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1. INTRODUCTION

In [3, Theorem 6] Morken gives necessary and sufficient conditions for
a minor of the discrete B-spline collocation matrix to be positive, correct-
ing an error in an earlier theorem of Jia [2]. One of these conditions may
not be intuitively obvious. In this note we attempt to supply such intuition,
and we provide a different proof.

Recapping Morken’s notation, let k be a positive integer; let
t={t,}7 __ be a bi-infinite, nondecreasing sequence of real numbers
(knots) with ¢;<t,, . for all #; and let t be a bi-infinite subsequence of ¢,
7 t. We study the discrete B-spline collocation matrix A, , with elements
given by (4. ,), ;= 4, .(i). Here «;, , (i) are the coefficients in the
expansion of the B-spline B, ; , on the coarse knot sequence 7 in terms of

the B-splines on the fine knot sequence ¢,

Z /(f‘r i,k,r-

Denote, further,
m/(x)=max{g—p|t,<xandx<t,, },
Zt(l) :max{p | ti*p: ti}’

rdi)=max{p|t,, ,=1}.
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We are interested in the conditions under which a minor of 4., has a
strictly positive determinant, as formulated by Morken [3].

THEOREM 1.1. Let k=1 be given, let t be a knot vector with t;<t, , for
all i, and let t© be a subsequence of t. Let i,<i,<---<i, and
J1<J, < -+ <J,, be two increasing integer sequences. Then

i 5 tee im
detAL,< L >>0,
J1s s m

with strict positivity if and only if both of the following conditions are
satisfied:

(i) (4., >0forq=1,2,., m.

(i) If for some q, the multiplicity of t; in t is greater than the multi-
plicity of t; in t, that is m(1;) <m(1,), then

iq iq

qudq < lq - dq _qu
where

d,=k—r(i,),
fy=min{l(i,),m(t;) —m[(t;)—1}.

To ease the ascertainment and use of condition (i) we employ the index
mappings u,(J; 7, t) and ug(J; 7, t), introduced in [1]. By definition they
are such that whenever 7, _,<t?,_,<t,=71,,

luL(b + u,T, l) =a+ mt(la) _m‘z(ta) + u,
u=0,.,mJt,)—1.
/’tR(b—i'_ua T, t) :a+u’

Thus u,(j;,t) is the index of the #-knot corresponding to z;, when
multiple 7-knots are viewed as aligned in order at the right end of the
corresponding (multiple) #-knot. Note that ugz(b+m/(t,))—1=u,(b+
m.(t,)— 1), and that both index mappings are strictly monotone. In these
terms Jia [2, Lemma 5] can be rephrased as follow (see [1]).

Lemma 1.2. (A4, ,), ;>0 if and only if

ur(jst, ) <i<ug(j+k;t, t)—k. (L.1)

In the sequel we will therefore refer to condition (i) as the “interlacing
conditions.”
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For later use we record the following, easily proven, property of u. If
7,<7;,,,orif t,=1,,, and m(t;)=m,(z;), then

M(Js T 1) Spp(j+rt, 1) —r. (1.2)
In particular, the assumption that #;<t,, , for all 7 implies that if 7 < ¢ then
wi o ) <ug(j+k—17,6)—k+1 for all j. (1.3)

Let us turn now to an examination of condition (ii). The intuition
behind this condition and, indeed, our proof of the theorem, is based on
the following observation of Jia [2].

Lemma 1.3. Suppose that t<p ct. Then

det A, < o ’f”> >0
Jis s m

if and only if there exist &, < --- <&, such that

st (7 Y e (85w
19 eoes fm Jis s Sm

In particular, given any intermediate knot sequence p, it must be
possible to pick a monotonically increasing integer sequence &, < --- <¢&,,
such that the interlacing conditions are satisfied for 7 and p, (4, ,);, ;>0
for ¢g=1, 2, .., m. Let us look at a case in which this is not possible. We will
demonstrate this by showing that if the interlacing conditions do hold then
the ¢ sequence cannot be strictly monotonic.

Suppose there are indices i, and i, such that ¢, ., =17, =7 with 7., <¢z..
In fact, let us require slightly more: that z+m(z,) <i,+k<z+m,/(t.)—1
and that z<i,<z+m/(t.) —1—m.(t.). Consider now a sequence p which
is the same as ¢ except that the multiplicity of the knot ¢, in p is
m:=1i,+k—z, instead of m/(z.). Note that by assumption m.(f,) <m<

m(t.)—1.1f (4, ), ¢>0and (4,,); >0 for some {, and &, then it is
easily seen (cf. the proof of Lemma 2.1) that necessarily
51721.1)’ éqgiq_mt(t:)_i_max(maZ+mr([:)_1 _lq)

The sequence ¢ will certainly fail to be strictly monotonic if , +¢g—p>¢,,
which by the above is assuredly true if

i,+q—p>i,—m/(t.)+max(i,+k—z,z+m/(t.)—1~—1i,).
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The following lemma spells this condition out and shows that it is in fact
equivalent to condition (ii); it is therefore, somewhat surprisingly, the only
type of case that needs to be ruled out. Incidentally, the assumption
0<i,—z<m/(t.)—1—m,t.) is not stated explicitly because it is a conse-
quence of the other conditions and the interlacing conditions for ¢ and 7.

LemMa 1.4, Condition (ii) is violated for i,, with t._,<t.=t,, if and
only if there exists an i, for which all of the following hold.

(a) z+m(t)<i,+k<z+m/(t)—1,
(b) l'q-i—q—P?Za
() g—p=d,

Proof.  Suppose condition (ii) is violated, and set p=g—d,. Writing
out the definition of f, while noting that i, —d,=z+m/(t.)—1—k and
i,—1(i,) =z, we get

i,zi,—d,—(m/(t.)—mJt.)—1)=z—k+m(t.), (1.4)

i,zi,—(q—p)—1li,))=z—(q—p), (15)

proving (b) and half of (a). To prove the remaining half observe that
i,_,<i,—1 for all r and so

i,=1

; <i,—d,=z—k+m(i)—1.

q—dy
To prove the converse we note that if (a), (b), (c) hold for some p, then
they must also hold for p=¢ —d,>p. Namely, the left-hand side of (a) is
immediate while the right-hand side follows from i,=i,_, <i,—d,; and
(b) follows from i,—p >i,— p. Therefore, the proof is already implicit in
inequalities (1.4), (1.5). |

2. PROOF OF THE THEOREM

The necessity of the interlacing conditions is fairly clear and proven in
[2]. To establish the necessity of condition (ii), Lemma 2.1 exhibits a sub-
sequence 7 < p < ¢t such that if the condition is violated then

I i
det 4, < R ’"):0,
n éla"'aém
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whatever the choice of {¢,}. It follows then from Lemma 1.3 that

gt ()20
J1s s )m

To prove the converse we proceed by induction on the difference in the
number of knots in ¢ and 7. If the difference is zero, ¢ =7, it is easily seen
from Lemma 1.2 that condition (i) implies i,=j,, ¢=1, .., m, and hence
the determinant is positive. For the induction step we exhibit in Lemma
2.2, if conditions (i) and (ii) hold, a subsequence p, T p ct, and a set of
indices {£,} such that conditions (i) and (ii) hold again for p and ¢ with
respect to {¢£,} and {7,}, and at the same time

det 4, ,,<é,‘ T 5’"> >0.

1s = tm

Thus, another application of Lemma 1.3 completes the theorem.

LemMA 2.1. Suppose condition (ii) is violated for i,. Then there exists a
subsequence p, T < p  t, for which condition (1) can never hold, i.e., whatever
the choice of &< --- <¢,,, there is an i; such that (A, ), :=0. To be
specific, p coincides with t everywhere except at t; where it has a knot of
multiplicity

my(t,)=1,+k—z, (2.1)

iy
where i, is an index whose existence is ensured by Lemma 1.4.

Proof. Observe that Eq. (2.1) ensures 7 < p c ¢, by virtue of Lemma 1.4
(a). According to the definition of p,

Ul p,t)=19". o
]+m(lz)_m (tz)a if ]ZZ,
' g (2.2)
) A if j<z4+m,(t.)—1,
1r(J; Ps t)={j. L !
.]+mt(tz) _m/)(tz)s lf .]>Z+m/)(t:)'

We will show that the interlacing conditions fail either at the index p or
at the index ¢. Suppose they do hold at p, so that we have to establish their
failure at ¢. The interlacing condition at the index p,

luL(ép’p7 t)glpgluR(ép-i_k’p’ t)_ka (23)
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forces &, =1i,. This is so because the lefthand side implies, by (2.2), that
¢,<i,; and if ¢{,<i, then by the definition of m,(z.) in Eq. (2.1),
¢, tk<i,+k—1=m,t.)+z—1. Hence, again by (2.2),

luR(ép—'—k’ P> t)ik:ép<ipa

contradicting the right-hand side of (2.3).
Consider now i,. Since ¢, >¢,+q—p=i,+q—p=>z by Lemma 1.4 (b)
it follows from (2.2) that

mi(Sgs pst) Z i, +q—p+m1.) —m,(L.).
Substituting the definition of 2, and then using Lemma 1.4(c),
ulpp,tyzq—p+mt)+z—kzd,+m|(t)+z—k=i,+1
Hence the interlacing condition fails at the index ¢. |

LEMMA 2.2. Suppose conditions (1) and (i1) hold. Let t_ €t be the first
knot not in t, in the sense that m(t.) <m/t.), and set p =7t {t.}, ie.,

T if <t
pi=x<t., if 7, <t.<7;
T4, if 7, >t.

Then &, < --- <&, can be chosen such that conditions (1) and (ii) hold for
p and t with respect to {&,} and {i,}, and

detAw<£.l’ f"’) >0. (2.4)
]1 ) ajm

Proof. Since p=tu{t.} we have, as pointed out by Jia [2], that
inequality (2.4) holds if and only if the interlacing conditions are satisfied.
It is easily seen, using Lemma 1.2, that this is the case if and only if

Jss ift ji+k<y+mlt.),
E=qjsorj+ 1, if y4+m(t)—k<j<y—1, (2.5)
Js+ 1, it j,=,

where y is such that 7, ,;<t. ;<r.<t,. We have therefore to decide
upon the value of &; for those s for which y+m (7.) —k<j,<y—1 and to
prove that the resulting & sequence is strictly monotonic and that condi-
tions (i) and (ii) hold again for p and ¢ with respect to {&,} and {i,}. Let
us verify condition (ii) immediately since it does not depend at all on the
definition of £&. Were condition (ii) to be violated, so that (a)—(c) of Lemma
1.4 hold for p, then from m(t.)>m.(t.) and z+m(t.) <i,+k it follows
that condition (i) is violated for 7 as well, a contradiction.
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To complete the choice of ¢ denote for brevity u(j)=u(j;t,¢) and
a(j)=u(j; p, t). It is easily seen that

)uL(])s lf ]<ya
/IL(]): Z+mt(tz)_mp(lz)9 if ]:y:
o L (26)
Hr(J), if j<y+m,(t.)—1,
ﬂR(]): Z+mp(t:)_1s if ]:y+mp(tz)_15
ur(j—1), if j>y+m,(t.)—1
Now for s such that y+m (1.) —k<j,<y—1 set
js! lf ls</zL(]+1)5
=1 Jst+ 1 it i +k>pp(j+k), (2.7)

max(j;, &1+ 1) otherwise.

It is easily seen from the strict monotonicity of {j,} that with this defini-
tion, indeed, j, <&, <j,+ 1 for all s.
Let us verify first that the interlacing conditions

:uL(ér;pa t)<lr<:uR(é)+kapa t)_ka 7':1,..., m, (28)

hold. When j,+k<y+m,(t,) or j,=y it follows from (2.6) that

(&) =urljs), Ar(&s+k)=pr(js+k).

Hence for these values of &, inequality (2.8) is an immediate consequence
of the corresponding interlacing conditions for 7. On the other hand, for s
such that y+m(t.) —k<j,<y—1 it follows from the interlacing condi-
tions for 7 and Eq. (2.6) that

Ar(j)=pjy) Si,<pr(j+ k) —k=pp(j+k+1)—k. (2.9)
Taking into account inequality (1.3),

ar(jo+ 1) <pip(js+k)—k+1, (2.10)

we have that

o if i, <j,(j,+1), so that &, =j,, then a,(&,)<i, from inequality
(2.9), and i, <jg(&,+ k) —k from inequality (2.10);

o if i;+k>pagp(j,+k), so that & =j +1, then g,(&,)<i, from
inequality (2.10), and i, <@ x(&, + k) —k from inequality (2.9);

o if g, (j,+1)<i,<pg(j,+k)—k then the interlacing condition for
¢, holds whether &, is defined as j; or as j, + 1.
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This proves the interlacing conditions. Turning to the proof of the strict
monotonicity of &, suppose to the contrary that there is a least p and a ¢,
p<gq, such that £, —¢&,<g—p. Since j, <& <j,+1 and {/,} is strictly
monotone, it must be the case that j, —j,=¢ —p and that {,=j,+ 1 and
¢,=J,- Hence it is seen from Eq. (2.5) that

y+mlt)—k<j,<j,<y—1 (2.11)
We obtain therefore from Eq. (2.7) that all of the following hold:
(1) lp+k>ﬂR(]p+k)s
(2) iq<l’zL(jq+ 1)’
To complete the proof we show that if (1), (2), and (3) hold then condi-
tion (ii) is violated in its formulation of Lemma 1.4.
It follows from inequality (2.11) and p,=p, ., =1., that p; .| <1<

Pipsic- But pi 1 <p; ok is impossible because that, together with (1) and
(2) and inequality (1.2), would imply

iq+ 1 <IIZL(‘]q+ 1)</ZR(]p+k)_(]1J+k_.]q_l)<1p+]q_]p

Upon substitution of (3) it is then seen that the i-indices cannot be strictly
monotonic.
Thus, p; .1 =t.=p; . This implies

]q+1:y9 ]p+k:y+mp(lz)_19 (212)

as follows: by (2.11) j,<y—1, but j, <y—1 would result in
Pig+1S<Ppy_1=7,_ <t similarly, j,+k>y+m,(t.)—1 yields p;, . >
Py +mys) =Ty +mir) > L, @ contradiction.

From Eq. (2.12) it follows that

q_pzjq_jp:k_m/)(tz)’ (213)
and also, by (1), (2), and Eq. (2.6), that
iqgﬂL(jq—i_l)_l:Z+mr(l2)_mp(lz)_1a (214)
I, +k=ig(j,+k)+1=z+m,t.) (2.15)
In turn inequalities (2.13)—(2.15) imply

i, t+k<i,—q+p+k<z+m(t.)—1, (2.16)
i, tq—p=i,+k—m,t.)>z, (2.17)

g—p=zk+i,—z—m(t.)+1=d,. (2.18)
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Actually, for the last equality it still has to be shown that 7, =¢.. To this
end, recall that ¢, is the first knot not in 7, so that x,(j,) =z — 1. Therefore
if i, <z, then from the given u,(j,) <i,, necessarily i, =z —1=j,. But then
i,<i,+p—q=j,+p—q=j,, contradicting (1).

Since (2.16)—(2.18) establish the conditions of Lemma 1.4, we have
shown that (1)—(3) can hold only if condition (ii) is violated. ||
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