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Recursive Estimation of Conditional Spatial Medians
and Conditional Quantiles

Eduard Belitser' and Paulo Serra?
'Department of Mathematics, VU University Amsterdam, Amsterdam, The Netherlands
’Institut fiir Mathematische Stochastik, Georg-August-Universitit Gottingen,
Gottingen, Germany

Abstract: We consider the problem of constructing an on-line (recursive) algorithm for
tracking a conditional spatial median, a center of a multivariate distribution. In the
one-dimensional case we also track conditional quantiles of arbitrary level. We establish a
nonasymptotic upper bound for the L ,-risk of the algorithm, which is then minimized under
different assumptions on the magnitude of the variation of the spatial median or quantile.
We derive convergence rates for the examples we consider.

Keywords: Conditional spatial median; Convergence rate; Half-space symmetric
distributions; Recursive algorithm; Sequential estimation.

Subject Classifications: 621.12; 62G20; 62L.20.

1. INTRODUCTION

Often, in applications, one wishes to recover a functional dependence between
different parameters of the underlying distribution on the basis of observations
from that distribution. Nonparametric model regression is one common approach
to this problem. Strictly speaking, regression is the conditional expectation of
one random variable (vector) given another one. Thus, certain moment conditions
in regression models are unavoidable. Moreover, in additive regression stronger
structural conditions are usually imposed on the noises, for example, normality of
the errors and moment restrictions. However, sometimes it is desirable to minimize
the conditions on the moments (and the form) of the distribution of the noises. If,
for example, we only assume that the error at each moment has a zero quantile
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of certain fixed level (for identifiability purposes), we obtain the so-called quantile
regression model first introduced into the literature in Bassett and Koenker (1978);
see Koenker (2005) for a nice account on this topic.

The quantile regression model is quite important in fields such as econometrics,
social sciences, and ecology. In these areas, one often studies response variables
whose relation with its measured predictors is complex. In such cases, the
conditional expectation of the response variable might simply be insensitive to these
relations and will provide a poor description of the underlying phenomenon. Error
bounds on certain regression estimates can be viewed as crude quantile regressions
(cf. Takeuchi et al., 2006) but the levels of these quantilels can be estimated directly.
In such situations, we get a more comprehensive and robust description of the data
by estimating conditional quantiles of different levels, rather than the conditional
mean. This seems to be of particular relevance in applications—for example, in
ecology—where data often display heterogenecous variances; cf. Cade and Noon
(2003).

However, a notion of multivariate quantile is not straightforward. Several
attempts have been made to define a multidimensional analogue of the median, as
some form of center of a distribution. These are usually based on the notion of
depth of a point, first proposed by Tukey (1974a,b, 1975). Roughly speaking, given
a distribution IP with support in IR?, the depth of a point x € R with respect to
P—call it depth(x, P)—measures the centrality of x in IP. Depth functions should
be chosen in such a way that they provide a center-outward ordering of the points
x € IR¢ via contours of the function x — depth(x, IP). Tukey’s depth, the half-space
depth, is introduced in the next section. In the one-dimensional case, points of
maximum half-space depth are medians, making this a consistent generalization of
the concept median for multidimensional distributions. Besides, the half-space depth
behaves well and has many attractive properties (cf. Zuo and Serfling, 2000); other
notions of depth function can also be found in the cited article. Points of center
defined based on the half-space depth function can also be shown to have high
breakdown points as shown by Donoho and Gasko (1992)—at least 1/(d + 1) in d
dimensions.

In this article, we work with distributions that have a natural notion of
center. These are half-space symmetric distributions—d-dimensional distributions P
for which there exists a point 6 € IR¢ such that any half-space H that contains 0
verifies IP(H) > 1/2. This point 0 is the center of the distribution in that it has
maximal half-space depth. For absolutely continuous distributions, this point is
unique and we refer to it as the spatial median.

In this article, we are concerned with the problem of recovering a d-variate,
conditional, spatial median function. More precisely, suppose that at each time
moment k € N we observe a random vector X, and the problem is to recover its
spatial median by using observations available by this time moment. The spatial
median may evolve with time so that we are dealing with nonparametric situation.
Another important complicating factor is that we do not assume the traditional
independence of the observations. In fact, the observations can be arbitrarily
dependent and at time moment k+ 1 we would like to recover the conditional
spatial median of X, given X, = (X, ..., X;). This necessarily puts our problem
into the sequential estimation framework. It is desirable to design a sequential
estimation procedure such that the estimate of the evolving conditional spatial
median at the current time moment is based on the estimate of the conditional
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spatial median at the previous time moment and a small correction based on the
current observation. A procedure of such kind was first proposed by Robbins
and Monro (1951), which gave rise to the area of stochastic approximation
algorithms. There is an enormous body of literature on this topic by now. We
also propose a recursive procedure for estimating the evolving conditional spatial
median and derive a general upper bound for its quality in terms of L, -risk.
Clearly, if the the underlying conditional spatial median oscillates uncontrollably,
no estimation procedure can provide good accuracy. However, if oscillations of
the time varying conditional spatial median can be controlled in one way or
other, estimation should be possible. Informally, one could say that some sort of
accumulation of information occurs. For example, either variation in values of
conditional spatial median is slowing down with time or observations are made
more frequently. We demonstrate that this leads to useful non-void upper bounds
by choosing appropriate settings. Depending on how accumulation of information
in time occurs, we derive different asymptotic regimes for estimation quality by
applying our general nonasymptotic upper bound. In the one-dimensional case we
can estimate sequentially time varying conditional quantiles of arbitrary level o, €
(0,1), k € N, not only a drifting median. A related problem for independent one
dimensional observations was treated in Belitser and Serra (2013).

This article is structured as follows. In Section 2 we present some basic
definitions, explain the model in detail, specify our assumptions on the distribution
of the observations, and define the sequential estimation procedure. Section 3
contains some auxiliary lemmas and our main results. Different variational setups
for the drifting spatial median (quantiles of changing levels in one dimensional case)
are treated in Section 4, including estimation of a static median, a stabilizing spatial
median, and a spatial median that varies as a Lipschitz function. Finally, the proofs
of the main results from Section 3 are in Appendix A and auxiliary technical results
that are used in these proofs are in Appendix B.

2. PRELIMINARIES

Throughout, for d € N, x, y € R? (columns by default), ||x||, is the /, norm (with
p > 1) on RY; ||x|| = ||x||, and x"y are the usual Euclidean norm and inner product
in RY; I{A} is the indicator function of a set A. We use bold symbols (both
upper- and lowercase) to represent matrices and families of vectors. Denote x, =
(x1,...,x), x; e R4 k e N, with the convention that x, is an empty vector. For
a (d x d)-matrix M, let i(i)(M), i=1,...,d, denote the ith largest eigenvalue of
M. Denote by O the zero matrix and by I the identity matrix, whose dimensions
will be determined by the context. We adopt the convention that )", ., 4, = O and
[lico B: =1 for matrices 4, and B; of appropriate dimensions. When applied to
matrices, || - ||, represents the matrix norm induced by the /, vector norm: M|, =
max, _; [Mx],. Given x € R? and a unit vector w in R, define

Hx,w)={yeR: w'y>w'x},

the closed half-space that contains the point x+ w and is delimited by the
hyperplane containing x which is orthogonal to w.
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For any distribution IP with support in IR¢, the half-space depth (cf. Tukey,
1974a,b, 1975) of x € IR with respect to P is defined as

depth(x, IP) = inf {IP(H) : H is a closed half-space, x € H}. 2.1

The fundamental property of depth functions is that they induce an ordering of the
elements in the support of the distribution IP from a “center”— a point of maximal
depth—outwards via the contours of the depth function. In case d = 1, the center
is a point 6 such that depth(0, IP) > 1/2) and this is always a median of IP. Besides,
for d = 1 the quantiles of level o and 1 — a, o € [0, 1/2), can be associated with the
depth function as follows:

0(o) = inf {x € R : depth(x, P) > 2} and 60(1 —a)= sup {xe€ R : depth(x, IP) > «},

which are always well defined. Define 0(1/2) = inf {x € R : depth(x, IP) > 1/2}.

When d > 2, it is not automatic that a given distribution has a “natural” center
0 in that there might not be a unique point that maximizes a given depth function. In
this article, we work with a particular family of distributions with a proper notion of
center, the so-called half-space symmetric distributions; cf. Zuo and Serfling (2000).
A distribution IP is said to be half-space symmetric about some 6 in the support of
P, if IP(X € H) > 1/2 for every closed half-space H containing (. Note that in one
dimension, all distributions are half-space symmetrical about their medians. In the
general, multidimensional case, this center is unique for absolutely continuous, half-
space symmetrical distributions and we will refer to it as the spatial median of P. It
is straightforward to check that for such distributions the half-space depth function
has a unique point of maximum at 0 and its maximal value is 1/2; that is, 0 = 0(1/2)
as defined before.

Suppose then that at each time moment kK € N we observe a random vector
X, so that by time n we have n observations X, = (X,,..., X,). Let P,(-|x,_))
denote the conditional distribution of X, given X,_, = x,_;; that is, IP,(A|x,_,) =
P(X, € A|X,_, = x,_,) for a measurable A C IR“. Further, let %¥ C IR represent the
(common) support of each observation so that IP(X, € %*) = 1. We assume that
for each x,_; € %7, k € N, the conditional distributions IP,(-|x,_;) are absolutely
continuous (with respect to the Lebesgue measure) and half-space symmetrical
about some 6, = 6,(1/2) = 0,(x,_,, 1/2), which is the only point in % of maximal
depth satisfying

depth(@k(xk_l, 1/2), P (|x,_y)) = 1/2. (2.2)

The goal is to sequentially estimate a predictable process {0,, k € IN}; that is,
at each time moment k£ € N, 0, = 0,(X,_,) is estimated by using the observations
X, = (X,,..., X,) available by that moment. When d = 1, 0, = 0,(X,_,, o) will be
a sequence of quantiles of level o, € (0, 1), k € N, which are fixed in advance. When
d>2,0,=0.(X._,) =0,(X,_,1/2) will be the spatial median as defined before.
Ideally, we want our procedure to approach 0, as time progresses. If, however, this
is impossible, then the procedure should at least stay in proximity of 0, as close as
possible. Until now we imposed few assumptions on the observations X;, X,, ....
In fact, the observations can be arbitrarily distributed and can have an arbitrary
dependence structure. Clearly, the stated problem in its full generality has no feasible
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solution. Thus, in order to come up with some nonvoid results, we need to impose
some assumptions on the conditional distributions of X, given X,_, = x,_;, k € N,
at the same time trying to keep these conditions as weak as possible. From now on,
we will call 6, spatial median keeping in mind that the same notation is used for a
quantile of level , € (0,1) in case d = 1.

We impose the following conditions on the conditional distributions P, (-|x,_,),
k e N.

(A) The distributions IP,(-|x,_,;) are absolutely continuous and half-space
symmetrical and for some positive b, B, 0, the following inequalities hold for
any € € (0, 6] and any unit vectors v, w € IR¢: almost surely

eb(v"w) < (V'w)[P(X, € HO, — ev, w)|X,_|) — 1/2] <eB(v'w), keN,

where 0, = 0,(X,_,, 1/2) is the spatial median of P, (-|x,_;).

(B) The support % is bounded so that sup,.. ||x| < C,, and the spatial median 0,
takes values in some compact subset @ C % so that supyg [|0|| < C¢, for some
0<Cqy=<C,y.

Remark 2.1. The requirement of bounded support of observations seems to be
restrictive but it is reasonable from a practical perspective. One can think of X, as
truncated versions of some Y, (with an unbounded support): X, = YV, I{||Y,|| < C,} +
Y (Co /1Y DIl > Cop}-

Note that under the assumption that the distributions P, (-|x,_,) are half-space
symmetrical, the fraction in (A) is trivially positive. This is because any half-space
containing 0, will contain at least half of the mass of the distribution. Furthermore,
if such a hyperspace containing the conditional spatial median 6, is moved along
a (fixed) direction —ev, then the mass captured by this hyperspace changes lineally
in €.

When d = 1, condition (A) may be replaced with the following assumption:

(C) For some positive b, B,  and a sequence o, € (0,1), k € N, the following
inequalities hold for any € € [—0, d]: almost surely

eb<IP(X, € HO,+€, —-1)|X, ;) —o, <€eB, keN,
where 0, = 0(X,_,, o) is the conditional quantile of level o, of IP,(-|x,_)).

Note that the probability in the previous display is simply P(X, < 0, + €|X,_,).
Condition (C) is appropriate in the case when we are interested in sequential
estimation of arbitrary quantiles of a one-dimensional distribution. When «, = 1/2,
k € N, condition (C) reduces to condition (A) with d = 1.

Condition (A) (or (C)) is fulfilled if, for example, the conditional distributions
P,(:|x,_,) are absolutely continuous with conditional densities f,(-|x,_;) such that
for some positive b, B, 9,

0<b<fx|lx, ) <B<oo, x,_,€%" keN,

for almost all (with respect to the Lebesgue measure) x € % such that ||x — 0,]| < 0.
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Remark 2.2. Notice that, even under the above conditions, we deal with a
rather general framework: the observations can be dependent and not identically
distributed. Besides, our problem is stated in a robust setting in the sense that we do
not assume anything about the moments of the observations X,, they simply may
not exist.

Condition (A) is rather natural for the important particular case of independent
observations X,, k € N. In this case, the conditional spatial median 0, becomes
unconditional (0, does not depend on X,_,) and bounded uniformly in k£ under our
assumption that % is a bounded set. The observations can then be expressed in the
form X, = 0, + &,, k € N, with independent noises ;. Condition (A) means that
the noises &, have zero spatial median and their probability distribution behaves
regularly in the neighborhood of zero in the sense that they degenerate neither into
zero nor into delta function. This condition does not seem too restrictive for another
important case: when the observations come from a Markov model. In this case, the
conditional distributions IP, depends only on two arguments, x, and x,_,;.

Now let b = {b,, ..., b,} be any orthonormal basis for R¢, which will be fixed
through the remainder of this article. Consider a random vector D such that P(D =
b)=1/d,i=1,...,d. We call such a random vector a random direction in R¢.

Introduce the shift function

S(u, v, w) = (I{u € Hlv, w)} — l/2)w, ue® cRY, velRY, (2.3)

where w is a unit vector in IR. Note that this vector valued function takes the
values w/2 or —w/2 depending on whether the argument u belongs to the half-space
H(v, w) or not. For estimating arbitrary quantiles of level « in the case d = 1, we
use a different shift function, namely,

R(u,v,a)=a—Hu<v}, ue?CR, vel, (2.4)

where o € (0, 1). This shift function only takes the values o — 1 and « depending
respectively on whether u < v or not. Note that this is simply the shift function (2.3)
with d = 1, w = —1 and with 1/2 replaced with .

Let {y,, k € N} be a nonnegative sequence bounded by some constant I':

0<y.,<TI, kelN. (2.5)

Define the recursive algorithm for estimating a conditional spatial median in
X CRY d>2:

@k+l = ék + 7S (Xi, 91(’ D), keN, (2.6)

where D, is an independent sequence of random directions. An algorithm for
sequential estimating an o,-level quantiles in % C R is as follows:

01 =0, + 7 R(X,, 0, 0), keN, (2.7)

where o, € (0, 1), k € N. In both cases the sequence of step sizes {y,, k € N} satisfies
(2.5) and 0, € O is some fixed initial value from ©.
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3. MAIN RESULTS

In this section we formulate the main results of this article. We start with two
technical lemmas that are needed in the proofs of the main theorems. All proofs can
be found in Appendix A. For the sake of brevity, we denote by 0, the parameter
value to be estimated at the time moment k: for d > 2 this will be a spatial median
0, =0,(X,_;) =0,(X,_,,1/2) and for d = 1 an a,-level quantile 0, = 0,(X,_,, o). It
will be clear from the context which case we are referring to. Introduce &, = a(X,),
k € N, the o-algebra generated by X, = (X,,..., X;), and let >, be the trivial o-
algebra.

Lemma 3.1. Let {0, k € N} be defined by (2.6). Then ||0,|| < Vd(C, +T/2), k € N.
This implies that ||0, — 0,]| < C = Cg 4+ +/d(C,, +T/2), k € N.

Lemma 3.2. For a fixed sequence w;, € (0,1), k € N, let {0, k € N} be defined by
(2.7). Then |0 | < C, 41T, ke N. This implies that |9 -0 <c=Cy+Cy+T,
ke NN

These lemmas are used in the proof of Lemma 3.3 and of Lemma 3.4,
respectively, and can be seen as preliminary rough versions of our main theorems
(Theorems 3.1 and 3.2 below), stating that the approximations given by algorithms
(2.6) and (2.7) do not stray to infinity and live on a compact set. The following
lemmas give information about the average behavior of the shift functions (2.3)
and (2.4).

Lemma 3.3. Let the function S(u, v, w) be defined by (2.3) and the sequence {ék, ke
N} be defined by (2.6). Then ||S(u, v, w)|| < 1/2 uniformly over u € %, v € R and over
all unit vectors w in RY. Moreover, if conditions (A) and (B) are fulfilled, then

[S(Xk’ Hk’ D)% 1] _Mk(e 0,), keNN,

for some sequence of F,_,-measurable random matrices M, = M, (X,_,) such that
almost surely 4y < 14, (M;) < Ay(M}) < 4y, k € N, for constants 0 < 4; </, < oo.
(The constants 4, and A, depend on b, B, 0 from (A), and on Cg and C,, from (B) via
C from Lemma 3.1.)

Lemma 3.4. Let the function R(u, v, o) be defined by (2.4), the sequence {ék, k € N}
be defined by (2.7) and o, € (0,1). Then |R(u, v, «)| < max{a, | — o} uniformly over
ue¥ velR and o € (0,1). Moreover, if conditions (C) and (B) are fulfilled, then

E[R(X., 0, o) |y ] = —M(0, — 0,), ke N,

for some sequence of F,_,-measurable random variables M, = M, (X,_,) such that
almost surely 1, < M, < 4,, k € N, for constants 0 < A; < 4, < oo. (The constants 1,
and 7, depend on b, B, 6 from (C), and on Cg and C., from (B) via ¢ from Lemma 3.2.)

An informal interpretation of Lemma 3.3 is as follows. Firstly, since the
matrices M, are almost surely positive definite, then the shift function S(X,, 0,, D)
gives the “right average direction” from 0, toward the conditional spatial median
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0. Secondly, since the eigenvalues of M, are bounded from zero and from infinity,
the “average length” of the shift S(X,, 0, D) is a controlled multiple of the distance
between 0, and the conditional spatial median 6,. The same interpretation can be
given for Lemma 3.4.

We are ready to state our main results. Theorem 3.1 makes a statement about
algorithm (2.6) as a sequential estimation procedure for conditional spatial medians
in the case where d > 2 and Theorem 3.2 makes a statement about algorithm (2.7)
as a sequential estimation procedure for conditional quantiles of level ¢, in the one-
dimensional case d = 1.

Theorem 3.1. Let assumptions (A) and (B) hold, the sequence ék be defined by (2.6),
8, =0,(X,_)=0,—0, k €N. Then for any ko, k € N, ky < k, a sequence {y,, k €
IN} as in (2.5) such that y;2, <1 (1, as in Lemma 3.3) for all i € {ky, ..., k} and any
p > 1, the following relation holds:

P « p/2
|64 < Cyexp :_P/ll > Vi} + G, |:Z /,2:| +G ,%rgggiklEllem = 0,17, (3.1)

i=k i=ko

where C, =3r~'d"?K2CP, C,=3""dB,(1+ K2k /4)", Cy=3"""(1+K2/%)",
where C is the constant from Lemma 3.1, A, and A, from Lemma 3.3, and K, is the
constant from Lemma B.2.

Theorem 3.2. Let assumptions (C) and (B) hold and the sequence 0, be defined (for
a fixed sequence o, € (0, 1), k € N), by (2.7). Define 6, = 0,(X;_,) =0, — 6, k € N.
Then for any ko, k € N, ko < k, a sequence {y,, k € N} as in (2.5) such that y,/, < 1
(4, as in Lemma 3.4) for all i € {ky, ..., k} and any p > 1, the following relation holds:

k k p/2
E[6,]” < C,exp {—P/ll Z Vi} + G, |:Z V{| + G korri?}kmwz‘ﬂ - 0k0|p’ (3.2)

i=k i=k

where C, =3r"'Dr, C, =37"'2"B (14 1,/4)", Cy =31+ 2y/4,)", where D is
the constant from Lemma 3.2, A, and 2, from Lemma 3.4, and K, is the constant form
Lemma B.2.

Remark 3.1. The right-hand side of (3.2) depends on the quantile levels o, k € N,
via the constants b and J from (C). Also, the closer o, it to one (resp. zero), the
larger (resp. smaller) the value |0,|, and therefore the constant Cg becomes larger
and then also D from Lemma 3.2. Besides, there is too little probability mass in the
neighborhood of extreme quantiles, so that condition (C) is more difficult to fulfill
as o, gets closer to one (or zero). This makes constants ¢ and » smaller, which in
turn makes constant 4, smaller and constant 1, bigger. All of these changes lead to
an increase of the constants C;, C,, and C; featured in inequality (3.2).

4. VARIATIONAL SETUPS FOR THE DRIFTING QUANTILES

Theorem 3.1 and Theorem 3.2 deliver (up to the values of the proportionality
constants) the same explicit, nonasymptotic bound for the L ,-risk of the estimating
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recursive procedures (2.6) and (2.7). This bound depends mainly on three quantities:
k,, the sequence {y,, k € N} and the variation of the spatial median 0,.

Since the algorithms (2.6) and (2.7) are initiated with an arbitrary value 6, and
the shift functions (2.3) and (2.4) are a.s. bounded, there is a minimal number of
iterations which are needed for the estimating sequence to reach a neighborhood of
the drifting quantile of interest—this is the so-called burn-in period of the algorithm.
The length of the burn-in period is controlled by making an appropriate choice
for k.

The step size sequence {y,,k € N} induces averaging of the iterates of the
algorithms (2.6) and (2.7), and its influence on the bound given by the theorems is
explicit. If we are to minimize the right-hand side of (3.1) and (3.2), it should be
clear that {y,, k € N} must be chosen such that "% | y; diverges as k — oo and such
that > | y? converges as k — oo. These are the classical conditions for the step sizes
of Robbins-Monro type procedures and well known in the literature. Intuitively, if
the sum Zf:ko 77 is small, then the algorithm can “approach” 0, arbitrarily close,
and if the sum Zf:ko y; 1s large, then algorithm can “reach” any point 0 € 0.

The variation of the drifting conditional spatial median also has a nonnegligible
contribution to the accuracy of the sequential estimating procedures (2.6) and (2.7).
This is reasonable since, if the median changes arbitrarily in-between observations,
we should not expect it to the “estimable”. In the following subsections we specify,
for different assumptions on the variation of the spatial median, an appropriate
value for k, and an appropriate sequence y, that minimizes the bound in (3.1)
and (3.2).

4.1. Static Parameter

We assume in this section that 0, = 0,, k € N, a.s., for some unknown 0, € 0, this
corresponds to a parametric setup. Clearly, in this case the third term on the right-
hand side of (3.1) and (3.2) vanishes.

Take y; = C.,,j‘1 log j and for ¢g € (0, 1), ny = |gn], where |a] is the whole part
of a € R. Let n > 2/q = N, such that ny, > 2. For large enough C, and all n > N,
we have

2": - clo "1 - logn
. C, n - n s
. V=608 — kT 24
J=n J=ng

from where for all p > 1,
exp !—pil > V,-} <n 2
J=ngy

Using the fact that 377, 7 < c(logn)*n™" for some constant ¢ > 0 we have

" p/2
<Z “/?) < (n"?logn)’.

J=no
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We conclude that we can rewrite (3.1) as

v !
E 0 <C, 4.1
max (20 10,,) = @
and (3.2) as
P
maXIE( v |5n|) <C, (4.2)
n=N, logn

both representations holding for all p > 1. The logarithmic term in the rate cannot
be avoided and is a consequence of the recursiveness of the algorithm.
Note that by taking p > €', using Markov’s inequality and (4.1), we derive that
ZP(H1/27€||9,1 - 00”1 > C) = ZP(dPT:lnl/27€”én - 90”[} > C)
n=1

n=1

<

2

n=1

o gp=1pp2=Pe]R 5n 14 ® (dl P
197 _ 5 (dlogm)” Of”) < oo, (43)
n €

P
n=0 ¢

By application of the Borel-Cantelli Lemma, we conclude that ||9,, —0pll; = 0 as
n — 0 with probability 1 at a rate n'/?>~¢ for all € > 0. The same can be shown to
be true in the one-dimensional case for algorithm (2.7) using (4.2).

The particular setup presented in this section, where the parameter is fixed,
might seem atypical since we are, mainly concerned with estimating drifting
parameters. The algorithms (2.6) and (2.7) are however recursive and easy to
implement, whereas direct estimation might be more involved. Note that we
only require the spatial median being estimated to remain fixed; the conditional
distribution of the observations is allowed to change.

4.2. Stabilizing Parameter

Suppose now that the spatial median is stabilizing. Such a situation arises if, for
example, the expectation of the oscillations of the median converges to zero with a
certain rate. More specifically, assume that A9; = 0,(X,_;) — 0,,,(X;) verifies

EA67 < ! i€N,

for p > 1 and some decreasing sequence p;. Assume then that we have p;, = cpi‘ﬂ
for some constants ¢, > 0 and 8 > 0.

Consider first the case > 3/2. In this case the variation of the parameter
vanishes so quickly that we are essentially in the setup of the previous section.
Indeed, take y; and n, as in the previous section. The first and second terms on the
right-hand side of (3.1) can be bounded in the same way as in the previous section.
As for the third term, by using the Holder inequality,

E (i ||A0,.||,,>

i=n

(n —ng)"™" 3 EIAG|ID < C(n = no)” ol

i=ny

c((n = no)ny")" < a0 < Cn772, (4.4)

IA

IA

leading to the same bounds as in the previous section.
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Consider now the case 0 < f<3/2. Let y = C,(logi)'?i™*3, ny=n—
n*#3(log n)*3. By using the elementary inequality (1 4+ x)* <14 oax for 0 < a < 1
and x > —1, we obtain that for sufficiently large n (that is, n > N, = N,(f)) and
sufficiently large constant C,

n n 1 n dx
20z C},(logno)m. i = Gllogng )" /0 X273
i=n =ng
Ch,(logl’l )1/3 _ _ _ 1-28/3
_ ,1 - 2;/3 [nl 23 _ 2/;/3(1 — w23 (log n)2/3) ]
C. (logny)'r . _ B ~
> /1 - 2/30/3 [nl 283 _ ! 2/3/3(1 2B I(log n)?3(1 — 2[3/3))]

1
C,(log ny)'*(log ) = —-=.

This yields the same bound for the first term on the right-hand side of (3.1): for
n > N, and sufficiently large constant C,,

exp !—ph > yi} <n P2,

i=ny

Now we bound the second term on the right-hand side of (3.1): for n > N, = N,(f),

n p/2
(Z Vf) C((log ) ny 7 (n — ny))"” < c((log m)*n 7).

i=n

Similarly to (4.4), the third term on the right-hand side of (3.1) is bounded by

n p
E (Z ||A9,-||,,> < ¢((n = no)ng”)" < C((log n)**n#7)",

i=n

for sufficiently large n (that is, n > N; = N;(f8)). Finally we obtain that for 0 < f§ <
3/2 and sufficiently large constant C, in the algorithm step 7, = C,(logi)'/?i=2/73,
(3.1) implies that

nb3 P
maxE{ ———||0 C,
max (el ) <
where Ny = max(N,, N,, N;) is the burn-in period of the algorithm.

Remark 4.1. If we choose y;, = C,(logi)*i™* and ny = n —n*(logn)*, 0 <a <1,
oy, 0 >0, 0,40, >11n case 0 < f < 3/2, then we get the following bound of the

convergence rate: for sufficiently large n and sufficiently large constant C,
]E||5 ”p < C( —min{f—o,0/2} (lOg n)max 0y, a]+o¢2/2})

Thus, the choice o =2f/3, o, =1/3, a0, =2/3 is optimal in the sense of the
minimum of the right-hand side of the above inequality.
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Remark 4.2. Much in the same way as for (4.3), we can establish that for any € > 0,
lim n?3~¢||5,||, =0 with probability 1.

Finally, consider the case f =0; that is, we assume the following weak
requirement: [E[[A0,[|? < ¢, i € N, for some uniform constant c. Take n —ny, = N,
y; =7 for some N € N, y > 0. Then Theorem 3.1 implies that

max IE5, [ < Cie "™l 4 C,NP?yP 4 C3NPc = D.

We thus have that the algorithm will track the spatial median in the proximity of
size D, which we can try to minimize by choosing appropriate constants N and y.

The exact same computations will give the respective bounds for the right-hand
side of (3.2) as for (3.1) by simply replacing everywhere || - ||, with | - |.

4.3. Lipschitz Varying Median with Asymptotics in the Sampling Frequency

We consider now a slightly different setup where we assume that the spatial median
is changing, on average, like a Lipschitz function. In this setup we assume that the
data are sampled from a continuous-time process X,, t € [0, 1], which we observe
with frequency n. This means that for each n € N we have a different model,
namely,

Xp~ Py, XUIX\, ~ PICIX[,). k<neN, (45)

where the spatial median 0} = 07(X]",) verifies, for some p € N, k = k(d, p) < o
k — ky\bpr
EJI0; (X;) - 0, (X)) < v (—=2)

We could have, for example, that 607(X] ,) = d(k/n), almost surely, where
V() € L(L, B) = {g() : lg(ty) — g1l = LIty — 1., 1,, 1, €[0, 1]} for some 0 <
p <1and L > 0, a space of vector valued Lipschitz functions. The nonparametric
median estimation problem (d =1, o, = 1/2, k € N) has been studied in Belitser
and Korostelev (1992) and Belitser and van de Geer (2000) for such an asymptotic
regime.

Let 9, = C,(log n)@~D/@0y=26/CED | (constant in k) for k =1, ..., n, and

ko = ko(n) = k — (log n)*/ D 20/ CHHD,

for k > K, = (log n)?@+0y2k/CkD Note that for K,/n — 0 as n — oo for any 0 <

p=1
For sufficiently large C,

k
>y, = C,(log n) 2F-D/CHDRBCID (k — ) > €, logn >

i=kg

logn
3,
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leading to
k
expy—pi Y.yt <cen PP
i=ky

In much the same way, we have

X p/2

5 21 _ 2p 12\” 28 p NP
Yol < c((log n) I T (k — ko) ) - c((log )i ﬁ) :
i=ky

From our assumption on the variation of the parameter, we have

k—ky\ ™ 2
max [0, — 0|7 < ( °> < ¢((togmFraY"
n

i+1
Finally, combining the three bounds with Theorem 3.1, we obtain

28 5 \P
sup maxIE||($ 2 < C((logn)Wn‘zW) '

Sez(L,p) =K P

The exact same computations hold in case d = 1 and give the same bound for
the right-hand side of (3.2) as for (3.1) by simply replacing everywhere || - ||, with
|-

APPENDIX A: PROOFS OF THE RESULTS FROM SECTION 3

In this appendix we present the proofs to our main results from Section 3. The
technical lemmas used here are collected in Appendix B. If index k is involved in
one of the relation below, then the corresponding relation holds for all £ € IN.

Proof of Lemma 3.1. Recall that b= {b,,...,b,} is an orthonormal basis where
random directions D, take their values. Introduce a hypercube of size 4 > 0 with
respect to this basis:

C(h):{UeIRd: |b,.TU|§h,i:1,...,d}.

We will prove a slightly stronger assertion, namely, that 0, € C(C,, + I'/2) for all
k € N, which, of course, implies the claim of the lemma. Recall that @1 e®Ccyw
so that 0, € C(C,) C C(Cy +I'/2). By induction, it is enough to show that if 0,
C(C, +172), then 9,(“ € C(Cy +172).

Assume that 0, € C(C, +I/2) and suppose D,y =beb. Then 9k+1 =0, +
7xb/2 depending on whether X, € H(Hk, b) or not. As compared with Bk, the only
change in Ok 41 is the Ith coordinate bTOk 41 With respect to the basis b. Thus, we only
need to show that [b70,,,| < C, +172.

Consider the case X, € H(0,, b), then b” X, > b70, and 0, , = 0, + 7,b/2. Recall
also that X, € %, which implies that |b"X,| < C,. If bTH >0, then b7X, >b70, >0
and |B0,,,| = b0 +7,/2 < b X, +9,/2 < C, + /2. If b76, <0, then again
1670, 1| = |70, 4+ 7,/2| < |b"0,| < C, 4 T/2 since 0, € C(C,, +T/2).
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Similarly, consider the case X, ¢H(@k, b). Then b'X, < b70, and 0,,, = 0, —
7.b/2. If b70, <0, then b'X, < b70, <0 and |b 0k+1| =670 |+ 7/2 < |pTX,| +
7./2 < Cy + T/2. 1 b70, > 0, then |bT0k+1| = [b70, —y,/2| < |bT0,| < C, + /2.

We established that |bT0k +1] £ C, +1/2 and this completes the proof of the
lemma. o

Proof of Lemma 3.2.  As compared to the proof of the previous lemma, we now
have 6)k+1 =0, + 7. if X, > 0,, and 9k+1 =0, —y,(1 —a) if X, < 0,. We repeat
the same arguments as in the proof of Lemma 3.1 with I' instead of I'/2 (since «, €
(0,1)) and b = 1. O

Proof of Lemma 3.3. It is easily seen that by construction |S(u, v, w)| <1/2
uniformly over u € %, v € R and over all unit vectors w in R?. For a random
variable Y, let IE, represent expectation with respect to the law of Y. Recall that
0, = 0,(X,_,) is a predictable process with respect to the filtration %, U {F,, k € N}.
Clearly, the lemma holds true if [0, — 0,]| = 0 with, for example, M, = I. Assume
therefore that |0, — 0, > 0. .

Denote for brevity €, = [|0, — 9 | and e, = (8, — 6,)/€,, the unit vector in the
direction of @, — 0,. First note that, since D, is independent of F, .,

el E[S(X,, ék’ D)|F] = ekIE[Dk( {Xi € H(ék’ Dy} - 1/2)|9k71]
= Ey, [(e] DO(P(X, € H(D. D)IX, )~ 1/2)]- (A1)
Since the conditional distributions P, (-|x,_,) are half-space symmetrical about 0,,
et E[S(X,. 0. DIF, 1] = (ef DY(P(X, € H(D;. D)X, ) = 1/2) 20 as., (A2)
so that (A.1) is almost surely positive. By Lemma 3.1, €, = ||, — 0, ]| < C, with C as
defined in this lemma. We consider two cases depending on the value of €, € (0, C].
First consider the case 0 < €, < ¢, with ¢ defined in assumption (A). Note that
we can write
0, =0, — €e,, (A3)
so that, by using representation (A.1) and assumption (A),
2
&bE,, [l D] < el B[S(X;. 0. D)|F_1] < &BE, [¢] Dk] :

Since D, takes values in an orthonormal basis, E[v’ D,]* = 1/d for any unit vector
v in IR¥. The last two relations imply that almost surely

(bd_l)ek < ekIE[S(Xk, Hk, Dk)|7k 1] < (Bd_l)ek.

Consider now the case 6 < €, < C. Using this assumption, the Cauchy-Schwarz
inequality, and (A.2), it follows from (A.1) that

N 1 €
eleE[S(st O Dk)|gk—l] = 5 = ﬁ
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To derive a lower bound for the last display note that for € € [0, §] and any unit
vectors v, w € R¢,

eb(v"w) < (V'w)[P(X, € H(0, — ev, w)|X,_;) — 1/2],

by assumption (A). Note also that since the distributions IP,(-|x,_,) are half-
space symmetric about 0,, then the right-hand side of the previous display is
monotonically increasing in €. We then obtain that for any two unit vectors v, w €
R? and any € > 6,

db(v"w) < (v'w)[IP(X, € H(O, — ev, w)|X,_,) — 1/2].

Since D, € b (an orthonormal basis in R?), then, for any unit vector v, with
probability at least 1/d we must have that v"D, > 1/+/d. From this fact and (A.1)
a lower bound follows for the case d < ¢, < C:

A ob €,0b
€Z]E[S(Xk, Qk, Dk)|9:k71] Z W Z ﬁ
Summarizing, we established that almost surely
C |0, — ékllz < (0, — ék)T]E[S(Xk’ @k’ Dk)|gk—l] < G|0, - g)k”z» (A.4)

where C, = min {b/d, b5/(Cd*?)} and C, = max {B/d, 1/(2)}.

From assumption (A) we have that, for any unit vectors v, w in IRY and € €
(0, 9],
[w(P(X, € H(O, — ev, w)|X,_,) — 1/2)| < |P(X, € H(0, — ev, w)|X;_,) — 1/2| < Be,

by the Cauchy-Schwarz inequality. Thus, if |0, — 0,]| < &, then, by using the
previous display and (A.3),

”IE[S(Xk’ ék’ Dk)|gk—l]” = HIEDk [DkIP(Xk € H(ék’ Dk)‘Xk—l) - 1/2] H < B0, - @k”

In case ||6, — 0,]| > 5, we trivially have

Aol L _ 116, — 04l
HIE[S(Xk’ Oy Dk)|'jk71]H = 5 < %
We conclude that almost surely
HIE[S(Xk’ ék’ Dk)igk—l]“ < G0, — g)k” (A.5)

with C; = max {B, 1/(25)}.
The statement of the lemma follows from (A.4) and (A.5) by applying
Lemma B.1 below. g

Proof of Lemma 3.4. The proof of Lemma 3.4 is the same as that of Lemma 3.3 by
making some minor modifications for the quantities involved in the proof. We take
d =1, replace everywhere 1/2 with o, (which is then bounded by 1), set D, = —1,
replace the constant C from Lemma 3.1 with the constant ¢ from Lemma 3.2, 6, =
0,(X,_;, o) = is the conditional o,-level quantile of IP.(-|x,_,), take constants b, B,
and o from assumption (C), and replace | - || with | - |. O
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Proof of Theorem 3.1. For the sake of brevity, denote 0, =0,(X,_;), S, =
S(X,, 0., D), s, = E[S(X,, 0,, D,)|F,_,] and T, = S, — s, k € N. We have

E[T|F 1] = E[S, — s |Feri] =5, — 5, =0, keN.

It follows that {T,, k € N}, is a (vector) martingale difference sequence with respect
to the filtration 9, U {7 },en-
Rewrite the algorithm equation (2.6) as

Opp1 = 0 + A0, + 9T + yieSe, ke N.

In view of (A) and Lemma 3.3 the decomposition s, = —M, J, holds almost surely
for an ¥,_,-measurable, symmetric, positive definite matrix M, such that 0 < 4; <
Ay (M) < Ay (M) < 7, < oo almost surely. We have

Opp1 = MO+ 9T + L — pM, )0, ke N.
By iterating the relation from above, we obtain that for any k, = 1,...,k
O = L = MU — 9 My _)0_y + A0 + 3, Ty
+ (L = peM)(AO ) + 751 Tiy)
k k k
= |:H - "/iMi):| 5k0 + Z |: H - Vij):| (AO; +,T;). (A.6)
i=ky i=ky | j=i+1

Denote A; = Zj,:ko 7;T;, B;= Zj.:ko A0; and H;= A, + B,. Applying the Abel
transformation (Lemma B.3) to the second term of the right-hand side of (A.6)
yields

k k k-1 k
Z |: ]_[ - Vij)i| (A0, +,T,) = H, — Z Vir1t My |: 1_[ - “/ij):| H,. (A7)

i=ko |_j=i+1 i=ko j=i+2

In particular, note that if we take d = 1, M; = 4}, A0, = O for j =k, ..., k, T, =1,
Tj=0forj=k0+1,...,k, we have that (sinceOfyjﬂ,1 <1forj=ky...,k)

k-1 K k
YA [T =92 =1- ] A =y4) =1, (A.8)

i=kg j=it2 j=ko+1

which we will use later.
Using (A.7), we can rewrite our expansion of J,,, in (A.6) as follows:

k k-1 k
O = |:H(I - Vi]‘/li):| 5k0 + H, — Z Vir1t M |: l_[ I - Vij):| H,.

i=ky i=kq j=i+2

The previous display, the Minkowski inequality, and the submultiplicative
property of the operator norm (||4B||, < ||4],||B],) imply that

k
10ksill, < W0k 11, | TTU =9 M)| + [1H,
i=ko »
k-1 k
+ Z Vi+1||Mi+1||p||Hi||p l_[ - V_;‘Mj) (A9)
i=ko j=it+2 »
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By using Lemma 3.3, Lemma B.2, (A.8), and the elementary inequality 1 — x <e™,

k-1
051 ll, < K, M0, 1, H(l —7i%) + max ||H I, |:1 + K2 > %+1)2H (1= /“l)j|

i=kg i=kg Jj=i+2

k K?J,
< K, 18, exp {—Al D y,-} + (1 +=2 ) ((max I, + max |5,)
1=K - -
almost surely, where the constant K, = K ,(d) is from Lemma B.2.
Take now the pth power of both sides of the last relation and apply the Holder
inequality | >, a,|? < mP~' 3", |a;|? for m =3 to get

k
16011l < 377 K710, IIf exp {—pil > V,-}

i=ko

K2 P
+ 307! <1+ ; 2) (max 14,15 + max |1B,] )

Recall that the sequence { Y iy Vi 1= ko} is a martingale with respect to the
filtration {%,, i > k,} and that the coordinates of T; verify |T;| < 2||S;|| < 1 almost
surely, I =1,...,d, j =k, ..., k. Applying the maximal Burkholder inequality for
p > 1 and the Davis inequality for p = 1 (cf. Shiryaev, 1996) yields

p P

i d i
lEkIriagk llA;17 ]Emai( Z ZV] il = ZlEkngagc > 0T
== === =k =1 Pk
d p/2 X r/2
<B Z |: > fol} < dBp|: > y{| , (A.10)
=1 J=ko J=ko

for some constant B, One can take B, = ((18p”)/(p—1)*)? for p>1;
cf. Shiryaev (1996). The statement of the theorem now follows by taking
expectations on both sides of the bound on [[6,,,[|? above and by using the last
inequality. Note that for p > 1, [|0; ||, < d'?[|9,, ||, < C almost surely by Lemma 3.1
so that [E||o ||, < d"/*CP. O

Proof of Theorem 3.2. The proof of Theorem 3.2 is the same as that of Theorem 3.1
by making some particular choices for the quantities involved in the proof. We
take d = 1, replace K, with 1, replace everywhere the matrices M, with the random
variables M,, replace the constant C from Lemma 3.1 with the constant ¢ from
Lemma 3.2, let 6, = 6,(X,_;, o) be the «,-level quantile of IP,(-|x,_,), invoke
assumption (C) instead of assumption (A), replace | - ||, with ||, and use the
triangle inequality instead of the Minkowski inequality.

Further, in (A.10) we have that |T;| =|T;| <2, which leads to an extra
multiplicative factor 2? in the bound. |

APPENDIX B: TECHNICAL RESULTS

In this appendix we have some technical lemmas used in the proofs of the results
from Appendix A.
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Lemma B.1. Let x,y € RY If 0 < 2j||x||> < xTy < A||x||> < 00 and |y|| < L||x| for
some 1, 5, L € R such that 0 < 2} < 1, < oo and L > 0, then there exists a symmetric
positive definite matrix M such that y = Mx and 0 < /; < 2,(M) < 2;/y(M) < 1, <
oo for some constants 4y, ., € IR depending only on /|, 2, and L.

Proof. Suppose 0 < ;|| x||> < xTy < A||x||* < oo for some 4}, /5 € R such that 0 <
A <2, <ooand ||y|| < L|x|. Let V={v=ax+by: a,b € R} be the linear space
spanned by x and y. First consider the case dim(V) = 1; that is, y = ax for some
o € R. Then x"y = af/x|* so that 0 < | <o < 4, < 0. Thus, y = ax = Mx with
symmetric and positive M = ol so that 0 < 2} < o= /(M) = A;)(M) < /) < oco.

Now consider the case dim(V)=2. Let ¢, = x/|x| and {e;,e,} be an
orthonormal basis of V. Then

x=|x|le, and y = oe, + fe,.

The conditions A[|x|*> < xTy = af|x|| < 4|x|* and |y|| = /o> + B> < L||x| imply
that

XXl = o < min{Zy, LY x|, 18] < Ll|x].

Let e, be chosen in such a way that f > 0 (which is always possible). We change
the basis of V as follows:

¢ = cos(0)e; — sin(O)e,,
¢y = sin(0)e, + cos()e,.
We thus rotate the basis {¢,, ¢,} by the angle 0. In these new basis we have

x = [|lx| cos(0)¢| + |l x|| sin(0)¢; = o€y + e,
y = (xcos(0) — Bsin(0))e| + (asin(0) + fcos(0))e; = o) + fe).

Recall that o, > 0. Take 0 € (0, /2) such that ocos(0) — Bsin(0) = Lo cos(0);
that is, tan(0) = 35- Then we have that

Ao o o,  min{A, L} a B, o 22 212
< = <——— J<—<2<—+ <min{ly, L} + —.
2 2IIXII o 2 Tl T B Tkl edlxll T 2
Take then 1, = 4;/2 and 4, = min{,, L} + 2L*/ 1.
Let {e}, ... ed} be the orthonormal basis of V*, so that B = {¢|, ¢}, ¢}, ..., €}

is an orthonormal basis of IR?. Take

-~ [ D| O . | ayfaz 0
W[ v o[ ) )

where the Os indicate null matrices of the appropriate dimensions. We then have
y = Mx in the basis B and A < A(l)(M) < (M) < 4,. We can finally obtain M
by using the orthogonal matrix T to change the basis B to the canonical basis of
RYas M =T 'MT=T'MT. Clearly, M has the same eigenvalues as M and is
symmetric. O
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Lemma B.2. Let M be a symmetric positive definite (d x d)-matrix, p > 1 and a
constant y > 0 be such that y/.; (M) < 1. Then |[I —yM| =1 — 4,/ (M) and

0 <1 —yiyM) =74 —-yM) <y —7yM) =1—72;,(M) < 1.

Besides, |M||, < K,|M|| = K,/ (M) for some constant K, = K ,(d) > 0.
Proof. Let A;s be the eigenvalues of M, so that the matrix I — yM has eigenvalues
1=y, i=1,...,d. Since y/, (M) < 1, then, for all i=1,...,d, 0 <y, (M) <
V2 < YAy (M) < 1, implying 1> 1—y4 (M) >1—74>1-7y4,(M) >0, so
that |[I — yM|| = max; |1 —y4] =1—7y4,, (M) < 1. The first two assertions follow.

It remains to prove the last assertion. For x e R? let R) = Ri(d) =
max o || x|l,,/llx[, and R} = R>(d) = max, ||x[l,/[|x]l,- According to Theorem
5.6.18 from Horn and Johnson (1988),

M1,
max
7o M|

=RIR =K,
Recall that |M||, = M| = 4, (M) and |[|x|[; < [|x||, < d"/=Vs||x||, for any x € R?
and s > r > 1. From the last relation it is easy to get the following bounds: R’z’ <1
if p>2, R <d® P/ if 1 <p<2; R <d? P/ if p>2, R <1if 1 <p<2.
These bounds imply that K, < d?»=2/C? if p>2 and K, < d® /%) < d'?if 1 <
p < 2. This completes the proof of the lemma. ]

Lemma B.3 (Abel tranformation). Suppose d,,d, ko, k € N and k, < k. Let B; be
(d, x d)-matrices, A; € R and A; = 3;_, a;, i = kg, ...,k Then

k k—1
Z BiA[ = Z(Bi - Bi+l)Ai + BkAk'

i=ko i=ko

Proof. We prove this by induction in k. For k =k, we simply have B, 4, =
B A, = B, A, and the assertion holds true. Assume that the equality holds for
k = n and let us prove the result for k = n + 1. We have

n+1 n n—1
> BA,=) BA+B, A,,,=) (B —B )4, +BA,+B, 4,
i=ko i=ky i=kg

= Z(Bl - Bi+l)Ai - (Bn - Bn+l)An + BnAn + Bn+1An+1

i=k

= Z(Bi - Bi+1)Ai + Bn+1An+1- |

i=kq
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