, for all n =0, 1, 2,.... We now obtain
Eq. (34) by tgking the trace of both sides of Eq.(37). We note that
Trace(4'BA" ') = Trace(4"B), and that

n—1 n—1
N Trace[(T"'—A4"")BA'|= Y Trace(T" ' —A" ‘) Trace(4'B).
i=0 i=0

(38)

The first relation follows from the fact that Trace(CD) = Trace(DC) for all
square matrices C and D, while the second can be obtained by writing the
terms of (7"""— A"~ ") BA" in the form (F;(4, B) BA’)(BA'), where F;(4, B)
is a product involving only matrices 4 and B and is of total order n —
i —j. Then Trace[(F/4,B) BA’)(BA')) = Trace(4'F(4, B) B) Trace(4’B) =
Trace(Fj(4, B) BA') Trace(4’B), which follows from the relations
Trace(CD) = Trace(DC) and Trace(GBHB) = Trace(GB) Trace(HB), which
was already established. Using this, it is seen that both sides of (38) are
sums of terms of the form Trace(F;(4, B) BA') Trace(4’B), and that there is
a one to one onto correspondence between these terms on both sides of (38).
So, (38) holds, and using it on taking the trace of both sides of (37) we get
Eq. (34).

Equations (32)-(35) have now been established, and hence, the proof of
Theorem 7 is completed.

We now give the proofs of Theorems 2, 4 and 5.

Proof of Theorem 2. From Theorem 6, we know that if S is an even
alternating spline it has the unique representation §=>%_, S(k) S,, where
S, is the even alternating spline satisfying S,(/) = 6,;. From (21)

T+ T +u)=-2T"+T""%e, k#0,n

Hence, since S, is even alternating (I + T")(u, + uf)=—2(T* + T" ¥)e,
and using the invertibility of (I + T") and Eq. (10) of Theorem 7, we now get

1 RS Af At

)

T % :___2 TI Tn -1 Tk Tn—k —
b’ (u, +u}) b'(I+T")"(T" + e ey PN T

2 m-1  m-ky 2k
=—— Y _'__i”_', k+0,n,
m+1,_oZne 1+4]

since i;4,,_,=1. So, using Eq.(3), we see that we have computed the
weights W,, k# 0, n, in the quadrature formula for even alternating splines
to be

2 m—1 /-L?—k +Ilf

We=1-—"——

R k+0,n
m+1,_min2 1+4]

640/42/3-3
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The weights W, and W,, can now be computed by noting that S(x)=1 is
an even alternating spline, hence

o
n—1 [1 3 2 m—1 ).?_k+/1{-<]
m+1l_mine 1+A]
So,

m—1 1 n-1

2
Wot Wy=n—(n—1)+——— N @Ak
° " m+1i=(m2+1)/2 1+4; kgl

2 mt 2 [A,.—A;']
=14— =
m+1,_a3ne 1+A7 [ 1—4,
4 mt gro),
—1+

m+1 gy, W+ -1)
By symmetry, W,= W,, so each is given by

L_*_ 2 "'Z_l Al —4;
2 m+ 13 +ADA,— 1)’

This completes the proof of Theorem 2.

Proof of Theorem 4. Since S is even alternating and integrable,
[e S(x)dx =1lim,_, . [5S(x)dx, and S(b)—> 0 as b— co. So, using equation
(3) to evaluate 4 S(x) dx and noting that |4,| > 1 for (m+ 1)/2<i<m—1,
the formula of Theorem 4 follows directly by taking the limit as b —» oo. This
completes the proof of Theorem 4.

Proof of Theorem 5. The result is immediate for the asymptotic form of
the weights in Theorem4. For, since A;<—1 when i=(m+ 1)/2,
(m+3)/2,,m—1, |A]7| <1, 1<j< o0, and |1/(4;—1)| < 1/2, implying
that 1242/m+ D) Yo VA —1)>0, and  1-2/(m+1)
X 2 A7 > 0. So, the weights in the formula of Theorem 4 are all
positive.

The proof for the weights given by formula (4) of Theorem 2 is only
slightly more involved. First, if 1 j < n— 1, we note that

12777+ A7+ U =1ED" AT AP IAED 1A + 1
=47+ DA+ D AT <L,

since the functions |4;(* + {4,|™* and |4,|* —|4,;|* are monotone increasing
for [A;] > 1, and |n/2 —j| < n/2 — 1 < n/2. This implies that 1 —2/(m+ 1)
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X i, AT —A)/(Ar+1)>0, for 1<j<n—1. For j=0,n, and n
odd, we have |A} — ;| <|A} + 1], and since |1/(4; — 1)| < 1/2 we have

12 m
—_—t— A —A)/[A7T + DA, — 1
> m+1(m;)/2( AL ( )]
2 m-—1
> 12— —— (1/2)>0.
/ m+1i=(mz+1)/2 /22

If n is even, we note that
A7 =)/ [GA7 + DR — D] = A = 4)/A7T =1 -] + 4).

Now, since 4; < —1, [A} — ;| <|A}*!'— 1] follows from the fact that the
polynomial function x"*'+41—(x"+x) is positive for x> 1; and
AP = 1= A7+ Al =147 = 1| +]A] — 4] > 2]A] — 4. So,

1 m—1

2
.2 A — 1)1 + 1) — 1
2 m_+_1i:(mz+l)/2( ) 1( ) )]
L2 N Mok,
2 m4 1 gmng 21A =417

Hence, the weights are positive in this case also and the proof of Theorem 5
is completed.

With this we have completed the proofs of all the results that were
presented in Section 2. In the next section we will give some numerical
results based on our theorems and some discussion of related resuits.

4. NUMERICAL AND RELATED RESULTS

This section is devoted to the presentation of some sample computations
of the explicit quadrature weights that we derived for even alternating splines
as well as of some related results. We start by looking at an obvious coun-
terpart of the even alternating splines. We define an mth order spline S to be
“odd alternating” if S¥ " P(0*)=8%"Y(n")=0, for 1 j (m—1)/2,
m > 2 an odd integer. We have the following analogue of Theorem 6 whose
proof is omitted since it is similar to that of Theorem 6.

THEOREM 8. Under the same conditions as in Theorem 6, except that S
is assumed to be odd alternating instead of even alternating, the end vectors
u and u* of S satisfy
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u=—(I"—T")"! [2 N ST+ Ty e~ 250) e

p=1

—S(n)(T"+T7") eJ — S(0)d,
u¥=—(T"— T ") [2 "il S(pYT* + T P)e—SONT"+ T ")e

—28(n) e] —8(n)d.

From the Euler—-McLaurin formula it is clear that the trapezoid rule is an
exact quadrature formula for odd alternating splines.

We now look at the mixed case of “even—odd splines,” which are defined
by the restrictions S (0*)=S%""(n")=0. The formula for the end
vectors of such splines are given in the foliowing theorem.

THEOREM 9. Under the same conditions as Theorem 6, except that S is
assumed to be even—odd alternating instead of even alternating, the end
vectors u and u* of S satisfy

n—1
u=—(T"+7")"" [2 N SENT" %+ T ")e

k=1

—SO)T"—T ") d+28(n) e] — S(0)e, (39)
w=—(T"+T")"! [2 "f SENT + T ")e
k=1
+28(0)d + S(n)(T" —T7") e] + S(n)d. (40)

The quadrature formula for S is
(m=1)/2

["swar=Y sw[1-@m+1) Y @+ aar+ i)

+ S(0) [1/2 —(2/(m+1))

(m—1)/2

XSG AGE D - D) |

(m—1)/2

eso [12-e/mr )Y yar+an) ey
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Proof. We shall sketch the main lines of the proof since it is similar to
that of Theorems 1 and 6. Now, let u and u* be even and odd alternating,
respectively. Then, using Ju =u and Ju* = —u*, (14) and (15) yield for an
even—-odd delta spline S, at p (see the proof of Theorem 6):

wE=2T"+ T ") (T?~T")e, p#0,n, 42)
u,=-2T"+T""" Y (I"?+T°")e, p#0n,

and

w=—e+ (T +T) (" =T d,  wf==20"+T7") "4,

(43)
u,=2T"+T " 'e, ur=—(T"+T"")(T"—T ")e+d.

Substituting (42) and (43) into the relations
u=3 S(pu,, uwr=3 S(p)uy,

we obtain (39) and (40).

Now, the quadrature formula (41) can be obtained by adding (39) and
(40) and using the Euler—-McLaurin formula (3). When this is done, we get
(b"u* =0, since u* is odd alternating)

| "Seydx= S S+ (S©) + S(m)2—bTu

n—1

= kgl SE1+267(T" + T~") (T *+ T ")e]
+SO)[1/2-b"(T"+T ") (T"—-T ")d +bTe]
+S)[1/2+2b7(T" + T~ ") "e].
Using the relation d=(T+I)(T—1)"'e and Theorem 7, we obtain
Eq. (41) in the same manner as used to obtain Eq. (4) of Theorem 2. This
completes the proof of Theorem 9.

We now give an explicit formula for the null spaces of the operators
T" +J and T" — J appearing in formulas (1) and (2).

THEOREM 10. Let S be an mth order spline on |0, n]| with knots at the
integers 0, 1,..,n, n> 1. Let u and 0* satisfy (1) and (2). Then there exist
even alternating vectors a and b such that

u=a+(T"-0D"'at+(T"+)7"b, (44)
u¥=a*+ (I"—I)""a— (T"+1)"'b, (45)
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and conversely, for any pair of even alternating vectors a and b, u and u* as
given by (44) and (45) are solutions of (1) and (2).

Progf. The verification of the fact that any u and u* satisfying (44) and
(45) also satisfy (1) and (2) is done by direct substitution and is omitted.
For the converse, let u and u* satisfy (1) and (2) and define a and b by

a=(T"=D[(+u*)— (@+a*)],
b=(T"+)[(w—u*)— @i —a*)].

TABLE 1

Weights W, . . of the Quadrature Formulas for
the mth Order Even Alternating Spline on [0, n|

n=2
m k=0and2 k=1
3 0.37500000 1.2500000
5 0.36458333 1.2708333
7 0.36351103 1.2729779
9 0.36339465 1.2732107
11 0.36338182 1.2732363
13 0.36338040 1.2732392
n=3
m k=0and3 k=1land2
3 0.40000000 1.10000000
5 0.39743590 1.10256410
7 0.39734577 1.10265423
9 0.39734235 1.10265765
11 0.39734222 1.10265778
13 0.39734221 1.10265779
n=>5
m k=0and5 k=1land4 k=2and3
3 0.39473684 1.13157895 0.97368421
5 0.38789436 1.14841617 0.96368945
7 0.38676028 1.151373825 0.96186590
9 0.38655478 1.151911686 0.96153353
11 0.38651715 1.152010202 0.96147264
13 0.38651025 1.152028283 0.96141647
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From this it is readily seen that u and u* satisfy (44) and (45), so it remains
to show that a and b are even alternating, that is, Ja=a and /b =b. Now,

Ja=(T""—DJ[(u+u*)— @@+a*) (46)
and
Job=(T""+1)Ju—u*)— (a—u*)] 47
Since (u 4+ u*) and (u + a*) both satisfy (1) we also have
(T"+N[u+u*)—@+ua*)] =0,
and similarly from (2) we get
(T" =Dlw—uw*)—@—u*)]=0.
So,
Jl+u*)—@+a%)]=-T"[(u+uv*)— @—0a*)]
and
J[(w—u*)—(@—a*)]=T"[(u—u*)— @-u*)]

Using these relations in (46) and (47) we see that Ja = —a and Jb = —b, that

is, a and b are even alternating. This completes the proof of Theorem 10.
We now present Tables I and II, which give computations of the weights

in the quadrature formulas for even alternating splines. These weights are

TABLE 11

Weights W, ,, of the Quadrature Formulas for the
mth Order Even Alternating Semicardinal Spline on {0, o)

m
3 7 9 13
k
1 0.39433757 0.38327658 0.38209248 0.38107220
2 1.13397460 1.16674594 1.17101836 1.17485423
3 0.96410162 0.92459288 0.91755264 0.91073966
4 1.00961894 1.03880320 1.04660910 1.05507353
5 0.99742261 0.97941944 0.97233813 0.96351465
6 1.0069061 1.01099310 1.01668334 1.02492993
7 0.99981495 0.99411846 0.98988375 0.98272207
8 1.00004958 1.00314892 1.00614518 1.01205473
9 0.99998671 0.99831502 0.99626485 0.99156291
10 1.00000356 1.00090193 1.00227074 1.00591395
11 0.99999905 0.99951721 0.99861944 0.99585170

12 1.00000026 1.00025843 1.00083937 1.00291078
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explicitly given by Theorems 2 and 4. In these tables, W, , , is the kth
weight, 0 < k < n, in the quadrature formula of the mth order even alter-
nating spline on [0, n]. These weights are very simple to compute and the
tables are provided for illustrative purposes only. The tables clearly show
convergence, as expected, to the semicardinal case as n— oo. Moreover,
based on computations of the weights as well as analytical considerations,
we also believe that the weights converge as m — oo to those obtained by
integrating the function f,(x) = a + bx + Y1~ ¢, sin(inx/n), with a, b and c;
chosen that f,(/) = J;,. If this conjecture holds, it would serve to distinguish
the present formulas for even alternating splines from the semicardinal
formulas of Schoenberg and Silliman [4], derived from natural splines. The
values of the zeroes of the Euler—Frobenius polynomials that were used in
computing the tables of weights are those given in Schoenberg and
Silliman [4].
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