On bounding spline interpolation*

Carl de Boor

Definitions

For given positive integers n and k, and for a given real nondecreasing sequence t := (ti)?"’k with
ti < titk, all 1,

denote by 3+ the linear span of the n normalized B-splines Ny g, ..., Ny 1, given by the rule that, for each
t

Nik(t) .= gi(ti, ... tigr; t) (Ligr — ti),
the kth divided difference of

gi(sit) = (s =)}
as a function of s at the k+ 1 points ¢;,...,%;4r. The elements of $j ¢ are called polynomial splines of order
k with knot sequence t.

Let 7 := (7;)} be a strictly increasing real sequence. As is shown in [12], there exists, for given f, exactly
one s € $y ¢, such that

s(m) = f(m), i=1,...,n,

if and only if
Ni,k(ﬂ)?’éou i=1,...,n,

i.e., if and only if
t <1 < titk, i=1,...,n. (1)

Hence, assuming 7 to satisfy (1), the conditions
PfeSee,  (PAm)=[f(m), i=1L...n, (2)

define a linear map into $; ¢ which reproduces $; ¢. This paper is concerned with bounding P as a map on
Clt1,tntk], i-e., with estimating

[P flloo
1P| == sup .
f ”f”oo

where the sup is taken over all f € C[t1,tn 1], and

[flloo := sup  [f(#)].

t1<t<tnik

1. An Upper Bound

Since Pf depends only on the n-vector (f(7;))} and since, given any n-vector (f;)¥, there exists f €
C[t1, tn+k] such that

f(Ti):fi7 i:1,...,n, Whl]‘e ||f||00:||(f1)||007
it follows that
Pl = sup 1P flloo/ 1 flloo = sup 1P flloo/ I1Cf (7)) |l oo-

But then, since (Pf)(7;) = f(7:), i =1,...,n, while ran P = $j ¢, it follows that

1Pl = sup |[s]loo/I|(s(7:))7 [l oo-

s€$k,t
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Writing the general element s of $; ¢ in terms of its B-spline representation, this gives that
|1P|l = sup [ Z a4 Nj k[ oo/ max| Z a; Nk (7:)]-
J J

By [1], there exists a positive Dy, depending only on k such that

DiYlallso < 1) ajNjulloo < flallc, — all ae€R™

J

Since

sp Jalloo / max | > a; N (ri)| = I(Nj(7)) ™ oo,
J

we therefore obtain the estimate
DG oo < IPI S I1G oo,

showing that bounding P in the uniform norm is equivalent to bounding below the n x n matrix

G = (Njr(7:))i =1

with respect to the matrix norm associated with the max-norm for vectors. This proves the following.

Lemma 1.1. As a linear map on C[t1, t,+x], the map P of spline interpolation given by (0.2) satisfies

DG oo < 1PN IG™ oo

for some positive constant Dy, depending only on k, and with G the Gramian matrix (1).

Finding a lower bound for a matrix, i.e., an upper bound for its inverse, is in general very difficult. In
this particular case, one would expect some help from the fact that G is totally nonnegative, i.e., G has all
its minors nonnegative, as is shown in [6; Chap. 10, Theorem 4.1]. But the only use I have been able to
make of this fact has been in the form of its simple consequence that all (n — 1)-minors of G are nonnegative,

hence G~! is a checkerboard matrix. This implies (see [2; Lemma 2.4])

Lemma 1.2. Let D := ((—1)%0;;), with §;; the Kronecker delta. If, for some n-vector 7,

min (DGG~'¥)(i) > 0,

1<i<n

then
Ylloe/ max(DGD ' 4)(0) < |G oo < 7]/ min(DGD~1y)().

For a given n-vector 7y, set

a:=D"ly.

Then ||aljco = ||7||o0, While
(DGD™'y)(i) = DGa)(i) = (=)’ Zaij,k(Ti)-

Lemmas 1.1 and 1.2 have therefore the following Corollary.
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Corollary. Ifs € 8¢ has B-spline coefficients a and satisfies
s(1i)s(Tig1) <0, i=1,...,n—1,

then
1] < flall/ min s(7)]

Finally from [4], if s = >, a;jN;x and 7; € (ti,ti4x) (as we assume) then

k—1
a; = s(1;) + Z(—)kil*jlbgf_l_j)s(j) (73)
j=1
with
Vik(t) == (tivr — 1) -~ (Gigr—1 — ) /(K = 1),
hence
k—1 )
ai = D (TG0 () = s(m), @
j=1

which is of help in relating the vectors a and (s(7;)) or, equivalently, in computing the entries of G.

2. A Lower Bound

There is no hope of bounding P independently of 7. For one, one would expect ||P|| to blow up as 7
approaches a sequence violating (0.1). For another, || P|| is guaranteed to approach infinity as two consecutive
interpolation points approach each other (t being held fixed). For, in this situation, the interpolation process
approaches osculatory interpolation at the limit of the two interpolation points. But such a process cannot
be bounded in the sup-norm since derivative evaluation cannot be bounded in the sup-norm.

In order to make this last argument precise, and for further guidance, I prove the following.

Lemma. Let r be a positive integer less than k and assume, for simplicity, that

ty <titk—r, all .
Then, fort=1,...,n+r,
PATD|
[ PCD| == sup % > consty,rdir [ (Titr — 7i)
f o0

with
di,r = min{thrk,T — tj : (tj7tj+k7’l") n (7’1', Ti+'r) 75 @}
Proof: Let a be the coordinate vector for (Pf)(r_l) € $x_r4+1,¢ with respect to the B-spline basis.
By [1], there exists Dg_,4+1 > 0 depending only on k —r + 1 so that
Dlz—lr+1HaHoo < ”(Pf)(T_l)”oo < |lalloos

while (see, e.g., [3; (14)-(15)])

n—+r
PAC — (k_p MNZ- o
(PN = (=) 3 N

Hence, for 7; <t < 74,

(PHD@)] < (k—r) mx{ﬁ Ny (1) # 0}

< (k=r)2||lal|eo/dir-
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But then
|flris s i)l = (P [Tis - Tie ]

< sup |(PH(t)]/r!

T <t<Titr
< (k=7)2Dkr 1l (P loo/ (rlds ).

Therefore,

di,rT! sup |f[7'i, ey Ti+7‘]|
(k=7)2Dp—r1 5 [If0 Ve

Sup HPAT oo/ 1T Vo >

But this last supremum can be shown to be at least
2
T!(Ti-',-r — Ti)
which is obvious for 7 = 1 and is proved for r > 1 as follows:

Ty Tiser) z/ HTgT(Ti,...,7—1»_’_“S)f(T)(s)ds/(r—1)!

k3

:_1/#M(¢MBMAEV.qn+mﬂf&7nwﬁbﬂT—lﬂ

since g, (7i,. .., Titr;+) is a B-spline of order r with knots 7;,..., 7,4+, (see Section 0), hence vanishes at 7;
and 7;4,. Further [5; Theorem 1],

(d/ dS)gT(Ti, vy Tidrs )

changes sign exactly once in [7;, T;4,], at t* such that

max  gr(Ti, ..oy Titr; ) = Gr(Tis ooy Tigrs t").
Ti <8< Tigr
Hence
Titr
/ 1(d/ ds)gr(ris o Tiers )| ds = 29, (s, T3 0°).
Ti
But since

Titr
/ 9r(Tiy ooy Tigr; 8)ds/(r — 1) = 1/r!,

we must have

1
a iyevesTigr;8) > ———.
TiSI?SS'(iJrr gT(T’U y Titrs S) = T‘(Ti-i-r . Ti)

Consequently,

fTia"'aTi r Titr
SI;JCPW = |(d/ds)gr(Ti, ... Tigr; s)|ds/(r = 1)!

2
- T!(Tprr — 7'1'>,

and the asserted lower bound for ||P("=1|| follows with

consty, , 1= (k — r)le,;lTH.
QE.D.



The case 7 = 1 of this lemma shows that there is no hope of bounding P unless 7 is tied very closely to
t in such a way that A7; being “small” implies that ¢;4;,—1 — ¢; is “small” for some ¢; “near” 7;. Consider,
in particular, odd-degree spline interpolation at knots (without the use of boundary derivatives), i.e.,

k=2m

for some m € IN, and
Tm+i:tk+’i7 izlv"'an_ka

while the first m 7;’s are chosen in [tg,tr4+1) and the last m 7;’s are, similarly, chosen in (t,,t,41]. If
k > 2, then we can make the norm of this process arbitrarily large (even for fixed n) merely by letting two
consecutive knots (and interpolation points), 7; and 741 say, approach each other. For, this will decrease
Ti+1 — T; to zero while not materially decreasing ¢;45—1 —t; for any j. Note that Nord’s example [11] shows
only the unboundedness of cubic spline interpolation as n approaches infinity.
If the knot sequence t satisfies
ty <titk—r, all 4,

for a given integer r, then, by restricting P to C'("—1) [t1, tntk], we can consider the map P("=1 that associates
f(T_l) S C[tl,tn_,_k] with (Pf)(r_l) S $k—r+1,t7 i.e.,

p(Tfl)f(’”*l) — (pf)(rfl), all f(rfl) € Clt1, tntk)-

The lemma shows that P("~1) cannot be bounded in the sup-norm unless

Jtnauxmin{M Sty tisk—r) N (Ti, Tigr) # 0} (1)
g Titr — Ti

can be bounded. For the case of odd-degree spline interpolation at knots mentioned before, this means that
P=1 cannot be bounded in the sup-norm independently of t unless k—r < r. Since, for reason to be given
elsewhere, P(*) cannot be bounded in the sup-norm independently of t for s > m, this leaves P~ and
P(™) as the only candidates. In the case k = 4 of cubic spline interpolation at knots, i.e., when m = 2, these
two are indeed known to be bounded independently of t (as can be deduced from [13]). For k = 6, P(™) has
been shown to be bounded independently of t in [2]. But the question of bounding P(*/2) or P®*/2=1) for
arbitrary (even) k is still wide open.

Finally, we note that the lower bound given in the lemma is far from strict. For, this bound can be
bounded above in terms of the local mesh ratio whereas, e.g., in cubic spline interpolation at knots, P is
known [8] not to be boundable in terms of the local mesh ratio.

3. An Upper Bound for Cubic Spline Interpolation at Knot Averages

In [9], Marsden treats in detail the case k = 3 of quadratic spline interpolation. He show that, with the
choice

7 = (tip1 +tive)/2, i=1,...,n, (1)

|IP|| is bounded by 2 regardless of t, surely a remarkable result. Marsden further conjectures that in the
case k = 4 of cubic spline interpolation, the choice

7i = (tiv1 + tive + tiys)/3, i=1,...,n,

results in P which can be bounded in the sup-norm independently of t.
Marsden was apparently led to this particular choice because of his joint work with Schoenberg [10], [7],
in which the very simple linear map V/, given by the rule

V= Z F(Ti k) Nig

with
Ti,k:(ti+1+"'+ti+k71)/(k_1)7 i:l,...,n,
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is shown to be variation diminishing. Note that, for this choice of the 7;’s and for » = 1, the quantity in
(2.1) becomes k — 1 since 7341 — 7; = (ti+x — ti+1)/(k — 1). This means that, for this choice, the lemma in
Section 2 produces the lower bound D, ', for || P||.
Before proving Marsden’s conjecture with the aid of the corollary in Section 1, I want to derive in that
way a bound for parabolic spline interpolation at knot averages in order to illustrate the procedure.
Choosing k& = 3 and Marsden’s interpolation nodes (1), (1.2) becomes

1
a; + g(Ati+1)2SH(Ti) = S(Ti),

or, with

(see [3; (14)-(15)]),
ai+Afi+1( Aai At )/4 = s(7i)

tivs —tix1  tigo — 1

1 At; At; 1 1 1 At
=g+ (1 - = ( + )) ai+ - ——ay = s(n)
4tiq4o —t; 4 tivo —t;  tig3 —tig dtiys —tit

which shows G to be tridiagonal and column diagonally dominant, but, unfortunately for us, not necessarily
row diagonally dominant. In the terms of the corollary of Section 1, this means that the simple choice

or

a; = (1), all 1,

will not give s(7;)s(7i4+1) < 0 for all ¢ and t.

Consider now the choice A
) t; .
a;=(-)" (1 + 7+1) , all 4,

livs — &
so that
lallee < 2.
Then
(=)'s(r) > — 1M <1+ i)
tita — t; tito — 1t

At 1 1 At;
( z+1 ( + >> (1 + 1+1 )
tive —t;  tit3 — Tt tits — 1t

1 AtZ At,;
+1 (1+t +2 )

4 tivs — tig1 i3 — Lig1
At
=14+ _Shitl
tits —t;
At; At; At;
. i+1 (1 + 1 +14 i+1 )
A(tige — t;) tigo —t; titg — 1
At; At; At;
_ 1+1 (1 1+2 + 1 + i+1 >
4(tigs —tiy1) tigs — iyl tiyz — 1t
At; 3 1 1
e N T <7+1+7>
tigz —t; 4 tiy2 — 1 tiys — Liy1
=: f(A, B)

where, with
A= Ati/Ati+1, B = AtiJrQ/AtiJrl,



1 3 1 1
AB =14+ —" [ — 4 )
JAB) =1+ 205 4G+A+1+B>
But, for nonnegative A, B,

A+B+2 3 A+B+2

ﬂAB):A+B+1_MA+Uw+n

_A+B+2 <1_§ A+B+1 )
A+B+1 4(A+1)(B+1)
A+B+21

ArBi21 1
“A+B+14 4

since, for AB > 0, A+ B+ 1 < (A+1)(B+1). Note that f(0.00) = 1, hence the lower bound of 1 for
f(A,B) on A >0, B >0 is sharp.
In conclusion, for the choice (2) for a,

, while [lal|e < 2;

RNy

(=)'s(r) >

hence, from the corollary in Section 1,
[Pl <8

in this case. This should be compared with Marsden’s result that
[P < 2.

Now for the main point of this paper.

Theorem. Let P be the linear map of interpolation by elements of $4 ¢ at the points of T = (1;)}. If
Ti = (tig1 +tig2 +tigs) /3, i=1,...,n,

then
[Pl <27.

Proof: For this choice of & = 4 and the specific 7;’s, (1.2) becomes

a; — %{(tiﬂ = 7i)(tivz = 7i) + (tivs — 7)) (tixs — i) + (tize — 7)) (tivs — 1) }s" (13)

6 3)
— g(tiJrl —7i)(tig2 — 7i) (tigs — 7)s" (1) = s(m).
With the abbreviation A A
2 aj—1 aj—2
o = (PBE - 202 -y,
tj+3 —t; Liyo —tj—1
we have
(2) Aag?,
S”:GZCLJ» Nj_]z, and SWZGZ A; Nj,l.
J j J

Hence, assuming without loss that

Ati+2 < Ati+l7 therefore 7; € [ti-‘rlu tH_Q], (4)

we find that )

S”(Ti) = 6&1(-2)]\]1'72(7’1') + 6a§+)1Ni+172(7'1-),
S///(Ti) = 6Aa§2)/Ati+1 .
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On substituting this into (3) and simplifying, we obtain

a; + CLl(-2) (ti+2 — Ti)B/AtiJrl —|— agi)l (Ti — ti+1)3/Ati+1 = S(Ti).

Now set ‘
a; = (_)]7j7 all 7,
for some positive vy still to be determined. Then we obtain, more explicitly, that

; Vit Yie1 | Yie1 +Yie2 | (fir2 — )3
=)'s(mi) =v + ( + ) At;
(='slm) =% tiyz — 1t tiga —tia Liy2 —t; [Ati

. . ) o ¢ 3
. ( Yi+1 + Vi + Yi + Vi 1) (Tz z+l) /Ati+17
tiva —tiz1  tixs — 1t ) tigs — i

an expression to be bounded below by some positive quantity. In fact, with the choice

tins—t;
yr_0+%ﬁ—%ﬂ), all j,
j+4 — Uy
we have ||al|. < 2, and _
(—)'s(m) > 2/27, all 1, (6)

which, by the corollary to Section 1, finishes the proof of the theorem.
Unfortunately, I have been unable to come up with an elegant proof of the inequality (6). Instead, I

had to follow the following procedure:

(i) Replace the term (v;—147i—2)/(ti+2—t;—1) in the right hand side of (5) by zero, thereby obtaining
a lower bound for (—)%s(7;).

(ii) Multiply the resulting expression by 27, then subtract 2. It remains to prove the resulting
expression nonnegative.

(iii) In the resulting expression, use the abbreviations

A= Ati/AtH_l, C .= AtH_g/AtH_l, D .= Ati+3/Ati+1,

E:=1+ C= (ti+3 - ti-{-l)/AtH_l

bringing it into the form

277; + (vi + vi—1)coefi 1 + (Vi + vip1)coefiy1 — 2 (7)
with 2-E)2 (Q+FE)3
coef;_1 —( A i) )/(A+E)
coef; 11 = —%/(E + D).

Note that the earlier assumption (4) translates into
1<E<2 (8)

hence (7) has to be shown to be nonnegative on A, D > 0,1 < E < 2.
(iv) Verify that both coef;_; and coef;y; are always negative, hence replace without increase in (7)

Vi + Yi-1 by the larger expression 3+1/(A+ E+ D)

and
Vi + Yir1 by the larger expression 3+C/(A+E+ D).
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(v) Bring the resulting expression on one denominator, using the further abbreviation
F:=A+D.

The denominator is then positive on A, D > 0, 1 < E < 2, while the numerator is a polynomial in A, D, F,
and F' whose coeflicients are given in the following table:

1 A D AD A% DA? D?> (1+A)F? (1+ A)ADF

ES -3

E° 10 -10 —6

E* 1 39 26 —-12 -10 -3

E3 -9 -9 =17 67 48 18 -3

E? 1 -10 6 —-14 =27 52 =36 16

E -7 -4 12 -7 24 -9 25
1 1 -1 -1 -1 -3

(vi) Verify that, on 1 < E < 2, each of the 9 polynomials in F listed in the above table is nonnegative.
As it turns out, all of these polynomials are strictly positive on [1,2] except for the one multiplying D?, the
polynomial
E(24 — 36E + 18E? — 3E?)

which decreases from a value of 3 at 1 to a value of 0 at 2.
It follows that, for A, D, and F nonnegative, the numerator is nonnegative, thus proving (6); Q.E.D.

In view of the fact that I obtained above a bound of 8 in the parabolic case when actually the norm is
at most 2, it seems likely that, in the cubic case, the norm is at most 3 or 4 rather than the proven 27.

At this point, it is easy to conjecture that kth order spline interpolation at the averages of k — 1
successive knots is bounded as a map on C[t1,t, 1] independently of t. It is also easy to see that a proof of
this conjecture is not likely to be a straightforward generalization of the above procedure !.
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