Lecture 23

Main Points:
e Writing B-splines in terms of shifted power functions
e Orders of continuity for sums of shifted power functions

e Orders of continuity for B-splines

Writing a B-spline in terms of shifted power functions

To write a B-spline as a sum of shifted power functions, we use the definition of the divided difference. This says
that, for instance, the divided difference

[ty tivar1lg

is equal to the coefficient of ¢¢ in the interpolating polynomial
p(t) = ap + a1t + ast? + ... + aqt?,

which matches the function g at the data values ¢;,...,%;44+1. This definition allows us to compute this divided
difference by solving for ag by any method. One method was to use the recursion formula for divided differences.
Another method is Cramer’s Rule.

Recall Cramer’s Rule for a linear system with variables x1, x2, and z3, and augmented matrix:

a1 Qai2 1.3 | by
asy az2 ass | ba
as1 as2 ass | b3
This system can also be written:
Ax =b.

If det(A) # 0 then the solution can be given by Cramer’s Rule as:

1 b1 a2 ai3 1 a1,1 by a1,3 1 ail a2 b1

T = by a2 @23 T2 = az1 bo a2.3 T3 = a1 a2 by
det(A) |, ’ det(A) b ’ det(A) b

3 a32 @33 a3, 1 3 as;3 az1 as;?2 3

We can apply this to solve for the coefficients of an interpolating polynomial

p(z) = ag + a1z + asa®.

We have changed the variable to be z since our application to the definition of B-splines uses = as the dummy
variable. If we suppose that the interpolating polynomial fits the data values © = tg, z = 1, and = = ¢ for a
function g(x), with tg < t — 1 < tq, then the linear system, with variables ag, a1, and as becomes:

If we call the determinant of the coefficient matrix

1ty 3
D=1 t; t3|=(t1 —to)(ta —to)(ta — t1),
1ty t3



then by Cramer’s Rule, the solution for the variables is:

1 g(to) to t3 111 g(to) t§ 1|1 to g(to)

3 3
a = 5 g(ty) t1 ti], a =3 L og(ty) ti|, ax =5 1t g(th)
g(ta) to t3 1 g(ts) 3 1t g(ta)

So we see that the divided difference for degree d = 2 can be written:

1 1 tO g(tO)
[to,t1,t2]lg = az = D 1ty g(ti)|-
1ty g(ta)

Finally, we can use this to write a degree d = 1 B-spline as a sum of shifted power functions, with g(z) = (t — z)%:

+

Bt = (-17(t— to)lto, b ta)(t — )}
LTt gto)
R
- (tl_to)gz_igi(tz_tl) {g(t‘)) 1 2 —ol) ]y iz +oltz) i E?]
— o e~ et — (a —to)a(t) + (1~ to)g(ta)
- Flt(ﬁg(to) - —(ttzo)_(tt;)—tl)g(tl) + ﬁg(tz)
- Flto)(t — o)L — = _(t;())_(tt;)_ - (t—t1)L + ﬁ(t —ty)L

We can verify that this last expression has the shape of the hat function, by checking that the value at ¢ = ¢ is zero,
and at t =ty is 1, and at ¢t = {5 is zero. Also, it is clear that for ¢ < ¢y the value is zero. To check that the function
is also zero for t > t9, we can use a property of determinants. Recall that a determinant is linear as a function of
any single row or column. Since the functions lose their piecewise nature for ¢t > to, the determinant becomes:

1 tg t—to 1 ¢ t 1
1 ¢4 t—t1|=1|1 t1 t|—|1 t1 t1|=¢t|1 ¢t&; 1|—-0=0-0=0.
1 ta t—1o 1 tx t 1

Examples:

e Suppose that tg, t1, and 5 are consecutive integers, such as 1,2,3. Then the function B}(¢) can be written as:

Bt = (¢~ 1)} — 26— )} + (t - 3)}.

Next, we do the same for a degree 2 B-spline Bi2 (t), with simple knot values t; = a, t;41 = b, t;iy2 = ¢, t;13 = d, and
a<b<c<d.



As in the previous case, [a,b, ¢,d]g, with g(z) = (t — x)%, can be calculated as the coefficient a3 in the interpolating
polynomial p(z) matching g for the data values a, b, ¢, d, where p(z) = ag + a1z + azz? + agz®. By Cramer’s Rule

with D given by

1 a a® o
1 b b b
b= 1 ¢ & ¢ = (b—a)(c—a)(d - a)(c = b)(d = b)(d - ¢)
1 d d&* &
we have:
1 a a® g(a)
11 b B g
[a,b,c,d]g(x)fagfﬁ 1 ¢ &2 gl
1 d & g(d)
Soif t; = a, tiy1 = b, tiyo = ¢, t;13 = d, then we have
BX(t) = (~1)**'(d—a)la,b,c,d](t — )2
L a a g(a)
_ =01 b B )
D 1 ¢ &2 g(o
L d & g(d)
—(d—a) 1 b b2 1 a a2 1 a a2 bR
— D _g((l) 1 ¢ 02 +g(b) 1 ¢ 02 —g(c) 1 b b2 +g(d) 1 ¢ 02
1 d d? 1 d d2 1 d &2 L d &
1 b b 1 a a2 1 a a2 L b
- <d_a)M1 c 02—@1 c 02—&-@1 b bz_@l c c?
1d 2 Plhrael Phiae] Phaae

g(a) g(b) g(c) g9(d)

o) d-ag®)  (d-ay( 9(d)
b-a)c—a) (b-a)c—0)d—b) (c—a)fc—bd—c) (d-bd-0

(a2 (d—a)(t —b)% (d—a)(t— )} (t —d)?

(b—a)(c—a) (b-a)lc=b)(d=b) (c—a)lc=b)(d=c) (d=Db)(d~-c)

Examples:

e Leta=1,b=2,c=3,d=4. Then we have:
Bzz(t) - (71)2+1(47 1)[1,2,3,4]@717)3_

1 3 3 1
SE=D3 = S(-23 + 533 - S -9}

_a)[(ba)(ca)(da) (b—a)(c=b)(d=b) (c—a)(c=b)(d=c) (d—a)(d=-b)(d-c)



Now consider the case of non-simple knot sequence. For instance, we could let ¢; = t;11 = a, t;12 = ¢, and t;43 = d.
Then we can compute [a, a, ¢, d|g, for g(z) = (t — )3, again using Cramer’s Rule with D given by

1 a a* @
. 101 2a 3a®| 5 9
D = D(aacd) = Lo 2 &3 =(c—a)*(d—a)*(d—c).
1 d d&* &
Then we have:
1 a a? g(a) 1 a a® (t—a)
1101 22 g(a)|_1]0 1 2a 2(t—a)l
[a,a,Q d}g = az — 5 1 c C2 g(c) - 5 1 c C2 (t _ C)?‘r
1 d d* g(d) 1 d & (t—d)3
Applying this to the B-spline B2(t), with knot sequence a, a, ¢, d, we get:
B?(t) = (—1)2+1(d—a)[a,a,c,d](t—x)i
1 a a®* g(a)
_ d—al0 1 2a g'(a)
o D |1 ¢ &2 glo)
1 d d* g(d)
d—a 0 1 2a 1 a a® 1 a a® 1 a a®
= 3 gla)|1 ¢ Z{=4ga)|1l ¢ Z|+ge)|]0 1 2a|—g(d)|0 1 2a (1)
1 d d? 1 d d? 1 d d? 1 ¢ ¢
d—a
= 5 lo(a) [-(@* = ¢*) + 2a(d = 0)] = ¢'(a)(c — a)(d — a)(d = ¢) + g(c)(d — @) = g(d)(c — a)’]
d—a
= 5 [[-(d® = ¢®) +2a(d — 0)] (t —a)} — (c—a)(d —a)(d — c)2(t —a)} + (d—a)*(t — ¢)% — (c —a)*(t — d)3] .

Note: In line (1) above, the determinants (which become the coefficients of the shifted power functions) can sometimes
be recognized as Vandermonde or Confluent Vandermonde. In this line, the second one is Vandermonde, and the last
two are Confluent Vandermonde, but the first one is neither of these types, so it is simply evaluated by the cofactor
expansion formula for determinants.

Examples:

e Leta=1,c=2,d=3. Then we have: D =4, and we can write the B-spline:

B2(t) —1)*1(3 - 1)[1,1,2,3](t — )%

I
—

(30— 1)2 — 4t = DL +4(t - 2)2 — (1 - 3)2].

DN | =

Lowest degree shifted power function in a B-spline has non-zero coefficient



The lowest degree shifted power function in a B-spline expansion, given by the above determinant formula coming
from Cramer’s Rule, must have non-zero coefficient. The reason for this is simply that the coefficient comes from
a determinant which is either Vandermonde or Confluent Vandermonde. This can be seen by deleting the row
corresponding to the lowest degree shifted power function, say a(t — tj)’i, which must be the highest derivative of
some shifted power function (¢ —¢;)"t. The remaining rows corresponding to t; have all the lower order derivatives,
and thus the determinant must be Confluent Vandermonde (or regular Vandermonde, which is of course a sub-case).

Orders of continuity for sums of shifted power functions

We have seen that the shifted power function (¢t — c)i is continuous to all orders at all points not equal to ¢, and can

be seen to have exact order of continuity k — 1 at t = c.

It easy to extend this fact to sums of such functions. In particular, if f(¢) is a sum of shifted power functions, then
the order of continuity of f is simply the minimum of all orders of continuity of the summands. If the function
(t— c)i is the one that achieves this minimum, then clearly that lowest order of continuity is £ — 1 and it occurs for
the value t = c.

Examples:

e The function
fF) =7t —4)% +3( -5 —5(t—7)%

has exact order of continuity 3 which is attained by the summand 7(¢ — 4)% at the value ¢ = 4.

e The function
Ft)=3(t—4)F +2(t - 45 =5t - 13 +6(t —8)% — (t—8)]

has exact order of continuity 0 which is attained by the summand 2(¢t — 3)} at the value ¢ = 3.

Further Details on orders of continuity for sums of shifted power functions

Recall that a function f(t) has order of continuity r at ¢ = ¢ if f is continuous at ¢ = ¢ and each of the derivative
functions f’, f”,..., f(") are continuous at ¢t = c. If, in addition, the function f"*+1) is not continuous at t = ¢, then
we say that f has exact order of continuity r at t = c¢. If f and all of its derivatives are continuous at t = ¢ then we
say f has infinite order of continuity, or simply f is continuous to all orders at ¢ = c.

If we let f(t) = (t — ¢)% then the derivatives of f are:

Py =kt—c)f 1 () =k(k— 1)t —c)f 2., f* V@) = kIt — o).

Note: The function f(t) = (¢ — ¢)} is not differentiable at ¢ = ¢, although it is continuous there. The function
f(t) = (t — ¢)% is neither continuous nor differentiable at ¢ = c.

Let f(t) be defined as a sum:
ft)=ai(t — u)ﬂ_1 + aq(t — u)i_2 oo Fan(t — u)z;z’

with all a; # 0, and j; < jo < -+- < j,. Then the exact order of continuity of f at w is simply j; — 1. This follows
from the above, since the higher powers are differentiable to higher orders.

Now let f(t) be defined as a sum:
fit)y=a1(t — U1)i_1 +ag(t — U/Q)‘f 4o dan(t— Un)j_;:,

with all a; # 0, and u; < ugs < -+ < u,. Then the exact order of continuity of f at u; is simply j; — 1. It is then a
fact that f is a member of any vector space of piecewise polynomial functions of the form:

foe Pl uo,ua, .. sty tin 1],



where ug < uy and upy1 > Uy, and d is the maximum of the j;, ¢ = 1,...,n, and r is the vector of continuity
conditions:
r={ry,re,...,mn}, with =7 —1

Finally, suppose we mix the above two cases by adding higher degree shifted power functions at each u;, and now
define f as:

J1,mq

f(t) = alvl(tful)i_l’l +a1,2(t7u1)j+1’2 +"‘+a1,n1(t*ul)+

+ aga(t— uz)f)l +ag2(t — u2)9_ﬁ»2 ot g, (t— u2)i_z,nz

+ ara(t— uk)fl + ag2(t — uk)-jf& T uk)ik,nk

Then if each row is written with increasing powers j; 1 < ji2 < -+ < jin;, we can choose a minimal value j,, ; from
the first column and we have the order of continuity of f is jn, 1 — 1.

Proof of orders of continuity of a B-spline

We can prove the claim that the order of continuity of a B-spline B%(t) at t; is given by the multiplicity of ¢; in the
subsequence t;, ..., ti4d+1-

This fact follows from two previous statements above. First, the coefficient of the lowest degree shifted power function
of type (t —t;)* in the expansion of B-spline B¢(t) must be nonzero, for ¢; in the sequence ¢;,...,t;+q11. Then, by
the above, the order of continuity of B¢(t) at t; must be d — m, where m is the multiplicity of ¢; in the sequence

Liyo ooy litds-



