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Abstract

Subdivision surfaces would find a greater number of applications if there was a scheme that included general degree
NURBS as a special case. As a step towards such a scheme, we present a univariate refine and smooth subdivision
algorithm that applies directly to regular regions of a surface and might, in future work, be generalised to incorporate
extraordinary points. The algorithm is symmetric and non-uniform, is defined for general degree, and has similar
properties to the uniform Lane-Riesenfeld refine and smooth construction.
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1. Introduction

We present an algorithm that doubles the number of knots in a B-spline curve, and can be directly
applied in the two directions of tensor product B-spline surfaces. We designed it to be general degree and
non-uniform, use a refine and smooth factorisation, and be symmetric. In this section, we motivate each of
these properties in turn.

1.1. General degree and non-uniform

Since the late 1970s, NURBS have been the standard representation for sculptured surfaces used in
manufacture. Subdivision surfaces were also introduced at the end of the 1970s and, unlike NURBS, do
not require a rectangular control grid. Both are based on B-splines, and so quad-grid subdivision surfaces
can be seen as a generalisation of a subset of NURBS. The generalisation could be as useful in CAD/CAM
as it is in computer animation, where subdivision is now the de-facto standard. For CAD, however, the
aspects in which subdivision is only a subset are regarded as important, and any new standard must be
more compatible with NURBS than current subdivision surfaces.
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Our target is therefore a subdivision extension of NURBS in all their generality: non-uniform, rational,
and of general degree. The second of these is straightforward, since control points can be weighted and the
subdivision process executed in projective space without any further theory.

Sederberg et al. (1998) tackle non-uniform quadratic and cubic subdivision in a more ambitious setting,
assigning a knot interval to every edge of the control polyhedron, not just to every strip of polyhedron faces.
Miiller et al. (2006) extend this work with limit-point rules for non-uniform cubic subdivision, but there
has been no attempt to handle general degree at the same time. Working in the other direction, Prautzsch
(1998) presents a general degree scheme for equal knot intervals, which is developed further by Warren and
Weimer (2001), Zorin and Schréder (2001) and Stam (2001). None of these general degree schemes handle
non-uniformity, however, and a subdivision scheme compatible with NURBS must encompass both at the
same time.

1.2. Refine and smooth

Algorithms for non-uniform, general degree knot insertion have been available since Boehm (1980) and
Cohen et al. (1980) independently arrived at different approaches. Both show that a point after knot insertion
at degree d takes contributions from O(d) control points. In the bivariate case, this worsens to O(d?), which
prohibitively complicates the implementation and analysis of high degree subdivision schemes in irregular
regions.

Existing general degree schemes for equal knot intervals work around this problem by adapting the Lane
and Riesenfeld (1980) refine and smooth algorithm. This factorisation breaks uniform knot insertion into
a refinement stage followed by local smoothing filters, each of which requires contributions from only O(1)
points. Any extension of these schemes to unequal knot intervals therefore requires a non-uniform analogue of
the Lane-Riesenfeld algorithm. A univariate algorithm is an essential first step, as it can be directly applied
to regular regions of a subdivision surface and provides a foundation for tackling extraordinary points.

1.3. Symmetric

Earlier work (Cashman et al., 2007) considered Schaefer’s knot insertion (Schaefer and Goldman, 2009) as
the required non-uniform factorisation. Schaefer’s algorithm is asymmetric, however, since computed points
change if the control polygon is indexed in the opposite direction. B-spline control points are invariant under
this transformation, so knot insertion is inherently symmetric for both input and output. Schaefer’s algorithm
uses asymmetric smoothing steps to construct a symmetric output, and therefore needs a consistent ordering
for control points. Choosing a curve’s direction is trivial, but for the natural application to surfaces we must
give an orientation to every edge and the orientation of parallel edges must be consistent. If the surface
contains extraordinary points, Figure 1 shows that this is not always possible.

We therefore require a non-uniform, general degree refine and smooth algorithm that is also symmetric.
Symmetry comes naturally in the uniform case, as Lane and Riesenfeld’s intermediate points are the control
points for a B-spline of lower degree. Unfortunately, our earlier work (Cashman et al., 2007) showed that this
symmetry constraint does not generalise well to unequal intervals. Note that symmetry is neither necessary
nor sufficient for an algorithm to reduce to the Lane-Riesenfeld construction when knot spacings are uniform.
Schaefer and Goldman (2009) present two algorithms for cubic knot insertion, both of which reduce to Lane-
Riesenfeld but only one of which is symmetric. On the other hand, the algorithm presented in this paper is
symmetric, but does not reduce to the Lane-Riesenfeld algorithm for uniform knots.

1.4. Contents

Section 2 examines the algorithm in terms of the blossom function, which gives the greatest insight into
its operation. An explicit implementation follows in Section 3, before we consider multiple knots in Section
4 and conclude in Section 5.



Fig. 1. An attempt to give an orientation to edges of a mesh containing an extraordinary point. There is no consistent orientation
for the thickened edge.

2. The algorithm in terms of blossoming

Blossoming was introduced by Ramshaw (1987), although the technique of polar forms (Ramshaw, 1989)
existed before Ramshaw’s application to splines. The blossom of a degree-d polynomial P(t), as summarised
by Vouga and Goldman (2007), is the unique polynomial in d variables p(us,us, ..., uq) which satisfies the
following three properties:

— symmetric: p(Ug1, Ug2, - - -, Ugd) = P(U1, Uz, ..., uq) for any permutation o.

— multiaffine: p((1 — @)ui; + auqg, ug, ..., uq) = (1 — a)p(uir, ug, . .., uq) + ap(uiz, s, . . ., uq)-

— diagonal: p(t,t,...,t) = P(t).

A consequence of this definition is the dual function property: if P; is the ith control point of a B-spline P(t)
with knots wu;, then P; = p(u;11,...,u;+q). We can abbreviate a blossom value by writing p(u1,usg, ..., uq)
as just uj ug ... ug.

2.1. Owverview

Our algorithm acts on a B-spline of degree d, and we require that exactly one new knot is inserted between
each pair of adjacent original knots. We write 7; for the ith knot of the original knot vector 7, and ¢; for
the knot inserted between knots 7; and 7;41. As for all B-splines, we require 7; < t; < 7341 for all 4.

For odd d, the refine stage places a new point somewhere between each pair of original control points.
Each smoothing stage copies half of the points unaltered, and the remaining half are derived from an affine
combination of three points. Points are never copied twice, however, as the set of smoothed control points
alternates at every step. This algorithm was developed independently by Schaefer and Goldman, and it may
be significant that different researchers arrived at the same approach.

The algorithm for even d is novel. The refine stage simply doubles control points, and each smoothing
stage then places a pair of new points somewhere on the edge between a pair of old points. Only half of the
edges gain new points in this way, however, and with a parallel to odd degree, the smoothed half alternates
at every step.

2.2. Odd and even degree examples

Figure 2 shows blossoming diagrams for the quintic and sextic algorithms, where each point is written
as d parameters of the blossom function p. In each diagram, an affine combination is represented by ar-
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rows entering a point, and a dotted line is used where there is actually no calculation to be done. Arrows
near doubled points are drawn to make the general structure as clear as possible, and doubled points are
highlighted by = signs.

The diagrams are translation-invariant with respect to the point indices. So the algorithm’s action at any
point not drawn can be deduced by finding an isomorphic point which is in the diagram drawn. We are

not considering end conditions at this stage, as an appropriate treatment requires multiple knots, which we
discuss in Section 4.

3. The algorithm and its variations

Figure 3 gives an implementation of the algorithm in an imperative programming style, which we use in
this section to describe possible variations for different applications. Appendices A and B give proofs for the
correctness of this implementation.

We use the following abbreviated notation for writing affine combinations.

7=
@ Byed={c—a , a<f<y<e and aFe
0 , otherwise
00—«
, a<f<e and a#e
o B el =la a fe =< c—a sfs 7
0o , otherwise
€ —
7 , a<y<e and aFe
la y el =1—|a ye=4q€c-a
1, otherwise

Therefore, we have that o 3 €[ +]a 8 v €|/ +|a v ¢ =1foranya <<y <eand|a § v +|a B 4] =
1 for any «, 8 and ~ at all.

3.1. Affine combinations of two points

At line 13 of Figure 3, a weighted average combines three points to form a new one, as shown in Figure
4a. It may be preferable, for the reasons discussed in Section 1.2, to break this into the three averages of two
points shown in Figure 4b instead. The following replacement for line 13 employs this two-stage construction.

PPy lui wisa iran| PEATT 4 [ui wien wiva—n| PP
22—1
it+1
— [Ui—dgx Ui Uipd—»] P?i\% + [Wi—dga Ui Uitd—»] Pfi%

23 23—1

Pity — luicapa wion wi P70 4 [uizapn wix wil P
A1

p2

K3

3.2. Using no additional memory

It may be useful to have an implementation of the algorithm where points are calculated “in-place”, rather
than via intermediate points which require additional memory. The odd-degree case, as written in lines 3 to
13 of Figure 3, is directly converted to this form by identifying Pf‘ with the same memory location for every
value of A.

For even degree, however, writing P?* over in line 21 makes P?*7? unavailable on the next loop
iteration (in line 23). For this scenario, we therefore have a variation shown in Figure 5b, which finds P?)‘
in terms of Pfﬁl instead. The required replacement for line 23 is

22—-2
Pi

2 22 2A—2
Pt Juima Witx Uipd—rt1|Pioy + Juimx Wisx Uipd—at1|P;
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input : Degree d

input : Control points P; for 0 <i <n

input : Knot vector 7, where |7| =n+d

input : Knots to be inserted ¢, where 7; <t; < 741

output: Control points Pg for B-spline on the refined knot vector 7 Ut

u«—TUt // such that each 7; = ug; and each t; = ug;jy1

if d mod 2 =1 then
// 0dd degree: let 7; correspond to P;

// Refine
for i +— 0 to n do
L Py — P
fori+~— 0ton—1do
j — 21 +1
Pi uj—a uj wjralPi+|uj_a u; ujig|Pis1

// Smooth

for \<—1to (d—1)/2 do // for each smoothing step
for i — X to 2n— X do // for each new point
if A mod 2 =i mod 2 then

// Copy this point from previous step

PR+l p2i-1

else
// Calculate Pf)‘ﬂ by smoothing three points
2A+1 22—1
P Jui—aia Uigr Uird—| P77
22—1
FUidya Uiin Uirx Uird—2|P;
22—1
Hui—dya uioa Uiyd—x| Pty
else
// Even degree: let 7; correspond to the edge P, _1P;
// Refine
for i — 0 to n do
Py, — P;
0
L P2¢+1 —P;
// Smooth
for A — 1 to d/2 do // for each smoothing step
fori— Ato2n+1—Xdo // for each new point

if A mod 2 = 7 mod 2 then

‘ P2} |uiaypa Wioag1 Uitd—arel PP 724 [uiaia wioag1 Ui+d7)\+2|P12i1_2
else

L P2 e Jti—giac1 Uign Uirdat1| PP 2| Wicdia1 Uips Uird—rg1|P? 2

Fig. 3. Our algorithm for non-uniform refine and smooth subdivison
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Fig. 5. Variations on the smoothing steps for even degree

3.3. Two stages for even degree

For the even degree case, shown in Figure 5a, lines 21 and 23 calculate a new point Pf)‘ at ‘level’ 2\ from
two points at level 2\ — 2. While a two-stage construction does not reduce the size of the affine combination
here, it may still be useful to consider calculating the points P?A via a point in P?*~1, as shown in Figure 5c.
In particular, this variation may prove important in a generalisation of the bivariate algorithm to surfaces
containing extraordinary faces. For this modification, line 21 should be replaced with

2A—1 2A—2 2A—2
ird o wimgen Wit1 Wirdago| PYTTT 4 [Uicain Wiv1 Uiva-av2| Pity

22 2A—2 2A—1
Pi% — |ui—dr Wicat1 Uiga|P; + [ Wicdtr Wimrag1 Uit PH%
and line 23 with

// Pfizl was calculated in the previous loop iteration for ¢
2

2\ 22—1 2\—2
Py e Jui wigx Ui+d—>\+1‘Pl—_% + i vign Uird—r+1|P;

4. Multiple knots

We have not yet discussed end conditions or the behaviour around multiple knots. It is possible, but
undesirable, to use our algorithm directly in these cases. Setting 7, = ¢t; = -+ = t;4m—2 = Titm-1, for
example, gives a knot of multiplicity m. The subdivision algorithm then outputs a knot of multiplicity
2m — 1, and so the limit curve will have a knot of unbounded multiplicity and therefore an infinitely-
repeated point. This is unlikely to be an acceptable result, and so we would like a way of dealing with
multiple knots that allows us to subdivide without increasing multiplicity.

A proper treatment is outside the scope of this paper, but if a knot is fully multiple (m = d), then subdi-
vision without increasing multiplicity is simply a case of filtering P? to remove repeated points. Naturally,
it is possible to find which points to discard by simple consideration of the knot vector; no geometrical tests
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are required. If it is permissible for a knot of multiplicity m, where 1 < m < d, to become fully multiple
after a few subdivision steps, then the filtering solution again applies. As for all knot insertion, the limit
curve is unaffected by the increase in multiplicity. This process creates two pieces of limit curve at every
multiple knot, each of which meets the other at a Bézier end condition.

If neither of the above solutions are acceptable, then we need a modification of our algorithm which does
not increase the multiplicity of multiple knots. This is a topic for future research, but a useful observation
is that degree d subdivision with a doubled knot is locally identical to knot insertion for degree d — 1. This
generalises to higher multiplicities (with correspondingly lower degrees), but it is not immediately clear how
the different algorithms should mesh together.

5. Conclusions

We have described an algorithm that doubles the number of knots in a B-spline curve in the spirit of Lane
and Riesenfeld’s ‘refine and smooth’ algorithm. Our algorithm has the advantage of working with unequal
knot intervals, which the Lane-Riesenfeld algorithm (Lane and Riesenfeld, 1980) does not, and of being
symmetric, which the Schaefer non-uniform algorithm (Schaefer and Goldman, 2009) is not. We believe
that these factors make the algorithm a promising foundation on which to build a subdivision extension of
NURBS.

In future work we will tackle, more comprehensively, the problem of multiple knots discussed in Section
4. We will also take the tensor product of this algorithm and explore modifications that generalise NURBS
to include extraordinary points. The question is not whether such generalisations exist, but whether any of
them lead to limit surfaces with useful properties.

Appendix A. Proof for odd degree

To help with the proof for odd degree, we introduce the function s%(n,4), which evaluates the symmetric
blossom for degree d by taking n arguments from ¢ and d —n from 7. We have the restriction that n < %.
When the resulting knots are written in order, the index of the central knot is given by i, and those from ¢
are as close as possible to the centre without omitting a knot from 7 or violating symmetry. For example,

p(71,72,7'3,7'477'5)
= p(r2,73,t3,74,75)
2 )

(0,3)
(1,3)
$°(2,3) = p(
(3,3) (
(2,4)

Ta,t2, 73,13, T4
= p(ta, 73,13, T4, t4)

- p(TQaT37t3a T47t477-577-6)

Theorem 1. For odd degree d, P?d—l)/Q =sd(952, [971]) and P‘(jdH)/Q =sd(92t, |4 ]).

These two expressions produce consecutive control points for the B-spline on the refined knot vector. By
observation, half of the new control points must have a blossom with d%l knots from ¢, and the other half
must have a blossom with ‘H'Tl. For example, the output points in the top row of Figure 2a, where d = 5, have
either 2 or 3 knots from ¢. It is harder to understand, however, why the second arguments of the s-functions
(i.e. the indices of the blossoms’ central knots) result in consecutive points.

If a symmetric set of knots has d%l from ¢t where d%l is even, then the central knot comes from 7. Let
the index of this knot be i. The next control point will have d%l knots from t, which is odd, so the central
knot comes from ¢ and the index of this knot must also be ¢ (as 7; < ¢; < T41).

On the other hand, if d%l is odd, then the central knot in the first set comes from t. Let the index of
this knot again be i. The next control point, which will have an even number of knots from ¢, has a central
knot from 7 and so the index of this knot must be ¢ + 1; an index of ¢« would give the previous control point

instead of the next.



Now note that 42| = 1+ |92 ] if and only if 952 is odd. Therefore a proof of Theorem 1 will show that
the algorithm in Figure 3 produces the required control points for the knot vector 7 Ut when d is odd. It is
sufficient to prove that the algorithm works at the two points P?d—1) /2 and P‘(jd +1)/2, as a proof at any other
point is identical after a shift in subscript. In general, the algorithm is invariant under a change in index, so
if

P? = s4(x,q) for any i, 2 and ¢, then P?Jrz =59z, q+1). (A1)
Proof. We will proceed by induction, with the hypothesis that for all odd § such that 1 < § <d,
0—1 [0-1
= (1)) ws
0+1 |o+1
P((sfs+1)/2 = s¢ (27 {4J> . (A.3)

From the dual function property, we have that P; = s9(0, ). Therefore Py, = P; = 59(0, 1), so Py = 59(0,0).
Furthermore,

P% = |u1—d w1 Ui4d| P(lJ + |u1—d U1 U14d] P% from line 7 of Figure 3
= |Ta—dy/2 to Ta+dy/2] $%(0,0) + |T1—ay/2 to T(14a)/2]°(0,1)
= 59(1,0)

since 7(1_q)/2 is the smallest knot in 59(0,0) and T(14+d)/2 is the largest in 59(0,1). This affine combination

of blossoms therefore inserts the knot tq into the set of remaining knots, all of which appear in both s4(0, 0)
and s9(0,1). We therefore have the results we need for the base case: Py = s4(0,0) and P} = s4(1,0).

Now consider P(5 1)/2 for odd 4. At the relevant iteration of line 10, A = 55 and ¢ = 5;1, so certainly
A mod 2 =i mod 2. Therefore, line 11 gives that
52 52
Pls_ /2 = P12 = Plotatny 2

—24+1 —2+1
:sd<(S 2+ ,\‘6 4+ J) from (A.3)

_ d—11]6-1
B 2 | 4
as required to prove (A.2).

To prove (A.3), consider the point P?§+1)/2. We have A = 251 and i = *£L, therefore A mod 2 # i mod 2
and so line 13 of Figure 3 gives us

P((S5+1)/2 = |Us—d U5 Udt1] P‘(s(;_Ql)/Q + |us—d u1 us uds1] P((S(s_fn/z + |us—d U1 Udt1] P‘géjfg)/2
o— 5— 5—
= ‘U(s,d us ud+1| P((sfl)/g + |u67d Uy us Ud+1‘ P((é%g)/2)+2 + ‘uéfd Up ud+1| P((5271)/2)+2
= |us_d U5 Udt1]s ( L J) from (A.3)

+ [us—d u1 us ugiq|s ( >3, 1952 +1) from (A.2) and (A.1)
+us—q w1 udapr|s4(5SE, [552] + 1) from (A.3) and (A.1)

1)

= Ir6-a2 te-1y2 Ternel s (051

d—-1
7
+ [T(5—dy/2 to ts—1)/2 T(d+1)/2| s (5737L571J)
+ |T5—dy/2 to Tdt1)/2] s i L*J)
=la vy nA+la 8y nB+]a B nC
where
- a="T(-d)y/2, B =10, ¥ ="1-1)/2 and N = T(gy1)/2-
A= 95 1551)), B = 955, [ 51 )) and € = s9(351, [243))
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— the blossom for A contains « and 3 (but not v or 7).

— the blossom for B contains o and 7 (but not 3 or 7).

— the blossom for C' contains v and 5 (but not « or 3).

Each of these assertions can be checked by considering the possible forms of s¢ in A, B and C. We then
have

Plosy2 =la v nlA+la v nl(la 8 4B +a B 4C)
By the multiaffine property, the blossom for (ja 3 | B +|a 3 ~|C) therefore contains 8 and n (but

not « or 7y), and the blossom for P((;6+1)/2 contains @ and v (but not « or 7). This result is identical to

B = sd(5%3, L‘STTlJ), except with two new knots from ¢ symmetrically added as blossom arguments. The

index of the central knot has not changed, and so we have

6—3 0+1 0+1 |6+1
) _.d _
= (72 ) = (5[5

as required for the second half of the inductive hypothesis (A.3). We have therefore shown the correctness
of the algorithm at all odd degrees d. O

Appendix B. Proof for even degree

The proof for even degree follows a similar pattern. Again, we introduce functions that allow us to easily
write down general degree blossoms of the required form. (%(n,4) is the degree d blossom with n < d/2
arguments from ¢ and d — n from 7. When written in order, the knots from ¢ are as close to the centre as
possible without missing a knot from 7. Since d is even, there is no symmetrical position for these knots,
and [4(n, i) places them with a bias to the ‘left’ (i.e. the lower-valued end). A corresponding function r%(n, 1)
has a bias to the higher-valued end. In both cases, the index of the lowest knot from ¢ is given by i. This
definition requires a special case for when n is 0 — here continuity requires that ¢ is the index of the (d/2)th
lowest knot for I, or the ‘(d/2) + 1’th lowest knot for r. For example,

19(2,3) = p(73,t3, T4, ta, 75, T6)
1*(0,3) = p(72, 73,71, 75)

r8(3,2) = p(1, 72, ta, T3, t3, T4, ta, T5)
r%(3,1) = p(11,t1, 72, t2, T3, t3)

d d
g g 1).
2 2

19(4,0) and r9(4, 1) are consecutive control points on the refined knot vector. As for odd degree, a proof
at these two points is sufficient to show the correctness of the algorithm at all points.

Theorem 2. For even degree d, Pg/Q =19(4,0) and P‘(id/Q)H =rd(

Proof. The proof for even degree also uses induction. We will show that for even § such that 0 < ¢§ <d,
P3/o =14(6/2,0) and P59, =1%(6/2,1) (B.1)

which will prove Theorem 2 by using § = d.

When ¢ = 0, we need to show P§ = 19(0,0) and P = r9(0,1). Lines 16 and 17 give us that PJ = P = Py.
But note that 1¢(0,0) = r¢(0,1), and 1¢(0,0) = Pg follows from the correspondence of 79 with the edge
P_1Pg. The hypothesis (B.1) therefore holds for 6 = 0.

Now consider Pg/2 for even §. This point is assigned in line 21, since A =i = %. We have that

5 5—2 -2
Poj2 = [us—q w1 _uarol Py + [us—a w uaral P55
5—2 62
= |us—d u1 uqi2l P((5—2)/2)+1 +lus—g ur uaiol P((6—2)/2)+2

= |u5,d U7 ud+2| T‘d(é%Q, 1) + |’U,5,d (5% ud+2\ ld(é%, 1) from (Bl)
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= |7-(67d)/2 to T(d/2)+1|7"d(6%2a1)+|7'(6—d)/2 to T(d/2)+1\ld(5%2>1)
=19(3,0) as required.

The lowest knot from ¢ is ¢; in both Td(é%z, 1) and ld(52;2, 1). The affine combination above inserts the knot

to, so the number of knots from t has increased by 1 and ty is now the lowest knot from ¢. Furthermore,
since 7(q/2)+1 is the highest knot in ld(‘s%, 1), we can see that the affine combination replaces a high-valued
knot from 7 for a low-valued knot from ¢ in ld(‘szQ, 1). The result is therefore another set of knots in the /4
pattern, and so the resulting blossom must be ld(g, 0).

Now we need to show the second part of the inductive hypothesis (B.1) by considering P‘(s(; /2)+1- In
calculating this point, A = g but ¢ = g + 1, so from line 23 we have

1) 6—2 -2
Pls/ayr1 = lts—a Usir Uayo| Py s + [us—a ussr uava|Pis o,

5—2 62
= lus—a ustr uara|Pila) o)1 +1Us—a Usir udte| Pl a) 000

= |us—d Ust1 Udiol rd(‘S%Q, 1)+ |us—d ust1 Udial ld(‘s%Q7 1) from (B.1)
= [To—ay2 ts/2 T2+l (552 1) +Ims—ay2 tse T2+l 14553, 1)
= Td(% 1)
Verifying that r%%, 1) is the result of this affine combination is similar to checking ld(‘”TQ,O) above.
This result concludes the proof of (B.1) and hence Theorem 2. O
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