ON THE VOLUME OF SETS BOUNDED BY REFINABLE FUNCTIONS

JAN HAKENBERG AND ULRICH REIF

ABSTRACT. We present a method for the precise determination of the volume of subsets of
R? which are bounded by a hypersurface parametrized by a set of refinable functions. The
derivation is based on the linear refinement equations rather than on closed form expressions
of these functions, which may not be available. In particular, our approach makes it possible
to compute the area of planar domains bounded by subdivision curves or the volume of spatial
domains bounded by subdivision surfaces.

1. INTRODUCTION

The volume of some subset  C R? can be determined easily with the help of the diver-
gence theorem if a closed form expression for the parametrization of its boundary is available.
However, if the boundary is created by a subdivision scheme, the problem is more delicate. If,
for instance, a boundary curve is generated by the four-point scheme, then it is impossible to
find a parametrization which is suitable for direct integration. Equally, if a boundary surface
is generated by a subdivision algorithm like Catmull-Clark or Loop, then a piecewise analytic
representation is known, but there are infinitely many of these pieces. In applications, it may be
sufficient to compute a numerical approximation, but convergence rates of standard quadrature
schemes are typically low due to the limited regularity of subdivision functions.

In this paper, we present an alternative approach to the problem. It is based on the refinement
rules of the representation of the boundary rather than on explicit knowledge of its function
values. In fact, our method applies whenever the parametrization of the boundary consists of
a finite number of patches each of which is a linear combination of a set of refinable functions.
Here, refinability means that there exists a partition of the domain of the patch into subdomains
such that the restrictions of the functions to these subdomains can be reparametrized in terms of
the functions themselves. This assumption is satisfied for boundaries generated by subdivision
schemes, wavelets, or B-splines, but also for more general classes of functions.

The basic idea is the following: Application of the divergence theorem shows that the con-
tribution of a single patch to the total volume of the given set {2 can be expressed by means of
a certain multi-linear form M, which has to be determined. After partitioning the domain of
the patch, the same contribution is now obtained as the sum over the shares of the subpatches,
which in turn can be described in terms of M. In this way, we obtain a linear interrelation
between the coefficients of the multi-linear form which, typically, determines M up to scaling.
Eventually, the remaining degree of freedom can be calibrated by considering a single special
configuration. In Figure 1, we see two cases which can be handled by our framework. On the left
hand side, we see a tripod generated from an assembly of four unit cubes by the Catmull-Clark
algorithm. The enclosed volume V & 2.504005476 is given exactly as the quotient of two fairly
big integers'. The subdivision surface on the right is generated from a regular octahedron with
all edges length 1 by the algorithm suggested in [10], where the edges of two opposite triangles
are tagged to form sharp creases. Here, the enclosed volume is V = 91/2/56 ~ 0.227284323.
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Ficure 1. Catmull-Clark surface (left) and subdivision surface with sharp
creases (right). The determination of the enclosed volumes is based on the
equivalence of a given and the refined representation of the boundary.

The idea which is detailed and generalized in this report appears first in the monograph [19].
Here, Warren and Weimer introduce the basic principle for univariate subdivision schemes and
determine the area form corresponding to the four-point scheme without tension. The problem
of computing volumes of spatial subsets bounded by subdivision surfaces, which has some rele-
vance in applications, has also been considered before, but using a different approach. In [16],
approximate volume formulas for boundaries generated by subdivision schemes are suggested.
They are obtained by summing up the volume contributions of a finite number of spline rings,
and neglecting an infinite number of ever smaller pieces near the extraordinary vertex. The con-
tribution of a single spline ring is assumed to be computable via integration so that, essentially,
the approach of Peters and Nasri is restricted to algorithms generalizing B-spline or box spline
subdivision. Accurate results for boundaries generated by the Doo-Sabin algorithm are derived
by Schwald in [18]. Here, the volume contributions of all spline rings are taken into account.
This is achieved by eigen-decomposition of the subdivision matrix and the summation of the
contributions of certain infinite sequences of scaled eigen-rings, amounting to the summation of
geometric series. The volume of the set bounded by the limit surface corresponding to the unit
cube is found to be 6241/9920, showing that the according value 0.629137... given in [16] is
accurate up to the fifth digit.

The paper is organized as follows: In the next section, we develop the fundamental ideas. In
particular, we introduce systems of refinable functions, and also systems of partially refinable
functions, which are useful when analyzing subdivision surfaces in a vicinity of an extraordinary
vertex. Further, we discuss how to reduce the possibly high complexity of a given problem by
exploiting symmetries. Section 3 is devoted to a discussion of some algorithmic issues. First,
we describe the basic strategy. In particular, it is shown how to set up the linear system
for the determination of the coefficients of the sought multi-linear form, and how to calibrate
the remaining free parameters. Then, we discuss some variants, including the case of partial
refinability and the involvement of symmetries. In Section 4, we consider a few special scenarios
in order to illustrate the potential of our method in applications. We discuss uniform and non-
uniform univariate subdivision schemes, uniform tensor product— and triangle—based schemes,
and finally some non-uniform bivariate schemes.

2. FOUNDATION

In this section, we prepare the ground for the computation of volumes by means of alternating
multilinear forms and for their explicit determination. After introducing some notation, we
elaborate on volumes bounded by hypersurface segments which are parametrized by functions
allowing for complete or partial refinement. Also the aspect of symmetry is discussed.

2.1. Notation. Let O C R? with d > 2 be a bounded open subset with boundary 952, the
latter being the closure of the finite, disjoint union of segments®* 0%;, j € J. Each segment
is parametrized over some open, Jordan measurable® domain wj C R%1 by some function

2Segments of bivariate spline or subdivision surfaces are also called patches.
3The Lebesgue measure of the boundary of a Jordan measurable set is 0. Hence, integrals over the set and its
closure coincide.
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Xj 1w — R? in the Sobolev class H%> of functions whose weak first derivative is essentially
bounded?. That is,
00 =09, 09 =x;w;), 0NN =2, itjel
JjeJ
The area element of 0€); is given by
0 1
dAj = ||Ilj|| d)\, l’lj = -1 0
81Xj /\"'/\ad,1Xj if d > 2,

131Xj ifd=2

where A is the Lebesgue measure on w;. The unit normal on that segment is n§ := ;n;/|[ny],
where the sign &; € {—1,1} is chosen such that n) is pointing to the exterior of Q. Now, the

divergence theorem yields the formula
1 1
VO](Q):/ld)\:EZ/ Xj'ngdAj:EZEj/ X; -0 dA
Q o0 jeJ wj

jeJ
for the volume of 2. Thus, suppressing subscripts, the problem of determining vol(€?) is reduced
to the computation of expressions of the form

1 1
V(x) := E/x-nd)\z E/det[x,Dx} d\, xé& H"(w,R%),
w w

where Dx := [01x,...,04-1%] is the Jacobian of the map x. If the components of x lie in a
common, finite dimensional function space, spanned® by functions bj : w = R forming the row
vector B := [by,...,by], we write

n
x=BP:=> bp’
j=1
for certain coefficients p/ € RY, which are regarded as row vectors and stacked to form the

matrix P € R"*?, The elements of P are denoted by p;. and its columns by Py, i.e.,

pl

P= :(pi;)Jk:[Plvapd]
p'I'L
Using standard multi-index notation, we write
p® = pit - pge, a=lay,...,aq) €T :={1,...,n}%

2.2. Volumes as Multilinear Forms. Going back to the definition of V| we find

1
V(BP) =Y det[Py,,..., Po,|a, o= E/ bayO1bay - - - Og—1ba, dX.
a€el w
We expand the determinants and collect products containing p® to obtain the representation of
V(BP) in terms of some d-linear form M in R™,

(1) V(BP)=M-P:=> map®, ma:= »  det(r)iqs.

acl welly
Here, I1; denotes the set of all d X d permutation matrices, i.e., the vector-matrix product am is
a rearrangement of the entries of a. For instance, in the curve case d = 2, it is

1

When permuting the coordinates of P, the resulting value of V' coincides with the given one up
to sign,
V(BP~w) = det(m)V(BP), = ell,.

4This implies that the functions x; are continuous and that all integrals appearing in the following are well
defined. The slightly weaker condition x; € H%4=1 would be equally sufficient for that purpose.

5Typica11y, the functions by, ..., by, are linearly independent and thus form a basis, but this fact is not needed
here.
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Hence, as could also be seen directly from the definition, the d-linear form M is alternating, i.e.,
M - (Pm) = det(m)M - P. The space of all such forms is denoted by

S = {M = (Ma)aer : Mq = det(m) Moy, T € Hd},

and can be parametrized as follows: Let A :={A € ': A} < Ay < --- < Ay} be the set of strictly
monotone increasing multi-indices. The number of elements in A is [A| = (7). With &, the
Kronecker symbol, let E, := (dqa,8)ser be the unit form with all coefficients being 0, except for
that with index a € I'. For A € A, the alternating d-linear form S} is defined by composing the
unit forms corresponding to the permutations of \. More precisely,

Syi= Y det(m)Exs € S.
welly

Since span{Sy : A € A} = S, there exist coeflicients ¢, € R such that the sought d-linear form is
M = Z)\EA C) SA.

2.3. Refinability. Of course, if the functions B = [by,...,b,] are known explicitly, the coeffi-
cients m, can be determined by integration. However, this must not be taken for granted: If,
for instance, the functions are generated by a recursive procedure like subdivision, direct access
to the values of B might be difficult or even impossible. But even in this case, the problem can
be solved if the functions B allows refinement in the following sense:

Definition 1. The system B is called refinable over w if there exists a finite family of pairs
(Tx, Ar), k € K, consisting of diffeomorphisms Ty, : w — T, C w with det DTy, > 0 and constant
(n X n)-matrices Ay with the following properties:

e Up to closure, the images Ty, form a partition of w,
w = U?k’ TN =0, k#*LeK.
kEK

e B restricted to T can be reparametrized over w by means of itself,
BoT,=BA},, kecK.

Typically, the maps T} are similarities, and all images 7, k € K, are congruent. With m the
cardinality of K, this case is referred to as an m-split. However, the following example shows
that also more general types of partitions are feasible.

Ezample 1. The functions B(t) = [1,t,t?] are refinable over w = (0,1) with

1 0 0 1 0 o0
Ti(t)=t/3, To(t) = (2t +1)/3, Ay =10 1/3 0|, Ay=[1/3 2/3 0
0 0 1/9 1/9 4/9 4/9

The partition of w into 74 = (0,1/3), 7 = (1/3,1) is asymmetric, but of course, this choice is
not unique. In particular, the usual two-split 71 (t) = t/2,To(t) = (1 +t)/2 is equally possible.
t

Now, the following result is as elementary as crucial:

Theorem 2. Let the functions B be refinable according to the preceding definition. Then

(3) M =" M[Ay],

keK

where the d-linear form M[A] is defined by
MI[A]-P:= M- (A'P), P ecR™,
Its coefficient with index o € T' is given by

(4) (M[ADa =Y Aapms, Aapi=Aar s Aaspa-
perl’
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FIGURE 2. Four-split of an irregular quad patch with N = 6 in a Doo-Sabin mesh.

Proof. For arbitrary P, let x := BP and yj := x0T, = BA}P for k € K. Using w = |J7%, the
chain rule and the substitution rule, we find

M-P= Z det[x, Dx]d\ = Z / det[y, Dy DT}, "] det DT}, dA

keK Tk keK V¥
=> / detly, Dyg]dA =Y M- (AP) =Y M[A;]-P.
keK VY keK keK

Since this equality is valid for any P, (3) follows. Equation (4) is easily verified by inspection. [

It should be noted that the statement of the theorem does not rely on the fairly complicated
definition of the coefficients m, in terms of integrals over products of functions b; and their
derivatives. Rather, it reflects the refinement property of the function space in use.

Ezample 2 (resumption of Example 1). Let us go back to the example introduced above. Here,
in the 2d case, M can be regarded as a skew-symmetric (3 x 3)-matrix, and the theorem yields
the condition

M = A MAS + A, MAS,.

When solving this homogeneous system for M in the space of skew-symmetric matrices, as
described later, we find a one-dimensional space of solutions,

0 3 3
(5) M = thl, M; = |-3 0 1f, hi € R.
-3 -1 0

O

The constant in the example can be fixed if V(x) = M - P is known for a single, non-trivial
case. We prepare the more detailed discussion of Section 3.1.3 by considering the following
situation: If the trace x(w) is planar, i.e., contained in a hyperplane in R?, then the set

C(x) :={sx(u) : s € (0,1),u € w}

is a cone with base x(w) and apex at the origin. Its volume is given by

vol(C'(x)) = /C(x) 1dV = /01 /w det[x(u) sDx(u)] duds

= 1 Sd_lexu Xlu ’LLS:1 et|X(u XU U = X
= | [ st denixtu) Dx(u) duds = 3 [ denpx(u) Dx(u)] du = V).

That is, V/(x) is just the volume of the cone C'(x) and thus can be determined easily by geometric
reasoning in many cases.

Ezample 3 (resumption of Example 2). Let P/ = [2,0,0], Py = [0,1,0]. Then the trace of
the curve x(t) = B(t)P = [2,t], t € (0,1), is a straight line connecting the points [2,0] and
[2,1]. The corresponding cone C(x) is a triangle with volume V(x) = 1. Comparison with
V(x) = Pf M Py = 6hy shows that h; = 1/6, and M is fixed. O
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2.4. Partial Refinability. The methodology introduced above covers a broad range of cases,
but to facilitate, for instance, an efficient treatment of volumes bounded by subdivision surfaces
of arbitrary topology, we need to generalize our setup. To explain the problem, we consider an
irregular patch of a Doo-Sabin surface parametrized by x : (0,1)? — R3, see Figure 2. It is
determined by n = N + 5 control points, where N is the valency of the extraordinary vertex at
issue. The function system B consists of IV special functions and five biquadratic tensor product
B-splines (TPBS). The standard four-split yields one irregular patch and three regular patches.
While the new irregular patch can be expressed by the given functions B, a representation of the
new regular ones require the complete set of nine biquadratic TPBS. It is possible to circumvent
the problem by augmenting the given system B artificially by the four missing TPBS. However,
this unnecessarily increases the size of the problem. A preferable solution is based on the
observation that the trilinear forms corresponding to the three regular patches can be derived
explicitly from the regular setup, which has to be treated anyway. Thus, these terms do not
need to be determined again, but can be regarded as known. The following definition accounts
for that situation:

Definition 3. The functions B = [by,...,b,] are called partially refinable over w if there exists
a finite family of triples (Ty, Ak, Bi),k € K, consisting of diffeomorphisms Ty, : wi — T, C wg
defined on Jordan measurable domains wy, C R4™1 with det DT}, > 0, constant (n x ny)-matrices

Ay, and vectors By, = [br.1,...,bkn,] of real-valued functions defined on wy with the following
properties:

e Up to closure, the images Ty, form a partition of w,
w= U Te, TkNT =9, k#lecK.
keK
e B restricted to T can be reparametrized over w by means of the functions By,
BoT, = BpAL, keK.
The index set K is partitioned into the set
K':={k€ K: By = B,w, =w}
of indices referring to copies of the given functions, and the set K" := K \ K' of indices corre-

sponding to auxiliary functions.

Clearly, refinability is a special case of partial refinability, characterized by K” = &. On the
other hand, K’ = & is also possible as demonstrated later in Example 15. Below, we assume
that the d-linear forms M}/ related to the auxiliary functions By by

M -P=V(B,P), ke K", PecR"*

are known, while the d-linear form M corresponding to the functions B is sought. The fol-
lowing formula interrelates these objects and can be regarded as an inhomogeneous system for
determining M:

Theorem 4. Let B be partially refinable according to the preceding definition. Then

(6) M=% MIA+ Y M[A].
kEK’ kEK
Proof. The proof is a verbatim transcription of that of Theorem 2. O

Typically, the inhomogeneous system (6) has a unique solution so that there is no need for
calibration. The next example illustrates the method:

Ezample 4. With ay := 27¢, we define the function ¢ : (0,1) — R by
go(t) = (t - ag+1)(ag - t), te [(Zg+1,az), ¢ € Ny,

see Figure 3. The functions B(t) := [¢(t),t] are not refinable over w = (0,1), but partially
refinable with

To(t) = /2, Th(t) = (t+1)/2, Alzi [(1) g] Agzi B : 01],
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FIGURE 3. Function ¢ : (0,1) — R as used in Example 4.

4

FIGURE 4. Refinement of a triangular patch adjacent to a sharp crease. The
parametrizations X, y1, ...,y depend on the vertices P, and AP as indicated.

and functions By := B, Ba(t) := [1,t,t?]. Thus, K’ = {1}, K" = {2}. The vector By of auxiliary
functions was already considered in Example 1. So we know

, 1% 33 ) s 10 1
M= |-3 0 1|, MJ[A)=AMyAL=—|" .
6 3 _1 0 48 1 0

The solution of the linear system M = A3 MAY + MY[As] is unique and fixes M without cali-

bration,
170 1
M=1 [—1 0] '

It should be noted that in this case it would have been also possible (though quite laborious) to
compute the specific value of the coefficient m; 2 = —my; directly by integration according to
(2). O

Ezample 5. Figure 4 shows a four-split of a triangle adjacent to a mesh boundary in the context
of subdivision. The refinement results in three distinct types of patches. In order to apply the
previous theorem, we encode the refinement with K" = {1,2}, and K’ = {3,4}. Based on the
number of depicted control points, the matrix A; has dimensions 9 x 12, A5 is 9 x 10, Az and
Ay are 9 x 9. M may be determined by the linear system (6) if M; and M, are known. O

2.5. Symmetry. In many cases, the arrangement of coefficients P can be changed in certain
ways without altering the modulus of the corresponding volume V' (BP). For instance, for a curve
in Bernstein-Bézier form, reversing the order of control points results merely in a change of sign.
Consequently, the coefficients of the bilinear form satisfy my = —myp4+1-o. The exploitation of
symmetry properties of this type can be used to reduce the number of unknowns significantly
when determining M. We formalize the concept as follows:

Definition 5. An n x n permutation matriz o € 11, is called a symmetry of the functions B if
(7) V(BP) = det(0) V(BoP), P cR"™
The set of all symmetries is denoted by X and called the symmetry group of B.

It is easy to verify that ¥ is indeed a group with matrix multiplication as the group operation.
In particular, 0= = o'. We identify the matrix o with the one-line notation o(1),...,0(n) of



8 JAN HAKENBERG AND ULRICH REIF

the corresponding permutation of the set {1,...,n}. That is, the index o(7) is characterized by
O'@j 2(50@))]*, i,jz 1,...,n.
Further, we define o(a) := [o(a1),...,0(aq)]. Comparing the expressions
V(BP) =Y map® =Y mMo@p’ ™, V(BoP)=> map’®,
acl ael acll
we find
Mg = det(0)my(q), a€l, o€,
for the coefficients of M in case of symmetry. The linear space of all these Y-symmetric d-
linear forms which are also alternating is denoted by S. Comparison with (7) yields M - P =
det(o)M - (oP) for all elements M € S, and ¢ € ¥. By the group property of X, the same
condition holds true for the inverse permutation o'. Hence, we obtain the representation

S={MeS:M=det(s)M[o],0 € T}

Recalling notation introduced in Section 2.2, we derive a parametrization of this space using a
bit of elementary group theory: Given any multi-index o € I' with pairwise different entries,
there exists a unique permutation matrix w, € Il such that aw, € A is ordered. Now, we define
the map G: X x A — A by

G(o,A) == 0(MNws(n), 0 E€X, A€EA.
Since G(Id, ) = X\ and G(o1,G(02,A)) = G(o102,A) for all A € A and 01,09 € X, this map
defines a group action of 3 on A. The G-orbit of A € A is defined as the set
Q(A) :={G(o,)\) : 0 € I},

and it is easy to see that there exist multi-indices A1, ..., A; such that
I
A=Jam), en)na) =2, i#j=1,...1
i=1

That is, the G-orbits £2();) form a partition of A. For each orbit, we define a d-linear form S;
by
;=Y det(o) det(wo) Scon), i=1,....1,
oex
and it follows & = span{S‘i ci=1,...,I}, and dim S < I. The sought d-linear form M can now
be written as
M =¢é151+ -+ ¢1Sr.
Ezample 6. Let B(t) := [(1 — t)%,2t(1 — t),?] be the quadratic Bernstein polynomials over
w = (0,1), and let Ty(t) := t/2, Ta(t) := (1 + t)/2. Reverting the order of control points P
causes nothing but a change of orientation of the corresponding curve. Hence, the symmetry
group X contains the identity and the permutation

0 0 1
oc:=1(0 1 0f, det(o)=-1.
1 0 0

The G-orbits to the multi-indices Ay = [1,2] and A2 = [1,3] form a partition of A, and the

corresponding bilinear forms generating S are

R 0 1 0 R 0 0 2
Si=(-1 0 1], Sy=]0 0 0
0 -1 0 -2 0 0

Substitution of M = ¢;51 + ¢295 in the equation M = A1 M AS + As M A} yields a homogeneous
system for the two unknowns ¢é1,é2 € R. The solution is spanned by ¢; = 4,é2 = 1 so that
My =45, + S5. Calibration yields M = M; /12. O
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FIGURE 5. Four-split of a triangular patch in a Butterfly mesh. The vertices in
the two-ring determine the surface parametrized by the center triangle.

Ezample 7. A regular patch in a Butterfly-mesh is defined by |P| = 27 control points, see
Figure 5. That means, |[A| = (237) = 2925. The volume contribution by the surface patch is
invariant under permutation of the control points by the dihedral group ¥ = D3 up to sign in
the sense of (7). Using the computer, we find that there are I = 509 G-orbits, and further, that
dimS = 508. This discrepancy® does not cause any problems in the subsequent treatment of
the scheme. The size of the linear system to be solved is reduced by the factor 2925/509 =~ 5.7,
which is roughly the number of elements of the symmetry group Dj. O

3. ALGORITHMS

In this section, we elaborate on algorithms for determining M. First, we explain the basic
algorithm for a refinable system B in some detail. Then, we discuss modifications to the basic
algorithm in order to address partial refinability and symmetry.

3.1. Base Case. The algorithm for computing M in case of a refinable system of functions
proceeds as follows:

1. Choose mappings {Ty : k¥ € K} and corresponding matrices {Ag, k € K} providing a
refinement of B over w.
2. Set up the homogeneous system

(8) M= M[A]=0, MEeS,
keK

and compute a basis {Mj, ..., M.} of the space M of solutions.
3. Use at least r additional pieces of information to determine the coefficients hq, ..., h, in
the ansatz
M=hM +- -+ h.M,.

Before we discuss the three steps in turn, let us briefly comment on the role of the functions
bi,...,b,. Apparently, these functions are never used explicitly in the algorithm so that it can
be run without any knowledge about them. However, it is important to note that existence and
sufficient smoothness of these functions must be assured to obtain meaningful results. Consider,
for instance, a divergent uniform subdivision scheme. Then the algorithm will derive some
bilinear form M from the refinement matrices A;, As, but there exist no corresponding curves
and hence no planar sets whose areas could be addressed.

3.1.1. Refinement. In most applications, the functions B admit uniform binary refinement in a
natural way. In particular, in the curve case d = 2, we may often choose T1(t) = t/2,T5(t) =
(t+1)/2 for w = (0,1). When generated by a standard subdivision scheme, as discussed in
Section 4.1, the matrices Ay, Ao are just the transposes of the two refinement matrices appear-
ing in the matrix approach to smoothness analysis. In the surface case d = 3, the domain w is
typically (but not necessarily) a triangle or a quadrangle. Triangle-based subdivision algorithms
like Loop or Butterfly admit refinement with respect to the standard four-split of the domain
triangle, while two rounds of v/3-subdivision lead to a nine-split. Quad-based subdivision algo-
rithms like Doo-Sabin or Catmull-Clark fit in with a four-split of the domain square. In all these
cases, the coefficients of the matrices Ay can be read off easily from the subdivision rules in use.

6The discrepancy stems from the representative multi-index (5,12,19) that is invariant under a mirror
operation.
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3.1.2. The Homogeneous System. To determine a basis of M in practise, we vectorize the tensor
equation M =), M[A]. This is done in the standard way by lexicographic ordering of the set

I". More precisely, the vector M* € R corresponding to the tensor M € R™* " ig defined by
d
My :=M,, o =1+ Z(ozj —1n?~t eN.
j=1

We call o* the linear index corresponding to the multi-index a € I'. The following lemma is a
generalization of the well-known formula (XY Z*)* = (X ® Z)Y* for the vectorization of matrix
products by means of the Kronecker product.

Lemma 6. The vectorization of the d-linear form M[A] in R™ is given by
(M[A])* = A®IM™,

where the (n® x n)-matriz
A% = AR -®A

is defined as the d-fold Kronecker product of A with itself.

Proof. The coefficients of the Kronecker power are given by Affl’ g+ = Aa,p. Hence, by (4),

nd

(APIM*) e = Y A2 M5 = Aapma = (M[A))q,
B*=1 Ber

as requested. O

Using this result, the vectorized form of (3) reads

AM* =0, A*:=1d- ) AP"
keK
Still, the search for solutions has to be confined to the space S of alternating forms, as introduced
in Section 2.2. The linear index \* € {1, cee (Z)} corresponding to the multi-index A € A is
again obtained by lexicographic ordering of that set. Skipping the proof, we note that
d
y n n—X\
AT = (d) _;<d+1i)'

Since span{Sx : A € A} =S, it is M =}, ., eaSx for coefficients cy yet to be determined. We
vectorize the d-linear forms S and collect the resulting columns in the (nd X (Z))—matrix S*
such that the column with index A* is just S¥. Now, the space of alternating forms satisfying (8)
is given by the solution of the linear system A*S*C* = 0, where C* € RIA! is the vectorization of
the coefficients cy, A € A. The following theorem shows that this linear system can be replaced
by an equivalent one which is significantly smaller. It has only (3) instead of n? rows and thus
is square.

Theorem 7. Let B be refinable according to Definition 1. Then the d-linear forms M satisfying
(8) are characterized by M* = S*C* and L*C* = 0, where the system matriz is

9) L= (57)iarst e RXG), A =10} AP,
keK
The coefficients of L* are given by
Lie e =di0, = Y > Y det(my) det(ma) (Ap)amy umsr A € A
keK mi€llyg mo€lly

Proof. To verify the representation of M in terms of the kernel of L*, we have to show for all
C* € RIM with L*C* = 0 that also A*S*C* = 0 holds. The d-linear form M with M* = S*C*
is alternating, i.e., M € S. Then it is clear from the definition that M[A.] is alternating, too.
Hence, M — ", M[A;] € S, implying that there exists some vector D* satisfying

arsrer = (M- Y M[Ak])* — 5*D*.
keK
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Using (5*)'S* = d!1d, the equation
implies D* = 0 and further A*S*C* = 0. The formula for the coefficients is easily obtained by
expanding the matrix product. O

Ezample 8 (resumption of Example 3). The space S of alternating bilinear forms in R? is spanned
by

0 1 0 0 0 1 0 0 O

Sig=|-1 0 0|, S3=[0 0 0], S3=1(0 0 1

0 0 O -1 0 0 0 -1 0

The matrix A* =1d —A; ® A; — A ® Ay has size 9 x 9, while L* is only 3 x 3,
0 0 0
L*:i -6 6 0
2111 29

The kernel of this matrix has dimension 1 and is spanned by the vector C* = [3,3,1]" so that
we recover the solution

0 3 3
M = th]_, M1 = 351,2 + 351,3 + 5273 = [-3 0 1 5
-3 -1 0
presented already in (5). O

3.1.3. Calibration. The dimension r of the space M of d-linear forms satisfying (8) is at least 1
because it contains the d-linear form M defined in (1). Dimensions r > 1 are unlikely, though
not excluded. In Example 4, we will deliberately construct such a case, but, as a matter of
fact, we never encountered this situation in a realistic scenario. In particular, all cases discussed
in the next section lead to a one-dimensional space. Calibration, as we call the process of
determining the constants hi,...,h, in the ansatz M = ) . h;M;, can be accomplished by
exploiting additional information about M.

The following strategy to gather such data proved to be sufficient in all cases we considered:
It is based on seeking special configurations of coefficients P such that the resulting values M - P
can be determined explicitly by geometric reasoning. Comparison with the ansatz then yields
the unknowns. If, as it applies in many cases, the space of functions spanned by the functions B
contains all constant and linear functions, the following strategy proves to be useful: A standard
configuration of coefficients P = P is characterized by x;(u) := B(u)P1 = [d,u+¢] for all u € w
and some constant ¢ € R. Hence, x1(w) = {d} x (w+ ¢), and the cone C(x;) has volume

V(x1) =M - Py =volg_1(w).
If M = span{M,} is one-dimensional, this condition yields already the desired result,
volg—1(w)
M, Py’
Otherwise, if the dimension of M is greater than 1, one has to resort to additional specific cases.
As an alternative, one may search a different pattern of refinement and give it a try.

(10) M = th]_, hl =

Ezample 9. We consider bilinear functions over the unit square,
B(uy,uz) = [(1 —u1)(1 —ua), (1 — up)ug, ur (1 — ug), ugus], u € (0,1)%
When using as few as two mappings, e.g.,
Ty (u1, u2) = (u1/2,uz), To(ur,us) = ((u1 +1)/2,us),

then M has dimension 2 because there is simply not enough information provided to resolve the
structure of B completely. To remedy the situation, we add a less obvious special case to the
standard configuration P,
3 3 3 3] 333 37"
P,:=10 0 1 1|, Py:=1]0 0 2 1
01 01 0 1 0 1/2
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While x; = BP; parametrizes a square with side length 1, the trace of x, := BP, is a de-
generate quad, namely the triangle with vertices (3,0,0),(3,2,0),(3,0,1). The volumes of the
corresponding cones are V(x;1) = V(x3) = 1, what is just enough information to fix M within
the two-dimensional space M. We find

M123=M124=—M134=—Ma34=1/12.

All other non-vanishing coefficients are related by alternation, ma, = det(m)mqy,a € T. The
fact that M is two-dimensional indicates a deficiency of the chosen refinement rather than an
intrinsic problem with the given functions. And indeed, when using the standard four-split

(11) Ty (u1,uz) = (u1,u2)/2 Ts(u1,uz) = (ur,uz +1)/2
To(uy,ue) = (ug + 1,u9)/2 Ty(uy,ug) = (up + Liug +1)/2

the dimension of M becomes 1, as expected. Now, of course, the standard configuration P
alone is sufficient for calibration according to (10). O

3.2. Variants. Now, we discuss variants on the base algorithm in the case of partial refinability
and symmetry.

3.2.1. Partial Refinability. The necessary modifications for the case of partial refinability are
marginal.

Theorem 8. Let B be partially refinable according to the Definition 3. Then the d-linear forms
satisfying (6) are characterized by M* = S*C* and L*C* =Y*, where the system matriz is

L7 = (S*)'A™S", A*:i=1d- Y AP
keK'
as before, and the right hand side is

V*— (S*)t Z A]?d(Mllc/)*

keK"

Proof. Using Lemma 6, vectorization of (6) yields the system

A*S*Cr =77 = Y ARN (M)
keK'

Multiplication with (S*)* from the left proves necessity of the condition given in the theorem.
To show that it is sufficient, assume that L*C* = Y ™. As in the proof of Theorem 7, there exists
D* such that A*S*C* = S*D*. Regarding the right hand side Y*, we note that the d-linear
forms M, and hence also the M]/[A}] are alternating. Hence, there exists a vector E* such that
Z* = S*E*. Together, we have (S*)'S*D* = (S*)'S*E*. Because (S*)'S* = d!Id, it follows
D* = E*, and finally A*S*C* = S*D* = S*E* = Z*. O

Ezample 10 (resumption of Example 4). With

5 0 0 0 00 0 01 -1 0 -1 1
. 1o 14 0 o0 100 0 22 0 -2 -20
A‘Tﬁ 0 0 14 o A2®A2_E02—202—2 0o 0 ol

0 0 0 12 4 4 0 44 0 0 0 0
and

1
S*=10,-1,1,01°, (My)* = 6 [0,-3,-3,3,0,—-1,3,1,0],

we obtain a linear system of size 1 x 1 with L* = 7/4 and Y* = 1/24. Its solution C* = 1/42
yields the bilinear form M = S/42, as presented before. (]
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3.2.2. Symmetry. In case of a non-trivial symmetry group %, there is a family S, i = 1,...,1,
spanning the space S of Y-symmetric d-linear forms. Collecting the vectorized versions in the
(n? x I)-matrix §* := [S¥,...,5%], the sought M can be written as M* = $*C* for some vector
C* € RT. Analogous to Theorem 7, we observe that the solutions of A*M* = A*S*C* = 0
satisfy

L*C* =0, L*:=(9%)A*S* e RI¥L,

The coefficients of L* are given by

(12)  Lij=dibi;—Y > > det(0102) det(We,Wo, T172) (Ak)Glor A)m.Go2A ) mas

keEK o1,02€X m1,ma€Illy

where 4,j € I, and d; := ||S#||? is the squared Euclidean norm of S
Ezample 11 (resumption of Example 6). The bilinear forms Sy, Sy generating S yield

S*io—1010—1010t
oo 200 0 20 0

The kernel of the resulting matrix L* = [ 14] is spanned by the vector [4,1]" so that M; =

451 + 5. Calibration yields M = M, /12. O

It should be noted that exploiting symmetry can reduce the costs of solving a given problem
considerably, and can well make the difference between the capacities of a standard PC and a
mainframe. As a rule of thumb, the number sizes of the matrices L* and L* are related by (Z) /I =~
#3, where #X. is the number of elements of the symmetry group. Consequently, the required
storage and computation time are reduced by the factors (#X)? and (#X)3, respectively. For
larger problems, these savings are significant, even if there exists only one non-trivial symmetry
so that #3 = 2.

4. CASE STUDIES

In this section, we discuss a series of examples that are relevant for applications and/or
illustrate the potential of our approach. The amount of data which the first author has collected
during extensive studies of these and further examples is far too copious to be presented here in
detail. Instead, this material as well as some Mathematica source code is available for download”.

4.1. Binary Subdivision Curves. In this section, we discuss uniform and non-uniform binary
subdivision curves. Subdivision schemes of arbitrary arity can also be treated by our approach,
but are not considered here.

4.1.1. Uniform Univariate Schemes. Let the boundary curve 02 of the set Q! C R? be generated
by a binary, stationary, and uniform C' subdivision scheme with finite masks from a periodic
sequence p',...,p" € R? of control points. Then we partition 99 into N segments 9;.
Suppressing the subscript j, the natural parametrization of any segment is given by some function
x : (0,1) — R? which is the linear combination of functions® B = [by, ..., b,] with a subsequence
P of n consecutive control points, x = BP. The number n of functions is related to the size
of the masks. When applying the subdivision scheme to the points P, we obtain a vector
Q =[q1;...;dnt+1] of n+ 1 new control points. The vectors formed by the first n and the last
n points of Q are denoted by Q1 := [q1;...;q,] and Q3 := [q2;...;qnt1], respectively. They
are related to Q by a pair of square matrices with columns containing the subdivision masks
padded with zeros,
Q1 = AEP, Q2 = AEP

Using the two-split T1(t) = t/2, Ta(t) = (1 + t)/2 of the interval w = (0,1), we obtain the
reparametrization x o T, = BA} P and the refinement equations

BoT,=BAL, ke {1,2).
7http ://www.hakenberg.de/subdivision/subdivision.htm

81f ¢ : R — R is the basic limit function of the subdivision scheme with supp¢ = [0,n], then by is the
restriction of ¢(- +n — k) to the unit interval, but this fact is not needed here.
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Hence, the matrix A* = Id—4; ® A; — Ay ® As can be generated easily. As for calibration,
we recall that the subdivision scheme is assumed to be C'. Thus, it is known to generate
constant and linear functions from constant and linear sequences of control points, respectively.
In particular,

for some constant ¢ € R so that P defines a standard configuration, independent of the specific
scheme.

B(t)Py = [2,t+d, Pj:= [2 2 Q]t,

Ezample 12. For B-splines of degree k£ € N with integer knots and the standard two-split of
w = (0,1) the refinement matrices are well known,

1 (k+1 1 k+1 .
A)s -+ = Ar), i = — =1,....,k+1.
( 1)17] Qk (2Z ])’ ( 2)27] 2]@ (QZ ] 1)7 Z?j 9 ?k

For the corresponding bilinear forms M]’§ we obtain for instance

0 -31 -28 -1

0 -5 -1
110 -1 1 1931 0 —-183 -28
Z\/jl—— 2\42:— — /\/13:7
B_2{1 0}7 B9 ? g 05 BT 790 |28 183 0 -3l

1 28 31 0

In all these cases, the kernel of L* is one-dimensional so that calibration according to (10)
determines M} uniquely. Since the B-splines considered here are polynomials on w = (0, 1), the
coefficients of ME can alternatively be calculated using integration according to (2). O

Ezample 13. The interpolatory four-point scheme (FPS) with tension parameter w € (0,0.19273. ..
generates Cl-limit curves, see [9]. The mask [—w,1/2 + w,1/2 + w, —w] determines new edge
points. The support of the scheme is n = 6. The basis functions in b; € B for j = 1,...,n do
not have a closed-form expression, which rules out integration (2). The refinement matrices are

0 —w 0 0 0 O —w 0 0 0 0 0
1 w 0 —w 0 0 w 0 —w 0 0 0
0 v 1 v 0 —w w 1 w 0 —w 0
(13) Al_Owaw/lw”Az_waw’1w’0
0 0 0 —w 0 W 0 0 —w 0 w 1
0 0 0 0 0 —w 0 0 0 0 —w O
where w’ := 1/2+w. Using a computer algebra system, we find (Mpps); ; = +m;,; with common
denominator F' = —96w® + 144w* — 102w + 72w? — 24w + 6, and coefficients mig = 8w + 8wd +
4wt + 4w3, mi3 = —16w® + 6w* — 10w? + 2w?, mi g4 = —6w?* 4+ 2w? — 2u?, mis = 4w — 4w4,
mie = 8w5—8w6, Mo 3 = —12w5+16w4—12w3+6w274w, Mo 4 = 8w576w4+14w3—2w2+4w,
ma,5 = 8wS +12w° — 2w — 2w3 — 4w?, and m3 4 = 12w® — 38w + 13w3 — 24w? + 4w — 3. Further,
My = Mr—j7—i = —Mj; for all i,j € {17 - ,6}.
The curve generated from the four corner points of the unit square encloses an area of
48w146_‘“23 4'; 131_:;':) 7;’_‘53} —5- The area form for tension parameter w = 1 /16 is already derived in
[19], page 166. O

4.1.2. Non-Uniform Univariate Schemes. Now, we consider two non-uniform schemes. These
schemes have little relevance in applications, but, from a structural point of view, they can be
regarded as one-dimensional analogies to subdivision schemes for surfaces of arbitrary topology.
Thus, the subsequent arguments may serve as a preparation for the bivariate cases discussed
later on.

FEzample 14. We consider a simple modification to cubic B-Spline subdivision. By replacing
the averaging mask [1,6,1]/8 with [0,1,0] at selected crease vertices, these control points are
interpolated by the limit curve. The three control points P that determine a segment adjacent
to the crease vertex, see Figure 6, are subdivided by

(4100 1
Ar=g |46 4 0, A=]6
0 1 4 8 1
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FIGURE 6. Decomposition of a segment adjacent to a crease vertex (red) into a
regular cubic B-spline segment (gray) and a new segment adjacent to a crease
vertex (red). The limit curve is not shown.

' Meps | Mey | My | Muy | Muy
- - - - —o— .
I I | 1 | | I
L S S S e T S e S S
I I
I I

' Meps Meps | Meps Meps | My My My Mazp M3 M§

FIGURE 7. The four bilinear forms M(_g), M(_1), M1y, and Moy determine
the area contribution of the four non-uniform curve segments close to the inter-
face. The recursive relation follows from overlapping the segments before and
after one round of subdivision.

It is easy to see that the left segment of the limit curve is just a cubic polynomial written in
B-spline form, which has been considered before. The right segment, however, consists of an
infinite sequence of cubic pieces. This is exactly the situation of partial refinability as discussed
in sections 2.4 and 3.2.1. The equation that relates the area forms before and after one round
of subdivision is M = M3[A;] + M[As] where M3 is familiar from Example 12, and M is the
sought 3 x 3 alternating bilinear form. Writing out the equations gives

=15 0 0 mi o 1 15 1 0 -1 -1
L=l 0| fmg| =g (18] = M=_11 0 =9
5 12 -8 ma3 55 1 9 0

O

Example 15. In [13], page 21, Levin derives a C* curve subdivision scheme that blends between
the FPS with tension parameter w = 1/16 and cubic B-spline subdivision. Figure 7 visualizes
the refinement of three segments to either side of the interface. For k € {1,2}, the subdivision

matrices A;C_g) are stated in (13), the matrices AE;Q), A;C_l) have dimension 6 x 6, the matrices

A;;H) are 5 X 5, and A§€+2) are 5 x 4. The segment (—2) is refined into two FPS patches. The
segment (+2) is refined into two cubic B-spline segments. That means the alternating bilinear
forms M(_g), Moy follow explicitly from forms for the respective uniform schemes and are
computed first:

M3y = Mpps[AS™?] + Mpps[AS )]
M2y = MB[AT] + ME[AT)

Subsequently, the forms for the segments adjacent to the interface vertex (—1), and (+1) follow
from solving linear systems that use the previously obtained M_ay, M 2):

-1 —1
My = M_a)[AT D] + M) [ASY)]
1 1
My = M(+1)[A§+ )] + M2 [Agr )]
The resulting forms contain lengthy fractions and are omitted here. O

4.2. Binary Subdivision Surfaces. In this section, we discuss a series of variants on binary
subdivision algorithms for surfaces, both quad and triangle based, both uniform and non-uniform.
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FicURE 8. A biquadratic TPBS patch depends on 3 -3 = 9 control points P.
Refinement is based on a 2 x 2 = 4-split.

4.2.1. Tensor Product Surfaces. Bivariate bases on rectangular domains are often defined as
tensor product of univariate functions. If B!, B2 are two (possibly coinciding) function systems
with n; and ngy elements, respectively, then the corresponding tensor product system B is defined
by

B(uy,uz) = B' (u1) ® B*(uz) = [by (u1)bi (u2), bi(u1)b3(uz), - .., by, (u1)b, (u2)].
The following theorem states that refinability of the univariate bases implies refinability of their
tensor product, and shows how to establish the according rules in a convenient way:

Theorem 9. Fori € {1,2}, let B® be a univariate function system which is refinable over the
interval w' with pairs (T} , Ay ), ki € Ki. Then the tensor product system B := B! ® B? is
refinable over w := w' x w? with

Tk (u, ug) := (Tkl1 (U1)7T]32(u2)), Ay = A,lcl ®Ai2, k= (k1,ko) € K := K; x Ks.

Proof. The partitioning of w into sets Tk(w,il X w,%Q), k € K, is obvious. Further, the mixed-
product property yields

BoTy = (B'oTy,) @ (B0 T},) = (B' - (4;,)") ® (B®- (43,)")
= (B'® B)((4:,)" @ (43,)") = (B' ® B*)(4}, ® 4f,)" = BA,
for any k € K, as claimed. O

Clearly, a similar result applies to higher-dimensional tensor products as well, and also vari-
ants concerning partial refinability can be derived easily. For later reference, we consider some
low degree TPBS surfaces. In principle, there are three different approaches to determine the
corresponding volume forms

(1) Integration of the coefficients of M using (1), what is feasible since all basis functions
are polynomials.
(2) Computation of the nullspace of L* as defined in (9) and subsequent calibration according
to (10).
(3) Computation of the nullspace of L* as defined in (12) using the dihedral symmetry group
Y = D, and subsequent calibration according to (10).
But of course, we will focus on options 2 and 3. We will always specify only one sample entry
for comparison; complete results can be found online.

Ezample 16 (resumption of Example 12). Bilinear TPBS on the unit square are related to the
functions B! introduced in the preceding example by

B(ui,u2) = B'(u1) © B (ug) = [(1 — u1)(1 = uz), (1 = ur)uz, ur (1 — us), urus),
what is just the system discussed in Example 2. The four diffeomorphisms 77, ..., T, given there
are related to T} (t) = TZ(t) = t/2, T3 (t) = T2(t) = (1+t)/2 by the formula given in the theorem
and relabelling. Also the four matrices can be found easily using A} = A%, for instance

12 0] _[1 1/2] 1
A271:A5®A%:[1?2 1}@’{0 1?2}:4

S NN O N
e T
O = O O
NN OO
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F1GURE 9. Refinement of a bicubic TPBS where 16 control points P determine
the surface parametrized by the unit square.
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FiGUurE 10. Four-split of a triangular patch in a quartic three-direction box
spline. The vertices in the 1-ring determine the surface parametrized by the
center triangle w.
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FEzample 17. We consider biquadratic TPBS on the unit square, as illustrated in Figure 8. The
total number of coefficients to be determined is 93 = 729. The size of L* is (g) = 84, while the

size of L* is only 14. Aside from the zeros which are enforced by the alternating property, there
exists further non-trivial zeros. They are generated by the coefficient m; 2 3 = 0. The remaining
coefficients are signed copies of only 13 distinct numbers. A sample value is mg 4 5 = —121/4800.
The form M is already listed in [18], pages 82-86. O

Example 18. Now, we consider bicubic TPBS on the unit square. The total number of coefficients
to be determined is 16> = 4096. The size of L* is (') = 560, while the size of L* is only 75.
With indexing as in Figure 9, the non-trivial zeros are generated by the coeflicients m; 23 =
Mmi24 = Mage10 = M2,6,14 = 0. The remaining coeflicients are signed copies of only 71 distinct

numbers, where the largest one is meg 7,10 = %. [l

The practical limitations of the approach presented here become apparent if we consider the
complexity of the problem to be solved in the case of tensor product surfaces of significantly
higher bidegree g > 1. Here, the number of basis functions is n = (g + 1)2. Hence, the
dimension of the matrix L* is £ := (}) &~ ¢°/6, and the number of coefficients to be stored is
(? ~ g'2/36. Solving the linear system via factorization needs £3/3 ~ ¢'® /648 operations. The
dihedral symmetry group D4 has 8 elements. Thus, the matrix L* has only size I~ /8 so that
storage requirements are approximatively reduced by the factor 8% = 64, and computation time
by the factor 8% = 512. This is a significant saving, but even then, already modest values of ¢
yield a problem beyond the reach of current computer technology.

4.2.2. Triangle-Based Uniform Subdivision. Now, we consider triangular surface patches which
are generated by uniform binary subdivision.

Ezample 19. Three-direction box splines, sometimes also called triangular B-splines, are another
natural extension of univariate B-splines to the bivariate case. They consist of triangular poly-
nomial pieces and thus can be treated by elementary integration according to (1), but also by
using the refinement rules, which are typically very simple for low degrees. In Figure 10, we see
the pattern for a C? quartic box spline. This case is of particular interest since it is used for the

regular parts of the mesh in Loop subdivision. Here, the size of L* is (132) = 220. Exploiting the

dihedral symmetry group ¥ = D3 yields the matrix f/*, which has only size 43. After calibration
with (10), we find for instance ms g9 = 34091/1425600. O

Ezample 20 (resumption of Example 7). We continue our discussion of the Butterfly scheme.
Here, the volume form cannot be determined via straightforward integration because the basis
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FIGURE 11. Decomposition of a non-regular quad patch in a Catmull-Clark mesh.
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functions do not have a closed-form expression. The size of L* is (237) = 2925, while L* has

only size dim S = 508. Similar to the FPS, the subdivision weights may be subject to a tension
parameter w € R, but we we fix the natural choice w = 1/16. In this case, the limit surface
is C!. The non-trivial zeros are generated by mj ;27 = 0 for j € {2,3,...,13} U {16,17} and
mq,15,25 = 0. The coefficient with the largest amplitude is mj2 13,18 =~ 0.151032, while the
smallest one is mg 1,25 ~ 1.45624F — 16. The latter value is not a zero perturbed by roundoft
errors, but the floating point evaluation of a fraction with 74 digits in the numerator and 90
digits in the denominator. O

4.2.3. Non-Uniform Subdivision Schemes. Non-uniform refinement rules for subdivision curves,
as discussed in Examples 14 and 15, do not appear frequently in practice. In surface model-
ing however, meshes are likely to feature irregularities and the designers of surface subdivision
schemes are creative to cope with them in order to produce smooth limit surfaces. To name just
a few schemes currently in use, there are those based on quads [1, 3, 11] and triangles [15, 4, 12],
but also mixed schemes [14, 17] and schemes with crease rules [10, 2]. Refinability or partial
refinability is a common feature of all these schemes so that the corresponding volume forms can
be determined by our approach. What follows is a tour de force through the different types. For
more details, we refer to the online material mentioned above.

Ezample 21 (resumption of Example 17). The Doo-Sabin algorithm is a generalization of bi-
quadratic TPBS subdivision. An extraordinary patch including a vertex of valency N > 3, N #
4, is defined by n = N + 5 control points. Five of them correspond to standard TPBS, while the
other N are special as they consist of an infinite number of polynomial pieces, faintly resembling
the univariate case discussed in Example 4. Assuming that the extraordinary vertex corresponds
to the parameter u; = ug = 1, the map Ty from the standard four-split (11) yields a new ex-
traordinary patch, while the other three yield regular ones. That means, in (6) K" = {1, 2,3},
K’ = {4}, and M" corresponds to the uniform case N = 4 derived earlier. A refinement of a
patch with N = 6 is shown in Figure 2. The symmetry group consists of the identity and a
reflection across the diagonal containing the extraordinary point. O

Ezample 22 (resumption of Example 18). The Catmull-Clark algorithm is a generalization of
bicubic TPBS subdivision. An extraordinary patch including a vertex of valency N > 3, N # 4,
is defined by n = 2N + 8 control points. Seven of them correspond to standard TPBS, while
the other are special as they consist of an infinite number of polynomial pieces. Assuming that
the extraordinary vertex corresponds to the parameter u; = us = 1, the map Ty from the
standard four-split (11) yields a new extraordinary patch, while the other three yield regular
ones. That means, in (6) K" = {1,2,3}, K/ = {4}, and M" corresponds to the uniform patch
N = 4 derived earlier. For valency N = 5, the refinement of a patch is depicted in Figure 11.
Here, the largest coefficient is mig,7,11 ~ 0.0202676, and the smallest positive coefficient is
mi61,18 ~ 1.31029F — 10. Again, the symmetry group consists of the identity and a reflection
across the diagonal containing the extraordinary point. O

Ezample 23 (resumption of Example 19). The Loop algorithm is a generalization of quartic
box-spline subdivision. An extraordinary patch including a vertex of valency N > 3, N # 6, is
defined by n = N 4+ 6 control points. Five of them coincide with the uniform scenario, while
the other are special. We refine w as illustrated by Figure 12: the map T} for k € K’ = {4}
yields a new extraordinary patch, while the other three K" = {1, 2, 3} yield regular ones. In (6),
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FIGURE 12. Four-split of a extraordinary triangular patch in a Loop mesh.
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for the successive derivation of corresponding volume forms.
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FIGURE 14. Decomposition of a quad patch adjacent to a crease.

M" corresponds to N = 6 and was derived earlier. For valency N = 4, the largest coeflicient is
ms,6,9 ~ 0.0216354, and the smallest positive coefficients are m1 27 = mo 3.4 = 1/3991680. O

In [7], we discuss the three mentioned algorithms in detail, carry out the computation of
volume forms up to a certain valency, and state additional sample coefficient values.

4.2.4. Schemes with Sharp Creases. [10] extends the Loop-scheme to produce sharp creases along
selected edge-cycles. Later, [2] introduces the same modification to Catmull-Clark subdivision.
In [8], we discuss these algorithms in detail.

Ezample 24. We consider the algorithm suggested in [2]. The refinement rules along the crease
edges are simply cubic B-spline subdivision for curves. Because control points from “beyond”
the crease do not affect a patch, the support of the original schemes is reduced. As already
encountered in Example 15, the derivation of a volume form for a patch adjacent to a crease
may depend on another volume form for a patch adjacent to a crease. A line-up of patch types is
required so that refinement only drafts patch types derived earlier. Figure 13 shows the line-up
for the scheme suggested in [2]. We consider the refinement illustrated in Figure 14. Here,
K" ={1,2,3}, K’ = {4}, A;, and A5 have dimensions 16 x 16, A3 is 16 x 12, and A4 is 16 x 16.
The forms M] = M} are known from Example 18. Assuming MY is provided from a prior
derivation, the sought M follows from (6). The largest coefficient is mg 11,10 =~ 0.035485, the
smallest positive entry is mq 144 = m. O

5. CONCLUSION

We suggest a method for determining the volume of a subset of R? in the case that its boundary
is the union of a set of refinable patches. The contribution of each patch can be expressed in
terms of a d-linear form which is narrowed by an underdetermined linear system derived from the
refinement equations of the patch. The remaining degrees of freedom — this is typically only one
— can be fixed by comparison with certain elementary configurations. Symmetries can be used
to reduce the complexity of the linear system. In particular, our approach is applicable to planar
sets bounded by subdivision curves and to spatial sets bounded by subdivision algorithms like
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Catmull-Clark, Loop, or Butterfly, but also non-uniform variants like crease rules are covered.
Applications of our theory include for instance the deformation of subdivision surfaces under
preservation of volume.

In the more application-oriented reports [5] and [6], we have generalized the ideas presented
here to the computation of higher order moments of sets bounded by subdivision curves and
surfaces respectively. Higher order moments are required, for instance, to determine centroids
or inertia tensors. While being similar from a structural point of view, the big challenge here
is to cope with the rapidly growing complexity of the linear systems to be solved, coming along
with an unfavorable loss of inherent symmetries.

Acknowledgement: We would like to thank Scott Schaefer for fruitful discussions and com-
ments, and for providing sample 3d-meshes.
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