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Differentiable Piecewise-Bézier Surfaces on Riemannian Manifolds*
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Abstract. We generalize the notion of Bézier surfaces and surface splines to Riemannian manifolds. To this end
we put forward and compare three possible alternative definitions of Bézier surfaces. We furthermore
investigate how to achieve C°- and C'-continuity of Bézier surface splines. Unlike in Euclidean space
and for one-dimensional Bézier splines on manifolds, C'-continuity cannot be ensured by simple
conditions on the Bézier control points: it requires an adaptation of the Bézier spline evaluation
scheme. Finally, we propose an algorithm to optimize the Bézier control points given a set of points
to be interpolated by a Bézier surface spline. We show computational examples on the sphere, the
special orthogonal group, and two Riemannian shape spaces.

Key words. composite Bézier surface, Riemannian manifold, differentiability conditions, bending energy
AMS subject classifications. 65D05, 65D07, 53C22, 65K10

DOI. 10.1137/16M1057978

NoTATION. The following table lists the notations used in this article.

M Manifold

R? Euclidean space of dimension d

c* Continuous differentiability up to derivative k

¥ Curve on a manifold M

L[v] Length of a curve on a manifold M

E[v] Energy of a curve on a manifold M

oM Tangent space at a point z € M

exp, (b) Exponential map. a € M, b € ToeM

log, (b) Inverse exponential map. a,b € M

P,_pv Parallel transport of a vector v from T, M to Ty M. a,b € M
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EXP,(b) Discrete exponential map. a € M, b€ T, M

LOG,(b) Discrete inverse exponential map. a,b € M

(a,b) Scalar product between a,b € T, M

d(a,b) Distance between a,b € M

b Control point of a Bézier function. For curves, it is indexed as b; and
for surfaces b;;. b;™ is the ijth control point of the patch m,n

Bk Bézier function of order K (curve or surface)

B! Bézier function of type I (average over all control points)

g Bézier function of type II (average as one-dimensional curves in one
direction, and then in another)

g Bézier function of type III (de Casteljau’s algorithm)

Bk 4* Bernstein polynomial of order K

b Intermediate point in de Casteljau’s algorithm

B Bézier spline composed of several Bézier functions

w Weight

av[(z1,...,Tn), (Wi, .., wn)] Geodesic average of points x; € M with weights w; € R

vZ}’"(n s) Mapping of a point 4,j in the patch m,n to the tangent space of the

control point b'g "

1. Introduction. During recent years, it has become more and more common and im-
portant to process data from non-Euclidean spaces, in particular from Riemannian manifolds.
Examples for the use of manifold-valued data include the exploration of Riemannian shape
spaces in computer vision [14], the interpretation of colors in images as data on the color
circle S* [4], the representation of fixed rank matrices as a submanifold of all matrices [40],
and many more.

This paper concerns multivariate manifold-valued interpolation. More precisely, given
data points p;, _;, on a manifold M associated with nodes (i1,...,iq) € Z% of a Cartesian
grid in R?, we seek a smooth (i.e., C!) function B : R% — M such that Bi1, ..., 0d) = Diy,....ig-

This problem is motivated by several applications in engineering and the sciences. In
projection-based model order reduction of a dynamical system that depends on d paramet-
ers, a possible approach consists in computing a suitable projector (hence, an element of a
Grassmann manifold) for values of the parameters falling on a grid, then resorting to inter-
polation in order to generate a projector for other values of the parameters [30]. In diffusion
tensor imaging, a diffusion tensor (hence, an element of the manifold of 3 x 3 symmetric pos-
itive definite matrices) is acquired for each voxel of the volume of interest (thus d = 3), and
interpolation can be used to infer more finely sampled data [27]. In Cosserat rods [34], we have
d = 1 and M = SE(3)—the group of rigid-body motions in R?*—while Cosserat shells [35]
require d = 2. Let us finally mention liquid crystals, which can be described by a function
from R? into the projective space RP? [24].

Two special cases of manifold-valued interpolation have been widely considered in the
literature. One of them is when M is a linear manifold, i.e., a Euclidean space. A preferred
way of handling Euclidean interpolation problems is by resorting to piecewise-polynomial (or
spline) interpolation functions. Indeed, polynomial functions are convenient to manipulate
and evaluate, and the piecewise approach makes it possible to keep interpolation errors small
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while using polynomial pieces of low degree, avoiding the problem of Runge’s phenomenon
that plagues high-degree polynomial interpolation. Within the realm of piecewise-polynomial
interpolation, countless variations occur according to the sought degree of smoothness, re-
strictions on the admissible classes of polynomial pieces, optimality criteria, and also the
form—one of them being the Bézier form—in which the polynomials are expressed. The book
of Farin [13] is a convenient point of entry to this vast literature.

The other special case of manifold-valued interpolation is when d = 1. The interpolation
problem then reduces to interpolating time-labeled data points on M by a curve that goes
through these points at the prescribed instants. This problem has received a fair amount of
attention in the literature. Recent contributions can be found in [33, 19, 39, 3].

Besides these two special—but important—cases, multivariate manifold-valued interpola-
tion does not appear to have been much researched, in spite of the above-mentioned applic-
ations. Steinke et al. [37] use a thin-plate-spline technique to produce an interpolation map
between two Riemannian manifolds. The approach is generalized in [38] where, given a set of
training pairs (X;,Y;) with the X;’s and ¥;’s on two manifolds, a mapping is sought between
these two manifolds that minimizes a regularized empirical risk. We also mention a related
technique for volumetric registration presented in [20].

In the context of computer-aided geometric design, another technique based on subdi-
vision schemes has been widely studied during the past decades in order to efficiently draw
curves and surfaces in Euclidean space (cf. the monograph [28] for an introduction into the
topic). Here, a discrete set of points is recursively refined, resulting in a limit curve or surface,
which, depending on the chosen refinement scheme, may interpolate or just approximate the
initial points. For instance, Dyn, Levin, and Gregory propose a four-point scheme with C!-
interpolatory limit curves [12] and extend it to a C2-nearly-interpolatory scheme in [11], while
Deng and Ma consider more general polynomial-reproducing schemes [9]. Such schemes and
their convergence and smoothness analysis can also be generalized to non-Euclidean spaces
based on similar operations as we use in this work [41, 17, 42, 26]. In complicated spaces,
however, the many necessary recursions to evaluate a subdivision curve or surface may be-
come computationally prohibitive (yet, at least in the Euclidean case, several subdivision
schemes also admit direct evaluation formulas which can lead to conceptually different al-
gorithms). Also, subdivision schemes are typically local so that for instance curve inter-
polation with minimal global curvature cannot be achieved. Therefore we will here take a
different, Bézier-based viewpoint (note though that for a priori given fixed control points,
Bézier curves and surfaces can also be interpreted as resulting from corresponding subdivision
schemes).

In this paper, we present a technique to perform multivariate manifold-valued interpolation
by means of C! piecewise-cubic-Bézier functions (see Figure 1 for an example). We thereby
extend the previously mentioned benefits of piecewise-polynomial interpolation to manifold
codomains. When d = 1, the proposed method reduces to a strategy very close to the one
developed in [3, 16]. The only difference is that in these articles the two extreme segments
are chosen to be quadratic Bézier curves and not cubic Bézier curves. The proposed method
can thus almost be viewed as a multivariate extension of [3, section 2]. For simplicity of the
exposition, we focus on the bivariate case (d = 2), but the transition to higher values of d
appears to be considerably less intricate than the transition from d =1 to d = 2.
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Figure 1. Differentiable Bézier spline surface on the Riemannian space of shells (section 6.4) interpolating
the red shapes. The gray shapes are points on the Bézier surface driven by the control points in green. Their
location indicates where in the R? domain they are achieved.

The development of the proposed bivariate manifold-valued technique requires more work
than one might anticipate. The first task is to propose a bivariate extension of the well-
known [23, 8, 25, 29] manifold-valued Bézier curves that constitute the pieces in [3]. We
provide three approaches leading in general to different results (see section 3, Definition 4),
in which the essential component is a weighted geodesic average.

Next comes the question of gluing these Bézier patches together in a smooth (Cl) way.
The problem is substantially more difficult than in [3] because the interfaces are no longer
isolated points but instead regions of dimension 1. The conditions for C?-continuity of multiple
Bézier surfaces patched together are the same as in Euclidean space, namely, that the control
points of adjacent patches coincide at the interface; however, the classical conditions on the
control points for C'-continuity in Euclidean space exhibit a linear dependence which turns
into an incompatibility on manifolds. As a result, the classical conditions can, in general,
not be satisfied. In addition, those conditions are not sufficient to ensure C'-continuity on
a manifold. We overcome this difficulty by “discarding” the control points that lie on the
interfaces. We show in Theorem 18 that C! gluing can then be achieved for two of the three
Bézier surface definitions.

For the interpolation problem, we provide a technique to fix the remaining leeway on
the control points in such a way that the resulting interpolation function has minimal mean
squared second derivative when the codomain M reduces to a Euclidean space. The outcome
is then an advanced method to address the bivariate manifold-valued interpolation problem,
whose sophistication makes it a promising tool towards making the most of expensively ac-
quired data in applications such as those mentioned above.
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The paper is organized as follows. After a reminder in section 2 on the Euclidean case,
piecewise-Bézier curves and surfaces on manifolds are introduced and analyzed in section 3.
The interpolation technique is presented in section 4. We briefly introduce all necessary nu-
merical tools in section 5, and in section 6 we show some numerical applications in the context
of motion modeling and shape exploration in shape spaces. Conclusions are drawn in section 7.
For the reader’s convenience, a glossary of notations is given at the very end of the article.

2. Reminder on Euclidean piecewise-Bézier curves and surfaces. This section is a brief
summary of Bézier curves and surfaces in the Euclidean space R™. A detailed exposition can
be found in [13]. For a sequence of control points by, ...,bx € R™, the corresponding Bézier
curve Bg(+;bo, ..., br) : [0,1] = R™ is defined as

K
(1) Bi(t;bo, ..., bi) =Y _b;Bik(t),
i=0

where K is called the order of the curve (K = 3 for cubic Bézier curves) and Bk (t) denotes
the jth Bernstein polynomial of degree K,

K\ . .
2) Bt = ()1 o
J
The Bézier curve fully lies inside the convex hull of its control points by, ..., bg, since for each

fixed ¢, the Bk (t) form a partition of unity and thus can be interpreted as convex combination
coefficients (Figure 2 left). The curve interpolates the first and last control points, and its
initial and final velocity are tangent to the initial and final line segments between the control
points (Figure 2),

Bk (0;bo, - .., br) = bo, Bk (0;bo, - .., br) = K(b1 — bo),
Bk (1;bo, ..., bK) = bk, Br(13bo, ..., bx) = K(bx — bx—1),
where 3 denotes the time derivative of .
De Casteljau’s algorithm offers a method to evaluate bé( = Br(to;bo,...,bx) at a time ¢y €
[0, 1],
b = b, j=0,... K,

(3) _ _ :
bf =to b f+(1—t0) b5, k=1,...,K,j=0,....K -k

Note that the operations employed above are only convex combinations with coefficients tg
and 1—t( so that the algorithm has a simple geometric interpretation (Figure 2 right). Several

Bézier curves can be joined to form a Bézier spline: for two Bézier curves Sk (t; bb, ey blK),
Br (t; b, ..., b%) : [0,1] — R™, the composite spline curve
t: by, ..., b if t € [0,1],
(4) S [ I L e
Br(t—1;0F,...,0%) ifte (1,2],

. . . . . . . . b b3
is continuous if and only if bf = bﬁ( and first order differentiable if and only if b}, = X ‘;+ L,
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Figure 2. Computation of a quadratic (K = 2) Bézier curve via (1) as a weighted mean of all control
points (top left) and via de Casteljau’s algorithm (3) as a recursively iterated weighted mean of point pairs (top
right). In Euclidean space both methods are equivalent, but they will usually not lead to identical results if they
are generalized to manifolds as the sphere (bottom, showing a cubic Bézier curve). The dashed curve is obtained
with the weighted mean and the solid one with de Casteljau’s algorithm. Interpolation and control points are
indicated by filled and open circles, respectively; the Bézier polygon is shown as gray dashed lines.

The idea of Bézier curves extends also to higher dimensions; see, e.g., [13, section 5.5]. For
a family of points (b;;);,j—0,....k C R", the corresponding Bézier surface B (t1,t2; (bij)i j=0,.. k) :
[0,1]> — R™ is defined by

K K
(5) Br (t1,t2;5 (bij)ij=o0,.. k) = Z Z bijBir (t1)Bjk (t2).

i=0 j=0

Again, for fixed t; and t5 this can be interpreted as a convex combination of all control points
bij (Figure 3 left). We directly see that the Bézier surface boundary consists of the four
Bézier curves with control points bo j, bx j, bjo, bj Kk, j =0,..., K, respectively. We can also
interpret a Bézier surface as a one-parameter family of Bézier curves,

K

K
B (t1,t2; (bij)ij=0,.. k) = Z ZbijBiK(tl) Bjk(t2)

=1 \im1
(6) = Bk (t2; (Br (t1; (bij)i=o,...,K))j=0,...K),
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Figure 3. Computation of a cubic Bézier surface via (5) as a weighted mean of the control points (left),
via (6) through a one-parameter family of Bézier curves (middle), and via de Casteljau’s algorithm (7) (right).

which allows an evaluation just based on the computation of Bézier curves (Figure 3, middle).
De Casteljau’s algorithm gives an alternative way to compute such Bézier surfaces. In sug-
gestive matrix notation, it takes the following form,

bgjzbij, 1,7 =0,..., K,

7 e A 1—t
() bf]:(]‘_tl tl)(’zfl kﬁi+1 ? ) k:]-u"‘7K7 i)jzou”'aK_ka
bit1s Bit141 t

and yields béf) = PBr(t1,t2;(bij)ij=o,.. k). Here again, points bfj are obtained as convex
combinations of bfj_l, bfjjrll, bf;llj, and bf;llj 41
simple geometric interpretation (Figure 3 right).

Two Bézier surfaces 6K(t1’t2;(bij)i,j:O,...,K) and BK(tl,tg;(bgj)i,jzo,m,K) can be joined

This combination leads once more to a

CF-continuously in the ¢;-direction via

NI if 1
(8) §B . [0’ 2] % [0’ 1] N Rn . (tl,tz) — IBK(tlat27 (sz)’l,‘]fo,.‘.,K) 1 tl E [07 ])
Br(t1 — 1,125 (by;)ij=0,...x) if t1 € (1,2]

ifforall j = 1,..., K the sequence pairs (b;07 R b;-’K), (b;o, e b;’K) induce a one-dimensional
CF-continuous Bézier spline via (4). An analogous condition holds if the two surfaces are to

be matched smoothly in the ta-direction (see [13, section 16.1}).

3. Piecewise-Bézier surfaces on manifolds. The generalization of Bézier curves to a
manifold setting was previously studied. For instance, Lin and Walker [23] proposed a manifold
version of de Casteljau’s algorithm. The conditions of continuity and differentiability were
studied by Popiel and Noakes [29]. Here, we aim to generalize the concept of a Bézier surface
to a Riemannian manifold M. To this end, we briefly introduce some standard notions of
Riemannian geometry (a more detailed exposition is found in standard textbooks, e.g., [10]).



DIFFERENTIABLE BEZIER SURFACES ON MANIFOLDS 1795

The Riemannian metric gy(-,-) in a point y € M is an inner product on the tangent space
TyM to M in y, and it depends smoothly on y. The length and energy of a path v : [0,1] - M
are defined as

(9) Lhy] = / 9 G0, 4() dt,
(10) Epy) = / 00 (30, 4(1)) dt,

where the dot denotes (time) differentiation.

We call geodesics the paths v that minimize the energy E[y] for fixed endpoints v(0) =
Yo € M, v(1) = y1 € M. The length L[] is also minimized by those paths [10].

The Riemannian distance d(yp,y1) between any two points yp,y; is the minimum path
length of a path from yg to y;. For d(yo,y1) small enough, the connecting geodesic is unique.
We shall assume that M is finite dimensional, connected, and geodesically complete. By the
Hopf—Rinow theorem this implies that every two points on M can be connected by a geodesic.
The logarithm of y; with respect to yg is defined as the initial velocity of the geodesic v from

Yo to Y1,
(11) log,, (y1) = ¥(0).

The exponential map of v € Ty, M is the point reached at t = 1 by the geodesic 7 starting
from 3o with initial velocity v,

(12) expy, (v) = (L),

Bézier surfaces can be transferred to a manifold setting in different ways, where each
approach generalizes a particular evaluation scheme for Bézier surfaces in Euclidean space.
In this section, we introduce three possible definitions of Bézier surfaces in a Riemannian
manifold M. We also examine the conditions and techniques to achieve C°- and C'-continuity
when patching multiple Bézier surfaces together.

3.1. Bézier surface definitions based on geodesic averaging. To extend Bézier surfaces
to metric spaces M, we mainly use the weighted average between points y1,...,y, € M as
the core concept. This tool can replace naturally not only convex combinations, but also
multilinear interpolations. Thanks to this, we will propose three ways to compute Bézier
surfaces on manifolds and analyze their well-posedness.

Definition 1 (weighted geodesic average). Letn € N. A weighted geodesic average of points
Yl,---,Yn € M for convex combination weights wi,...,w, € [0,1] with Y " ;w; =1 is any
point y € M solving

If the minimizer exists and is unique, we denote it by av[(y1,...,Yn), (W1, ..., wy)].
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Note that weighted averages in metric spaces can be traced back to Fréchet [15]. On
Riemannian manifolds, they have been analyzed under various names—Riemannian center
of mass, Riemannian barycenter, Karcher mean, Riemannian average, geodesic average—in
particular by Karcher (see, e.g., [22]).

Remark 2 (convex combinations and multilinear interpolation). In the Euclidean space, the
weighted geodesic average is the same as a convex combination of the points 1, ..., y, € R%.
Indeed, it is straightforward to check that

n
av[(yr, .- Un)s (Wi, ..., wp)] = szyz
i=1

Likewise, the bilinear interpolation of points y;; € R? i, € {0,1}, at coordinates (t1,t2) €
[0,1]% can be expressed as a weighted geodesic average

(1 —t1)(1 = t2)yoo + (1 — t1)tayor + t1(1 — t2)y10 + titay11
= av[(y00, Yo1, Y10, y11), (1 — t1)(1 — t2), (1 — t1)t2, t1 (1 — t2), tat2)].
Remark 3 (weighted geodesic average of two points). For two points y1,y2 € M with
weights 1 — w,w € [0,1] and any y € M, the Young-type inequality (1 — w)2d?(y1,y) +
w?d?(yo,y) > 2(1 — w)wd(y1,y)d(y2, y) implies
(1 —w)d*(y1,y) + wd(y2,y) > (1 — w)w(d(y1,y) + d(ya,y))*
> (1= wywd*(y1,y2)
= (1 —w)d*(y1,9) + wd*(y2, 9)

for ¢ the point on the connecting geodesic between y; and yo with d(y1,9) = wd(y1,y2) and
d(y2,9) = (1 — w)d(y1,y2). Thus we obtain the explicit formula

(13) av((y1,y2), (1 — w,w)] = § = exp,, (wlogy1 (yg)) )

The definitions of Bézier surfaces on manifolds are generalizations of (5)—(7). Note that
(5) represents a convex combination and each iteration step in (7) represents a bilinear
interpolation.

Definition 4 (generalized Bézier surface). Given control points bjj € M, i,j =0,..., K,
we define a corresponding generalized Bézier surface of types I-111 via

(14) Bic(t1, t2; (big)i j=o,...x) = av[(bij)ij=o....k, (Bix (t1) Bjx (t2))i j=o....k],
(15) Bik(t1,ta; (bij)ijmo... i) = Brc(t1; (Bi (ta; (bij)j=o. .k ))i=0... k),
(16) (1, s (bij)ij—o, k) = bb,

where B (+; (bm)m=o0,.... k) denotes a Bézier curve in M and where bé% is defined recursively
via de Casteljau’s algorithm,

b = by, 4,5=0,...,K,

k k—1 (k—1 k—1 k—1 .
bij = av[(bij 7bi,j+17 bi—l—l,j? bi+1,j+1)7 (wgo,wgl,wlo,wn)], k= 1, .. .,K, 1,] = 0, .. .,K—k,
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Figure 4. The Bézier surfaces of types I to 111 differ from each other. Here this is visualized on the sphere
S? by mapping a curve (left) or a grid (right) on the parameterization domain onto the Bézier surface. Types
I to III correspond to the solid, dashed, and dotted lines, respectively. Note, though, that the Bézier surface
boundaries coincide. The control and interpolation points of the Bézier surface are displayed in the left picture;
the gray dashed lines indicate the control point grid. Note that the curves deviate by more than 1072 which
lies far above our computational precision (the weighted averaging according to Definition 1 is performed by
Newton’s method with accurracy 10_7). Figure 5 highlights further differences between different types of Bézier
surfaces.

with weights
woo = (1 —t1)(1 —t2), wor = (1 —t1)ta, wip = t1(1 —t2), wi1 = tita.

All these three types reduce to the classical Bézier surface if the manifold is the Euclidean
space M = R? However, they will generally differ from each other on general manifolds
(Figure 4).

In the above definition of ,6’% we have not yet specified how Bézier curves in M are defined.
Here we can again either employ a generalization of (1),

Bk (t; (bj)j=0,...k) = av[(b;)j=o0,..., K, (Bjk (t))j=o0,.. K],
K

or use a definition via de Casteljau’s algorithm as in [23, 16], where Sk (t; (b;)j=0,..x) = bg
for

0 =b;, j=0,...,K,
bf = av[(bh ', b5 ]), (1—-¢t,1)], k=1,...,K,j=0,....K—Fk

All three approaches have their advantages and disadvantages.

The evaluation of ﬂf( entails solving a rather complex optimization problem. However, it
does not suffer from the drawbacks of the other two approaches.

In comparison to ﬂ;{, an evaluation of ﬁgl via de Casteljau’s algorithm only requires the
comparatively simple computation of weighted geodesic averages with four points. Unfortu-
nately there does not seem to be a straightforward way to patch multiple Bézier surfaces of
type III together C!-continuously (this will be discussed in section 3.4).

Finally, the evaluation of B{{I requires only weighted averages of two points as it is based

on the one-dimensional de Casteljau’s algorithm. When simple analytical formulas exist for
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Figure 5. The two possible construction methods (15) and (17) for Bézier surfaces of type 11 produce,
in general, different results (their boundaries always coincide, however). Here the difference is shown on the
sphere with the same conventions as in Figure 4: the solid line corresponds to computing vertical splines first,
the dashed line to computing horizontal splines first.

the Riemannian exponential and logarithm (e.g., for M = S™; see also [31]), this method is
very avantageous since the averaging can be based on (13). However, unlike the surfaces of
types I and III, the definition of B% is not symmetric, because it does not satisfy the relation

Brc(t1,t2; (bij)ij=o,...) = Br (2, 15 (bij)] j=o. x)-

In the definition of b’g, instead of first computing the Bézier curve with respect to to, one
could alternatively compute first the Bézier curves g (t1; (bij)i=o,. k) for each j to obtain
new control points for a Bézier curve which is then evaluated at to,

(17) Br (t2; (Br (t1; (bij)i=o,....K))j=0,....K)-

In general, both approaches will yield different surfaces (Figure 5) so that there is a choice to
be made about along which variable of (¢1,¢2) to interpolate first.

3.2. Well-posedness and smoothness of Bézier surfaces. In order to analyze the well-
posedness of ﬁ{(, ;’g, and B%I (Definition 4), we now present generalizations of standard
notions in Riemannian geometry.

Definition 5 (multigeodesic convexity). A subset U C M is called multigeodesically convex
if it contains any weighted geodesic average of any of its points. The multigeodesically convex
hull, co(U), of a set U C M is the smallest multigeodesically convex set C C M containing U.

Remark 6. A multigeodesically convex set is a generalization of a geodesically convex
set, i.e., a set that contains any weighted geodesic average of any pair of its points. Thus,
by definition, any multigeodesically convex set is also geodesically convex. However, the
opposite inclusion is false in general: consider, for instance, R® with the Euclidean metric
gz(v,v) = |[v||?, only with the difference that the metric is smaller, say g.(v,v) = afv|?
with some 0 < o < 1 for x in a neighborhood of the three lines connecting the origin with
y; = (cos %,Sin %, ), i = 1,2,3 (Figure 6). We claim that for o € (\/3/_2— 1L,vV2-1)
the triangle spanned by 2y;, 2y2, and 2y3 is geodesically convex, but not multigeodesically



DIFFERENTIABLE BEZIER SURFACES ON MANIFOLDS 1799

Figure 6. Illustration of the counterexample given in Remark 6. The gray color indicates areas where the
metric s smaller than the Euclidean metric.

convex. Indeed, it is straightforward to check that for & < v/2 — 1 the average of 2y, 2y,
and 2ys is close to the origin,

aV[(lea 2y25 293)7 (%a %7 %)] ~ (05 07 0)

Since the triangle does not contain this average, it cannot be multigeodesically convex. How-
ever, the shortest geodesic between any two points of the triangle is fully contained in that
triangle, so it is geodesically convex. In particular the geodesic between two triangle corners,
which is the most critical case, is the straight connecting line as long as o > m —1.

Remark 7. In our definition of the convex hull, we require every weighted average to be
contained. This is conceptually different from, e.g., [21, Def. 3.3.1], where not every, but only
one of the shortest geodesics between two points needs to be contained. Consequently, in
contrast to the geodesic hull in [21, Def. 3.3.1], the multigeodesically convex hull co(U) always
exists as the intersection of all multigeodesically convex sets containing U.

Remark 8. The multigeodesically convex hull co(U) can, in general, not be obtained as
the set of all weighted geodesic averages of points in U: taking U = {y1,y2,ys3}, the latter
will contain the origin, but not the point (0,0, 1), while the former contains both. This differs
from Euclidean space.

The following theorem ensures that one can always find a weighted geodesic average,
thereby proving part of the well-posedness of geodesic averages (which is necessary to justify
our approach). The remaining issues of uniqueness and smooth data dependence can only be
expected to hold under more restrictive conditions and are treated further below.

Theorem 9 (existence of weighted geodesic averages). Let M be a smooth finite-dimensional
geodesically complete Riemannian manifold. For any points yi,...,yn € M and weights
wi,...,w, € [0,1], Y7, w; = 1, a weighted geodesic average exists.

Proof. This is a simple application of the direct method in the calculus of variations.
Set Jly] = >0, w;d?(y;,y) and consider a minimizing sequence 3/, j € N, with J[y/] —
infyeca J[y] monotonically as j — oo. Without loss of generality, let w; # 0. Due to
d(y1,97) < %J [y7] < w%J [y!], the sequence y/ is bounded. Hence the Hopf-Rinow the-
orem implies that 3/ is precompact, i.e., ¥/ converges (up to a subsequence, which we again
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denote by 3’ for simplicity) to some y € M. The limit y is a weighted geodesic average, since
by the continuity of d(-,-) we have J[y] = lim;_,c J[3’] = infyerm J[y]. [ ]

Remark 10. An analogous result for infinite-dimensional manifolds M is much harder
to obtain and probably requires assumptions similar to the ones in [32] for the existence of
geodesics. There the manifold needs to be modeled over a Hilbert space V' which is compactly
embedded in another Banach space Y. The inner product of V' needs to be globally equivalent
to the Riemannian metric g, (-,-), and gy(-,-) has to depend Lipschitz continuously on y € Y.

Definition 11 (proper subset). We call a subset U C M proper if the weighted geodesic
averages between any finitely many points in U are unique and smoothly depend on the points
and the weights.

Proposition 12 (existence of proper neighborhoods). For every y € M there is a proper
multigeodesically convex neighborhood.

Proof. In the following proof, experts will recognize several familiar, classical arguments
from [22] and [2]. Let us again set J[y] = S, w;d*(y;,y). For all p > 0 small enough the ball
B,(y) of radius p around y is geodesically convex. By [22, Thm. 1.2}, for yi,...,yn € B,(y)
the energy J has a (local) minimizer in the interior of B,(y). Now let A denote an upper
bound on the sectional curvatures of M in a neighborhood of y and let r be the injectivity
radius of exp,. If p < po with pg = min(r, ﬁ) for A > 0 and py = r else, J is strictly convex
on B,(y) by [22, Thm. 1.2] and thus the minimizer is unique.

Now take U = Bpo/g(y), then for any points y1,...,y, € U and any convex combination
of weights wy, . .., wy, the energy J has a unique global minimizer which lies inside U. Indeed,
the minimizer cannot lie outside B, (y) since for any § € M\ B, (y) we have J[j] > n(% po)? >
J[y1], and inside B, (y) the energy J is strictly convex. Thus U is multigeodesically convex
and every weighted average of points from U is unique.

As for the smoothness of averages in U, note that by [22, Thm. 1.2] the weighted geodesic
average b = av[(y1,...,yn), (w1,...,wy)] is characterized as that point b € M for which
0 = gradJ [5] = —23 ), wilog;yx. For an easier exposition we replace b= expy v for some
v € Ty M. Then the above optimality condition turns into

n
0= Zwk logeprv Y =: F(%yh <o Yn, WL, - - ,'U}n).
k=1

By the implicit function theorem, this last condition can be solved for v in a neighborhood of
(0,Y1y -y Yn, W1, ..., wy) if %—5(0, Yly- -y Yn, W1, ..., Wwy,) is regular, and the resulting function
V(Y1y -y Yn, W1, ..., Wy) is smooth if F is smooth. Since b is unique, in a neighborhood of
b, the function exp, v describes the weighted geodesic average for different input points and
weights.

The smoothness of F' is clear, based on the smoothness of the Riemannian exponential

and logarithmic maps. The regularit2y of %—5(0, Yy Yn, Wi, ..., Wy) follows directly from [22,
Thm. 1.2], which also states that %J[y(t)] > CH%HQ for any geodesic y, where the constant
¢ > 0 depends on the sectional curvature of the manifold and on pg. Thus we have

OF 2

d
9b <av(0>y17 y Yn, W1,y - - - ,’U)n)U,U> = di

75 [expy (tv)]i=0 > cfjo]?
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so that %—5(0, Yly- -y Yn, W1, ..., Wy) is symmetric positive definite and thus invertible by the
Lax—Milgram theorem. |

Corollary 13 (existence of Bézier surfaces). Let control points (bij)i j—o,. .k € M be given.
If co({bij}i j—o...x) is proper, then Bk, B, and BI in Definition 4 are well-defined and
define smooth surfaces in co({bs;}i j—o,. . x) C M.

Proof. First we note that, if the weighted geodesic averages involved in the computation of
the Bézier surfaces are well-defined (i.e., they exist and are unique), then the Bézier surfaces
are well-defined and lie in the convex hull of their control points by definition. The existence
of all averages follows from Theorem 9, their uniqueness and smoothness from the properness

of co({bsj }i j=0,...K)- .

3.3. C°-patching. As in Euclidean space, two generalized Bézier surfaces can be patched
together via the generalization of (8) to a manifold M,

Y 1 :
ty, to; (B); i ft; €10,1],
(18) BV :[0,2] x [0,1] > M:  (t1,ts) — Bf;( 1o t2i (b4)ig=0... ) it < 0.1]
Brc(t1 — 1,423 (bj;)ij=0,... k) if t1 € (1,2]
for Y = I, 11, or IIT (and analogously for patching in the to-direction). The Bézier spline will
be CY-continuous under the same conditions as in the Euclidean space.

Theorem 14 (CY-continuity). ForY = LI, and 111, the patched Bézier surface BY in M
is continuous if blva =bg forj=0,...,K.

Proof. The generalized Bézier surfaces (Definition 4) are smooth (Corollary 13), hence
it remains to consider the continuity at the interface of the two domains, i.e., at ¢t; = 1.
From the definition of the Bézier surfaces Y, it immediately follows that only the con-
trol points b}(, j and bf),j are involved in the corresponding weighted averages. Furthermore,
,B};-(l,tg; (bi‘j)i,j=0,~--,K) and B};(O,tQ; (bgj)i7j:07_,,7K) are the Bézier curves in M defined by the
control points (blK,j)jzo,...,K and (baj)jzo,m,;{, respectively. Thus, if those control points co-
incide, the corresponding curves coincide too. |

Remark 15. In Riemannian spaces where logarithm and exponential maps are very easy
to compute, one might be tempted to replace the weighted geodesic averages in the definitions
of B{( and B%I by the similar and simpler expression

av((y1, .-, Yn)s (W1, ..., wp)] = exp, (wl log, y1 + - + wy log, yn) ,

which performs a weighted average in the tangent space at some y € M. For instance, in the
definition of BH! we might redefine bfj = eXpPyh-1 (Z(r,s)e{i,i+1}><{j,j+1} log, k-1 wmbf;l), in
which case the following can be observed. K K
e The curve Bgl((), to; (b§j)i7j:0’,_.71<) is still a Bézier curve with control points ( 67]-)]:07_.,[(.
The involved weighted geodesic averaging reduces to two-point averages at each step of
the recursive process. By (13), the two-point averages computed by the new or the old
formula are identical.
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Figure 7. Two cubic Bézier surfaces computed on the sphere with de Casteljau’s algorithm modified as in
Remark 15. At the interface where control points coincide, the surfaces do not match up continuously due to
the simplification of weighted geodesic averaging.

e The curve 5%1(1, to; (bij)i,j:O,...,K) is not a Bézier curve with control points (b}{’j)j:07.,,,K.

Here, the averaging is based on the tangent space at a different point than the two of
which the weighted average is computed.
As a consequence of this second observation, C’-continuous patching of Bézier surfaces is no
longer possible (Figure 7), even in symmetric spaces such as the sphere.

3.4. C'-patching challenges. In contrast to C’-continuity, which is easily achieved, C!-
patching represents a challenge. Indeed, the corresponding conditions in the Euclidean space
[13] cannot be used, as we will see. In the following we will always choose the outermost
control points of each Bézier surface patch such that C°-continuity is ensured. The Euclidean

.- bhe | b N . . . .
conditions bl ;= for C L_continuity now generalize to the Riemannian setting as

(19) blK,j = av[(blK—l,ja bli,j)v (%7 %)]

for all j. However, there are multiple problems with this generalization. Consider four Bézier
surfaces that are patched together as a bidimensional spline 9B : [0, 2] x [0, 2] — M via

Ble (b1, ta; (B)))ij=0,....K) if (t1,t2) € [0,1] x [0,1],
(20) (1. t2) Ble(tr = 1,t2; (07 )i j=0,.. k) if (t1,t2) € [1,2] x [0, 1],
Bl (t1,t2 — 15 (08)i j=o.... ) if (t1,t2) € 0,1] x [1,2],
Bi(tr = 1,tg = 15 (b)ij=o,..x)  if (t1,2) € [1,2] x [1,2],
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btl
K—1,1 _ _
bl A_11 = 0p1 = Q11
K—1,K+1 btl
ptr K,1 ptr Qo1
—1,1 6 1,1 a_1,1 <.)
- 0 o
1 1
1 1
1 1
: 6 <:)_ a_1.0 'ao 0
bbl : bbl : bbr
K—1,K KK YLK
: '
1 1
O = === =COREEEEE (o]
bl (’) pbr a_y,_1 ?
K—-1,K-1 bbl 1,K—1
KK —1 Qo _y

Figure 8. Left: C'-conditions of (21) at the interface of four Bézier surface patches. Along each dashed
line, the middle point should be the average of the end points. Middle: renaming scheme for the control points.
Right: illustration of the counterexample from Proposition 16.

where the superscripts bl, br, tl, tr stand for bottom left, bottom right, top left, and top right,
respectively. The conditions of type (19) for C!-continuity near the midpoint now read (cf.
Figure 8 left)

bKK o= av[(bR LE-1 0K 1)7(%7%)]7
b?(l L,K — aV[(bKl 1,K— 1ab11( 11)a(%7%)]3
(21) bK,K = av[(b} K L&D ) (% %)]7
bl})(l,K = av[(by KK b ) (% %)],
b?{,l = av|(bi K-1,1s tr) (% %)]
blf,rK = av[(®}’ LK-10 byt ),(%7%)].

These are six equations in nine control points. In Euclidean space the equations are linearly
dependent so that there are only five independent equations and one can choose four of the
nine control points as independent variables. In the Riemannian setting, however, the linear
dependence of the six equations turns into an incompatibility: in general it is not possible to
satisfy all six equations (unless several control points collapse to single points in M).

A special situation occurs in symmetric spaces (spaces M such that for every § € M there
exists an isometry I; : M — M which maps any geodesic y : [0,1] = M with y(%) = ¢ onto
Ij(y) : t = y(1 —t)). As the following proposition shows, in those spaces one can always find
a nondegenerate set of control points satisfying the above six equations. However, instead of
four one can only choose three of the nine control points freely. In the following propositions,
for simplicity we will write

_ ptr .
bz K45 bK-H J b bK-i—z K+j = Qij

for i,5 € {—1,0,1} (see Figure 8, middle). The control points with indices below 0 or beyond
K simply indicate control points in the neighboring Bézier surface patches; a;; refers to control
points in a specific area where four patches meet.
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Proposition 16. Let M be a symmetric space. Of the nine control points a;j, i,j =
{—1,0,1}, let ao,, ai, j,, iy j, be given with (i1,j1) # —(i2,72), |i1] = |j1]. One can find
the other siz control points such that (21) is satisfied.

If instead four control points are given initially, those can, in general, not be complemented
with five other control points such that (21) is satisfied.

Proof. To prove the first part, we complement the six equations (21) with the following
additional two equations,

ap = av[(a—1,-1,a1,1), (3, 3)], o0 =av[(a—1,1,a1,-1), (3, 3)]-

Now we have eight equations for the nine control points, where each equation expresses one

control point as the midpoint on the geodesic between two other control points. The equations

of the form ago = av((aij, a—;—;), (3, 3)] just establish the relation

Qij = Iao,o(a—i,—j): 1,J € {_1707 1}7

for the isometry I,,, of the symmetric space. Thus, there are actually only two unknown
control points left, the others being fixed by the above identity. Furthermore, the remaining
four equations,

)] and a1 =av[(ai,—1,a1,1),

)] and ap; = av[(a_1,17a1,1),(

a_10=av[(a_1,-1,a-1.1),(

as well as  ag—1 = av[(a_1,-1,a1,-1), (

)

N[ D=

)

are redundant due to the identity stated before. It is therefore straightforward to check that
two of them may be chosen to determine the desired two control points.

For the second part, a simple counterexample suffices. Consider the unit sphere M = S?
with a_11 = a1 = (0,0,1)T, agp = (%,O, @)T, and a_1 0 = (%, —%, g)T (Figure 8 right).
Choosing four of the equations in (21), it is straightforward to compute in this order

V2 V2
0 1 2 2

ap,1 = (0) , A0,—1 = (0) , A—1,-1 = (ﬁ) , a1,-1 = (ﬁ) .
1 0 02 2

0

If we now set a1 0 = av((a1,-1,a11), (3, 3)], then the constraint agy = av[(a_1,0,a10), (3,3)] ==
aop,o is violated. [ |

Apart from the incompatibility of the equations around ag o, we do not necessarily achieve
C!-continuity for Bézier surfaces of types I to III even if control points satisfying all the above
conditions can be found. This observation is illustrated in the top line of Figure 10.

Proposition 17. The conditions (19) are not sufficient to ensure C*-continuity of the patched
Bézier surface (18) of types 1, 11, or I1I.

Proof. Types 1 and III. We first give a counterexample for types I and III. Consider
K =1 in which case Bk and BII(H coincide and each Bézier surface is just obtained by weighted
geodesic averaging between four control points. Let us write bij = bj_,; = bi; and choose
bij = (7,7) in Euclidean space R2. Let the metric be slightly decreased somewhere along the
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bo1 b11 bo1 bo1 b11 bo1
———————— - -——-——-@ i ——
Ay l l l

Sl ‘ ‘—) ‘ ‘o—>

boo b1o bao boo b1o bao

Figure 9. [llustration of the two manifolds from the counterexamples in Proposition 17. A gray region
indicates a deviation from the Fuclidean metric.

connecting line between bgy and y = (1, %) That way, the geodesic from bgg to y is still a
straight curve in R? but has a shorter length than in the Euclidean space (Figure 9 left).
Denote the patched Bézier spline surface by B(t1,t2) and consider the point (t1,t2) = (1, 3).
In the Bézier surface patch defined by bgg, bo1, b10, b11 and the one defined by b1g, b11, bag, b1,
we have, respectively,

%(tl,tg) = aV[(b()(), bo1, b10, b11)7 ((1 — tl)(l — tg), (1 — t1)t2,t1(1 — tg),tltg)],
’B(tl,tg) = aV[(blo, b11, boo, b21>, ((2 — tl)(l — tz), (2 — tl)tQ, (tl — 1)(1 — tg), (tl — l)tg)].

Obviously, b := B(1, %) = (1, %), and the optimality conditions for both averages are [22,
Thm. 1.2]

0= (1 — tl)(l — tz) logb bgo + (1—t1)t2 logb b01 + tl(l—tg) logb blO + t1t2 logb b11 =: F(tl, tg, b),
0= (2 — tl)(l — tz) logy b1o + (2 — tl)tz logy b11 + (tl — 1)(1 — tg) logy, bag + (tl — 1)t2 logy, ba,

where logy, b; ; = b; j — b except for log, by o = ((bo,0 — b) with some ¢ € (0, 1). Solve the latter
equation to yield b = B(t1,t2) = (2—t1)(1 —t2)b1,o+ (2 —t1)tabi 1 + (t1 — 1)(1 —t2)bao + (t1 —
1)tabo 1 so that the right derivative % at (t1,t2) = (1,3) equals (1,0). The left derivative can
be obtained via the implicit function theorem as

0B _
Fot —(DyF(1,3,b)) "Dy, F(1,3,b) = Dy, F(1,1,0)
_ logy boo +logy, bor — log, bio — logy b1 (3 3 1
= 5 =1+ 4) #L)
4 1

Here we have used that around b = (1, 1) the function F is given by F(1, 5,b) = 3 log;, bio +
31ogy b11 = &(b1o — b) + 5(b11 —b). Thus, the Bézier surfaces are not patched C'-continuously,
even though all conditions (19) are satisfied.

Type 11. For a counterexample in the case of Bézier surfaces of type II, we again take K =1
and the same control points as before. This time we consider the Euclidean metric with the
modification that it is slightly decreased somewhere in between bgg and (bgg + bp1)/2: the
connecting geodesic from byg to boy is given by t — (0, f(t)) with f(¢) > ¢ in the interval (3,1)
(Figure 9 right). We have Bl(t%bio,bil) = (i,tg) for i # 0 and ﬁl(tg;boo,bol) e (O,f(tg)).
Obviously, for t; > 1 we obtain B(t1,t2) = (t1,t2), while for ¢; € [0,1] and ¢2 € (%, 1) we have
B(t1,t2) = (t1, (1 — t1) f(t2) + t1ta), yielding a discontinuous first derivative at ¢; = 1. [ ]
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Unfortunately, in the case of Bf{ﬂ, no straightforward remedy can be found to modify
de Casteljau’s algorithm in a way that is consistent with Bézier surfaces in Euclidean space
and, at the same time, allows us to have C!-continuity. For Bézier surfaces of types I and II,
however, one can find such a remedy, as described next.

3.5. Cl-patching solution. We propose now a way to overcome the different problems
presented in the previous section. For notational simplicity, let b?}” € M be the ijth control
point of the mnth Bézier surface, where i, j € {0, ..., K} and (m,n) € {0,..., M} x {0,...,N}.
We intend to patch the Bézier surfaces together to a C'-continuous spline surface according
to

(22) BY :[0,M] x [0,N] = M :

(t1,t2) — ﬁ}?(tl —m,ty —n; (bg")i,jzo,m’[{) on (t1,t2) € [mym+ 1] x [n,n + 1]

for Y =1, II. As before, we will also allow indices outside the usual range, using the identific-
ation

n _bm—l,n o 7
- ’ J—1 7 Yj5,K-1> JK+1 —

pm™ mn o bm+1’n mn bm,n—l mn bm,n-i—l
—1,7 K-1,5° K+1,5 — V1,5 j j 7,1 .

Let us additionally define fictional points beyond the domain boundary as

0" = ex —lo o pMm — ex —lo pm
~Lj Pygn Sopr \"15) ) UR+Lj Pypln Sopn \"K-1) )
7=0,....,. K, n=0,...,N,
b0 — ex —lo pm0 b ex —lo pmN
j1 = EXPyro S0\ ) ) ik T SXPymy Sym N \Yik-1) )

j=—1,...., K+1,m=0,..., M.
In fact, in Euclidean space the conditions

mn mn
yon _ ey R
K?] 2

imply that the control points b"; can be ignored altogether; indeed, in (5) one may simply

mn mn

bR TR .
——l5—=+=L The analogous holds true for the control points b]'%, b7,

replace any b”,?;
and 0g'}". Note that this trick will restore C!-continuity in the Riemannian setting as detailed
below, but it may also be interesting in the Euclidean setting since it allows one to neglect
conditions (19) and obtain a differentiable piecewise-Bézier surface nevertheless. Following
this idea we obtain a generalized Bézier surface as a weighted average of bii", 1,5 € 1, with
I={-1,1,2,.... K —1,K + 1} as

(23) Bic(t1, t2; (0)ij=0,... ) = av [(b}™)ijez, (wi(t1)w;(t2))s jer]
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with weights

$Bok (t) ifi=—1,
BlK(t) + $Bok (t) ifi=1,

wilt) = ixc (t) ifi=2...,K—2,
BK_LK( )+ $Brk(t) ifi=K -1,
$Brr(t) ifi=K+1,
0 if i € {0, K}.

\
Under the same conditions as earlier, every Bézier surface patch is a smooth function into the
multigeodesically convex hull of the control points.

Similarly, in (6) the one-dimensional Bézier curves can be computed just based on
1,7 € Z, i.e., we define

(24) Bie(t1, ta; (b7 j=0,... k) = Br (t1; (B (t2; (V™) j=0,.... ) )i=0.,....K);
where the one-dimensional Bézier curves are either computed as

Br (t; (bj)j=0,...x) = av((bj)j=z, (w;(t));=o,...x]

or via the alternative modification of de Casteljau’s algorithm, where Bx (t; (b )k—o,...x) = bl
with

mn
"

by = av[(b_1,b1), (3, 3)],
b?zij j=1...,K -1,

b%':av[(bf( 17bK+1) (%7%)]7
bf = av[(bh ' b5 1), (1—t,1)], k=1,...,K,j=0,....K — k.

In Euclidean space, all definitions are equivalent to the original Bézier surface as long
as the control points satisfy the conditions for C!-continuity. In the manifold case, where
the conditions (21) can at most be satisfied approximately, the above definitions lead to C!-
continuity as shown in Figure 10 and the following theorem. Let us emphasize once more that
the C!-smoothness holds regardless of whether or how well any conditions of type (19) are
satisfied.

Theorem 18. The patched Bézier surface spline (22) with 5}[< or B% defined as above is
Cl-continuous.

Proof. Each single patch is C'-continuous by the proof of Corollary 13. Also, C’-continuity
follows as before, so it remains to show that the normal derivatives at all interfaces between
two adjacent Bézier patches coincide.

Consider the interface between patch (0,0) and (1,0) at t; = 1, ta € [0,1]. The proof for
the other interfaces works analogously.

In case of type I Bézier patches, we have

bi=B(t1 =1,t) =av [(bgjo)i,jez, (wz‘(l)wj(tQ))i,jeI]

= av [(bgjo)i,jely (wi(())wj (tQ))Z'JeI] .
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(a) type I (b) type II (c) type III

Figure 10. The conditions (19) do not suffice to ensure differentiability (top, visualized using a piecewise
Bézier surface composed of two patches) while the remedy from Theorem 18 permits us to construct C' surfaces
of type I and type 11 (bottom). The visualization is analogous to Figure 4 left; the dotted lines show tangents to
the curve from either side of the interface between the two Bézier patches.

The optimality conditions for both averages read [22, Thm. 1.2]
0=">" wi(tr)w;(t2) logy b3’ =: Fi(t1,t2,b),
i,je€T
0= Z wi(tl — 1)wj(t2) logb bzlj’o =: Fz(tl,tQ, b)
1,J€EL

By the implicit function theorem, the left and right derivatives of B! with respect to t; at
(1,t2) are given as

oB! 4
Bty . = —(DyF1(1,t2,0)) " Dy, Fi(1,t2,b)

1—,t2

= —(DyFi(1,t5,b)) " EZw-(tg)(log 20— log, %Y, )
> V2, ) J bYK+1,j bYK—1,5 ’
jeT

oB! _
Bt e = —(DyFy(1,t2,b)) " Dy, Fo(1,12,b)

1T1.,t2

4| K
= —(DyFa(1,t2,0) 71 | 5 > wj(ta) (logy by — logy b7 )
JET
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Noting that Fi(1,t2,b) = Fy(1,tp,b) for all b € M and the definition of the b;;" for i ¢
0BT _ os!
{0,..., K} we see that %~ e = 0 (1 gy’
In the case of type Il Bézier patches we note that

2 Bi(t = 0; (b)) j=0,..k) = logy by for b= av[(b_1,b1), (3, 3)],
2Bt =15 (bj)j=0,...k) = logybr1  for b= av[(bx_1,bx11), (3, 3)]-

Thus we have

om ! log 5[I(t (bo,o ) )
- b K 2 i)7=0,....K )
Ot - o) - et
o
= 1lo . phoy
ot (1+,t2) gb(tz)ﬁK( 2 ( LJ)J 0,...,K)

for b(ta) = av[(BH(12; (bR ;)j=0...K), BI (25 (0301 )j=0,..Kk))s (3, 3)]. Again, the derivat-
ives from either side coincide. [ |

In the next section we propose a way to choose the control points such that the interpol-
ating surface has the least squared acceleration when the manifold reduces to the Euclidean
space.

4. Control point generation for two-dimensional piecewise cubic Bézier interpolation
on manifolds. Given data points

Pmn €M,  (m,n) €{0,...,. M} x{0,...,N},

we would like to interpolate them by a smooth surface B : [0, M]x [0, N]| - M with B(m,n) =
Pmn, consisting of Cl-continuously patched cubic Bézier surfaces on each domain [m, m + 1] x
[n,n 4 1] as in (22). To this end we need to generate appropriate control points

bi;" for m,n € {0,..., M -1} x {0,...,N =1} and i,j = 0,...,3.

The control points must respect the interpolation constraints for m = 0,..., M — 1, n =
0,...,N—1,
(25) 8?3 = Pmmn> bg?(? = Pm+1,n, bg?é? = Pm,n+1, bgfg = Pm+1,n+1,

as well as the CY-patching constraints of Theorem 14,

mn _ pm+1,n mn _ pm,n+1
(26) by = bp " and BT = b

for j = 0,...,3. Furthermore, the resulting spline surface shall be C!'-smooth and must thus
be generated by the approach of Theorem 18.

To make the interpolating surface as nice as possible, we would like to optimize the position
of the control points such that the mean squared second derivative of the parameterized spline
surface is minimized. This, however, is a highly complicated nonlinear optimization problem.
Instead, we consider a much simpler approximation: we formulate the problem of finding the
optimal control points in Euclidean space (similarly to [16]), in which case the optimization
problem reduces to the solution of a linear system. We then transfer this linear system to the
manifold case. The following subsections elaborate this idea.
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4.1. Variational formulation of control point generation in R™. In the Fuclidean space
R™ we would like to minimize the objective function

238 || M-1N-1 928y
(27) F[‘B]:/ H d(ti,t2) = / ‘ d(tl,tz),
0.M]x[0.N] || O(t1, t2) || mZ:O ,;) 0,1x[0,1] |1 9(t1,t2) ||
where || - ||r is the Frobenius norm on (2 x 2 x n)-tensors, 8(?172%2) is the Hessian operator

for any bivariate function, and S5 is the cubic Bézier surface defined on the patch (m,n)
and based on the control points bzm. For notational simplicity, we will just denote it by
when no confusion is possible. Note that the constraints (25) will automatically ensure the
interpolation of the data points.

Expressing each single Bézier surface patch with the help of Bernstein polynomials ac-

cording to (5), the objective function turns into a quadratic function in the control points

mn
by,

M-1N-1
(28) F[B] =) > Flg™,

m=0 n=0
where the energy F' for a Bézier surface with control points bf]m, i,7 € {0,...,3}, is defined
as

3
(29) FIB™ = > aijopbfi™ - b
i7j7o’p:0

with - indicating the Euclidean dot product. Denoting the Frobenius inner product on 2 x 2

matrices by A: B = ZZ =1 A;;B;j, the coefficients a;jop in the above energy are given by

N 0*Bis(t1)Bjs(t2) | . [0*Bos(t1) Bys(ta)
(30) Qijop = /[0 2 [ (i1, 1) ] : [ Ot 1) ] d(ty,te),

where the explicit Hessian of the Bernstein polynomial products can be expressed as

92B; 9B; 0B,
9?By3(t1) Bjs(t2) _ <a23££t1)3j3(t2) a‘:ftl) éi§t2)>

8(t1,t2) aBngtl) aBéiQ(t2) Bi3(t1)823j3(t1)

(31)
02ty

Note that the coefficients «;j,, can be readily computed analytically and are independent of
the configuration.

To later be able to transfer this formulation to the manifold setting, we would like to
express every control point of a given patch as its difference with the four interpolation points
of the patch. These differences will be later translated into Riemannian logarithms. Since the
objective function F[%B] only contains derivatives, the contributions F[3] of its single Bézier
patches are invariant under a uniform translation of the control points. Hence

3
(32) F[gm™] = i Z Z QijopVi; " (1, 8) - vy (1, 8),

r,s€{0,1} ,3,0,p=0
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Pm,n+1 | Pm+1,n+1

Figure 11. Geometric interpretation of variables vi;™(r, s).

where we introduced the auxiliary variables for the differences (see Figure 11)

(33) 7)7,] (T 8) = bzm — Pm+rn+s
fori,7=0,...,3,r,s=0,1,m=0,..., M—1,and n =0,..., N —1. Note that for symmetry
reasons we shifted the control points by each corner of the corresponding patch and then took
the average of the four energy values resulting from those four shifts.

To summarize, the total energy can be represented as

M—-1N-1

(34) Z Z Z Z z],rs ’ Zm,(r’ 5)

m=0 n=0 r,se{0,1} %,7=0

with V' = (vj7"(r, s))Z(Té?oe{og;’]\T/[S;l{]bxl{}o’”"Nﬁl} and the linear operator L

(35> (L( z] rs = Z awopvop L S)
0,p=0

This energy has to be minimized for the control points bg’;” or, equivalently, the fug?’"(r, s)
under interpolation, continuity, and smoothness constraints (25), (26), and (21).

4.2. System reduction by constraint elimination. Before minimizing (34), we would like
to eliminate all constraints (25), (26), and (21) in order to reduce the number of degrees of
freedom and to reach a simpler unconstrained minimization problem. To this end, without
loss of generality, we consider as independent the control points

" with (k1) € Q = {(1,0),(0,1), (1, 1)}, (m,n) € D ={0,...,M} x {0,...,N}.

Conditions ( 5), (26), and (21) then uniquely determine all the remaining control points, e.g.,
" = 201 — b'f'. In the above, we again extended our notation to allow control point
indices out81de {0,...,3} (cf. Figure 8 left), with the interpretation

_bmn l_bm ln_bm 1,n—1
kl k,3+1 34k, 3+k,3+1
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, 2uiy
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I ¢ mn
© -9 0 1' 7“1,1
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i (o] O o

\ mn
N 1,—1

Figure 12. Geometric interpretation of operator S.

for k,1 € {—1,0,1}, where points b;" with (m,n) ¢ {0,..., M —1} x {0,..., N — 1} are just
ficticious additional control points.
Equivalently to the b7}, (k,1) € Q, (m,n) € D, we consider the translated control points

(36) ugl = bfi" = pmn, (k1) €Q, (m,n) € D,

as our independent arguments. Those will be the arguments we optimize. In the following, we

will express the energy variables v7" (r,s) in terms of these u};". This requires two operators:

1. The linear operator S generates u;?" for (k,l) € {—1,0,1}?\ @ from the conditions of
Cl-continuity (21) (cf. Figure 12):

uT{‘,l = 2u6’}? — u?}{‘,
ugy = 0,
uTﬁO = —u’l%l,
(37) S (g e sy s oy =
ugfﬁl = —ug?{L,
ufﬁl = 21/1'}61 — UT{‘,
up” = up” for (k1) € Q.

2. The operator T maps the set of vectors up;™ onto the set of vectors vg.m(r, s) by

exploiting the relation

'U;?n(ra 3) = Ug%ﬁ + (pﬁ’L’ﬁ - pm+r,n+s)a

where m, n, k, and [ satisfy

0 ifie{0,1},

~7~: +ai,n+a; d k7l: _327_3 fi i =
(m,n) = (m+a;,n+a;) and (k1) = (i —3a;,j—3a;) for a {1 ific (23],
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Figure 13. Geometric interpretation of operator T. The variables v (r,s) (cf. Figure 11) are constructed

as follows: (i) a vector up;™ in pmn s transported to another interpolation point p, and (ii) to this vector one

adds the difference between p and pmn .

To this end we first introduce the notation

(38) wig"(r,s) = u}j}ﬁ,

(39> Zz‘T;'m(Tv 5) = Pmn — Pm+rn+s,

which seems cumbersome at first but is needed for an easy transfer to the manifold
setting. Abbreviating

- (m,n)eD mn (m,n)eD
U= (Ukz ) , V= (Uij (r, 5>)i,j:0,...,3v
k‘,lE{—l,O,l} T,sE{O,l}
i (m,n)eD mn (m,n)eD
W= (wij (r, 5))2‘,]‘:0,...,37 Z= (Zz'j (r, 5)>z‘,j:0,...,3’
r,s€{0,1} r,s€{0,1}

and introducing the linear operator

(40) T:U—W

we finally obtain

(41) T:U—V=TU)+Z

Note that the operator T' can be interpreted to operate on each patch (m, n) separately
as follows (this interpretation forms the basis for the transfer to the manifold setting):
T translates any vector uZ}ﬁ, which belongs to a control point of the patch, from its
base point p7 to all four patch corners pyirnts, (7,8) € {0, 1}2, resulting in the four
new vectors wf}"(r, s), rys € {0,1}. Of course, in Euclidean space this translation is
trivial, however, it will turn into a nontrivial parallel transport in the manifold setting.
The map T is illustrated in Figure 13.
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The total energy (34) of Bézier curves in Euclidean space can thus be rewritten as
| M-IN-1

IS S S At (SO, o = e

m=0 n=0 r,se€{0,1}%,j=0

and is minimized by
(42) Uopt = —(S*T*LTS) " (S*T*LZ),

where a superscript asterisk denotes the adjoint operator (note that L is self-adjoint). Indeed,
letting (-;-) denote the natural inner product on Cartesian products of vector spaces (such
that for instance F[B] = (LTSU;TSU) = (L(TSU + Z); TSU + Z)), this is easily seen from
the first order optimality condition

0= (LTS®; TSUop + Z) + (LTSUpp + LZ; TSD)
= 2(LTSUypy + LZ; TS®) = 2(S*T* LT SUyp + S*T*LZ; D)

for all variations ® of [7Opt.

4.3. Transfer to the manifold setting. It remains to transfer the different operators and
the final formula (42) for control point generation to a Riemannian manifold setting.
e The u}" were defined in (36) as the difference between two Euclidean points. Their
generalization to the Riemannian setting is given by

ug" =log,,.. (b31"),
fork,le @, m=0,...,M—1,andn=0,..., N —1. This means that we will actually
optimize over tangent vectors u;" to the manifold and only afterwards convert them
into control points b7;".
e The operator L defined in (35) can now be interpreted as an operator from B into
itself, where B is the Cartesian product of tangent spaces,

B = >< Tpm+7’,n+sM‘
i,j=0,....3
r,s€{0,1}
m=0,...,M—1
n=0,...,N—1
e The operator S in (37) is now considered as an operator on tangent spaces.
e Formula (39), which defines the components of Z, is generalized to the manifold setting

as

(43> Z] (r 8) 10gpm+r,n+s (pﬁlﬁ) :

e Operator T from (40) is redefined as the parallel transport of the variables u}j" to the
corners of the corresponding patch,

mn (m,n)eD (m,n)eD i i
T : (uk‘l >I€l 1.0.1 ’_> (w ] (’r‘ 8))i,j:0,...,37 Wy 5 (r S) - Ppmn—ﬂ)’mﬁ»r n+suk‘l Y
1e{~1,0,1} r,s€{0,1}

where P,_,, denotes the Riemannian parallel transport from z € M toy € M. We
used the same notation as in (38).



DIFFERENTIABLE BEZIER SURFACES ON MANIFOLDS 1815

e The operator T from (41) is transferred to the manifold setting using the manifold
versions of T" and Z.
e The adjoint operators S* and T™* are given by

mn — mn mn mn
ully = u)y —ulf + 2u’y,
x ¢ mny(mn)eD mny\(m,n)ED mn  __ mn mn mn mn
5™ +(ugy )k}lg{flyol} (g )(kJ)gQ Sy Wi T U U Uy T Uy
mn — mn mn mn
ugt = ugq —ug-q+2u’y,

. mn (m,n)eD mn (m,n)eD
T :(wij (r, S))i,j:O,...,S = (Ukl )

)
rse{0,1} k,le{-1,0,1}
mn __ mn
Ukt = Z Ppm+r,n+s_>pﬁ1ﬁwk+3(mfm),l+3(ﬁ—n)(T7 s),
r,s€{0,1}
m€m+Ak
TLGﬁ“"Al

where A_; = {—1}, Ag = {—1,0}, and A; = {0}.
The algorithm for generating the control points on a Riemannian manifold M now proceeds
as follows.

1. Compute Z = (27" (r, 5))ijmnrs Via (43).

2. Compute S*T*LZ and solve (42) for Uy by a conjugate gradient iteration.

3. Compute all u}j* for k,1 € {—1,0,1} and (m,n) € D via SUqpt.

4. Compute all control points b};" € M for k,l € {—1,1} and (m,n) € D. Note that all
other control points are not used in the Bézier spline evaluation (23) or (24) and are
thus irrelevant.

In the last step of the algorithm, the computation of the control points has to be performed
in a way that ensures B(m,n) = ppyy,. This requires a different procedure for Bézier splines
of type I or II.

e For Bézier splines of type I we simply use
b = expy,,, (uii"), k,l€{=1,1}, (m,n) € D,

since this automatically satisfies B! (m,n) = av[(bT _y, b7y, B U, (3.4.4.3)] =

Pmn-
e For Bézier splines of type II we set

bio" = expy,,, (uig') ,
ki® = eXpymn (Ppmn*)b%nuglln) , kle{-11}, (m,n) € D.

Then,

o o () o ) 22
= ov | @m0 019), (505 |

= Pmn-
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initial control points, F'[*B] = 8.185 optimized control points, F[B] = 4.932

Figure 14. Optimal placement of control points (circles) for given interpolation points (dots) on the sphere
obtained by the algorithm described in section 4. The left graphs show the configuration before optimization
(control points byi" for (k,1) € Q, m,n € {0,1} obtained by geodesic averaging between the interpolation
points), the right graphs after optimization.

An example is provided in Figure 14. The favorable impact of the symmetric formulation (32),
where the control points are shifted by each corner of the corresponding patch, is illustrated
in Figure 15.

5. Numerical implementation on Riemannian manifolds. A numerical implementation
of the approaches from sections 3 and 4 requires computing weighted geodesic averages
(av[,-]), exponential maps (exp), logarithms (log), and parallel transports (P._,.) on a Rieman-
nian manifold M. In this section we state how those operations are performed in our numerical
examples. First we consider the case of simple manifolds M in which there are closed formulas
for exp, log, and P._,.; then we briefly recall the discretization and numerical procedures from
[32] for manifolds where this is not the case.

5.1. Weighted geodesic averaging on manifolds with explicit logarithm. According to
Definition 4, Bézier surfaces of type I are obtained as a weighted averaging of the control
points of the patch. This weighted geodesic average (cf. Definition 1) corresponds to the
minimization problem of the form

K K
Bl (t,ts) = argr/rvtlin J(x), (@)=Y wij(tr, t2)d* (b, x).
ze i=0 j=0

On manifolds embedded in the Euclidean space without constraints, this problem can be
solved using a quasi-Newton approach. For other matrix manifolds, different solutions are
available, like the iterative Riemannian optimization procedures described in Absil, Mahony,
and Sepulchre [1] (with the exponential map as retraction). These algorithms are implemented
in the toolbox Manopt [7]. Equivalently, one could also use standard tools for constrained
optimization.



DIFFERENTIABLE BEZIER SURFACES ON MANIFOLDS 1817

F[B] = 22.16 F[B] = 15.96

Figure 15. Instead of transporting the vectors to all four corners of a patch, vectors could also be transported
to a single corner in each patch. However, such a modification to the algorithm described in section 4 will,
in general, yield configurations with a higher energy. The two figures on the left show the result of a modified
version of the algorithm, in which all vectors are transported to the bottom left vertex in each patch. The other
two figures show the result obtained by the unmodified algorithm.

These methods require the evaluation of the objective function J(x) as well as its deriv-
ative, which by [22, section 1.2.] can be calculated as

dJ K K
E(a}) = — Zzwij(tl,tg) logw bij e T,M.

i=0 j=0

5.2. Discrete approximation of Riemannian operators. In many interesting manifolds
the standard Riemannian operators can be expressed as closed formulas [1, 6, 31] or can be
estimated via retractions as in [7]. However, more complicated manifolds (like the manifold
of triangulated shells; cf. Figure 16) require a numerical approximation of these operators. To
this end we make use of the discrete geodesic calculus from [32]. We briefly recall it in this
section.

Discrete distance. Let M be a smooth Riemannian manifold. Consider a smooth applica-
tion W : M x M — R which approximates the squared Riemannian distance as

(44) d*(y1,y2) = Wly1,ya] + O(d*(y1,92)), 1,92 € M.

To ensure the efficiency of the numerical methods, it is important to choose a W which is
easy to evaluate. Note also that (44) implies straightforwardly that the second derivative of
W coincides with the Riemannian metric g, = 0 W [y, y].

Discrete geodesic. Consider now a (k + 1)-tuple (yo, ..., yx) with y; € M for j =0,... k.
This tuple is called the discrete k-path between yg and yi. Its length L and energy E are
defined as

k
(45) Llyo, okl = Y/ Wlys-1, 9],
j=1
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Figure 16. Discrete 4-geodesic between two triangulated shells (cf. section 6). The mesh data used in this
figure were made available by Robert Sumner and Jovan Popovic, MIT Computer Graphics Group.

K
(46) Elyo, -yl =k > Wlyj1, ).
j=1

The (k + 1)-tuple minimizing the energy of the discrete k-path is called a discrete k-geodesic:

47 i E U .
(47) . min (Y0, Y1, -+ Yk—1, Yk]

In [32] it is shown that discrete geodesics approximate the true continuous geodesics as k — oo.
A discrete k-geodesic is represented in Figure 16.

Discrete weighted average. Now that the discrete k-geodesic is defined, it is possible to
express the discrete analog of the weighted geodesic average av[(y',...,y"), (w1,...,wy,)] as
the point y € M solving

n
(48) min  min w; By Yise Z/Iic—l yz]
yEM' y;EM ; ' Y ’ ’
j=1,...,k—1,
i=1,...,n

At optimality, (y, %, ... ,y,’;_l, y') is the discrete k-geodesic from y to y?, and Ey, v, ... ,y,i_l,
y'] is the discrete approximation of the squared Riemannian distance d? (y,y").

Discrete logarithm. In the following, we require M to be identified with a subset of some
embedding Banach space B such that, for a discrete k-geodesic (yo, .. .,yr) with yo = y4 and
Yk = yB, the difference y; — yo is well defined. We define the discrete logarithm (%LOG) as

(49) (%LOG)W (yB) = y1 — Yo,

where % is to be interpreted as part of the symbol (%LOG). Under certain regularity assump-
tions on the Riemannian metric and the functional W, it can be shown that k ($LOG) " (yB)
tends to log, , (yp) when k tends to infinity [32].

Discrete exponential. We now aim at defining a discrete analog EXP* of the exponential
map. For a discrete k-geodesic (yo,...,yr), we expect EXP* to reflect the properties of its
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Figure 17. [llustration of one iteration of Schild’s ladder, approximating the parallel transport of a vector
along a discrete curve (yo,...,Yn).

continuous counterpart, i.e., to satisfy EXP’;0 (v) = yk, where v = (%LOG)yO (yx). To achieve
this, let v € B. Let also

EXP,(v) = (}LOG), " (v) =y + v,
EXP2(v) = (3LOG), (v).
The discrete exponential map is defined recursively as

(50) EXP}(v) = EXP]%‘D(P,;_2 (0(0) with 7= EXP}~!(v) — EXPS2(v).

Note that EXP? is nontrivial and is here simply expressed as the inverse of the discrete
logarithm. It remains then to determine a way to compute this object. It follows from the
definition of (1LOG) that y» = EXP;O (v) satisfies

Yo + v = argmin,c v (Wlyo, y] + Wy, y2]) .

It follows that ys can be obtained by solving the corresponding Euler—-Lagrange equation
(51) Y2 € M : 02Wlyo, yo + v] + AW (yo + v, y2] = 0.

Discrete parallel transport. To transport a vector along a discrete curve, we use a first order
approximation of the parallel transport called Schild’s ladder. Let (yo,...,yn) be a discrete
curve in M and vy € Ty, M, the vector transport from yo to y,. The transported tangent
vector vy at a point yg, k € {1,...,n}, can be computed recursively following the algorithm
illustrated in Figure 17:

Ypo1 = EXP, _ (vk-1),
((Groc), ).
v = EXP},, ((FLOG),,,(5™))
Vi = (%LOG)yk (yZ)

To find a numerical solution to the problems of the discrete geodesic (47), the discrete
averaging (48), and the discrete exponential (51) (all other equations are trivial to solve), we
use a Newton’s method. These discrete Riemannian operators are used in sections 6.3 and
6.4. Note that as these objects require solving an optimization problem, they usually take
long to compute.

mid __ 1
yk‘ = EXPyz_
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Table 1
Riemannian operators for S*='; cf. [31].

Set St t={zeR? : 2Tz =1}
Tangent space T.8 ' ={veR? : zTv=0}
Inner product (v1,v2)e = UI’U2

Distance d(z,y) = arccos(z "y)
Exponential exp,, (v) =z cos(|[v]]) + oy sin(|v]])
Logarithm log, (y) = &% arccos(z ' )

. T
Parallel transport  P,—,(v) = —zsin(||€]]) + ﬁ cos(||€NETv + (Id — ET) v, & =log, ()

Figure 18. A rectangular map of the world is smoothly mapped onto the sphere via a Bézier spline surface,
only firing a few interpolation points.

6. Numerical examples. We finally present here some examples of Bézier spline surfaces
computed on specific manifolds such as the sphere, the special orthogonal group, or the space
of shells. For reasons of computational efficiency (especially on manifolds for which no closed
formulas of Riemannian operators are available), the shown examples all represent a Bézier
surface of type II.

6.1. The sphere S?—1. Table 1 recalls the explicit formulas of the Riemannian operators
needed to optimize the control points and evaluate a Bézier spline on the sphere S¥~1. A first
computational example on the sphere S? has already been shown in Figure 14.

As a second example we consider image transfer from the plane onto the sphere. Figure 18
shows a rectangular map of the world, which serves as the parameterization domain of a
smooth Bézier spline surface on the sphere. The surface parameterization then provides a
one-to-one map between points on the rectangle and points on the sphere, which can be used
to map the world image onto the sphere.

6.2. The special orthogonal group SO(d). Table 2 summarizes the analytic formulas for
the necessary Riemannian operators. Figure 19 displays a cubic Bézier spline surface in SO(3)
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Table 2
Riemannian operators for SO(d); cf. [6].

Set SO(d) ={X e R . XTX =1, det(X) =1}
Tangent space TxSO(n) ={H € R¥™* : X"H+ H"X =0}
Inner product (H1, H2) = trace (H;'—Hg)

Distance d(X,Y) = |[log (XTY) ||r
Exponential expy (H) = X exp (X" H)
Logarithm logy (V) = Xlog (XTY)

Parallel transport Pxoy(H)=YXTH
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Figure 19. Cubic Bézier spline surface in SO(3) visualized as rotations of an object. Interpolation points
in red, optimized control points in greem, points on the surface in gray.

interpolating a random set of interpolation points (red) based on the methods presented in
sections 3.4 and 4 (the optimized control points are shown in green). Note that the spline
surface is smooth and roughly follows the control points, but it does not go through them, as
expected.
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Figure 20. Smooth torus in SO(3) given by a cubic Bézier spline surface (visualization as in Figure 19).

A second example is given in Figure 20, which shows a closed Bézier surface of genus one.
Here, the first line is composed of an SO(3) point rotated ¢ x 90 degrees around the z-axis. In
the direction t9, the data points of the first line are rotated to x 90 degrees around the z-axis,
which gives a torus effect to the figure. The control points have also been optimized, but the
method from section 4 was slightly adapted to account for the periodic boundary: we imposed
ug’? = ulen and uZ’ll’O = qul’N for k,1 € {—1,0,1} and (m,n) € {0,...,M} x {0,...,N}.
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Figure 21. Smooth interpolation on the space of open polygonal curves P. Interpolation points in red,
optimized control points in green, points on the surface in gray (shapes are from the Kimia database [36]).

6.3. The space of open polygonal curves P. We consider two shape spaces as further
examples. The first is the shape space P of all polygonal curves in the plane with a fixed
number n of segments. Here, two shapes are considered equal if they differ only by a rigid
motion. A shape v € P can therefore be identified with its segment length and angle rep-
resentation (¢1,..., 0, a1,...,an_1) € R*1 where ¢; denotes the length of the jth polygon
segment and «; the angle between segment j and j + 1. The tangent space T, P = R2"~1 can
be seen as the space of all length and angle variations.

Instead of a Riemannian metric and with regard to sectlon 5.2, we directly specnfy an

energy functional W acting on two shapes 71,72 € P, vi = (¢4,...,0,,a%,...,a_4), i =
1,2, by
n 2 1 2\2
) < (o] —af)
’717'72 Z + QZ W
7=1 7+1

The Riemannian metric, for which this W is supposed to approximate the squared Riemannian
distance, can be obtained as the second derivative,

d d
— W t t
gy(vv w) dtl dt (y7y+ 1v + Zw) t1=t2=0’

and it has a physical interpretation of energy dissipation during shape deformation [32]. Our
calculations are now based on the discrete approximations from section 5.2.
Figure 21 shows a Bézier spline surface in the space of polygonal curves with optimized

control points. The interplation points are segments of silhouettes from the Kimia data-
base [36].
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Figure 22. Differentiable piecewise-Bézier interpolation in the space of triangulated shells. Interpolation
points in red, optimized control points in green, points on the surface in gray.

6.4. The space of discrete shells S;. As a second example, we consider the space of
shells Sy, as described in [18]. In the continuous case, a shell S, is given by an oriented C?
surface S in R3, called the midplane of Sy, and is defined as the set

Sh={p+(p)|peS,re (-4 1) cRr},

where v(p) denotes the normal at a point p € S. The space of shells Sj, comprises all images
qS(S}"ff) of a reference shell S‘,”ff under orientation preserving diffeomorphisms ¢. The tangent
space at S € S consists of smooth displacement fields ¢ : S — R3, and it can be equipped with
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a Riemannian metric that describes the physical energy dissipation during the deformation of
Sp; for details we refer to [18].

The discretized analog, also described in [18], is a discrete shell Mj, by which we mean a
triangulated surface in R3, represented by a tuple (N, T},) € (R*)™x ({1,...,m}3)", m,n € N.
Here, N}, represents the vertex positions and 7}, encodes the triangulation (each component
(Th)1 = (i, j, k) indicates that (N);, (Ng)j, and (Np,)i form a triangle). The space of discrete
shells can be equipped with a discrete analog of the Riemannian metric on §. Given a
triangle T', we assign to each vertex a local index ranging from 0 to 2. This allows us to define
the edge set Ep of T as the set of directed edges connecting the nodes i — 1 and i (counted
modulo 3). FEj, is defined to be the union of the edge sets Ep over all triangles T'.

A deformation of a discrete shell M), can now be viewed as a mapping ¢ : N — R3. We
define the discrete deformation energy W/[¢] of ¢ by

WIigl =1 > Winem(Qem @) AT +1° D~ Whend(Qbenald)) Ar

TET), EeEy

for some physical energy densities Wipem and Wyeng (specific examples are given in [18]).
Here, Ar denotes the area of the (undeformed) triangle 7', while for a given edge E € FEj,
Ap = %(AT1 + Ar,) denotes an area fraction of the two adjacent triangles T} and T5. The
operators QL [¢] and QF ,[¢] describe in-plane strain and bending and are given by

2
1 .
T _ pmem __ pmem mem __ ¢ ¢ DN . . =i+1 d 3),
henl] = B B, B = 0 S U I 4 e ey

0
E bend bend bend $(E) € e
Q =By - B Bhpt = ,
bend[¢] . F id,E > . F 5 IE]

Here, e; denotes the result of a clockwise rotation of E; by m/2 in the plane induced by T
Similarly e is the result of a clockwise rotation of E by 7/2 in the plane induced by one of the
adjacent triangles. By [ ,f we denote the squared length of the deformed edge Ej, and 04f)
stands for the dihedral angle at the deformed edge ¢(E).

The discrete geodesic calculus from section 5.2 can now be employed with the energy

W[S1,Ss] = W[¢]  for that ¢ with ¢(S;) = So,

which approximates the squared Riemannian distance in the space of discrete shells [18].

Figure 1 already showed a differentiable piecewise-Bézier surface interpolating between six
given hand shapes (mesh data made available by Yeh et al. [43]). Similarly, Figure 22 shows
a piecewise-Bézier interpolation surface between 3 x 3 interpolation points (the interpolation
points in this figure are meshes made available by Bergou et al. [5]). The control points in
Figure 22 have been optimized using the algorithm from section 4.

7. Conclusions. We have proposed different generalizations of piecewise-Bézier surfaces
in Euclidean space to Riemannian manifolds, all based on geodesic averaging. For those
generalizations it is nontrivial to ensure differentiability across the different Bézier patches.
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We have achieved differentiability by interpreting control points on the boundary of Bézier
patches as weighted averages of interior control points. We have furthermore put forward an
approach to optimize the control point positions in the Riemannian manifold so as to obtain
a Bézier surface with small second derivative. Future work might address methods to achieve
higher order smoothness of Bézier splines (in principle, similar concepts as in the current
work can be expected to apply) or alternative definitions of smooth curves and surfaces in
Riemannian manifolds such as curves and surfaces with minimal curvature.

Acknowledgments. The authors thank Behrend Heeren and Martin Rumpf for providing
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