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Abstract

In this paper, we are interested in the problem of finding a parametric curve f minimizing
the quantity E [mine(o,1] [|X — f(¢)||*], where X is a random variable, under a length con-
straint. This question is known in the probability and statistical learning context as length-
constrained principal curves optimization, as introduced by Kégl et al.| (2000)), and it also
corresponds to a version of the “average-distance problem” studied in the calculus of variation
and shape optimization community (Buttazzo and Stepanov| (2003); Buttazzo et al.| (2002))).

We investigate the theoretical properties satisfied by a principal curve f : [0,1] — R
with length at most L associated to a probability distribution with second-order moment. We
suppose that the probability distribution is not supported on the image of a curve with length
L. Studying open as well as closed optimal curves, we show that they have finite curvature.
We also derive a first order Euler-Lagrange equation. This equation is then used to show that
a length-constrained principal curve in two dimension has no multiple point. Finally, some
examples of optimal curves are presented.

Keywords — Principal curves, average-distance problem, quantization of probability measures,
length constraint, finite curvature.
2000 Mathematics Subject Classification: Primary 60E99; Secondary 35B38, 49Q10, 49Q20.

1 Introduction

1.1 Context of the problem and motivation

We focus on the problem:

find a curve f : [0,1] — R? minimizing the quantity

B [d(X. 1uf)?] = [ d(o. Inf)*du(a), 1)

over all curves with length Z(f), such that Z(f) < L.

Here, d(-,-) is the Euclidean distance from a point to a set, Imf is the image of f, and X is some
random vector with distribution p, taking its values in R?. As an illustration, two examples of
length-constrained principal curves, fitted via a stochastic gradient descent algorithm, are presented
in Figure[I] This corresponds to principal curves with length constraint, as described by [Kégl et al.
(2000). These authors show that there exists indeed a minimizer whenever X is square integrable.
Observe that such a length constraint makes perfectly sense in the empirical case, that is in the
statistical framework, when the random vector is replaced by a data cloud. Indeed, from a practical
point of view, it is essential to appropriately tune some parameter reflecting the complexity of the
curve, in order to achieve a trade-off between a curve passing through all data points and a too
rough one. The parameter selection issue was addressed in this statistical context for instance in
Biau and Fischer| (2012])), [Fischer| (2013) and |Gerber and Whitaker| (2013)).

*The research work of this author has been partially supported by the French National Research Agency via the
TopData project ANR-13-BS01-0008
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Figure 1: Two examples of principal curves with length constraint: (a) Uniform distribution over
the square [0, 1]2. (b) Standard Gaussian distribution.

Originally, principal curves were introduced by Hastie and Stuetzle| (1989), with a different
definition, based on the so-called self-consistency property. In this point of view, a curve f is said
to be self-consistent for a random vector X with finite second moment if it satisfies:

ft5(X)) = E[X[ts(X)] as.,

where the projection index t¢ is given by

ty(x) = maxargmin ||z — f(t)]|.
t

The self-consistency property may be interpreted as follows: each point on the curve is the average
of the mass of the probability distribution projecting there (for more details about the notion of
self-consistency, see|Tarpey and Flury| (1996)). Some regularity assumptions are made in addition:
the principal curve is required to be smooth (C°), it does not intersect itself, and has finite
length inside any ball in R?. The existence of principal curves designed according to this definition
cannot be proved in general (see Duchamp and Stuetzle| (1996a)), Duchamp and Stuetzle| (1996b)
for results obtained in the case of some particular distributions in two dimensions), which is the
main motivation for the least-square minimization definition proposed by [Kégl et al.| (2000).

Note that several other principal curve definitions, as well as algorithms, were proposed in the
literature (Tibshirani| (1992), Verbeek et al.|(2001), Delicado| (2001)), [Sandilya and Kulkarni (2002,
[Einbeck et al.| (2005al), |(Ozertem and Erdogmus| (2011)), |Gerber and Whitaker| (2013)). Note also
that principal curves, in their empirical version, have many applications in various areas (see for
example Hastie and Stuetzle| (1989), Friedsam and Oren| (1989) for applications in physics, [Kégl
land Krzyzak! (2002)), Reinhard and Niranjan (1999) in character and speech recognition, Brunsdon
(2007), |Stanford and Raftery| (2000)), Banfield and Raftery| (1992), Einbeck et al., (2005alb) in
mapping and geology, De’ath| (1999), |Corkeron et al| (2004)), |[Einbeck et al.| (2005a) in natural
sciences, [Caffo et al.| (2008)) in pharmacology, and [Wong and Chung (2008), Drier et al. (2013) in
medicine, for the study of cardiovascular disease or cancer).

1.2 Description of our results

In this paper, we consider general distributions, assuming only that X has a second order moment,
and search for a curve which is optimal for problem . We deal with open curves (with endpoints),
as well as closed curves (f(0) = f(1)). Throughout, we will assume that the length-constraint is
effective, that is the support of X is not the image of a curve with length less than or equal to



L. In this context, we prove that a minimizing curve cannot be self-consistent. We also show
that, for an optimal curve, the set of points with several different projections of the curve, called
ridge set in studies about the “average-distance problem” (see Section , or ambiguity points in
the principal curves literature, is negligible for the distribution of X. Then, we establish that an
optimal curve is right- and left-differentiable everywhere and has bounded curvature. Moreover,
we obtain a first order Euler-Lagrange equation: we show that there exist A > 0 and a random
variable £ taking its values in [0, 1] such that | X — f(¢)| = d(X,Imf) a.s. and

E [X — (D = t] m(dt) = —\f"(dt), (2)

where m; stands for the distribution of t. To obtain that A # 0, we use the fact that an optimal
curve is not self-consistent. Formula allows us to propose in dimension d = 2 a proof of the
injectivity of an open principal curve as well as of a closed principal curve restricted to [0, 1).

1.3 Comparison with previous results

Our framework is related to the constrained problem:

minimize / d(z,¥)Pdu(x) over compact connected sets 3 such that H!(X) < L. (3)
Rd

Here, H denotes /-dimensional Hausdorff measure. A connected question is the minimization
of the penalized version of the criterion:

/Rd d(z, ) Pdu(z) + AH (D). (4)

This issue, called in the calculus of variations and shape optimization community “average-
distance problem” or, for p = 1, “irrigation problem”, has been introduced by [Buttazzo and
Stepanov| (2003); Buttazzo et al.| (2002) (see also the survey [Lemenant| (2012)), and the refer-
ences therein). Considering a compactly supported distribution, the penalized form is studied for
connected sets, with p = 1, in|Lu and Slepcev]| (2013), and for curves, with p > 1, in|Lu and Slepcev
(2016). In the first article, the authors prove that a minimizer is a tree made of a finite union of
curves with finite length, and they provide a bound on the total curvature of these curves. In the
second one, they show existence of a curve minimizing the penalized criterion

/R d(e, T fdp(r) + AL (). (5)

They give a bound on the curvature of the minimizer, and prove that, in two dimensions, if p > 2
or the distribution p has a bounded density with respect to Lebesgue measure, a minimizing curve
is injective.

For the penalized irrigation problem , under the assumption that the distribution p, with
compact support, does not charge the sets that have finite #%~! measure, which is true for instance
if it has a density with respect to Lebesgue measure, an Fuler-Lagrange equation is obtained for
p = 1 in |Buttazzo et al|(2009), whereas |Lemenant| (2011)) uses arguments involving endpoints to
derive one in the case of the constrained version , in R?, under the same assumption on p. This
assumption implies that X is almost surely different from its projection on the curve, which is
required for differentiability when p = 1, and, moreover, it is used to ensure negligibility of the
ridge set.

For the constrained problem (3)), if £* denotes a minimizer and [,, d(z, X)Pdu(x) > 0, it is
shown in [Paolini and Stepanov]| (2004) that H!(X*) = L. A similar result in our context is stated
in Corollary [3.1] below.

Another related setting is the “lazy travelling salesman problem” of |Polak and Wolansky| (2007)):
in R?, taking for  an empirical distribution and considering closed curves, the authors study the
penalized problem (B for p = 2 (with AZ(f) replaced by \.Z%(f)). They show that for \ large
enough, the problem is reduced to a convex optimization.

Recall that we study in this manuscript the constrained problem , for open or closed curves.
In our context, the distribution of X is not required to be compactly supported, and we do not need



to assume that p does not charge the sets with finite H?~! measure to derive an Euler-Lagrange
equation. Indeed, our proof does not rely on the fact that the ridge set is negligible. Besides, we
prove that ambiguity points are actually negligible, which implies in particular that, for a given
optimal curve, the Lagrange multiplier A in equation only depends on the curve f. We decided
to focus on the case p = 2 for which we can state the more complete results. In particular, we
are only able to show the default of self-consistency of an optimal curve when p = 2. As already
mentioned, this is a key point to get the main result. Observe that it would be interesting to define
a counterpart of the default of self-consistency when considering other values of p.

1.4 Organization of the paper

Our document is organized as follows. Section [2]introduces relevant notation and recalls some basic
facts about length-constrained principal curves. In Section |3 negligibility of ambiguity points is
given in Proposition [3.1] and the main result is stated in his complete form in Theorem

Injectivity results are presented in[d] Finally, we give in Section [5.2]explicit examples of optimal
curves.

2 Definitions and notation

For d > 1, the space R? is equipped with the standard Euclidean norm, denoted by || - ||. The
associated inner product between two elements u and v is denoted by (u,v). Let H' denotes the
1-dimensional Hausdorff measure in R9.

For z € RY, A C RY, let d(z, A) = infyca ||z — y| denote the distance from point z to set
A. For r > 0, let B(x,r) and B(z,7) denote, respectively, the open and the closed balls with
center z and radius r. Also, let A stand for the boundary of A, Card(A) for its cardinality, and
diam(A) = sup, ,e 4 |z — y| for its diameter.

For every x € R, let 27 be its j-th component, for j = 1,...,d, that is z = (2',...,2%). For
every r = (z1,...,2%) € R?, we set ||z]|oc = maxi<;<q|2?].

Let (2, F,P) be a probability space and X a random vector on (£, F,P) with values in R%,
such that E[|| X ||?] < co. We will consider curves, that are continuous functions

f:[0,1] — R?
te (F1(#), -, f10):
For such a curve f : [0,1] — R?, let Z(f) € [0, o] denote its length, defined by

Z(f)=supy_ | f(t:) = f(tio)ll (6)
i=1

where the supremum is taken over all possible subdivisions 0 =ty < --- <t, =1, n > 1 (see, e.g.,
Alexandrov and Reshetnyak (1989)). Let Imf denote the image of f.
Let
A(f)=E [d(X, Imf)Q] ,
and, for L > 0,
G(L) = min{A(f), f € Cr},

where, in the sequel, C;, will denote either one of the following sets of curves:

{f €[0,1] =R, 2(f) < L},

{f €10, =R, Z(f) < L, f(0) = f(1)}.
Curves belonging to the latter set are closed curves. Note that G is well-defined. Indeed, [Kégl
et al.| (2000) have shown the existence of an open curve f with Z(f) < L achieving the infimum

of the criterion A(f), and the same proof applies for closed curves.
It will be useful to rewrite G(L), for every L > 0, as the minimum of the quantity

E[|l X — X

over all possible random vectors X taking their values in the image Imf of a curve f € Cy.



Remark 1. If f : [0,1] — R? is Lipschitz with constant L, its length is at most L. This follows
directly from the definition of the length @ Conversely, if the curve f : [0,1] — R? has length
Z(f) < L, then there exists a curve with the same image which is Lipschitz with constant L.
Indeed, a curve with finite length may be parameterized by arc-length (1-Lipschitz) (see, e.g.,
Alexandrov and Reshetnyak]| (1989, Theorem 2.1.4)).

Remark 2. Let L > 0. Suppose that X satisfies G(L) = E[[| X — X]||2]. Writing
E[| X - X|*] = E[|X — X - E[X - X]|I”] + |E[X] - E[X]|?,

we see that, necessarily, R
E[X] = E[X], (7)

since, otherwise, the criterion could be made strictly smaller by replacing X by the translated
variable X + E[X] — E[X], which contradicts the optimality of X.

Observe that remains true in a more general setting, as soon as the constraint corresponds
to a quantity invariant by translation.

3 Main results and proofs

3.1 Negligibility of the ridge set

Given a curve f : [0,1] — R%, consider the set

Pi(z) ={y € Imf, |z — y|| = d(z,Imf)} = B(z,d(z, Imf)) N Imf.

If Py(x) has cardinality at least 2, « is called an ambiguity point in the principal curves literature
(see|[Hastie and Stuetzle| (1989)). Properties of the set of such points, named ridge set in the shape
optimization community, have been studied for instance in Mantegazza and Mennucci (2003)). In
particular, the ridge set is measurable. Using property , it may be shown that the ridge set of
an optimal curve for X is negligible for the distribution of X. Section [3:3] below presents the proof
of this result, as well as the proof of measurability, provided for the sake of completeness.

Proposition 3.1. Let f € Cr, be an optimal curve for X (A(f) = G(L)).
1. The set Ay = {x € R, Card(Ps(z)) > 2} of ambiguity points is measurable.
2. The set Ay is negligible for the distribution of X.

Remark 3. The fact that the ridge set is negligible for the distribution of X may be extended to
the context of computing optimal trees under #' constraint. Indeed, the result relies on property
(7), and H' measure is translation invariant.

3.2 Main theorem and comments

Recall that a signed measure on (€, F) is a function m : F — R such that m(#) = 0 and m

is o-additive, that is m (U,s, Ak ) = D p>q m(Ak) for any sequence (Ay)g>1 of pairwise disjoint

sets. For an R%valued signed measure m on [0, 1], that is m = (m',...,m%), where each m/ is a

signed measure, and for g : [0,1] — R? a measurable function, we will use the following notation:
d ) .
J{g(®),midt)) =375, [ ¢’ (ym?(dt).
A probability space (2, F,P) will be called an extension of (€2, F,P) if there exists a random
vector X defined on (2, F,P), with the same distribution p as X. For simplicity, we still denote
this random vector by X throughout the paper.

Theorem 3.1. Let L > 0 such that G(L) > 0 and let f € Cr, such that A(f) = G(L). Then,
Z(f) = L. Assuming that f is L-Lipschitz, we obtain that

o [ is right-differentiable on [0,1), ||f.(t)|| = L for all t € [0,1),



o [ is left-differentiable on (0,1], || f;(¢)|| = L for all t € (0,1],
and there exists a unique signed measure f" on [0,1] (with values in R?) such that
o F/((5,8]) = F16) — fi(s) forall 0< s <t <1,
o F(0,1]) = 0.
In the case Cr, = {f : [0,1] = R4, Z(f) < L}, we also have
o f"({0}) = £1(0),
o ["({1}) = - fi(1).

Moreover, there exists a unique A > 0 and, there exists a random variable t with values in [0,1],
defined on an extension (2, F,P) of the probability space (Q, F,P), such that

o | X — f(B)| = d(X, Imf) a.s.,
e for every bounded Borel function g : [0,1] — R,

E[(X - f(1),9(D)] = —A/ (g(t), f"(dt)). (8)

[0,1]

Remark 4. Let my y denote the conditional distribution of t given X. Then, equation can be
written in the following form:

/ / (@ — F(t), 9(8)) i x (2, dt)dpu(z) = —\ / (a(t), 1" (de)).
R4 [0,1] [0,1]

Remark 5. Whenever the function g is absolutely continuous, an integration by parts (see for
instance [Hewitt and Stromberg| (1965, Theorem 21.67 & Remarks 21.68)) shows that equation
may also be written

E[(X — /(2), 9(0))] = A / (' (), £1(t))dt. (9)

To see this, let us write

(0. 1)g(1) = F"({0})g(0) + /

(0,1]

<9(t),f”(dt)>+/ (g'(s), £7([0, 5]))ds.

(0.1]
Since fﬁ([Oa 1]) = 0, we have
N CCRRCORY RACRATITS

which, combined with , implies the announced formula @
Remark 6. If the curve f has an angle at ¢, which means that f/.(t) # f;(t), we see that

E[(X = f(D)L=p] = —A"({t}) = Mfi(t) = f1(1) # 0.

So, at an angle, P(f = t) > 0.
Besides, when Cp, = {f : [0,1] — R, Z(f) < L}, we have

E[(X — f())L—o)) = —A/"({0}) = =AL(0),

which cannot be zero, since f(0) has norm L > 0. This implies that P(f = 0) > 0.

Remark 7. Regarding the random variable ¢, let us mention that ¢ is unique almost surely whenever
the curve is injective since f(#) is unique almost surely (it is the case in dimension d < 2 ; see
Section . In general, it is worth pointing out that Theorem does not ensure that it is a
function of X, as (X, #) is, in fact, obtained as a limit in distribution of (X,#,) for some sequence
(fn)nzl- Besides, note that we do not know whether A depends on the curve f.



Remark 8 (Principal curves in dimension 1). Let Cr, = {f : [0,1] — R%, £ (f) < L}. It may be of
interest to consider the simplest case of dimension 1, where the problem may be solved entirely
and explicitly Assume that X is a real-valued random variable, and that, for some length L > 0,
G(L) > 0. Consider an optimal curve f with length Z(f) < L. Using Corollary below, we
have that, in fact, .Z(f) = L, so that the image of f is given by an interval [a,a + L]. In this
context, solving directly the length-constrained principal curve problem in dimension 1 leads to
minimizing in a the quantity

A(a) :=E [d(X,Im[)*] = E[(X — a)*L{x<a] + E[(X —a — L)’ L(xsarry)-
The function A is differentiable in a, with derivative given by
A’(a) = ZE[(Q — X)]-{X<a}} -+ QE[(CL + L — X)l{X>a+L}]'

Moreover, A" admits a right-derivative A (a) = 2(P(X < a) + P(X > a + L)), which is positive
since G(L) > 0 implies that we do not have X € [a,a + L] almost surely. Hence, A is strictly
convex, which shows that the minimizing a is unique, so that the image of the principal curve f is
also uniquely defined.

Besides, observe that equation from Theorem takes the following form in dimension 1:
for every bounded Borel function g : [0,1] — RY,

E[(X — a)1{x<a19(0)] + E[(X —a — L)1{x>at219(1)] = AL(g(1) — 9(0)).
In particular, we get

E[(X —a)lix<q}] = —AL,
E[(X —a— L)1{xsq+r}] = AL,

which characterizes A. Let us stress that we directly see in this case that A > 0, since, otherwise
X € [a,a+ L] almost surely, which contradicts the fact that G(L) > 0.

3.3 Proof of Proposition (3.1
1. Note that

A = {z € RY, Card(B(z,d(z,Tmf)) N Tmf) > 2}
= {z € R, diam(B(z, d(z, Imf)) N Imf) > 0}
=R\ {z € R, diam(B(z, d(z, Imf)) N Tmf) = 0}.

For every x € RY, we may write
diam(B(z,d(z,Imf)) NImf) = li_>m diam(B(z,d(z,Imf) + 1/n) N Imf).

Since f is continuous, f([0,1] N Q) is dense in Imf. For every n > 1, the countable set
B(z,d(x,Imf) + 1/n) N f([0,1] N Q) is dense in B(z,d(x,Imf) + 1/n) N Imf, so that both
sets have the same diameter. Yet, it can be easily checked that the diameter of a countable
set is measurable, and finally, we obtain that the set A of ambiguity points is measurable.

2. To begin with, we prove that, for every j = 1,...,d, it is possible to construct a random
vector X with values in Imjf such that || X — X|| = d(X,Imf) a.s., and

X7 = max;(B(X,d(X,Tmf)) N Tmf).

Here, 7; stands for the projection onto direction j, that is, for x = (z!,...,2%) € R,
mj(x) = 27, Let {t1,t2,...} be an enumeration of the countable set [0,1] N Q. Let € > 0,
r € R%. First, note that the set {t € [0,1],]f(t) — z|| < d(z,Imf) + ¢} is open. It is
nonempty since the distance from x to the closed set Imf is attained. We deduce from this



that Card({t € [0,1] N Q,||f(¢) — z|| < d(x,Imf) + €}) = oo. Let us define the sequence
(ke (%)) men by

kz(x) = min{k : || f(ty) — 2| < d(z,Imf) + €}

Em Y (z) = min{k > k7 (2) : ||f(tx) — 2|| < d(z,Imf) +¢}, m €N.

Let j € {1,...,d}. We set

p* () = min{p > 1, f (tyr(s)) > Su%fj(tk;”(a:)) -}
me

We define X, (z) = f(tkp*m(w)), which is a measurable choice. Notice that, since { 7 (tm (1)), m €
N} = mj(B(z,d(x, Imf) +¢) N £([0,1] N Q)) is dense in m;(B(z,d(x,Imf) + ) N Imf), both
sets have the same supremum.

Let

U (x) = m;(B(x,d(z,Imf) + &) N Imf), T(z) = m;(B(z,d(x,Imf)) N Imf).

The limit of X7(z) is given by lim._,o max II.(x). Yet, note that, for every e, II(z) C II.(z)
so that
max II(z) < maxII.(x). (10)

Moreover, if € is small enough, then for all y € II.(x), d(y,II(x)) < n(e), where 1 tends to 0
with e, and, thus,
max I, (z) < maxII(x) + n(e). (11)
Combining inequalities (10 and , we obtain that lim._,o maxII.(z) = max II(x).
)

Set e, = 1/n. Up to an extraction, we may assume that (X., (X),X) converges in distri-
bution to (X, X) as n — oco. The random vector X satisfies | X — X| = d(X,Imf) and
X7 = maxI1(X).

Similarly, as may be seen by replacing X by —X, there exists a random vector Y with values
in Imf such that || X — Y| = d(X,Imf) a.s., and

Y7 = min7;(B(X,d(X,Imf)) N Imf).

Now, we use this result to show that A is negligible for the distribution of X. Assume that
P(Card(Py(X)) > 2) > 0. There exists a first coordinate j such that P(Card(rm;(P;(X))) >
2) > 0. Then, it is possible to construct X7 and Y7 such that P(X7 > Y7) = 1 and P(X7 >
Y7) > 0. Yet, by property @, E[X] = E[X] = E[Y], and, in particular, E[X7] = E[Y7],
which leads to a contradiction. Thus, P(Card(P;(X)) =1) = 1.

In the next sections, we present two lemmas, which are important both independently and for
obtaining the main result Theorem [3.1]

3.4 Properties of the function GG

The first lemma is about the monotonicity and continuity properties of the function G. Observe
that G is nonincreasing, since {f : [0,1] — R¢, Z(f) < L1} C {f :[0,1] = R, Z(f) < L2} when
L < LQ, so that G(Lg) < G(Ll)

Lemma 3.1. 1. The function G is continuous.

2. The function G is strictly decreasing over [0, Lg), where Ly = inf{L > 0,G(L) = 0} €

In particular, Lemma [3.1] admits the next useful corollary.

Corollary 3.1. For L >0, if G(L) > 0 and f € Cr, is such that A(f) = G(L), then £(f) = L.



Proof. If Z(f) < L, then Lemma would imply G(Z(f)) > G(L) = A(f), which contradicts
the definition of G. O

Proof of Lemma[31 1. Set L > 0. Let us show that G is continuous at the point L. Let
(Lk)ken be a sequence in Ry converging to L, with Ly # L for all K € N. Let f € Cr be such
that A(f) = G(L), and let X stands for a random vector taking its values in Imf such that
|X — X| = d(X,Imf) a.s. For every k € N, let f; : [0,1] — R? be a curve such that £ (fz) < Ly,
A(fx) = G(Lg) and || fx(t) — fu(&)|| < Li|t — | for t, ' € [0,1].

Observe that the sequence (G(Ly))ken is bounded since E[|| X||?] < co. Let us show that G(L)
is the unique limit point of this sequence. Let v : N — N be any increasing function. Our purpose
is to show that the sequence (G(Lk)))ren converges to G(L).

Let us check that the fi are equi-uniformly continuous and that the sequence (fx(0)) is bounded.
Since the sequence (Lg)gen is bounded, say by L', the fj are Lipschitz with common Lipschitz
constant L', and, thus, they are equi-uniformly continuous. For every k € N, t € [0, 1], we have
| f@®) > || f(0)]| = L't > || fx(0)]| = L'. Thus, if there exists an increasing function x : N — N such
that || f..x)(0)|| — oo, one has G(L,x)) — oo, which is impossible since G(Li) < E[||X|?] < oc.
So, the sequence (fi(0))ken is bounded.

Consequently, there exists an increasing function ¢ : N — N such that the subsequence
(fooy(k))ken converges uniformly to some function ¢ : [0,1] — R?. Note that the curve ¢ is
L-Lipschitz, since for all ¢, ¢,

le(t) = () < o) = ooyt DIl + Il foor) () = foore) E) = Il fooy i (') — ()
< lle(®) = foor () (DIl + Looy(iy [t = 'l = [ foory ) (') — 0 (t)

which implies, taking the limit as k — oo, ||p(t) — ()| < Ljt—t'|. We have £ () < limp_00 Ly =
L. Now, observe that

E

00 | X~ fyon (B]® = min | X — (1)

= (min 1X = foor ()] = min | X = o(&)]]) (min | X = foosa (D)]] + min | X = (1))
< () = Fooney EMUX = fooray () + 1X = o)1),

where || X — ¢(t*)|| = min, || X — ¢(t)]|. Since E[[| X||*] < oo and fyoy k) converges uniformly to ¢,
this shows that A(fyoqy(x)) converges to A(yp).

Finally, let us check that A(¢) = G(L). If L = 0, then for every k, Ly > L, thus A(fooyk)) =
G(fror(k)) < G(0) for every k. Consequently, A(¢) < G(0), which implies A(p) = G(0) since ¢
has length 0. If L > 0, note that, for every k, %X is a random vector with values in %Imf since
X is taking its values in Imf. Moreover, % f has length at most Ly since f has length L. Thus,
for every k,

Lyor) ¢ 2
E U'X — LW()XH > G(Looy(r)) = A(fooryi))-

taking the limit as k — oo, we obtain
E ||X - XIP| = A),

which means that A(y) = G(L) since Z(p) < L.

2. We have to show that G is strictly decreasing as long as the length constraint is effective
(that is G(L) > 0). Let us prove that for 0 < L; < Lo, we have G(L2) < G(L1) if G(L1) > 0. Let
f:10,1] = R? such that Z(f) < Ly and A(f) = G(L1). For to € [0,1] and r > 0, we define Zy, ,
by

2w = 7 (t0) +1 A X = 7 (t0) x5 po o)y + (=) V(X7 = F7(80)) L x7 <2 10))
where J = min{i : [ X7 — fi(to)| = || X — f(to)|lso}
Ztio,r =filto)ifi#Ji=1,....d



Observe that Zy, , takes its values in

d
C(to,r) = U{f €RY:a’ = fi(ty) for i # j, |27 — f(to)| <1}

j=1

Indeed, all coordinates of th, are equal to the corresponding coordinate of f(tp) apart from the
J-th coordinate, that is the first coordinate for which the distance between X and f(to) is the
largest one. Let us check that |Z;] , — f/(to)| <.

If X7 > f7(to), either Z; . — f'(to) =7, or Z . — f7(to) = X7 — f(to) <.
If X7 < f7(ty), either f7(ty) — Zg{)r =7, or f/(ty) — Zg{), = fI(to) — X7 <.

f(to)

Figure 2: Example in R?, illustrating the support of ZAto,r.

Then, letting again X be a random vector with values in Imf such that | X — X| = d(X,Imf)
a.s., we set

Xtor = X1 x %)< x—Zig o} T Lo L x =X 51X~ 20 o1}

Since || X — Zuo.rl” = 1X = f(E)lI* = 11X = f(t0)l% + (1X — f(to)lloc —1)3,

1 = X = X — X, o[
= [I1X = X0 = 1X = 4.

: +
= [ = XU = X = £(t0) 12+ 11X = £(t0) 1% = (IX = Flt)]loe = )2 ]
12 = X = 1 = £(20) 12+ X = f(to)l = (IX = £(t0)|ow = 1)?]

= [IX = X2 = X = f(to) 2 + 2| X = f(to)oc — 7]

Y

+

.
= [If(to) = XI> + 20X = f(to). F(to) = X) + 20|X = f(t0)l|oe — 1] |

= [~l1f(to) = K| + 20X = X, f(to) = K) + 20| X = f(to) |0 — 2]

_ %2 _ % v 2y 2
>[ 1a0) = I+ 20X = X, o) = ) + 21X~ s L

since for every z € RY, ||z|| < Vd||z| oo

Z |:—||f(t0) _X“Q +2<X _va(t()) _X>

2r .
+ =X -X —7«2]
\/gll |

+
since | X — X|| < [|X — f(to)]|.

10



Besides, Xto,r takes its values in Imf U C(tg,r), which is the image of a curve with length at
most Ly + 4dr, so that E[|| X — Xy, ||| > G(L1 + 4dr).
Thus,
G(Ll) Z G(Ll + 4d1")

+E

v 112 % % 277‘ Y _,,,2
[—Hf(to)—X +2<X—X7f(to)—X>+\/g||X X L] (12)

Since G(L1) > 0, P(|X — X| > 0) > 0, thus there exist & > 0 and K < oo such that
n:=P(K>|X - X| >4)>0.

Recall that, for all (¢,t’), we have ||f(t) — f(t')|| < Li|t —¢'|. Then, for every p > 1, there exists
k, 1<k < p, such that || X — f(%)H < % and so, we have

p
;1{IIX—f(%)HS%} 2L

o))
p p

Consequently, for every p > 1, there exists ¢, € [0, 1] such that

Thus,

p
P KzllX—Xllzé,’
k=1

. N L
P K>||X—X>5,||X—f(tp)ll<pl> >150,

According to (12, we obtain

G(Ly) > G(L1 + 4dr) + E [—uf(tp) - KP4 20X = X 50) - )+ 2 - K - }
+

2
ZG(L1+4dr)+E{1{ Li  2KL Wrz)]

K>||X—X||>6,|| X—f(tp) || <51} ( P2 p + Vd

n( L? 2KL; 2rd 2)

> G(Ly + 4dr +< +—=—-7r"].
(L ) p\ p? p Vd

Now, choosing r > 0 such that % — 72 >0 and Ly + 4dr < Lo, we finally obtain, taking p large

enough,
G(Ll) > G(Ll +4d7’) > G(LQ)

3.5 Default of self-consistency

The next lemma states that a principal curve with length < L does not satisfy the so-called
self-consistency property, provided that the constraint is effective, that is G(L) > 0.

Lemma 3.2. Let L > 0 such that G(L) > 0, and let f € C, be such that A(f) = G(L). IfAX' is a
random vector with values in Imf such that | X — X|| = d(X, Imf) a.s., then P(E[X|X] # X) > 0.

Proof. First of all, observe that Z(f) = L since G(L) > 0, according to Corollary Assume
that E[X[X] = X as.. X
For e € [0,1], we set X. = (1 —¢)X. Then,

IX = Xl = | X = X +eX[* = | X - X[* + % X|* + 25(X - X, X).
Since E[X|X] = X a.s., E[X — X|X] = 0 a.s., and thus, E[(X — X, X)] = E[(E[X — X|X], X)] =0,

so that A . .
E[| X — X|*] = E[|X — X|*] + *E[|| X||]. (13)

11



The random vector X, is taking its values in the image of (1 —¢)f, which has length (1 —¢)L.
Observe that R
E[|X]]*] < o, (14)

since E[|| X||?] < oo and
E[[lX)°] < 2E[llX — X|°] + 2E[| X ]
< 2E[||X — f(0)[|*] + 2E[| X |I°]
< GE[[|X1%] + 4/l (0)II*.
We will show that, adding to (1 —€)f a curve with length L, it is possible to build Y. with
E[|| X — Yz[|?] < E[| X — X||], which contradicts the optimality of f. )
For ¢ € [0,1], let f. = (1 —¢)f. We then define X, ;, , as the variable X,  , corresponding to

fe. More precisely, similarly to the proof of Lemma we define, for ¢y € [0,1] and r > 0, the
random vector Z. 4, », with values in

d
Clto,r) = | J{w € R : & = fl(to) for i # j|a? — f(to)| <7},
j=1
by
Z, .= (to) + 7 A ‘(XJ - F2 ) x> 7000y + (=) V(X7 = F(t0)) L ixr< 7 10)}
where J = min{i : | X" — fI(to)| = [| X — fe(to)]loo}
2o =fito)ifi# Ji=1,....d.
We set

Xetor = X1px % 1<) X=Zegrl} T Zestor L xRS 1X = Zerg 1}

By the same calculation as in the proof of Lemma we obtain

. A A . A 2r
X=X~ P 2 | 2lt0) = P 4 20X R folt) = )+ 251X = et = 2]
+

Jd
Since [|X — fo(to)| = X — f(to)l| — el f(to)| = X — X|| =&l f(o)l], we get

X = Xl = 11X = Koo ® 2 [—(1 — )2l (to) = X|* +2(1 = e)(X — Xe, f(to) — X)

2r 5 2r 9
+ 200X Xl = ZZel el -]

Thus,
E[IX = £el? = I1X = Koo 2| X]
> |~15to) = KI? + 201 = NELXIX] - Koo £(00) - )+ 278 (1% - RU[%] - el o) - ]

[ S0 . . 2r LA 2r 9
= | lt0) = XIP 20— )X, (to) = X) + B [I1X = X[ X] = Z=ellfteo)l - L

[ 5o . N 2r Sl s 2r 9
2 |~ Nft0) = XIP = 26 X[ (t0) = X+ = [I1X = X|X] = Z=ellfo)l =7 L S )

Besides, since G(L) > 0, there exist § > 0, K < oo, such that
n="P (||X|\ < K,E [||X - X||‘X} > 5) > 0.

Moreover, for every p > 1, Zizl l{l‘Xff(ﬁ)lKL} > 1 since f is L-Lipschitz. Consequently,
p/I="p

s

Se (HXH < KE[|x - X[[£] 24,
k=1

12
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Hence, setting

A= {1 < KB px - 1)

i)

we see that there exists ¢, € [0,1] such that P(4,) > . From (15), we get

E[IX = el = 1X = XKoo l?]

N . N 2r Sl s 2r
>E |14, [—Hf(tp) = X|? = 22 X[ tp) = X+ Z2B[1X = X[ X] = el )l - } J
L? 2¢KL 26 2reM 9
> v |5 - R -2 )

where M = sup,¢jo 11 | f(?)]|. Since )A(E,tpm takes its values in f.([0,1]) U C(e, t,, ), which is the
image of a curve with length at most (1 — &)L 4 4dr, then choosing r such that 4dr = L, we have

2 N L? 2KLe Loe MLe?2  L[2e2
2 n
} <E[IX - x| -7 (p — =t 5 o 16d2)

LLQ 2nKLe  nLde nM Le? - nL2e?
P2 2d3/2p © 2d3/?2p  16d2p’

E [HX ~ X, e

=E[|X - X|°] + *E[I X|*] +

using (13). Then, taking e = %, we get

nL? 2nKLp nLép nMLp?> nL%p?
P p? _2d3/2p2 2d3/2p3_16d2p3'

2 2
A~ A~ p A
B (% - %y g ] < EIX 217+ SEOie +

If p is small enough, then p?E[|X||?] — ZE% < 0. Then, taking p large enough, this leads to a
random vector f{, with values in the image of a curve with length at most L, such that E[|| X —
Y|?] < E[IX - X|].

O

Equipped with lemmas and [3:2] we can present the proof of the main result.

3.6 Proof of Theorem [3.1]

To obtain a length-constrained principal curve, we have to minimize a function which may not be
differentiable. We propose to build a discrete approximation of the principal curve f, using a chain
of points v, ...,v", n > 1, in R% For every n > 1, linking the points yields a polygonal curve f,.
The properties of the principal curve f will be shown by passing to the limit. The chain of points is
obtained by minimizing a k-means-like criterion, which is differentiable, under a length-constraint
This criterion is based on the distances from the random vector X to the n points and not to the
corresponding segments of the polygonal line f,, which allows to simplify the computation of the
gradients.

We have chosen to present the proof for open curves, that is in the case Cr, = {¢ : [0,1] —
R Z(¢) < L}. Tt adapts straightforwardly to the case of closed curves, which turns out to be
even simpler since there are no endpoints and so all points of the curve play the same role. Note

[399e b}

that the normalization factor “n — 1” below becomes “n” in the closed curve context.

First insight into the proof

To facilitate understanding, we sketch the proof in a simpler case. Assume that X has a density with
respect to Lebesgue measure, and consider a polygonal line f, with vertices v7,..., v, obtained
by minimizing under length constraint the criterion

Foz1,...,2,) =E { min || X x1||2} . (16)

1<i<n

13



For h = (hy,... hy) € (RY)", VEO.h =" E [—2<X - X,L,hi>1{f(=v?}}, where X is such that

X—X| = ming <<y, || X —o||. For differentiability, it is convenient to write the length constraint
VS 1
as follows:

(7’L — 1) Z ||ZCZ — 131'_1”2 S LQ.
=2

Let £, be defined by £, = :;11 on the event {X = vl'}. For a test function g, set h; = g(fl
t=1,...,n. Then, we obtain the Euler-Lagrange equation

111 ) for

B (X~ fulia)g(E)] =0 | to(0). £20a0) (17)

[0,1]

Up to an extraction, f, converges uniformly to an optimal curve and #, converges in distri-
bution. Using the default of self-consistency , it may be shown that every limit point of the
sequence (A, ),>1 is positive. Together with the discrete Euler-Lagrange equation , this allows
to prove that f// converges weakly to a signed measure f”. Finally, the desired Euler-Lagrange
equation is obtained as the limit of (17).

Complete proof

Let us now start the complete proof of the theorem.
First, some notation is in order. Let Z be a standard d-dimensional Gaussian vector, indepen-
dent of X. Let (), (nn) and (e,) be sequences of positive real numbers such that

¢ =0(1/n), n,=0(1/n), ne, > 00, &, —0.

We also introduce i.i.d. random vectors {7, . .., £, independent of X and Z, with same distribution
as a centered random vector & with compactly supported density, such that ||£|| < 7.

We will construct a sequence of polygonal lines converging to the optimal curve f by linking
points v}, ..., v} obtained by minimization of a criterion generalizing Proving differentiability
in this case is a little more involved in this case.

To begin with, since the random vector X is not assumed to have a density with respect
to Lebesgue measure, we convolve it with a Gaussian random vector: we define, for n > 1,
Xn =X+ (,Z. So, X is approximated by a sequence (X,,),>1 of continuous random variables.

For 1 <i<mn,let
i—1
n—1"

no._
i -

In order to be able to prove results which are true for any optimal curve f, we have to ensure that
the points v7,...,v], n > 1 are located on this curve f. To this aim, we add to the criterion [16|a

Y Eno
lexz FEDIP.

penalty proportional to
With this penalty, we cannot affirm any more that the z;’s are pairwise distinct. To overcome this
difficulty, a random vector & is added to each z;: the points z; + &', approximating the z;’s, are
almost surely pairwise distinct.

The desired chain of points is then defined, for n > 1, by minimizing in z = (21, ...,2,) € (R%)"
the criterion

_ n|2 ny||2
Fu(x1,...,2,) =E [11213 1 X0 — s — & | ] +en Z llz: — fFEM)]*, (18)
under the constraint .
(n—1)Y llo; — i < L2 (19)
i=2

14



Lemma 3.3. There exists (v}, ...,v") € (RH)™, satisfying
n
(n=1))_[lop — o, |* < L2,
i=2
such that
n
F,(o?,...,v") = min {Fn(:rl, o mn)i (= 1)) s — i < LQ}.
i=2

Let X? be such that X7 € {z) +£},..., 2, + £} and

1, = X2l = min X, — 2 - €71 (20)
almost surely. In the sequel, X,, will stand for X}(,U? """ vn)
Lemma 3.4.
sup Fy, (vf,...,v)) < oo.

n>1

We define the sequence (f,,),>1 of polygonal lines approximating f, where each f,, : [0, 1] — R¢,
n > 1, is given by

fa(®) =0 +(n=1) (t =) (vt —vf"), 8 <t <tl,, 1<i<n-1

This function f,, is absolutely continuous and we have f},(t) = (n—1)(vf, , —v?) for t € (£, t7,,).
Using the definition of f], we obtain the following regularity properties of f,.

Lemma 3.5. Forn > 1, the curve f, satisfies:

1. ZL(fa) < L.
2. For all t,t' € [0,1], || fn(t) = fu ()| < L/]t = ¥'|.
Asymptotically, the penalty term ensuring that the points v, ..., v, n > 1 belong to the curve

f can be neglected.

Lemma 3.6. There exists ¢ > 0 such that, for alln > 1,

n

C
Yl = eI < 2

i=1
Lemma 3.7. The sequence (fn)n>1 converges uniformly to the curve f.

Let £, = 7 on the event {X,, = v + £}, 1 < i < n. Note that the sequence (f,),>1 is
bounded. Thus, up to extending the probability space (2, F,P), and extracting a subsequence, we
may assume that (X, t,) converge in distribution to a tuple (X, ¢). This implies the next result.

Lemma 3.8. There exists a random variable t with values in [0,1], defined on an extension of the
probability space (Q, F,P), such that

IX = fD)Il = d(X, Imf) a.s.

In order to be able to state a first order Euler-Lagrange equation for the criterion , we show
that the quantity E [minlgign | X, —z; — §f||2] is differentiable at z;. Recall the definition

of XZ.
Lemma 3.9. The function (x1,...,2,) — E [minlgign 1 X — 2 — 52"\\2} is differentiable, and,

for 1 <i <mn, the gradient with respect to x; is given by

. nn2| _ - R
B | i X, = 2~ 1] = =28 [(Xa = XD 550 vc]

15



The Lagrange multiplier method then leads to the next system of equations satisfied by v7, ..., v].

Lemma 3.10. For n > 1, there exists a Lagrange multiplier \,, > 0 such that

—E (X, - Xn)l{f(”:ug+§g}} + EH(U:’L - f(t?)) + )‘n(n - 1)(1}:’1 — vy = (v?—i-l - Uzn)) =0,
2<i<n-—1,

*IE (Xn - X")l{XWiU?+§?} + 577.(,1}? - f(O)) - An(n - 1)(1)721 - ’U{l) = Oa

(X0 = X)Ly seny |+ 20 (00 — F(D) + Ann— (e —u_) =0,

n—1
Lemma 3.11. If X is a limit point of the sequence (Ay)n>1, then A € (0, ).

Hence, up to an extraction, we may assume that the sequence ()\n)nZI converges to a limit
A € (0, 00].
Let §; denote the Dirac mass at £. For every n > 2, we define f/ on [0, 1] by

£ = = 1) | Y 0l ol — F — o)+ (af oo — (v | ()
=2

which is a vector-valued signed measure.

Lemma 3.12. The sequence (f)),>1 converges weakly to a signed measure f” on [0,1], with values
in R, which is the second derivative of f. The following regularity properties hold:

o f is right-differentiable on [0,1), ||f.(t)|| = L for all t € [0,1),
o f is left-differentiable on (0,1], || f;(¢)|| = L for all t € (0,1],
o f"((s,t]) = fL(t) — fl(s) for all0 < s <t <1,
. f([0,1) =

. F1({0}) = £1(0),
o ["({1}) = =i (1).

These properties imply in particular that A is finite.
Lemma 3.13. We have \ < co.

Finally, collecting all the results allows to derive the Fuler-Lagrange equation.
Lemma 3.14. For every bounded Borel function g : [0,1] — R¢,

B (X £@000] = > [ (ot0), /(@)

Moreover, A depends only on the curve f.

Proof of Lemma[3.3 Since E[|| X,,||?] < 2E[||X||?] +2d¢2 < oo and E[||¢]|?] < n2 < oo, F), takes its
values in [0, 00) and is continuous. The constraint defines a nonempty closed set D,,. Since

im Fo(x1,...,2,) = 00,
lzg |+ +llzn |00
(11,.~,ZD7;)ED,L

the optimization problem reduces thus to minimizing a continuous function on a compact set.
O
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Proof of Lemma[34 Recall that, for all ¢,¢" € [0,1], || f(¢t) — f(¥')|| < L|t — t'|. Hence, we have
n
(n=1) Y IFE) = FE-DI? < L2,
i=2

and consequently, we may consider (x1,...,2z,) = (f(t}),..., f(t)). We see that

Fo(vl,...,vp) <E[[IX5 — £(0) — €7)1?]
< 2E [[|X5 — &'11°] + 2] £(0)]?
< 2E [ X%] + 2d¢3 + 207, + 2] £(0)]>.

O

Proof of Lemma[3.5 By definition of f},, and using that v}, ..., v satisfy constraint 7 we have

n—1 n—1

IR S E e e B

Hence,
1 1/2
<([ 1nwpa)” <.
0
and for all ¢,¢' € [0,1],

1
1u® = O = | | Linesver oty < LB

Proof of Lemma[3.6, The aim is to show that there exists ¢ > 0 such that, for all n > 1,

enz ol — F(E)||? <-

The following upper bound will be useful:

Y _en i —_ M| < )
min X, — f(t2) ~ €~ min [1X f<tz>\_<n||zn+nn

By definition of (v},...,vl), since (f(t}),..., f(t?)) satisfies constraint [19| as already mentioned

’n

in the proof of Lemma [3.4] we may write

Bl o) <E [ min X, — F(E7) — gﬁnﬂ .

1<i<n

Observe that

win (X, — £() — €| — min IIXf(t)II‘

1<i<n t€[0,1]
< | min 1 — ) — €1~ min X~ 52 ||\ \mm I = 561~ pmin X = 700

L
SCn”Z”+nn+ ,
n—1

so that

. L\’
min (X — £() — €1 < min [|X — F()2 + (nn Lozl + )
te(0,1] n —

1<i<n 1

1/ tefo,1]

L
+z(nn+<n|2| +) min [|1X — £(1)].
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Consequently, there exists ¢; > 0, such that
c
Fo(vf,...,v") < G(L) + ;1

Besides,

Fo(ofs. . o) = E | min X, fn(t?)_£m|2:| e ) Ifalt?) = FEDIP,

1<i<n —
1=
and, writing

min [ X, = fu(t7) = &" = min [ X — £ (6]

1<i<n 1<i<n
<[ min 106 = fue) = €21 = i 1 = 20| ¢ (i 16, £u(e0) = €01+ i X £ (62

1<i<n

< (aulzt+m) (G2 +,+2 pin 1 - 5,01 )

2
= (GlZl4m0) +2(G1Z1+ ) min 1 = S0
we obtain

Fo(of..., n)>]ELr<nlg X - fn(t”)ll] E [(GallZ1+ )] = 2GENZI)+ m)E | min X = ot

+an Lt = £

>E Lg[l(l)nl X = fult )IIQ} = GEIZ11%] = 7 — 2 GBI Z]]

O(GEZ]] + )E [mm 1X = Fut) }mann )~ (e

=1
> G(L ——+enZ||fn () — F()]2,

for some constant ¢o > 0. Indeed, Z(f,) < L according to point 1 in Lemma which allows
to lower bound E [minte[o,u | X — fn(t)||2} by G(L), and moreover, E [miny<;<, | X — fn(t7)|]] is
bounded since (fy,)n>1 is uniformly bounded and E[||X||?] < co. Thus, there exists a constant cs
such that G(L) — %+, Y0 || fu (£7) — F () ||2 < G(L)+ <, which shows that e, Y1 || fn (¢1') —

)P < 2 o
Proof of Lemma[3.7 Point 2 in Lemma [3.5]and Lemma[3.6], together with the assumption ne,, —

0o, imply that the sequence (f,;),>1 converges uniformly to the curve f.
O

Proof of Lemma[3.8 For every n > 1,

1%, = Fulf)l = min || X, = £ue)]]

min | X, = fo(t7) = & = min {15 — £ (&)

1<i<n 1<i<n

s\uxn—fn( Ol = min [ X, = fu () - €7

1<i<n

+ Nn,

‘HX — fal(tn H—ZIIX =& =gy ery

S

Lk, =pur)rery T

<> |1 = FalE)ll = 1 X0 = falin) — €71

=1
< 21,

18



Hence, we obtain
[X = f®)ll = min [[X = F@)] a.s.

t€[0,1]
Proof of Lemma[3.9 For x = (z1,...,2,) € (R")" and w € Q, we set

._ : D 2
Gn(z,w) = @gﬂHXn(w) x; — & (w)]|%

For every z, since the distribution of X,, gives zero measure to affine hyperplanes of R% and the
vectors x; + &, 1 < i < n, are mutually distinct P(dw) almost surely, we have P(dw) almost surely,

n

Gu(w,w) = Y | Xn(w) = i = E@)IP L) ()i (@) | <ming s X ()5 €2 ()]}
1=1

For every x € (R?)", P(dw) almost surely, y — G,,(y,w) is differentiable at x and for 1 <i < n,

%Gn(%w) = —2(Xn (W) = i = & (W) L)1, (w)—2s—eP (w) | <ming 1 [ X0 (@) =25 —€7 (@)}
= “2(Xn (@) = XD (x5 0)=arbep @)
For every u = (uy,...,u,) € (RY)", we set |lul| = (31, [|u]|?)!/?. Let 2®) = (xgk), e ,x%k)) be a
sequence tending to z = (z1,...,2,) € (R?)" as k tends to infinity. Then,
G (R ~/ 0 W _ N 1
w2, w) — Gz, w) — ; <3x,— Gp(z,w), ;" — xz> X 7 2]

converges P(dw) almost surely to 0 as k tends to infinity. Moreover,

‘Gn(:c, ) = G (2™, .)‘

= i —p— ; _(’“>_n> ' o — €' — mi k) em
(122111 ||Xn Z; 51 || + 121%“1” HXn Z; 51 H 1I§nil£n ||Xn T; El || 11Snilgn ||X’r7, x; é‘l ||
k k
<2 (IIXnII + o+ [l ]| + |l )H) max |z - =,
so that ’ o |
Gn(x7>_Gn($ ,‘)
< CO(|I Xl + 1),

Iz — 2]

where C' is a constant which does not depend on k. Similarly, we have, for 1 <i <mn,
G| < 1%l 1)
axz n b —_ n )

where C’ does not depend on k, and, thus,

L~/ (k) iy e — i)
M (VI 7Gn s Joby T L < C/ Xn 1 =1 L
[z — 2| ;<5% (z,), ;) —x; )| <C'(| X + 1) |z — 2]
< C'Vn([[ Xl +1).
Since E[|| X,]|] < oo, the result follows from Lebesgue’s dominated convergence theorem. O

Proof of Lemma[3.10, By Lemma [3.9] we obtain that F, is differentiable, and for 1 < i < n, the
gradient with respect to z; is given by

0

g (@) = 2B (X0 = XD o peny| + 200 (i = F(E)), 1<i<n,
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Consequently, considering the minimization of F;, under the length constraint , there exists
a Lagrange multiplier A,, > 0 such that

—2E (X, — XN)l{)E’n:vg-s-g?}} + 2e, (Uzn - f(t?)) +2M,(n — 1)(“? — Uy = (Uzn+1 - U?)) =0,
2<i<n-—1,
—2E |(Xn = Xu)1ig, —ynreny | 260 (0] = £(0)) = 2An(n = 1)(v5 —o}) =0,

—2B | (X = X)L, _yn i eny | + 280 (0f = F(1) + 200 (n — D) (v —vji_y) =0,

that is,
E [(Xn = Ka) L, coppery | +En (0] = SE)) + dnln = D(©F = vly = (07 = 0])) =0,

B | (X0 = X)lig, _pgrepy | on(of = F(0)) = Auln = 1)(ug —of) =0,
B |(Xn = X)Lz, upreny| + a0 = F(D) + Ma(n = D] = v7y) = 0.

Proof of Lemma[3.11} Let g : [0,1] — R? be an absolutely continuous function such that fol g’ (#)]|2dt <
oo. For n > 1, we may write

E[(X _fn(fn)ag(fn)”
< [X X ‘1‘5 ) {Xn:vg-s-g?}} 79(t?)>

< [ Xn)lig, —optery } > Z< {5?1{)2":”?*5?}} ’g(t?)>

[
bﬂ:

=1

3

Pﬁ:

- 22( ERIPS WICO) +en§n;< ~ F(E), (1)

A= 1) [ (g — o} g(0 +Z (v o), g007) + {0 —vz_l,gu»]
=3 (B[, sen] 9D +50 Z< — ). gt

Fhaln =) [Zu o g(t)) - §<vf+l —ug(17) — {45 . (0)

e v:zhg(l»]
=3 (105 en] o)

+en Z< (), 92) + dalr— 1) 21@;11 ol g(t2) — o). (22)

Note first that

i <E [gyl{fgzvgurggb}} 7g(t?)>

<mlglloe B [Lix ey
=1

= 7 lgloo- (23)
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Then,

< én Z loi" = (&) gl

o
Il
_

n n 1/2
<sn(§j||v = FEDIP) " Vilgl
< VeEallglloo; (24)

according to Lemma |3.6} Regarding the last term, we may write

n—1 n—1 n—1 1/2
(n—1) 3 (Wl — v, g(thy) — gt )] < (n—1) [Z [vfy — o2 I [|o () — g(tmﬂ
=1 =1 =1

neletn, 211
< Lvn—1 [Z H/ g/(t)dtH ]
i=1 Yt

<z|[ 1 o0l "

Thus, if h : R? — R? is continuously differentiable, we have
1 1/2
[E[(Xn = fu(tn), h(fa(E))]] < Veanlhlloo + AnL UO IVR(fa (1)), fé(t)llzdt}
/2

< V@l + AL sup [[VA(u(0))] [ / T th]

t€[0,1]

< /cEn|hl|so + AnL? up IVA(fu(®)]]-

Recall that (X,,%,) is assumed to converge to (X,?). Since e, — 0 and (f,),>1 is uniformly
bounded, we see that A = 0 would imply that

E[(X — f(), h(f(D)] =0,

so that E[X — f(£)|f(£)] = 0 a.s. by density of continuously differentiable functions since h is an
arbitrary such function. This contradicts Lemma[3.2] O

Proof of Lemma[3.13 For an R?-valued signed measure m = (m?!,...,m%) on [0, 1], we set

Imil = (i Il ) (25)

where ||m? ||y denotes the total variation norm of m’. Recall that

n—1
fr= 1) [Z<v:+1v¢<vr )+ (08 = o) — (0 — v 1)y
=2
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Thanks to the Euler-Lagrange system of equations obtained in Lemma [3:10, we may write

A< A< A D I 8D
i=1
< S| [ = Xy ]|+ on 07 -
=1 i=1
1/2
E[| X, — Xul] + envn (Z o7 — tn)”?)

1/2
< Eat e (S )

Consequently, using Lemma and Lemma €n — 0 and lim,, o A, = X € (0, 00], we obtain
that sup,,>; || f//|| < oo, that is, the sequence of signed measures (f}/),>1 is uniformly bounded
in total variation norm. Hence, it is relatively compact for the topology induced by the bounded
Lipschitz norm defined for every signed measure m by

[m||BL = sup { H /

Let us show that the sequence (f)/),>1 converges weakly to some signed measure. Let v be a
limit point of (f})n>1. There exists an increasing function o : N — N, such that, for every (s,t)
such that v({s}) = v({t}) =0,

<lsup|g(g|cx):f|(t)|<l}.

fomy ((s,1]) = v((s.1]), (26)
foom([0,8]) = v([0,4]), [ ([0,8)) = v([0,1)). (27)
Since, for 0 <s <t <1, f;/((s,t]) = f},..(t) — f,..(s), we have, for 0 < ¢ < 1,

Fult) = £u(0) + 15,0 /

Note that f,, ,.(0) = f,/({0}), so that the fact that sup,> || f//|| < co implies in particular that
(fr -(0))n>1 is bounded. Thus, up to an extraction, by (26), all terms converge: there exists a

n,r

vector v € R?, such that, for 0 <t < 1,

t
f(&) = f(0)+tv +/ v((0,u])du.
0
Consequently, v = f/(0), and, for 0 < s <t <1,

v((s,t]) = fr(t) = fr(s).

In other words, the signed measure v is the second derivative of f in the distribution sense, called
hereafter f”, and (f;/)n,>1 converges weakly to f”'.

Observe, on the definition (21]), that f;/([0,1]) = 0, so that f”([0,1]) = 0.

We have, for t such that f”({t}) =0,

Fa([0,8]) = f7([0,2]), - £/([0,8)) = £7([0,1)).

Hence, since, for ¢ € [0,1), f/([0,t]) = f;,,.(t), and ¢t — f"([0,#]) is right-continuous, f/(t) =
77([0,¢]) for ¢t € [0,1). Similarly, for ¢ € (0,1], f/([0,t)) = f/ ,(t), and ¢t — f”([0,t)) is left-
continuous, so that f;(t) = f”([0,t)) for t € (0,1]. /

Recall that f is L-Lipschitz. Moreover, according to Corollary Z(f) = L since G(L) > 0.
Thus, we have || f/.(t)|| = L dt—a.e., and, since f is right-continuous, this implies that || f.(¢)|| = L
for all ¢ € [0,1). Similarly, we obtain that || f;(t)|| = L for all ¢t € (0, 1]. O
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Proof of Lemma[3.13 Observe that f” # 0. Indeed, we have, for example, f”({0}) = f/(0), with
[ £.(0)]| = L > 0. Yet, A = oo would imply f” = 0 since sup,,>; (An % || f//]]) < o0. O

Proof of Lemma[3.1]} Clearly, it suffices to consider the case where the test function g is contin-

uous. Using equation and the upper bounds and in the proof of Lemma we
obtain, for n > 2,

E[(Xy — fu(tn), 9(tn))] = An(n — 1) i(vﬁl — v gt 1) = 9(t) | < (4 cv/eEn) gl

and besides
n—1
Aaln = 1) 3 (0 = 0} g(80) = 9(t)) = =M /[ RECRACO
i=1 :
Thus, passing to the limit, we see that f satisfies equation . .
Finally, the uniqueness of A follows from the uniqueness of X (Proposition , and the fact
that

E[(X - X, X)] = A / | £1(5)|2ds = AL

obtained thanks to equation @ in Remark

4 An application: injectivity of f

In this section, we present an application of the formula of Theorem We will use this
first order condition to show in dimension d = 2 that an open optimal curve is injective, and a
closed optimal curve restricted to [0, 1) is injective, except in the case where its image is a segment.
To obtain the result, we follow arguments exposed in |Lu and Slep¢ev| (2016) in the frame of the
penalized problem, for open curves. The main difference is the fact that we have at hand the
Euler-Lagrange equation, which allows to simplify the proof.

Again, we consider L > 0 such that G(L) > 0 and a curve f € Cr, such that A(f) = G(L), which
is L-Lipschitz. We let ¢ be defined as in Theorem The random vector f(£) will sometimes be
denoted by X. Recall that | X — X| = d(X,Imf) a.s. by Theorem

To prove the injectivity of f, we will need several preliminary lemmas. Let us point out that
Lemma to Lemma below are valid for every d > 1.

First of all, we state the next lemma, which will be useful in the sequel, providing a lower
bound on the curvature of any closed arc of f. Recall that the total variation of a signed measure

v is defined by
d

. /
= (S 11)

j=1
where |[17]|7y denotes the total variation norm of 7. For a Borel set A C [0,1], f/ denotes the
vector-valued signed measure defined by f%(B) = f”(A N B) for all Borel set B C [0, 1].

Lemma 4.1. If0 < a <b<1 and f(a) = f(b), then [|f(, I > L.
Proof of Lemma[{.1 Let us write

b
S ORNOR AT

b
= / [fﬁ(o) + f”(dS)] dt = (b — a)f;(0) +/ (b— (s Va))f"(ds)
a 0]

(0,%]

— (b= 0+ G- (O.a) + [ b))

(a;b]

(- a)fia)+ [ -8,

(CL’b]
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Thus, f(a}b] 2:2 "(ds) = —f!(a), which implies ||f(’;b]|| > ||fl(a)|| = L. O

As a first step toward injectivity, we now show that, if a point is multiple, it is only visited
finitely many times.

Lemma 4.2. For every t € [0,1], the set f=({f(t)}) is finite.
Proof. Let t € [0,1]. Suppose that f~'({f(t)}) is infinite. Then, for all k > 1, there exist

tostiy.. oty € f7H{f(£)}) such that 0 < tg < t; < --- < t} < 1. So, by Lemma [4.1] ||f"| >
Zle I (’;71 4] || > kL, which contradicts the fact that f has finite curvature. O

In the case Cr, = {¢ : [0,1] — R?, #(¢) < L}, the endpoints of the curve f cannot be multiple
points.

Lemma 4.3. Let C;, = {p : [0,1] — RY L(¢) < L}. We have f~1({f(0)}) = {0} and
M = {1}

Proof. Observe that, by symmetry, we only need to prove the first statement since the second one
follows then by considering the curve ¢ — f(1—t). Assume that the set f~*({f(0)}) has cardinality

at least 2. Thanks to Lemma we may consider tg = min{t > 0: f(¢) = f(0)}. For z € Imf,
we set f(z) = inf{t € [0, 1], f(t) = 2}. For every ¢ € (0,t), we let

X = f(EVe)ligy + F(0)1 gy
With this definition, the random vector X, takes its values in f([e,1]) U {f(0)}, that is in f([e, 1])

since f(to) = f(0) and € < ¢g. Thus, 1{55 takes its values in %’i]), which is the image of a curve

with length at most L. Consequently, by optimality of f, we have

2

E > E[|l X - X|°].

X.
X —
H 1—¢

Besides, we may write

2

X |? . X
), p—— =X -X+X--==
1—¢ 1—¢

:||X—X||2+HX—1 <
— &

, )
D ¢
+2<X—X,X— >
1—¢
2 A A N N A
E((X—X,X—XE>—5<X—X,X>).

=X - X + —

1 A A A
—— X - X. —eX]|]?
ool - K- eR P+
As | X — X.|| < Le since f is L-Lipschitz, we get

E[|X — X. —eX|"] < 2L%% + 26°E[|| X|*] = 2(L* + E[| X |*])<*.

Note that E[||X|?] < oo by the same argument as in (14). Moreover, thanks to equation (J) in
Remark [B] we have

B — XX = 0 [ 1ro)ds = Az (28)

Furthermore, X — X, = (f(f) — f(€))1{o<i<cy, so that equation (8) implies

E[(X — X, % - %) = - /[ O = feN ez £ @),

Hence,

d
E[(X - X, X - X))l < AZ/(O ] () = @) 1(dt)
d
< ALEZ [(F")71(0, <)),
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where |(f")7] stands for the total variation of the signed measure (f”)7. Finally, we obtain

|

where p(e) tends to 0 as ¢ — 0. This inequality shows that, for € small enough, E [HX

> 2
2 ] <E [IX = XI] +2(L2 + B[ X|P)e* + ALep(e) -

2
1 s <

E[|| X — X|?], which contradicts the optimality of f. O

For an open curve, there exists a multiple point which is the last multiple point.

Lemma 4.4. Let Cr, = {p : [0,1] — R%, Z(p) < L}. There exists § > 0 such that for every
e[l-o1], fH {1 = {th.

Proof. Otherwise, we can build sequences (t)>1 and (sg)g>1 such that ¢, — 1 and f(tx) = f(sk),

with si # ¢ for all £ > 1. Up to extraction of a subsequence, we may assume that (sj) converges

to a limit s € [0, 1]. Hence, we have f(s) = f(1), which implies s = 1 by Lemmal[d.3] Up to another

extraction, we may consider that the intervals [si Ay, si Vig], k > 1, are mutually disjoint. Finally,
using Lemma we obtain

P11 > Y 1 G ntspven | = o0,

k>1

which yields a contradiction since we have shown that an optimal curve has finite curvature.
O

Now, we show that the two branches of the curve are necessarily tangent at a multiple point.

Lemma 4.5. (i) If there exist 0 < tg < t; < 1 such that f(to) = f(t1), then fi(to) = fl(to) =
—fr(t1) = = fi(t1).
(i3) In the case Cr, = {p : [0,1] — R4, Z(¢) < L,p(0) = p(1)}, if there exists 0 < t < 1 such
that f(t) = f(0), then f;(t) = fi(t) = = f7(0) = = f¢(1).
Proof. First, we show that point (i7) follows from point (7). Let ¢ € (0,1) such that f(¢) = f(0).
Define the curve g by g(s) = f(s +¢/2) for s € [0,1 —¢/2] and g(s) = f(s +¢t/2—1) for s €

[1 —t/2,1]. Clearly, g is a closed curve, A(g) = A(f) and g is L-Lipschitz. Moreover, one has:
9(t/2) = g(1 — £/2), g(t/2) = F1(0), gh(t/2) = F1(0), 641 — t/2) = £1(0) and gy(1 — t/2) = fi(1).

Consequently, if (i) holds true for g, one deduces (ii).
It remains to show point (i ) Suppose that f;(to) # fl(to). Let v € (0,1] and ¢ > 0. We

introduce the random vectors X, = (1 4+ 7)X and
Xery = (147 [XLic.t0—o)utotretiuftor T Pe)Licio—ctore]\fto} | -

where h(t) = (W(t —(to—¢))+ f(to — 5))
Let us write

E[|lX — Xo, "] = E[| X — X|P? HE[HX Xoo|°]+2E[(X — X, X — Xo,,)]
=E[|lX — X[ +y’E[| X||*] - 2E[(X — X,7.X)]
=E[|X - X| HVQE[IIXII ] = 2yAL% (29)

For the last equality, we used equation .
Note that X, 5 = Xo 4+ (1 +7)(h=(t) = (1)) Lieptg—c to+e\ (1o} a0 that [|he(t) — f(2)]| < 4eL. So,
we have
E[|X = X5 |%] = E[IX = Xoy [P+ (1 +N?Elllh()) = FOI Licio—e toe) (1o}
+2(1 4+ 9)E[(X — Xo, (he(f) — FO) Licty—c torel\ito})]
= E[||X — Xo,[I”] + O(e?) + o(e).  (30)
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Indeed, P([tg — &,to + €] \ {to}) tends to 0 as ¢ tends to 0. Besides, the random vector X, . is
taking its values in the image of a curve of length

Lep o= (L4 9)(L(1 = 28) + [ f(to + &) = f(to = &)I)).

Yet, since f;(to) # fl(to), if € is small enough, there exists a € [0,1) such that

1£(to +2) — Fto — 2)I> = I (to +) — F(to) + F(to) — Flto — )
_ [H f(to +€) — f(to) H2 + f(to) = f(to —¢) Hz
g

3

+2<f(t0+5&):—f(to) f(to)—f(t0—5)>].

)
9

< e2(2L7 + 2L%q).
Hence, ||f(to +¢) — f(to — €)|| < eL+/2(1 + «), and, thus,
Ley < (L+7)(L = 2eL +eLy/2(1 + @) = (1 + ) (L — ne),

where 7 > 0. Let v = “&. Then, for € small enough, we get L., < L — @ < L and, using
equations and (30), we have E[||X — X, ,||?] < E[|X — X||?]. This contradicts the optimality
of f. So, fi(to) = fl(to). Similarly, we obtain that f;(t1) = f/(¢1). Finally, consider the curve g,
defined by

_fw if t € [0,t0] U [t1,1]
9lt) = {f(to +1 —t) ifte (totr).

This definition means that g has the same image as f but the arc between ¢y and t; is traveled
along in the reverse direction. Since g, having the same image and length as f, is an optimal curve,
which satisfies g(tg) = g(t1), we have g,(to) = g,.(to) and g;(t1) = g,.(t1). On the other hand, by
the definition of g, we know that f'(to) = g,(to) = —g,(t1) and f'(t1) = g..(t1) = —g,.(to). Hence,
f'(to) = —f'(t1). O

We introduce the set
D= {t €[0,1) | Card(f 1 ({f()}) N[0, 1)) > 2}.

Lemma 4.6. If f(t), t € (0,1), is a multiple point of f : [0,1] — R?, then t cannot be right- or
left-isolated:
forallt € DN (0,1), for alle >0, (t,t+e)ND #0 and (t —e,t) N D # 0.

Proof. Let to € DN (0,1). Assume that there exists ¢ > 0 such that (to,to +&) N D = @ or
(to —e,to) N D = . We will show that this leads to a contradiction. Without loss of generality, up
to considering ¢ — f(1 —t), we assume that (to —€,t9) N D = 0. Let ¢; € [0,1) such that ¢y # t;
and f(to) = f(t1). By Lemma one has f;(to) = —f}(t1).

Let

and define the functions a and 8 by
a(t) = (f(t) = f(tr),y) for t € [t1,t1 +¢)
B(t) = (f(t) = f(to),y) for t € (to — &, to].

Notice, since f(to) = f(t1), that o and § are restrictions, to [t1,¢1 +¢) and (to — €, to] respectively,
of the same function. Nevertheless, this notation «, 8 were chosen for readability.
The functions « and 3 satisfy the following properties:

e « is right-differentiable and a/.(t) = (f.(¢),y) for every t € [t1,t; + &). Since a/.(t;) = L >0
and «. is right-continuous, there exists 6 € (0, ¢), such that «/.(t) > L for every ¢ € [t1,t1+0].
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o [is left-differentiable and 3;(t) = (f;(t), y) for every t € (to—¢, to]. Since 8y(tp) = —L < 0 and
By is left-continuous, there exists 6’ € (0,¢) such that §)(t) < —0'L for every t € [to — &', to].

Without loss of generality, we may assume that ' = 4, since it suffices to pick the smallest of
both values to have the properties on «]. and ;. In particular, we see that

e « is a bijection from [t1,?; 4 ] onto its image a([t1,%1 +6]) = [0, a], where a := a(t; +6) > 0,
e (3 is a bijection from [tg — 0, t] onto its image S([to — d, to]) = [0, b], where b := B(tg — &) > 0.

We denote by a~! and 87! their inverse functions.
Let 2z € R? be such that ||z]| = 1 and (z,y) = 0. For every t € (t;,a ()]
F(B~Ha(t))),y) = 0. Then, we may write f(t) — f(B7 (a(t))) = (f(t) — f(B~(

«@
over, for t € (t1,a~1(b)], since there are no further multiple point before tq, f(t)— f
Thus, there exists o € {—1,1} such that

f(t) = f(B~H(a(t)))
1£(8) = F(B~(a@®)]

We suppose, without loss of generality, that the vector z was chosen such that ¢ = 1. Now, let us
show that, for t € (t1,a=1(b)],

we have (f(t) —
), z)z. More-
“1

(t)
(67 (a(t))) # 0.

=0Z.

(e 1) < = sup [1£(s) — F(BMals)]l

T 2N <<t

Since (z, f/(t1)) = 0, we have, according to Theorem (3.1
(2, f1 (1)) = (2, £,.(t) — fr.(t1))
[ )
(tl’t]
1 .
= —3E[(X = £, )1 cicn]

e J) = ) A
= XE KX IO 50 = 5 @] > 1“1“9}]

Besides, for t € [0, 1], starting from
IX = fOIP = 1X = fOI* + 1) = FOI + 20X = £(2), F(E) = f(B),
we deduce, by optimality of £, the inequality
(X = f(0), 50) ~ F(0) < 150 ~ SO as
Hence, we obtain
(= 00) < B [I76) 757 @)L, <icn]
= sup [1£(s) — S8 ()]l (31)

2X ¢ <s<t

IN

Similarly, we get, for every t € [371(a), to),

(o flD) < = sup [£(s) — Fla (B (32)

2 t<s<to

This may be seen for instance by considering the optimal curve parameterized in the reverse
direction t + f(1 —t). For z € [0,a A D), let D(z) = f(a'(x)) — f(B371(x)). This function D is

right-differentiable and
) BT @) HE@)
D)= e @) ~ B @)
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Moreover, a/.(a~*(z)) > 6L and —B,(87(z)) > 4L, so that

(Dr(x),2) < = ({2, fr(a™ (@) + (=, fo(B7 (2))))

< — .
<5 it;};llD(U)H

(o9
HN‘H

For the last inequality, we used the upper bounds (31 and together with the monotony of «
and . Observe, since z = %, that (D!.(x), z) is the right-derivative of ||D(z)||. As D(0) =0,
the Gronwall Lemma implies that D(x) = 0 for all = € [0, a Ab), which yields a contradiction, since

the considered multiple point is supposed to be left-isolated. O
We may now state the injectivity result in dimension 2, for open and closed curves.
Proposition 4.1. (i) IfCr, = {p € [0,1] = R?, ZL(¢) < L}, then f is injective.

(ii) If Cr = {p € [0,1] — R2, . ZL(p) < L,p(0) = ¢(1)}, then either f restricted to [0,1) is
injective or Imf is a segment.

Proof. (i) Cr, = {p € [0,1] = R? Z(¢) < L}.
Thanks to Lemma [£.4] if f has multiple points, there exists a last multiple point. As such, this
multiple point is right-isolated. However, by Lemma this cannot happen. So, f is injective.

(i1) €1 = { € [0,1] = B2, Z(g) < L, p(0) = p(1)}.

We assume that f restricted to [0, 1) is not injective. So, our aim is to prove that Imf is a segment.
As f is supposed not to be injective, the set D = {t € [0,1) | Card([0,1) N f~*({f(¥)})) > 2} is
non-empty. Without loss of generality, we can assume that D N (0,1) # 0. Indeed, if D = {0}, we
can replace f by the curve t = f((¢t+ 1/2) mod 1) for which D = {1/2}.

Let us show that D is dense in (0,1). Proceeding by contradiction, we assume that there exists
a non-empty open interval (a,b) C (0,1) such that D N (a,b) = (). Since D N (0,1) # (), one has
DN (0,a] #0or DN[b,1) # 0. Consider the case where D N [b,1) # 0. Define 8 = inf(D N [b,1)).
There exist two sequences (fx)r>1 C D and (sg)g>1 C D such that ¢, | 5, f(tx) = f(sx) and
s # tg, for all k£ > 1. Up to an extraction, s; converges to a limit s € [0,1]. If 8 # s then 8 € D
is left-isolated which is impossible by Lemma Thus s = [ and consequently s > [ for k
large enough. This yields f/(sx) — f.(B). Besides, for all k, f.(ty) — f.(B) and, by Lemma [4.5
fl(tr) = —fl(sk), which contradicts the fact that f has speed L. The case where D N (0,a] # () is
similar.

The next step is to prove that the set [0,1) \ D is finite. Let ¢ € (0,1) \ D. Since D is dense,
there exists a sequence (t;)r>1 € D such that 5 | t. For every k > 1, there exists s # t such
that f(tx) = f(sk). If s € [0,1] is a limit point of (sx), then f(t) = f(s) which implies t = s
since t ¢ D and t # 0. Therefore limy_, o, s, = t. Up to an extraction, we may assume that (sg)
converges increasingly or decreasingly to t. By Lemma one has f'(tx) = —f'(sg) for k large
enough. If s; | ¢, one obtains a contradiction: f/.(¢) = limy f/(tx) = —limg f/(sr) = —f.(¢). Thus
sk Tt and one gets f.(t) = —f;(t). This means that f(t) is a cusp. Since || f”]|([0,1]) < oo, there
are only a finite number of such points.

Observe that, as a consequence of Lemma[d.5] for every ¢ € [0,1), Card([0, 1)Nf~*({f(1)})) < 3.
Indeed, if a point has multiplicity at least 3, that is there exist 0 < t; < t3 < t3 < 1 such that
f(t1) = f(t2) = f(t3), then, on the one hand, f/(t;) = —f'(t2) = —f’(¢3), and on the other hand,
f'(t2) = —f'(t3). Thus, one obtains again a contradiction: f/.(¢t1) = f'(t2) = f'(t3) = 0. In other
words, D = {t € [0,1) | Card([0,1) N f~L({f(t)})) = 2}.

We introduce the function ¢ : [0,1) — [0, 1), defined as follows: for ¢ € [0,1) \ D, set ¢(t) =t
and for t € D, set p(t) = t' where t' € f~1({f(t)}) and ¢’ ¢ t. Note that ¢ is an involution.

Let us show that the function ¢ is continuous on (0,1)\{y(0)}. First, observe that f is derivable
on DN (0,1) by Lemmal4.5] and that f’ is continuous on DN (0,1) since f} is right-continuous and
f7 is left-continuous. Let ¢ € (0,1) such that ¢t # ¢(0) and let (¢;)k>1 be a sequence converging
to t. Let s € [0,1] be a limit point of (p(tx)). Since f(tx) = f(p(tx)), for all & > 1, one has
f(s) = f(t). Necessarily, s € (0,1) since ¢ # ¢(0). If ¢t ¢ D, one has s =t = ¢(t). If t € D, then
s € {t,o(t)}. Since DN (0,1) is open, tx € D for k large enough, hence f’'(¢(tx)) = —f' (i) for k
large enough. Thus f/(s) = —f/(t) and consequently s = ¢(t).
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Let us show that ¢ is derivable on DN(0,1)\{y(0)} and ¢'(t) = —1 for all t € DN (0, 1)\ {¢(0)}.
Let t € DN (0,1), t # ¢(0). For all h € R such that |h| <t A (1 —1t), we have

ft+h) = f(t) = Fle(t+h)) = fe(t))

o(t+h)
= / 1'(s)ds
»(t)

= (olt + 1) — (1)) / P (0(t) + ulplt + ) — (1)) du.

Besides, since f’ is continuous at the point ¢(t) € D N (0,1) and ¢ is continuous at the point
t, one has limy,_,q fol f'(o(t) + u(p(t + h) — @(t))du = f'(¢(t)) = —f'(t). One deduces that
limy, o (p(t+h) —¢(t))/h = -1.

Let us prove that ¢(¢(0)/24+t) = ¢(0)/2+1—t mod 1 for all t € [—(0)/2,1—¢(0)/2). From
the two previous steps, one deduces that if ¢(0) = 0, p(t) = 1 —t¢ for all ¢ € (0,1), as desired,
while, if ¢(0) € (0, 1), there exist two constants ¢; and co such that

pt) =c1—t VEe(0,0(0), @) =c2—t Vte(p(0),1).

It remains to prove that ¢; = ¢(0) and c2 = 1 + ¢(0). As ¢ takes its values in [0,1), one has

p(0) <cp <Tand1<ey <1+ ¢(0). Moreover, since ¢ is a bijection, co —t > ¢ for t > ¢(0) or

co —t < c1 —(0) for t > ¢(0), that is co — 1 > ¢; or ¢ < ¢1. In the first case, one gets ¢; = p(0)

and co = 14 (0). In the second case, one gets ¢; = ¢o = 1, which is not possible: necessarily,

»(0) = 1/2, since otherwise p(1 — ¢(0)) = ¢(0) which yields 1 — ¢(0) = 0, and we see that the

restriction of f to [0,1/2] is a closed curve with the same image as f, hence f is not optimal.
Finally, define the curve f by

ft) = f((cp(O)/Q—l—t) mod 1).

This curve f has the same image as f and, from the last step, f(t) = f(1 —t) for all t € [0,1]. Let
us show that Imf is a segment. Otherwise, the curve g defined by

gy =Jft) ifte(0,1/2], g(t)=f(1/2)+2(t—1/2)(f(1) - f(1/2)) ifte[1/2,1]

satisfies Z(g) < Z(f) and A(g) < A(f), since Imf = £([0,1/2]), thus f cannot be optimal.
O

5 Examples of principal curves

5.1 Uniform distribution on an enlargement of a curve

The purpose of this section is to study the principal curve problem for the uniform distribution on
an enlargement of some generative curve. For A C R? and r > 0, we denote by

Aor={zeR|d(=,A) <r}

the r-enlargement of A. Under some conditions on the generative curve f : [0,1] — R9, for r
small enough, it turns out that the image of an optimal curve with length Z(f) for the uniform
distribution on an r-enlargement of Imf is necessarily Imf. More specifically, the radius r must
not exceed the reach of Imf.

The reach of a set A C R? is the supremum of the radii p such that every point at distance at
most p of A has a unique projection on A. More formally, following |[Federer| (1959)), we define for
AcCR?

reach(A) =sup {p > 0| Vz € RY d(z,A)<p=>3acA d(z,a)= d(z,A)} €0, +o0].

The question of the optimality of the generative curve when considering the uniform distribution
on an enlargement has been first addressed in dimension d = 2 in|Mosconi and Tilli| (2005]). Observe
that related ideas can be found in |Genovese et al.| (2012)). Our proof in arbitrary dimension d > 1
relies on arguments in [Federer| (1959), which moreover allow to show uniqueness.
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Theorem 5.1. Let f : [0,1] — R? be a curve. Suppose that f is injective, differentiable, f' is
Lipschitz, and there exists ¢ > 0 such that || f'(t)|| > ¢ for all t € [0,1]. Then, the reach of Imf is
positive. Let r € (0, reach(Imf] and let X be a random vector uniformly distributed on Imf & r.
Consider a function V : [0,00) — [0,00) continuous, increasing and such that V(0) = 0. Then, for
every curve g : [0,1] — R such that £(g) < Z(f) one has

E[V (d(X, Imf))] < E[V (d(X, Img))].
with equality if and only if Img = Imf.

The proof of the theorem is based on two lemmas. For k > 1, Ax denotes the Lebesgue measure
on R¥ and ay the volume of the unit ball in R*. From (Mosconi and Tilli, 2005, Lemma 42), we
have the next result.

Lemma 5.1. Let A be a compact connected subset of R with H'(A) < oo. Then for all v > 0
one has
M(A®7) <HY (A)ag 1777 + agrd.

Lemma 5.2. Let f:[0,1] = R? be a curve. Suppose that f is injective, f is differentiable, f' is
Lipschitz, and there exists ¢ > 0 such that ||f'(t)|| > ¢ for allt € [0,1]. Then, the reach of A = Imf
is positive and for all r < reach(A) one has

N(A@7r)=ZL(fag_1ri ! + agr? (33)

Moreover, one has
{xeAdr|d(z,0Aar))>r} C A (34)

Proof. The assumptions on f imply that there exists ¢ > 0, a set B C R? and a function ¢ :
(=e,1+¢) — B such that ¢ is bijective, ¢ = f on [0,1], ¢ is differentiable, ¢’ is Lipschitz
and ¢! is Lipschitz. From (Federer, 1959, Theorem 4.19), we deduce that reach(A) > 0. For
r € (0,reach(A)), equality follows from (Federer; |1959, Theorem 5.6 & Remark 6.14). For
r = reach(A), we can write

ZL(fagar®™t +agr? = lim M(A® (r—1/n)) =X({z e R | d(z, A) < 1})
and A\g(A @ 1) < ZL(f)ag—1m""1 + agr? by Lemma Thus, equality holds.

Now, we prove . Let x € A® r such that d(z,@(A &3] r)) > r. According to (Federer; (1959
Corollary 4.9), if 0 < s < reach(A) and A/, = {y € R¢ | d(y, A) > s} then

d(y,AL) = s —d(y,A) whenever 0 < d(y, A) < s.

Suppose that d(z,A) > 0, then for all s € [d(x, A),r) one has d(x,A) = s — d(z, A}). Since
lim,_,, d(z, A}) = d(z, AL) = d(z,0(A@r)), one gets d(z, A) < 0. This proves that = € A.
O

Proof of Theorem[5.1, We set A = Imf and B = Img. On the one hand, denoting by V! the
inverse of V' : [0,00) — [0,V (00)),

E[V(d(X,B))] = /OOOJP[V(d(X,B)) > t]dt

- /OV(OO) (1 — P(d(X, B) < V—l(t)))dt

V(c0) N((BaVi®)n(Aor))
= A (1- Aa(ADT) Ja

On the other hand, for t < V(r), by Lemma and equation , one gets

M(BoVrH)Nn(Aer) < (BaV (1) <H'(Img)as_1V ) +agV (1)
< ZL(flag V)T radV I = M(Ae VTHR)). (35)
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Therefore, for all ¢ € [0,V (00)),

M((BoV-iH)n(Aar) (A VL))
b Aa(A @) = [1_)‘CI(A®7')]+.

Consequently,

Aa(Ae Vi)

V(r)
E[V(d(X, B))] > /0 (1 e )dt:E[V(d(X,A))].

Suppose that E[V (d(X, B))] = E[V(d(X, A))]. Then, we have
M(A@r) =X ((BaV )N (Aar)) dt—ae. on [V(r),+00).

By right continuity with respect to ¢, we obtain that Ay (A O r) = )\d((B er)n(Aa® r)) From the
chain of inequalities with ¢ = V(r), we deduce that Z(f) = H!(Img) and

M((Aor)n(Bar)) = ((Aer)*Nn(Bar)) =0.

Let us show that A ®r = B @ r. Suppose that (A@® r) N (B ® r)¢ # 0. Then one can find
r € R? and a € A such that d(x,a) < r and d(z,B) > r. Set y =z — e(z — a) where 0 < ¢ < 1
and € < d(z,B)/r — 1. One has d(y,a) < r —er < r and d(y,B) > d(z,B) —er > r. Thus y
belongs to the interior of (A ® ) N (B @ r)® which implies Aq((A @ r) N (B ®r)°) > 0. Therefore
(A®dr)Nn (B @ r)° = (. Similarly one can prove that (A@r)*N(Badr) = 0.

Finally, from , we deduce that

Bc{zeBor|d(z,0Bo®r)>rt={zcAdr|dxdA®dr)) >r}C A

Since Z(f) = H'(Img), this implies that A = B. O

5.2 Uniform distribution on a circle

In this section, we investigate the principal curve problem for a particular distribution, the uniform
distribution on a circle.

Proposition 5.1. Consider the unit circle centered at the origin with parameterization given by
g(t) = (cos(2mt), sin(27t))

fort € [0,1]. Let U be a uniform random variable on [0,1] and let X = g(U). Then, for every

L < 2w, the circle centered at the origin with radius o is the unique closed principal curve with
T
length L for X.

Proof. Let f:[0,1] — R? be an optimal closed curve with length L. We denote by K the convex
hull of Imf. Since Imf is compact, K is a compact convex set (consequence of Caratheodory’s
theorem; see, e.g., Hiriart-Urruty and Lemaréchal (2012))). Notice that Imjf is included in the
unit disk: indeed, if not, since f is a closed curve, with Z(f) < 2, there exist u; and ug, such
that f(u1) and f(ug) belong to the unit circle and the arc ¢ € (uq,u2) — f(t) is outside the disk,
which is not optimal since replacing this arc by the corresponding unit circle arc yields a better
and shorter curve. In turn, the convex hull K is also included in the unit disk, by convexity of the
latter. Let mx : R? — K denote the projection onto K et define the curve h by h(t) = 7k (g(t))
for t € [0,1]. By this definition of h as projection of the unit circle on a set included in the unit

disk containing Imf, we have
A(h) < A(f).

e Let us prove that i has length at most L. First, note that h has finite length, since g is
Lipschitz. By properties of the projection on a closed convex set, we know that the set of
points of R? projecting onto a given element of the boundary 0K of K is a cone. This ensures
that h : [0,1] — JK is onto, because a cone with vertex in the unit disk intersects the unit
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circle Img at least once. More specifically, if the cone reduces to a half-line (degenerated
case), then it intersects Img exactly once. Otherwise, the cone is the region delimited by
two distinct half-lines with common origin in the disk, and, thus, contains an infinity of such
distinct half-lines, each of them intersecting Img once. Hence, for every v € Imh, there is
either one ¢ such that v = h(¢), or an infinity.

We will use Cauchy-Crofton’s formula on the length of a curve (for a proof, see, e.g., |Ayari
and Dubud| (1997))). Let d, ¢ denote the line with equation x cosf + ysind = r. For every

curve ¢ = (¢', %), if

Ny (r,0) = Card({t € [0,1],0(t) € dp}) = Card({t € [0,1], " () cos 0 + ©*(t)sin 0 = r}),

1 27 o]
- / / N (r,0)drd.
4 0 —00

Let us compare Ny (r,0) and Ny(r,0) for (r,0) € R x [0,27]. To begin with, note that
Np(r,0) is finite almost everywhere since h has finite length. So, we need only consider the
cases where Np,(r, ) is finite. This allows to exclude the points v € Imh such that h=({v})
is infinite, as well as the cases where a line d, 9 and Imh have a whole segment in common.
Observing that, if the line d, ¢ does not intersect Imh, then it does not intersect Imf either,
since Imh is the boundary of the convex hull of Imf, it remains to look at the two following
cases for comparing Ny, (r,8) and N (r,6).

then the length of ¢ is given by

— If the line d,  intersects Imh at a single point, then this point belongs to Imf.

— If the line d, ¢ intersects Imh at exactly two points, then Imf crosses the line. If Imf
were located on one side of the line, K were not the convex hull. Since f is a closed
curve, Imf crosses the line at least twice.

So, Ny (r,0) < Ny(r,0) almost everywhere, that is Z(h) < Z(f) = L.

Now, observe that Imh C Imf. Indeed, otherwise, there exists ¢ € [0, 1] such that h(t) ¢ Imf,
which means that d(g(t),Imf) > d(g(t), K). By continuity this implies that d(g(s),Imf) >
d(g(s), K) for all s in a non-empty open set and one obtains that A(h) < A(f). By optimality
of f, this is not possible since £ (h) < L.

Since Imh C Imf and Z(f) = L, to obtain that Imf is the circle with center (0,0) and
radius L/2m, it remains to show that Imh is the circle with center (0,0) and radius L/2w. Let
6 € [0,1] and let Ay : R? — R? denote the rotation with center (0,0) and angle 276. We set
ho(t) = ma,(x)(g(t)), for every t € [0,1]. Since hy(t) = AQOﬂ'K(Ag_l(g(t))) = Agorrk (g(t—0)),
hg is a curve with same length as h. Moreover, Ay(X) has the same distribution as X, so
that

E [[|X = ma,0) (X)I?] = E [|46(X) = ma, (1) (Ao (X)) 7]
E [[|Ao(X) — Ag(mr (X))|1?]
E

[I1X — 7 (X)]I] -

By strict convexity, we deduce from this equality that, if P (’/TAQ(K)(X) #* Tk (X)) > 0, then
E [ X — (mx(X) + ma,00) (X)) /2II°] < A(R).

Since the random variable (7x(X) + m4,(x)(X))/2 takes its values in the image of the
curve (h + hg)/2 with length smaller than Z(h) < L, that is not possible. Consequently,
Tay(k)(X) = 7 (X) almost surely. In other words, 74,(x)(g(t)) = h(t) for almost every
t € [0,1], and, thus, by continuity, he(t) = h(t) for every t € [0,1]. For ¢ € [0,1], let 6 = ¢.
We have h(t) = hi(t) = Ar o mx(9(0)) = A¢(h(0)). Since A(f) = A(h) and Z(h) < L,
Z(h) = L. Hence, Imh is the circle with center (0,0) and radius L/2.
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Remark 9. Observe that radial symmetry of a distribution is not sufficient to guarantee that a given
circle will be a constrained principal curve for this distribution. Let us exhibit two counterexamples.

e Let p > 0 and let U denote the uniform distribution on the unit circle. Consider a random
variable X taking its values in R?, distributed according to the mixture distribution

Pdo,0) + (1 —pU,

where d(g 0y stands for the Dirac mass at the origin (0,0). Then, for every circle with center
(0,0) and radius r € (0,1], because of the atom at the origin, the projection of X on the
circle is not unique almost surely, which implies, thanks to Proposition[3.1] that none of these
circles may be a constrained principal curve for X.

e We consider the case where X is a standard Gaussian random vector in R2. Lemma [3.2]
ensures that the circle with center (0,0) and radius E[|| X ||] = \/7/2 cannot be a constrained
principal curve for X because it is self-consistent.
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