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Abstract

The approximation of probability measures on compact metric spaces and in par-
ticular on Riemannian manifolds by atomic or empirical ones is a classical task in
approximation and complexity theory with a wide range of applications. Instead of
point measures we are concerned with the approximation by measures supported on
Lipschitz curves. Special attention is paid to push-forward measures of Lebesgue mea-
sures on the unit interval by such curves. Using the discrepancy as distance between
measures, we prove optimal approximation rates in terms of the curve’s length and
Lipschitz constant. Having established the theoretical convergence rates, we are inter-
ested in the numerical minimization of the discrepancy between a given probability
measure and the set of push-forward measures of Lebesgue measures on the unit inter-
val by Lipschitz curves. We present numerical examples for measures on the 2- and
3-dimensional torus, the 2-sphere, the rotation group on R? and the Grassmannian of
all 2-dimensional linear subspaces of R*. Our algorithm of choice is a conjugate gra-
dient method on these manifolds, which incorporates second-order information. For
efficient gradient and Hessian evaluations within the algorithm, we approximate the
given measures by truncated Fourier series and use fast Fourier transform techniques
on these manifolds.

Keywords Approximation of measures - Curves - Discrepancies - Fourier methods -
Manifolds - Non-convex optimization - Quadrature rules - Sampling theory
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1 Introduction

The approximation of probability measures by atomic or empirical ones based on their
discrepancies is a well examined problem in approximation and complexity theory
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[59,62,67] with a wide range of applications, e.g., in the derivation of quadrature rules
and in the construction of designs. Recently, discrepancies were also used in image
processing for dithering [46,72,77], i.e., for representing a gray-value image by a finite
number of black dots, and in generative adversarial networks [28].

Besides discrepancies, Optimal Transport (OT) and in particular Wasserstein dis-
tances have emerged as powerful tools to compare probability measures in recent
years, see [24,81] and the references therein. In fact, so-called Sinkhorn divergences,
which are computationally much easier to handle than OT, are known to interpolate
between OT and discrepancies [30]. For the sample complexity of Sinkhorn diver-
gences we refer to [37]. The rates for approximating probability measures by atomic
or empirical ones with respect to Wasserstein distances depend on the dimension of the
underlying spaces, see [21,58]. In contrast, approximation rates based on discrepan-
cies can be given independently of the dimension [67], i.e., they do not suffer from the
curse of dimensionality. Additionally, we should keep in mind that the computation
of discrepancies does not involve a minimization problem, which is a major drawback
of OT and Sinkhorn divergences. Moreover, discrepancies admit a simple description
in Fourier domain and hence the use of fast Fourier transforms is possible, leading to
better scalability than the aforementioned methods.

Instead of point measures, we are interested in approximations with respect to
measures supported on curves. More precisely, we consider push-forward measures
of probability measures w € P([0, 1]) by Lipschitz curves of bounded speed, with
special focus on absolutely continuous measures @ = pA and the Lebesgue measure
o = A. In this paper, we focus on approximation with respect to discrepancies. For
related results on quadrature and approximation on manifolds, we refer to [31,47,64,
65] and the references therein. An approximation model based on the 2-Wasserstein
distance was proposed in [61]. That work exploits completely different techniques
than ours both in the theoretical and numerical part. Finally, we want to point out
a relation to principal curves which are used in computer science and graphics for
approximating distributions approximately supported on curves [49,50,50,55,57]. For
the interested reader, we further comment on this direction of research in Remark 3 and
in the conclusions. Next, we want to motivate our framework by numerous potential
applications:

— In MRI sampling [11,17], it is desirable to construct sampling curves with short
sampling times (short curve) and high reconstruction quality. Unfortunately, these
requirements usually contradict each other and finding a good trade-off is neces-
sary. Experiments demonstrating the power of this novel approach on a real-world
scanner are presented in [60].

— For laser engraving [61] and 3D printing [20], we require nozzle trajectories based
on our (continuous) input densities. Compared to the approach in [20], where
points given by Llyod’s method are connected as a solution of the TSP (traveling
salesman problem), our method jointly selects the points and the corresponding
curve. This avoids the necessity of solving a TSP, which can be quite costly,
although efficient approximations exist. Further, it is not obvious that the fixed
initial point approximation is a good starting point for constructing a curve.
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— The model can be used for wire sculpture creation [2]. In view of this, our numerical
experiment presented in Fig. 5 can be interpreted as a building plan for a wire
sculpture of the Spock head, namely of a 2D surface. Clearly, the approach can be
also used to create images similar to TSP Art [54], where images are created from
points by solving the corresponding TSP.

— In a more manifold related setting, the approach can be used for grand tour com-
putation on G 4 [5], see also our numerical experiment in Fig. 11. More technical
details are provided in the corresponding section.

Our contribution is two-fold. On the theoretical side, we provide estimates of the
approximation rates in terms of the maximal speed of the curve. First, we prove approx-
imation rates for general probability measures on compact Ahlfors d-regular length
spaces X. These spaces include many compact sets in the Euclidean space R?, e.g.,
the unit ball or the unit cube as well as d-dimensional compact Riemannian manifolds
without boundary. The basic idea consists in combining the known convergence rates
for approximation by atomic measures with cost estimates for the traveling salesman
problem. As for point measures, the approximation rate L%/ >¢=2) < [.=1/2 for general
w € P([0, 1]) and L4/Gd=2) < [ =1/3 for » = A in terms of the maximal Lipschitz
constant (speed) L of the curves does not crucially depend on the dimension of X. In
particular, the second estimate improves a result given in [18] for the torus.

If the measures fulfill additional smoothness properties, these estimates can be
improved on compact, connected, d-dimensional Riemannian manifolds without
boundary. Our results are formulated for absolutely continuous measures (with respect
to the Riemannian measure) having densities in the Sobolev space H*(X), s > d/2.1In
this setting, the optimal approximation rate becomes roughly speaking L ~5/?~1_ Qur
proofs rely on a general result of Brandolini et al. [13] on the quadrature error achiev-
able by integration with respect to a measure that exactly integrates all eigenfunctions
of the Laplace—Beltrami with eigenvalues smaller than a fixed number. Hence, we need
to construct measures supported on curves that fulfill the above exactness criterion.
More precisely, we construct such curves for the d dimensional torus T¢, the spheres
S, the rotation group SO(3) and the Grassmannian Gy 4.

On the numerical side, we are interested in finding (local) minimizers of discrep-
ancies between a given continuous measure and those from the set of push-forward
measures of the Lebesgue measure by bounded Lipschitz curves. This problem is tack-
led numerically on T2, T3, S? as well as SO(3) and G» .4 by switching to the Fourier
domain. The minimizers are computed using the method of conjugate gradients (CG)
on manifolds, which incorporates second order information in form of a multipli-
cation by the Hessian. Thanks to the approach in the Fourier domain, the required
gradients and the calculations involving the Hessian can be performed efficiently by
fast Fourier transform techniques at arbitrary nodes on the respective manifolds. Note
that in contrast to our approach, semi-continuous OT minimization relies on Laguerre
tessellations [41], which are not available in the required form on the 2-sphere, SO(3)
or G2 4.

This paper is organized as follows: In Sect. 2 we give the necessary preliminaries
on probability measures. In particular, we introduce the different sets of measures
supported on Lipschitz curves that are used for the approximation. Note that measures
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supported on continuous curves of finite length can be equivalently characterized
by push-forward measures of probability measures by Lipschitz curves. Section 3
provides the notation on reproducing kernel Hilbert spaces and discrepancies including
their representation in the Fourier domain. Section 4 contains our estimates of the
approximation rates for general given measures and different approximation spaces of
measures supported on curves. Following the usual lines in approximation theory, we
are then concerned with the approximation of absolutely continuous measures with
density functions lying in Sobolev spaces. Our main results on the approximation
rates of smoother measures are contained in Sect. 5, where we distinguish between
the approximation with respect to the push-forward of general measures w € P[0, 1],
absolute continuous measures and the Lebesgue measure on [0, 1]. In Sect. 6 we
formulate our numerical minimization problem. Our numerical algorithms of choice
are briefly described in Sect. 7. For a comprehensive description of the algorithms on
the different manifolds, we refer to respective papers. Section 8 contains numerical
results demonstrating the practical feasibility of our findings. Conclusions are drawn
in Sect. 9. Finally, Appendix A briefly introduces the different manifolds X used in our
numerical examples together with the Fourier representation of probability measures
on X.

2 Probability Measures and Curves

In this section, the basic notation on measure spaces is provided, see [3,32], with focus
on probability measures supported on curves. At this point, let us assume that

X'is a compact metric space endowed with a bounded non-negative Borel mea-
sure ox € M(X) such that supp(ox) = X. Further, we denote the metric by
distx.

Additional requirements on X are added along the way and notations are explained
below. By B(X) we denote the Borel o-algebra on X and by M (X) the linear space of
all finite signed Borel measures on X, i.e., the space of all u: B(X) — R satisfying
w(X) < oo and forany sequence (By)ren C B(X) of pairwise disjoint sets the relation
w2y Bi) = > _re i(Bx). The support of a measure p is the closed set

supp(p) := {x € X: B C Xopen,x € B = u(B) > 0}.

For u € M(X) the total variation measure is defined by

o0 o
||(B) := sup{z | (By)| : U By = B, By pairwise disjoint}.
k=1 k=1

With the norm ||| a4 = || (X) the space M (X) becomes a Banach space. By C(X)
we denote the Banach space of continuous real-valued functions on X equipped with
the norm ||¢|l¢(x) := maxyex |@(x)|. The space M(X) can be identified via Riesz’
theorem with the dual space of C(X) and the weak-* topology on M (X) gives rise to
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the weak convergence of measures, i.e., a sequence (ug)r C M(X) converges weakly
to u and we write pr— u, if

lim /(pd,uszgodu for all ¢ € C(X).
k—o0 Jx X

For a non-negative, finite measure y, let L” (X, ) be the Banach space (of equivalence
classes) of complex-valued functions with norm

P
1l = (/chm) -

By P(X) we denote the space of Borel probability measures on X, i.e., non-negative
Borel measures with u(X) = 1. This space is weakly compact, i.e., compact with
respect to the topology of weak convergence. We are interested in the approximation
of measures in P(X) by probability measures supported on points and curves in X. To
this end, we associate with x € X a probability measure 8, with values §;(B) = 1 if
x € B and §, (B) = 0 otherwise.

The atomic probability measures at N points are defined by

N N
PYOM(X) = {Z widy + ey € XN, (woply € [0, 1Y, Y " wp = 1}'
=1 k=1

In other words, Pf{}"m(X) is the collection of probability measures, whose support
consists of at most N points. Further restriction to equal mass distribution leads to the
empirical probability measures at N points denoted by

N
- 1
PR = {ﬁ D 8wt (i € XN}-
k=1

In this work, we are interested in the approximation by measures having their
support on curves. Let C([a, b], X) denote the set of closed, continuous curves
y: la,b] — X. Although our presented experiments involve solely closed curves,
some applications might require open curves. Hence, we want to point out that all of
our approximation results still hold without this requirement. Upper bounds would not
get worse and we have not used the closedness for the lower bounds on the approxi-
mation rates. The length of a curve y € C([a, b], X) is given by

n
Ly):= sup Y distx(y(®), y(G-1).
uflof..i\?tnfb k=1
ne

If £(y) < oo, then y is called rectifiable. By reparametrization, see [48, Thm. 3.2],
the image of any rectifiable curve in C([a, b], X) can be derived from the set of closed
FoC
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Lipschitz continuous curves
Lip(X):={y € C([0, 1], X) : ILeR with distx(y(s), y (1))<L|s —t| Vs, 1 € [0, 1]}.
The speed of a curve y € Lip(X) is defined a.e. by the metric derivative

distx (v (5), ¥ (1))

) t 0717
s —1] <101

71() == lim
s—>t

cf. [4, Sec. 1.1]. The optimal Lipschitz constant L = L(y) of a curve y is given by
L(y) = 117! ll=o,1- For a constant speed curve it holds L(y) = £(y).
We aim to approximate measures in P(X) from those of the subset

PV(X) = {v € P(X) : Iy € C([a, b, X), supp(v) C y([a, b)), £(y) < L}.

ey
This space is quite large and in order to define further meaningful subsets, we derive
an equivalent formulation in terms of push-forward measures. For y € C([0, 1], X),
the push-forward y .o € P(X) of a probability measure w € P([0, 1]) is defined
by y«o(B) = w(y_l(B)) for B € B(X). We directly observe supp(ysw) =
y (supp(w)). By the following lemma, P;"" (X) consists of the push-forward of mea-
sures in P([0, 1]) by constant speed curves.

Lemma 1 The space P;""(X) in (1) is equivalently given by

P(X) = {y*a) .y € Lip(X) has constant speed L(y) < L, o € P([0, 1])}.
(2)

Proof Let v € P;*™(X) as in (1). If supp(v) consists of a single point x € X only,
then the constant curve y = x pushes forward an arbitrary §; for ¢ € [a, b], which
shows that v is contained in (2).

Suppose that supp(v) contains at least two distinct points and let y € C([a, b], X)
with supp(v) C y([a, b]) and £(y) < oo. According to [16, Prop. 2.5.9], there exists
a continuous curve y € Lip(X) with constant speed £(y) and a continuous non-
decreasing function ¢: [a, b] — [0, 1] with y = y o ¢. Now, define f: X — [0, 1]
by f(x) := min{y~!'(x)}. This function is measurable, since for every t € [0, 1] it
holds that

[y eX:f) <t} ={reX:min{p~ ')} <1} =70, 1])

is compact. Due to supp(v) C y ([0, 1]), we can define w := f,v € P([0, 1]). By
construction, o satisfies 7.0 (B) = o( ' (B)) = v(f~' o 771 (B)) = v(B) for all
B € B(X). This concludes the proof. O

The set P;""(X) contains P}‘{,“’m (X) if L is sufficiently large compared to N and

X is sufficiently nice, cf. Sect. 4. It is reasonable to ask for more restrictive sets
Elol:;ﬂ
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of approximation measures, e.g., when w € P([0, 1]) is assumed to be absolutely
continuous. For the Lebesgue measure A on [0, 1], we consider

Pr(X) := {y«w : ¥y € Lip(X), L(y) < L, o= px € P([0, 1]), L(p) < L}.

In the literature [18,61], the special case of push-forward of the Lebesgue measure
@ = A on [0, 1] by Lipschitz curves in T¢ was discussed and successfully used in
certain applications [11,17]. Therefore, we also consider approximations from

P (X) i= {y.a:y € Lip(X), L(y) < L}.
It is obvious that our probability spaces related to curves are nested,
szCUfV (X) c zpz—curv (X) C ,Piurv (X)

Hence, one may expect that establishing good approximation rates is most difficult
for P, "V(X) and easier for P/ (X).

3 Discrepancies and RKHS

The aim of this section is to introduce the way we quantify the distance (“discrepancy”)
between two probability measures. To this end, choose a continuous, symmetric func-
tion K: X x X — R that is positive definite, i.e., for any finite number n € N of
points x; € X, j =1, ..., n, the relation

n
Z a,-ajK(xi,Xj) >0
ij=1

is satisfied for all a; € R, j =1, ..., n. We know by Mercer’s theorem [23,63,76]
that there exists an orthonormal basis {¢; : k € N} of L*(X, ox) and non-negative
coefficients (ax)reN € €1 such that K has the Fourier expansion

o
K(x,y) =Y axp ()i (y) 3)
k=0
with absolute and uniform convergence of the right-hand side. If o > 0 for some

k e Ny, the corresponding function ¢y is continuous. Every function f € L*(X, ox)
has a Fourier expansion

f

S e o= / Fr do.
k=0 X

FolCT
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The kernel K gives rise to a reproducing kernel Hilbert space (RKHS). More precisely,
the function space

o
Hy (X) = {f e L’Xo0): Y o 1ful? < oo}
k=0
equipped with the inner product and the corresponding norm

(f2 8 Hec0) = zpkm% 1 N0 = Vi P @)

forms a Hilbert space with reproducing kernel, i.e.,

K(x,-) € Hx (X) forall x € X,
FO)=(f K, )y, forall f e Hg(X), x € X,

Note that f € Hg(X) implies fk = 0if = 0, in which case we make the convention
o fk = 0 in (4). The space Hg (X) is the closure of the linear span of {K (x;, -) :
x; € X} with respect to the norm (4), and Hg (X) is continuously embedded in C (X).
In particular, the point evaluations in Hg (X) are continuous.

The discrepancy Pk (i, v) is defined as the dual norm on Hg (X) of the linear
operator T': Hx (X) - C with ¢ — [y ¢ d(u —v):

/wd(u
X

see [40,67]. Note that this looks similar to the 1-Wasserstein distance, where the space
of test functions consists of Lipschitz continuous functions and is larger. Since

Dk (1, v) =

el ag =1

(&)

/deu=/x<¢,1<(x,'))yk<x> dp () =<‘p’/XK(x")dM(x))HK(X)’

we obtain by Riesz’s representation theorem

max /god,u— H/ K (x, )du(x)‘
lollagco=<1Jx

which yields by Fubini’s theorem, (3), (4) and symmetry of K that

@,%(u,u)=//Kdudy,—2//Kdudv+//l(dvdv (6)

XxX XxX XxX

Hy (%)

o0
= alfix — %, @

Fo C 'ﬂ
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where the Fourier coefficients of pu, v € P(X) are well-defined for k with ax # 0 by

Ak 2=/@du, Vg 2=/ﬁdv~
X X

Remark 1 The Fourier coefficients [i; and Dy depend onboth K and o, but the identity
(6) shows that Pk (i, v) only depends on K. Thus, our approximation rates do not
depend on the choice of ox. On the other hand, our numerical algorithms in Sect. 7
depend on ¢y and hence on the choice of ox.

If up—pand v,—vasn — oo, thenalso u, v, —uQv. Therefore, the continuity
of K implies that lim,—, o0 Pk (U, Vi) = Pk (1, v), so that Pk is continuous with
respect to weak convergence in both arguments. Thus, for any weakly compact subset
P C P(X), the infimum

inf Pk (u, v)
veP

is actually a minimum. All of the subsets introduced in the previous section are weakly
compact.

Lemma2 The sets Piom(X), Py (X), P (X), P&V (X), and P, (X) are
weakly compact.

Proof 1t is well-known that P4°™ (X) and P]evmp (X) are weakly compact.

We show that P (X) is weakly compact. In view of (2), let (yx)ren be Lipschitz
curves with constant speed L(yx) < L and (wp)ren C P([O, 1]). Since P([0, 1])
is weakly compact, we can extract a subsequence (a)kj) jen with weak limit & €
P([0, 1]). Now, we observe that distx (v, (s), v, (1)) < L|s —¢t| forall j € N. Since
X is compact, the Arzela—Ascoli theorem implies that there exists a subsequence of
(yk ) jeN_ which converges uniformly towards y € Lip(X) with L(y) < L. Then,

=y fulfills supp(D) C p ([0, 1]), so that b € P (X) by (1). Thus, P;*™(X) is
weakly compact.

The proof for P; " (X) and PL‘C“” (X) is analogous and hence omitted. O

Remark 2 (Discrepancies and Convolution Kernels) Let X = T¢ := R/Z¢ be the
torus and i € C(T?) be a function with Fourier series

h(x) = Z hpePritex) = /;N h(x)e2ritkx) doa (x),

keZd

which converges in L2(T%) so that >k [hx]? < oo.
Assume that /i # 0 for all k € Z¢. We consider the special Mercer kernel

K(x,y)i= Y P60 = % "y cos(2m k, x — y))

keZd keZd

with associated discrepancy ), via (6), i.e., ¢ (x) = KX)o = |fzk|2, k ezl

in (3). The convolution of /& with u € M (T?) is the function & * u € C(T?) defined
by

FoE"ﬂ
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(h* p)(x) == / h(x —y)du(y).
Td

By the convolution theorem for Fourier transforms it holds (m) K= fzk i, k € 74,
and we obtain by Parseval’s identity for u, v € M(T?) and (7) that

I (= Wy = (ke Gt = 00 I3, = D VaaPlite = 06l = 27 (1, v).
kezd

In image processing, metrics of this kind were considered in [18,33,77].

Remark 3 (Relations to Principal Curves) A similar concept, sharing the common
theme of “a curve which passes through the middle of a distribution” with the intention
of our paper, is that of principle curves. The notion of principal curves has been
developed in a statistical framework and was successfully applied in statistics and
machine learning, see [38,55,57]. The idea is to generalize the concept of principal
components with just one direction to so-called self-consistent (principal) curves. In
the seminal paper [49], the authors showed that these principal curves y are critical
points of the energy functional

E(y,w) = fX I — proj, () 13d2(x), ®)

where w is a given probability measure on X and proj,, (x) = argmin,c,, [|x — yll2
is a projection of a point x € X on y. This notion has also been generalized to
Riemannian manifolds in [50], see also [57] for an application on the sphere. Further
investigation of principal curves in the plane, cf. [27], showed that self-consistent
curves are not (local) minimizers, but saddle points of (8). Moreover, the existence of
such curves is established only for certain classes of measures, such as elliptical ones.
By additionally constraining the length of curves minimizing (8), these unfavorable
effects were eliminated, cf. [55]. In comparison to the objective (8), the discrepancy
(6) averages for fixed x € X the distance encoded by K to any point on y, instead of
averaging over the squared minimal distances to y.

4 Approximation of General Probability Measures

Given u € P(X), the estimates’

1
min ~ Px(u,v) < min Dg(u,v) SN2, 9
vePYOM(X) vePy " (X)

1 We use the symbols < and 2 to indicate that the corresponding inequalities hold up to a positive constant
factor on the respective right-hand side. The notation ~ means that both relations < and 2 hold. The
dependence of the constants on other parameters shall either be explicitly stated or clear from the context.
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are well-known, cf. [43, Cor. 2.8]. Here, the constant hidden in < depends on X and K
but is independent of x and N € N. In this section, we are interested in approximation
rates with respect to measures supported on curves.

Our approximation rates for "™ (X) are based on those for P{°™(X) combined
with estimates for the traveling salesman problem (TSP). Let TSPx(&N) denote the
worst case minimal cost tour in a fully connected graph G of N arbitrary nodes
represented by xq, ..., xy € X and edges with cost distx (x;, x;),i,j =1,..., N.
Similarly, let MSTx (N) denote the worst case cost of the minimal spanning tree of G.
To derive suitable estimates, we require that X is Ahlfors d-regular (sometimes also
called Ahlfors-David d-regular), i.e., there exists 0 < d < oo such that

ox (B (x)) ~ r?, forallx € X, 0<r < diam(X), (10)
where B,(x) = {y € X : distx(x, y) < r} and the constants in ~ do not depend on

x or r. Note that d is not required to be an integer and turns out to be the Hausdorff
dimension. For X being the unit cube the following lemma was proved in [75].

Lemma 3 If X is a compact Ahlfors d-regular metric space, then there is a constant
0 < Ctsp < oo depending on X such that

TSPx(N) < CrspN'~7.

Proof Using (10) and the same covering argument as in [74, Lem. 3.1], we see that

for every choice x1, ..., xy € X, there existi # j such that distx (x;, x;) < N4,
where the constant depends on X.
Let S = {x1,...,xy} be an arbitrary selection of N points from X. First, we

choose x; and x; with distx(x;, x;) < c¢N —1/d Then, we form a minimal spanning
tree T of S\ {x;} and augment the tree by adding the edge between x; and x;. This
construction provides us with a spanning tree and hence we can estimate MSTx (N) <
MSTx(N — 1) +¢N~V 4 Iterating the argument, we deduce

MSTx(N) < N'"1,

cf. [75]. Finally, the standard relation TSPx(N) < 2 MSTx(N) for edge costs satis-
fying the triangular inequality concludes the proof. O

To derive a curve in X from a minimal cost tour in the graph, we require the
additional assumption that X is a length space, i.e., a metric space with

distx(x, y) = inf {K(y) : ¥ a continuous curve that connects x and y},

cf. [15,16]. Thus, for the rest of this section, we are assuming that
X is a compact Ahlfors d-regular length space.

In this case, Lemma 3 yields the next proposition.
FolCT
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Proposition 1 For a compact, Ahlfors d-regular length space X it holds Py°™(X) C
PCUI'V (X)
CTSPN]—I/d .

Proof The Hopf-Rinow Theorem for metric measure spaces, see [15, Chap. 1.3]
and [16, Thm. 2.5.28], yields that every pair of points x, y € X can be connected
by a geodesic, i.e., there is y € Lip(X) with constant speed and £(y|5,;) =
distx(y(s), y(¢)) forall 0 < s < ¢t < 1. Thus, for any pair x,y € X, there is a
constant speed curve yy,, € Lip(X) of length £(yy ) = distx (x, y) with yx ,(0) = x,
Ya,y(1) = y,cf. [16,Rem. 2.5.29]. For uy € ’P;a\}"m(X),let{x], ey XN} = supp(un).
The minimal cost tour in Lemma 3 leads to a curve y € Lip(X), sothat uy = y.w €
P (X) for an appropriate measure € P4 ([0, 1]). O

By Proposition 1 we can transfer approximation rates from P4°™(X) to P§"™ (X).

Theorem 1 For u € P(X), it holds with a constant depending on X and K that

d
min _ Pg(u,v) S L2772,
VePLM (X)

Proof Choose a = dgl.For L large enough, set N := L(L/CTsp)éj € N, so that we

observe Pyo™(X) C P (X). According to (9), we obtain

min  Zx(u,v) < min @ Dx(u,v) SN2 < L%,

VePPN (X) VEPO™ (X)
m}
Next, we derive approximation rates for P§ "™ (X) and churv (X).
Theorem 2 For 1 € P(X), we have with a constant depending on X and K that
d
min ~ Px(u,v) < min @ Pg(u,v) S L7¥W-2, (11

VEPEIN () pEP S (X)

Proof Leta = %, d > 2. For L large enough, set N := LLﬁ/diam(X)J e N.
By (9), there is a set of points {x], ..., xy} C X such that

N
1
Dx(poon) SNTHS LT, oy i= ) (12)
j=1

Let these points be ordered as a solution of the corresponding TSP. Set xo := xy and
7; .= distx(xj, xj+1)/L,i =0, ..., N — 1. Note that

N < L%/ diam(X) < L/ distx (v, xi41),

sothatt; < N~ !foralli =0, ..., N—1. We constructa closed curve y.: [0,1] - X
that rests in each x; for a while and then rushes from x; to x; . As in the proof of
FoC'T
‘_I o
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Proposition 1, X being a compact length space enables us to choose y; € Lip(X) with
yi(0) = x;, yi(1) = xj41 and L(y;) = distx(x;, xj4+1). Fori =0,..., N, — 1, we
define

Xi forte[ﬁ ~ —T),
1) = i i
7o {ne,.(r—%n)) for 1 €[5 = 7, 151,
By construction, L(y; ) is bounded by min; d(x;, xj+1 )fi_l < L. Defining the measure
V= (YL)«h € PZC‘""(X), the related discrepancy can be estimated by

1
Dk (u,v) =  sup )/wdu—/o <pondk)

lollag =1

i1
< k(. vN)+  sup Z T w(xl)|+‘/N woyLd)\D.

lellagoo=1 ;=g

The relation (12) yields Zg (i, vy) < C L*ﬁ with some constant C > 0. Since for

¢ € Hg(X) it holds |l@llrex) = Ckll@llmgx) with Ckx = sup,x v/ K (x, x), we
finally obtain by Lemma 3

N—1

ND(

Dk (u.v) < CLTET +2Cx Yy 5 = C L% +2Ck Crsp—
i=0

< (C +2Ck Crsp/ diam (X)) L™ 77,
O

Note that many compact sets in R¢ are compact Ahlfors d-regular length spaces
with respect to the Euclidean metric and the normalized Lebesgue measure such as
the unit ball or the unit cube. Moreover many compact connected manifolds with or
without boundary satisfy these conditions. All assumptions in this section are indeed
satisfied for d-dimensional connected, compact Riemannian manifolds without bound-
ary equipped with the Riemannian metric and the normalized Riemannian measure.
The latter setting is studied in the subsequent section to refine our investigations on
approximation rates.

Remark 4 For X = T¢ with d € N, the estimate

min  Pg(u,v) S LA (13)
VEP ;Y (X)

was derived in [18] provided that K satisfies an additional Lipschitz condition, where
the constant in (13) depends on d and K. The rate coincides with our rate in (11) for
d = 2 and is worse for higher dimensions as ﬁ > % foralld > 3.

FoE'ﬂ
@ Springer u.. jO E|
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5 Approximation of Probability Measures Having Sobolev Densities

To study approximation rates in more detail, we follow the standard strategy in approx-
imation theory and take additional smoothness properties into account. We shall
therefore consider . with a density satisfying smoothness requirements. To define suit-
able smoothness spaces, we make additional structural assumptions on X. Throughout
the remaining part of this work, we suppose that

Xis a d-dimensional connected, compact Riemannian manifold without bound-
ary equipped with the Riemannian metric distx and the normalized Riemannian
measure ox.

In the first part of this section, we introduce the necessary background on Sobolev
spaces and derive general lower bounds for the approximation rates. Then, we focus
on upper bounds in the rest of the section. So far, we only have general upper bounds
for P{*V(X). In case of the smaller spaces P "™ (X) and ’P;:CUfV(X), we have to
restrict to special manifolds X in order to obtain bounds. For a better overview, all
theorems related to approximation rates are named accordingly.

5.1 Sobolev Spaces and Lower Bounds

In order to define a smoothness class of functions on X, let —A denote the (negative)
Laplace—Beltrami operator on X. It is self-adjoint on L2(X, ox) and has a sequence of
positive, non-decreasing eigenvalues (Ax)xen (With multiplicities) with a correspond-
ing orthonormal complete system of smooth eigenfunctions {¢; : k € N}. Every
function f € L2(X, o) has a Fourier expansion

o0
F=Y o F@i= [ fodon
k=0 X
The Sobolev space H*(X), s > 0, is the set of all functions f € L%*(X, ox) with
distributional derivative (I — A)*/? f € L%(X, ox) and norm
o0

£y 2= I = A Fll 2 g = (D21 + 201 £ OF)

k=0

For s > d/2, the space H®(X) is continuously embedded into the space of Holder
continuous functions of degree s —d /2, and every function f € H*(X) has a uniformly
convergent Fourier series, see [70, Thm. 5.7]. Actually, H*(X), s > d/2, is a RKHS
with reproducing kernel

o0
K(x,y) =Y (14 1) ¢ (x)pe ().
k=0
Elol:;ﬂ
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Hence, the discrepancy Zk (i, v) satisfies (5) with Hg (X) = H®(X). Clearly, each
kernel of the above form with coefficients having the same decay as (1 + Ax)™* for
k — oo gives rise to a RKHS that coincides with H*(X) with an equivalent norm.
Appendix A contains more details of the above discussion for the torus T¢, the sphere
S, the special orthogonal group SO(3) and the Grassmannian Gy 4.

Now, we are in the position to establish lower bounds on the approximation rates.
Again, we want to remark that our results still hold if we drop the requirement that
the approximating curves are closed.

Theorem 3 (Lower bound) For s > d/2 suppose that Hx (X) = H*(X) holds with
equivalent norms. Assume that w is absolutely continuous with respect to ox with a
continuous density p. Then, there are constants depending on X, K, and p such that

N7 < min Zg(u.v) < min - Dk (uv),
vePYOM(X) vePy P (X)

L7 T < min - Zx(u,v) < min  Px(u,v) <  min  Dg(u,v).
PN (X) VEPEFEY (X) VeEP; U (X)

Proof The proofis based on the construction of a suitable fooling function to be used in
(5) and follows [13, Thm. 2.16]. There exists a ball B C X with p(x) > € = €(B, p)
forallx € B and oxx(B) > 0, which is chosen as the support of the constructed fooling
functions. We shall verify that for every v € P3°™(X) there exists ¢ € H*(X) such
that ¢ vanishes on supp(v) but

/ @du > lelascoN4, (14)
B

where the constant depends on X, K, and p. For small enough § we can choose 2N
disjoint balls in B with diameters s N !/ d see also [39]. For v € Pla\}om (X), there are
N of these balls that do not intersect with supp(v). By putting together bump functions
supported on each of the N balls, we obtain a non-negative function ¢ supported in B
that vanishes on supp(v) and satisfies (14), with a constant that depends on €, cf. [13,
Thm. 2.16]. This yields

]fgodu—fgodv\ =/<PdM2||§0||H~f(X)N_7.
X X B

The inequality for P;*™(X) is derived in a similar way. Given a continuous curve
y:[0,1] — X of length L, choose N such that L < SNN—d, By taking half of
the radius of the above balls, there are 2N pairwise disjoint balls of radius 3 N ~!/¢
contained in B with pairwise distances at least SN ~'/¢_ Any curve of length SN N ~1/4
intersects at most N of those balls. Hence, there are N balls of radius %N —1/d that
do not intersect supp(y). As above, this yields a fooling function ¢ satisfying (14),
which ends the proof. O

FolCT
H_ A
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5.2 Upper Bounds for P/ (X)

In this section, we derive upper bounds that match the lower bounds in Theorem 3
for P/ (X). Our analysis makes use of the following theorem, which was already
proved for X = S% in [51].

Theorem 4 [13, Thm. 2.12] Assume that v, € P(X) provides an exact quadrature for
all eigenfunctions gy of the Laplace—Beltrami operator with eigenvalues iy < r?, i.e.,

fwkdosg:/wkdvr. (15)
X X

Then, it holds for every function f € H*(X), s > d/2, that there is a constant
depending on X and s with

\/deox—/xfdvr

For our estimates it is important that the number of eigenfunctions of the Laplace—
Beltrami operator on X belonging to eigenvalues with A; < r? is of order ¢, see [19,
Chap. 6.4] and [52, Thm. 17.5.3, Cor. 17.5.8]. This is known as Weyl’s estimates on
the spectrum of an elliptic operator. For some special manifolds, the eigenfunctions are
explicitly given in the appendix. In the following lemma, the result from Theorem 4 is
rewritten in terms of discrepancies and generalized to absolutely continuous measures
with densities p € H¥(X).

SN fllas -

Lemma4 Fors > d/2 suppose that Hx (X) = H*(X) holds with equivalent norms
and that v, € P(X) satisfies (15). Let u € P(X) be absolutely continuous with respect
to ox with density p € H*®(X). For sufficiently large r, the measures v, := f%vr €

PX) with B, = fX p dv, are well defined and there is a constant depending on X
and K with

Dk (o) S ol asor™.

Proof Note that H*(X) is a Banach algebra with respect to addition and multiplication
[22], in particular, for f, g € H*(X) we have fg € H*(X) with

lfgllascy < N lase gl asex)- (16)

By Theorem 4, we obtain for all ¢ € H*(X) that

‘/sopdax—/wadvr
X X

In particular, this implies for ¢ = 1 that

Srllepllascy Srillelascolloll e - (17)

1= B S rllollas - (18)
Elol:;ﬂ
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Then, application of the triangle inequality results in

‘/wdu—/wdﬁr S‘/wdu—/wpdvr
X X X X

According to (17), the first summand is bounded by < r~*ll@llusco llollas . It
remains to derive matching bounds on the second term. Holder’s inequality yields

Br—1
®p dv
| [ ontstan

where the last inequality is due to H*(X) < L*(X) and (18). O

+| [ootit a,
X

S lellzes 1Br = H S llellascor  lellas e,

Using the previous lemma, we derive optimal approximation rates for P3°™ (X) and
P (X).

Theorem 5 (Upper bounds) For s > d/2 suppose that Hx (X) = H*(X) holds with
equivalent norms. Assume that p is absolutely continuous with respect to ox with
density p € H*(X). Then, there are constants depending on X and K such that

min ~ Pg(u,v) S lplascoN— 4, (19)
vePYO™(X)

min =~ g (u,v) S lpllgscol™aT. (20)
VEPSIY (X)

Proof By [13, Lem. 2.11] and since the Laplace—Beltrami has N ~ r? eigenfunctions
belonging to eigenvectors A; < r2, there exists a measure v, € PYO™(X) that satisfies
(15). Hence, (15) is satisfied with r ~ N/ where the constants depend on X and K .
Thus, Lemma 4 with v, € 731‘1}0’“ (X) leads to (19).

The assumptions of Lemma 3 are satisfied, so that analogous arguments as in the
proof of Theorem 1 yield P°™(X) € P§™ (X) with suitable N ~ L4/@=D Hence,
(19) implies (20).

a-curv

5.3 Upper Bounds for P, (X) and special manifolds X

To establish upper bounds for the smaller space P} " (X), restriction to special
manifolds is necessary. The basic idea consists in the construction of a curve and
a related measure v, such that all eigenfunctions of the Laplace-Beltrami operator
belonging to eigenvalues smaller than a certain value are exactly integrated by this
measure and then applying Lemma 4 for estimating the minimum of discrepancies.
We begin with the torus.

Theorem 6 (Torus) Let X = T withd € N, s > d/2 and suppose that Hx (X) =
H*(X) holds with equivalent norms. Then, for any absolutely continuous measure
FoL g
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w € P(X) with Lipschitz continuous density p € H®(X), there exists a constant
depending on d, K, and p such that

min Pk (u,v) S L™aT,
vEPICUNV(X)

Proof 1. First, we construct a closed curve y, such that the trigonometric polynomials
from I, (T?), see (33) in the appendix, are exactly integrated along this curve. Clearly,
the polynomials in IT,(T9~!) are exactly integrated at equispaced nodes x; = ’z‘,
k=(ki,....ka—1) e N0 71,0 < k; < n— 1, with weights 1/n?~!, where n := r + 1.
Setz(k) ;== k1 +kyn+...+ kd_lnd_2 and consider the curves

k) z(k)+1 . Xk
vi: I = [j,?—)l %] — T4 with y(t) := ( d—1 )
n t
Then, each element in I'If is exactly integrated along the union of these curves, i.e.,
using [ :={0,...,n — 1}d_1, we have

/podowzz-/lypoykd)», pel'[‘ri.

kel ¥k

The argument is repeated for every other coordinate direction, so that we end up with
dn“~" curves mapping from an interval of length dn},, - to T?. The intersection points
of these curves are considered as vertices of a graph, where each vertex has 2d edges.
Consequently, there exists an Euler path y,: [0, 1] — T¢ trough the vertices build
from all curves. It has constant speed dn?~! and the polynomials l'[f are exactly

integrated along y;, i.e.,

/;podow = Adpdy,*k, pE H‘f.

2. Next, we apply Lemma 4 for v, = y,,A. We observe v, = y,4((p o ¥-)/BrA)
and deduce L(p o v,/By) < L(y,)L(p)/Br < r?~' ~ L as B, ~ 1. Here, constants
depend on d, K, and p. O

Now, we provide approximation rates for X = S9,

Theorem 7 (Sphere) Let X = S withd > 2, s > d/2 and suppose that Hg (X) =
H*(X) holds with equivalent norms. Then, we have for any absolutely continuous
measure w € P(X) with Lipschitz continuous density p € H*(X) that there is a
constant depending on d, K, and p with

min  Dx(u,v) <L,
EPFUN(X)

FoC'T
e,
@ Springer |03



Foundations of Computational Mathematics (2021) 21:1595-1642 1613

Proof 1. First, we construct a constant speed curve y;, : [0, 1] — S¢ and a probability
measure @, = p,A with Lipschitz continuous density o, : [0, 1] — Rx¢ such that for
all p e I1,(S%), it holds

1
/Sd p doga 2/(; poyrdo,. 2n

Utilizing spherical coordinates

d—1 d—1
X1 =cosf;, xp =sinf;cosby, ..., xdzl_[sinejcowf), xd+1=1_[sin9j sin ¢,
j=1 j=1

(22)
where 6, € [0, 7],k =1,...,d — 1,and ¢ € [0, 27), we obtain

T
/ pdogs = / cqsin(@y)?! / p(cos(@y), sin(0))%) doga—1 (¥) dy,  (23)
sd 0 §d-1

where ¢ := ( foﬂ sin(9)?=1dH)~!. There exist nodes ¥; € S?~! and positive weights
ai,i=1,...,n~r% ! with 31, a; = 1, such that for all p € IT,(S?"!) it holds

n
/Sd_l pdogi-1 = Zaip(ii).

i=1

To see this, substitute uy = sin6, k = 2,...,d — 1, apply Gaussian quadrature
with nodes [(r + 1)/27 and corresponding weights to exactly integrate over uy, and
equispaced nodes and weights 1/(2r + 1) for the integration over ¢ as, e.g., in [82].
Then, we define y,: [0, 1] = S? fort € [(i — 1)/n,i/n],i =1,...,n,by

vr(t) ==y iQant),  yri(@) = (cos(a), sin(@)%;), o € [0,27].

Since (1,0,...,0) = »;(0) = y-;2m) forall i = 1,...,n, the curve is closed.
Furthermore, y,(¢) has constant speed since fori =1, ..., n, i.e.,

|9 1(0) = 97,0l @rnt) = 20 ~ r¥7 1

Next, the density p,: [0, 1] — Ris defined forz € [ —1)/n,i/n],i =1,...,n,by
pr(t) = pri@rnt),  pri(@) = aicqmn|sin@)|*”", €0, 27].

We directly verify that p, is Lipschitz continuous with L(p,) < max; a;n?. By [34],
the quadrature weights fulfill ¢; < }% so that L(p,) < n?r~@=D ~ pd=1 By
definition of the constant c¢; and weights a;, we see that p, is indeed a probability
FoC Tl
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density

| noi L2 o
| =3 [ st =557 [ 0w e
i=1 n i=1
n 2
= %d Zai/ |sin(@)~"d6 = 1.
. 0
i=1

For p € I1,(S%), we obtain

1
/ poyrprdr
0

n i
:Z/’Ll p(yr,i(2nnt))pr,,~(27tMt)dt :/
i=1""n

n

1
5 2 P(rri(@)ori(e) da
i=1

0

2 n
:%d [ sin(a)]4! Za,-p(cos(a), sin(e)%;) de
0 i=1

:%d /” | sin(e)|97! Zai (P(Cos(tx), sin(e)X;) 4+ p(—cos(a), — sin(a)i,-)) da
0 i=1

Without loss of generality, p is chosen as a homogeneous polynomial of degree k < r,
i.e., p(tx) = t*p(x). Then,

1+ (=¥

5 /O i calsin(@)|*™" > " a; p(cos(a), sin(e)%;)

1
/ poyrprdi=
0 i=1

and regarding that for fixed « € [0, 2] the function X +— p(cos(a), sin(x)X) is a
polynomial of degree at most 7 on S¢~!, we conclude

! 1+ (-Dk (7 a1
/ poyrprd =——m— / cq|sin(a) |~ / p(cos(a), sin(a)i) dUSd_| (x) da.
0 2 0 §d-1

Now, the assertion (21) follows from (23) and since fgd pdoge = 0if k is odd.

2. Next, we apply Lemma 4 for v, = y,, 0, from which we obtain that v, =
Ve« ((0oYr) pr/BrA). As all p, are uniformly bounded by construction and p is bounded
due to continuity, we conclude using L(p,) < r4=1and L(yy) ~ r4=1 that

L(poyrpr/Br) < (L(P oY) llorllec + L(pr)”p”oo)/ﬂr S (L(,O) + ”p”oo)rd_l’

which concludes the proof. O

Finally, we derive approximation rates for X = SO(3).
FoE'ﬂ
@ Springer u.. :‘0 E|



Foundations of Computational Mathematics (2021) 21:1595-1642 1615

Corollary 1 (Special orthogonal group) Let X = SOQ3), s > 3/2 and suppose
Hix (X) = H*(X) holds with equivalent norms. Then, we have for any absolutely
continuous measure | € P(X) with Lipschitz continuous density p € H*(X) that

min  Dx(u,v) S LTI,
VEPIEUY(X)

where the constant depends on K and p.
Proof 1. For fixed L ~ r?, we shall construct a curve y,: [0, 1] — SO(3) with

L(y;) < L and a probability measure w, = p,A with density p,: [0, 1] - R and
L(p) < L, such that

/ p doso3) =/ P dyr«(or ).
SO(3) SO@Q3)

We use the fact that the sphere S? is a double covering of SO(3). That is, there is
a surjective two-to-one mapping a: S° — SO(3) satisfying a(x) = a(—x), x € S>.
Moreover, we know thata: S° — SO(3) is a local isometry, see [42], i.e., it respects
the Riemannian structures, implying the relations oso3) = a+«0s3 and

distso(3) (a (x1), a(xz)) = min(distgz (x1, x2), diStS3 (x1, —xz)).
It also maps I, (SO(3)) into I, (S), i.e., p € I1,(SO(3)) implies p o a € I, (S?).
Now, let 7, : [0, 1] — S? and @, be given as in the first part of the proof of Theorem 7

for d = 3, i.e., P, +@, satisfies (21) with L(y,) < L and @, = p,A with L(5,) < L.
We now define a curve y;, in SO(3) by

¥ (0,11 = SO@),  y (1) :==ao (1),

and let w, := @y,. For p € I1,(SO(3)), the push-forward measure y, @, leads to

/ pddso(3) = f pda*Uss = f poa dGS3
SO(3) SO(3) s

= / poadyy iy = f pdyrswy.
S3 SO@3)

Hence, property (15) is satisfied for y, .o, = ¥4 (02,-1).
2. The rest follows along the lines of step 2. in the proof of Theorem 7. O

5.4 Upper Bounds for P,:curv(X) and special manifolds X

To derive upper bounds for the smallest space PZC“W(X), we need the following
specification of Lemma 4.

FoC Tl
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Lemma5 Fors > d/2 suppose that Hx (X) = H*(X) holds with equivalent norms.
Let u € P(X) be absolutely continuous with respect to ox with positive density
p € H(X). Suppose that v, := y, .\ with y, € Lip(X) satisfies (15) and let B, :=
fx p dv.. Then, for sufficiently large r,

1 t
g 0,11 [0,1], g :=_/ ooy di
ﬂr 0

is well-defined and invertible. Moreover, 7, = y, o g~ satisfies L(y,) < L(y,) and
Dr (W, Vrsh) ST° (24)

where the constants depend on X, K, and p.

Proof Since p is continuous, there is € > 0 with p > €. To bound the Lipschitz
constant L(y,), we apply the mean value theorem together with the definition of g and
the fact that (¢=1)(s) = 1/g'(g~ ' (s)) to obtain

7 () = 7] < L)|e ') — g7 @) < L(v) % ls —1].

Using (18), this can be further estimated for sufficiently large r as

L+ llpllascor™
€

2
17 () = 7 (D] S Ly ls =11 S Ly~ Is =11,

To derive (24), we aim to apply Lemma 4 with v, = y,,.A. We observe

- o _ -
Vr = ﬁ)/r*)L = Vr*(p v )L) = Vr*(g,)\) =(yrog 1)*)L = VrsA,
Br Br
so that Lemma 4 indeed implies (24). O

In comparison to Theorem 6, we now trade the Lipschitz condition on p with the
positivity requirement, which enables us to cover P, "™ (X).

Theorem 8 (Torus) Let X = T withd € N, s > d/2 and suppose that Hg (X) =
H*(X) holds with equivalent norms. Then, for any absolutely continuous measure
w € P(X) with positive density p € H*(X), there is a constant depending on d, K,
and p with

Dx(u.v) < min D (p,v) S LT
v GPZ'C‘“" X) v EPL-CUrv (X)

Proof The first part of the proof is identical to the proof of Theorem 6. Instead of
Lemma 4 though, we now apply Lemma 5 for y, and p, = 1. Hence, y, = y» o
g,‘1 satisfies L(y,) < %d(2r + 1d-t < r4=1 5o that 7, satisfies (24) and is in
POY(X) with L ~ rdL, O
FolCT
e
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The construction on X = S¢ for PieiV(X) in the proof of Theorem 7 is not
compatible with PZC““’(X). Thus, the situation is different from the torus, where we
have used the same underlying construction and only switched from Lemma 4 to
Lemma 5. Now, we present a new construction for 73 v (X), which is tailored to
X = S2. In this case, we can transfer the ideas of the torus, but with Gauss-Legendre
quadrature points.

Theorem 9 (2-sphere) Let X = S?, s > 1 and suppose Hg (X) = H*(X) holds with
equivalent norms. Then, we have for any absolutely continuous measure p € P(X)
with positive density p € H*(X) that there is a constant depending on K and p with

min ~ Zg(u,v) < min  Dg(u,v) SL.
vefpz-curv (X) UEfPL—curv (X)

Proof 1. We construct closed curves such that the spherical polynomials from IT, (S?),
see (35) in the appendix, are exactly integrated along this curve. It suffices to show
this for the polynomials p(x) = xklxkzxk3 e I, (Sz) with k| + kp + k3 < r restricted
to S2. We select n = [(r 4+ 1)/2] Gauss- Legendre quadrature points u; = cos(6;) €
[—1, 1] and corresponding weights 2w;, j =1, ..., n. Note thatZ iy w;j = 1.Using
spherical coordinates x; = cos(f), x» = sin(f) cos(¢), and x3 = sin(@) sin(¢) with
@, ¢) €10, 7] x [0, 2], we obtain

2 T
/ _pdog = % f cos(¢)*2 sin(¢)® / cos(9)1 sin(0)F2 1% sin(¢) d6 d¢p
S 0 0
2 1
_ 1 / cos(¢)*2 sin(¢)® / ukr(1 — uz)% du de,
4 Jo -1

see also [83]. If k» + k3 is odd, then the integral over ¢ becomes zero. If ky + k3 is
even, the inner integrand is a polynomial of degree < r. In both cases we get

/2 pdog = — Zwl / 005(9 ), sin(0;) cos(¢), sin(0; )51n(¢)) do.
S

Substituting in each summand ¢ = 2nt/w;, j =1, ..., n, yields

n Ll)]
/%2pd0§2=2/0 poyjda,
=1

where y;: [0, w;] — S? is defined by

y; (1) = (cos(8;), sin(8;) cos(2mt/w;), sin(;) sin(2t /w;)),
Fol:rﬂ
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and has constant speed L(y;) = 27 sin(6;)/w;. The lower bound w; 2 % sin(6;), cf.
[34], implies that L(y;) < n. Defining a curve y : [0, 1] — S? piecewise via

Pos1 = v Plisisol =720 =500 oo v Plisee1] = Y — Sn—1),

where 5; := w1 + ...+ w;, we obtain

1
/Szpdagzz/o pdF. pe M.

Further, the curve satisfies L(y) S r.

As with the torus, we now “turn” the sphere (or switch the position of ¢) so that
we get circles along orthogonal directions. This large collection of circles is indeed
connected. As with the torus, each intersection point has an incoming and outgoing
part of a circle, so that all this corresponds to a graph, where again each vertex has
an even number of “edges”. Hence, there is an Euler path inducing our final curve
¥ [0, 11 — S? with piecewise constant speed L(y,) < r satisfying

1
/SzdeSz =/0 pd(yrsh).  p e T (SY).

2.Letr ~ L. Analogous to the end of the proof of Theorem §, Lemma 5 now yields
the assertion. O

To get the approximation rate for X = G 4, we make use of its double covering
X = S? x §2, cf. Remark 8.

Theorem 10 (Grassmannian) Let X = Gy 4, s > 2 and suppose Hg(X) = H*(X)
holds with equivalent norms. Then, we have for any absolutely continuous measure
w € P(X) with positive density p € H*(X) that there exists a constant depending on
K and p with

min g (u,v) < min  Dg(u,v) S LT3,
) efpz—(.urV (X) v e’PL-Curv (X)

Proof By Remark 8 in the appendix, we know that G» 4 = S? x S?/{#1} so that is
remains to prove the assertion for X = §? x §?.

There exist pairwise distinct points {x1, ..., xy} C S? such that % Z;V: 10 x; sat-
isfies (15) on S? with N ~ r2, cf. [9,10]. On the other hand, let y be the curve
on S? constructed in the proof of Theorem 9, so that ., satisfies (15) on S? with
£(y) < L(y) ~ r. Let us introduce the virtual point x4 := x.

The curve y ([0, 1]) contains a great circle. Thus, for each pair x; and x4 there
is Oj € O(3) such thatxj,xj+1 € Fj = 0j)7([0, 1]).

It turns out that the set on S* x S? given by U?/:l({xj} x ') U (I x {xj41)) is
connected. We now choose y; := O;y and know that the union of the trajectories of

Elol:;ﬂ
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the set of curves

= (xj,yj(t)), t— (yj(t),xj+1), j=1,...,N,

is connected. Combinatorial arguments involving Euler paths, see Theorems 6 and 9,
lead to a curve y with £(y) < L(y) ~ NL(7) ~ r3, so that y A satisfies (15). The
remaining part follows along the lines of the proof of Theorem 7. O

Our approximation results can be extended to diffeomorphic manifolds, e.g., from
S? to ellipsoids, see also the 3D-torus example in Sect. 8. To this end, recall that
we can describe the Sobolev space H*(X) using local charts, see [78, Sec. 7.2]. The
exponential maps exp, : T, X — X give rise to local charts (éx (ro), exp;l), where
l§x (ro) := {y € X : distx(x, y) < ro} denotes the geodesic balls around x with the
injectivity radius ro. If § < rg is chosen small enough, there exists a uniformly locally
finite covering of X by a sequence of balls (éxj (8)); with a corresponding smooth
resolution of unity (v;); with supp(y/;) C éxj (8), see [78, Prop. 7.2.1]. Then, an
equivalent Sobolev norm is given by

1

1o = (DN ) 0 expy, Igsea)) (25)

j=1

where (Y f) o expy; is extended to R? by zero, see [78, Thm. 7.4.5]. Using Defini-
tion (25), we are able to pull over results from the Euclidean setting.

Proposition 2 Let X1, X, be two d-dimensional connected, compact Riemannian man-
ifolds without boundary, which are s + 1 diffeomorphic with s > d /2. Assume that for
Hyg (Xy) = H*(X3y) and every absolutely continuous measure (. with positive density
p € H*(Xy) it holds

min Dx (u,v) S L7,

“-curv
veP,

where the constant depends on X;, K, and p. Then, the same property holds for X1,
where the constant additionally depends on the diffeomorphism.

Proof Let f: X, — X denote such a diffeomorphism and p € H* (X)) the density of
the measure @ on X;. Any curve y: [0, 1] — X; givesrisetoacurve y: [0, 1] — X
via y = f oy, which for every ¢ € H* (X)) satisfies

1 1
[ opton ~ [ vorar|=|[ woresidupidon - [ vororal
X1 0 X 0

where J r denotes the Jacobian of f. Now, note thatgo f, po f|det(Jr)| € H*(Xy),see
(16) and [78, Thm. 4.3.2], which is lifted to manifolds using (25). Hence, we can define
ameasure (i on X, through the probability density p o f|det(Jy)|. Choosing y; as a
FoC
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realization for some minimizer of inf | e 2(f, v), we can apply the approximation
result for X, and estimate for y; = f oy that

1 v .
[ ondox, = [ vondi| SLFIpo flacey < L Il
1

where the second estimate follows from [78, Thm. 4.3.2]. Now, L(yr) < L(f)L
implies

inf  Pg(u,v) S L@,

v ef})“L-CIJI'v
O

Remark 5 Consider a probability measure 1 on X such that the dimension d,, of its
support is smaller than the dimension d of X. Then, ; does not have any density with
respect to ox. If supp(u) is itself a d,,-dimensional connected, compact Riemannian
manifold Y without boundary, we switch from X to Y. Sobolev trace theorems and
reproducing kernel Hilbert space theory imply that the assumption Hg (X) = H* (X)
leads to Hyx/(Y) = H* (Y), where K’ := K|yxy is the restricted kernel and s’ =
s — (d — dy)/2, cf. [36]. If, for instance, Y is diffeomorphic to T4 (or S% with
d, = 2),and p has a positive density p € H s' (Y) with respect to oy, then Theorem 8
(or 9) and Proposition 2 eventually yield

s
min Zg(pn,v) SL T,
vePL-CUrV

If supp(u) is a proper subset of Y, we are able to analyze approximations with
Py (Y). First, we observe that the analogue of Proposition 2 also holds for
Piev(Xy), PV (X;) when the positivity assumption on p is replaced with the
Lipschitz requirement as in Theorems 6 and 7. If, for instance, Y is diffeomorphic to
T or S% and u has a Lipschitz continuous density p € H s'(Y) with respect to oy,
then Theorems 6 and 7, and Proposition 2 eventually yield

A',
1 < J du-1
o B, DG v) S LS

6 Discretization
In our numerical experiments, we are interested in determining minimizers of

min 7% (u, v). (26)
veP M (X)

Defining Ay := {y € Lip(X) : L(y) < L} and using the indicator function
Elol:;ﬂ
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e |0 iy e AL
ALY = o otherwise,

we can rephrase problem (26) as a minimization problem over curves

min J] ,
y€eC([0,11,X) L)

where J1.(y) = 9,2( (m, Y«A) +ta, (y). As X is a connected Riemannian manifold,
we can approximate curves in A;, by piecewise shortest geodesics with N parts, i.e.,
by curves from

Apn = {y € AL: ¥l{i-1)/n.i/n] is a shortest geodesic fori = 1,..., N} .

Next, we approximate the Lebesgue measure on [0, 1] by ey := % Z,N: 1 6i/n and
consider the minimization problems

min , 27
o JLN ) (27)

where J1 v (y) := D% (1, y«en) + ta, y (¥). Since ess sup, (.1 |71(1) = L(y), the
constraint L(y) < L can be reformulated as fol (yl@) — L)ﬁ_ dr = 0." Hence, using
xi=y(@/N),i =1,..., N, xo = xy and regarding that |y |(t) = N distx(x;—1, x;)

fort € ( %, lﬁ)’ problem (27) is rewritten in the computationally more suitable form

N N
1 1
min @,2((“, ) ax,) s D (N dist (i1 x) — L)} =0. (28
i=1 i=1

This discretization is motivated by the next proposition. To this end, recall that a
sequence (fy)nyen of functions fy: X — (—oo, +o00] is said to I'-converge to
f: X — (—00, 400] if the following two conditions are fulfilled for each x € X see
[12]:

(1) f(x) <liminfy_  fn(xy) whenever xy — x,
(i1) there is a sequence (yy)neN With yy — x and limsupy_, o, fn(YN) < f(x).

The importance of I"-convergence relies in the fact that every cluster point of mini-
mizers of (fy)nen 1S @ minimizer of f. Note that for non-compact manifolds X an
additional equi-coercivity condition would be required.

Proposition 3 The sequence (J1.N)NeN is I'-convergent with limit J..

Proof 1. First, we verify the lim inf-inequality. Let (yy)yen With limy_ 0 yv = ¥,
i.e., the sequence satisfies SUpP;e(0,1] distx (y (¢), yn(t)) — 0. By excluding the trivial

1 . r, r=0,
For r € R, we use the notation r4 = 0. otherwi
, otherwise.
FoCT
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case lim inf y o0 J1, ¥ (¥n) = 00 and restricting to a subsequence (¥, JkeN, WE may
assume yy, € Ar.n, C Ap. Since Ay is closed, we directly infer y € Ay. It holds
eny— A, which is equivalent to the convergence of Riemann sums for f € C[0, 1], and
hence also yy ey —ysdr. By the weak continuity of 92, we obtain

TL) = DE(u, yd) = lim D& (i, yyen) = liminf Ty (yw). (29)
N—oo N—o0

2. Next, we prove the lim sup-inequality, i.e., we are searching for a sequence
(yN)nen With yy — y and lim supy_, o Jr.n(yn) < JL(y). First, we may exclude
the trivial case Jr (y) = oo. Then, yy is defined on every interval [(i — 1)/N,i/N],
i =1,..., N, asashortest geodesic from y ((i — 1)/N) to y(i/N). By construction
we have yy € Ar y. From y, yy € A we conclude

sup distx (y (1), yw (1)) = max sup  distx(y (@), yn (1))
rel0,1] =L..Nte[(i—=1)/N,i/N]
. . . 2L
< max sup dlstx(y(t), y(z/N)) + dlStX(VN(l/N), J/N(f)) =
=L..N¢e[(i-1)/N.i/N] N

implying yy — y. Similarly as in (29), we infer lim supy_, o J.n(¥n) < TL(¥).

O
In the numerical part, we use the penalized form of (28) and minimize
) ) 1 & gt . 2
(xl,..ﬂﬁexN Dy (,u,, ¥ ; ) + v ; N distx(xi_1, xj) — L)+, A > 0.
(30)

7 Numerical Algorithm

For a detailed overview on Riemannian optimization we refer to [69] and the books
[1,79]. In order to minimize (30), we have a closer look at the discrepancy term. By
(6) and (7), the discrepancy can be represented as follows

N
_@,%(M,;le x,) —N— Z K(x,,x,)—zz/ K(x,,x)d,u(x)+/deudu

i,j=1 XxX

i ’l‘«k - prk(x,

Both formulas have pros and cons: The first formula allows for an exact evaluation only

if the expressions @ (x) := [y K(x, y)du(y) and [ @ du can be written in closed

forms. In this case the complexity scales quadratically in the number of points N. The
Fo C 'ﬂ
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second formula allows for exact evaluation only if the kernel has a finite expansion
(3). In that case the complexity scales linearly in N.

Our approach is to use kernels fulfilling Hgx (X) = H*(X), s > d/2, and approx-
imating them by their truncated representation with respect to the eigenfunctions of
the Laplace—Beltrami operator

Ko (x,y) =Y axpe@)g(y), I = {k: g € (XN}
kel,

Then, we finally aim to minimize

N N
1 2 A 2
min F(x) := a(A - — x-) — N dist(x;—1,x;) — L),
min F(x) > e NZm ) +NZ( x(xio1, ) — L),
kEIr i=1 i=1
(31
Algorithm 1 (CG Method with Restarts)
Parameters: maximal iterations kpmax € N
Input: twice differentiable function F': XN - [0, 00), initial point x©@ e xN
Initialization: g := Vg F(x(o)), d0 .= O ;.=
fork :=0,..., kmax do
KD = Ye®) gt (t®) where t® is determined by Algorithm 2
d® =y 40 (z®)
gkt — VxNF(x(k+l))
<,§(k) H Np(x(kJrl))g(kJrl)) - -
Ik (k (k+1)) ()
B = {a® Hyy FbrD)d®] (d'®, Hyw F(x )d®) #0,
0, else
dk+1) . ,g(k+l) +pkRgw
if (a®+D, g*+D) > gor (k + 1) =r mod Ndim(X) then
A+ = _ gkt )
ri=k+1
Output: iteration sequence x(o), x(l), e xN
Algorithm 2 (Armijo Line Search)
Parameters: 0 < a < %, 0 < b < 1, maximal iterations kpax € N
Input: smooth function F': XN - [0, 00), start point x € XN, descent direction d € TXXN
Initialization: k := 0,
(d.Vyn F)
A XL L {d, Hyn F(x)d) #0
1@ = {aHyy Foyd) | {d. Hyn F () 0,
1, else
while f oy, 4(t®) = F(x) > at®(Vyy F(x), d) and k < kmax do
k1) . pr (k)
k:=k+1
Output: 0 (success if k < kmax)
FolC'T
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where A > 0. Our algorithm of choice is the nonlinear conjugate gradient (CG)
method with Armijo line search as outlined in Algorithm 1 with notation and imple-
mentation details described in the comments after Remark 6, see [25] for Euclidean
spaces. Note that the notation is independent of the special choice of X in our com-
ments. The proposed method is of “exact conjugacy” and uses the second order
derivative information provided by the Hessian. For the Armijo line search itself,
the sophisticated initialization in Algorithm 2 is used, which also incorporates sec-
ond order information via the Hessian. The main advantage of the CG method is its
simplicity together with fast convergence at low computational cost. Indeed, Algo-
rithm 1, together with Algorithm 2 replaced by an exact line search, converges under
suitable assumptions superlinearly, more precisely d N-step quadratically towards a
local minimum, cf. [73, Thm. 5.3] and [43, Sec. 3.3.2, Thm. 3.27].

Remark 6 The objective in (31) violates the smoothness requirements whenever
Xg—1 = xi or distx(xx—1, xx) = L/N. However, we observe numerically that local
minimizers of (31) do not belong to this set of measure zero. This means in turn, if
a local minimizer has a positive definite Hessian, then there is a local neighborhood
where the CG method (with exact line search) permits a superlinear convergence rate.
We do indeed observe this behavior in our numerical experiments.

Let us briefly comment on Algorithm 1 for X € {T?, T3, %, SO(3), G,.4} which are
considered in our numerical examples. For additional implementation details we refer
to [43]. By yx.4 we denote the geodesic with y; 4(0) = x and y, 4(0) = d. Besides
evaluating the geodesics v, 4 (™) in the first iteration step, we have to compute
the parallel transport of d*) along the geodesics in the second step. Furthermore, we
need to compute the Riemannian gradient Vxn F and products of the Hessian Hyn F
with vectors d, which are approximated by the finite difference

Hyn F)d ~ WL (Vo F(vepanar) = Ven F@), b= 107

The computation of the gradient of the penalty term in (30) is done by applying
the chain rule and noting that for x +— distx(x, y), we have Vxdistx(x,y) =
log, y/distx(x, y), x # y with the logarithmic map log on X, while the distance
is not differentiable for x = y. Concerning the later point, see Remark 5. The evalua-
tion of the gradient of the penalty term at a point in XV requires only O(N) arithmetic
operations. The computation of the Riemannian gradient of the data term in (30) is
done analytically via the gradient of the eigenfunctions ¢y of the Laplace—Beltrami
operator. Then, the evaluation of the gradient of the whole data term at given points
can be done efficiently by fast Fourier transform (FFT) techniques at non-equispaced
nodes using the NFFT software package of Potts et al. [56]. The overall complexity
of the algorithm and references for the computation details for the above manifolds
are given in Table 1.

Elol:;ﬂ
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Table 1 References for X

implementation details of References Complexity

Algorlthm 1 (left) and anthmetlc Td [46], [43, Sect. 5.2.1] O(rd log(r) + N)

complexity for the evaluations ) 21 o

per iteration for the different S [45,46], [43, Sect. 5.2.2] O(@rlog=(r) + N)

manifolds (right) SO@3) [42,44], [43, Sect. 5.2.3] O3 1og2(r) + N)
Goa [26] O(r*log?(r) + N)

8 Numerical Results

In this section, we underline our theoretical results by numerical examples. We start
by studying the parameter choice in our numerical model. Then, we provide examples
for the approximation of absolutely continuous measures with densities in H*(X),
s > d/2, by push-forward measures of the Lebesgue measure on [0, 1] by Lipschitz
curves for the manifolds X € {Tz, T3, S?, SO(3), G2.4}. Supplementary material can
be found on our webpage.

8.1 Parameter Choice

We like to emphasize that the optimization problem (31) is highly nonlinear and the
objective function has a large number of local minimizers, which appear to increase
exponentially in N. In order to find for fixed L reasonable (local) solutions of (26),
we carefully adjust the parameters in problem (31), namely the number of points N,
the polynomial degree r in the kernel truncation, and the penalty parameter A. In the
following, we suppose that dim(supp(u)) =d > 2.

(i) Number of points N Clearly, N should not be too small compared to L. How-
ever, from a computational perspective it should also be not too large since the
optimization procedure is hampered by the vast number of local minimizers.
From the asymptotic of the path lengths of TSP in Lemma 3, we conclude that
N > F(y)¥@=D js a reasonable choice, where F(y) < L is the length of the
resulting curve y going through the points.

(i) Polynomial degree » Based on the proofs of the theorems in Sect. 5.4 it is rea-
sonable to choose 1 1

r~ Ld-T ~Nad,

(iii) Penalty parameter X If A is too small, we cannot enforce that the points approx-
imate a regular curve, i.e., L/N 2 distx(xg—1, xx). Otherwise, if A is too large
the optimization procedure is hampered by the rigid constraints. Hence, to find a
reasonable choice for A in dependence on L, we assume that the minimizers of
(31) treat both terms proportionally, i.e., for N — oo both terms are of the same
order. Therefore, our heuristic is to choose the parameter A such that

N

N
1 2s 2
1 2 ~ - d ~ 1 —_
min 7 (u, - kz_:l 5xk) N~ 1;—1 (N distsc (vt x) — L)

Z|>
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On the other hand, assuming that for the length £(y) = Z,jfz 1 distx (xk—1, xx) of
aminimizer y we have £(y) ~ L ~ N@=D/4 so that N distx (xx_1, x¢) ~ L, the
value of the penalty term behaves like

2d

N
3 (N distxc (1, x0) — L): ~ AL> ~ AN T
k=1

z| >

Hence, a reasonable choice is

—25-2(d—1) —25—2(d—1)
d .

A~ LT d-d ~ N (32)

Remark 7 In view of Remark 5 the relations in i)-iii) become

1 —2s—3dy+d+2 —2s—3dy+d+2

dy 1
N ~ L“’/‘_l , o~ Nd/‘ ~ Ldu—l , A~ L dy—1 ~ N m

In the rest of this subsection, we aim to provide some numerical evidence for the
parameter choice above. We restrict our attention to the torus X = T2 and the kernel
K given in (34) with d = 2 and s = 3/2. Choose u as the Lebesgue measure on T?.
From (32), we should keep in mind A ~ N2~ L3,

Influence of N and A We fix L = 4 and a large polynomial degree r = 128 for
truncating the kernel. For any A; = 0.1 - 2752 i = 1,...,4, we compute local
minimizers with N; = 10-2/, j =1,...,4. More precisely, keeping A; fixed we start
with N1 = 20 and refine successively the curves by inserting the midpoints of the line
segments connecting consecutive points and applying a local minimization with this
initialization. The results are depicted in Fig. 1. For fixed A (fixed row) we can clearly
notice that the local minimizers converge towards a smooth curve for increasing N.
Moreover, the diagonal images correspond to the choice A = 0.1(N/10)75/2, where
we can already observe good approximation of the curves emerging to the right of it.
This should provide some evidence that the choice of the penalty parameter A and the
number of points N discussed above is reasonable. Indeed, for A — 0o we observe
L(y) —» t(y) > L =4.

Influence of the polynomial degree  In Fig. 2 we illustrate the local minimizers of
(31) for fixed Lipschitz parameters L; = 2/ and corresponding regularization weights
A= 02-L; S i = 1,...,4, (rows) in dependence on the polynomial degrees
ri=28- 27, j=1,...,5 (columns). According to the previous experiments, it seems
reasonable to choose N = 20L2. Note, that the (numerical) choice of A leads to
curves with length £(y) =~ 2L. In Fig. 2 we observe that for r = c¢L the corresponding
local minimizers have common features. For instance, if ¢ = 4 (i.e., r = £(y)) the
minimizers have mostly vertical and horizontal line segments. Furthermore, for fixed
r it appears that the length of the curves increases linearly with L until L exceeds 2r,
from where it remains unchanged. This observation can be explained by the fact that
there are curves of bounded length cr which provide exact quadratures for degree r.

Elol:;ﬂ
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=40 N =80
;gﬁ S{é )
Ly) =~ 4. 47 L(y) =~ 5. 16 L(y) = 5. 38 L(y) ~ 5. 44
Xx »&4 \S( \6@
7) ~ 4.66 0(7) ~ 5. 91 (y) ~ 6.64 0(y) ~ 6.87

SR o

AN, ™ ey,
o) ~ 4. 73 0(7) ~ 6.45 () ~8.15 () ~ 9.03

Fig. 1 Influence of N and A on local minimizers of (31) for the Lebesgue measure on T2, L = 4 and
r = 128. Results for increasing N (column-wise) and decreasing A = 0.1 - 2*5i/2, i=1,...,4, (row-
wise). Here, the curve length increases for decreasing A or increasing N, until stagnation for sufficient small
A or large N. For all minimizer the distance between consecutive points is around £(y)/N

8.2 Quasi-Optimal Curves on Special Manifolds

In this subsection, we give numerical examples for X € {']I‘Z, T, S2, SO(@3), Ga.4}.
Since the objective function in (31) is highly non-convex, the main problem is to find
nearly optimal curves y; € P, "V (X) for increasing L. Our heuristic is as follows:

(i) We start with a curve yp,: [0, 1] — X of small length £(y) &~ Lo and solve the
problem (31) for increasing L; = cL;_1, ¢ > 1, where we choose the parameters
N;, A; and r; in dependence on L; as described in the previous subsection. In
each step a local minimizer is computed using the CG method with 100 iterations.
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r=16 7“732 7"764 7'—128 7"—256
L(v) ~ 4.07 E(’y N407 7)~4O6 Z(’y ~406 ~405

o

~848 Z(’y ~828 (7)~8/??2 E('y ) ~8.23 0(v) ~ 8.22

. ¢ ?1 G
Dcff“%ﬂ

E W DS WJZL ?\%L

j@g(%%rvlﬁ?? 4(y). ~1663 'y)~164

. %
5]
@(

k

0(v) =~ 34.09 Z(’y) ~ 33.52 U(y) ~ 33.35

QWU

C

5&3‘5@

£(v) ~ 10.42

=GE gl

J
C

IS

0(v) ~ 10.48

fCSG=
i
¢t

o~
A
2
X
=
o

s

> on

)

(7) =~

Fig. 2 Influence of r on the local minimizer of (31) for the Lebesgue measure on T2. Column-wise we
increase r = 16, 32, 64, 128, 256 and row-wise we increase L = 2,4, 8, 16, where A = 0.2L75 and
N = 20L2. Note that the degree r steers the resolution of the curves. It appears that the spacing of the
curves is bounded by r1

Then, the obtained minimizer y; serves as the initial guess in the next step, which
is obtained by inserting the midpoints.

(i1) In case that the resulting curves y; have non-constant speed, each is refined by
increasing A; and N;. Then, the resulting problem is solved with the CG method
and y; as initialization. Details on the parameter choice are given in the according
examples.

The following examples show that this recipe indeed enables us to compute “quasi-
optimal” curves, meaning that the obtained minimizers have optimal decay in the
discrepancy.

2d-Torus T? In this example we illustrate how well a gray-valued image (considered
as probability density) may be approximated by an almost constant speed curve. The
original image of size 170 x 170 is depicted in the bottom-right corner of Fig. 3. Its
Fourier coefficients fix, ¢, are computed by a discrete Fourier transform (DFT) using
the FFT algorithm and normalized appropriately. The kernel K is given by (34) with
d=2ands =3/2.
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We start with Ny = 96 points on a circle given by the formula
xox = (L cos@rk/No), Lsin@rk/No)),  k=0..... No.

Then, we apply our procedure fori =0, ..., 11 with parameters

i+5

L;i=097-27, x4 =100-L7°, N;=96-2"~L? r — 2" ~ L,

chosen such that the length of the local minimizer y; satisfies £(y;) ~ 20+5)/2 and the
maximal speed is close to L;.

To get nearly constant speed curves y;, see ii), we increase A; by a factor of 100,
N; by a factor of 2 and set L; := 20*3/2 Then, we apply the CG method with
maximal 100 iterations and i restarts. The results are depicted in Fig. 3. Note that the
complexity for the evaluation of the functionin (31) scales roughly as N ~ L?.InFig. 4
we observe that the decay-rate of the squared discrepancy @,2( (u, v) in dependence
on the Lipschitz constant L matches indeed the theoretical findings of Theorem 8.

3D-Torus T3 The aim of this example is two-fold. First, it shows that the algorithm
works pretty well in three dimensions. Second, we are able to approximate any compact
surface in the three-dimensional space by a curve. We construct a measure p supported
around a two-dimensional surface by taking samples from Spock’s head? and placing
small Gaussian peaks at the sampling points, i.e., the density is given for x € [— % %]
by

_ _ 2
p(x) = c 126 30000( p— tz ¢ _f Ze 30000(p=x13 g,

L1
pes 2’ 2 pes

where S C [—5 5] is the discrete sampling set. From a numerical point of view it
holds dim(supp(it)) = 2. The Fourier coefficients are again computed by a DFT and
the kernel K is given by (34) with d = 3 and s = 2 so that Hx = H2(T3).

We start with No = 100 points on a smooth curve given by the formula

Xox = (1% cos(2k/No), & sin(2k/No), & sin(471k/N0)), k=0,....No.

Then, we apply our procedure fori = 0, ..., 8 with parameters, cf. Remark 7,

it+5
2

Li=27, %=10-L7°, N;=100-2' ~L? r; — 2%~ L;.

To get nearly constant speed curves y;, we increase A; by a factor of 100, N; by a
factor of 2 and set L; := 2(+6/2 Then, we apply the CG method with maximal 100
iterations and one restart to the previously found curve y;. The results are illustrated
in Fig. 5. Note that the complexity of the function evaluation in (31) scales roughly as
N3/2 ~ L3 In Fig. 6 we depict the squared discrepancy 912{ (w, v) of the computed

2 http://www.cs.technion.ac.il/~vitus/mingle/
Fo C 'ﬂ
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Fig.3 Local minimizers of (31) for the image at bottom right

Fig.4 Squared discrepancy 10-2
between the measure p given by
the image in Fig. 3 and the
computed local minimizers
(black dots) on T2 in log-scale. 10-6
The blue line corresponds to the

optimal decay-rate in Theorem 8

12<(l% v)

1074

L(y)

curves. For small Lipschitz constants, say L(y) < 50, we observe a decrease of
approximately L(y) ™3, which matches the optimal decay-rate for measures supported
on surfaces as discussed in Remark 5.

2-Sphere S? Next, we approximate a gray-valued image on the sphere S by an
almost constant speed curve. The image represents the earth’s elevation data provided
by MATLAB, given by samples p; j,i =1,...,180, j =1,...,360, on the grid

—

X o= (sin(il%) sin(jl%o), sin(il%o) cos(jl%), cos(i%)).
EIOET
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e
EC
£L’:;,"

=

Fig.5 Local minimizers of (31) for a measure y concentrated on a surface (head of Spock) in T3

1072

2 (, v)

104

10! 102
L(v)

Fig. 6 Squared discrepancy between the measure p given by the surface in Fig. 5 and the computed local
minimizers (black dots) on T2 in log-scale. The blue line corresponds to the optimal decay-rate in Theorem

8
The Fourier coefficients are computed by discretizing the Fourier integrals, i.e.,

50560 it o0 i Y (i ysin(i ). 1<k <2m+1,m < 180,

07

nmo.__
else,
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Fig.7 Local minimizers of (31) for « given by the earth’s elevation data on the sphere s?

10—34
N
\3; 10—54
S
1077.
10! 102 103
L()

Fig. 8 Squared discrepancy between the measure p and the computed local minimizers (black dots) in
log-scale. The blue line corresponds to the optimal decay-rate in Theorem 9

followed by a suitable normalization such that ﬂg = 1. The corresponding sums are
efficiently computed by an adjoint non-equispaced fast spherical Fourier transform
(NFSFT), see [68]. The kernel K is given by (36). Similar to the previous examples,
we apply our procedure fori =0, ..., 12 with parameters

L;=97-2%, 2% =100-L75, N;=100-2 ~L2 7 =|Li|~ L;.

To get nearly constant speed curves, we increase A; by a factor of 100, N; by a factor
of 2 and set L; := Lo2!/?. Then, we apply the CG method with maximal 100 iterations
and one restart to the previously constructed curves y;. The results fori = 6, 8, 10, 12
are depicted in Fig. 7. Note that the complexity of the function evaluation in (31)
scales roughly as N ~ L2, In Fig. 8 we observe that the decay-rate of the squared
discrepancy @12( (e, v) in dependence on the Lipschitz constant matches indeed the
theoretical findings in Theorem 9.

3D-Rotations SO(3) There are several possibilities to parameterize the rotation
group SO(3). We apply those by Euler angles and an axis-angle representation for
visualization. Euler angles (¢, 0, ¢2) € [0,27) x [0, 7] x [0, 27) correspond to
rotations Rot(¢g, 8, ¢2) in SO(3) that are the successive rotations around the axes
e3, €2, e3 by the respective angles. Then, the Haar measure of SO(3) is determined by

dpso@) (@1, 0, g2) = g sin(0) e d6 dgy.
We are interested in the full three-dimensional doughnut

D = {Rot(g1,0,¢) : 0<6 <%, 0=<¢,¢ <21} CSOA).

FoC Tl
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Next, we want to approximate the Haar measure © = pup restricted to D, i.e., with
normalization we consider the measure defined for f € C(SO(3)) by

1 2 % 2
/ fdup = —2/ / f f(@1,6, @2)sin(8) dp; db des.
SO®3) az=Jo Jo Jo

The Fourier coefficients of ;p can be explicitly computed by

ok = Pi—1(0) = Pet1(0), 1,I"=0, k>0,
L o, 1,I' #0,

where Py are the Legendre polynomials. The kernel K is given by (37) with d = 3

ands = 2. Fori =0, ..., 8 the parameters are chosen as

2i412 i+9 1

Li=093-2"5, n=10-L7% Ni=64-2~12 r=[25]~L7.

1

Here, we use a CG method with 100 iterations and one restart. Step ii) appears to
be not necessary. Note that the complexity for the function evaluations in (31) scales
roughly as N ~ L3/2.

The constructed curves are illustrated in Fig. 9, where we utilized the following
visualization: Every rotation R(«, r) € SO(3) is determined by a rotation axis r =
(ri,rm,r) € S? and a rotation angle @ € [0, ], i.e.,

R(a,r)x = r(rTx) + cos(a) ((r x x) x r) + sin(a)(r x x).

Setting ¢ := (cos(5), sin(3)r) € S3 with r € S? and « € [0, 2], see (22), we
observe that the same rotation is generated by —g = (cos(z”z_ <9, sin(2”2_ (-r)) €
S3, in other words SO(3) = S3/{#1}. Then, by applying the stereographic projection
w(q) = (g2, q3, q4)/ (1+q1), we map the upper hemisphere onto the three dimensional
unit ball. Note that the equatorial plane of S* is mapped onto the sphere S?, hence
on the surface of the ball antipodal points have to be identified. In other words, the

rotation R(c, r) is plotted as the point

Sin(%) o 3
= —2r p = e R7.
7(q) 1 COS(%)r tan(%)r €

In Fig. 10 we observe that the decay-rate of ‘@12( (u, v) in dependence on the Lips-
chitz constant L matches the theoretical findings in Corollary 1.

The 4-dimensional Grassmannian G, 4 Here, we aim to approximate the Haar
measure of the Grassmannian G, 4 by a curve of almost constant speed. As this curve
samples the space Gy 4 quite evenly, it could be used for the grand tour, a technique to
analyze high-dimensional data by their projections onto two-dimensional subspaces,
cf. [5].

EOE';W
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Fig.9 Local minimizers of (31) for the Haar measure j py of three-dimensional doughnut D in the rotation
group SO(3) with a color scheme for better visibility of the 3D structure

10—3 1

2 (u, v)

1075 ]

10! 102
L()

Fig. 10 Squared discrepancy between the measure u p and the computed local minimizers (black dots) in
log-scale. The blue line corresponds to the optimal decay-rate in Corollary 1

The kernel K of the Haar measure is given by (38) and the Fourier coefficients are

given by ;l]:r;kr;, = 8m,00m’.00k,00%,0- Fori =0, ..., 8 the parameters are chosen as
i _u . ; 1
Li=091-2"F% 3, =100-L; *, N;=128-2 ~ L}, r;= [2"F° |+ 1~L].
EIOE:’H
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Fig. 11 Local minimizers of (31) for the Haar measure of the Grassmannian G 4

1071 J
~
G
¥ 10°®
102 103
L(y)

Fig. 12 The squared discrepancy between the Haar measure p and the computed local minimizers (black
dots) in log-scale. Here, the blue line corresponds to the optimal decay-rate, cf. Theorem 10

Here, we use a CG method with 100 iterations and one restart. Our experiments suggest

that step ii) is not necessary. Note that the complexity for the function evaluationin (31)
scales roughly as N ~ L3/2.

The computed curves are illustrated in Fig. 11, where we use the following visualiza-

tion. By Remark 8, there exists an isometric one-to-one mapping P : S? x §?/{#1} —

Eo [y
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G 4. Using this relation, we plot the point P(u, v) € Gz4 by two antipodal points
21=u+v,z0=-u—velk’ together with the RGB color-coded vectors +u3
More precisely, R = (1 Fu1)/2, G = (1 Fuz)/2, B = (1 F u3)/2. This means a
curve y (1) € Gp 4 only intersects itself if the corresponding curve z(¢) € R? intersects
and has the same colors at the intersection point. In Fig. 12 we observe that the decay-
rate of the squared discrepancy @]2( (i, v) in dependence on the Lipschitz constant L
matches indeed the theoretical findings in Theorem 10.

9 Conclusions

In this paper, we provided approximation results for general probability measures on
compact Ahlfors d-regular metric spaces X by

(1) measures supported on continuous curves of finite length, which are actually push-
forward measures of probability measures on [0, 1] by Lipschitz curves;
(i1) push-forward measures of absolutely continuous probability measures on [0, 1]
by Lipschitz curves;
(iii) push-forward measures of the Lebesgue measure on [0, 1] by Lipschitz curves.

Our estimates rely on discrepancies between measures. In contrast to Wasserstein
distances, these estimates do not reflect the curse of dimensionality.

In approximation theory, a natural question is how the approximation rates improve
as the “measures become smoother”. Therefore, we considered absolutely continuous
probability measures with densities in Sobolev spaces, where we have to restrict our-
selves to compact Riemannian manifolds X. We proved lower estimates for all three
approximation spaces i)-iii). Concerning upper estimates, we gave a result for the
approximation space i). Unfortunately, we were not able to show similar results for
the smaller approximation spaces ii) and iii). Nevertheless, for these cases, we could
provide results for the d-dimensional torus, the d-sphere, the three-dimensional rota-
tion group and the Grassmannian G5 4, which are all of interest on their own. Numerical
examples on these manifolds underline our theoretical findings.

Our results can be seen as starting point for future research. Clearly, we want to have
more general results also for the approximation spaces ii) and iii). We hope that our
research leads to further practical applications. It would be also interesting to consider
approximation spaces of measures supported on higher dimensional submanifolds as,
e.g., surfaces.

Recently, results on the principal component analysis (PCA) on manifolds were
obtained. It may be interesting to see if some of our approximation results can be also
modified for the setting of principal curves, cf. Remark 3. In contrast to [55, Thm. 1]
that bounds the discretization error for fixed length, we were able to provide precise
error bounds for the discrepancy in dependence on the Lipschitz constant L of y and
the smoothness of the density du.

3 Note that the decomposition of z € R3 with 0 < llz]l < 2 into u and v is not unique. There is a
one-parameter family of points us, vy € S% such z = ug + vs. The point z = 0 has a two-dimensional
ambiguity v = —u, u € S? and the point z € 2S? has a unique pre-image v = u = %z.
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A Special Manifolds

Here, we introduce the main examples that are addressed in the numerical part. The
measure ox is always the normalized Riemannian measure on the manifold X. Note
that for simplicity of notation all eigenspaces are complex in this section. We are
interested in the following special manifolds.

Example 1: X = T¢ For k e Z9, set |k|*> := k¥ + ... + k3 and |kl =
max{|ky]|, ..., [kqg|}. Then —A has eigenvalues {4ﬂ2|k|2}kezd with eigenfunctions
{e?rith.)y rezd- The space of d-variate trigonometric polynomials of degree r,

I, (T%) := span{ehi(k’” koo <1} (33)

has dimension (2r+ 1)¢ and contains the eigenspaces belonging to eigenvalues smaller
than 472r2. As kernel for HS, s = (d + 1)/2, we use in our numerical examples

Koy)= > (4 k3~ F X E 0 = 5™ (14 [k3)F cos(2 k, x — y)).
keZd keZd
(34)
Example 2: X = S c Rét! g > 1. We use distance distga (x, z) = arccos({x, z)).
The Laplace—Beltrami operator — A on S has the eigenvalues {k(k +d — 1) }ren
with the spherical harmonics of degree k,

(YFei=1,...,2d, k), Zd k) :=Qk+d— 1)%

as corresponding orthonormal eigenfunctions [66]. The span of eigenfunctions with
eigenvalues smaller than r(r 4+ d — 1) is given by

(8% :=span{¥}: k =0,....,r, [ =1,..., Z(d, kb)}. (35)
EOE';W
@ Springer Lﬁjog


http://creativecommons.org/licenses/by/4.0/

1638 Foundations of Computational Mathematics (2021) 21:1595-1642

It has dimension ) ;_, Z(d, k) = % ~ r¢ and coincides with the space
of polynomials of total degree r in d variables restricted to the sphere. As kernel for

H*(S?), s = 3/2, we use

2k+1

1< 2 v 7R
K@D =3+ G e s a3 Z FOYER)

>~
—

 J— 1

=3+ k; T 1)(2k 3 ) =1=Zlk =yl (36)
with the Legendre polynomials Pj. Note that the coefficients have the decay as
(k(k + 1)73/2.
Example 3: X = SO(3). This 3-dimensional manifold is equipped with the distance
function distso3) (x, y) = arccos((trace(xTy) —1)/2)/2. The eigenvalues of — A are
{k(k+1)}72, and the (normalized) Wigner-D functions {D;‘J, 21,1 =—k, ..., k}pro-
vide an orthonormal basis for L2(SO(3)), cf. [80]. The span of eigenspaces belonging
to eigenvalues smaller than r(r + 1) is

I1,(SO(3)) := span{ fp k=0, L1 = —k, k)

and has dimension (r + 1)(2r + 1)(2r + 3)/3. In the numerical part, we use the
following kernel for H* (SO(3)), s = 2,

T 1 ad 1
Kxy»=%-3 +2 2k — D@k + D22k +3) Z Z Dfy D ()

k= —kl'=—k
T 1 © 1 1
8§ 3 +; 2k — D2k + D2k +3) 2k(2m)
T V2
EEERCE 7
s "6 llx — ylF, a7

where Uy, are the Chebyshev polynomials of the second kind.

Example 4: X = Gy 4. For integers 1 < s < r, the (s, r)-Grassmannian is the collec-
tion of all s-dimensional linear subspaces of R” and carries the structure of a closed
Riemannian manifold. By identifying a subspace with the orthogonal projector onto
this subspace, the Grassmannian becomes

sri=1{x € tx' =x, x“=x, rank(x) = s}.
g ’ Rrxr T 2 k )
In our context, the cases G 2, 1 3, and G» 3 can essentially be treated by the spheres

S! and S?. The simplest Grassmannian that is algebraically different is G 4. It is a
4-dimensional manifold and the geodesic distance between x, y € G 4 is given by

distg, ,(r. y) = V2y/03(x, y) + 63 (x. y),
Fol:rﬂ
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where 61 (x, y) and 6> (x, y) are the principal angles between the subspaces associated
to x and y, respectively. The terms cos(6; (x, y))2 and cos(6>(x, y))2 correspond to
the two largest singular values of the product xy. The eigenvalues of —A on G 4 are
4()»% + A% + A1), where A1 and A, run through all integers with A1 > X, > 0, cf. [6—
8,29,53,71]. The associated eigenfunctions are denoted by gof withl =1,...,Z(Q),
where Z(A) = (1 + X1 + A2)n(X2) and n(X2) = 1 if Ap = 0 and 2 if A > O cf. [35,
(24.29) and (24.41)] as well as [7,8].
The space of polynomials of total degree » on R'® = R**# restricted to Gy 4 is

M(Goa) i=span{@] : Ay + Ay <7, [=1,...,ZW)}.
It contains all eigenfunctions ¢} with 423 + A3 + 11) < 2(r + D)(r + 2), cf. [14,

Thm. 5].
For H*(G2.4) with s = 5/2, we chose the kernel

Z(\)
_35 —_—
Kx,y)= Y (14+A+13)72 ) ¢ e} (). (38)
A =22>0 =1

Remark 8 1t is well-known that S> x S? is a double covering of G, 4. More precisely,
there is an isometric one-to-one mapping P: S* x S?/{#£1} — G, 4 given by

1 (1 +uTv —(u xv)T )

Plu,v) = P(=u, —v) := 2\ —uxvu"+ouT+ 1 —uTv)l;

cf. [26]. Moreover, the gol)‘ are essentially tensor products of spherical harmonics, which
enables transferring the non-equispaced fast Fourier transform from S? x S? to G 4,
see [26] for details.
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