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On Calculating with Lower Order
Chebyshev Splines

Mladen Rogina and Tina Bosner

Abstract. We develop a technique to calculate with Chebyshev Splines
of orders 3 and 4, based on the known derivative formula for Chebyshev
splines and an Oslo type algorithm. We assume that splines in the reduced
system are simple enough to calculate. Local bases of Chebyshev splines of
order 3 and 4 can thus be evaluated as positive linear combinations of less
smooth Chebyshev B-gplines. The coeflicients in such linear combinations
are discrete Chebyshev splines, normalized so as to make a partition of
unity. There are a number of interesting special cases, such as Foley’s
v-splines, Chebyshev polynomial splines (g-splines), and splines in tension
which can be calculated stably by such formulee.

§1. Introduction and Preliminaries

It is an important fact in the univariate polynomial spline theory that splines
can be represented as linear combinations of compactly supported basis func-
tions, which we can calculate in various ways by stable and fast numerical algo-
rithms. This can be extended to some other well-known spaces of splines, such
as trigonometric and hyperbolic splines, where nice three-term recurrences of
de Boor-Cox type exist; this also applies to a less interesting case of Chebyshev
splines with equal weights. These issues have been discussed in [12], where we
can also find a negative result concerning the existence of such three-term re-
currence relations in general. Polynomials, however, form an algebra, while in
other cases multiplicative properties are replaced by other algebraic formulz,
such as addition formule for trigonometric/hyperbolic functions or similar
identities.

We shall say that an interval [a,b] is measurable with respect to the
measure vector do := (doy,...do,)T if it is measurable with respect to the
positive Lebesgue-Stieltjes measures do;, 7 = 2,...n. Then for z € [a,b] we
can define generalized powers (Chebyshev system) {1, ug,...up}:

tn—l

uz(z:)=/:dag(t2);...;un(a:)=/:dcrg(t2).../a don(ts). (1)
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If all of the measures do; are dominated by the Lebesgue measure then they
possess densities o-, i = 2,...n; if p; are smooth, i.e.,o- : = & € CP=HY,
then {1,us,. un} is called an Extended Complete Chebyshev System (ECC—
system), referred to as ECT system in [11}). Further, we shall assume that such
an integral representation has been found, and the measures for the Chebyshev
space determined in such a way that we know the generalized powers explicitly.
This may not always be easy, and the choice of measures may not be unique.
It is known that Chebyshev B-splines that make a partition of unity exist
in this general case, and even that abstract recurrences [5,1] resembling the
polynomial ones exist. Almost nothing can be said about their numerical
stability, at least not until we employ a special measure vector, whence the
abstract construction gets difficult.

Recently, other techniques based on blossoming have been found for the
Chebyshev splines [6], which are more promising so far as evaluation and
numerical stability is involved. In case of polynomial weights, one obtains
Chebyshev polynomial splines [7], though here again the underlying algebraic
properties of polynomials are implicitly used.

In Section 2 we give some formula for Chebyshev systems of orders 3 and
4 which express locally supported splines (being piecewise in these spaces)
as positive linear combinations of less smooth splines in the same space. We
will see that the coefficients are related to integrals of splines in the reduced
system, which is defined to be a Chebyshev system like (1) corresponding to
the reduced measure vector, that is, for each § C [a, b]

do®)(8) : = (doiy2(6),...,don(8)T e R* O, i=1,...n-2

If S(n,do) := span{l,uy,...u,}, then the generalized derivatives L; go : =
D; ... Dy Dy, where

flz +6) - f(=) ,
D; =1...,n—1, 2
@)= e @8 —om(@ @)
are linear mappings S(n,do) — S(n - j,dol). For a partition A = {z;}¥*] of
an interval [a,b], and a given multiplicity vector m = (ny,...,nx)7, (0 < n; <
n), we shall denote by {t1...%2,+x} [11] an extended partition in the usual way
(see Fig. 1 and Fig. 2):

t=e =ty = 0,

tatks1 < =tontk = Tk,

tot1 S Slupk = T1y oy Tlye vy Thy e ooy Tk -
e —— N e’

n ng

S(n,m,do,A) is the spline space spanned by functions being piecewise in
8(n,de) [11]. Chebyshev B-splines in S(n,m,de, A) have compact support
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[tirti+n], and we shall henceforth assume that these are unique such splines

such that
n+K

Y Tlew@ =1 i=0,..n-2 (3)

i=1

where K := ), n;. We aim to show that for lower order Chebyshev splines,
one can express Chebyshev B-splines as linear combinations with positive
coeflicients of B-splines with multiple knots. Hopefully, these can be computed
efficiently by some interpolating formula or otherwise. In Section 3 we give
some examples of how the theory can be used to construct Chebyshev B-
splines in some known polynomial cases, like weighted splines and g¢-splines,
but also in the non-trivial case of some other useful Chebyshev splines. To
achieve this, we need some technical results. One is the derivative formula,
stating that for ¢ € [a,b], and a multiplicity vector m whose components
satisfy n; <n —1 (¢ = 1,...k), the derivative of a T-spline is

TZd_alﬂ)(m) _ TiTl}.w(n(w) @
Cn_l(i) Cn_l(i + 1) ’

L1,40T] 40 (z) =

where

titn_1 1
Cn_l(i) L= [ f[':d_a,(l)ddg. (5)

For continuous &, the proof is similar to that in [9]; a somewhat longer proof
involving only determinant identities exists, and relies only on the fundamental
theorem of integral calculus [11]:

b
£(b) - f(a) = / Ly a0 f(t)do(t), ©)

which holds under very weak hypothesis on the measures.

In certain cases one may construct splines defined on triplets of knots
(Lagrangian splines) by a generalized Taylor formula. We give a variant of the
Taylor formula, amenable to generalization, that can be useful for lower order
Chebyshev systems:

Lemma 1. If f and do = (doy,...,dos)T are such that L;f : = L; 40 f exist
and are measurable with respect to do;y1,(i =1,...4) on [a,b], then

10)=1@) + 1S @ [ dos(on) + Laf(@) [ don(sn) [ doa(se)
+ L3f(a) /: doa(s2) /:2 dos(ss) /:3 dog(sq)
+ [ donten) [ da(sa) [ douton) [ La(os)doss).
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Proof: The hypothesis and (6) enable us to use standard arguments of math-
ematical analysis in developing a Taylor series expansion

4

f(2) =f(a) + / (L1 £(52) — Lnf(@) + L f(@))dos(s2)

a

= f(a) + L1f(a) /z doa(sz) +etc. O

Lemma 1 is in fact a way of writing a Taylor expansion for L-splines,
see [13], pp. 425-426.

§2. A Knot Insertion Algorithm

We shall henceforth assume that Chebyshev B-splines T2, can be evaluated
at the knots in a numericaly stable way. This is a sound hypothesis, since

by (4),

1 e 1 z

3 2 2

T; go(z) = A0 /t T; jondoa — G+ 1) /t T\ 1,40 d02.
£ i+l

If we suppose that the multiplicity vector m is such that T 5 € Cla, b] (that
is, n; £ 2), then we have

3 1 b
T go(tiv1) = Ga(0) /t T; g doa,

and

3 1 tit2 9 1 tiy3 9
Trao(tes2) =151 ), Traew®2 = gy |, Trvnaoerdon

tit1 tit2

Since the construction of two-interval supported “linear” splines is easy, sta-
ble evaluation of T3y5(ti+1), T245(tit2) amounts to finding an integration
formula, preferably of Gaussian’type. The important thing is that in this
case we do not have any dangerous subtractions potentially leading to large
floating point errors, as in (4).

Theorem 2. Let T].3da.(1, € 8(3,m,do"),A) be a Chebyshev 3" order B-

spline associated with the multiplicity vector m = (1,... 1)7, and let us as-
sume that Tﬁda’m € 8(3,1m,do)),A) are Chebyshev B-splines associated
with the multiplicity vector m = (2,...2)T (Fig. 1) on the same partition. If
{t1,...tkye} and {t,...tok16} are the associated extended partitions, and r
an index such that t; =t. <t,y,, thenforj=1,...k+3,

3 _ 73 . 73 73 3 . 3
Tj,dﬂ(" - Tj,dd(‘)(tHl)Tr,da(l) + Tr+1,d0’(1) + 7},dml>(t1+2)Tr+2,dg(1>-
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Zo T1 T2 T3 T4 Ts5 T
i | ! i | | |
ity t4 ts tg ty tg tot1a
t2ty ty te tg t10 t12 tiotis
t3ts ts t7 to t11 113 t11t16

Fig. 1. Double knots.

Proof: Let T} := T - Since TH(t;) = T}(tj+3) = 0 and the same
holds for the first generahzed derivatives, we conclude that two out of three
coefficients representing TJ3 on each interval of its support are zero. For
z € (tj,tj41) we have that T3(t;41) = 6?(r)f’f’(tj+1). Since (3) applied to
S(3,7,do™), A) implies that T3(t;41) = 1, it remains to show that the mid-
dle coefficient equals 1. For z € (t;,tj41), property (3) again leads to

F-1(2) + TP () + T (e) = 1.

We expand T3, i€ {] — 1,4, + 1} in §(3,Mm,de"), A), and rearrange the
terms to obtam

@I (t1) + T ti)] + 820+ VT2 ()
+ T2 o(@)[T3 (tj42) + Thaltise)] =1.
The expressions in square brackets are equal to 1 by (3) applied at the knots
tj+1,tj+2. But the partition of unity property must also hold for Chebyshev
B-splines in S(3,m,do{"), A), and, since the expansion of unity in this space
must be unique, we have 63(r +1) = 1. O

The more important “cubic” version follows from Theorem 2 and the
derivative formula (4):
Theorem 3. Let T} 45 € S(4,m,do, A), T} 45 € S(4,7,do, A), and let m, 7
be multiplicity vectors as in Theorem 2. Then there exist positive 6;(i), de-
pendent on dos, such that T, = Yoite §3(i)T} g, where v = r; satisfies t; =
tr; < tr,41. If the the extended partition is {t1,...tr+s}, and {f1,.. 52k+g}
is the extended partition with double interior knots, then 63(), i =r,...r+3
are explicitly determined by

T13d0<1)(tj+1)é( r)
Tjg,dom(tﬁl) (r)+C(r+1)+ T do‘(l)( tip2)C(r +2)’
4y T3 5 (t41)C(r) + C(r + 1)
Tfid"“)(tj“)c( r)+C(r+1)+ Tadau)( tir2)C(r +2)°
T3+1 o (ti43)C(r +4) + C(r + 3)

631(7'+2) = J

T2, 1 o (t+2)C(r +2) + C(r +3) + T2 | 15 (ti43)C(r +4)

6;-*(7‘) =

4
§i(r+1)=

Y

8i(r+3) = T, damﬁ tiy3)C(r+4)

T3 1 om0 +2) + G+ 9+ 18, oo (420 +4))

j+1,doM



348 M. Rogina and T. Bosner

where as in (5),

Ci)= [ Thgmdon &)

support

Proof: We expand Tf,da' in terms of less smooth T{fdo.:

r+6

26 1d0‘

i=r—2

and apply (4) to obtain

Tiao(2) _ 64(z 1) .
J:da J+1 dO’ J 3
Cs(j) Cs(5 + 1 Z i,dd‘(l)(m)'

We may then use Theorem 2 to expand Tﬁda, and write a linear system
for 6;1, which has the above explicit solution. Details are omitted since the
construction very much resembles the construction of v—splines in [10]. O

It is not difficult to prove that 63‘ are discrete Chebyshev splines, that is,
they form a partition of unity, i.e., 3, 62(j) = 1 [10]; this also holds for general
order splines.

We also note that coalescence of the knots yields an expression for a

complete “Chebyshev cubic” spline on triple partitions.

§3. Examples

We investigate how much of the above theory can be applied to some known
spaces of Chebyshev splines, and what special properties must be used to
obtain the stability of the algorithm for the evaluation of Chebyshev B-splines.

Remark 4. Minimizing elastic energy of an inhomogenuous rod leads to a
minimization problem for the functional

b
/ (E(s)I(s)u"(s))? ds — min,

where E is Young’s modulus of elasticity, and I is the moment of inertia of its
cross section. We think of the rod as being made of pieces of different material
(E piecewise constant), or different cross section (I is piecewise constant) on
intervals [z;,z;+1) that partition [a,b). In either case, the Euler equation is
Lygou := (wu")” = 0, where do := (dz,do,dz)T), and do is the measure
generated by the piecewise constant density w : = 1/EL w|[, 4,,,) =: wi.

In CAGD such splines are known as v-splines, introduced by Foley [2].
It follows from the variational formulation that v-splines possess continuous
derivatives, and that jumps in second derivatives must be continuous:

wi+1u”(zi) — wiu"(zi) = 0. (8)
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If the breakpoints for w are points of the partition A, it is not difficult to see (2)
that (8) is equivalent to the continuity of the second generalized derivatives
Ly, 4o across the knots. We may evaluate T “4o Dy scalar products of positive,
known quantities; for instance it follows (w1th the knots enumerated as in
Theorem 3), that

4 _"2 3(4) 24, BA+15) 54 , B +738) 54 , 13(8) 54
= B e Bt T B
where (it
3(4) = —%(Q ~ta), 73(5)=ts—ts,
B0 =t —ta, 23E) = T g - o),

Il =G for 1=23.

One should note that f?f are ordinary polynomial splines (by raising the mul-
tiplicity of the knots we avoid the second derivative condition), and thus are
readily calculated by the de Boor-Cox recurrence. This is an example of a
Chebyshev system which is not an ECC-system, since do is generated by a
non-continuous density.

Remark 5. If do in Remark 4 is a Lebesgue measure, the standard knot
insertion formula for a “homogenuous rod” i.e., cubic splines appears:

By

2B} + Bs + Be + B7

_t5—~t2 t5-—t t6—t3 t6—t3

Remark 6. In the last polynomial example, we consider the g-splines intro-
duced by Kulkarni and Laurent [3], which are piecewisely linear combinations
of the functions in the canonical system {1, uz,ug,u4}:

U9 (m) = / dtz,

T 171
= [ dta [ attaata
a a
T t2 t3
:II) =/ dt2 / q(t3) dt3 dt4,
a a e

where ¢ is piecewise linear:

q;+1 qi (

q(w)l[t; ,t‘+1] . - tl) + qiy
1

h; :=t;y1 — t;, and g; > 0. This may be thought of as an elastic rod with
elastic properties changing in a reciprocally linear way; the more physically
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Zo T T2 3 Ty 5 Ze
{ | | 1 { | ]
t1 61 is tg t7 is tg tiot20
ta iy ts ts ti1 t1a tir ti1 1)
t3 3 tg ty t1 t15 tis tiofos
taty tr t1o t13 t16 t1o t13to3

Fig. 2. Triple knots.

sound model in which material properties are changing linearly does not lead
to “Chebyshev polynomial splines” [7], but involves logarithmic weights, and
does not seem to be very useful.

Some parts of the construction can be made more explicit, i.e., (7) can
be integrated to obtain

= hi 2q; 2gi+1 }
Ca(r—1)=— )
s ) 4 [2%' +qiv1 G+ 2¢in
~ 1 gih; Gi+2hiy1 ]
Ci(r)==|————+hi+hipn+ ——M| .
s(r) 4 L‘h‘ +2¢i41 T 2541+ Gige

We can stably calculate “parabolic” B-splines required by Theorem 2 in two
important points via

hiy2(2giy2 + Gig3)

T3 hi(gi + 2gi11)
6Co(i+1) ’

P (tip1) = T 6Co6)

T (tiv2) =
where

tit2 1
Coi) = / B(t)q(t)dt = 6[(%‘ + 2¢iy1)hi + (2¢i41 + Gig2)hiz1)

ti

One can in fact express dea in terms of B-splines on a triple net (Bernstein
polynomials). The enumeration of the knots is as in Fig. 2, with quadruple
knots at both ends and triple knots #; in the interior. If s is an index such
that t; = fs_z = 53_1 = t’\s < £s+1; then

T4 L= = 1 2(],' fL_,Bs ~1 (hi+hi+1
T Calr —1) 2qi+gi 4 070 Ca(r) 4
Gtz hiri 5
+ _’L)BS_I +

2¢iv1+giy2 4

1 git2 hiy1 B5
Ca(r) 201+ qir2 4 7

and an analogous result holds for 7.

Remark 7. Let us now see how the theory may be applied to the “real”
Chebyshev case by considering tension splines with uniform tension parameter
that are piecewise in the null-space of the differential operator D?(D? — p?),
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where p > 0 is the tension parameter; see [4] for some more recent references.
We may factor the differential operator as

D(D + ptanhpz)(D — ptanhpz)D = ( D)(cosh? pzD)(

D)D,

cosh px cosh pz

and identify the measure vector do = (ds;,cosh pssdss, —25¢—)T. Other

cosh® ps
measure vectors may be used, but this has the advantage tha‘,’t“Ll,da =D
maps the tension spline space to the space of hyperbolic splines, where nice
recurrencies exist. To apply Theorem 3, we need B-splines in the reduced
system [14]:

( inh? (p/2)(e—t;)
SR 72 G s 2=ty ) einh (/D GTT=5) € (), tj+1),

sinh? (p/2) (—t;) sinh? (p/2)(t;43 )
nga(l) =C/{ sinh(p}{f%(t/jgzz—tj)sin)h(p/g)((t;+)z(—tj+1) )
i in 2)(t; 13—z sinh? (p/2)(z—t;
Sk (5/2)(Ey s o by ) SR /D Gy ety 2 € (41, i2)s
inh? (p/2)(t; 13—
| T e S ey =€ (e ti4),

where the normalisation constant C : = cosh §(t;12 — tj+1) ensures the parti-

tion of unity (3). The problem of how to calculate T; da‘ remains. If we use
techniques like in Remark 6 to express tension splines on triple nets, we finally
arrive at the numerlcaly nasty formula for a T-spline with support [t;,t;41],
(h:=tiy; —t;), that is T wm is given by

(sinh ph — ph)(cosh p(z — t;) — 1) — (cosh ph — 1)(sinh p(z — t;) — p(z — t;))
2(sinh ph — ph)(ph/2 coshph/2 — sinh ph/2) '

The above formula is a special case of the integrated version of the derivative
formula (4). Taylor expansions may be used to calculate the above expression
for a small p (approx. p < 0.5 in double precision, IEEE standard), and also
an asymptotic formula for the ultimate almost linear spline, ideas similar to
the ones used by Rentrop [8]. In the middle range it is best to utilize the gener-
alized Taylor expansion from Lemma 1 in the vicinity of the inflexion point of

T, 40 which is defined as the solution of the equatlon L3 40T, da.(amﬂex) = 0.

On the standard interval [0, 1], one obtains @ipfiex. = % L Jog f_"_‘—g}%, both
limits never approach boundaries.

For h = 1 we can thus obtain an absolutely stable formula in the range
0.5 < p < T00 with very few arithmetic operations. Translation invariance
of splines in tension enables calculation on any interval. We also note that
in order to have a complete algorithm, one must have a kind of Gaussian
integration formula in closed form to calculate the normalisation constants (5).
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