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1. INTRODUCTION

In recent years there has been an intense interest in spline functions (see
[4] and references therein). Among the various classes of splines, the
polynomial spline functions have received by far the greatest attention,
primarily because they are the most useful in numerical computations. This,
in turn, is due largely to the fact that the polynomial splines admit a basis of
so-called B-splines which can be computed efficiently and accurately via
certain recursion relations. Recently (see [3]) it was discovered that certain
classes of trigonometric splines also admit of B-spline bases which satisfy
similar recursion relations.

The purpose of this paper is to give a detailed discussion of a third class
of splines, the hyperbolic splines, which also have a basis of B-splines which
can be computed recursively. In addition to their value in certain
applications and as an illustration of the space of L-splines (cf. [4]), the
hyperbolic splines are of special interest in view of the fact (see [5]) that the
only classes of splines which have B-spline bases computable by recursions
are the polynomial, trigonometric, and hyperbolic splines.

Our treatment of hyperbolic splines depends heavily on obtaining explicit
formulae for a related Green’s function, for determinants formed from the
hyperbolic functions, and for certain associated hyperbolic divided
differences. These results are developed in Sections 2—4. The hyperbolic B-
splines are introduced in Section 5, and the key recursion relation is
established in Section 6. In the remaining sections of the paper we discuss
the shape of the B-splines, a Peano kernel representation for divided
differences, integrals of the B-splines, a Marsden-type identity, a partition of
unity result, and, finally, give a basis and dual basis for .%.

We turn now to the definition of hyperbolic splines. First we need some
notation. Throughout the paper we shall use the abbreviations

ch(x) = cosh(x), sh(x) = sinh(x).
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HYPERBOLIC SPLINES 145

Given any nonnegative integer r, we define the sets

V= {040 Uy} = {ch(x), sh(x),..., ch((2r — 1) x), sh((2r — 1) x)},

m=2r
U, = {ty 0, 4, } = {1, sh(2x), ch(2x),..., sh(2rx), ch(2rx)},
m=2r+1.

Associated with these sets we define the linear space
#,,=span(V,,), m=2r,
= span(U,,), m=2r+1.
This space is the null space of the differential operator
L,=(D*—2r—1)}) ... (D* =3}D* - 1), m=2r,

(1.1)
=(D* = (2r)}) .- (D* = 21D, m=2r+1.

Suppose 4 ={a=x, <x, <+ <Xxp,,=b} is a partition of {a,b] and
that .# = (m,,..,m;) is a vector of positive integers with m, < m,
i=1,2,.., k. Then we call

F (A3 A5 ) = {s: there exists §q,..., 5, € A, with s(x) | (x;, x;, )=,
i=0,1,.,kand D'~ 's,_(x;) =D’ 's,(x,),
Jj=12.,m—myandi=1,2,., k} (1.2)
the space of hyperbolic splines of order m with knots x,,..., x, of multiplicities
My ey M.
The space .% is a space of L-splines—see [4, Chapter 10]. By the general
theory (cf. |4, p.430 and Theorem 4.4]), we know that . is a linear space of
dimension m + K with K =3%¥m,. We begin our detailed examination of

this space of L-splines by giving an explicit formula for the Green’s function
associated with the operator L ,.

2. THE GREEN’Ss FUNCTION

The aim of this section is to show that the function

Gpl(x:9) = ((x = »)%/(m = DY[sh(x — )| "~ 2.1)

is the Green’s function associated with the operator L, and appropriate
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initial conditions. We begin with a lemma which gives a useful expansion for
powers of the hyperbolic sine.

LemMA 2.1. Given any nonnegative integer r,

[sh(®)]" ' = (2_,,,1_): i (-1 (ri—r;——ll ) sh(Qv—1)6), m=2r,

D" [/2r—1 r 2r
T —— Y‘ —_ v 2 s =2 1.
LE [( , )+qu( 1) (r+v)Ch( ve)] m=2r+
(2.2)
Proof. The result is obvious for m=1 and m=2. It then follows for

general m by a straightforward inductive argument. |

As an immediate consequence of this lemma and elementary identities for
the hyperbolic functions, we have the following expansion for the kernel
appearing in (2.1):

[sh(y —x)]™"!
=" L 2r—1
= qm=12 ;] (—1) (r+ v—1 ) [Sh((2v— l)y)
X ch((2v — 1) x) —ch(Qv — 1) p)sh(2v — ) x)|,  m=2r,
- (2;1_)2 ,,Z; (=1)" (ri’ v)[ch(Zvy) ch(2vx)

., m=2r+L 2.3)

— sh(2wy) sh(2vx)} + (er— : )

This shows that for each fixed y, the function [sh(y —x)]™ ' belongs to the
space .
We can now show that G,, is a Green’s function associated with L, .

THEOREM 2.2. For any positive integer m,

L,G,(x;y)=0  forall x+y (where L, operates on the x-variable),
(2.4)

DiG ;) yex=0jm_ys»  J=0,L,m—1 (2.5)

Proof. 1t is clear from Lemma 2.1 and the definition of G, that for each
fixed y, G,(x;y) is in #,, and thus that LG, (x;y)=0 for all x#y. To
prove (2.5), we apply D’ to the definition of G,, to obtain

Difshx—p)|" ™" _ [shex—p)]" 7"

(m—1)! =T m—j— 1! [ch(x —y) + -,
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where each of the other terms contains a power of sh(x — y). It follows that
for 0j<m—2, DG, (x;¥)|,-=0. Now if j=m — 1, then

D77 IG (x5 ¥) lyox = [ch(x = )™~ ! + -,

where each of the other terms includes some power of sh(y —x), and
evaluating at y = x gives the value 1. [

The Green’s function G,, defined in {2.1) will play an essential role in
defining a B-spline basis for the space of hyperbolic splines. The following
theorem (which follows immediately from general results on L-splines—see,
[4, Theorem 10.8]) shows that it is also the kernel for a useful generalized
Taylor expansion. We use the notation

LT|a,b] = {f: D™ 'fis absolutely continuous on [a, b] and D"f€ L,|a, b]|}.

THEOREM 2.3 (Taylor expansion). Let f'€ LT |a, b|. Then

f@ =)+ [ G L)y, all a<x<b  (26)

where u, is the unique element in #,, = null space of L, such that

Di7ufa)y=D'""f(@), j=1,2,..m

3. SoME BAsic DETERMINANTS

Our main tool for constructing a B-spline basis for the space of hyperbolic
splines defined in (1.2) will be certain hyperbolic divided differences. Before
defining these divided differences, we need to introduce some determinants
associated with the functions {«,,..., 4,} and {v,,..., v, } spanning the space
&,

e
Given any points ¢, < ¢, < +++ < ¢,,, we define

u () wp(ty) o u(ty)
Elpeves by uty)  uy(ty) - ulty)
b (u,,..., u,n): : )

ul(tm) uZ(tm) um(tm)

We extend the definition of this determinant to the case t, < ¢, < --- ¢, in
the usual way (cf. [4, p.21]). Determinants formed from the v,,..., v, are
defined analogously.
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The following theorem established an important property of these deter-
minants:

THEOREM 3.1. For any integer 1 <k,

Fyyoons
D( e Tk )>0 forallt, <t,< - <t
Uy geens Uy

while

Figeens
D( ! k)>0 Sorallt, <1, < <1¢,.
U yeees Uy ‘

In other words, U, ={u;}7 and V,={v;7" are Extended Complete
Tschebyscheff systems (cf. [2, 4]).

Progof. We give the proof for the u’s—the proof for the v’s is analogous.
By a well-known theorem from the theory of Tschebyscheff systems (see
[2, p. 377)), it suffices to show that the Wronskian determinants formed from
the u’s satisfy

Wk, iy )(x) >0 for all real x and all k=1, 2,.... 3.1)

We accomplish this by induction on k. For k=1 we have W(u )(x)=1.
Now suppose that (3.1) has been established for & — 1—we now show that it
holds for k. If k = 2r is even, we must examine the determinant

1 sh(2x) ch(2x) e sh(2rx)
Wty ) () = O 2 ch(2x) 2 sh(2x) (2r) ch(2rx)
0 2¥ 'ch(2x) 2% 'sh(2x) .-+ (2r)¥~'ch(2rx)

Consider the linear system

122 20 . 2727 [a 0
14 e . g | |, 0
: : 0
1 @) @) - @)Y La, 1

Since the matrix of this system (as well as the r — 1 by » — 1 minor in the
upper left-hand corner) is a VanderMonde matrix, we can uniquely solve this
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system for a,, a,,..., &,,. By Cramer’s rule, we see that a,, > 0. Now if we
multiply the second row of W by «a,/a,,, the fourth row by a,/a,,,..., and
the (2r — 2)th row by a,,_,/a,, and add these numbers to the last row, we
convert W to a new determinant (with the same value) whose last row is

0 0 .- 0 (2r/a,,)ch(2rx)].
But then by the induction assumption,
Wy, w )(x) = (2rfay,) Wt ety )(x) > 0.

The analysis in the case where k=2r+ 1 is odd proceeds somewhat
differently. In this case we have

1 sh(2x) ch(2x) - ch(2rx)
o )3) — 0 2ch(2x) 2sh(2x) - (2r)sh(2rx)
0 2¥sh(2x) 2¥ch(2x) - (2r)¥ ch(2rx)

In this case we combine the rows 2, 4,..., 2r and then the rows 3, 5,..., 2r + 1
to reduce W to the form

1 sh(2x) ch(2x)
0 2 ch(2x) 2 sh(2x)

W=|0 27 ?sh(2x) 2%~?ch(2x)

ch(2rx) sh(2rx)
sh(2rx) ch(2rx)

0 0 0

Expanding by the Laplace expansion and using the inductive hypothesis
together with the fact that the 2 X 2 determinant in the corner is

ch(2rx)  sh(2rx) |
sh(2rx) ch(2rx) |

show that W > 0. This completes the proof for the u’s. The proof for the v’s
is nearly the same. [

Theorem 3.1 shows that the determinants formed from the #’s and from

640/38/2-4
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the v’s are always positive. Our next result gives explicit formulae for these
determinants in the case the £'s are distinct.

THEOREM 3.2. For any integer r >0 and any t, < t, < -+- < t,,,

yores Ly _
D(t‘ >=2><4’2 Yeh(t, + - +1t,) [[ sh@—1), m=2r,

Ugseos Uy 1<i<j<m
(3.2)
Ey s by s
D =4 l—.[ Sh(tj - t,’)s m= 2r’
Uysenes Upy 1i<j<m
(3.3)
[ S - 4r2
D y " = H Sh(tj_t,)9 m=2r+ 1’
R ™ 1<i<j<m
(3.4)
D (tl,...,t ) 4,2 Ch(t +- ) H Sh(tj—t,'), m=2r+1.
Uyseess Uy Ii<jg<m
(3.5)

Proof. The proof proceeds by induction. The values of all determinants
are easily computed in the cases of m=1 and 2. Suppose now that the
results are valid for determinants of size m — 1. We now establish them for
determinants of size m. We begin with the determinant in (3.2). First, we
note that by using (3.4) for m — 1, we have

TS S [ S S m
D(x)=D<l " lx):sh(er)-D( e m ')+‘ a;u(x)
Uy guuns Uiy Uy oy Uy 4

m-—1
= sh(2rx)4" " [T sh(t—1)+ Y aux)

1€i<j<m—1 i=1

for some coefficients a,,...,a,,_,. Clearly, D(¢)=0, i=1,2,.,m—1. On
the other hand, using Lemma 3.3 below and a standard hyperbolic identity,
we see that

m—1
C(x)=ch(x+¢t,+ - + teot) I—[ sh(x —¢;) = sl;(m2r)lc) + v buy(x)
i=1 =

(where b,,..., b,,_, are certain coefficients) also vanishes at the same points.
Now since by Theorem 3.1 the set {u;}T forms an Extended Tschebyscheff
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system, we conclude that D(x) must be a constant multiple of C(x), and
comparing the coefficients of sh(2rx), we conclude that

D(x)=2""14"" T ch(x + £+ o 1, )

x [l sh(—t) ”_ﬁl sh(x —t,).

ICi<jEm—1

Evaluating this expression at x =¢,,, we obtain (3.2).
The proofs of the other determinant formulae are similar. To get (3.3), we
note that by (3.5) for m — 17 we have

| SR SN _
D(x)=D ( e - x):sh((Zr—l)x)4" DIch(t, + oo+ 1y )
Lyeees Uy
N m—1
x [ sh@=0)+ Y aux).

1<i<jgm—~1 i=1

We compare this with the function

m—1

Cx)=[] shx—1)

i=1

sh((2r— 1) x S

i=1

Clearly both D{x) and C(x) vanish at the same set of points ¢,,...,,,_, and
since {v;}7" is an Extended Tschebyscheff system by Theorem 3.1, we
conclude that D(x) is a constant multiple of C(x). Comparing coefficients of
sh((2Zr — 1) x), we conclude that

m-—1
D(x)=2""24"""" [T sh(t;—¢) ][] sh(x—1),
i=1

1<i<j<m—1

and evaluating this expression at x =1¢,, yields (3.3).
To establish (3.4), we note that by (3.2) for m — 1, we have

isoos by 15 X

D(x)=D ( )chh(er)4’z_’ch(t, +odt, )
Loeees Uy
m-—1
x [[ sh—t)+ Y aulx)

1€i<j<m—1 i=1
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while

C(x)=rﬁ sh(x — ) = ch(2rx) 2 Y o A b)) | v b )

i=1

i= l

This implies that
m—1
D(x)=2-2""%""" [] sh(;—¢) [] sh(x—1¢)
i=1

ICi<j<m—1

and evaluating at x =¢,, yields (3.4).
Finally, to establish (3.5), we use (3.3) for m — 1 to obtain

D) =D ("7 Y anon 47 ] shiy 1)

Upseess Uy 1<i<jam—1

m-—1
+ L a;v,(x)

i=1
while

m—1
Cx)=ch(x+ 1+ +1,_,) ﬂ sh(x —1;)
i=1

_ ch(mx <
= ERSEE)

This implies
D(x)=2"""4"""ch(x +t, + - +1,_,)
m-—1
X [] sh—1) [] sh(x—1)
Ii<j<m—~1 i=1
and (3.5) follows upon setting x = ¢,,. The theorem is proved. |

The following lemma was used in the proof of Theorem 3.2:

LEMMA 3.3. Foranyt < - <t,_,

m-1 h —1D)x—t —---
n Sh(X—[,-):—’ S ((m )'xzm_l2 m I) + \ g, U(X)
i=1 i= 1
m=2r,
- (3.6)
_ ch((m — l)xz—mtjz_. C—t, 1) ‘\_ by, (),
i=1

m=2r-+1,
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where {a;}7~% and {b;}7"? are constants which depend on m and on the

Eises by

Proof. We repeatedly apply basic hyperbolic identities for products of sh
and ch. |

We conclude this section with a result concerning a set of functions which
we shall need later.

THEOREM 3.4. Let m=2r. Then the set of functions

W, = {W| s w,} = {ch(2x), sh(2x)...., ch(2rx), sh(2rx)} (3.7

m

is an Extended Complete Tschebyscheff system on R.

Proof. As in the proof of Theorem 3.1, it suffices to check that each of
the  Wronskians  W(w,,.., w)(x) >0 for k=12..,m  Clearly
W(w,)(x)=ch(2x) >0 while W(w,;w,)(x)=2. We now proceed by
induction. If k is odd, say k =2n + 1, then

ch(2x) sh(2x) .- ch((Z2n+2)x)
2 sh(2x) 2ch(2x) -+ (2n+2)sh((2n+2)x)
W(W, soss wl(x) = )

22" ch(2x) 22"sh(2x) - (2n+ 2)* ch((2n + 2) )

As in the proof of Theorem 3.1, we can now combine the odd rows to reduce
W to a determinant with all zeros in the last row except for the element in
the last column, Expanding by this row, we obtain

W(Wy ey W (x) = AW(W,,..., w,_)(x) ch((2n + 2) x),

where A4 is a positive constant.

The case where k= 2n is even is similar. Here we must add combinations
of the rows 2, 4,..., 2n together and combinations of the rows 1, 3,...,2n — 1
together to reduce W to the form

W(W, ey Wi _5)(X) :

W(w, . w)(x)=B o - 0 :ch(an) sh(2nx)
0 .. 0 | shnx) ch(nx)

with a positive constant B, (cf. the proof of Theorem 3.1). Then the result
follows. N
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4. HyPERBOLIC DIVIDED DIFFERENCES

In this section we define hyperbolic divided differences and establish
several useful properties of them. Given any points ¢, <t, < - <¢,,,, and
any sufficiently differentiable function f, we define the mth order hyperbolic
divided difference of f by

yoors b T ,
o tan =D (e (et

Upseoes Ups [ Uyseers Upp @.1)
—4'D (z,,..., bi s )/D (:,,..,,zm, ) e
Uysyeers Upps S Uy goray Uy 4
This definition is well defined since by Theorem 3.1 the denominators in
(4.1) can never be zero. The factor 4" in the definition is a normalization
factor.
The hyperbolic divided difference exhibits many of the same properties

that the ordinary polynomial divided difference has (cf. [4, Sect. 2.7]). For
example, if

I Iy

—

Bipeestg i1 = Tipeeey Ty < vo0 < Tyyeney Ty

then

(s tni 1= X 3 D0,

and thus the divided difference is a linear functional. It follows trivialy from
the definition that it annihilates .#,,, i.e.,

[tisestmir]f=0 for all fEe#,.

An important property of the ordinary divided differences is the fact that
they are continuous functions of the points £, < --- <, ,, L&,

[t1ems tmy1,e) S [t by ]S @8 €0

whenever ¢, . > t,, i=1,2,.,m+ 1 (cf. [4, Theorem 2.53]). Since the hyper-
bolic divided differences are also defined by the ratio of two determinants, a
similar proof serves to establish their continuity with respect to the location
of the r’s.

Our next theorem gives an explicit formula for the hyperbolic divided
difference of a function in the case of distinct ¢’s (cf. [4, Theorems 2.50 and
10.44] for the cases of ordinary and trigonometric divided differences).
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THEOREM 4.1. Forany t, <t, < --+ <ly,,y,

o tnilf= 3 [70)]TT shte=10] @2)

Proof. We simply expand the determinant in the numerator of the
definition of the divided difference using Laplace’s expansion on the last
column, and then insert the exact values of the resulting determinants from
Theorem 3.2. |

One of the important properties of the ordinary divided differences which
we do not have in the case of hyperbolic divided differences is the Leibniz’
rule (cf. {4, Theorem 2.52]). The following theorem is a useful substitute:

THEOREM 4.2. Suppose t, <1, K o+ Kty With t, # t,,, . Then for any
Sunction f,

[tl""’ tm+l] Sh(x"y)f(y)

_ shx = 1)yt = s — Dt Ly S
Sh(tm+l - tl)

(4.3)

Here the divided difference is taken with respect to the y variable and x is
any fixed real number. Similarly,

[£15eees tmi 1) CHOX = 1) f (D)
_Ch(x _ tl)[t\’-"’ tm]f+ Ch(tm+1 " x)[tz""’ tm+l]f

= . (44)
Sh(tm-#l - tl)
Proof. Using Theorem 4.1, we see that if £, <t, <--+ <t,,,, then
m+ 1 mtl
(110w tmia] SO = D) () = [ﬂt,-) Sh(x—t,-)/l Sh(tj_ti)]a
j=1 i=1
! i)
—sh(x — t)[t) s t, ] f=— Z [f(tj) sh(x — tl)/ H sh(t; — ti)]a
Jj=1 i=1
i#j

and

m+1

(s =Dl b= = 3 [ 7)., =) T s0,=0)].
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To show the equality of the two sides of (4.3), it suffices to compare the
coefficients of f(z,),...,f (¢, ). It is easy to see that the coefficients of f(¢))
and f(t,,,,) agree. But they also agree for all 1 <j < m+ 1 since using the
identity

sh(a) sh(b) = 1(ch(a + b) — ch(a — b)),
we have
sh(x — ;) sh(t, ,, — t;) = —sh{x — £,) sh(t; — ¢, ) — sh(tp, . — X) sh(t; — £).

This shows that (4.3) holds for distinct #’s. The fact that it is also valid for
general £, <, £ --- € t,,,, now follows by the continuity of the divided dif-
ferences.

The proof of (4.4) is similar. Suppose #, < ¢, < --- < f,,,,. Substituting in
(44) from Theorem4.i, we can again compare coefficients of
S(t)ss f(t,,, 1) The fact that they agree for 1 <j<m+ 1 follows in this
case from the fact that

ch(x —t;) sh(¢,,,  — t,) = —ch(x — ;) sh(t; — ¢, . ) + ch(t,, ., — x) sh(z; — ¢,),
which in turn is easily checked using the simple iden'tity

ch(a) sh(b) = 3(sh(a + b) — sh(a — b)).
The result for arbitrary s follows by the continuity of the divided

differences. §

5. HYPERBOLIC B-SPLINES

Given a sequence of numbers
BRGNS S PG
and integers i and m > 0, we define

Q:"()C) = (_l)m[yiw-’ yi+m] Sh(x—y)':+l* lf yi <yi+m’

=0, otherwise.

(5.1)

We call QF the mth order hyperbolic B-spline associated with the knots

Yives Vitm:
For m=1 and y, < y,,, the hyperbolic B-spline is particularly simple; it

is given by

Q;(x)=l/5h(yi+1_—yi)s yi<x<yi+1s
=0, all other x

(5.2)
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We can also give explicit expressions for Q7 in the cases when either y; or
Yism 18 an m-tuple knot.

THEOREM 5.1. Suppose y, <y, =+ =Vi,p, Then
Qn"n(x)=[Sh(x_yi)]m_l/[Sh(yHm_yi)]m’ yi<x<yi+m’ (5 3)
=0, all other x. '
Similarly, if y;=+ =Y, 1 <Vism» then
Q') = [sh(piy,— )"/ [hDipm —¥)I™ Vi<X<Vism
(5.4)
=0, all other x.

Proof. These expressions follow by induction on m. The case m=1 is
covered by (5.2). Now to get (5.3), for example, we apply (4.3) with
S(y)=[sh(x —y),]™ 2 which for y, < x <, yields

_Sh(x_yi)[yi""’yi+m~1](5h(x_—y))m_z
sh(yiym—¥0)

[Pires V14 (SR — )" =

s

and the result for m follows from the result for m — 1. The proof of (5.4) is
similar.

Theorem 5.2 describes the structure of Qf for a general knot sequence,
and identifies it as a hyperbolic spline.

THEOREM 5.2. Let y, < y,,,, and suppose that

I3 17}
Visws Vigm = Tioes Ty < oor < Tyguany Ty
Then
d i
Ql'(x)= z Z ajkD,Iv(—l[Sh(x - 'fj)+]m_1 (5.5)
1

i=1 k=
Jor some coefficients {a; }. Moreover,

D* QMz)=D* Q).  k=0,l,om—1—1, j=1,2,.,d. (5.6)

Thus, Q7 is a hyperbolic spline of order m with knots at the y;y.., Yi -

Proof. Expansion (5.5) for QF follows directly from the expansion for
the divided difference. The rest is elementary. §
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The B-splines associated with knot sequences y, < y;,; < --* < ¥;, , Where
some of the y’s are equal to others can be regarded as arising as limits of B-
splines associated with distinct knots. In particular, it is easy to show from
the continuity of divided differences that:

if Q7",(x) is the B-spline associated with y} < yi, ;< - <Vi,n

and
{'(x) is the B-spline associated with y, <y, ; < <Viyps
then
Yioy, Jj=hit+le,i+m as vo
implies
D* Qr(x)»> DX Qf(x)  forall x € R\J%,
where

JE= {y;:y, is a knot of Q" of multiplicity m — k or more}.  (5.7)

(For the details of the proof in the polynomial spline case, see |4,
Theorem 4.26]).

One of the most important properties of polynomial B-splines is the fact
that they can be computed by a convenient recurrence relation. The
following theorem gives the analog for hyperbolic splines:

THEOREM 5.3. Let m>2 and suppose that y,<y;.,.. Then for all
xE€R,

_ m~1 h . _ m—1
Q;n(x)z Sh(x yi) Ql (x) +5 (yl+m x) Ql+l (x) . (5.8)
Sh(Y; 1 m— i)
Proof. For y,<y; 1= " =Piom OF V;=" =V m_1 <Vism» the result
+

follows directly from Theorem 5.1. Thus we may assume that y,, , <y;,,
and y; <y;, ., Now since

[sh(x "y)+]m_l = sh(x — y)[sh(x “y)+]m_29

if we apply (—1)"[¥;ss Vit m] to both sides and use identity (4.3), we obtain
5.8). 1

We give a number of applications of this result in the following sections.
The next theorem gives a similar recursion for the derivative of a hyperbolic
B-spline.
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THEOREM 5.4. Let m>2 and suppose that y;<y;.,. Then for all
x€ER,

DO (x)=(m—1) ch(x —y,) Q?""‘(x) —ch(y;m—x) QT+—ll(x)

Sh(Vipm— Vi)

. (5.9)

Proof. The assertion follows immediately upon application of
(=1)™[Piss i+ m] to both sides of the identity

D [sh(x —y),]"~" = (m — 1) ch(x — y)[sh(x —»),]"

along with the use of identity (4.4). 1

6. MORE ON HYPERBOLIC B-SPLINES

With recurrence relation (5.8) at our disposal, we can now give a very
precise result about the shape of Q7.

THEOREM 6.1. Let m > 1 and suppose y, < y;, .. Then

7x)>0  for pi<x<Yiim (6.1)
Of'(x)=0  for x<y, and p; ,<x (6.2)
At the endpoints of the interval (y;,y,,.) we have

(—1)k+tm=aipk om(y) =0, k=0, l.,m—1—a,

(6.3)
>0, k=m—a;..m—1;
and
(—1)"Biem DK O™ ) =0, k=0, lu,m—1—8;, . 6.4)
>0, k=m—pf;, pom—1; '
where
ai=max{j:yi='“=yi+j—1},
ﬂi+m=max{j:yi+m=“'=yi+m—j+l}'

The quantity a, tells how many of the points y; < --- < ¥;,, are equal to y,,
while f8;, ., tells how many of them are equal to y,, .

Proof. Property (6.1) follows by induction, while (6.2) comes directly
from the definition. The sign properties of the derivatives (6.3)—(6.4) are also
established by induction. §
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Our next theorem shows that the hyperbolic B-spline is the kernel in a
Peano representation of hyperbolic divided differences.

THEOREM 6.2. For any fE LTy, Yiiml

viin QP(9) L/ () dy
(i ieml =] T

Proof. If we apply the divided difference to the Taylor expansion given
in (2.6), we obtain

(6.5)

viem QM(Y) LS () dy
T I TR

where
O7(¥) = [ Vises Vismlx shCx = p)7 1
Now since for all x and y
sh(x = )7~ = (=1)" sh(y — x)7~' = sh(x —y)" "' €27,
applying [ ¥;s» Vi, mlx» We conclude that
Or(»—Qr(»)=0, all yeRVF

(cf. (5.7)), and (6.5) follows. 1

The only difference between Q™(y) and GM(y) is that the first is left
continuous while the second is right continuous. This makes no difference
except at an m-tuple knot.

Theorem 6.2 can be used to compute the integrals of the B-splines. We
have

THEOREM 6.3. Let m>1 and y; <y, < - <V;,n be given. Then

J Q' (x)dx=(m— 1! (- 1)’[ ] [DirVioml I, m=2r,
(6.6)

1
=(m— I} (—1)’W[yi,...,yi+m]x, m=2r+ 1.

@n)!

Proof. 1t is easily checked that

=(— 1)’[(2r)] if m=2r
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while

Lx=D"[21)?  if m=2r+1

Substituting the function f=1 (if m is even) or f=x (if m is odd) in (6.5)
leads immediately to (6.6).

We now turn to some properties of the normalized hyperbolic B-splines
defined by

N7(x) = sh(pism— i) Q7' (X)-

(6.7)
For m =1, the normalized B-spline associated with the knots y; < y;,, is
given by
Nlx)=1, y;<x<y;
( ) i~ +1 (68)
=0, all other x.

We can give an expansion of the kernel [sh(y —x))™~' in terms of the
normalized B-splines.

THEOREM 6.4, Let i<rand y ,<y,.,. Then for any yE R,

[sh(y =x)|""'= N 6, (»N(x), all y,<x<y,,,, (6.9)
i={+1-m
where

m—1

bim(¥) =11 sh(y —».,).

v=1

Proof. We proceed by induction. For m = 1 the result follows from (6.8)
and asserts that

1= Z

i=l+1—-m

N;(x).

Now assuming the identity has been established for m — 1, we have

S )N
= 2 $unOlshx—y) QF () + sh(ypm—x) 0

r

m

i+—11(x)]
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= Z Q;n_l(x)[Sh(x - ¢i.m(y) +8h(Yiym_1 —X) ¢i—1.m(.V)J

i=l+1-m

~
—

> 0P fim (D)shCx =y sh(y = Yismo1)

i=l+1-m
+ 8h(Yiym—1 — x) sh(y —y))].

Using elementary identities on the hyperbolic functions, we see that the

quantity in the square brackets is | | =sh(y —x)sh(y,,,,_, —»;), and we
get

i FmINI@ =sh(y—x) 3 G i(V)NF'()

= sh(y —x)[sh(y —x)]""? = [sh(y —x)]""". @

7. A PARTITION OF UNITY

One of the most interesting facts about polynomial B-splines is that they
can be used to give a partition of unity. The following theorem is the hyper-
bolic analog of this result. Note, however, that we only assert the existence
of such a partition for the case of m odd. Indeed, when m is even, the space
of hyperbolic splines does not even contain the function 1.

THEOREM 7.1. Let m=2r+ 1. Then for all y, < x < y,,

1= Y al'N'(x), (7.1)
I+1-m
where
al = (_1)'22'~'a§/<2r:1 )> 0 (7.2)

and a' is the constant term in the expansion (cf. Lemma 3.3)

m-—1 m
bim(¥) =[] sh(y —yiy) = 3 aju(y).
v=1 j=1

Proof. We apply the operator

M= (D} (2r)}) - (D}~ 2%)
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to both sides of the Marsden identity (6.9). Since M annihilates the functions
ch(2y), sh(2y),..., ch(2ry), sh(2ry), it follows that

M(sh(y —x)]""" = M(=1) (2rr_ 1 )/22'-'

while
M¢t,m(y) = Mall -
Identity (7.1) follows.

It remains to show that a > 0, or equivalently, that (—1)"a! > 0. The
coefficients of ¢, ,(y) must satisfy the system of equations

$im(Vie1) (i) o um(Vi)) aj 0

Bim(Vism—1) U(Vism—t) 7 Un(PViem—1) Ay 0

¢i.m(yi+m) ul(yi+m) o um(yi+m) a:'n A
where 4 = [[72)' sh(y;,,, — Vi ,) > O. But then Cramer’s rule shows that

ai=AD <y"+"""y”'"" )=A(—1)’D (y”"""y”'"" ) >0,

Ugsyeery Uy W) sees W

where the last inequality follows from Theorem 3.4. (Note that
{Uys Us ey U} = {Wyy Wy suey Wiy _1s W, ), which accounts for the (—1)" in
the above string of equalities.) [

Theorem 7.1 is not quite of the same form as its analog for polynomial
splines where the B-splines themselves form a partition of unity without the
factors af". It is possible to derive explicit formulae for the o, at least for
small m.

ExaMpPLE 7.2. The hyperbolic B-splines of order 1 and 3 satisfy the
relations

1= Y Ni), (1.3)
i=l+1—-m
I= Z ch(pisz = Yis) Ni(%): (7.4)

i=l+1—-m
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Proof. Partition (7.3) is trivial in veiw of the definition of the N’s.
Partition (7.4) follows from Theorem 7.1 and the fact that

ch(Zy —pis i —Yivd) —h(yi —p;
B1) = SO yy1) sh(y—yy ) = 2 Ve V) Z M isa ~ i)

ch(2y) ch(y;i 1+ ¥i12) —sh(2p) sh(p;y + i 2) —ch(yi 2 — iy 1)
5 .

Identity (6.9) can be used to give a variety of identities involving the
normalized B-splines. For example, we have the following somewhat curious
result:

THEOREM 7.3. Foranymand all y,, ,,<x<,,

1= ch((m—1)x—piy— - —Vigm_1) NT(x).
i=1

Proof. This result can be established by applying an appropriate
operator to both sides of (6.9). Or, it can be established by induction. It is
trivially true for m = 1. Now using recurrence relation (5.8), we note that

(withm,=m—1and 7=y, ., + -+ Viym_1)s
Y ch(m,x — BT N7'(x)
=" ch(m,x — B7)[QF " (x) sh(x — y;) + sh(y;, w — x) Q7171 ()]
=N 07~ '(x)[ch(m,x — B") sh(x — »;)
+ ch(m, x ~ 7L, ) sh(yim_y — %)].

But
[ch(m x — B7) sh(x — y,) + ch(m,x — B7L ) sh(¥;, py_y — X)]
= ch(m,x — B7 1) sh(y;, e — Vi)»

where m,=m—2 and B '=y, ;+ - + Vs m_,. It follows that

S ch(m,x — BF) NI(x) = 3 ch(m,x = BF~ ) NP~ '(x) = 1

by the inductive hypothesis. [
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8. A Basis AND A DuAL BAsis

We are now in a position to describe a basis of B-splines for the space of
hyperbolic splines & (#,,; #; 4). Following the construction for polynomial
splines (cf. [4]), suppose y, < ;€ -+ € Yamsx I8 @ set of points with

€< <y, <a and b Yk 1 < ok

and

m, my

Va1 S S Vmak = Xisvers Xy goeey Xpgorny X

Let

B(x)=NP'(x), i=12.,m+K, (8.1)

where the N’s are the normalized B-splines defined in (6.7). (In the case
where b=y, .1 =" =Yimsx» we modify B, . slightly by taking

Bm+K(b) = Bm+K(b&))'

THEOREM 8.1. The functions (B, (x)}7'* form a basis for
S Aoy A A).

Progf. 1t is clear from our earlier results on B-splines that each B, is an
element of . (The special definition of B, , at b was necessary to insure
this—cf. the discussion in [4, p. 117].) The fact that these functions are
linearly independent follows immediately from Theorem 8.2 below, and since
% has dimension m + K, the assertion is proved. |

In order to establish the linear independence of the hyperbolic B-splines,
we now construct a dual basis of linear functionals {4,}7%. Again, we
follow the construction in the polynomial spline case (cf. [4, pp. 145 and
following]). For each j= 1, 2,...,m + K, let G;(x) be the transition function
defined in the proof of [4, Theorem 4.41], and let ¢,,(») be the function
defined in Theorem 8.1 above. Then for any sufficiently smooth function f,

we define

j=12mam+ K, (8:2)

_rem f(x) L, Pix)dx
4i/= Jyj (m =1y =) ’

where L, is the differential operator defined in (1.1) and where

W;(x) = Gj(x) ¢j,m(x)-

640/38/2-5
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THEOREM 8.2. The linear functionals {,}7** form a dual basis for
(BT, ie.,
AJ-B,-——-éU:‘—'l, if i=],

8.3
=0, otherwise, (8:3)

SJorall 1 i, j<m+ K.

Proof. By the Peano representation for divided differences given in (6.5),
we have

) [ Vivor Vit m) ¥,

Yiem—Yj

Vi+m By(x) L, ¥;(x) dx Yiewm—Vi
A-B,-= i m-Jj __( i+m i
’ jy, (m—1) (ym+j_yj)

all 1<, j<m+ K. Now if i > j, this is zero since ¥, € #, and hence is
annihilated by the divided difference. If i/ < j, then we again get zero since ¥,
agrees with the function 0 on the points y,,..., y;, ,,. Finally, if { =, we note
that ¥; agrees with sh(y —»,) ¢, ,,(») on y,..., »;, ,, and so

i+m+1

A’iBiz[yi9'-~9yi+m] n sh(y—y,),

v=i

which is easily shown by induction to have the value 1. Indeed, for m =1 we
have [y;,y;..1)sh(y —y;)=1. Now assuming the result for m — 1, using
recursion formula (4.3), we have

i+m—1
[Virs Virmlsh(y=y) [] sh(y—».)
v=i+1
i+m—1
=[yi+l""’yi+m] n sh(y—y,,)zl. |
r=i+1
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