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AN AVERAGED PROJECTED ROBBINS-MONRO ALGORITHM FOR
ESTIMATING THE PARAMETERS OF A TRUNCATED SPHERICAL
DISTRIBUTION

ANTOINE GODICHON-BAGGIONI AND BRUNO PORTIER

ABSTRACT. The objective of this work is to propose a new algorithm to fit a sphere
on a noisy 3D point cloud distributed around a complete or a truncated sphere. More
precisely, we introduce a projected Robbins-Monro algorithm and its averaged version
for estimating the center and the radius of the sphere. We give asymptotic results such
as the almost sure convergence of these algorithms as well as the asymptotic normality
of the averaged algorithm. Furthermore, some non-asymptotic results will be given,
such as the rates of convergence in quadratic mean. Some numerical experiments
show the efficiency of the proposed algorithm on simulated data for small to moderate
sample sizes.

Keywords. Projected Robbins-Monro algorithm, Sphere fitting, Averaging, Asymptotic
properties.

1. INTRODUCTION

Primitive shape extraction from data is a recurrent problem in many research fields
such as archeology [Thom, 1955|, medicine [Zhang et al., 2007], mobile robotics [Martins et al., 2008],
motion capture [Shafiq et al., 2001] and computer vision [Rabbani, 2006, [Liu and Wu, 2014].
This process is of primary importance since it provides a high level information on the
data structure.

First works focused on the case of 2D shapes (lines, circles), but recent technologies
enable to work with three dimensional data. For instance, in computer vision, depth
sensors provide 3D point clouds representing the scene in addition to usual color images.
In this work, we are interested in the estimation of the center 1 € R? and the radius
r > 0 of a sphere from a set of 3D noisy data. In practical applications, only a discrete
set of noisy measurements is available. Moreover, sample points are usually located only
near a portion of the spherical surface. Two kinds of problem can be distinguished:
shape detection and shape fitting.

Shape detection consists in finding a given shape in the whole data without any
prior knowledge on which observations belong to it. In that case, the data set may
represent several objects of different nature and may therefore contain a high num-
ber of outliers. Two main methods are used in practise to solve this problem. The
Hough transform [Abuzaina et al., 2013] performs a discretization of the parameter

space. Each observation is associated to a set of parameters corresponding to all
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possible shapes that could explain the sample point. Then, a voting strategy is ap-
plied to select the parameter vectors of the detected shapes. The advantage of this
method is that several instances of the shape can be detected. However, a large
amount of memory is required to discretize the parameter space, especially in the
case of three dimensional models. The RANSAC (RANdom SAmple Consensus) par-
adigm [Fischler and Bolles, 1981 [Schnabel et al., 2007] is a probabilistic method based
on random sampling. Observations are randomly selected among the whole data set and
candidate models are generated. Then, shapes can be detected thanks to an individual
scoring scheme. The success of the method depends on a given probability related to
the number of sampling and the fraction of points belonging to the shape.

The shape fitting problem assumes that all the data points belong to the shape.
For example, spherical fitting techniques have been used in several domains such as
industrial inspection [Jiang and Jiang, 1998], GPS localization [Beck and Pan, 2012],
robotics [Von Hundelshausen et al., 2005] and 3D modelling [Tran et al., 2015]. Geo-
metric and algebric methods have been proposed [Landau, 1987, [Rusu et al., 2003,
Al-Sharadqah, 2014] for parameters estimation. Moreover, let us note that fitting meth-
ods are generally applied for shape detection as a post-processing step in order to refine
the parameters of the detected shapes [Tran et al., 2015].

In a recent paper, Brazey and Portier [Brazey and Portier, 2014] introduced a new
spherical probability density function belonging to the family of elliptical distributions,
and designed to model points spread near a spherical surface. This probability density
function depends on three parameters, namely a center 1 € R3, a radius r > 0 and a dis-
persion parameter o > 0. In their paper, the model is formulated in a general form in R
To estimate p and 7, a backfitting algorithm (see e.g. [Breiman and Friedman, 1985])
similar to the one used in [Landau, 1987] is employed. A convergence result is given
in the case of the complete sphere. However, no result is established in the case of a
truncated sphere while simulations showed the efficiency of the algorithm.

The objective of this work is to propose a new algorithm to fit a sphere on a noisy 3D
point cloud distributed around a complete or a truncated sphere. We shall assume that
the observations are independent realizations of a random vector X defined as

(1.1) X = p+rWUg,

where W is a positive real random variable such that E [W]| = 1, Ug is uniformly dis-
tributed on a measurable subset €2 of the unit sphere of R?, W and Uy, are independent.
Parameters i € R3 and r > 0 are respectively the center and the radius of the sphere
we are trying to adjust to the point cloud. Random variable 1 allows to model the
fluctuations of points in the normal direction of the sphere. When () coincides with the
complete sphere, then the distribution of X is spherical (see e.g. [Muirhead, 2009]).
Indeed, if we set Y = (X — p)/r, then the distribution of Y is rotationally invariant.
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We are interested in estimating center i and radius r. As ||Uq|| = 1, we easily deduce

from (1.1) that

(1.2) M:EPFW%E%]

(1.3) ro= E[X —ull.

It is clear that from these two equations, we cannot deduce explicit estimators of pa-
rameters 1 and r using the method of moments since each parameter depends on
the other. To overcome this problem, we can use a backfitting type algorithm (as in
[Brazey and Portier, 2014]) or introduce a recursive stochastic algorithm, which seems
well-suited for this problem since equations and can also be derived from the
local minimization of the following quadratic criteria

(1.49) Gl r) = B [(1X — pll = r)?].

Stochastic algorithms, and more precisely Robbins-Monro algorithms, are effective and
fast methods (see e.g. [Duflo, 1997, [Kushner and Yin, 2003| [Robbins and Monro, 1951]).
They do not need too much computational efforts and can easily be updated, which make
of them good candidates to deal with big data for example. However, usual sufficient
conditions to prove the convergence of this kind of algorithm are sometimes not satisfied
and it is necessary to modify the basic algorithm. We can, for example, introduce a
projected version of the Robbins-Monro algorithm which consists in keeping the usual
estimators in a nice subspace with the help of a projection. Such an algorithm has been
recently considered in [Bercu and Fraysse, 2012 and [Lacoste-Julien et al., 2012].

In this paper, due to the non global convexity of function G, we estimate parameters
i and r using a projected Robbins-Monro algorithm. We also propose an averaged
algorithm which consists in averaging the projected algorithm. In general, this averaged
algorithm allows to improve the rate of convergence of the basic estimators, or to reduce
the variance, or not to have to make a good choice of the step sequence, which can be
as exhaustive as to estimate the parameters. It is widely used when having to deal with
Robbins-Monro algorithms (see [Polyak and Juditsky, 1992] or [Pelletier, 1998] amoung
others).

This paper is organized as follows. In Section 2, we specify the framework and as-
sumptions. After a short explanation on the non-convergence of the Robbins-Monro
algorithm, the projected algorithm and its averaged version are introduced in Section 3.
Section 4 is concerned with the convergence results. Some simulation experiments are
provided in Section 5, showing the efficiency of the algorithms. Proofs of the different
results are postponed in Appendix.

2. FRAMEWORK AND ASSUMPTIONS

We consider in this paper a more general framework than the one described in the
introduction. Let X be a random vector of R? with d > 2. Let F denotes the distribution
of X. We assume that X can be decomposed under the form

(2.1) X = p+rWU.
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where € R%, r > 0, W is a positive real continuous random variable (and with a
bounded density if d = 2), Ug is uniformly distributed on a measurable subset €2 of the
unit sphere of R%. Moreover, let us suppose that W and Uy, are independent.

Model allows to model a point cloud of R? spread around a complete or truncated
sphere of center ;1 € R? and radius » > 0. Random vector U, defines the position of
the points on the sphere and random variable W defines the fluctuations in the normal
direction of the sphere. As mentioned in the introduction, when €2 is the complete unit
sphere, then the distribution of X is spherical.

When W satisfies the condition E [W] = 1, the radius 7 is identifiable and can be di-
rectly estimated. Indeed, since ||Ug|| = 1, then | X — p|| = rWand E[|| X — ul|] = rE[W] = r.
However, this condition is sometimes not satisfied (as in [Brazey and Portier, 2014]) and
only 7 := rE [W] can be estimated. Therefore, in what follows, we are interested in

estimating 6 := (u”, r*)T, which will be denoted by (j,7*) for the sake of simplicity.
We suppose from now that the following assumptions are fulfilled:
e Assumption [Al]. The random vector X is not concentrated around u:

E [|IX - %] < oc.

e Assumption [A2]. The random vector X admits a second moment:

E [|1X — Y] < oc.

These assumptions ensure that the values of X are concentrated around the sphere
and not around the center p, without in addition too much dispersion. This framework
totally corresponds to the real situation that we want to model. Moreover, using ,
Assumptions [Al] and [A2] reduce to assumptions on 1. More precisely, [Al] reduces
to E [W2] < co and [A2] to E [W?] < oo,

Let us now introduce two examples of distribution allowing to model points spread
around a complete sphere and satisfying assumptions [Al] and [A2].

Example 2.1. Let us consider a random vector X taking values in R with a distribution
absolutely continuous with respect to the Lebesgue measure, with a probability density
function fs defined for all 6 > 0 by

Cq

fs(z) = T Ye—pl/repn—6, 146}

where Cy is the normalization constant. Then, we can rewrite X under the form
with Ug =U, W ~U([1 — 0,14 6]) and E [W] =1 for any § > 0.

(2.2)

Example 2.2. Let us consider the probability density function introduced in [Brazey and Portier, 2014].
It is defined for any x € R¢ by

(2.3) f(z) = K4 exp (—%‘Q(Hx —ul| - T)Q) :
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where K, is the normalization constant. Then, a random vector X with probability
density function f can be rewritten under the form (2.1), with E [W] # 1, but E[W] is
closed to 1 when the variance o is negligible compared to the radius r.

To obtain points distributed around a truncated sphere, it is sufficient to modify the
previous densities by considering densities of the form fq(x) = C’ﬁf(x)]l{(x _u)e ﬁ}

where () is the set of points of R? whose polar coordinates are given by (p,01,...,04 1 €
R% x ©) where O defines the convex part 2 of the surface of the unit sphere of R? we
want to consider.

3. THE ALGORITHMS

We present in this section two algorithms for estimating the unknown parameter ¢
which can be seen as a local minimizer (under conditions) of a function. Indeed, let us
consider the function G : RY x R — R defined for all y = (z,a) € R? x R% by

1 1
(3.1) Gly) = FE[(IX-zl-a?] = FElg(X,9)],
where we denote by g the function defined for any 2 € R? and y = (2,a) € R? x R*
by g(x,y) = (|| — z|| — a)®. The function G is Frechet-differentiable and we denote
by @ its gradient, which is defined for all y = (z,a) € R?x R% by
z—X

z—E[X]—aE | ——

(32) @(y) :=VG(y) =E[Vyg9(X,y)] = X |z — X||}
a—Ef[lz - X|].

From (2.1)) and definition of 6 = (u,r*), we easily verify that VG(0) = 0. Therefore,
since 6 is a local minimizer of function G (under assumptions) or a zero of VG, an idea
could be to introduce a stochastic gradient algorithm for estimating 6.

3.1. The Robbins-Monro algorithm.

Let (X,,)n>1 be a sequence of independent and identically distributed random vectors
of R? following the same law as X and let (7,),>1 be a decreasing sequence of positive
real numbers satisfying the usual conditions

(3.3) Z% =00 and Zﬁ < o0.
n>1 n>1

When the functional G is convex or verifies nice properties, a usual way to estimate the
unknown parameter 6 is to use the following recursive algorithm

(3.4) Ons1 = 0n — Yn Vyg(Xng1,0n),

with 0; chosen arbitrarily bounded. The term V¢ (X,,+1, 6,,) can be seen as an estimate
of the gradient of G at 6,,, and the step sequence (+y,) controls the convergence of the
algorithm.

The convergence of such an algorithm is often established using the Robbins-Siegmund’s
theorem (see e.g. [Duflo, 1997]) and a sufficient condition to get it, is to verify that for
any y € R* x R%, (®(y),y — 0) > 0 where (.,.) denotes the usual inner product and
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||.|| the associated norm. However, we can show that this condition is only satisfied for
y belonging to a subset of R? x R* to be specified. Thus, if at time (n+ 1), the update
of 6,, (using (3.4))) leaves this subset, then it does not necessarily converge. Therefore,
we have to introduce a projected Robbins-Monro algorithm.

3.2. The Projected Robbins-Monro algorithm.

Let K be a compact and convex subset of R? x R* containing § = (p,7*) and let
7 :RY x R* — K be a projection satisfying

(3.5) vy, g’ €RXRY, Im(y) — 7))l < ly — v/l
' Yy ¢ KK, m(y) € OK

where OKC is the frontier of K. An example will be given later.

Then, we estimate 6 using the following Projected Robbins-Monro algorithm (PRM),
defined recursively by

(3.6) §n+1 = <§n — M Vyg <Xn+1, @L)) ,

where 51 is arbitrarily chosen in /C, and (7,) is a decreasing sequence of positive real
numbers satisfying (3.3)).

Of course the choice of subset X and projector 7 is crucial. It is clear that if K is
poorly chosen for a given projector, the convergence of the projected algorithm towards
0 will be slower, even if from a theoretical point of view, we shall see in the next
section dedicated to the theoretical results, that this algorithm is almost the same as
the traditional Robbins-Monro algorithm since the updates of gn ie. the quantities
(é\n — T Vy g(XnH, gn)) leave KC only a finite number of times.

Let us now discuss the choice of K and 7. The choice of K is directly related to the
following assumption that we introduce to ensure the existence of a compact subset on
which the scalar product (®(y),y — ) is positive.

e Assumption [A3]. There are two positive constants R, and R, such that for
all y = (z,a) € B(u, R,) x B(r*, R,.),

1— ||E[U|I? /A
(3.7) sup Amax(I'(2)) < ”* [39”’ / ,
z€B(p,Ry) r +§RT

with A such that ||E [Ug]]|* < A < 1, and Apax(M) denotes the largest eigen-
value of matrix M, and

) =5 ety (v SR

Remark 3.1. The less the sphere is troncated, the more | E [Ug]|| is close to 0 and the
constraints on I, and R, are relaxed. In particular, when the sphere is complete,
ie. Ug = U where U denotes the random vector uniformly distributed on the whole
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unit sphere of R?, then E [Ug] = 0 and Assumption [A3] reduces to

1
sup /\max (F(Z)) < R
zeB(u,Ry) rt+ §Rr

The main consequence of Assumption [A3] is the following proposition which is one
of the key point to establish the convergence of the PRM algorithm.

Proposition 3.1. Assume that [Al] to [A3] hold. Then, there is a positive constant ¢
such that for all y € B(p, R,,) x B(r*, R,),

(®(y),y —0) > clly— 6>

Proof. The proof is given in Appendix [Al O

Assumption [A3] is therefore crucial but only technical. It reflects the fact that the

sphere is not too much truncated and that the points are not too far away from the
sphere which corresponds to the real situations we want to model.
In a general framework, this technical assumption is difficult to verify since it requires to
specify the distribution of X. In the case of distribution of Example with § < 1/10,
we can easily exhibit constant R, and R,. Indeed taking R, = R, = 7*/10, then
assumption [A3] holds. When the distribution of X is compactly supported with a
support included in [1 — §,1 + ¢], it is fairly easy to find the constants provided that §
is small enough. It is quite more difficult when dealing with distribution of Example [2.2]
Nevertheless, topological results can ensure that these constants exist.

From constants R, and R, of Assumption [A3], it is then possible to simply define
a projector 7 which satisfies condition (3.5)). Indeed, let us set K = K, x K, with
K, = B(u,R,) and K, = B(r*, R,), and define for any y = (z,a) € R? x R% by
7(y) = (mu(=). 7, (a)), with

2 if z€ IC,
Tul2) = + R, ) otherwise
|2 = pll
and
a if a € ICy,,
m(a) = r+ RTM otherwise
=]

Such projector satisfies the requested conditions. However, it is clear that this projector
can not be implemented since 1 and r* are unknown. We shall see in the simulation
study how to overcome this problem.

We suppose from now that K is a compact and convex subset of B(y, R,,) x B(r*, R,.)
such that § € IC, but 6 ¢ 0K, where OK is the frontier of I, i.e there is a positive
constant dy,;, such that B (6, dwm) C K.
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3.3. The averaged algorithm.

Averaging is a usual method to improve the rate of convergence of Robbins-Monro
algorithms, or to reduce the variance, or finally not to have to make a good choice of the
step sequence (see [Polyak and Juditsky, 1992]), but for the projected algorithms, this
method is not widespread in the litterature. In this paper, we improve the estimation
of § by adding an_averaging step to the PRM algorithm. Starting from the sequence
(0,)n>1 given by , we introduce for any n > 1,

_ 1 e~
Qn = - Z eka
(ymt
which can also be recursively defined by
_ _ 1 ~ —_ _ ~
(3.8) Ot =B+ —— (i1 =0,), and 0y =01,
We shall see in the following two sections, the gain provided by this algorithm.

4. CONVERGENCE PROPERTIES

We now give asymptotic properties of the algorithms. All the proofs are postponed in
Appendix [B] The following theorem gives the strong consistency of the PRM algorithm
as well as properties on the number of times we really use the projection.

Theorem 4.1. Let (X,,) be a sequence of iid random vectors following the same law as
X. Assume that [Al] to [A3] hold, then

lim |6, — 6] =0 a.s.
n—oo

Moreover, the number of times the random vectors é\n — mVyg (Xn+1,«/9\n> do not
belong to K is almost surely finite.

The following theorem gives the rate of convergence in quadratic mean and the
LP rates of convergence of the PRM algorithm (under conditions) as well as an up-
per bound of the probability that the random vector §n — MVyg (Xn+1, gn) does not
belong to K.

Theorem 4.2. Let (X,,) be a sequence of iid random vectors following the same law
as X. Assume that [AI] to [A3] hold and consider a step sequence (7y,) of the form
Yo = cyn~%, with ¢, > 0 and « €]1/2,1[. Then, there is a positive constant C such
that for alln > 1,
2} C
S ——

ne’

Moreover, for all positive integer p such that E [||X — /LHQP} < 00, there is a positive
constant C;, such that for all n > 1,
<G

npo

~

0, — 0
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and for all n > 1,

P (B =10V (Xui00) £ K] < dzpo” ,

npo

where dyi, = inf cox {||y — 0|} and OK is the frontier of K.

We now focus on the asymptotic behavior of the averaged algorithm. First of all,
applying Theorem [4.1] and Toeplitz's lemma for example, we easily obtain the strong
consistency of the averaged estimator 6,,. Introducing the following assumption, we can
specify its rate of convergence in quadratic mean as well as its asymptotic normality.

e Assumption [A4]. The Hessian of G at 6 = (u, r*), denoted by I'y and defined

by
e P = =
dheri !

is a positive definite matrix.

Note that thanks to topological results, this assumption also implies Proposition (3.1
but is not useful to obtain the constants R, and R,. Nevertheless, this assumption is
crucial to establish the results of the two following theorems but it is satisfied as soon
as the sphere is not too much truncated and the dispersion around the sphere not too
important which corresponds to the real situations encountered. Using model , Iy
rewrites under the form

When the sphere is complete, ie. Ug = U, then E [Ug] = 0, E [Ua US| = (1/d)1, and
Amin(Tg) > 0 as soon as § < d/(d — 1). In the case of distribution of Example 2.1} we
have 5 = (log(1+40)—log(1—¢))/(25) and [A4] is satisfied as soon as § is small enough.
In the case of distribution of Example 2.2 [A4] is satisfied as soon as r >> 0. When
the sphere is not complete, we can easily show that a sufficient condition to ensure [A4]
is Amin (Var [Ug]) < 1 — 1/, where Var [Ug] is the covariance matrix of the random
variable Ug. In the case of the half sphere and d = 3, we have A\, (Var [Ug]) = 1/12
and Ty is definite positive as soon as § < 12/11. This condition holds for distribution
of Example [2.1) with § < 0.4 for instance, and distribution of Example [2.2| as soon as
r>=>>o0.

Theorem 4.3. Let (X,,) be a sequence of iid random vectors following the same law
as X. Assume that [A1] to [A4] hold and consider a step sequence (v,) of the form
Yo = cyn~%, with ¢, > 0 and o €]1/2,1]. Moreover, suppose that E[|| X — u||'*] < occ.
Then there is a positive constant C' such that for alln > 1,

E (3. - o] < -

n
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With respect to results of Theorem [4.2] we clearly improve the rate of convergence
in quadratic mean. Note that the computed rate is the optimal one for such stochastic
algorithms. We finally give a central limit theorem which can be useful to build confidence
balls for the different parameters of the sphere.

Theorem 4.4. Let (X,,) be a sequence of iid random vectors following the same law
as X and let us choose the step sequence (,) of the form , = c¢,n~%, with ¢, > 0
and o €]1/2,1[. Assume that [A1] to [A4] hold and suppose that E[||X — u]|"] < oo.
Then (0,) satisfies

(4.2) \/ﬁ(én—e)w—gof\f(orlzr h
with

= X) IR S
CEINEESS 1 K sl B N T

= lp = X = [l = X

From result (4.2)) of Theorem [4.4] we easily derive that
(4.4) VST, (0, — 0) <5 N(0,1411) .

n—oo

Therefore, in order to build confidence balls or statistical tests for the parameters of the
sphere, matrices ['y and > must be estimated.

Let us decompose #,, under the form (Zn,Zn) where Z,, € R? estimates the center 1
and A, € R}, the radius 7%, and let us denote U, := (X, — Z,,)/ || X,, — Z,||. Then we

can estimate I'y and X by fn and in iteratively as follows

AU, Ul U,
IIXn Z] 1>,

Ay
nl, = (n— Dl + < (1 ||Xn—zn||> la+
X, — Zn+ A, U)(Xn—?n+ZnUn)T

nin:n—lzn —|—< i n
(= DZa (7 yx,— 2z )\ & - X, — 20

where 21 = Id+1 and F1 = I,y1 to avoid usual problems of invertibility. It is not hard
to show that F and E respectively converge to I'y and ¥ and then deduce that

(4.5) Qui= VST, (00— 0) = N (0, 1411).

The simulation study of the next section will illustrate the good approximation of the
distribution of (),, by the standard gaussian for moderate sample sizes.

5. SOME EXPERIMENTS ON SIMULATED DATA

We study in this section the behavior of the PRM and averaged algorithms on sim-
ulated data in the case d = 3, for small to moderate sample sizes. This section first
begins with the specification of the compact set involved in the definition of the PRM
algorithm which is of course a crucial point. We then study the performance of the
two algorithms in the case of the whole sphere with the distributions of Examples
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and 2.2] Finally, we consider the case of the truncated sphere (a half-sphere) and we
compare our strategy with the one proposed by [Brazey and Portier, 2014].

In this simulation study, we shall always consider the same sphere defined by its center
p=(0,0,0)" and its radius r = 50. In addition, to reduce sampling effects, our results
are based on 200 samples of size n. Finally, let us mention that simulations were carried
out using the statistical software R (see R Core Team, 2013).

5.1. Choice of the compact set and of the projection. We discuss here the crucial
point of the choice of the compact set K and of the projection 7 involved in the definition
of the PRM algorithm. The main problem is to find a compact set containing the
unknown parameter . We propose to build a preliminary estimation of #, using a
geometric approach which consists in finding the center and the radius of a sphere of R3
from 4 non-coplanar distinct points. We denote by (119, 7o) this initial estimate of 6. From
this estimate, we define the compact set KC by K := IC,,, XK, with IC,,, := B0, r0/10)
and KC,, := B(r9,79/10), where the choice of the value /10 for the radius of the balls
is justified by the discussion about Assumption [A3] in Section 3.2. We then define the
projector 7 as follows: for any y = (z,a) € R® x R%, we set 7(y) := (m,,(2), 7o (a))
with

z if z € IC,uo
Mo (2) 1= 4 g 0 B0 e
10 ||Z — Ho|
and
a ifac ICTO
Trg (a) = o + T—OM otherwise
10 |a — 79|

With this strategy, we can raisonnably hope that if our initial estimate is not too poor,
then the true parameter belongs to K and the quadratic criteria G is convex on K.
We will see below that even if this preliminary estimation is rough, the true parameter
belongs to I and the PRM algorithm improves the estimation of 6.

Let us now describe our strategy to obtain a preliminary estimation of the parameter
0 = (u,r*). Since the data points are spread around the sphere, the estimation of the
parameters from only one quadruplet of points is not robust to random fluctuations. In
order to make the estimation more robust, we consider instead /N quadruplets sampled
with replacement from the first K points of the sample X7, ..., X,,. For each quadruplet,
we calculate the center of the sphere which passes through these four points, which gives
a sequence of centers (1i;);.,.. The initial estimate of the center, denoted by iy, is
then computed as the median point. Finally, we obtain an estimation of the radius by
calculating the empirical mean of the sequence (||X; — pol|)1<i<s0-

A simulation study carried out for various values of K and N in the case of the
whole and truncated sphere, shows that by taking K’ = 50 and N = 200, we obtain a
preliminary estimation of # sufficiently good to ensure that the compact K contains 6.

To close this section, let us mention that although the initial estimate is quite accurate,
it is necessary to project the Robbins-Monro algorithm to ensure the convergence of the
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estimator. Indeed, taking a step sequence of the form v, = ¢,n™“, the results given
in Table [1| show that for some values of ¢, and «, the parameter ¢ is poorly estimated
by the Robbins-Monro algorithm, while the PRM algorithm (Table [2) is less sensitive to
the step sequence choice.

(0%
051 0.6 [0.66]0.75] 0.99
10.27]0.140.090.06 | 0.23
¢, [ 5| 105 | 10° | 10° | 107 | 10°
10| 10° [ 10 | 10™ | 10™ | 10°

TABLE 1. Robbins-Monro algorithm. Errors in quadratic mean of the
200 estimations of the center p for samples of size n = 2000 in the case
of the distribution of Example [2.1]

[0
051 0.6 |0.66]0.75] 0.99
1028015 0.09|0.05| 0.24
¢, [ 5 | 155076048 024005
10322 1.35 | 0.94 | 0.43 | 0.08

TABLE 2. PRM algorithm. Errors in quadratic mean of the 200 estima-
tions of the center p for samples of size n = 2000 in the case of the
distribution of Example [2.1]

In the sequel of the simulation study, we take a step sequence of the form ~,, := n=%/3

(ov = 2/3 is often considered as the optimal choice in the literature).

5.2. Case of the whole sphere. In what follows, we are interested in the behavior of
the PRM and averaged algorithms when samples are distributed on the whole sphere
according to the distribution of Example 2.1 with § = 0.1.

Figure [l shows that the accuracy of the estimations increases with the sample size. In
particular, as expected, the PRM algorithm significantly improves the initial estimations
of the center and the radius (see the first boxplots which correspond to the initial
estimations). Moreover, as expected in the case of the "whole sphere”, we can see that
the three components of the center p are estimated with the same accuracy.
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FIGURE 1. Whole sphere with distribution of Example 2.1 From the
left to the right, boxplots of estimates of i, 11, ft. and r obtained with
the PRM algorithm for different sample sizes.

Let us now examine the gain provided by the use of the averaged algorithm. Figure
shows that for small sample sizes, the performances of the two algorithms are comparable,
but when n is greater than 500, the averaged algorithm is more accurate than the PRM
algorithm. We can even think that by forgetting the first estimates of the PRM algorithm,
we improve the behavior of the averaged algoritm when the sample size is small.

51
1

51

BEE=—E—E==—
AR S i -

50
1
50

49
49

48
48

T T T T T T T T T T
200 200 500 500 1000 1000 1500 1500 2000 2000

BEE=—m—E==—
IR S i .8

T T T T T T T T T T
200 200 500 500 1000 1000 1500 1500 2000 2000

FIGURE 2. Whole sphere with distribution of Example 2.1 Boxplots of
estimates of i, (left) and r (right) obtained with the PRM algorithm (in
red) and with the averaged algorithm (in blue) for different sample sizes.

Finally, let us study the quality of the Gaussian approximation of the distribution of
@, for a moderate sample size. This point is crucial for building confidence intervals or

statistical tests for the parameters of the sphere.

Figure |3| shows that this approximation is reasonable when n = 2000. Indeed, we can
see that the estimated density of each component of @),, is well superimposed with the
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density of the N'(0,1). To validate these approximations, we perform a Kolmogorov-
Smirnov test at level 5%. The test enables us to conclude that the normality is not
rejected for each component of @),,.

04
4
04
4

bl
b
i
0

T T
- -1 1 3 -4 Z O Z2 a4 -4 Z O Z 4 -4 2 a 2

FIGURE 3. From the left to the right, estimated densities of each
components of Qo009 superimposed with the standard gaussian density.

5.3. Comparison with a backfitting-type algorithm in the case of a half-sphere.
In this section, we compare the performances of the averaged algorithm with the ones
of the backfitting algorithm introduced by [Brazey and Portier, 2014]. In what follows,
we consider samples coming from the distribution of Example 2.2 with ¢ = 1, in the
case of the half sphere defined by the set of points whose y-component is positive.

Results obtained with the two algorithms are presented in Figure [l We focus on
parameter s, for the center since it is the more difficult to estimate. We can see that
even if the backfitting (BF for short) algorithm is better than the averaged algorithm, the
performances are globally good, which validates the use of our algorithm for estimating
the parameters of a sphere from 3D-points distributed around a truncated sphere. Recall
that convergence results are available for our algorithm in the case of the truncated
sphere, contrary to the backfitting algorithm for which no theoretical result is available
in that case.
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F1GURE 4. Comparison of averaged and BF algorithms. Boxplots of the
estimates of j, (on the left) and r (on the right), obtained with the BF
algorithm (in blue) and with the averaged algorithm (in red) for the half
sphere in the case of Example 2.2

6. CONCLUSION

We presented in this work a new stochastic algorithm for estimating the center and
the radius of a sphere from a sample of points spread around the sphere, the points
being distributed around the complete sphere or only around a part of the sphere.

We shown on simulated data that this algorithm is efficient, less accurate than the
backfitting algorithm proposed in [Brazey and Portier, 2014] but for which no conver-
gence result is available for the case of the truncated sphere. Therefore, our main
contribution is to have proposed an algorithm for which we have given asymptotic re-
sults such as its strong consistency and its asymptotic normality which can be useful to
build confidence balls or statistical tests for example, as well as non asymptotic results
such as the rates of convergence in quadratic mean.

A possible extension of this work could be to extend the obtained results to the case of
the finite mixture model. This framework has been considered in [Brazey and Portier, 2014]
but no convergence result is established. Proposing a stochastic algorithm for estimating
the different parameters of the model and obtaining convergence results would be a nice
challenge.
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bution to the start of this work. We also would like to thank Peggy Cénac and Denis
Brazey for their constructive remarks and for their careful reading of the manuscript that
allowed to improve the presentation of this work. Finally, we would like to thank Nicolas
Godichon for his help in the creation of Figure 5.
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APPENDIX A. SOME CONVEXITY RESULTS AND PROOF OF PROPOSITION

The following lemma ensures that the Matrix in Assumption [A3] is well defined and
that the Hessian of G exists for all y € R? x R.

Lemma A.1. Assume [A1] holds. If d > 3, there is a positive constant C' such that for
all z € RY,
1
B || <€
(R

Moreover, suppose that W admits a bounded density, then for all d > 2, there is a
positive constant C' such that for all z € R?,

1
E|-———]| <C.
[I\X—ZH]

Note that for the sake of simplicity, we denote by the same way the two constants.

Proof of LemmalA.l Step 1: d > 3
By continuity and applying Assumption [A1], there are positive constants €, C’ such
that for all z € B (u, €),

1
E|——| <C"
[IIX—ZII}

Moreover, let z € R? such that ||z — u|| > ¢, we have

1 Foo 1
E| —— :/ P|X —z|| < =] dt
X — 2| 0 t

M 00
:/ P|X — 2] <t7'] dt+/ PIX -z <t ']at
0 M

< M+/ PI|IX — 2] <t dt,
M

with M positive and defined later. Moreover, let t > M,

PIX =2 <t =P [lu+rWUa— 2] <t]

_p
<SPtz —pl oW <t + |z = pll, (n+rWUQ) N B (2,t7) # 0],

taking M = 2. With previous condition on rW, calculating P [(1n + rWUq) N B (2,t71) # (]
consists in measuring the intersection between a truncated sphere with radius bigger
than ¢/2 with a ball of radius 1, with 1 < £. This is smaller than the surface of the

frontier of the ball (see the following figure).
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S(u. lu-zll+14)

p+rWUQ

S(u, lp-zll-11)

FIGURE 5.

Thus, there is a positive constant k such that for all t > M,

~ k
(A.1) PIX -2 <t7'] < prarg
Finally,

1 9 +oo g

El— | <=2 f——dt
Lw—dd—e+ﬁ =

2 ed—2

- 24-2(d — 2)

We conclude the proof taking C' = max {C", % + k%}

Step 2: d =2 and W admits a bounded density

17

Let fiax be a bound of the density function of W. As in previous case, let = € R such

that ||z — ul| > ¢,

PIX =z <t7') <P[—t7"+ |z —pll <oW <t7 4|l = pl|, (p +rWU) N B (2,671) # 0]
=P [(u +rWUa) N B (2,t7") # Q)‘ —t Tl <TW <t 4|2 - ull}

X P [t 42— pl < W <7z — pll].
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As in previous case, if t > % there is a positive constant & such that for all ¢ > %
P [(u +rWUQ) N B (2,17) # @( Tl — | S PW < |l — || < Rt

Moreover, since fiax is @ bound of the density function of W,

27 finax
t

1 1
Pl-g o+l ull W <+ -l <

Thus, for all ¢t > %

2rfmaxk
27

PIX -z <t7'] <

and in a particular case,

1 2
A2 El—| < -
A2 [T = 2+t

and one can conclude the proof taking C' = max {C”, 2¢™ + kr frax€}. O

Proof of Proposition [3.1, We want to show there is ¢ > 0 such that foranyy = (z,a) € B(u,e,) x B(r*,e,),
P(y) = (y—10, ®(y)) = clly — 0. We have

(A3) FMAPQAJ<(5ﬁ),zEfﬂEfiL§T§ﬁ >-

For any z € R%, let us set F(z) := E[||X — z||] and f(2) := E[(z — X)/ ||z — X]||].
Note that f is the gradient of F'. Using (2.1), we deduce that F'(u) = r*, f(u) = — E[Uq]
and E [X]| = p —r*f(u). Then, (A.3) can be rewritten as

P(y) = llz = pll* + (2 = . f(1)) = alz =, f(2)) + (@ = 17)* = (@ = ") (F(2) = F(u))
=llz = ull” = (a =) (z =, f() = a(z = p, f(2) = f() + (a=1%)° = (a = ") (F(2) = F(n)).

Moreover, using the following Taylor's expansions,

F(2) = F(u) + (= o f(u)) + 5 (= = w) V()= = ),

f(z) = f(n) + (V) 2 — ),
with ¢, € [z, u]. We get

(A4)  Ply) =z~ ulP ~2a—r) ( — w70} — alz ~ W VA=~ p)
Fla—r) = Sa—r)(z = V)=~ 1)

Now, remarking that for any positive constant A and real numbers z,y, we have
2ry < Az + y?/A, we derive

1
P(y) > |lz = ull* = Ala =) = S llz = ul* [ F @I = a [V S (@)l 12 = pll”

* 1 *
+(a=r) =S la=r V)], Iz = ull”
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Let us denote by Ay =  sup  AmaxV.f(2) and choose A such that || f(u)||> = |E[Uo]]* < A < 1.

z2€B(p,ep)
Then, for any z € B(u,€,) and a € B(r*,e,), we have

P2 (1= I = 0+ G20 har ) e =l + (1= A) @ = 7

Finally, using assumption [A3], we close the proof.
O

In order to linearize the gradient in the decompositions of the PRM algorithm and get
a nice decomposition of the averaged algorithm, we introduce the Hessian matrix of GG,
denoted, for all y = (2,a) € R? x R, by ', : RY x R — R¢ x R and defined by :

(A9) 1 (X —2)@ (X — 2) Xz
- fa—ak [m (Id X =P >] ¢ {m}
e[ =3] 1

with, for all 2,2/, 2" € R?, 2 ® 2/(2") = (z,2")2. Applying Lemma , the Hessian
matrix exists for all y € R+

Proposition A.1. Suppose [A1] to [A3] hold, there is a positive constant Cy such that
for all y € IC,

1@(y) = To (y — )] < Colly — ol

Proof of Proposition[A.1l Under Assumption [Al], by continuity, there are positive con-
stants C’, € such that for z € B (u, €),

B | <O
X~y

Moreover, note that for all y € I,

1
(IJ(y) = / F9+t(y79) (y - G)dt.
0

Thus, with analogous calculus to the ones in the proof of Lemma 5.1 in [Cardot et al., 2015],
one can check that there is a positive constant C” such that for all y € B(0,¢) N K,

1@ (y) = Toll < C" |ly — 6]
Moreover, for all y = (z,a) € K and y = (2/,d’) € R? X R,
o 1 (X =22)(X—2) / X—2z
S [HX—ZII (Z X2 )] tak [\\X—zn]

A
Fy(y) - E [(ﬁ();z,z\\’)] +a
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Thus, applying Cauchy-Schwarz's inequality,
1 (X —2,2'Y (X — 2) , X -z
T (y’)Hz: 2 —alE {— (z’— +dE | ———
y X X 2" X

<X_sz/> /2
]E N 7 h
*H {ux—zu e

2

1 2
2 2 2 2 2 2
<3172 +3[lal* ] E[nx H 3+ 2070 + 2]

Thus, applying Lemma [A.T], there are positive constants A;, A, such that

ITy ()11 < Avlly'll + Az [lyl| [[']

Note that since K is compact and convex, there is a positive constant C such that for
ally e K and t €0,1], |0 +t(y — 0)|| < Ck, and in a particular case,

| Tosy—0)(y — 0)|| < (A1 + AsCx) [ly — 0] .

Thus, for all y € KC such that ||y — 6| > €,

1
19(y) — To (y — 0)]] < / Tossyon (y — 0)]] dt
< (A + A,C) Iy — 0]
1
< = (A1 + AyCr) ly — 0>

Thus, we conclude the proof taking Cy = max {C’” (A1 + AQC]C)} O

APPENDIX B. PROOF OF SECTION [4]

Proof of Theorem[4.1l Let us recall that there is a positive constant ¢ such that for all
y e K, (®(y),y —0) > c|ly — 0> The aim is to use previous inequality and the fact

~ 2
s — 0| 17,

and apply Robbins-Siegmund theorem to get the almost sure convergence of the algo-
rithm.

that the projection is 1-lipschitz in order to get an upper bound of E [

Almost sure convergence of the algorithm: Since 7 is 1-lipschitz,

2

-~

6n+1 -0

~

= | (829 (X)) 7 0)
< é\n — T Vyyg (Xn+17 ‘/9\n> - 0H2

— 27, <Vyg (Xn+1,9 ) 9 — 9> + 72

2 2

— |16, —0

V9 (Xn+1, §n>
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Thus, since 60,, is F,,-measurable,

2

~ 2 ~ 2 ~ ~ o~
E [ b1 — 0 ] \]—“n] <lg, = o] =2, <E [Vyg (Xnﬂ, 9n) ‘]—"n] 0, — 9> 4 2R [Hvyg (Xnﬂ, en) F
. 2 R N
— g, — 6| =2, <c1>(9n), 0, — 9> 4 2R [Hvyg (X,m, en) ‘ \]—"n}
N 2 N 2 N
Moreover, let 6, := (Z,, A,) with Z, € R% and A, € R, we have
N\ 12 Zn — Xy 2
E Hvyg <Xn+1a 9n> ‘ |‘Fn =EK Zn - Xn—H - An——H ’]:n +E UA” - ||Z" - X"+1H|2 |f"}
“Zn _Xn+1||

<AE [||1Zy — Xnsa|* |F] +4(4,)
< 8||Zn — pl* +8(r*)? + 8 (A — 1) + 8E [|| 1t — X |21 Fn)

=8 én — 0H2 + 8(r*)* + 8r’E [Wz] )

Let M := 8(r*)? + 8r°E [W?], we have

~ 2 ~ 2 —~ 2
(B.1) IE[ en—eH |]-“n] < (1+892) en—eH ~ 27, en—eH A2 M.

- 2
Applying Robbins-Siegmund’s theorem (see [Duflo, 1997] for instance), ||6,, — HH con-

verges almost surely to a finite random variable, and in a particular case,
ad —~ 2
S |fh 6] < +oo.
k=1

Thus, since >, -, vk = +00,

(B.2) lim

n——+o0o

~ 2
0, — 9H =0 a.s.

Number of times the projection is used

Let N, :== >0, 1{é\k_7kvy(Xk+1»§k)¢K}' This sequence is non-decreasing, and sup-
pose by contradiction that N,, goes to infinity. Thus, there is a subsequence (ny) such
that (NN, ) is increasing, i.e for all £ > 1, é\nk — 1 Vyg (Xnkﬂ,gnk) ¢ IC, and in a
particular case, é\nk+1 € 0K, where OK is the frontier of K. Let us recall that 0 is in
the interior of I, i.e let dp, = infycox |6 — y||, we have dpi, > 0. Thus,

-~

enk+1 - 9H 2 dmin a.s,

and,

lim |[8,, 1 — 9H 0> dpin >0 s,
k—o00

which leads to a contradiction. O
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Proof of Theorem[4.2. Convergence in quadratic mean
The aim is to obtain an induction relation for the quadratic mean error. Let us recall

inequality ,
?|
Then we have

d

and one can conclude the proof with the help of an induction (see [Godichon, 2015] for
instance) or applying a lemma of stabilization (see [Duflo, 1996]).

~ 2
6, — eH + 2 M,

- 2
0, — 0| —2cy,

Oyir — e(f |]-“n] < (1+89)

Opi1 — 0 0, — 0

1 < (1—cvn+8%21)E{

2
} + My,

L” rates of convergence
Let p > 2, we now prove with the help of a strong induction that for all integer p’ < p,
there is a positive constant C), such that for all n > 1,

]E|: 2p':| S Cp'

nr'e’
This inequality is already checked for p’ = 1. Let p’ > 2, we suppose from now that for
all integer k& < p/, there is a positive constant C} such that for all n > 1,

2%
)
n «
We now search to give an induction relation for the L?'-error. Let us recall that
~ 2 N~ ~
On — 9“ — 27 <Vy9 <Xn+1a ‘9n> O — 9> +7 Vg (Xn+1, Hn)

We suppose from now that IE [IW?] < +oo (and in a particular case, E [W*] < +o0
for all integer & < 2p) and let U,,4; :== Vg <Xn+1, @l) We have

2p’ —~ 2 p —~
< ( 0, — 0| +72 |\Un+1||2) —2p’%<en—e,UnH>(

p/ p/ N L
+
> () (
k=2
The aim is to bound each term on the right-hand side of previous inequality. In this
purpose, we first need to introduce some technical inequalities.

~

0, —0

~

0, — 0

| r

/

~

0n+1 —0

(B.3)

2 p'—k
h o
B, =0 2210l

<§n —9, Un+1>

2

[Vaial® < 2|[Vig (Xusr.82)

<16 (2

* 4 oR nyg (Xnﬂ, §n) ]—“n}

~ 2
0, — 9“ +2() + || — X || +7°E [Wﬂ) :

~ 2 ) 5\ 7
0= 6| + 32 10

/
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Thus, applying Lemma A.1 in [Godichon, 2015] for instance, for all integer k& < p/,

1 < 451164 (2’“ i,

2k
+ 28 () | X — )+ (B [Wﬂ)k) :

In a particular case, since for all £ < p, E [W%} < 400, there are positive constants
Ay i, Aa g such that for all n > 1,

] 43k 1 (Qk

(B.4) < Aui |6,

E Tt |7

0 —9H +28 ()’ +r2kE[W2k}+r2k(E[Wﬂ)k>

—|— As .

We can now bound the e expectation of the three terms on the rlght hand side of inequal-
ity . First, since 0n is JF,- measurable, applying inequality (B.4), let

() =E [( o= 8] +210al)”
:E{ b, — zp} +§: (Z) 2 {||Un+1||2k 0, —6”2/ %}
< [fod "]+ 5 (C)e (el ) oo

Let B := Zk L 2F72 A1, using previous inequality and by induction,

ST 2p'_

P’ ! A
<t BRE|[3 "]+ @)ﬁmmﬁ { \
! =

2p’—2k‘:|

2 I 2] d P\ ok Ck
<(L+B7)E | [0 -0 +Z<k)cv Az orema
: 1 k=

B85  <(+BAE||d -0 vo ().

In the same way, applying Cauchy-Schwarz's inequality, let

~ R 2 ) p'-1
<9n - 97 Un+1> ( n + 7721 HUn+1H )

~ ~ 2p’—2
S _2p/7nE |:<0n - 67 Un+1> n :|

= p—1 k
. o
el 3 (7 1) 1l
k=1

(xx) := —2p/v,E

+ 2p’7n]E

2p/—2k]
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Moreover, since @L is Fp,-measurable, applying Proposition ,

0, — 0

2;/—2}

—2p' v, E {<5n -0, Un+1> 0, — 0

2pl2:| _ —2p/’YnE [<f9\n —0.E [Un+1|fn]>

2p’2:|

= —2p”ynE [<¢/9\n -0, ®(§n)> é\" —0

2p':|

0, —0

~

< -2 ey, [ 0, —06

Moreover, since 2ab < a? + b2, let

p’—l /
~ p —1
B = o1l 3 (7 )2
k=1
" 2 2 = p—1 2k
([ o] + 1) X (7 ) 00
k=1
= p—1 2k+2
S plf)/nz < k )ferzk (E |:HUn+1H "

k=1

(") := 2p'y,E

2p’—2k]

< p'yE 0, — 0

2p’2k]

~ 2p’ —2k ok ||~
en—eH CE| Ut |6, — 6

2p’+2—2k:| )

With analogous calculus to the ones for inequality (B.5)), one can check that there is a
positive constant B’ such that for all n > 1,

o] o)

() < 228 |
Thus,
(B.6)

~ 2 p—1
0 — || +72 HUnHH?) ] < (~20'7. + B7}) E [

+0 <%(Lp/+1)a> )

Finally, applying Lemma A.1 in [Godichon, 2015] and since |(a,b)| < 1 [la|® + L |b]|°,

let
v 7\ . R &
( * %) ::Z(k)’ynE ‘<9n—9,Un+1> (
k=2
4 / k
<> (4) k= | (3]0 o] + 5 10mal) (
R N

p p/
<3 ()7 (
k=2

—2v,E é\n —0

0 (B~ 0.0201) (

2p’ :|

2 p'—k
h o
B =0+ 2210l

. . 2 Pk
b — 0 O — || +42 ||Un+1||2)

2p’—2

0, — 0

k
2 U )
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Thus, with analogous calculus to the ones for inequality (B.5]), one can check that there
is a positive constant B” such that for all n > 1,

(B.7)
‘“(

p/ p/
k
E
> (1)
Finally, applying inequalities (B.5)) to (B.7]), there are positive constants Bj, By such
that for all n > 1,

/

- - 2 2\? k
\<9n—9,Un+l> en—eH +%3HUn+1H)

—~ 2p’ ,
SEWﬁE[en—ﬂrq+o<ﬁ+g.

(B8) E [

—~ 2p’
s — 0| p} < (1-2pcyn+ Bi7?) E {

—~ 2p’ ,
%—ﬂ‘}+&ﬂ“.

Thus, with the help of an induction on n or applying a lemma of stabilization (see
[Duflo, 1996] for instance), one can check that there is a positive constant C, such that

for all n > 1,
elfr-o”] < &

which concludes the induction on p’ and the proof.

~

0, —0

Bounding P [é\n — Vg (Xn+1, §n> ¢ IC}
Let us recall that dpi, = infyeox ||y — 0]| > 0 and that if W admits a 2p-th moment,

~ 2p
there is a positive constant C), such that for all n > 1, E [ 0, — GH ] < nCTPa Thus,

for all n > 1,
C, ~ 2p
— P SE -
e 2B | =]
~ 2p
Z E [ 0n+1 - 9 1{§n—7nvy9<Xn+17§n)¢’C}:|
2 d?rﬁnp |:§n - anyg (Xn+17 §n> ¢ IC] .
Finally,
~ ~ C, 1 c, 1
P {6~ 30Vag (Yo B) £ K] < oo <

O
Proof of Theorem[4.3 The aim is, in a first time, to exhibit a nice decomposition of

the averaged algorithm. In this purpose, let us introduce this new decomposition of the
PRM algorithm

(B.9) §n+1 — 0= @\n — 0 — 7, P <§n> + Ynbna1 + Tn,
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with

Ert = —V,g (Xn+1, §n) O §n> ,

Ty =T <§n —Vyg (Xn+1, @\n)) — 571 + 7 Vyg (Xn+1, @L) .

Remark that (&,,) is a sequence of martingale differences adapted to the filtration (F,,)
and r, is equal to 0 when (9] — MVyg (Xn+1,§n> € K. Moreover, linearizing the
gradient, decomposition can be written as

(B]'O) é\n-i-l — 0= (-[]RdX]R - ’YHFG') (é\n - 0) + ’yngn—‘,-l - ’Yn(sn + T'n,

where §,, .= ® (é\n) — Ty <§n - 0) is the remainder term in the Taylor's expansion of
the gradient. This can also be decomposed as

o~

. 0. —0 0,.,—6
T (en—e)z UL (ex B A SEC TP
Tn Tn Tn

As in [Pelletier, 2000], summing these equalities, applying Abel’s transform and dividing
by n,

(B.11)

n n n

0,—0 O, —0 /1 1 . . 1
Ty (0 —6) = n( mo +’Yn M 2(%_%1) <9k_9>_z(5k+z_>+ﬁzgk“'

k=1 1 Tk k=1

We now give the rate of convergence in quadratic mean of each term using Theorem |4.2]
In this purpose, let us recall the following technical lemma.

Lemma B.1 ([Godichon, 2015]). Let Y1, ...,Y, be random variables taking values in a
normed vector space such that for all positive constant q and for all k > 1, E[||Yx||?] < oo.
Thus, for all constants ay, ..., a,, and for all integer p,

(Z Jax] (B [|[Y])” >i>p

n

Z CLkYk

k=1

(B.12) E

The remainder terms: First, one can check that

(B.13) —~E




ESTIMATING THE PARAMETERS OF A TRUNCATED SPHERICAL DISTRIBUTION 27

In the same way, applying Theorem |4.2]

~ 2
1| — 0 11 [is 2
BT :—QEE{"W—gM
n Yn can
Gl
—C_2n2—a
Y

1 Ll

Moreover, since 7, ' — 7,1, < 2ac; k!, applying Lemma ,
i 1 (/1 1
<= Z(—— ) E[Hé}-@
e\ \7k k-1

2
4a on
(Z k1- a/2>

(B.15) — 0 <%) |

Thanks to Lemma [A.T] there is a positive constant Cy such that for all n > 1,

2

: " ; (% N ’Ykll) <§k _9>

n2

)

18,1 < Co {6

Thus, applying Lemma and Theorem [4.2] there is a positive constant Cy such that

< (S vETnr)
< (3=l ])

2
C2Cy (1
k=1
1
-0 (%)
(5)
=o|—].
n

2
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Let Up11 = Vg Xn+1,§n>, note that if §n — Y Up+1 € K, then 7, = 0. Thus,
applying Lemma and Cauchy-Schwarz's inequality,

n 2

Zr_k‘

1 K

1
EE

A
|

2
1 (1
% (S vein)
2
1 (1
T2 ; %\/E [||7”k||2 19;_%1]“155&})
n 1 . i 2
< Z%(E [iml])* (P |8 = Ui ¢ K] ) ) .

k=1

Moreover, since 7 is 1-lipschitz,

4

Irall* = [|7 (B = 30Unsr) = 640 = B0 + 0l
< (H?T <§n — ’ynUnH) - 7r(9)H +

< )

—~ 4
<270 = ||+ 258 Ui

~

)

é\n —0— fYnUn—l—l

Thus, applying inequality (B.4)), there are positive constants A, A, such that for all
n > 1,

4 n 4 4
E [l 0 — || + A,

Fn] < A

In a particular case, applying Theorem [4.2] there is a positive constant A3 such that for
alln > 1,

A

4 3

E[lIrall’] < —5-

Moreover, applying Theorem , there is a positive constant Cg such that for all n > 1,

P [én —nUnss & lc} < 01120#'

min

Then,
1y flsnf] < vo (51
n? = Ay ucym? \ = ke

(B.16) i, (%) |
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The martingale term: Since (&) is a sequence of martingale differences adapted
to the filtration (F,,),

ZE [ +—Z Z [(€1s Erin)]

k=1 k'=k+1

:_ZE H§k+1|| —|——Z Z E [(§rr1, E [Err 1| Fir])]

k=1 k'=k+1
2
- LS E (6l
k=1

Moreover,

E [161°) = E | |0 - 28 [(E [Ura] %], 06,)] + % [ oG

]

Finally, applying inequality (B.4)) and Theorem [4.2] there is a positive constant M such
that

T

~ B (|0 l] - 2@

<E[|Unn]’] -

~ 2
E [HgnJrlHQ} < Al,l]E |: n :| + Ag’l
<M.
Then,
1 - ’ 1 <&
—E Z£k+1 <= M
2 2
" k=1 =
M
=
which concludes the proof. O

Proof of Theorem[4.4. Let us recall that the averaged algorithm can be written as follows
(B.17)

_ 1 (00 0 -0 (1 1\ /s - AT
\/ﬁre(en—e)_%< - +k§<———) (ek—9>—;5k+;%>+ﬁ;§k+l.

§a! Tn Yk V-1

We now prove that the first terms on the right-hand side of previous equality converge
in probability to 0 and apply a Central Limit Theorem to the last one.
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The remainder terms: Applying inequalities (B.13]) to (|B.16]),

16,—60 b .
\/ﬁ "1 n—oo
1 9n+1_9 P \07

N

1 — /1 1 ~
Ly (Lo L) (i) o
ni— \%  Vk-1 n—00

1 u TL P
— — 0.
\/_ Z ’yk n—oo

The martingale term Let @1 = (Z,, A,) € RY x R, then &,,1 can be written as
€n+1 = 5;14_1 +€py1 + E;H—l' with

* _Xn 1 Xn 1
e = (“ = Xnpr — Bl = Xopa|Fa] =7 <—||Z—XHL|| -k [nﬁ 7| D) ,
T — ||/~L - Xn+1|| -+ E [H:u - Xn—f—l” ’]:n}

ok Z _Xn+1 _ Z _Xn+1
ey e — ( (A —17) (n—zz—xnﬂn K [—uz:—ann Fn ) ,
120 = Xosall = E[1Zn = Xoga | Ful = 110 = Xosa | + E [l — Xl | Fon]
x [ Zn—Xnt1  p—Xpy1 Zn—Xn+1 _  p—Xnt1
€ = (7” (||Xn+1—"zn|| To—Xoll B [||Xn+1lzn|| T—Xonl |7 "D) .

Note that (&), (€,), (€),) are martingale differences sequences adapted to the filtra-
tion (F,). Thus,

2

:_Z]E llexr1]l”] Z Z [(€kt1, €rr41)]

k 1 k'=k+1

:—Z]E |ek+1]| Z Z E [{€x11, E [exr 1] Fr])]

k 1 k'=k+1
= ZZE [lersall®]
k=1

n

E €k4+1

k=1

1
—E
n
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Zn—Xn 2
H( (A =) 1z =% )
HZ n+1” - H:u Xn+1||

Moreover,

E [llens]l” | 7]

2
* Zn_Xn
+ ( (An =) E [Hznfx_nﬁu ‘fn] )
E [HZn - Xn+1|| - HN - Xn+1” |]:n]
N\ Zn—Xn * Zn—Xn
_9E ( (An =) 50T ) : (An =) E [_uznfxnﬁu F "}
12 = Xoa | = NIt = Xoall) " \E(1Zn = Xpiall = 110 = X [ |7

fn] |

Thus, one can check that

E [Jlensll* | 7]

n]

Zn—Xn 2
H < — (A, — 1) HanXnJ:H )
1Zn — Xogall = lp — X

* 2
S HAn -T H + HZn _NH

Thus, applying Theorem [4.2]

n 2

1 1 )
HE Z@m = E [|lexs1]l°]
k=1 k=1
1 2
S —
n j—
1
S — R
n ~— n®
B 1
T\ )
As a particular case,
n
1 P
LS 0
\/ﬁ — n—00
Similarly, since || 72z — ey || < 2
9 ,r.*( Zn*Xn+l _ N*X'rhtl > 2
E [’ 1] <E Pon =l T 7

Zn - Xn+1 w—= Xn+1

e
) X =20~ Te=Xon]

=)
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This last term is closely related to the gradient of the function we need to minimize
to get the geometric median (see [Kemperman, 1987] for example) and it is proved in
[Cardot et al., 2015] that since Lemma is verified, then

E[ Zp — Xni1 B p— X1
||Xn+1 _ZNH HM_Xn—f—l“
E [leasil* 1 7] < 2C () {|f - 0]
Finally, since (¢,,) is a sequence of martingale differences adapted to the filtration (F,,),
applying Theorem [4.2] and Cauchy-Schwarz's inequality,

S dn| | = LB bl
k=1 k=1

1 n
<2C (r*)2 — g E
n [

0}—9”.

|7 <clz-u<c

Thus,

1
_E‘
n

o=

I~ 1
<20()"y Clﬁ Z Lo/2
k=1

1
:O(W>

Note that with more assumptions on W, we could get a better rate but this one is
sufficient. Indeed, thanks to previous inequality,

n
1 Z , P
\/ﬁ — n—o00

Finally, applying a Central Limit Theorem (see [Duflo, 1997] for example), we have the
convergence in law

l ., =
(B.18) ﬁ;&m N0,

— _px b= X _ ek =X
Y E K“ X IMX> ® <“ X ||uX||)],
=l = X] = [l = Xl

which also can be written as
Y_F |:(T*UQ — TWUQ) ® (T*UQ — TWUQ>:| .

with

r* —rW r* —rW
Thus, we have the convergence in law

VT (6, —0) == N (0,%),
n—oo
and in a particular case,
v (8, — 6) == N (0,T,'51;1) .

n—oo
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