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For decades, de Casteljau’s algorithm has been used as a fundamental building block in curve 
and surface design and has found a wide range of applications in fields such as scientific 
computing and discrete geometry, to name but a few. With increasing interest in nonlinear data 
science, its constructive approach has been shown to provide a principled way to generalize 
parametric smooth curves to manifolds. These curves have found remarkable new applications in 
the analysis of parameter-dependent, geometric data. This article provides a survey of the recent 
theoretical developments in this exciting area as well as its applications in fields such as geometric 
morphometrics and longitudinal data analysis in medicine, archaeology, and meteorology.

1. Introduction

When what we call today Bézier curves were first studied in 1912 by Sergei Natanovich Bernstein (Bernstein, 1912) as a means to 
function approximation, they were a purely theoretical tool. This changed about 40 years later when Paul de Faget de Casteljau and 
Pierre Étienne Bézier,1 almost simultaneously but independently, searched for mathematical tools that would provide the means to 
intuitively construct and manipulate complex shapes using the still novel digital computers (Farouki, 2012). Both chose to use what 
are today called Bézier curves. With their elegant geometric properties, they meet the requirements; furthermore (as was found out 
later), they exhibit excellent numerical stability (Farouki and Rajan, 1987). The influence of the work of de Casteljau and Bézier was 
tremendous, and today, Bézier curves are used in a multitude of applications. Especially in computer graphics and computer-aided 
geometric design, they are indispensable (Farin, 2002).

One of de Casteljau’s great contributions is the algorithm that bears his name today. It is the fundamental tool to compute Bézier 
curves from a finite number of control points. (Boehm and Müller (1999) provide an introduction to the algorithm with historical 
remarks; a short autobiographical sketch by de Casteljau himself about the time leading to its invention can be found in (de Casteljau, 
1999).) Given 𝑘 + 1 control points 𝑝0, … , 𝑝𝑘 ∈ℝ𝑑 , the value of the corresponding Bézier curve 𝛽 at 𝑡 ∈ [0, 1] is computed iteratively 
according to the rule
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de Casteljau was employed, had a more restrictive policy, and his contributions were only made public several years after Bézier’s.
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𝛽0
𝑖 (𝑡) ∶= 𝑝𝑖,

𝛽𝑟
𝑖 (𝑡) ∶= (1 − 𝑡)𝛽𝑟−1

𝑖 (𝑡) + 𝑡𝛽𝑟−1
𝑖+1 (𝑡), 𝑟 = 1,… , 𝑘 𝑖 = 0,… , 𝑘 − 𝑟.

(1)

The resulting curve 𝛽 is a polynomial curve with coefficients 𝑝0, … , 𝑝𝑘 when expanded in the Bernstein basis; i.e., with basis polyno-
mials 𝑏𝑘

𝑗
∶ [0, 1] → [0, 1] defined by

𝑏𝑘
𝑗 (𝑡) ∶=

(
𝑘

𝑗

)
(1 − 𝑡)𝑘−𝑗 𝑡𝑗 , 𝑗 = 0,… , 𝑘,

it is of the form

𝛽(𝑡) =
𝑘∑

𝑗=0
𝑝𝑗 𝑏𝑘

𝑗 (𝑡).

Although 𝛽 is written in terms of 𝑘 + 1 polynomials, its actual degree may be less than 𝑘 (Farouki, 2012, Sec. 5). The algorithm can 
be extended to build triangular and quadrangular nets (de Casteljau, 1963; Boehm and Müller, 1999). Furthermore, one can string 
together Bézier curves to form Bézier splines, and simple geometric conditions determine the smoothness of the composite curve. 
Another extension of de Casteljau’s algorithm yields so-called polar forms, or blossoms (de Casteljau, 1985; Ramshaw, 1989), which 
are particularly useful in the theoretical analysis of Bézier splines and algorithms for their computation.

Interest in modeling manifold-valued curves (such as trajectories in the Lie group of rigid body motions) emerged roughly 30 years 
ago. It was then discovered that de Castejau’s algorithm can be generalized from flat Euclidean space to curved manifolds (Park and 
Ravani, 1995; Crouch et al., 1999; Lin and Walker, 2001). The necessary observation is that (1) can be seen as following a straight line 
from 𝛽𝑟−1

𝑖
to 𝛽𝑟−1

𝑖+1 for a fixed amount of time 𝑡. As straight lines are the geodesics of Euclidean space, one can follow the geodesics 
of a curved space to generalize the algorithm. Although there is no analog to the Bernstein basis in manifolds (which facilitates 
theoretical analyses in the Euclidean case), it can be shown that the resulting generalized Bézier curves inherit many geometric 
properties their Euclidean special cases possess (Popiel and Noakes, 2007; Nava-Yazdani and Polthier, 2013), including the easy 
construction of differentiable Bézier splines. One of the most important features of generalized Bézier curves is the (generalized) de 
Casteljau algorithm itself: Whenever, in a given manifold, geodesics can be computed efficiently, this is also true for generalized 
Bézier curves.

Several traditional applications of Bézier curves can also be found for their manifold-valued generalizations: They have been 
used, e.g., for curve modeling (Morera et al., 2008; Sharp and Crane, 2020; Mancinelli et al., 2023) and computer animation through 
interpolation (Park and Ravani, 1995; Gousenbourger et al., 2014; Effland et al., 2015; Brandt et al., 2016; Samir and Adouani, 
2019).

To an increasing extent, manifold-valued Bézier curves have been used in data analytic tasks—applications that de Casteljau 
probably did not envision when he derived his algorithm. Indeed, a wide range of applications in areas like morphology (Kendall et 
al., 2009; Dryden and Mardia, 2016), action recognition (Park et al., 1995; Veeriah et al., 2015; Vemulapalli and Chellapa, 2016; 
Huang et al., 2017), and medical imaging (Arsigny et al., 2007; Bauer et al., 2014; Pennec et al., 2020; Ambellan et al., 2021; 
Ambellan, 2022) work with manifold-valued data to the extent that relying on a (possibly hard to find) Euclidean embedding space 
does not suffice. Several data-fitting approaches relying on generalized Bézier splines have been proposed and tested on different 
types of data (Bergmann and Gousenbourger, 2018; Gousenbourger et al., 2019; Bak et al., 2023).

A methodically related line of research has focused on the statistical analysis of manifold-valued data using generalized Bézier 
splines as the underlying model. As one of the most fundamental statistical procedures, regression methods play an important role 
in the statistical analysis of the dependence of a response variable on an explanatory variable. Parametric linear regression was 
first brought to manifolds in (Fletcher, 2013) by modeling trends as geodesics. The latter, while adequate in various circumstances, 
frequently falls short, e.g., when saturation effects or cyclic behavior are observed. Generalized Bézier splines, which are far more 
adaptable than geodesics, have successfully been utilized in (Hanik et al., 2020) to capture such effects.

When the data has more complicated correlations, e.g., longitudinal data, hierarchical (or mixed-effects) models are needed 
to account for them. Extending the regression approach, a hierarchical model based on generalized Bézier splines was proposed 
that can capture a multitude of manifold-valued effects (Hanik et al., 2022). An important concept underlying the model is that 
of Bézierfolds: the manifolds consisting of all Bézier splines of the same type over a certain neighborhood. It was first discussed 
in (Hanik et al., 2022) and then further clarified in (Nava-Yazdani et al., 2023). Two different Riemannian metrics were proposed 
for Bézierfolds, namely, an “integral” metric (Hanik et al., 2022) that can be used for arbitrary splines and a generalization of the 
Sasaki metric (Nava-Yazdani et al., 2023) for cubic splines.

There are several closely related concepts for modeling smooth curves, such as B-splines and subdivision schemes. Replacing affine 
by geodesic averaging, subdivision schemes were generalized to manifolds (Wallner and Dyn, 2005; Nava-Yazdani and Yu, 2011) and 
more recently applied to the modeling of curves in shape spaces (Brandt et al., 2016; Huber et al., 2017). Additionally, spacetime 
constraints were used to compute optimal trajectories as generalizations of traditional cubic B-splines, named wiggly splines (Kass 
and Anderson, 2008), and were adapted to curved shape spaces (Schulz et al., 2014, 2015). While these types of manifold-valued 
curves can exhibit similar flexible shapes, their computation requires expensive approximation methods. This also applies to curves 
that are derived from a variational setting on Riemannian manifolds, such as Riemannian cubics (Hinkle et al., 2014; Noakes and 
2

Ratiu, 2016; Camarinha et al., 2022).
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The goal of this article is to give an overview of manifold-valued Bézier splines in data analysis and, in doing so, to provide an 
introduction to an intriguing subfield that builds upon de Casteljau’s research. It is thus a survey article. Nevertheless, some results 
are more general than what can be found in the literature.2 In particular, the notion of Bézierfolds (Riemannian manifolds of Bézier 
splines) and their essential properties (i.e., Theorem 2 and Corollary 3.1) have not been established before aside from the cubic 
case. Additionally, the equivalence of maximum likelihood and least squares estimation for regression in manifolds has only been 
established when the underlying curves are geodesics; we show that it also holds for arbitrary Bézier splines in Theorem 3.

As a disclaimer, we emphasize that the exposition in this paper should not be read as an objective and balanced overview of 
applications of generalized Bézier curves as a whole, but rather as a personal perspective biased by the authors’ research interests.

This article is structured as follows: Sec. 2 starts with a short summary of the necessary mathematical facts from differential 
geometry. Then, we define Bézier splines in Riemannian manifolds and collect some of their properties. In Sec. 3, we prove that there 
is a smooth manifold structure for certain sets of Bézier splines and discuss 2 possible choices of a Riemannian metric for them. We 
also state a conjecture that the results hold more generally. Sec. 4 shows how Bézier splines can be used for highly flexible regression 
in manifolds. In Sec. 5, we then show how the results from Sec. 3 are utilized for the hierarchical modeling of manifold-valued data. 
Last but not least, applications to real-world data are summarized in Sec. 6.

It is not necessary to read all sections linearly. Sec. 2 is the only prerequisite for the regression scheme presented in Sec. 4. The 
hierarchical model from Sec. 5, on the other hand, builds on all prior sections.

2. Manifold-valued Bézier splines

In this section, we recall manifold-valued Bézier splines and discuss their properties. In particular, we show that certain sets of 
Bézier curves constitute manifolds; two Riemannian metrics—one that is generally usable and one for the cubic case—are also given. 
We start with a brief summary of the necessary facts from Riemannian geometry; a good reference on this is (do Carmo, 1992). We 
always use “smooth” for “infinitely often differentiable.”

2.1. Background: Riemannian geometry

A Riemannian manifold is a differentiable manifold 𝑀 with a Riemannian metric ⟨ ⋅ , ⋅ ⟩ that, for each 𝑝 ∈ 𝑀 , assigns a smoothly 
varying scalar product ⟨ ⋅ , ⋅ ⟩𝑝 to the tangent space 𝑇𝑝𝑀 . The metric induces a distance function dist on 𝑀 . If 𝑓 ∶ 𝑀 → 𝑁 is a 
smooth map between two manifolds 𝑀 and 𝑁 , we denote the derivative of 𝑓 at 𝑝 in direction 𝑣 ∈ 𝑇𝑝𝑀 by d𝑝𝑓 (𝑣). It yields a linear 
mapping d𝑝𝑓 ∶ 𝑇𝑝𝑀 → 𝑇𝑓 (𝑝)𝑁 .

One of the fundamental objects every manifold possesses is the so-called Levi-Civita connection. Given two vector fields 𝑋, 𝑌 on 
𝑀 , the latter allows to differentiate 𝑌 along 𝑋, resulting in a new vector field ∇𝑋 𝑌 . For the special case of Euclidean space, the 
Levi-Civita connection is simply the directional derivative.

The connection induces the Riemannian curvature tensor 𝑅, which intuitively measures the local deviation of 𝑀 from flat 
space by quantifying the failure of “partial derivatives” to commute. It takes three vector fields 𝑋, 𝑌 , 𝑍 as input and is defined by 
𝑅(𝑋, 𝑌 )𝑍 ∶= ∇𝑋∇𝑌 𝑍 −∇𝑌 ∇𝑋 𝑍 −∇[𝑋,𝑌 ]𝑍 , where [ ⋅ , ⋅ ] denotes the Lie bracket of vector fields; see (do Carmo, 1992, Ch. 4) for 
more details.

A vector field 𝑋 along 𝛼 is called parallel if ∇𝛼′𝑋 = 0; we also say that 𝑋𝛼(𝑏) is the parallel transport of 𝑋𝛼(𝑎) to 𝑇𝛼(𝑏)𝑀 .

A geodesic 𝛾 is a generalized straight line. Denoting its derivative by 𝛾 ′ ∶= d
d𝑡

𝛾 , it is a curve without acceleration, i.e., ∇𝛾′𝛾 ′ = 0. 
In Euclidean space, geodesics are simply straight lines that are traced with constant velocity.

It will be crucial for us that every point in 𝑀 has a normal convex neighborhood3 𝑈 , in which each pair 𝑝, 𝑞 ∈ 𝑈 is joined by a 
unique length-minimizing geodesic [0, 1] ∋ 𝑡 ↦ 𝛾(𝑡; 𝑝, 𝑞) that never leaves 𝑈 . Each geodesic is also differentiable w.r.t. its start and 
endpoints. We will fix some normal convex neighborhood 𝑈 in the following.

The Riemannian exponential is another very important map. Let 𝑣 ∈ 𝑇𝑝𝑀 and 𝛾 be a geodesic in 𝑈 with 𝑣 = 𝛾 ′(0; 𝑝, 𝑞). Then, 
exp𝑝(𝑣) ∶= 𝑞 defines the exponential map at 𝑝. It has an inverse log𝑝 called the logarithm at 𝑝, which fulfils log𝑝(𝑞) = 𝛾 ′(0; 𝑝, 𝑞). Thus, 
the derivative (d exp𝑝)𝑣 ∶ 𝑇𝑣𝑇𝑝𝑀 ≅ 𝑇𝑝𝑀 → 𝑇exp𝑝(𝑣)𝑀 of exp𝑝 at 𝑣 is invertible for all 𝑣 ∈ log𝑝(𝑈 ).

Using the metric, we can define the gradient of a smooth function 𝑓 ∶ 𝑀 →ℝ implicitly by requiring

d𝑓𝑝(𝑣) = ⟨grad𝑝𝑓 , 𝑣⟩𝑝, (2)

for all 𝑣 ∈ 𝑇𝑝𝑀 and all 𝑝 ∈ 𝑀 , generalizing the ordinary Euclidean gradient. Importantly, just like in the Euclidean case, d𝑝𝑓 = 0
if and only if grad𝑝𝑓 = 0. Furthermore, the gradient still points in the direction of the steepest ascent, so optimization algorithms 
relying on gradients can be transferred to Riemannian manifolds (Absil et al., 2007).

Finally, the mean as the most fundamental statistic of a data set can be generalized to manifolds in the form of the (sample) 
Fréchet mean. Given data 𝑞1, … , 𝑞𝑛 ∈ 𝑈 , it is defined by

𝑞 ∶= argmin
𝑝∈𝑈

𝑛∑
𝑖=1

dist(𝑞, 𝑞𝑖)2. (3)

2 They are also in the Ph.D. thesis of Hanik (2023).
3

3 Other names are also used for such a neighborhood; (at least) “geodesically convex” and “strongly convex” neighborhood can also be found.
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Fig. 1. Cubic Bézier curve 𝛽 on the sphere 2 and the construction of 𝛽(1∕2) by the de Casteljau algorithm.

2.2. Bézier splines

We can now define Bézier curves in 𝑀 by generalizing de Casteljau’s algorithm (1).

Definition 2.1 (De Casteljau’s Algorithm on Manifolds). Let control points 𝑝0, … , 𝑝𝑘 ∈ 𝑈 be given. For all 𝑡 ∈ [0, 1], we set

𝛽0
𝑖 (𝑡) ∶= 𝑝𝑖,

𝛽𝑟
𝑖 (𝑡) ∶= 𝛾(𝑡;𝛽𝑟−1

𝑖 (𝑡), 𝛽𝑟−1
𝑖+1 (𝑡)), 𝑟 = 1,… , 𝑘, 𝑖 = 0,… , 𝑘 − 𝑟.

We call 𝛽 ∶= 𝛽𝑘
0 ∶ [0, 1] → 𝑈 Bézier curve of degree 𝑘 with control points 𝑝0, … , 𝑝𝑘.

We also write 𝛽(𝑡; 𝑝0, … , 𝑝𝑘) instead of 𝛽(𝑡) whenever we want to make the dependence on the control points explicit. The 
algorithm is visualized for the 2-dimensional sphere 2 in Fig. 1.

The following theorem collects important properties of generalized Bézier curves from (Popiel and Noakes, 2007).

Theorem 1. Let 𝛽 be a Bézier curve of degree 𝑘 with control points 𝑝0, … , 𝑝𝑘 ∈ 𝑈 . Then,

(i) 𝛽(0) = 𝑝0 and 𝛽(1) = 𝑝𝑘;

(ii) 𝛽′(0) = 𝑘 log𝑝0
(𝑝1) and 𝛽′(1) = −𝑘 log𝑝𝑘

(𝑝𝑘−1);
(iii) ∇𝛽′𝛽′(0) = 𝑘(𝑘 − 1)�̃�0, where

�̃�0 ∶=

{
𝛾 ′(0;𝑝1, 𝑝2), if 𝑝0 = 𝑝1,

(d exp𝑝0
)−1

𝛾′(0;𝑝0 ,𝑝1)
(

𝛾 ′(0;𝑝1, 𝑝2) − 𝛾 ′(1;𝑝0, 𝑝1)
)

, if 𝑝0 ≠ 𝑝1;

(iv) ∇𝛽′𝛽′(1) = 𝑘(𝑘 − 1)�̃�𝑘, where

�̃�𝑘 ∶=

{
−𝛾 ′(1;𝑝𝑘−2, 𝑝𝑘−1), if 𝑝𝑘−1 = 𝑝𝑘,

(d exp𝑝𝑘
)−1−𝛾′(1;𝑝𝑘−1 ,𝑝𝑘)

(
𝛾 ′(0;𝑝𝑘−1, 𝑝𝑘) − 𝛾 ′(1;𝑝𝑘−2, 𝑝𝑘−1)

)
, if 𝑝𝑘−1 ≠ 𝑝𝑘.

The theorem yields the following corollary.

Corollary 2.1. Let 𝛽 be a Bézier curve of degree 𝑘 with control points 𝑝0, … , 𝑝𝑘 ∈ 𝑈 . Then,

(i) 𝑝1 = exp𝑝0

(
1
𝑘

𝛽′(0)
)

and 𝑝𝑘−1 = exp𝑝𝑘

(
−1

𝑘
𝛽′(1)

)
;

(ii) 𝑝2 = exp𝑝1

(
1

𝑘(𝑘−1)𝑤0

)
and 𝑝𝑘−2 = exp𝑝𝑘−1

(
1

𝑘(𝑘−1)𝑤𝑘

)
, where 𝑢0 ∶= ∇𝛽′𝛽′(0), 𝑢𝑘 ∶= ∇𝛽′𝛽′(1) and

𝑤0 ∶=

{
𝑢0, if 𝑝0 = 𝑝1,

(d exp𝑝0
)𝛾′(0;𝑝0 ,𝑝1)

(
𝑢0 + 𝑘(𝑘 − 1)𝛾 ′(0;𝑝0, 𝑝1)

)
, if 𝑝0 ≠ 𝑝1,{

𝑢𝑘, if 𝑝𝑘−1 = 𝑝𝑘,
4

𝑤𝑘 ∶=
(d exp𝑝𝑘

)−𝛾′(1;𝑝𝑘−1 ,𝑝𝑘)
(

𝑢𝑘 − 𝑘(𝑘 − 1)𝛾 ′(1;𝑝𝑘−1, 𝑝𝑘)
)

, if 𝑝𝑘−1 ≠ 𝑝𝑘.
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These properties can be exploited to define 𝐶1 or 𝐶2 Bézier splines (Popiel and Noakes, 2007; Gousenbourger, 2020). We give 
the definition for the 𝐶1 case.

Definition 2.2. For 𝑖 = 0, … , 𝐿 − 1, let 𝑝(𝑖)0 , … , 𝑝(𝑖)
𝑘𝑖

∈ 𝑈 be the control points of 𝐿 ≥ 2 cubic Bézier curves 𝛽(0), … , 𝛽(𝐿−1) such that

𝑝
(𝑖)
𝑘𝑖
= 𝑝

(𝑖+1)
0 and 𝛾

(
𝑘𝑖+1

𝑘𝑖 + 𝑘𝑖+1
;𝑝

(𝑖)
𝑘𝑖−1

, 𝑝
(𝑖+1)
1

)
= 𝑝

(𝑖)
𝑘𝑖

(4)

for all 𝑖 = 0, … , 𝐿 − 2. The (𝑘1,… , 𝑘𝐿)-Bézier spline 𝐵 with control points(
𝑝
(𝑖)
0 ,… , 𝑝

(𝑖)
𝑘𝑖

)
𝑖=0,…,𝐿−1

is then defined by

𝐵(𝑡) ∶=
⎧⎪⎨⎪⎩

𝛽(0)
(

𝑡;𝑝
(0)
0 , 𝑝

(0)
1 , 𝑝

(0)
2 , 𝑝

(0)
3

)
, 𝑡 ∈ [0,1],

𝛽(𝑖)
(

𝑡 − 𝑖;𝑝
(𝑖)
0 , 𝑝

(𝑖)
1 , 𝑝

(𝑖)
2 , 𝑝

(𝑖)
3

)
, 𝑡 ∈ (𝑖, 𝑖 + 1], 𝑖 = 1,… , 𝐿 − 1.

When it is clear from context, we do not mention the degrees. It follows directly from Theorem 1 and Corollary 2.1 that Bézier 
splines are 𝐶1. We also consider Bézier curves as splines with a single segment (the 𝐿 = 1 case).

We can also ensure that a Bézier spline is cyclic. Indeed a Bézier spline is closed if and only if (4) extends cyclically; this holds if 
additionally

𝑝
(𝐿−1)
𝑘

= 𝑝
(0)
0 and 𝛾

(
𝑘0

𝑘0 + 𝑘𝐿−1
;𝑝

(𝐿−1)
𝑘𝐿−1−1

, 𝑝
(0)
1

)
= 𝑝

(0)
0 , (5)

Closed 𝐶1 splines can readily be extended to 𝐶1 cyclic curves defined on the whole of ℝ when the input parameter is viewed modulo 
𝐿. There are many applications where (quasi)-periodic behavior in manifolds is of central interest, e.g., the motion of a beating heart 
and gait patterns, which have been successfully modeled in curved shape space, and the group of rigid-body motions, respectively.

The fact that one can model periodic behavior with Bézier splines with simple conditions on their control points is a striking 
feature. Other generalizations of polynomial curves like Riemannian cubics (Noakes and Ratiu, 2016), which are defined as solutions 
to initial value problems, do not allow for such easy modeling of cyclic trends.

Because of the restrictions (4) and (5), not all control points are free parameters of a Bézier spline. Indeed, if 𝑝
(𝑖)
𝑘𝑖

= 𝑝
(𝑖+1)
0 are 

connecting control points, joining the 𝑖-th to the (𝑖 + 1)-th segment,4 we omit 𝑝(𝑖+1)0 as a variable. Furthermore, we choose that 𝑝(𝑖)
𝑘𝑖

and 

its predecessor 𝑝
(𝑖)
𝑘𝑖−1

are free variables, while the successor 𝑝
(𝑖+1)
1 shall also be eliminated as a variable. With 𝑘 ∶= (𝑘𝑖−1 + 𝑘𝑖)∕𝑘𝑖 we, 

therefore, have the additional condition 𝑝(𝑖+1)1 = 𝛾(𝑘; 𝑝(𝑖)
𝑘𝑖−1

, 𝑝(𝑖)
𝑘𝑖
) at the connection. Setting{

�̊� ∶= 𝑘0 + 𝑘1 +⋯+ 𝑘𝐿−2 + 𝑘𝐿−1 − 𝐿 − 1, if 𝐵 is closed,

𝐾 ∶= 𝑘0 + 𝑘1 +⋯+ 𝑘𝐿−2 + 𝑘𝐿−1 − 𝐿 + 1, else,
(6)

it then follows that the number of independent control points of a general 𝐶1 Bézier spline 𝐵 is 𝐾 + 1, while for closed Bézier splines 
have �̊� + 1.

Remark 1. Clearly, closed Bézier splines are Bézier splines as well. Therefore, when considering all Bézier splines of given degrees, 
we include closed splines and think of all 𝐾 +1 control points as free parameters; only when we restrict to closed splines, this number 
drops to �̊� + 1.

We denote the set of 𝐾 + 1 independent control points of a general spline 𝐵 by 𝑝0, … , 𝑝𝐾 , i.e.,

(𝑝0,… , 𝑝𝐾 ) ∶=
(

𝑝
(0)
0 ,… , 𝑝

(0)
𝑘0

, 𝑝
(1)
2 ,… , 𝑝

(1)
𝑘1

,… , 𝑝
(𝐿−1)
2 ,… , 𝑝

(𝐿−1)
𝑘𝐿−1

)
∈ 𝑈 𝐾+1.

When restricting to closed splines, 𝑝
(0)
0 and 𝑝

(0)
1 are left out. An example of a non-closed 𝐶1 spline with three cubic segments and 

nine independent control points is shown in Fig. 2a, while a closed 𝐶1 spline with two cubic segments and four independent control 
points is depicted in Fig. 2b. When it is important, we make the dependence of 𝐵 on its control points clear by writing 𝐵(𝑡; 𝑝0, … , 𝑝𝐾 )
or 𝐵(𝑡; 𝑝0, … , 𝑝�̊� ).
5

4 For closed splines, the segment numbers are meant modulo 𝐿, so the connection between the first and last segment is included.



Computer Aided Geometric Design 110 (2024) 102288M. Hanik, E. Nava-Yazdani and C. von Tycowicz

Fig. 2. Examples of Bézier splines. The unlabeled green points are dependent control points. (For interpretation of the colors in the figure(s), the reader is referred to 
the web version of this article.)

3. Spaces of Bézier splines

We will now see that certain sets of Bézier splines over manifolds form manifolds themselves. To the best of our knowledge, this 
was first discussed in (Hanik et al., 2022), albeit without rigorous proof; the latter was then given for cubic splines in (Nava-Yazdani 
et al., 2023). Here, we will extend the proof to splines with segments of maximal degree 5. After that, two Riemannian metrics for 
the resulting manifolds are discussed. The following background is the prerequisite for the Sasakian metric.

3.1. Background: geometry of the tangent bundle

Next comes a summary of facts about the geometry of the tangent bundle; a good reference on the differential geometric properties 
of the tangent bundle is (Jost, 2017); see (Gudmundsson and Kappos, 2002) for a reference on the Sasaki metric.

Let 𝑀 be a 𝑑-dimensional Riemannian manifold. The disjoint union 𝑇 𝑀 ∶=
⨆

𝑝∈𝑀 𝑇𝑝𝑀 is the tangent bundle of 𝑀 . It comes with 
the bundle projection 𝜋 ∶ 𝑇 𝑀 → 𝑀 , (𝑝, 𝑣) ↦ 𝑝. The tangent bundle is a 2𝑑-dimensional manifold itself, and its natural Riemannian 
metric is the Sasaki metric. To define the latter, we use the fact that the tangent bundle 𝑇 𝑇 𝑀 of 𝑇 𝑀 is the direct sum of a vertical 
subbundle 𝑉 𝑇 𝑀 (the kernel of the derivative d𝜋 of 𝜋) and a horizontal subbundle 𝐻𝑇 𝑀 that is determined by the Levi-Civita 
connection of 𝑀 as vectors tangent to parallel vector fields; both 𝑉 𝑇 𝑀 and 𝐻𝑇 𝑀 have rank 𝑑. Intuitively, horizontal vectors are 
directions in which only the footpoint changes, whereas the former is constant in vertical directions. The Sasaki metric (Sasaki, 1962) 
is the unique Riemannian metric ⟨ ⋅ , ⋅ ⟩𝑆 on 𝑇 𝑀 with the following properties:

(i) The bundle projection 𝜋 is a Riemannian submersion, i.e., 𝜋 has maximal rank, and d𝜋 preserves the lengths of horizontal 
vectors.

(ii) For any 𝑝 ∈ 𝑀 , the restriction of ⟨ ⋅ , ⋅ ⟩𝑆 to the tangent space 𝑇𝑝𝑀 ⊂ 𝑇 𝑀 coincides with ⟨ ⋅ , ⋅ ⟩𝑝.
(iii) Let 𝑢 be a parallel vector field along a curve 𝑞 ∶ (−𝜀, 𝜀) → 𝑀 . Define 𝜁 = (−𝜀, 𝜀) → 𝑇 𝑀 , 𝑡 ↦ (𝑞(𝑡), 𝑢(𝑡)). Let further 𝑝 = 𝑞(0) lie 

on 𝑞 and 𝑣 ∶ (−𝜀, 𝜀) → 𝑇𝑝𝑀 such that 𝑢(0) = 𝑣(0). Define 𝜂 ∶ (−𝜀, 𝜀) → 𝑇 𝑀 , 𝑡 ↦ (𝑝, 𝑣(𝑡)). Then �̇�(0) ∶= 𝑑

𝑑𝑡
𝜁(0) ∈ 𝐻(𝑝,𝑢(0))𝑇 𝑀 and 

�̇�(0) = 𝑑

𝑑𝑡
𝜂(0) ∈ 𝑉(𝑝,𝑢(0))𝑇 𝑀 are orthogonal.

It follows that horizontal and vertical vectors are orthogonal.
Let (𝑝, 𝑢) ∈ 𝑇 𝑀 . Because 𝐻(𝑝,𝑢)𝑇 𝑀 and 𝑉(𝑝,𝑢)𝑇 𝑀 are 𝑑-dimensional vector spaces, both can be identified with 𝑇𝑝𝑀 ; in other 

words, we can view an element of 𝑇(𝑝,𝑢)𝑇 𝑀 as a tuple (𝑣, 𝑤) ∈ (𝑇𝑝𝑀)2. As horizontal and vertical components are orthogonal, the 
Sasaki metric between (𝑣1, 𝑤1), (𝑣2, 𝑤2) ∈ 𝑇(𝑝,𝑢)𝑇 𝑀 then reads

⟨(𝑣1, 𝑤1), (𝑣2, 𝑤2)⟩𝑆
(𝑝,𝑢) = ⟨𝑣1, 𝑣2⟩𝑝 + ⟨𝑤1, 𝑤2⟩𝑝. (7)

Geodesics of the Sasaki metric can be characterized in terms of geometric features of the underlying space. Let 𝜂 = (𝑞, 𝑢) ∶
(−𝜀, 𝜀) → 𝑇 𝑀 be a curve in 𝑇 𝑀 and �̇� = (𝑣, 𝑤). Denoting the Riemannian curvature tensor of 𝑀 by 𝑅, 𝜂 is a geodesic if (and only 
if) the coupled system

∇𝑣𝑣 = −𝑅(𝑢, 𝑤)𝑣, (8)

∇𝑣𝑤 = 0 (9)

holds. Intuitively, the above equations say that the footpoint curve 𝑞 bends according to the curvature of 𝑀 , while the vector 
6

component 𝑢 changes at a constant rate.
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Further properties of 𝑇 𝑀 with the Sasaki metric ⟨ ⋅ , ⋅ ⟩𝑆 , e.g., its curvature tensor and Levi-Civita connection, can be found 
in (Gudmundsson and Kappos, 2002).

3.2. Bézierfolds

We start with the definition of Bézierfolds.

Definition 3.1 (Bézierfolds). Let 𝑈 be a normal convex neighborhood of a Riemannian manifold 𝑀 . We define the Bézierfold of 
(𝑘0, … , 𝑘𝐿−1)-Bézier splines over 𝑈 by

𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ) ∶= {𝐵 ∶[0, 𝐿]→ 𝑈
||| 𝐵 is a (𝑘0,… , 𝑘𝐿−1)-Bézier spline}. (10)

Its subset of closed splines

̊𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ) ∶= {𝐵 ∶[0, 𝐿]→ 𝑈
||| 𝐵 is a closed (𝑘0,… , 𝑘𝐿−1)-Bézier spline}, (11)

is called Bezierfold of closed (𝑘0, … , 𝑘𝐿−1)-Bézier splines over 𝑈 .

We often only say “Bézierfold” and write (𝑈 ) when the exact values of the parameters (𝑘0, … , 𝑘𝐿−1) are unimportant or clear.
The following theorem shows that many Bézierfolds are not only arbitrary sets of functions but can be given the structure of 

finite-dimensional smooth manifolds.

Theorem 2. Let 𝑀 be a 𝑑-dimensional Riemannian manifold and 𝑈 ⊆ 𝑀 a normal convex neighborhood. Furthermore, let 1
𝑘
(𝑈 ) and 

̊1
𝑘
(𝑈 ) be defined by (3.1) and (11), respectively. Then, 1

𝑘
(𝑈 ) can be given the structure of a (𝑘 + 1)𝑑-dimensional smooth manifold 

for 𝑘 ∈ {0, 1, 2, 3, 4, 5}. Furthermore, with this structure, ̊1
𝑘
(𝑈 ) is a smooth (𝑘 − 1)𝑑-dimensional embedded submanifold of 𝐵1

𝑘
(𝑈 ) for 

𝑘 ∈ {2, 3, 4, 5}.

Proof. Let 1 ≤ 𝑘 ≤ 5. We define the map

𝐹 ∶ 𝑈 𝑘+1 →1
𝑘
(𝑈 ), (12)

(𝑝0,… , 𝑝𝑘)↦ 𝛽( ⋅ ;𝑝0,… , 𝑝𝑘). (13)

Theorem 1 and Corollary 2.1 imply that 𝐹 is injective and, thus, bijective. We can then push the product-manifold structure of 𝑈 𝑘+1

forward along 𝐹 to 𝐵1
𝑘
(𝑈 ) to turn it into a smooth manifold, thereby securing that 𝐹 is a smooth diffeomorphism (Postnikov, 2013, 

Ch. 30 § 9).5 Analogously, we can push the structure of 𝑈 𝑘−1 to ̊1
𝑘
(𝑈 ) turning it into an embedded submanifold. □

This structure allows us to identify Bézier splines of low degrees and their control points. Application-wise, the spaces covered in 
Theorem 2 are the most important ones as, traditionally, the degree of the underlying polynomial curve in regression is kept as low 
as possible to avoid overfitting, and this should not be different for regression in manifolds. Also, when curves of low degrees are not 
adequate, it can be advisable to use splines (built from them) instead of curves of higher degrees (Marsh and Cormier, 2001).

From a theoretical perspective, it is nevertheless interesting to advance the result to higher degrees. Indeed, it seems very likely 
that 1

𝑘
(𝑈 ) and ̊1

𝑘
(𝑈 ) can always be given a manifold structure in the above way. We, therefore, state the following conjecture.

Conjecture. Theorem 2 also holds for all 𝑘 ≥ 6.

We are unaware of explicit formulas for further control points, which would be necessary to extend our proof. What is known 
is that the 𝓁-th covariant derivative of a Bézier curve at 𝑡 = 0 and 𝑡 = 1 is determined by the first and last 𝓁 + 1 control points, 
respectively (Popiel and Noakes, 2007, p. 112); but not that a subset of them never suffices.

Of course, one could also try to use the inverse function theorem to show that 𝐹 is locally invertible. Then, by restricting to a 
subset 𝑈 ⊆ 𝑈 , we would obtain that 1

𝑘
(𝑈 ) is a manifold. To this end, delicate investigations of sums of Jacobi fields along different 

curves are necessary. We leave this for future work.
Turning to Bézier splines, we can extend Theorem 2.

Corollary 3.1. Let 𝑀 be a 𝑑-dimensional Riemannian manifold and 𝑈 ⊆ 𝑀 a normal convex neighborhood. Furthermore, let 𝐿
𝑘0,…,𝑘𝐿−1

(𝑈 )
and ̊𝐿

𝑘0 ,…,𝑘𝐿−1
(𝑈 ) be defined by (3.1) and (11), respectively. Then, 𝐿

𝑘0,…,𝑘𝐿−1
(𝑈 ) can be given the structure of a smooth manifold of 

dimension

5 More precisely, we obtain a topology on 1
𝑘
(𝑈 ) by requiring that a subset is open if and only if its preimage under 𝐹 is open. A maximal atlas is then given 
7

analogously: If (𝑉 , 𝜙) is a chart of 𝑈 𝑘+1 , then (𝐹 (𝑈 ), 𝜙◦𝐹 −1) is a chart of 𝐵1
𝑘
(𝑈 ) (and all charts are constructed this way).
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dim
(𝐿

𝑘0 ,…,𝑘𝐿−1
(𝑈 )

)
= 𝑑

(
𝐿−1∑
𝑖=0

𝑘𝑖 − 𝐿 + 2

)
if 𝑘𝑖 ∈ {1, 2, 3, 4, 5} for all 𝑖 = 0, … , 𝐿 − 1. Furthermore, if 𝑘𝑖 ∈ {1, 2, 3, 4, 5} for all 𝑖 = 1, … , 𝐿 − 2 such that 

∑𝐿−1
𝑖=0 𝑘𝑖 > 𝐿, then 

̊𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ) is a smooth embedded submanifold in this structure. The dimension of ̊𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ) is

dim
(̊𝐿

𝑘0 ,…,𝑘𝐿−1
(𝑈 )

)
= 𝑑

(
𝐿−1∑
𝑖=0

𝑘𝑖 − 𝐿

)
.

Proof. We extend 𝐹 so that

𝐹 ∶ 𝑈 𝐾+1 →𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ),

(𝑝0,… , 𝑝𝐾 )↦ 𝐵( ⋅ ;𝑝0,… , 𝑝𝐾 ),
(14)

where 𝐾 is given by Definition 6. The assertion now follows using the arguments from the proof of Theorem 2 for every segment. 
(Thereby, 𝐹 is also turned into a diffeomorphism.) The construction for ̊𝐿

𝑘0 ,…,𝑘𝐿−1
(𝑈 ) works analogously. □

Remark 2. Several Bézierfolds coincide with sets of constant maps into 𝑈 . Whereas for spaces that contain non-closed curves, this is 
(only) true for 1

0(𝑈 ), there are infinitely many spaces of closed curves, including ̊1
0(𝑈 ), ̊1

1(𝑈 ), ̊1
2(𝑈 ), ̊2

1,2(𝑈 ), ̊3
1,1,2(𝑈 ), etc. It is 

then clear that these spaces are all diffeomorphic to 𝑈 .

Since derivatives of diffeomorphisms map tangent spaces bijectively into each other, we can characterize the tangent spaces of a 
Bézierfold 𝐿

𝑘0 ,…,𝑘𝐿−1
(𝑈 ) with the help of the map (14): For each 𝐵 ∈𝐿

𝑘0 ,…,𝑘𝐿−1
(𝑈 ), we find

𝑇𝐵𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ) = {𝑋 ∶ [0, 𝐿]→ 𝑇 𝑀
||| ∃ 𝑣0 ∈ 𝑇𝑝0

𝑀,… , 𝑣𝐾 ∈ 𝑇𝑝𝐾
𝑀 ∀ 𝑡 ∈ [0, 𝐿] ∶

𝑋(𝑡) =
𝐾∑

𝑗=0
d𝑝𝑗

𝐵(𝑡;𝑝0,… , 𝑝𝑗−1, ⋅ , 𝑝𝑗+1,… , 𝑝𝐾 )(𝑣𝑗 )}. (15)

Every element 𝑋 ∈ 𝑇𝐵𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ) is thus a vector field along 𝐵. We say that it is induced by the vectors 𝑣0, … , 𝑣𝐾 . The tangent 
spaces 𝑇𝐵̊𝐿

𝑘0 ,…,𝑘𝐿−1
(𝑈 ) of spaces with closed curves are given by the right-hand side of (15) when 𝐾 is replaced by �̊� . Bergmann 

and Gousenbourger (2018) studied vector fields such as those in (15): They derived explicit formulas for their computation if 𝑀 is a 
symmetric space, i.e., Riemannian manifolds for which reflections about points are isometries.

In (Nava-Yazdani et al., 2023), a closely connected identification was used to give the space of cubic6 Bézier splines a smooth 
manifold structure: The authors use the fact that an ordered pair (𝑝, 𝑞) ∈ 𝑈 can be identified with (𝑝, log𝑝(𝑞)) ∈ 𝑇 𝑀 . A cubic spline 
𝐵 ∈𝐿

3,…,3(𝑈 ) can then be encoded using the mapping

𝐹 ∶𝐿
3,…,3(𝑈 )→ (𝑇 𝑈 )𝐿+1,

𝐵 ↦

((
𝐵(0), �̇�(0)∕3

)
,… ,

(
𝐵(𝐿), �̇�(𝐿)∕3

))
;

(16)

Theorem 1 and Corollary 2.1 yield

𝐹 (𝐵) =

((
𝑝
(0)
0 , log

𝑝
(0)
0

(
𝑝
(0)
1
))

,… ,

(
𝑝
(𝐿−1)
0 , log

𝑝
(𝐿−1)
0

(
𝑝
(𝐿−1)
1

))
,

(
𝑝
(𝐿−1)
3 ,−log

𝑝
(𝐿−1)
3

(
𝑝
(𝐿−1)
2

)))
.

For splines in ̊𝐿
3,…,3(𝑈 ), the last element is left out.

The equivalence of the induced structures follows from the fact that the differentiable structure of the tangent bundle 𝑇 𝑀 is 
induced by the one of 𝑀 . The mapping 𝐹 is helpful in obtaining a Riemannian metric for cubic Bézierfolds, as we will see shortly.

The map 𝐹 −1 can be used for another characterization of the tangent spaces (15) for cubic Bézierfolds. We obtain

𝑇𝐵𝐿
3,…,3(𝑈 ) = {𝑋 ∶ [0, 𝐿]→ 𝑇 𝑀

||| ∃ (𝑣0, 𝑤0) ∈ 𝑇(𝑝0 ,𝑢0)𝑇 𝑀,… ,

(𝑣𝐿, 𝑤𝐿) ∈ 𝑇(𝑝𝐿,𝑢𝐿)𝑇 𝑀 ∶ 𝑋 =
𝐿∑

𝑖=0
d(𝑝𝑖,𝑢𝑖)𝐹

−1((𝑣𝑖, 𝑤𝑖)
)
},

(17)
8

6 It is relatively straightforward to extend the construction to odd-degrees-only Bézierfolds, i.e., 𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ) with 𝑘0 , … , 𝑘𝐿−1 ∈ {1, 3, 5}.
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while for 𝑇𝐵̊𝐿
3,…,3(𝑈 ) the last summand of the vector fields is left out. The derivatives of 𝐹 −1 and 𝐹 can be computed using the 

same tools (so-called Jacobi fields). In particular, there are explicit formulas available in symmetric spaces to compute the terms 
d(𝑝𝑖,𝑢𝑖)𝐹

−1((𝑣𝑖, 𝑤𝑖) in (17); see (Fletcher, 2013; Nava-Yazdani et al., 2023).

3.3. Riemannian metrics on Bézierfolds

As a manifold, a Bézierfold can be endowed with a Riemannian metric. In the following, we describe two different possible 
choices—one general and one for the special case of cubic Bézier splines. We state everything for spaces (𝑈 ) of general splines, but, 
clearly, the metrics can be restricted to submanifolds ̊(𝑈 ) of closed curves.

3.3.1. Integral-based metric

In (Hanik et al., 2022), the authors proposed to endow 𝐿
𝑘0,…,𝑘𝐿−1

(𝑈 ) with the metric of Srivastava and Klassen from (Srivastava 
and Klassen, 2016, Sec. 3.3).

Definition 3.2. Let ⟨ ⋅ , ⋅ ⟩ be the Riemannian metric of 𝑀 and 𝐵 ∈ 𝑇𝐵𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ). The integral-based metric on 𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ) is 
defined by

⟨⟨𝑋, 𝑌 ⟩⟩𝐵 ∶=

𝐿

∫
0

⟨
𝑋(𝑡), 𝑌 (𝑡)

⟩
𝐵(𝑡)d𝑡

for all 𝑋, 𝑌 ∈ 𝑇𝐵(𝑈 ).

Bézier splines depend smoothly on their control points, hence the structure is smooth. The metric gives Bézier splines a natural 
distance. For general manifolds, explicit formulas for geodesics or the Riemannian exponential exp

𝐵
and logarithm log

𝐵
at 𝐵 ∈(𝑈 )

seem hard to find; nevertheless, one can approximate them efficiently using variational time-discretization (see Sec. 5.2).

Remark 3. Consider the Bézierfolds discussed in Remark 2 that consist of constant maps to 𝑈 only. Since their tangent vectors are 
constant maps into 𝑇 𝑈 , they are isometric to 𝑈 under the map (14) when endowed with the integral-based metric (3.2).

3.3.2. Sasakian metric for cubic splines

As first done in (Nava-Yazdani et al., 2023), the (product) Sasaki metric (7) can be bulled back to a cubic Bézierfold.
They endow 𝐿

3,…,3(𝑈 ) with the pullback ⟨⟨ ⋅ , ⋅ ⟩⟩𝑆 of the product Sasaki metric (7) under 𝐹 .

Definition 3.3. Let 𝑋, 𝑌 ∈ 𝑇𝐵𝐿
3,…,3(𝑈 ) and (𝑣𝑋

0 , 𝑤𝑋
0 ), … , (𝑣𝑋

𝐿
, 𝑤𝑋

𝐿
) ∈ (𝑇 𝑀)2 and (𝑣𝑌

0 , 𝑤𝑌
0 ), … , (𝑣𝑌

𝐿
, 𝑤𝑌

𝐿
) ∈ (𝑇 𝑀)2 the vectors that 

induce them. The Sasakian metric on 𝐿
3,…,3(𝑈 ) is defined by

⟨⟨𝑋, 𝑌 ⟩⟩𝑆
𝐵
∶=

𝐿∑
𝑖=0

⟨𝑣𝑋
𝑖 , 𝑣𝑌

𝑖 ⟩𝑝𝑖
+ ⟨𝑤𝑋

𝑖 , 𝑤𝑌
𝑖 ⟩𝑝𝑖

.

An advantage when using this metric is that 𝐿
3,…,3(𝑈 ) and (𝑇 𝑀)𝐿+1 become isometric (with isometry 𝐹 ). Hence, all computa-

tions can be done in (𝑇 𝑀)𝐿+1. In particular, it is never necessary to compute vector fields along Bézier splines explicitly; only the 
vectors that induce it are needed. Still, iterative procedures are often needed for computations in (products of) 𝑇 𝑀 ; algorithms for 
the exponential and logarithm maps have been presented in (Muralidharan and Fletcher, 2012; Nava-Yazdani et al., 2022a) and are 
summarized in Sec. 5.2.

4. Regression with Bézier splines

Regression techniques are essential in contemporary statistics, as they analyze the relationship between a dependent variable and 
explanatory variables. Normal multivariate regression methods are inapplicable when the observed variable takes values in general 
manifolds. Therefore, a lot of effort has been put into generalizing regression to nonlinear spaces. Non-parametric (Davis et al., 
2007; Yuan et al., 2012; Mallasto and Feragen, 2018), semi-parametric (Shi et al., 2009; Zhu et al., 2009), and parametric (Hinkle 
et al., 2014; Kim et al., 2014; Cornea et al., 2017) regression models have been studied using Riemannian tools; some of these are 
applicable to data from general manifolds (Davis et al., 2007; Shi et al., 2009; Hinkle et al., 2014; Kim et al., 2014; Mallasto and 
Feragen, 2018) while others are formulated for specific ones (Zhu et al., 2009; Cornea et al., 2017; Yuan et al., 2012).

Parametric models are usually faster to compute and easier to interpret; therefore, they are often preferred when one can be 
confident that the relationship between the measured and explanatory variables is of a known type. If the latter cannot be guessed, 
then non-parametric models should be used. The simplest parametric regression model in Euclidean space is linear regression, and 
9

geodesic regression (Niethammer et al., 2011; Fletcher, 2013) was introduced as its generalization to Riemannian manifolds.
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Fig. 3. Sketch of regression with non-geodesic Bézier splines in 2 . The orange dots are data points, while 𝐵 indicates the underlying spline 𝐵 in (19).

Although geodesics are a helpful tool for describing many processes, they are not always accurate for certain types of relation-
ships, such as periodic or saturated processes. In such cases, higher-order (parametric) models are adequate. Therefore, Riemannian 
polynomials (Hinkle et al., 2014) have been considered as underlying curves. They are far more flexible than geodesics and, thus, can 
describe a much bigger class of relationships. Nevertheless, they often cannot be used due to their high computational complexity. 
They are defined (through variational principles) as solutions to differential equations involving curvature terms. Since closed-form 
solutions of the equations are usually not available, evaluation and optimization are complicated and computationally expensive.

The authors of (Hanik et al., 2020) suggest using manifold-valued Bézier splines as an alternative to Riemannian polynomials. 
Bézier splines have explicit formulas in many manifolds, which makes computations faster. They are also easily concatenated, which 
is a notable advantage: Riemannian polynomials allow for piecewise composition when degrees are odd, but for even degrees, it is 
unclear how to define splines (Hinkle et al., 2014, p. 34).

In this section, we will provide a summary of how to use Bézier splines for regression in manifolds. It is possible to use either 
general or closed splines; we formulate everything using the former. For closed splines, one must simply replace (𝑈 ) with ̊(𝑈 )
and 𝐾 with �̊� . After defining the model, we discuss the estimation of the involved notions. As a novel contribution that is not 
included in (Hanik et al., 2020), we prove the equivalence of the least-squares and maximum-likelihood estimation in symmetric 
spaces under the assumption of a Gaussian-like distribution for the errors. Finally, we discuss an application of the regression to 
normalize manifold-valued data w.r.t. a confounding variable. This method was introduced in (Hanik et al., 2023).

4.1. The model

For 𝑘-th order polynomial regression in Euclidean space ℝ𝑑 one assumes that the relationship between an ℝ𝑑 -valued random 
variable 𝑌 and a scalar variable 𝑡 is given by the model

𝑌 (𝑡) = 𝑃 (𝑡) + 𝜖(𝑡), (18)

with 𝑃 being a (deterministic) polynomial of degree at most 𝑘 and 𝜖 a vector-valued, random variable representing the error. In 
the following, we generalize this model to Riemannian manifolds using Bézier splines; furthermore, we extend it conceptually by 
including closed curves.

Let 𝑀 be a Riemannian manifold and 𝑈 ⊆ 𝑀 be a normal convex neighborhood. Further, let 𝑛 data points (𝑡1, 𝑞1), … , (𝑡𝑛, 𝑞𝑛) ∈
[0, 1] ×𝑈 with corresponding scalar parameters (e.g., points in time) be given. We suppose that there is a Bézier spline 𝐵 ∈(𝑈 ) such 
that the data points 𝑞1, … , 𝑞𝑛 are independent realizations of an 𝑀 -valued random variable  that is connected to a deterministic 
variable 𝑡 ∈ℝ according to the model

(𝑡) = exp𝐵(𝑡;𝑝0 ,…,𝑝𝐾 )
(

𝜖(𝑡)
)

. (19)

Here, for each 𝑡 ∈ [0, 1] the random error variable 𝜖 takes values in 𝑇𝐵(𝑡)𝑀 whose realizations are (generally non-continuous) random 
vector fields along 𝐵. The assumption that the explanatory variable 𝑡 is in the interval [0, 1] is purely for reasons of consistency: For 
a finite set of samples, the realizations of 𝑡 must be in an interval of finite length, which can always be linearly re-scaled to [0, 1]. The 
unknown parameters of the model are the control points 𝑝0, … , 𝑝𝐾 . A visualization of the model for samples on the sphere is shown 
in Fig. 3.

In Euclidean space, (19) reduces to (18) when restricting to Bézier curves; i.e., (19) is a generalization of polynomial regression. 
It also generalizes geodesic regression (Fletcher, 2013, Eqn. 3), to which it reduces when 𝐵 consists of a single segment with two 
control points.

In the following, we always assume that the type of 𝐵 is known. In practice, this must be determined first. As for polynomial 
regression, knowledge-driven (first) guesses of the degrees should be tested, e.g., by holding back a testing set from the data to 
10

validate the model.
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4.2. Least squares estimation

We now discuss how the Bézier spline 𝐵 in (19) should be estimated. It is often difficult to use maximum likelihood estimation or 
empirical Bayes due to the rarity of tractable noise distributions on manifolds. Therefore, geometric least squares estimation, which 
will be discussed first, is commonly employed. Nevertheless, we will show towards the end of this section that the former coincides 
with maximum likelihood estimation in some situations.

To motivate our method, we again look at the multivariate case first. A standard way to estimate the polynomial 𝑃 in (18) is 
ordinary least squares. Let 𝑁 measurements (𝑡1, 𝑦1), … , (𝑡𝑛, 𝑦𝑛) ∈ [0, 1] ×ℝ𝑑 be given. Denoting the set of polynomial curves over [0, 1]
of degree at most 𝑘 by 𝑘, we can approximate 𝑃 by the least squares estimator

𝑃 ∶= argmin
𝑃∈𝑘

1
2

𝑛∑
𝑖=1

‖𝑃 (𝑡𝑖) − 𝑦𝑖‖2.

This idea directly translates to Riemannian manifolds. Let  ⊂ 𝑈 𝐾+1 be the largest (i.e., containing all others with the same 
property) compact, simply-connected subset such that each point in  defines an element of (𝑈 ). Then, we can define the least 
squares estimator of (19) as follows:

Definition 4.1. Let 𝑛 realizations (𝑡1, 𝑞1), … , (𝑡𝑛, 𝑞𝑛) ∈ [0, 1] × 𝑈 of (19) be given. Then, the sum-of-squared error of a Bézier spline 
𝐵 ∈(𝑈 ) is defined by

(𝑝0,… , 𝑝𝐾 ) ∶= 1
2

𝑛∑
𝑖=1

dist
(

𝐵(𝑡𝑖;𝑝0,… , 𝑝𝐾 ), 𝑞𝑖

)2
. (20)

Furthermore, the least squares estimator 𝐵 ∈(𝑈 ) of the spline 𝐵 in (19) is determined by its control points

(𝑝0,… , 𝑝𝐾 ) ∈ 
according to

(𝑝0,… , 𝑝𝐾 ) ∶= argmin
(𝑝0 ,…,𝑝𝐾 )∈

(𝑝0,… , 𝑝𝐾 ). (21)

Note that, for two control points, this definition also boils down to Fletcher’s definition (Fletcher, 2013, Eqn. 5) so that in the 
geodesic case, the least squares estimates from geodesic regression and our method coincide. Generally, none of the control points 
coincides with a data point, as with spline interpolation (Bergmann and Gousenbourger, 2018; Gousenbourger et al., 2019).

Before going on, a comment on our use of  seems in order. Like Fletcher in (Fletcher, 2013, Thms. 2 and 3), we introduce it 
to ensure the existence of a least squares estimator. The existence question in an open set is very involved and, as far as we can 
see, depends strongly on the “layout” of the data, the geometry of the space, and the degree of the underlying curve. E.g., if we 
want to use a polynomial of high degree for sparse data with similar values of 𝑡 but highly varying realizations of , this will often 
lead to strongly oscillating least squares estimators (a well-known effect for polynomials of a higher degree in Euclidean space), the 
“extrema” eventually “trying” to leave 𝑈 . We leave this question for future work and use a compact set instead.

In general, the minimizer (21) is not known analytically, which makes iterative schemes necessary. Therefore, we apply Rie-
mannian gradient descent. (For a reference on optimization on manifolds, see (Absil et al., 2007).) The gradient of  can be 
computed for each control point individually when the product manifold 𝑀 𝐾+1 is endowed with the so-called product structure 
(see, e.g., (do Carmo, 1992))—a very natural choice since we have no reason to assume that there are dependencies between the 
control points.

It is shown in (Bergmann and Gousenbourger, 2018, Sec. 4.2) that grad𝑝𝑗
 can be computed explicitly in symmetric spaces.

As an initial guess for the gradient descent, choosing (𝑝0, … , 𝑝𝐾 ) along the geodesic polygon whose corners interpolate the data 
points closest to knot points (in terms of 𝑡) has worked well. Note that gradient descent methods converge to local minima. Thus, we 
implicitly assume that there is no “badly behaved” local minimum “far away” from the least squares estimator.

4.3. Maximum likelihood estimation

In Euclidean space, the least-squares estimation coincides with the maximum likelihood estimation under the assumption that the 
distribution of the errors is Gaussian. In (Fletcher, 2013, Sec. 4.4), Fletcher showed that this is also true for geodesic regression in 
symmetric spaces under a generalized isotropic normal distribution. In the following, we extend his result to regression with Bézier 
splines. To this end, we deal with integrals of functions on manifolds; see (Jost, 2017, Ch. 2) for a reference.

The maximum likelihood method is another probabilistically motivated method to obtain an estimator for the parameters of 
a statistical model from given data. The idea is to view the parameters (the control points of 𝐵 in our case) as variables of the 
underlying probability density function (pdf). The maximum likelihood estimator is the set of parameters that maximizes the so-called 
likelihood function under the given data. In practice, because it has the same extrema but is often easier to analyze, one usually applies 
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the logarithm to the likelihood function and works with the log-likelihood function instead.
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An assumption on the pdf underlying the model is needed to apply the maximum likelihood method. Let 𝑀 be a connected 
symmetric space, 𝑞 ∈ 𝑀 , and define

𝐶(𝜎) ∶= ∫
𝑀

exp
(
−dist(𝑝, 𝑞)2

2𝜎2

)
d𝑝.

It is important to note that 𝐶 does not depend on 𝑞: The distance function and thus 𝐶 are invariant under isometries, and for any 
two points in a symmetric space, there is always an isometry of the space mapping one into the other (Helgason, 2001). Given 𝑞 and 
𝜎 > 0, Fletcher’s generalized normal distribution is now defined via the pdf

𝜌 ∶ 𝑀 →ℝ≥0

𝑝 ↦ 𝜌(𝑝; 𝑞, 𝜎) ∶= 1
𝐶(𝜎)

exp
(
−dist(𝑝, 𝑞)2

2𝜎2

)
. (22)

The distance function in the exponential leads to an isotropic assignment of probability mass. Two advantageous properties of 𝜌 are 
(apart from being an isotropic normal distribution in Euclidean space) that it is continuous and nonzero everywhere; both need not 
hold for other generalizations of the normal distribution. (They need not, e.g., for the maximum entropy distribution introduced 
in (Pennec, 2006), which, on the other hand, has the advantage that anisotropy can be modeled.)

We say that the model (19) has Gaussian errors if the random variable  is conditionally distributed according to (22), i.e., with 
pdf

𝜈(𝑞|𝑡 = 𝑡0) = 𝜌
(

𝑞;𝐵(𝑡0;𝑝0,… , 𝑝𝐾 ), 𝜎
)

(23)

for some 𝜎 > 0. Under this assumption, the log-likelihood function of our model is given by

𝑙
(

𝑝0,… , 𝑝𝐾 ;𝜎
)
∶= 𝑁 log

(
𝐶(𝜎)

)
− 1

2𝜎2

𝑛∑
𝑖=1

dist
(

𝐵(𝑡𝑖;𝑝0,… , 𝑝𝐾 ), 𝑞𝑖

)2
for given data (𝑡1, 𝑞1), … , (𝑡𝑛, 𝑞𝑛) ∈ [0, 1] × 𝑈 ; the maximum likelihood estimator of the model is then the spline whose control points 
maximize 𝑙 (with control points in  ⊆ 𝑈 𝐾+1).

Extending Fletcher’s arguments for geodesic regression to arbitrary Bézier splines, the following theorem shows that, in symmetric 
spaces, maximum likelihood and least squares estimators coincide under the above assumption.

Theorem 3. Let 𝑀 be a symmetric space, 𝑈 ⊆ 𝑀 a normal convex neighborhood, and (𝑡1, 𝑞1), … , (𝑡𝑛, 𝑞𝑛) ∈ [0, 1] × 𝑈 realizations of the 
model (19). Then, least squares optimization and maximum likelihood approximation are equivalent for (19) with Gaussian errors.

Proof. Bergmann and Gousenbourger (2018, Sec. 4.2) showed that the gradients

grad𝑝dist
(

𝐵(𝑡𝑖;𝑝0,… , 𝑝𝑗−1, ⋅ , 𝑝𝑗+1,… , 𝑝𝐾 ), 𝑞𝑖

)2
, 𝑗 = 0,… , 𝐾,

exist for any 𝑝 ∈ 𝑈 by deriving an explicit procedure for their computation. Therefore, for each 𝑗 = 1, … , 𝐾 and 𝑝 ∈ 𝑈 , we find

grad𝑝𝑙 = − 1
2𝜎2

𝑛∑
𝑖=1

grad𝑝dist
(

𝐵(𝑡𝑖;𝑝0,… , 𝑝𝑗−1, ⋅ , 𝑝𝑗+1,… , 𝑝𝐾 ), 𝑞𝑖

)2
= − 1

𝜎2 grad𝑝 .

Hence, in the interior of , local minimizers of the sum-of-squared error  are local maximizers of the log-likelihood function 𝑙, and 
vice versa. It is also clear that the same holds for global extrema. □

4.4. Normalization via regression

In statistics, one almost always needs to control confounding and other extraneous variables that are not of interest to a study 
but might influence the outcome. If the pool of samples is large enough, the controlling can be done through sample selection, 
enforcing, e.g., that the variable is constant or follows a particular distribution. Another possibility, which is also applicable in 
the case of a small data pool, is normalization, i.e., shifting/scaling the data’s statistics such that the influence of the confounding 
variables is minimized. Such procedures can also be necessary when analyzing manifold-valued data. In this section, we summarize 
the Bézier spline-based normalization method from (Hanik et al., 2023) that helps to reduce the interference of continuous influence 
parameters. While motivated by a specific application, it can be applied when several sets of manifold-valued data shall be compared 
that are influenced by a continuous confounding variable. Conceptually similar procedures are used in Euclidean space, e.g., when 
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analyzing molecules (Shen et al., 2016; Wahid et al., 2016; Hafemeister and Satija, 2019).
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Fig. 4. Normalization w.r.t. some parameter 𝑡 for a single data group (𝑞𝑗 , 𝑡𝑗 ), 𝑗 = 1, 2, 3, 4, in a Riemannian manifold 𝑀 . The curve 𝐵 is the result of spline regression 
w.r.t. 𝑡. The points 𝐵(𝑡𝑗 ) are depicted in light grey, while the tangent vectors 𝑣𝑗 are the black arrows attached to them. Finally, the parallel translation 𝑤𝑗 of each 𝑣𝑗

is a tangent vector at 𝐵(𝑡0) (also black); it yields the normalized data 𝑞𝑗 shown in orange.

4.4.1. The model

Let 𝑀 be a Riemannian manifold, 𝑈 ⊆ 𝑀 a normal convex neighborhood, and 𝐼𝑠 ⊂ ℝ, 𝑠 = 1, … , 𝑆 , closed intervals with non-
empty intersection, i.e., ∩𝑆

𝑠=1𝐼𝑠 ≠ ∅. (The latter assumption guarantees a shared parameter value that can serve as a reference point 
for normalization.) Let further 𝑠 groups of 𝑈 -valued data points be given, each element coming with a parameter:(

𝑡
(𝑠)
𝑗

, 𝑞
(𝑠)
𝑗

)
∈ 𝐼𝑠 × 𝑈 , 𝑠 = 1,… , 𝑆, 𝑗 = 1,… , 𝑛𝑠.

We assume that the data from 𝑠-th group behaves according to the model (19), i.e.,

(𝑠)(𝑡) ∶= exp𝐵(𝑠)(𝑡;𝑝0 ,…,𝑝𝐾 )
((𝑠)(𝑡)

)
𝑠 = 1,… , 𝑆. (24)

In contrast to the previous sections, here it is supposed that we are interested in the 𝑇 𝑀 -valued variables (𝑠) (thus the change 
of notation). We further assume that the “drifts” in the data given by the Bézier splines 𝐵(𝑠), 𝑖 = 1, … , 𝑆 , are caused by the single 
confounding but deterministic variable 𝑡.

4.4.2. Normalization

In this section, we discuss how the data can be normalized at some 𝑡0 ∈ ∩𝑆
𝑖=1𝐼𝑖 so that further analysis is not influenced by the 

variability caused by 𝑡. The procedure is as follows: First, calculating the least squares estimators (21) for each group yields the 
best-fitting splines 𝐵(𝑠) ∶ 𝐼𝑖 → 𝑀 , 𝑖 = 1, … , 𝑆 . It is possible that the regressed curves already provide valuable information about the 
data, as we will see in Sec. 6.3. Approximations 𝑅(𝑠)(𝑡𝑖) ∈ 𝑇 𝑀 of the realizations of (𝑠)(𝑡𝑖) ∈ 𝑇 𝑀 of (24) are then given by the 
logarithms

𝑅(𝑠)(𝑡𝑖) ∶= log
𝐵(𝑠)(𝑡(𝑠)

𝑗
)

(
𝑞
(𝑠)
𝑗

)
∈ 𝑇

𝐵(𝑠)(𝑡(𝑠)
𝑗
)𝑀, 𝑖 = 1,… , 𝑆, 𝑗 = 1,… , 𝑛𝑖.

To minimize the influence caused by the variable 𝑡, we want to normalize the data at some chosen point 𝑡0. Since, for each group, 
𝐵(𝑠) approximates the trend that 𝑡 enforces, we propose to parallel translate the vectors 𝑅

(𝑠)
𝑗

along 𝐵(𝑠) to 𝐵(𝑠)(𝑡0). This results in 
vectors

𝑤
(𝑠)
𝑗

∈ 𝑇
𝐵(𝑠)(𝑡0)

𝑀, 𝑖 = 1,… , 𝑆, 𝑗 = 1,… , 𝑛𝑖. (25)

They represent the differences of the data points to the Bézier splines normalized at 𝑡0. Mapping them back to the manifold gives the 
normalized data points:

𝑞
(𝑠)
𝑗

∶= exp
𝐵(𝑠)(𝑡0)

(
𝑤

(𝑠)
𝑗

)
, 𝑖 = 1,… , 𝑆, 𝑗 = 1,… , 𝑛𝑖. (26)

Now, we can perform inter-group comparison with the normalized data (26). E.g., we can compute the Fréchet means (Pennec et al., 
2020, Ch. 2) and perform group tests for equality as in (Muralidharan and Fletcher, 2012, Sec. 3.3). If the curvature near the points 
𝐵(𝑠)(𝑡0) is small (i.e., all sectional curvatures are close to 0), then we can also use the linearized data (25) and apply methods from 
multivariate statistics; the higher the curvature, though, the stronger will be the introduced distortion. The normalization process 
and its result for data from two groups are visualized in Figs. 4 and 5. It is important to note that the choice of 𝑡0 will influence the 
results, just like in multivariate statistics. (Imagine, e.g., that we measure the height of a group of people; only considering children 
at age ten will give results different from those of 20-year-old adults.)

Computation-wise, for geodesics as underlying trends, explicit formulas for parallel transport are known for many manifolds that 
appear in applications. Otherwise, several numerical schemes can provide approximations of parallel transport along curves (Kheyfets 
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et al., 2000; Louis et al., 2018; Guigui and Pennec, 2021).



Computer Aided Geometric Design 110 (2024) 102288M. Hanik, E. Nava-Yazdani and C. von Tycowicz

Fig. 5. Normalization results for two groups. Both splines 𝐵1 and 𝐵2 are defined for the value 𝑡 = 𝑡0 , so the two data sets can be normalized at 𝐵(1)(𝑡0) and 𝐵(2)(𝑡0), 
respectively. The groups (orange and red) can now be compared without bias caused by the influence of 𝑡.

Fig. 6. Conceptual comparison of a hierarchical model and regression analysis on a longitudinal data set. The measurements are shown as grey dots (without time). 
Each subject’s (correlated) measurements follow its trend (broken lines). Spline regression on the full data set yields the red curve; its direction deviates strongly from 
all individual trends. The mean of the individual trends (green curve) is a better estimator of the average longitudinal trend in the cohort.

5. Hierarchical models

Time-dependent data analysis is becoming increasingly relevant for a wide range of applications, including the investigation 
of disease onset and progression, physical performance assessment from biomechanical gait data, and face expression analysis in 
video sequences. All of these are examples of longitudinal data, in which individual instances of a common underlying process are 
observed repeatedly over a period of time. While popular statistical tools such as mean-variance analysis and regression allow for the 
investigation of phenomena among individuals or inside a single one, longitudinal data contains correlations within measurements 
of single individuals, which violates the independence assumptions of such cross-sectional methods. Fig. 6 sketches the difference 
between cross-sectional and longitudinal models. Another concern is missing data, which can occur as a result of acquisition problems 
or when subjects drop out of a clinical trial. Proper statistical inference for longitudinal data, thus, needs to account for both within-
individual correlations of observations as well as potentially sparse or non-uniform sampling.

From this perspective, hierarchical models—specifically mixed-effects models—offer a suitable and versatile framework for the 
analysis of longitudinal data (Locascio and Atri, 2011; Gerig et al., 2016). These approaches address the multitude of inherent 
interrelations by formulating a model that assumes that each subject possesses an individual functional relationship between the 
dependent variable and the time-related predictor(s). Therefore, a parametric spatiotemporal model is estimated to fit the data for 
each individual. Any discrepancy in the fit is attributed to a random error variation in the observed dependent variable. The subject-
specific coefficients that characterize these models (such as the intercept and slope in the case of straight lines) are assumed to exhibit 
random variation within the population. In addition to these random effects, there exists a “fixed” effect that is frequently the main 
focus of interest. This effect is defined as a “fixed” coefficient that represents the average spatiotemporal model for the entire group.

The existing body of literature extensively covers the mixed-effects framework for scalar and vector-valued measurements. How-
ever, the extension of this framework to other types of data with structured domains, such as shapes or graphs, has only emerged 
in recent years. Based on geodesics, i.e., generalizations of straight lines, multiple works (Muralidharan and Fletcher, 2012; Singh 
et al., 2013; Hong et al., 2015; Muralidharan, 2017; Nava-Yazdani et al., 2022b) derived geodesic hierarchical models that encode 
both subject-specific as well as group trends in terms of geodesics. Nonmonotonous shape changes, e.g., those present in a time series 
of cardiac motion or anatomical changes in the human brain over decades, do not, in general, adhere to constraints of geodesic-
ity. This assumption can, hence, be a limiting factor, diminishing the flexibility and fidelity of such approaches and calling for the 
14

development of higher-order models.
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5.1. The model

In line with the regression approach presented in the previous section, we can obtain higher-order, hierarchical models building 
upon intrinsic Bézier splines. We now introduce such a nonlinear hierarchical model following the derivation in (Hanik et al., 2022). 
Since a key application of mixed-effects models is in the life sciences, we speak of measurements taken from “subjects” in the 
following. Nevertheless, the model is not restricted to data from this field.

Let 𝑀 be a Riemannian manifold and 𝑈 ⊆ 𝑀 a normal convex neighborhood. Further, let (𝑈 ) be a Bézierfold over 𝑈 . Consider 
that 𝑆 subjects are given and that, for each, there is (a possibly different number of) 𝑛𝑠, 𝑠 = 1, … , 𝑆 , measurements of the pair of an 
independent, deterministic scalar variable 𝑡 and a manifold-valued dependent variable (𝑠). The data thus reads(

𝑡
(𝑠)
𝑖

, 𝑞
(𝑠)
𝑖

)
∈ℝ × 𝑈 , 𝑖 = 1,… , 𝑛𝑠, 𝑠 = 1,… , 𝑆. (27)

While cross-sectional measurements (i.e., points 𝑞(𝑠)
𝑖

with mutually different 𝑠) can be assumed to be independent of each other, 
intra-subject measurements (i.e., samples 𝑞(𝑠)

𝑖
with the same 𝑠) are correlated and, thus, have to be treated separately. To this end, a 

hierarchical two-stage model consisting of the following two consecutive levels can be employed.

Individual level: On the lower, individual level, we assume that (19) underlies each subject’s data independently from the others; 
the type and the degrees of all Bézier splines are supposed to be the same; i.e., it is assumed that the data (27) is drawn from random 
variables

(𝑠)(𝑡) ∶= exp
𝐵(𝑠)(𝑡;𝑝(𝑠)0 ,…,𝑝

(𝑠)
𝐾
)
(

𝜖(𝑠)(𝑡)
)

, 𝑠 = 1,… , 𝑆.

Group level: On the upper group level, we view each trajectory as a perturbation of a common mean trajectory 𝐵 ∶=
𝐵( ⋅ ; 𝑝0, … , 𝑝𝐾 ) ∈(𝑈 ) in the Bézierfold (𝑈 ) according to

𝐵(𝑠) = exp
𝐵

(
𝑋(𝑠)) , 𝑠 = 1,… , 𝑆,

with random tangent vector fields 𝑋(𝑠) ∈ 𝑇
𝐵
(𝑈 ). This model first deals with the correlated samples, encoding them as a single, 

subject-specific spline model; so, on the group level, independence can be assumed again.

5.2. Parameter estimation

As the individual level does not depend on the group level parameter, the control points of the individual developments and those 
of the mean trend can be estimated efficiently by a two-step least squares procedure. In particular, in the first step, the parameters 
of the individual trends can be determined in parallel using the estimator (21) as discussed in Sec. 4.2. The second step then consists 
of finding the Fréchet mean 𝐵 in (𝑈 ) of the estimated individual trends. The following discussion is, therefore, only concerned 
with approximating the control points of the mean spline. As the Fréchet mean (3) is defined with respect to geodesic distances, the 
estimated model depends on a choice of Riemannian metric for (𝑈 ).

5.2.1. Integral-based metric

For the Riemannian metric discussed in Sec. 3.3.1, we can obtain an estimation scheme in terms of the discrete geodesic calculus 
by Rumpf and Wirth (2014) that employs a variational time-discretization.

Let 𝐵1, 𝐵2 ∈ 𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ). A path between 𝐵1 and 𝐵2 through 𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ) (and defined in [0, 1]) may be represented as a 
parametrized surface in 𝑈 , because it induces a map 𝐻 ∶ [0, 1] × [0, 𝐿] → 𝑈 , (𝑟, 𝑡) ↦ 𝐻(𝑟, 𝑡), with 𝐻(0, ⋅ ) = 𝐵1 and 𝐻(1, ⋅ ) = 𝐵2. A 
geodesic between 𝐵1 and 𝐵2 is a minimizer of the path energy7

𝐸(𝐻) ∶=

1

∫
0

𝐿

∫
0

⟨
d𝐻

d𝑟
(𝑟, 𝑡), d𝐻

d𝑟
(𝑟, 𝑡)

⟩
d𝑡 d𝑟.

Discretizing in 𝐿
𝑘0,…,𝑘𝐿−1

(𝑈 ) and identifying splines with their control points, we obtain a discrete 𝓁-geodesic (𝑝𝑗

0, … , 𝑝𝑗

𝐾
)𝑗=0,…,𝓁 ∈

(𝑈 𝐾+1)𝓁+1 between 𝐵1 and 𝐵2 as the minimizer of the discrete path energy

𝐸𝓁

((
𝑝

𝑗

0,… , 𝑝
𝑗

𝐾

)
𝑗=0,…,𝓁

)
∶= 𝓁

𝓁−1∑
𝑗=1

𝐿

∫
0

dist

(
𝐵
(

𝑡;𝑝
𝑗

0,… ,𝑝
𝑗

𝐾

)
,

𝐵
(

𝑡;𝑝
𝑗+1
0 ,… , 𝑝

𝑗+1
𝐾

))2
d𝑡.
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7 Indeed, a curve minimizes the path energy if and only if it is a geodesic; see, e.g., (do Carmo, 1992, p. 196).
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When distances on 𝑀 can be computed, the integral can be evaluated using a suitable quadrature rule.
To approximate minimizers of 𝐸𝓁 , Hanik et al. (2022) extend the iterative procedure from (Nava-Yazdani et al., 2022b) to this 

setting. The algorithm is motivated by the general characteristic of shortest paths that are induced by Srivastava’s metric and the 
corresponding connection in the space of curves: If 𝛼1, 𝛼2 ∶ [0, 𝐿] → 𝑈 are two smooth curves, then the map 𝐻( ⋅ , 𝑡) ∶ [0, 1] → 𝑈

that is induced by the shortest curve between 𝛼1 and 𝛼2 is a geodesic in 𝑀 for all 𝑡 ∈ [0, 𝐿]; see (Srivastava and Klassen, 2016). 
Approximating the integrals in 𝐸𝓁 with a quadrature and applying an alternating optimization scheme (i.e., block coordinate descent) 
lets us compute the discrete 𝓁-geodesics between two curves by iteratively performing spline regression. First, we initialize the control 
points of the inner curves equidistantly along the geodesics that connect the corresponding control points of 𝐵1 and 𝐵2. The inner 
trajectories are then updated so that they lie “in the middle” of their neighbors; to this end, we replace them with the result of a 
spline regression on the 𝐾 + 1 data points given by (equidistant) evaluations of the neighboring curves.

Next, we discuss the computation of the discrete 𝓁-mean of 𝑆 curves 𝐵1, … , 𝐵𝑆 ∈𝐿
𝑘0,…,𝑘𝐿−1

(𝑈 ), with which we approximate the 

common mean (curve). It is the spline 𝐵 ∈𝐿
𝑘0 ,…,𝑘𝐿−1

(𝑈 ) minimizing

𝐺𝓁(𝑝0,… , 𝑝𝐾 ) ∶=
𝑆∑

𝑠=1
𝐸𝓁

((
𝑝

𝑗

0,… , 𝑝
𝑗

𝐾

)(𝑠)

𝑗=0,…,𝓁

)
,

s.t. (𝑝𝓁0 ,… , 𝑝𝓁
𝐾
)(𝑠) = (𝑝0,… , 𝑝𝐾 )(𝑠), 𝑠 = 1,… , 𝑆,

where (𝑝𝑗

0, … , 𝑝𝑗

𝐾
)(𝑠)

𝑗=0,…,𝓁 denotes the control points of the discrete 𝓁-geodesic between 𝐵𝑠 and 𝐵( ⋅ ; 𝑝0, … , 𝑝𝐾 ). It can be computed 
with an alternating optimization scheme. We initialize the control points of 𝐵 with the Fréchet means of the corresponding control 
points of the data curves. Then, we compute discrete geodesics toward the mean and update the latter by a spline regression. This 
process is repeated in an alternating fashion.

5.2.2. Sasakian metric

To estimate the Fréchet mean (3) in a cubic Bézierfold 𝐿
3,…,3(𝑈 ) endowed with the Sasakian metric given in Definition 3.3, we 

can employ the common Newton-type iteration

𝐵
𝑖+1

= exp
𝐵

𝑖

(
1
𝑆

𝑆∑
𝑠=1

log
𝐵

𝑖 (𝐵𝑠)

)
.

Since all computations in 𝐿
3,…,3(𝑈 ) can be performed in (𝑇 𝑀)𝐿+1 (cf. Sec. 3.3.2), it is sufficient to have procedures to compute the 

exponential and logarithmic maps on 𝑇 𝑀 under the Sasaki metric. As the former computes geodesics on 𝑇 𝑀 for a given pair of 
initial position (𝑝0, 𝑢0) ∈ 𝑇 𝑀 and velocity (𝑣0, 𝑤0) ∈ 𝑇(𝑝0 ,𝑢0)𝑇 𝑀 , it can be approximated by shooting a geodesic (Muralidharan and 
Fletcher, 2012) using a forward Euler integration of the geodesic equations (9) given by

𝑝𝑘+1 = exp𝑝𝑘
(𝜀𝑣𝑘),

𝑢𝑘+1 = 𝜙(𝑢𝑘 + 𝜀𝑤𝑘, 𝑝𝑘+1),

𝑣𝑘+1 = 𝜙(𝑣𝑘 − 𝜀𝑅(𝑢𝑘, 𝑤𝑘)𝑣𝑘, 𝑝𝑘+1),

𝑤𝑘+1 = 𝜙(𝑤𝑘, 𝑝𝑘+1),

with step size 𝜀 = 1∕𝓁 and map 𝜙(𝑣, 𝑝) realizing the parallel transport of vector 𝑣 to point 𝑝.
Given two points (𝑝0, 𝑢0) ∈ 𝑇 𝑀 and (𝑝𝓁 , 𝑢𝓁) ∈ 𝑇 𝑀 , the logarithmic map is the inverse of the exponential map, thus returning the 

initial velocity (𝑣0, 𝑤0) ∈ 𝑇(𝑝0 ,𝑢0)𝑇 𝑀 of the geodesic segment that connects both points. As for the integral-based metric, we utilize a 
time-discrete path denoted by (𝑝𝑘, 𝑢𝑘)𝑘=0,…,𝓁 that is relaxed iteratively to a discrete geodesic by minimizing the path energy

𝐸𝑆
𝓁

(
(𝑝𝑘, 𝑢𝑘)𝑘=0,…,𝓁

)
= 𝜀

2

𝓁∑
𝑘=1

(||𝑣𝑘||2 + ||𝑤𝑘||2) ,

where 𝑣𝑘, 𝑤𝑘 ∈ 𝑇𝑝𝑘
𝑀 encode the change in 𝑝𝑘, 𝑢𝑘 via forward finite differences, respectively. Discrete geodesics, i.e., minimizers of 

𝐸𝑆
𝓁 , are then computed via (intrinsic) steepest descent into the negative gradient direction, which is in turn given by

grad𝑝𝑘
𝐸𝑆
𝓁 = −𝜀

(
∇𝑣𝑘

𝑣𝑘 + 𝑅(𝑢𝑘, 𝑤𝑘)𝑣𝑘

)
,

grad𝑢𝑘
𝐸𝑆
𝓁 = −𝜀∇𝑣𝑘

𝑤𝑘.

Concrete expressions in terms of intrinsic, finite differences for the involved quantities can be found in (Nava-Yazdani et al., 2022a).

5.3. Second-order statistics and group tests

Capturing higher-order statistics can provide a more comprehensive description of the underlying distributions that go beyond 
16

the estimation of group average trends. In particular, the presented Riemannian metrics allow for geometric statistical tools such as 
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Fig. 7. Reconstructed meshes from regression of longitudinal mitral valve data covering a full cardiac cycle. The spline consists of two cubic segments fitted to surfaces 
extracted from ultrasound images.

principal geodesic analysis (PGA) (Fletcher et al., 2004) to be applied. PGA provides the estimation of the variance and principal 
directions of the distribution of trajectories in (𝑈 ) that summarize variations within the time-dependent data. The representation of 
the longitudinal observations within the hierarchical basis of principal components in turn yields a highly compact, yet descriptive 
encoding that is amenable for downstream tasks such as classification and visualization.

One of the major motivations of longitudinal data analysis is to test whether differences found between two groups are statistically 
significant or due to random chance. To this end, Riemannian generalizations of two-sample hypothesis tests can be applied. A 
prominent example is the Hotelling 𝑇 2 statistic, which can be thought of as a squared Mahalanobis distance between group-wise 
means with respect to a pooled sample covariance matrix. As there is no straightforward way for pooling covariance matrices defined 
in different tangent spaces, Muralidharan and Fletcher (2012) proposed a manifold version, which averages the differences in means 
gauged in each mean’s tangent space weighted by the respective single-group covariance. This statistic can further be extended to 
also account for differences in second-order statistics, yielding a generalized Bhattacharyya distance (Hong et al., 2015). Regardless 
of the used statistic, it is typically difficult to formulate the corresponding parametric distribution for samples on general manifolds. 
Moreover, even if such a formulation were at hand, it would often not be preferable to impose the underlying assumptions on the 
data distributions. Both concerns can be circumvented by estimating the distribution of the statistic employing a non-parametric 
permutation test design.

6. Applications

6.1. Background: shape analysis

An object’s geometric characteristics that are invariant through similarity transformations, i.e., under translations, rotations, and 
scalings, are collectively referred to as its “shape” in mathematics. Different methods are used to encode this information, depending 
on the application. As a result, many “shape spaces” that can be utilized to model object shapes exist. Kendall shape space (Kendall 
et al., 2009), which uses landmark configurations as its foundation, is a prime example; (Dryden and Mardia, 2016) is an excellent 
textbook on shape spaces based on landmarks. References (Bauer et al., 2014; Srivastava and Klassen, 2016; Younes, 2019) provide 
further in-depth treatments on shape spaces that rely on the group of diffeomorphisms. The discussion of skeletal models can be 
found in (Siddiqi and Pizer, 2008; Pizer et al., 2020). Last, research on physics-based spaces has been done in (Heeren et al., 2014; 
von Tycowicz et al., 2018; Ambellan et al., 2021).

Full invariance under similarity transformations is not implemented in all of these spaces for a variety of reasons, including 
methodological ones (such as when size information is considered crucial), to keep computational costs in check, or because the 
representation does not support all three (though it is still useful in applications). Nevertheless, invariance is always attained to some 
extent. Nearly all of the aforementioned shape spaces have (at least locally) a non-Euclidean manifold structure. As a result, they 
require methods from geometric statistics for data analysis.

In all the applications of shape analysis that we describe in the following, the shape space from (von Tycowicz et al., 2018) was 
used; we denote it in the following by Σ.

6.2. Shape analysis in medicine

Several of the methods that were discussed in the previous sections were successfully applied to shape analysis problems in 
medicine; the importance of the underlying geometry for shape data analysis is well-established in this field (Pennec et al., 2020). In 
the following, we summarize the findings.

6.2.1. Reconstruction of shape trajectories of the mitral valve

Diseases of the mitral valve are the second-most common form of valve disease in adults needing surgery (Madesis et al., 2014). 
Mitral valve regurgitation is an important example thereof. It can have different causes and is characterized by a (backward) blood flow 
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from the left ventricle into the left atrium during systole. This is possible, e.g., when the valve’s leaflets do not close fully or prolapse 
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Fig. 8. Cubic regression of distal femora. Healthy regressed shape (KL = 0) together with subsequent grades overlaid wherever the distance is higher than 0.5 mm, 
colored accordingly (0.5 mm 3.0 mm).

into the left atrium during systole (Enriquez-Sarano et al., 2009). Mitral valve diseases are often characterized by specific movement 
patterns. The corresponding shape anomalies can be observed (at least) at some point in the cardiac cycle. Early detection and 
assessment of mitral valve regurgitation are necessary for the best short-term and long-term results of treatment (Enriquez-Sarano et 
al., 2009). Therefore, reconstruction and simulation of 3D mitral valve geometries are active areas of research (Tautz et al., 2020; 
Walczak et al., 2022).

In (Hanik et al., 2020), regression with closed Bézier splines was applied to longitudinal shape data of a mitral valve from a 
patient with mitral valve regurgitation. To this end—sampling the first half of the cycle (closed to fully open) at equidistant time 
steps—five meshes were extracted from a 3D+t transesophageal echocardiography (TEE) sequence as described in (Tautz et al., 
2020). To reconstruct a full motion cycle, the same five shapes were used in reversed order as data for the second half of the 
curve. Because of the periodic behavior, a closed spline ̊2

3,3(𝑈 ), 𝑈 ⊂ Σ, with two cubic segments was chosen as the model and an 
equidistant distribution of the data points along the spline was assumed; i.e., with 𝑞1, … , 𝑞5 representing the shapes in the space of 
differential coordinates, the authors employed((

0, 𝑞1
)

,
(
1∕4, 𝑞2

)
,
(
1∕2, 𝑞3

)
,
(
3∕4, 𝑞4

)
,
(
1, 𝑞5

)
,
(
5∕4, 𝑞4

)
,
(
3∕2, 𝑞3

)
,
(
7∕4, 𝑞2

))
as the full data set.

The regressed cardiac trajectory is shown in Fig. 7. The spline regression successfully estimates the cyclic motion of the valve 
and also captures the prolapsing posterior leaflet. The former is remarkable since other regression methods in manifolds do have 
a hard time modeling cyclic motion (cf. Sec. 4), while the latter shows that relevant features are preserved. The experiment thus 
demonstrates the possibility for enhanced reconstruction of mitral valve motion.

6.2.2. Remodeling of knee bones under osteoarthritis

Osteoarthritis (OA) is a degenerative disease of the joints that affects millions of people worldwide (Arden and Nevitt, 2006). It 
develops when the protective cartilage that cushions the ends of the meeting bones degenerates. While the joint pathology is diverse, 
the most prominent features are the loss of articular cartilage and remodeling of the adjacent bones; the former also leads to the 
so-called joint space narrowing as less cartilage is there to keep the bones apart. Although any joint can be affected, the population 
impact is highest for OA of the hip and knee (Arden and Nevitt, 2006). While OA treatment traditionally consists of pain management 
and joint replacements for patients with severe symptoms, an improved understanding of the pathogenesis is shifting the focus to 
disease prevention (Glyn-Jones et al., 2015).

Regression for OA severity: In (Hanik et al., 2020), the authors also use regression with Bézier splines to investigate the development 
of the shape of the distal femur under OA. Therefore, they regressed the 3D shape against OA severity as determined by the KL 
grade (Kellgren and Lawrence, 1957): an ordinal scoring system with grades 0 (healthy) to 4 (severe OA). The data set comprised 
100 shapes (20 per grade) of randomly selected subjects from the Osteoarthritis Initiative8 from which they extracted triangle meshes 
of each bone.

Associating the value 𝑡𝑖 = 𝑖∕4 with shapes of grade 𝑖, they computed the best-fitting curves in 1
1(𝑈 ), 1

2(𝑈 ), 1
3(𝑈 ), 𝑈 ⊂ Σ, i.e., 

the least squares estimators for regression with geodesic, quadratic, and cubic Bézier curves. The 𝑅2-values (Pennec et al., 2020, p. 
56) of the regressed curves strongly indicated that the cubic model has far more explanatory power. Particularly, regression with 
Bézier curves yields results superior to those of standard geodesic regression. A further test also showed that the difference to the 
geodesic model is not only due to a reparametrization.

The computed cubic Bézier curve is displayed in Fig. 8. The obtained shape changes consistently describe OA-related malfor-
mations of the femur, namely, the widening of the condyles and osteophytic growth. Furthermore, we observe only minute bone 
remodeling for the first half of the trajectory, while accelerated progression is visible for the second half.

Hierarchical modeling of the femur under OA: In the last application, the authors investigated the shape development of the femur 
under OA by using inter-subject data (i.e., only one measurement from each subject). In (Hanik et al., 2022), they complement this 
18
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Fig. 9. Mean of cubic femoral trends of 22 subjects evaluated at five equidistant points. The surface distance to the baseline (value of the computed mean at 𝑡 = 0) is 
color-coded wherever the distance is larger than 0.25 mm according to the color map (0.25 mm 1.6 mm).

with a group-wise analysis of femoral shape trajectories that included intra-subject, longitudinal data from the OAI. They analyzed 
this data with the hierarchical model from Sec. 5, utilizing the integral-based metric discussed in Sec. 3.3.1.

To show that the model is not limited to estimating average, group-level trends, they derived a statistical descriptor for shape 
trajectories in terms of principal component scores (i.e., the coefficients encoding the trajectories based on principal geodesic 
modes (Fletcher et al., 2004)) and used it for trajectory classification.

They determined three groups of shapes trajectories: HH (healthy, i.e., no OA), HD (healthy to diseased, i.e., healthy onset 
followed by a progression to severe OA), and DD (diseased, i.e., OA at baseline) which where defined by a Kellgren-Lawrence score 
of grade 0 for all visits, an increase of at least three grades throughout the study, and grade 3 or 4 for all visits, respectively. For each 
group, they assembled 22 trajectories, each comprising shapes of all acquired MR images, i.e., at baseline, the 1-, 2-, 3-, 4-, 6-, and 
8-year visits.

They estimated a hierarchical model for the HD group using cubic Bézier curves from 1
3(𝑈 ), 𝑈 ⊂ Σ, to model the individual 

trends. The degree was chosen because of the results we discussed above.
Time discrete computations were performed based on 2-geodesics under the integral-based metric. Fig. 9 illustrates the estimated 

group-level trend. Changes along the cartilage plate’s ridge are the most prominent OA-related malformations of the femur that are 
revealed by the determined shape changes. The latter region is known for osteophytic growth. Naturally, the changes are weaker 
than those of the trajectory in Fig. 8 because the patients that are considered here only “reached” KL grade 4 at the end of the study, 
whereas severe malformations due to several years of grade-4-OA were included in the data that was used in the last section. Similar 
to the previous experiment, only minute bone remodeling can be observed during the first half of the captured interval, while bone 
malformations develop more rapidly after four years. Therefore, this experiment also suggests that there are nontrivial phenomena 
of higher order for which geodesic models are inadequate.

For the classification, the authors first computed the (discrete) mean trajectory of all 66 subjects and used it to calculate an 
approximation 𝐺 of the data’s Gram matrix; see (Heeren et al., 2018) for details on the latter. For each subject trajectory, they then 
deduced a 65-dimensional descriptor in the form of the coefficients with respect to the eigenvectors (i.e., PGA modes (Fletcher et al., 
2004)) of 𝐺 and trained a simple support vector machine (linear kernel) on the descriptors in a leave-one-out cross-validation setup. 
The percentage of correctly classified trajectories was 64%. Performing the same experiment with a Euclidean model (Cootes et al., 
1995) results in 59% correct classifications, demonstrating the advantage of the Riemannian model over shape spaces that come with 
the assumption that the data lies in a vector space.

6.3. Shape analysis in archaeology

In (Hanik et al., 2023), the authors proposed regression with Bézier splines in curved shape space for the analysis of parameter-
dependent shape trends in artifacts. They also introduced the statistical normalization scheme from Sec. 4.4 for detrending. As a 
use case, they investigated the construction principles of ancient Roman and Greek sundials (Graßhoff et al., 2016). Therefore, they 
analyzed the dependence of the shape of the shadow-receiving surface—the “shadow surface”—of spherical sundials on the latitude 
of the installation site. For the study, they obtained triangle meshes of the shadow surface of 11 Roman and 3 Greek sundials, all in 
correspondence; this data is publicly available (Hanik and von Tycowicz, 2022).

Using geodesic regression using 1
1(𝑈 ), 𝑈 ⊂ Σ, they find that the shape of the Roman sundials’ shadow surface was adapted 

by means of a latitude-dependent bending; see Fig. 10. They further utilize this knowledge to determine the working latitude of a 
Roman sundial with an unknown installation site: It can be placed on a latitude only a little north of Rome. They also show how 
the uncertainty of their prediction can be quantified from the known data and obtain a mean average error of about 80 km in the 
north-south direction for their prediction.

Finally, the authors used the scheme from Sec. 4.4 to the shadow surfaces of Greek and Roman at the same latitude. After 
separately normalizing the shapes at 38, 5° latitude. Since the Greek group only contains 3 samples, the results can only be seen as a 
first hint. Nevertheless, the 2 mean shapes of the normalized groups clearly look different, which might indicate different construction 
19

principles in both regions.
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Fig. 10. Bending of regressed Roman shadow surfaces, with colors silver, green, yellow, and red ranging (in this order) from the most northern (40.7030°) to the most 
southern site (43.3155°).

Fig. 11. Left: Regressed spline models (grey) of selected Hurricane tracks together with 6 hourly (white) observations. Right: Group-level average track (white) and 
most dominant mode of variation (orange, sampled within ±1.5 standard deviation).

6.4. An application in meteorology: statistical analysis of hurricane tracks

Tropical cyclones, also referred to as hurricanes or typhoons, belong to the most supreme natural phenomena with enormous 
impacts on the environment, economy, and human life. The most common indicator for the intensity of a hurricane is its maximum 
sustained wind (maxwind), which classifies the storm into categories via the Saffir–Simpson hurricane wind scale. For instance, 
maxwind ≥ 137 knots correspond to category 5. The maximal category over a track is called its category. The high variability of 
tracks and the out-most complexity of hurricanes has led to a huge number of works to classify, rationalize and predict them. We refer 
to (Rekabdarkolaee et al., 2019) for a Bayesian function model, (Asif et al., 2018) for intensity estimation via machine learning and 
the overview of recent progress in tropical cyclone intensity forecasting (Cangialosi et al., 2020). We remark that many approaches 
are not intrinsic and use linear approximations. Notable exceptions are the works (Su et al., 2014, 2018) that employ an intrinsic 
Riemannian approach based on the square root velocity framework, albeit only as illustrative examples and without consideration of 
intensities.

In (Nava-Yazdani et al., 2023), the authors analyzed the 2010-2021 Atlantic hurricane tracks (total number 218) recorded in the 
open-access HURDAT 2 database. The analysis was based on a hierarchical model of the hurricane tracks employing cubic Bézier 
splines to encode the time-dependent geographical location of each track in 𝑆2. Empirically 2-segment splines have been found to 
provide a concise encoding with a very high fidelity in terms of the geometric 𝑅2-value. Fig. 11 (left) provides a visualization of 
selected hurricane tracks showing both the discrete measurements and the corresponding regressed spline representations. Subse-
quently, group-level analysis of the hurricane tracks was carried out via PGA, thus, deriving a summary of the interrelations and 
characteristic variability in terms of a group-level average track and principal modes of variation. In Fig. 11 (right), the average 
together with the most dominant mode of variation is shown.

Furthermore, they investigated to which extent the (maximal) intensity of a hurricane can be inferred from its trajectory. To 
this end, a support vector machine conditioned on the hierarchical encoding provided by PGA was trained to differentiate between 
the three intensity classes: (i) tropical storms/depressions (category < 1), (ii) hurricanes (category 1 − 3) with some to devastating 
damage, and (iii) major hurricanes (category > 3) with catastrophic damage. Using a cross-validation experimental design, a sig-
nificantly improved discrimination ability of the spline-based representation (61% and 59% accuracy in average using the Sasakian 
and integral-based metric, respectively) in comparison to state-of-the-art approaches (≈ 49% accuracy) that model general, manifold-
valued curves was observed. This discrepancy in classification performance also prevailed for dimensionality-reduced representations 
of the general curves, suggesting that the increase in performance can be attributed to the ability of regression schemes to suppress 
confounding factors such as noise or variances in parameterization.

7. Conclusion

Ever since its introduction de Casteljau’s has proven itself as a fundamental tool in numerous applications ranging well beyond 
20

its initially intended use case in digital automotive design. In this overview article, we elaborated on its role in the novel field 
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of geometric data analysis. In particular, we showcased its practicability in obtaining spatiotemporal models that allow for the 
characterization of parameter-dependent effects in manifold-valued processes.

The presented geometric statistical tools, i.e., regression and mixed-effects models, are central concepts in statistics and there 
exist various applications and extensions. While the normalization method we summarized is one example, there are still many 
fruitful avenues for future developments ranging from geometric model selection to multi-covariate models. Similarly, the presented 
applications only scratch the surface of potential use cases that will benefit from an intrinsic treatment.

We further attempted to cover some of the challenges that appear when moving away from the familiar Euclidean domain to 
manifolds. The lack of properties such as a global system of coordinates and the non-uniqueness of shortest paths often prohibits 
straightforward generalizations of existing concepts. Also, the lack of closed-form expressions can lead to computational challenges, 
in particular, for high-dimensional data.
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gemeinschaft (DFG, German Research Foundation) under Germanyś Excellence Strategy—MATH+: The Berlin Mathematics Research 
Center, EXC-2046/1—project ID: 390685689 and by the DFG Priority Program (MA4662-5), by the German Federal Ministry of Ed-
ucation and Research as BIFOLD—Berlin Institute for the Foundations of Learning and Data (ref. 01IS18025A and ref. 01IS18037A). 
E.N. is supported through the DFG individual funding with project ID 499571814.

References

Absil, P.A., Mahony, R., Sepulchre, R., 2007. Optimization Algorithms on Matrix Manifolds. Princeton University Press, Princeton, NJ, USA. https://doi .org /10 .1515 /
9781400830244.

Ambellan, F., 2022. Efficient Riemannian Statistical Shape Analysis with Applications in Disease Assessment. Dissertation. https://doi .org /10 .17169 /refubium -36729.
Ambellan, F., Zachow, S., von Tycowicz, C., 2021. Rigid motion invariant statistical shape modeling based on discrete fundamental forms. Med. Image Anal. 73, 

102178. https://doi .org /10 .1016 /j .media .2021 .102178.
Arden, N., Nevitt, M.C., 2006. Osteoarthritis: epidemiology. Best Pract. Res. Clin. Rheumatol. 20, 3–25. https://doi .org /10 .1016 /j .berh .2005 .09 .007.
Arsigny, V., Fillard, P., Pennec, X., Ayache, N., 2007. Geometric means in a novel vector space structure on symmetric positive-definite matrices. SIAM J. Matrix Anal. 

Appl. 29, 328–347. https://doi .org /10 .1137 /050637996.
Asif, A., Dawood, M., Jan, B., Khurshid, J., DeMaria, M., Minhas, F.A., 2018. Phurie: hurricane intensity estimation from infrared satellite imagery using machine 

learning. Neural Comput. Appl. 32, 4821–4834. https://doi .org /10 .1007 /s00521 -018 -3874 -6.
Bak, K.Y., Shin, J.K., Koo, J.Y., 2023. Intrinsic spherical smoothing method based on generalized Bézier curves and sparsity inducing penalization. J. Appl. Stat. 50, 

1942–1961. https://doi .org /10 .1080 /02664763 .2022 .2054962.
Bauer, M., Bruveris, M., Michor, P.W., 2014. Overview of the geometries of shape spaces and diffeomorphism groups. J. Math. Imaging Vis. 50, 60–97. https://

doi .org /10 .1007 /s10851 -013 -0490 -z.
Bergmann, R., Gousenbourger, P.Y., 2018. A variational model for data fitting on manifolds by minimizing the acceleration of a Bézier curve. Front. Appl. Math. 

Stat. 4, 1–16. https://doi .org /10 .3389 /fams .2018 .00059.
Bernstein, S., 1912. Démonstration du théorème de weierstrass fondée sur le calcul des probabilités. Commun. Math. Soc. Kharkov (2) XIII (1), 1–2.
Boehm, W., Müller, A., 1999. On de Casteljau’s algorithm. Comput. Aided Geom. Des. 16, 587–605. https://doi .org /10 .1016 /S0167 -8396(99 )00023 -0.
Brandt, C., von Tycowicz, C., Hildebrandt, K., 2016. Geometric flows of curves in shape space for processing motion of deformable objects. Comput. Graph. Forum 35, 

295–305. https://doi .org /10 .1111 /cgf .12832.
Camarinha, M., Leite, F.S., Crouch, P., 2022. Riemannian cubics close to geodesics at the boundaries. J. Geom. Mech. 14, 545–558. https://doi .org /10 .3934 /jgm .

2022003.
Cangialosi, J.P., Blake, E., DeMaria, M., Penny, A., Latto, A., Rappaport, E., Tallapragada, V., 2020. Recent progress in tropical cyclone intensity forecasting at the 

national hurricane center. Weather Forecast. 35, 1913–1922. https://doi .org /10 .1175 /WAF -D -20 -0059 .1.
do Carmo, M.P., 1992. Riemannian Geometry. Mathematics: Theory and Applications, 2 ed. Birkhäuser Boston, Cambridge, MA, USA.
de Casteljau, P.d.F., 1963. Courbes et surfaces à pôles. André Citroën, Automobiles SA, Paris 66.
21

de Casteljau, P.d.F., 1985. Mathématiques et CAO. Volume 2: formes à pôles. Hermès, Paris, France.

https://doi.org/10.1515/9781400830244
https://doi.org/10.1515/9781400830244
https://doi.org/10.17169/refubium-36729
https://doi.org/10.1016/j.media.2021.102178
https://doi.org/10.1016/j.berh.2005.09.007
https://doi.org/10.1137/050637996
https://doi.org/10.1007/s00521-018-3874-6
https://doi.org/10.1080/02664763.2022.2054962
https://doi.org/10.1007/s10851-013-0490-z
https://doi.org/10.1007/s10851-013-0490-z
https://doi.org/10.3389/fams.2018.00059
http://refhub.elsevier.com/S0167-8396(24)00022-0/bibF9930A30CFA674B11527D70D3250AAABs1
https://doi.org/10.1016/S0167-8396(99)00023-0
https://doi.org/10.1111/cgf.12832
https://doi.org/10.3934/jgm.2022003
https://doi.org/10.3934/jgm.2022003
https://doi.org/10.1175/WAF-D-20-0059.1
http://refhub.elsevier.com/S0167-8396(24)00022-0/bib366D6BDC439D25A8AA63F34C18398864s1
http://refhub.elsevier.com/S0167-8396(24)00022-0/bibE7F596D0116C232B452CF5390E4D53ADs1
http://refhub.elsevier.com/S0167-8396(24)00022-0/bib7F60E2C1F86670533300912711D74411s1


Computer Aided Geometric Design 110 (2024) 102288M. Hanik, E. Nava-Yazdani and C. von Tycowicz

de Casteljau, P.d.F., 1999. De Casteljau’s autobiography: my time at Citroën. Comput. Aided Geom. Des. 16, 583–586. https://doi .org /10 .1016 /S0167 -8396(99 )
00024 -2.

Cootes, T.F., Taylor, C.J., Cooper, D.H., Graham, J., 1995. Active shape models-their training and application. Comput. Vis. Image Underst. 61, 38–59. https://
doi .org /10 .1006 /cviu .1995 .1004.

Cornea, E., Zhu, H., Kim, P., Ibrahim, J.G., Initiative, A.D.N., 2017. Regression models on Riemannian symmetric spaces. J. R. Stat. Soc., Ser. B, Stat. Methodol. 79, 
463–482. https://doi .org /10 .1111 /rssb .12169.

Crouch, P., Kun, G., Leite, F.S., 1999. The de Casteljau algorithm on Lie groups and spheres. J. Dyn. Control Syst. 5, 397–429. https://doi .org /10 .1023 /A :
1021770717822.

Davis, B.C., Fletcher, P.T., Bullitt, E., Joshi, S., 2007. Population shape regression from random design data. In: 2007 IEEE 11th International Conference on Computer 
Vision. IEEE, pp. 1–7. https://doi /org /10 .1109 /ICCV .2007 .4408977.

Dryden, I.L., Mardia, K.V., 2016. Statistical Shape Analysis, with Applications in R, 2 ed. John Wiley and Sons, Chichester, UK. https://doi .org /10 .1002 /
9781119072492.

Effland, A., Rumpf, M., Simon, S., Stahn, K., Wirth, B., 2015. Bézier curves in the space of images. In: International Conference on Scale Space and Variational Methods 
in Computer Vision, pp. 372–384. https://doi .org /10 .1007 /978 -3 -319 -18461 -6 _30.

Enriquez-Sarano, M., Akins, C.W., Vahanian, A., 2009. Mitral regurgitation. Lancet 373, 1382–1394. https://doi .org /10 .1016 /S0140 -6736(09 )60692 -9.
Farin, G.E., 2002. Curves and Surfaces for CAGD, fifth edition. The Morgan Kaufmann Series in Computer Graphics. Morgan Kaufmann, San Francisco, USA. https://

doi .org /10 .1016 /B978 -1 -55860 -737 -8 .X5000 -5.
Farouki, R.T., 2012. The Bernstein polynomial basis: a centennial retrospective. Comput. Aided Geom. Des. 29, 379–419. https://doi .org /10 .1016 /j .cagd .2012 .03 .001.
Farouki, R.T., Rajan, V., 1987. On the numerical condition of polynomials in Bernstein form. Comput. Aided Geom. Des. 4, 191–216. https://doi .org /10 .1016 /0167 -

8396(87 )90012 -4.
Fletcher, P.T., 2013. Geodesic regression and the theory of least squares on Riemannian manifolds. Int. J. Comput. Vis. 105, 171–185. https://doi .org /10 .1007 /

s11263 -012 -0591 -y.
Fletcher, P.T., Lu, C., Pizer, S.M., Joshi, S., 2004. Principal geodesic analysis for the study of nonlinear statistics of shape. IEEE Trans. Med. Imaging 23, 995–1005. 

https://doi .org /10 .1109 /TMI .2004 .831793.
Gerig, G., Fishbaugh, J., Sadeghi, N., 2016. Longitudinal modeling of appearance and shape and its potential for clinical use. Med. Image Anal. 33, 114–121. https://

doi .org /10 .1016 /j .media .2016 .06 .014.
Glyn-Jones, S., Palmer, A.J.R., Agricola, R., Price, A.J., Vincent, T.L., Weinans, H., Carr, A.J., 2015. Osteoarthritis. Lancet 386, 376–387. https://doi .org /10 .1016 /

S0140 -6736(14 )60802 -3.
Gousenbourger, P.Y., 2020. Interpolation and fitting on Riemannian manifolds. Ph.D. thesis. Catholic University of Louvain, Louvain-la-Neuve, Belgium. http://

hdl .handle .net /2078 .1 /240620.
Gousenbourger, P.Y., Massart, E., Absil, P.A., 2019. Data fitting on manifolds with composite Bézier-like curves and blended cubic splines. J. Math. Imaging Vis. 61, 

645–671. https://doi .org /10 .1007 /s10851 -018 -0865 -2.
Gousenbourger, P.Y., Samir, C., Absil, P., 2014. Piecewise-Bézier c1 interpolation on Riemannian manifolds with application to 2D shape morphing. In: 2014 22nd 

International Conference on Pattern Recognition, pp. 4086–4091. https://doi .org /10 .1109 /ICPR .2014 .700.
Graßhoff, G., Rinner, E., Schaldach, K., Fritsch, B., Taub, L., Sum, J., Kotschka, F., 2016. Ancient Sundials. Edition Topoi. https://doi .org /10 .17171 /1 -1.
Gudmundsson, S., Kappos, E., 2002. On the geometry of tangent bundles. Expo. Math. 20, 1–41. https://doi .org /10 .1016 /S0723 -0869(02 )80027 -5.
Guigui, N., Pennec, X., 2021. Numerical accuracy of ladder schemes for parallel transport on manifolds. Found. Comput. Math. https://doi .org /10 .1007 /s10208 -021 -

09515 -x.
Hafemeister, C., Satija, R., 2019. Normalization and variance stabilization of single-cell RNA-seq data using regularized negative binomial regression. Genome Biol. 20, 

269. https://doi .org /10 .1186 /s13059 -019 -1874 -1.
Hanik, M., 2023. Geometric Data Analysis: Advancements of the Statistical Methodology and Applications. Ph.D. thesis. Freie Universität Berlin. https://doi .org /10 .

17169 /refubium -39809.
Hanik, M., Ducke, B., Hege, H.C., Fless, F., Tycowicz, C.v., 2023. Intrinsic shape analysis in archaeology: a case study on ancient sundials. J. Comput. Cult. Herit. 

https://doi .org /10 .1145 /3606698.
Hanik, M., Hege, H.C., Hennemuth, A., von Tycowicz, C., 2020. Nonlinear regression on manifolds for shape analysis using intrinsic Bézier splines. In: Medical Image 

Computing and Computer Assisted Intervention – MICCAI 2020. Springer, pp. 617–626. https://doi .org /10 .1007 /978 -3 -030 -59719 -1 _60.
Hanik, M., Hege, H.C., von Tycowicz, C., 2022. A nonlinear hierarchical model for longitudinal data on manifolds. In: 2022 IEEE 19th International Symposium on 

Biomedical Imaging (ISBI), pp. 1–5. https://doi .org /10 .1109 /ISBI52829 .2022 .9761465.
Hanik, M., von Tycowicz, C., 2022. Triangle meshes of shadow-recieving surfaces of ancient sundials. https://doi .org /10 .12752 /8425.
Heeren, B., Rumpf, M., Schröder, P., Wardetzky, M., Wirth, B., 2014. Exploring the geometry of the space of shells. Comput. Graph. Forum 33, 247–256. https://

doi .org /10 .1111 /cgf .12450.
Heeren, B., Zhang, C., Rumpf, M., Smith, W., 2018. Principal geodesic analysis in the space of discrete shells. Comput. Graph. Forum 37, 173–184. https://doi .org /

10 .1111 /cgf .13500.
Helgason, S., 2001. Differential Geometry, Lie Groups, and Symmetric Spaces. Graduate Studies in Mathematics, vol. 34. American Mathematical Society, Providence, 

RI, USA. https://doi .org /10 .1090 /gsm /034.
Hinkle, J.D., Fletcher, P.T., Joshi, S.C., 2014. Intrinsic polynomials for regression on Riemannian manifolds. J. Math. Imaging Vis. 50, 32–52. https://doi .org /10 .

1007 /s10851 -013 -0489 -5.
Hong, Y., Singh, N., Kwitt, R., Niethammer, M., 2015. Group testing for longitudinal data. In: International Conference on Information Processing in Medical Imaging. 

Springer, pp. 139–151. https://doi .org /10 .1007 /978 -3 -319 -19992 -4 _11.
Huang, Z., Wan, C., Probst, T., Van Gool, L., 2017. Deep learning on Lie groups for skeleton-based action recognition. In: 2017 IEEE Conference on Computer Vision 

and Pattern Recognition. IEEE, pp. 1243–1252. https://doi .org /10 .1109 /CVPR .2017 .137.
Huber, P., Perl, R., Rumpf, M., 2017. Smooth interpolation of key frames in a riemannian shell space. Comput. Aided Geom. Des. 52–53, 313–328. https://doi .org /

10 .1016 /j .cagd .2017 .02 .008.
Jost, J., 2017. Riemannian Geometry and Geometric Analysis, 7 ed. Springer, Berlin. https://doi .org /10 .1007 /978 -3 -319 -61860 -9.
Kass, M., Anderson, J., 2008. Animating oscillatory motion with overlap: wiggly splines. In: ACM SIGGRAPH 2008 Papers. Association for Computing Machinery, 

New York, NY, USA, pp. 1–8. https://doi .org /10 .1145 /1399504 .1360627.
Kellgren, J.H., Lawrence, J.S., 1957. Radiological assessment of osteo-arthrosis. Ann. Rheum. Dis. 16 (4), 494–502. https://doi .org /10 .1136 /ard .16 .4 .494.
Kendall, D., Barden, D., Carne, T., Le, H., 2009. Shape and Shape Theory. Wiley Series in Probability and Statistics. Wiley, Hoboken, NJ, USA. https://doi .org /10 .

1002 /9780470317006.
Kheyfets, A., Miller, W.A., Newton, G., 2000. Schild’s ladder parallel transport procedure for an arbitrary connection. Int. J. Theor. Phys. 39, 2891–2898. https://

doi .org /10 .1023 /A :1026473418439.
Kim, H.J., Adluru, N., Collins, M.D., Chung, M.K., Bendlin, B.B., Johnson, S.C., Davidson, R.J., Singh, V., 2014. Multivariate general linear models (MGLM) on 

Riemannian manifolds with applications to statistical analysis of diffusion weighted images. In: Proceedings of the IEEE Conference on Computer Vision and 
22

Pattern Recognition. IEEE, pp. 2705–2712. https://doi .org /10 .1109 /CVPR .2014 .352.

https://doi.org/10.1016/S0167-8396(99)00024-2
https://doi.org/10.1016/S0167-8396(99)00024-2
https://doi.org/10.1006/cviu.1995.1004
https://doi.org/10.1006/cviu.1995.1004
https://doi.org/10.1111/rssb.12169
https://doi.org/10.1023/A:1021770717822
https://doi.org/10.1023/A:1021770717822
https://doi.org/10.1109/ICCV.2007.4408977
https://doi.org/10.1002/9781119072492
https://doi.org/10.1002/9781119072492
https://doi.org/10.1007/978-3-319-18461-6_30
https://doi.org/10.1016/S0140-6736(09)60692-9
https://doi.org/10.1016/B978-1-55860-737-8.X5000-5
https://doi.org/10.1016/B978-1-55860-737-8.X5000-5
https://doi.org/10.1016/j.cagd.2012.03.001
https://doi.org/10.1016/0167-8396(87)90012-4
https://doi.org/10.1016/0167-8396(87)90012-4
https://doi.org/10.1007/s11263-012-0591-y
https://doi.org/10.1007/s11263-012-0591-y
https://doi.org/10.1109/TMI.2004.831793
https://doi.org/10.1016/j.media.2016.06.014
https://doi.org/10.1016/j.media.2016.06.014
https://doi.org/10.1016/S0140-6736(14)60802-3
https://doi.org/10.1016/S0140-6736(14)60802-3
http://hdl.handle.net/2078.1/240620
http://hdl.handle.net/2078.1/240620
https://doi.org/10.1007/s10851-018-0865-2
https://doi.org/10.1109/ICPR.2014.700
https://doi.org/10.17171/1-1
https://doi.org/10.1016/S0723-0869(02)80027-5
https://doi.org/10.1007/s10208-021-09515-x
https://doi.org/10.1007/s10208-021-09515-x
https://doi.org/10.1186/s13059-019-1874-1
https://doi.org/10.17169/refubium-39809
https://doi.org/10.17169/refubium-39809
https://doi.org/10.1145/3606698
https://doi.org/10.1007/978-3-030-59719-1_60
https://doi.org/10.1109/ISBI52829.2022.9761465
https://doi.org/10.12752/8425
https://doi.org/10.1111/cgf.12450
https://doi.org/10.1111/cgf.12450
https://doi.org/10.1111/cgf.13500
https://doi.org/10.1111/cgf.13500
https://doi.org/10.1090/gsm/034
https://doi.org/10.1007/s10851-013-0489-5
https://doi.org/10.1007/s10851-013-0489-5
https://doi.org/10.1007/978-3-319-19992-4_11
https://doi.org/10.1109/CVPR.2017.137
https://doi.org/10.1016/j.cagd.2017.02.008
https://doi.org/10.1016/j.cagd.2017.02.008
https://doi.org/10.1007/978-3-319-61860-9
https://doi.org/10.1145/1399504.1360627
https://doi.org/10.1136/ard.16.4.494
https://doi.org/10.1002/9780470317006
https://doi.org/10.1002/9780470317006
https://doi.org/10.1023/A:1026473418439
https://doi.org/10.1023/A:1026473418439
https://doi.org/10.1109/CVPR.2014.352


Computer Aided Geometric Design 110 (2024) 102288M. Hanik, E. Nava-Yazdani and C. von Tycowicz

Lin, A., Walker, M., 2001. CAGD techniques for differentiable manifolds. In: Proceedings of the 2001 International Symposium Algorithms for Approximation IV, 
pp. 36–43.

Locascio, J.J., Atri, A., 2011. An overview of longitudinal data analysis methods for neurological research. In: Dementia and Geriatric Cognitive Disorders Extra 1, 
pp. 330–357.

Louis, M., Charlier, B., Jusselin, P., Pal, S., Durrleman, S., 2018. A fanning scheme for the parallel transport along geodesics on Riemannian manifolds. SIAM J. Numer. 
Anal. 56, 2563–2584. https://doi .org /10 .1137 /17M1130617.

Madesis, A., Tsakiridis, K., Zarogoulidis, P., Katsikogiannis, N., Machairiotis, N., Kougioumtzi, I., Kesisis, G., Tsiouda, T., Beleveslis, T., Koletas, A., Zarogoulidis, K., 
2014. Review of mitral valve insufficiency: repair or replacement. J. Thorac. Dis. 6, S39. https://doi .org /10 .3978 /j .issn .2072 -1439 .2013 .10 .20.

Mallasto, A., Feragen, A., 2018. Wrapped Gaussian process regression on Riemannian manifolds. In: 2018 IEEE/CVF Conference on Computer Vision and Pattern 
Recognition (CVPR). IEEE, Los Alamitos, CA, pp. 5580–5588. https://doi .org /10 .1109 /CVPR .2018 .00585.

Mancinelli, C., Nazzaro, G., Pellacini, F., Puppo, E., 2023. b/surf: interactive Bézier splines on surface meshes. IEEE Trans. Vis. Comput. Graph. 29, 3419–3435. 
https://doi .org /10 .1109 /TVCG .2022 .3171179.

Marsh, L.C., Cormier, D.R., 2001. Spline Regression Models. 137. Sage, Thousand Oaks, CA, USA. https://doi .org /10 .4135 /9781412985901.
Morera, D.M., Carvalho, P.C., Velho, L., 2008. Modeling on triangulations with geodesic curves. Vis. Comput. 24, 1025–1037. https://doi .org /10 .1007 /s00371 -008 -

0298 -9.
Muralidharan, P., 2017. Bayesian Regression and Longitudinal Modeling of Manifold data: Applications to Time-varying Shape Analysis. Ph.D. thesis. The University 

of Utah.
Muralidharan, P., Fletcher, P.T., 2012. Sasaki metrics for analysis of longitudinal data on manifolds. In: 2012 IEEE Conference on Computer Vision and Pattern 

Recognition. Providence, RI, USA, June 16–21, 2012, pp. 1027–1034. https://doi .org /10 .1109 /CVPR .2012 .6247780.
Nava-Yazdani, E., Ambellan, F., Hanik, M., von Tycowicz, C., 2023. Sasaki metric for spline models of manifold-valued trajectories. Comput. Aided Geom. Des. 104, 

102220. https://doi .org /10 .1016 /j .cagd .2023 .102220.
Nava-Yazdani, E., Hanik, M., Ambellan, F., von Tycowicz, C., 2022a. On Gradient Formulas in an Algorithm for the Logarithm of the Sasaki Metric. Technical Report 

22-12. ZIB.
Nava-Yazdani, E., Hege, H.C., von Tycowicz, C., 2022b. A hierarchical geodesic model for longitudinal analysis on manifolds. J. Math. Imaging Vis. 64, 395–407. 

https://doi .org /10 .1007 /s10851 -022 -01079 -x.
Nava-Yazdani, E., Polthier, K., 2013. De Casteljau’s algorithm on manifolds. Comput. Aided Geom. Des. 30, 722–732. https://doi .org /10 .1016 /j .cagd .2013 .06 .002.
Nava-Yazdani, E., Yu, T.P.Y., 2011. On donoho’s log-exp subdivision scheme: choice of retraction and time-symmetry. Multiscale Model. Simul. 9, 1801–1828. https://

doi .org /10 .1137 /100804838.
Niethammer, M., Huang, Y., Vialard, F.X., 2011. Geodesic regression for image time-series. In: Medical Image Computing and Computer-Assisted Intervention – 

MICCAI 2011. Springer, pp. 655–662. https://doi .org /10 .1007 /978 -3 -642 -23629 -7 _80.
Noakes, L., Ratiu, T.S., 2016. Bi-Jacobi fields and Riemannian cubics for left-invariant 𝑆𝑂(3). Commun. Math. Sci. 14, 55–68. https://doi .org /10 .4310 /CMS .2016 .

v14 .n1 .a3.
Park, F.C., Bobrow, J.E., Ploen, S.R., 1995. A Lie group formulation of robot dynamics. Int. J. Robot. Res. 14, 609–618. https://doi .org /10 .1177 /

027836499501400606.
Park, F.C., Ravani, B., 1995. Bézier curves on Riemannian manifolds and Lie groups with kinematics applications. J. Mech. Des. 117, 36–40. https://doi .org /10 .1115 /

1 .2826114.
Pennec, X., 2006. Intrinsic statistics on Riemannian manifolds: basic tools for geometric measurements. J. Math. Imaging Vis. 25, 127–154. https://doi .org /10 .1007 /

s10851 -006 -6228 -4.
Pennec, X., Sommer, S., Fletcher, P.T. (Eds.), 2020. Riemannian Geometric Statistics in Medical Image Analysis. Academic Press, London. https://doi .org /10 .1016 /

C2017 -0 -01561 -6.
Pizer, S.M., Hong, J., Vicory, J., Liu, Z., Marron, J.S., y. Choi, H., Damon, J., Jung, S., Paniagua, B., Schulz, J., Sharma, A., Tu, L., Wang, J., 2020. 6 - object 

shape representation via skeletal models (s-reps) and statistical analysis. In: Riemannian Geometric Statistics in Medical Image Analysis. Academic Press, London, 
pp. 233–271. https://doi .org /10 .1016 /B978 -0 -12 -814725 -2 .00014 -5.

Popiel, T., Noakes, L., 2007. Bézier curves and 𝐶2 interpolation in Riemannian manifolds. J. Approx. Theory 148, 111–127. https://doi .org /10 .1016 /j .jat .2007 .03 .002.
Postnikov, M.M., 2013. Geometry VI: Riemannian Geometry. Encyclopaedia of Mathematical Sciences. Springer, Berlin. https://doi .org /10 .1007 /978 -3 -662 -04433 -9.
Ramshaw, L., 1989. Blossoms are polar forms. Comput. Aided Geom. Des. 6, 323–358. https://doi .org /10 .1016 /0167 -8396(89 )90032 -0.
Rekabdarkolaee, H.M., Krut, C., Fuentes, M., Reich, B.J., 2019. A bayesian multivariate functional model with spatially varying coefficient approach for modeling 

hurricane track data. Spat. Stat. 29, 351–365. https://doi .org /10 .1016 /j .spasta .2018 .12 .006.
Rumpf, M., Wirth, B., 2014. Variational time discretization of geodesic calculus. IMA J. Numer. Anal. 35, 1011–1046. https://doi .org /10 .1093 /imanum /dru027.
Samir, C., Adouani, I., 2019. C1 interpolating Bézier path on Riemannian manifolds, with applications to 3D shape space. Appl. Math. Comput. 348, 371–384. https://

doi .org /10 .1016 /j .amc .2018 .11 .060.
Sasaki, S., 1962. On the differential geometry of tangent bundles of riemannian manifolds ii. Tohoku Math. J. (2) 14, 146–155. https://doi .org /10 .2748 /tmj /

1178244169.
Schulz, C., von Tycowicz, C., Seidel, H.P., Hildebrandt, K., 2014. Animating deformable objects using sparse spacetime constraints. ACM Trans. Graph. 33, 1–10. 

https://doi .org /10 .1145 /2601097 .2601156.
Schulz, C., von Tycowicz, C., Seidel, H.P., Hildebrandt, K., 2015. Animating articulated characters using wiggly splines. In: Proceedings of the 14th ACM SIGGRAPH / 

Eurographics Symposium on Computer Animation. Association for Computing Machinery, New York, NY, USA, pp. 101–109. https://doi .org /10 .1145 /2786784 .
2786799.

Sharp, N., Crane, K., 2020. You can find geodesic paths in triangle meshes by just flipping edges. ACM Trans. Graph. 39. https://doi .org /10 .1145 /3414685 .3417839.
Shen, X., Gong, X., Cai, Y., Guo, Y., Tu, J., Li, H., Zhang, T., Wang, J., Xue, F., Zhu, Z.J., 2016. Normalization and integration of large-scale metabolomics data using 

support vector regression. Metabolomics 12, 89. https://doi .org /10 .1007 /s11306 -016 -1026 -5.
Shi, X., Styner, M., Lieberman, J., Ibrahim, J.G., Lin, W., Zhu, H., 2009. Intrinsic regression models for manifold-valued data. In: International Conference on Medical 

Image Computing and Computer-Assisted Intervention. Springer, pp. 192–199. https://doi .org /10 .1007 /978 -3 -642 -04271 -3 _24.
Siddiqi, K., Pizer, S.M. (Eds.), 2008. Medial Representations: Mathematics, Algorithms and Applications. Springer, Berlin. https://doi .org /10 .1007 /978 -1 -4020 -8658 -

8.
Singh, N., Hinkle, J., Joshi, S., Fletcher, P.T., 2013. A hierarchical geodesic model for diffeomorphic longitudinal shape analysis. In: Information Processing in Medical 

Imaging. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 560–571. https://doi .org /10 .1007 /978 -3 -642 -38868 -2 _47.
Srivastava, A., Klassen, E., 2016. Functional and Shape Data Analysis. Springer, Berlin. https://doi .org /10 .1007 /978 -1 -4939 -4020 -2.
Su, J., Kurtek, S., Klasse, E., Srivastava, A., 2014. Statistical analysis of trajectories on Riemannian manifolds: bird migration, hurricane tracking and video surveillance. 

Ann. Appl. Stat. 8, 530–552. https://doi .org /10 .1214 /13 -AOAS701.
Su, Z., Klassen, E., Bauer, M., 2018. Comparing curves in homogeneous spaces. Differ. Geom. Appl. 60, 9–32. https://doi .org /10 .1016 /j .difgeo .2018 .05 .001.
Tautz, L., Walczak, L., Georgii, J., Jazaerli, A., Vellguth, K., Wamala, I., Sündermann, S., Falk, V., Hennemuth, A., 2020. Combining position-based dynamics and 

gradient vector flow for 4D mitral valve segmentation in TEE sequences. Int. J. Comput. Assisted Radiol. Surg. 15, 119–128. https://doi .org /10 .1007 /s11548 -
23

019 -02071 -4.

http://refhub.elsevier.com/S0167-8396(24)00022-0/bibE6DC96A99E08A6244BD7F4DD6D203A67s1
http://refhub.elsevier.com/S0167-8396(24)00022-0/bibE6DC96A99E08A6244BD7F4DD6D203A67s1
http://refhub.elsevier.com/S0167-8396(24)00022-0/bib00D3A96825C5CAB28D21BE87072CB50Ds1
http://refhub.elsevier.com/S0167-8396(24)00022-0/bib00D3A96825C5CAB28D21BE87072CB50Ds1
https://doi.org/10.1137/17M1130617
https://doi.org/10.3978/j.issn.2072-1439.2013.10.20
https://doi.org/10.1109/CVPR.2018.00585
https://doi.org/10.1109/TVCG.2022.3171179
https://doi.org/10.4135/9781412985901
https://doi.org/10.1007/s00371-008-0298-9
https://doi.org/10.1007/s00371-008-0298-9
http://refhub.elsevier.com/S0167-8396(24)00022-0/bibD7A47B3D44F3DFF4792D2908F765D064s1
http://refhub.elsevier.com/S0167-8396(24)00022-0/bibD7A47B3D44F3DFF4792D2908F765D064s1
https://doi.org/10.1109/CVPR.2012.6247780
https://doi.org/10.1016/j.cagd.2023.102220
http://refhub.elsevier.com/S0167-8396(24)00022-0/bib88038BB3432CBEFDA2B8F5B5A3B0DE90s1
http://refhub.elsevier.com/S0167-8396(24)00022-0/bib88038BB3432CBEFDA2B8F5B5A3B0DE90s1
https://doi.org/10.1007/s10851-022-01079-x
https://doi.org/10.1016/j.cagd.2013.06.002
https://doi.org/10.1137/100804838
https://doi.org/10.1137/100804838
https://doi.org/10.1007/978-3-642-23629-7_80
https://doi.org/10.4310/CMS.2016.v14.n1.a3
https://doi.org/10.4310/CMS.2016.v14.n1.a3
https://doi.org/10.1177/027836499501400606
https://doi.org/10.1177/027836499501400606
https://doi.org/10.1115/1.2826114
https://doi.org/10.1115/1.2826114
https://doi.org/10.1007/s10851-006-6228-4
https://doi.org/10.1007/s10851-006-6228-4
https://doi.org/10.1016/C2017-0-01561-6
https://doi.org/10.1016/C2017-0-01561-6
https://doi.org/10.1016/B978-0-12-814725-2.00014-5
https://doi.org/10.1016/j.jat.2007.03.002
https://doi.org/10.1007/978-3-662-04433-9
https://doi.org/10.1016/0167-8396(89)90032-0
https://doi.org/10.1016/j.spasta.2018.12.006
https://doi.org/10.1093/imanum/dru027
https://doi.org/10.1016/j.amc.2018.11.060
https://doi.org/10.1016/j.amc.2018.11.060
https://doi.org/10.2748/tmj/1178244169
https://doi.org/10.2748/tmj/1178244169
https://doi.org/10.1145/2601097.2601156
https://doi.org/10.1145/2786784.2786799
https://doi.org/10.1145/2786784.2786799
https://doi.org/10.1145/3414685.3417839
https://doi.org/10.1007/s11306-016-1026-5
https://doi.org/10.1007/978-3-642-04271-3_24
https://doi.org/10.1007/978-1-4020-8658-8
https://doi.org/10.1007/978-1-4020-8658-8
https://doi.org/10.1007/978-3-642-38868-2_47
https://doi.org/10.1007/978-1-4939-4020-2
https://doi.org/10.1214/13-AOAS701
https://doi.org/10.1016/j.difgeo.2018.05.001
https://doi.org/10.1007/s11548-019-02071-4
https://doi.org/10.1007/s11548-019-02071-4


Computer Aided Geometric Design 110 (2024) 102288M. Hanik, E. Nava-Yazdani and C. von Tycowicz

von Tycowicz, C., Ambellan, F., Mukhopadhyay, A., Zachow, S., 2018. An efficient Riemannian statistical shape model using differential coordinates. Med. Image 
Anal. 43, 1–9. https://doi .org /10 .1016 /j .media .2017 .09 .004.

Veeriah, V., Zhuang, N., Qi, G.J., 2015. Differential recurrent neural networks for action recognition. In: Proceedings of the IEEE International Conference on Computer 
Vision. IEEE, pp. 4041–4049. https://doi .org /10 .1109 /iccv .2015 .460.

Vemulapalli, R., Chellapa, R., 2016. Rolling rotations for recognizing human actions from 3D skeletal data. In: Proceedings of the IEEE Conference on Computer 
Vision and Pattern Recognition. IEEE, pp. 4471–4479. https://doi .org /10 .1109 /CVPR .2016 .484.

Wahid, F., Begg, R., Lythgo, N., Hass, C.J., Halgamuge, S., Ackland, D.C., 2016. A multiple regression approach to normalization of spatiotemporal gait features. J. 
Appl. Biomech. 32, 128–139. https://doi .org /10 .1123 /jab .2015 -0035.

Walczak, L., Georgii, J., Tautz, L., Neugebauer, M., Wamala, I., Sündermann, S., Falk, V., Hennemuth, A., 2022. Using position-based dynamics for simulating mitral 
valve closure and repair procedures. Comput. Graph. Forum 41, 270–287. https://doi .org /10 .1111 /cgf .14434.

Wallner, J., Dyn, N., 2005. Convergence and c1 analysis of subdivision schemes on manifolds by proximity. In: Geometric Modelling and Differential Geometry. 
Comput. Aided Geom. Des. 22, 593–622. https://doi .org /10 .1016 /j .cagd .2005 .06 .003.

Younes, L., 2019. Shapes and Diffeomorphisms. Springer, Berlin. https://doi .org /10 .1007 /978 -3 -662 -58496 -5.
Yuan, Y., Zhu, H., Lin, W., Marron, J.S., 2012. Local polynomial regression for symmetric positive definite matrices. J. R. Stat. Soc., Ser. B, Stat. Methodol. 74, 

697–719. https://doi .org /10 .1111 /j .1467 -9868 .2011 .01022 .x.
Zhu, H., Chen, Y., Ibrahim, J.G., Li, Y., Hall, C., Lin, W., 2009. Intrinsic regression models for positive-definite matrices with applications to diffusion tensor imaging. 
24

J. Am. Stat. Assoc. 104, 1203–1212. https://doi .org /10 .1198 /jasa .2009 .tm08096.

https://doi.org/10.1016/j.media.2017.09.004
https://doi.org/10.1109/iccv.2015.460
https://doi.org/10.1109/CVPR.2016.484
https://doi.org/10.1123/jab.2015-0035
https://doi.org/10.1111/cgf.14434
https://doi.org/10.1016/j.cagd.2005.06.003
https://doi.org/10.1007/978-3-662-58496-5
https://doi.org/10.1111/j.1467-9868.2011.01022.x
https://doi.org/10.1198/jasa.2009.tm08096

	De Casteljau’s algorithm in geometric data analysis: Theory and application
	1 Introduction
	2 Manifold-valued Bézier splines
	2.1 Background: Riemannian geometry
	2.2 Bézier splines

	3 Spaces of Bézier splines
	3.1 Background: geometry of the tangent bundle
	3.2 Bézierfolds
	3.3 Riemannian metrics on Bézierfolds
	3.3.1 Integral-based metric
	3.3.2 Sasakian metric for cubic splines


	4 Regression with Bézier splines
	4.1 The model
	4.2 Least squares estimation
	4.3 Maximum likelihood estimation
	4.4 Normalization via regression
	4.4.1 The model
	4.4.2 Normalization


	5 Hierarchical models
	5.1 The model
	5.2 Parameter estimation
	5.2.1 Integral-based metric
	5.2.2 Sasakian metric

	5.3 Second-order statistics and group tests

	6 Applications
	6.1 Background: shape analysis
	6.2 Shape analysis in medicine
	6.2.1 Reconstruction of shape trajectories of the mitral valve
	6.2.2 Remodeling of knee bones under osteoarthritis

	6.3 Shape analysis in archaeology
	6.4 An application in meteorology: statistical analysis of hurricane tracks

	7 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


