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0.1 Résumée de la theése

Cette these explore différentes approches statistiques visant a estimer un signal, i.e. un vecteur, a
partir d'une observation. Ces observations peuvent résulter soit d’une transformation linéaire ou
non linéaire du signal, corrompue par un bruit aléatoire additif. Les estimateurs étudiés integrent
I’observation disponibles et des connaissances préalables sur le signal afin de générer des estimations.
Ainsi, la qualité de 'estimation dépend fortement des informations préalables susmentionnées, telles
que la fonction transformant le signal en ’observation ou des propriétés spécifiques du signal lui-
méme. comme le nombre de ses coefficients non nuls ou des contraintes particulieres qu’il satisfait.
Etant donnés que ces informations ne sont souvent pas entierement disponibles, nous proposons des
estimations robustes a la mauvaise spécification du modele. Dans ce contexte, “robuste” signifie
que nos estimateurs ne nécessitent pas la connaissance de certaines informations sur le probleme et
tout en fournissant des performances d’estimation proches de celles obtenues avec des estimateurs
utilisant une description complete du modele. La premiere partie de cette thése se concentre sur
les observations linéaires, ot I’observation est

w = Ax + ¢,

ou A est une matrice, £ le bruit additif, et x € X le signal d’intérét. Nous examinons deux
cas de modeles mal spécifiés. Le premier est la situation ou la description de I’ensemble des
signaux X dépend d’un parametre réel inconnu §. Le second traite de situations ou la matrice
d’observation A est incertaine. Dans les deux cas, nous proposons des estimateurs, linéaires ou non
de l'observation, qui sont robustes face a ces mauvaises spécifications du modele. Dans la deuxieme
partie de cette these, le signal x, a estimer est défini comme le minimiseur de ’espérance d’une
fonction aléatoire. Nous proposons une méthode stochastique de premier ordre qui étant donné des
observations permettant de calculer une approximation stochastique du gradient de la fonction cible,
et la connaissance préalables de certaines propriétés du problemes, produit une estimation du signal
4. Une version robuste, dans le sens ou elle ne nécessite pas la connaissance des hyperparametres
optimaux de I'algorithme précédemment mentionné, de cette méthode est ensuite développée. Cette
derniere fournit des performances presque identiques a la version non-robuste.



0.2 Abstract of the thesis

This thesis explores various statistical approaches aimed at estimating a signal, i.e., a vector, from
an observation. These observations may result from either a linear or nonlinear transformation
of the signal, corrupted by additive random noise. The estimators studied integrate the available
observation and prior knowledge of the signal to generate estimates. Thus, the quality of the estima-
tion strongly depends on the aforementioned prior information, such as the function transforming
the signal into the observation or specific properties of the signal itself, such as the number of its
non-zero coefficients or particular constraints it satisfies. Given that this information is often not
entirely available, we propose robust estimates to the poor specification of the model. In this con-
text, 'robust’ means that our estimators do not require knowledge of certain information about the
problem while still providing estimation performance close to those obtained with estimators using
a complete description of the model. The first part of this thesis focuses on linear observations,
where the observation is
w=Ax +E,

where A is a matrix, £ the additive noise, and x € X the signal of interest. We examine two
cases of poorly specified models. The first is the situation where the description of the set of
signals X depends on an unknown real parameter . The second deals with situations where the
observation matrix A is uncertain. In both cases, we propose estimators, linear or non-linear
from the observation, that are robust against these poor model specifications. In the second part
of this thesis, the signal z, to be estimated is defined as the minimizer of the expectation of a
random function. We propose a first-order stochastic method that, given observations allowing for
a stochastic approximation of the gradient of the target function, and prior knowledge of certain
properties of the problem, produces an estimation of the signal x,. A robust version, in the sense
that it does not require knowledge of the optimal hyperparameters of the previously mentioned
algorithm, of this method is then developed. This version provides performances almost identical
to the non-robust version.



0.3

Notations

Real, non-negative, and positive vector spaces of dimension n are respectively denoted by
R", R, RY,. Spaces of matrices with dimension m x n with real, non-negative or positive
coefficients are respectively denoted R™*" R"*", and RY'}".

The cones of semi-definite and positive definite matrices of R"*" are denoted by S'! and
St .. For A,B € R", notations A = B and A >~ B mean respectively that A — B € S"/ and
A—-BeS,.

For x € R", we refer to p-absolute norm through notation

1
(Z?:l |xi|p)p , 1<p

el =
max |z, p=o0
i=1m
We also use notation ||z||, := Card {i € {1,--- ,n}: x; # 0}.
For a given norm ||-|| on R™, we denote by |||, its dual norm:

vz €R", |z, = max {272 |2l <1}

For ¥ € S| and z € R", we use notation
2l = VTS,
We define, for ¢ = 0 or ¢ > 1, notations

By(r) == {z eR": |2][, < r} and Sy(r) == {Z eR": [l2]|, = r}.

For M € R™*", we denote by Sv(M) the set of its singular-values, and define the Frobennius
norm

[ M| gpo ==/ Tr (MTM),
the spectral norm
M = A
H HSp )\Glél\?()](\J) ’ ’7
and the nuclear norm

IM|lpye == max  Tr(MQ)= ) Al

QlQllsp=1 AeBv )

We use notation Diag(a) for a diagonal matrix in R™*™ with entries (a;) ;. I is the identity
matrix.

Indicator function of event A is denoted

1, ifA
1{4} ::{ 0, if A° }



Positive part of a real = is x4 := max {x,0}.

Given z € R", we use notation zs to designate the vector obtained from z by zeroing all of
its coefficients except the s-largest in absolute value. For I C {1,...,n}, we denote by z; the
vector obtained from z by zeroing coefficient with index outside of 1.

We use notations f = O(g) and f < g when their exist an absolute constant C' such that
f<Cy.

a\/ b and a A b respectively denote max{a,b} and min{a, b}.
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Chapter 1

Introduction

1.1 Statistical Estimation Problems

1.1.1 Problem statements

In this thesis, we will consider statistical model
w=() + ¢, (L1)

with unknown signal x € X C R™ and possibly random noise £ € R™. The mapping w : R* — R™
can either be linear, i.e.

w=Azx +¢, (1.2)

where A € R"™*" is an observation matrix, or non-linear. In that case, we have N real observations
(m)i]\il € R, associated with regressors (gbi)ﬁil € R", so that each n; is linked to = by equation

i =v(¢] w) + 0, 0 >0 (1.3)

The link function t(-) is known and non-linear, and both regressor ¢; and noise §; are random.
For each problem, the aim is to build statistical procedures producing estimates of respectively
w = Bzx € RY or x,. We focus on the now classical context of modern statistics, where dimension
n, i.e. the number of possible variables of influence considered when modeling a phenomenon of
interest, is very high compared to number of available observations, respectively m or N.

This constitutes an additional difficulty. For instance, even in a deterministic setting (i.e. where
¢ = 0 almost surely), recovering x from w as in amounts to solving a system of m equations
with n unknown variables, which is impossible if n > m. Since adding randomness obviously blurs
information available from w, the statistical task at hand is hopeless without additional clues as to
what = can be. Thus, methods developed in this thesis, in the line of modern statistical procedures,
will assume that prior knowledge on the signal to be recovered is available. This will allow to build
more precise estimates of the latter when combined with available observation.

We mathematically formalize this prior knowledge by x € X. When concerned about model ,
X will be a bounded and closed subset of R™. When in context of , we will assume that most
of x,’s coeflicient are zeroes, except at most s of them, with s < N. In both cases, the focus will
be on methods computable in reasonable time using modern software and computers, that enjoy
statistical precision almost as good as the best one could hope for.

11
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Linear regression and Least Square Estimator: a first statistical problem

When X = R" and v is the identity, both and are instantiations of the same statistical
problem, the linear regression. When assuming that noise vector ¢ is a random Gaussian vector with
covariance matrix oI, this problem becomes Gaussian linear regression, stated in the following
way: let n,m € N be integers, given design matriz A € R™*", assume that we observe

w= Az +0&, withz € R", and £ ~ N(0,1). (1.4)

Note that this also falls in (1.3). For i € {1,---,m}, let a; = Row;(A) € R"™ be the i-th row of
observation matrix A. Then for all i € [1 : m], assuming model ([1.2)) is the same as observing
dataset (wj,a;)", with

wi = al  + o0&, with & ~ N(0,1). (1.5)

Using these observations, statistics aims at achieving many different tasks. In this thesis, we will
focus on recovering the quantity Bz € RY, with B € R"*"™. Depending on B, this covers different
classical tasks of statistics. When B = I, we are estimating x, whereas when B = A, we are solving
a regression problem. One can also aim to accurately predict linear form a% 1%, where a;, 11 € R"
is a new regressor. For all these tasks, one has to find how to leverage knowledge of regression
matrix A and observation w to solve them.

1.1.2 Estimators and their error

In the context of both models (|1.2)) and (1.3]), an estimator w will designate a Borel function from
R"” to R that takes as input observation w and outputs estimate w(w) of the object of interest:

. { R™ —» R }
w : ~ .
w = w(w)
Throughout this manuscript, we will either refer to an estimator or to the estimates it produces,

depending on the context. As a first example, in the context of Gaussian linear regression, the
most famous statistical procedure is the least square estimate:

i (w) == ATw € Argmin |jw — Az]7, At = /\ILI& (ATA 4 A1)~1AT. (1.6)

zeRM?
Here, the estimator is the linear mapping associated with AT € R"*™, the Moore-Penrose inverse
of A, while the estimate of x is the matrix-vector product Zfs(w) € R™
To assess how well a given estimator w behaves with regard to the estimation of w(x), one has to
consider the loss

LN @ (w), w(x)) = |D(w) - w@)], (1.7)

where || - || is a norm on R”. In some applications where w(w) estimates Az, e.g. linear regression,
the usual criterion is the average squared prediction error

1
vm
In all cases, this measure of error is random by definition of observation w. Thus, precision of a

statistical procedure must be evaluated through a deterministic quantity describing that random-
ness. Ideally, £ fluctuating randomly but having almost always small values would be a sign of a

.2 o~ o~
LI (B(w), Az) = |B(w) — Az[|3 0y [llp0 = —= [I]l5- (1.8)
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good estimation of w. The first natural quantity to look at is error in expectation with respect to

(w.r.t.) &
Bl (@, w(z)) == Ee [ﬁ”'” (@(w),w(x))} . (1.9)

Other quantities describing £’s randomness are quantiles of it, defined for all € € (0,1) by

Err'!'”(@(w),w(a:)) = inf {p: Probg [E”'” (0(w),w(x)) < p} >1-— e}. (1.10)

p

Returning to the example of least square estimate and Gaussian linear regression, let = Rank(A).
Simple calculations (see [1] for expectation and results in chapter 2 of [2] for quantiles) yields

1 2
EI'I'H'Hg’m('&J\LS,AI') — 2Ty (AA*) = Z’ (1.11)
m m

Err! ”2m( JAz) < — (r+2m+2ln 1/€) ) (1.12)

These can be extended to random vectors that almost behave like Gaussian ones, namely Sub-
Gaussian random vectors.

Definition 1 A random vector & € R™ is said to be Sub-Gaussian with parameter (p,%) (£ ~
SG(1, %)), € R™, X € ST, if for all vectors t € R™,

Eg [exp (tT(é‘ — N))] < exp (t;:t) . (1.13)

For instance, if ¢ ~ SG(0, 0I), the least square estimate enjoys the same upper bound on quantiles
of its ||H§m loss:

Err! ”2’"( ,Ax) <

(r+2m+21n 1/6) (1.14)

o?
m
1.1.3 Comparing estimators

Work of this thesis will focus on efficient estimators w.r.t. different notions of performance, such
as minimax optimality, adaptivity and low computational complexity.

Maximal risk and minimax optimality

For a given x € R", least square estimate’s error in expectation is independent of the latter.
Without assuming additional properties of x, this is the best one can do. Yet, with additional
information about x, some biased estimator might perform better. Consider the celebrated Ridge
estimate [3], defined for A > 0 as

- 1
xl):\hdge( ) = (AT A+ mAI) " AT = aréglin — |jw — Az||3 4+ A||z]3. (1.15)
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This estimate is biased, as E¢ [@ﬁidge(w)} = (ATA + m)\I)_1 AT Az. Thus, its error depends on
x, and a good parameter choice for A would depend on the latter. Indeed, for a given A, an upper
bound on the error is

2 2
Al o Al

.12 A\
Errllzm (AxRidge,Ax) <3 2N (1.16)
implying that choice A\, = Gﬂ;ﬁiﬂ;o minimizes the RHS of ((1.16) and leads to the bound
A
Err”'H%,m (A'/fl/};;dge’Ax> < JH':EH? || HFrO. (117)
m

Observe that the latter is smaller than (1.11) when ||z, < on/||A|lge- Thus, for X C R", the
least square might have greater error than other estimates.
A fair criterion to compare estimates is the supremum over all possible x € X of either Errlll or

Err!'”. This is exactly the maximal risk, that we define in expectation

RiSk“'”(ﬁ}, X) :=sup Err”'”(ﬁ), Bx), (1.18)
reX

and in quantile, for all € € (0,1) by

Risk!”(ﬁ?, X) :=sup Errl'l(@, Bz), (1.19)
zeX
When looking at expectations, we will refer to it as risk, whereas when interested at quantiles, we
will use the term e-risk. From this notion of performance, we recall the minimal over all estimates
maximal risk over signals in X. We refer to the latter as minimaz risk, and respectively define it
for expected risk and e-risk by

RiskOptIl(x) = inf Risk!'l(@, 1),

2 Oontl e Rl (1.20)
RiskOpte "(X) :=inf Riske " (w, X).
w
Note that these quantities are theoretical ones, and eventual estimators achieving optimal risk are
usually unknown. Nevertheless, it is still a relevant point of comparison for estimators, as one
usually can provide lower bounds on the minimax risk using various techniques [4]. Note that the

latter is a function of considered problem’s parameters, e.g., dimensions n,m, v, matrices A, B,
signal set X and law P¢ for (1.2)). We refer to these as the model m, defined as

m:= [X, A B,| [, P (1.21)
when in context of (|1.2)) and
m=[t, X, || - ||, Py, Pe] (1.22)

for (L.3)['| For a given model m, estimators such that
Riskl'l(@, X) < CR(m), C>1, RiskOpt!l(x) > R(m)

are called minimax optimal when C' is an absolute constant. We also use the terminology nearly-
minimaz optimal when, e.g., C = C1 In(Con®mPv7)%, with «, 8,6,C1 > 0 and Cy > 1.

! As a consequence, we also use notation Risk/!! (w, m) in some parts of the thesis.
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Adaptivity to parameters

In some chapters of this thesis, the studied statistical problems will be described by model m €

M(9), § € [4,9] C Ry, with 9(J) a parameter dependent class of problems increasing in the latter,
i.e. such that

§ <& = M) c M.

Chapters 2, 3,6 are concerned with estimates adaptive to J, in the sense that they can be computed
without knowledge of the latter. The problem of building estimates that adapt to unknown model
parameter is extensively studied in the literature, starting with [5]. The author addresses the task
of estimating a function f € (3, L) corrupted by Gaussian error. Here, for 8, L > 0, 3(5,L) is
the class of functions that are [/]-fold continuously differentiable and such that

17BN @y) — FUPD (89)] < Lty — to]? 181

The proposed procedure builds an estimate that adapts to unknown regularity 5. Other adaptive
estimation problems can be found in [6-8] for example. In our contributions, we propose adaptive
estimates @(® (w) that are data-dependent selection procedures of one @;(w) in the finite collection
Wri={w;(w), jel:1]}ie.

~

D (w) = Tr(w), T=i(w) € [L:1]. (1.23)

Each estimate w; € Wr is "tuned” for models in class M(;), with (6;)1_; an increasing grid of
[01,0]. By tuned, we mean that estimate w;(w) reaches the minimum of a risk upper bound we
provide over the class of estimates it belongs to [*} or an upper bound of it.

Maximal risk of an adaptive estimate when assuming m € 9t(¢),

Risk!'l (@@ 9m(5)) := ma Risk!'l (@@, x)
me

is then compared to either nhn}} {R;: R; > R(0)} or R(5), where
ve|l:

Risk!l'l (@, 9(8;)) < R;,  Riskl'l (@5, m) < R(6),

and @ is the best estimate we are able to produce when knowing 8. Note that notation Riskl'!l (@, 9(6))
denotes the maximal other models mmd € 9t(6) maximal risk of w.

In other words, a good adaptive selection procedure selects the "right” estimate w; in context

of given m without knowing §. Among classical approach for data-driven estimate selection, are
cross-validation (see 7.10 of [9] for example), Lepskii’s adaptive procedure [5, (10, 11}, and model
penalization approach of [12].

. . . . . . o|lA ..
2For instance, when considering Ridge estimates, choice of parameter A, = % reaches the minimum (|1.17)

of upper bound (|1.16)). Thus estimate @Q’i‘dge (w) is not optimal w.r.t. maximal risk among the class of Ridge estimate

{@hige(@), A >0},

but it is the best one can build using upper bound (1.16) when knowing ||z, < 0.
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Computational tractability

The last point of comparison of estimators that we consider here is the computational time required
to produce them. More specifically, we are interested in the computational complezity, i.e. the worst
case amount of numerical operations required to compute a given estimate. The latter is usually an
increasing function of statistical problem’s dimensions n,m,v. As we deal with high-dimensional
settings, we focus on estimators that have at the very least polynomial computational complexity
in n,m,v. For this reason, estimates considered in this thesis are computed by solving convex
optimization problem.

To do so, we will often define quantities as minimizers of either Linear or Conic Programs (see
chapter 1 and 2 of [13]). The considered programs are solvable either using First Order Methods
(FOM), e.g., Mirror Descent [14], or by state-of-the-art optimization software that relies upon
Interior Point Methods (IPM) [15], e.g., MOSEK or GUROBI, available when using the modeling
system CVX [16]. Second Order Methods such as IPM are known to provide high accuracy solutions,
where accuracy € of a given solution T when minimizing function f is defined by

/(@) < min f(2) +e.

The computational complexity of IPM is dominated by the cost of a Newton step, scaling as O(N?)
for problems of size N. On the other hand, FOM iterations usually have linear or log-linear in n
computational complexity, but need a lot of iterations to reach a high accuracy solution.

Since estimates we target usually minimize an upper bound on the maximal risk, a candidate
minimizer T such that

F(®) < 2min f(x)
x
is accurate enough, provided that min f(z) is nearly-minimax or minimax. As this is not a high-
xT

accuracy solution, a FOM can produce it in a usually small number of iteration. Thus, when
possible, we prefer using FOM to IPM to compute estimates.

1.2 Linear and Polyhedral estimates for linear inverse problems

1.2.1 Linear estimates

When treating problem ([1.2]), the historically most studied type of estimates are linear ones, both
for their simplicity and efficiency.

Definition 2 Let H € R™*". We define a linear estimate of w = Bx associated with parameter
H as

o (w) = H w. (1.24)

Indeed, with no prior assumption on x and assuming we are in the case of , the minimax risk
is (See [1] and references therein)

RiskOpt ! 13.m (R™) = o*Rank(A)/m, (1.25)

which equals the maximal risk of linear estimate {U\f‘iﬁ+ (w), i.e. the least square. In that situation,

this is the best one can achieve without any assumption about x. Yet, in situations where n > m,
the latter behaves poorly when estimating x. Indeed, one has

sup ErrH'”g(@ﬁ;(w), x) = 0. (1.26)
zeRM
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In fact, the minimax rate of estimation is also infinite in that case (see Proposition 1 of [1]). This
is no surprise as for # € Ker(A), observation w = Az + & = £. If Prob¢[¢ € Im(A)] > 0, accurately
retrieving & becomes impossible.

This changes under additional information on signal x, of the form x € X, where X is either a
bounded subset of R™ or unbounded subset of a subspace of R".

Under such assumptions, other linear estimates can outperform the least square when looking at
regression. For instance, this is so when ||z||, < oRank(A) || A|z., and one considers a properly
tuned Ridge estimate (cf ) Thus, as long as X is bounded, there are still reasons to consider
linear estimates for minimax optimality. In fact, a huge body of the statistical literature focuses
on them, starting from [17] (see [18] for a modern point of view), and developed in [19-22] and

references therein.

Filtering estimators: first results on optimality

First results of near-optimality were derived for ”simple” situations where A = B = I. They
demonstrate that the lowest possible maximal risk of a linear estimate is minimax over X, when
the latter is a specific type of closed and bounded subset of R™. The first result of this type dates
back to the seminal work of Pinsker [23].

Proposition 1.2.1 ([23], Theorem 2) Let signal set X be a Sobolev Ellipsoids described as
n
X = {zeanzz‘Q%E gL}, (1.27)
i=1

and observations of the form w = x 4+ o€ with & a normal centered Gaussian vector. Then one has

Riskl'3 (@%. . x
Vn,a, L, lim —— (“’Lgn’ )1, (1.28)
oc—0 RlSkOptllH2(X)

i.e. the best linear estimate is asymptotically the minimax one.

This result extends to the case of diagonal matrices A and B in [24]. A particular sub-class of
linear estimates called filters has been widely used in linear inverse problems, e.g., in cases where
A is a diagonal matrix. Note that one can always transform observation w = Ax + ¢, to obtain
new diagonal observation

@i = vizi +0&, z:=VTe, 5=UTw, £=UT¢~N(0,I),

with U and V' defined by Singular Value Decomposition (SVD) UDiag(v)VT = A, and non-negative
v;s sorted in decreasing order. This framework is treated in [25H27|. A filtering estimator E? (in
finite dimension) is then defined by
Fhw) = VENw), (2{) (W) = \idi. (1.29)
7

In the context of direct observation w = x + &, the filtering estimator associated with Pinsker

weights
A= <1 _ (Z>a> B0 (1.30)
B/
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is proven to be minimax optimal [23].

For more general sets (see [28]), linear estimates are also minimax optimal, in the sense that an
absolute constant upper bounds the ratio of the best linear estimate’s maximal risk to the minimax
risk.

Definition 3 Let X Cc R". X is

e orthosymmetric if for all x € X, any vector obtained from it by changing the sign of some of
its coefficient also belongs to X .

quadratically conver if subset

{(Zf)?zl eR" =ze€ X} is convez.

A weighted £y-ball if for some vector a € R,

n
X—{ZERnZ ZCLZ|ZZ’p§1}
i=1

An hyperrectangle if for some vector a € R,

X = {zER": max a;|z;| < 1}.
(2

An ellipsoid if for some positive semidefinite matriz R € S,

X:{ZER”: zTRzgl}.

Ellipsoids, weighted {p-balls with p > 2 and hyperrectangles are both orthosymmetric and quadrati-
cally convex.

Proposition 1.2.2 ([28], Lemma 6 and Theorem 7) Let x € X where X is orthosymmetric,
conver, compact, and quadratically convez, and w = x+&, & ~ N(0,0%I). Then, the linear estimate
with lowest mazimal risk W7, satisfies

RisklB (@7, &) < 1.25 RiskOpt!'3 (). (1.31)
The projective or truncated SVD filtering estimator [29], defined by projective weights
Ai(j) = 1{i < jYo; !

is proven to be minimax over weighted £,,-ball and ellipsoids, for properly selected truncation index
T
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Juditsky and Nemirovski: ellitopes and optimality of linear estimates

Recent work by A. Juditsky and A. Nemirovski [30} 31] proves results of near minimax optimality for
linear estimates, without making specific assumptions about the matrices A € R™*"™, B € R¥"*™,
and over a rich class of convex sets called Ellitopesf

Definition 4 A subset X of R™ is a basic ellitope if it admits the following description
X:{zeR":HteTch:ZTszgtk,1gkgK}, (1.32)
where:

e R, >0 are n X n matrices with zgzl Ry >~ 0.

e 7T is a monotone, nonempty computationally tractable conver compact subset of Rff inter-
secting the latter’s interior.

First notice that all signal classes studied in |23} 28] are simple examples of ellitopes. Indeed, with
K=n, R, = ekef, where ey, is the k-th element of the canonic base of R™, and respectively

T = [J10,a;%), or T = {t € RY, | Diag(a)tll,» <1}, p >2,
k=1

X is an hyperectangle or a weighted ¢, body.
Authors of [30, 31] prove that the maximum of a quadratic form over ellitopes can be tightly
upper-bounded by an efficiently minimizable function, using Semidefinite relaxation.

Proposition 1.2.3 ([32], Proposition 4.6) LetT' € S and ellitope X as in (1.32)), and consider
the following two optimization problems

Opt, (T') = max 2Tz,
TE
= i : > ] = T .
Opt(I) min {o7(A): D p AeBy = T}, with ¢7(A) := max £7A

The second problem is efficiently computable, and is a tight upper bound on Opt,(T), in the sense
that

Opt,(I') < Opt(I") < 31In(v/3K)Opt, (T). (1.33)

Building on this property, Theorem 2.1 in [30] states that the best linear estimate ! (w) one can
build using the outlined minimization procedure is nearly-minimax optimal:

Proposition 1.2.4 (|32], Proposition 4.4 and 4.5) Let X' be an ellitope as in (1.32). Assum-
ing & ~Pe = N(0, o21), let H, be defined as a solution to the convex optimization problem

> MR | BT — ATH
B—HTA| I

Opt = min {ng(,\) + 02 Tr(0) : ~0,0>=HTH, \> 0} . (1.34)

3These results are actually extended in|31] for signal sets described as spectratopes, a class of convex sets including
ellitopes.
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In terms of maximal risk

511/2
Risk”""é’(@ﬁjl, X) :=sup | Eg¢ [H@gjl(w) — B:J:H ] ,
reX 2

linear estimate W, is nearly-minimax in the sense that
Riskll2 (@ " x) < \/Opt < 1924/51n(2) In(32K) RiskOpt/'l2(x), (1.35)
where RiskOpt!'l2(X) is the minimaz risk associated with Risk!'l2(-, x).

These two results are extended to the case of more general recovery norm || - ||, which is said to be
co-ellitopic.

Definition 5 A norm || - || on RY is said to be co-ellitopic if its associated dual norm || ||« is such
that the associated ball of radius 1, By (1), is a basic ellitope:

By, ={z e R": [|z[l, < 1} = {z ER”: HteWCRL: ZTWiz<,1<1< L}. (1.36)

Typical co-ellitopic norms are p-absolute norm for 1 < p < 2, ||-||; for ¥ € S"} and the discrete
Wasserstein £; distance (see exercise 4.66 of [32]). With || - || satisfying this requirement, the
following proposition extends the near-optimality of linear estimates:

Proposition 1.2.5 ([32], Proposition 4.16 ) E]Let X be an ellitope described as in (1.32) and
||l a co-ellitopic norm as in (L.36). Assuming & ~ Pe = N(0,021), let H, be defined as a solution

to the convexr optimization problem

MRy | BT — ATH
¢7(N) + dw(p) + 0> Tr(O) : l;f BI;TZ soaw | =%V s

©>HTH, A>0,u>0

Opt = min
H,0,\pn

. . ~H. - .. .
Linear estimate wy ;s is nearly-minimazx in the sense that

Risk!'l(@"+, &) < Opt < 192/In(32K ) In(32L)RiskOpt 'l (X). (1.38)

Notice that for A" which is an g-body with ¢ > 2 and [/ - || = |||, with 1 < p < 2, ellitopic
dimensions K and L are respectively equal to n and v. This shows that sub-optimality of linear
estimates depends only weakly on dimensions n, v.

1.2.2 Nonlinear estimation and polyhedral estimates

Non-optimality of linear estimates

Linear estimates are a simple yet powerful tool. However, for some sets, they can be heavily
sub-optimal. Consider the task of estimating x from direct observation

w=x+0df, E~N(0I), ze€bBi(l).

4Note that this result is originally stated for Spectratopic set X and Bj.|.» but we provide the restricted ellitope
version to keep light notations
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It can be easily shown that the best linear estimate is @"(w) := hw, with h = (14 no?)~!, and has
associated risk

7’L('J'2

Risk!'l2 (", B (1)) = = (1.39)

This is exactly the same risk as for x € By(1), yet, in this situation, it is no longer minimax. Indeed,
a simple non linear estimator can have a much smaller risk. Let us denote

Woo(w) := argmin ||z — wl| - (1.40)
z€B1(1)

As demonstrated in [33] that when o < 2n/./e, the risk of Wy, is

Risk!"2 (@0, X) < 81/2In(2n/0)0. (1.41)

For instance, when o = ﬁ, the risk of the best linear estimate equals 1/5, while Ws’s is less than

164/31In(en)/n, implying suboptimality of the linear estimate in that situation.

Early results of nearly-minimax estimation with nonlinear estimators

In the case of direct observation w = x 4+ g€ , one can consider thresholding estimators of the form

Vi€ [1:n], THw) = witi(w;),
with ¢; : R — [0, 1] a nonlinear threshold rule. Two common choices for ¢ are hard-thresholds and
soft-thresholds [6, 8, 34], respectively defined for A > 0 by

th(y) == y1{ly| > \}

and

AN . _ Yy
ts(y) == (lyl = M)+ -

In [8], authors show that these two type of estimators are nearly-minimax optimal over Besov spaces
for Gaussian £ [’} They also prove that linear estimates are not nearly-minimax over certain types
of Besov spaces.

Polyhedral Estimate, a nearly minimax estimate

Authors in [33] extend operational and almost ”assumption-free” theory of linear estimation de-
veloped in [30, 31] to nonlinear estimation. They do so by building on ”simple” estimate
to propose a novel analysis and computation procedure of the Polyhedral estimate, stemming from
the early ideas of [35, 36]. What motivates these estimates is the fact that, for a given h € R™,
linear form h”w accurately estimate h” Az. More precisely, given h € R™, when ¢ ~ SG(0,0%1),
one has

Probe []hTw — hT Az < o ||h]ly /2 1n<2/6)] >1—e (1.42)

®See [8] for a proper definition of Besov spaces
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-1
Thus, selecting N columns h; such that |||, = (m/21n(2N /e)) , one can build the closed,

convex subset of R™
Z:={zeR": Vi<N, |h]w—Az]|<1}.

Note that by construction, € Z with probability greater than 1 —e. The key idea is then to select
appropriate columns h; so that any point T € Z N X results in a good estimate of Bx when using
w := BZ. This is the argument that motivates polyhedral estimate

wfjoly( )= Bmpoly( w), fgoly( )eArgergr(nn HHT w—Az]H . (1.43)

Authors in [33] provide two operational approaches for computing ”presumably good” contrast
parameter H, and tight upper bound on its associated e-risk, both via convex optimization. In

some special cases, it is also shown to be nearly-minimax. Specifically, first technique of construction
selects N = v columns by solving the v optimization problems

Opt; = mgin {rznea/% ([ROWZ'(B) - ATg]Tx> +o0v/2In(2v/e) Hglg} (1.44)
and setting Col;(H) = (o/2In(2v/e) ||gilly) L gi, with g; being a solution to Opt;. This construction
is shown to produce nearly-optimal polyhedral estimates for X as a weighted /,-ball, A and B
diagonal and ||-|| = [-||, with » > q.

On the other hand, for any matrices A, B, ellitope X and co-ellitopic ||-||, authors propose the
following construction, which is also nearly-minimax.

Proposition 1.2.6 (|32], Proposition 5.8 and 5.10) Let X be an ellitope as in (1.32) and let
||| be a co-ellitopic norm (1.36). Consider the convex optimization problem

Zz Wi ‘ B/2
-
Opt = min S7(X) + w(p) + 20* In(52) Tr(©) - BT/2 | >, MRy + ATOA | = 0. L1 45)
10 O 0,A>0,u>0.
Let (O, Ay, pis) be an optimal solution to the aforementioned problem. Selecting
S S e R™™
ov/2In(2m/e) ’
with TT ST being the SVD of ©,., yields a polyhedral estimate such that
Riskl (@}, , X) < Opt. (1.46)
Moreover, for e € (0, %], this estimate is nearly minimaz, in the sense that
Riskl (@, X) < 48,/2In(2m/e) In(32K) In(32L)RiskOptl | (). (1.47)

1.2.3 Contributions to robust linear and nonlinear estimation for linear inverse
problems

In Chapter 2 and 3, we discuss adaptive linear and polyhedral estimates when observing noisy linear
transformations of a signal known to belong to an ellitope, under various forms of uncertainty in
the model m. These results are thus in direct continuation of [30+33], and based on working paper
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Adaptive counterpart of linear inverse problems.

The first contribution of chapter 2 is a routine to produce ”presumably good” linear estimates w.r.t.
e-risk. We do so by selecting associated matrix parameter H as a solution of a convex minimization
problem.

We then proceed to build adaptive linear estimates under the ”general” model of uncertainty where

m(0) = {Z(0), A, B, || - [l Pe}, d€[0,0], 0 € Ry, (1.48)

i.e., set Z such that signal x € Z is uncertain. We thus assume that Z belongs to a parametric
family of sets (Z(0))s~( increasing [°| with parameter 4.
Given an integer I, we build a finite family of sets

2(50) - 2(51) c---C Z((S])

and associated provably best linear and polyhedral estimates for each of them. We then show
how Lepski’s adaptive procedure [5, 10, [11] allows one to select a linear estimate, resulting in
nearly-optimal performances. We also propose an adaptive polyhedral estimate built using contrast
parameters associated to specific §;, also leading to nearly-optimal e-risk. Finally, specific results
are provided for the special case where Z(0) = X + U(0), with, for § > 0, X and U(J) being
ellitopes, and recovery norm being either co-ellitopic or ||-||,. In the second case, we provide an
additional aggregation routine involving estimation of quadratic forms.

In chapter 3, two specific settings falling into the aforementioned framework are then presented as
applications.

e The first, rather general, is adaptivity to unknown parameter 6 when Z(J§) = X + 6U, where
X and U are ellitopes.

e The second setting deals with robustness to s-sparse data-corruption. Here, we assume to be
given the observation

w=Azr+u+§ wzekX, ||ul, <s, (1.49)

where X € R" is an ellitope, and s is unknown. Deterministic vector u is an unknown
“nuisance” that has to be considered adversarial, i.e. that maximizes our error of estimation
when targeting w = Bx. As a consequence, we consider the following maximal risk

Riskl'l (@, X x By(s)) := max max Eg[||@(Az + u + &) — Bz]]]. (1.50)
T€X ueBy(s)

Under the first item’s setting , we propose comprehensive versions of the linear and polyhedral
estimates, i.e. estimates with guaranteed upper bound r on the e-risk when é = 0, and such that

Risk[@]2(6)] < r + dt.

We focus on efficient routines allowing for computation of the minimal ¢ such that the latter holds
when in context of m(6).

Sw.r.t. the inclusion relationship for sets, i.e.

01 < 0y —> 2(51) C 2(52)
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Finally, we provide numerical experiments that illustrate results about adaptive linear and polyhe-
dral estimates when concerned with the uncertainty X' + oU.

Chapter 4, based on the paper First order algorithms for computing linear and polyhedral esti-
mates [37] submitted to Open Journal of Mathematical Optimization (OJMO), deals with efficient
computation of linear and polyhedral estimates.

When considering ellitopic X and co-ellitopic recovery norm ||-||, design of these estimates relies
upon building a good contrast parameter H. This in turn involves solving a semidefinite optimiza-
tion problems with dense matrix variables, e.g., as in . Using Interior Point Semidefinite
Programming to do so severely limits how big dimensions n,m,v can be. Indeed, formulation of

said problems involves matrix variables of the size O <((n +v) \/m)Q), entailing computational

complexity of the order O (((n +v)V m)6).
As a remedy, we propose the following three contributions.

e We first provide a reformulation of the optimization problem (1.45). The latter replaces
previously mentioned matrix variable by vector ones of size O(K + L), and allows for the use
of first order methods.

e We show how to augment feasible solution (X, 1, ©) of (L.45), with associated value p[©)], to
variables (2, u, ©, H) feasible for with associated value p[©]. A minimal solution to
can then be converted to an almost minimal solution of , in the sense that value
of the converted solution is within a factor

max {2; 1+ ln(Zm)}

of problem ((1.37)’s minimum.

e We finally develop and analyse a novel bundle-like algorithm, Composite Truncated Level
(CTL), that can treat the aforementioned reformulation of . The computational cost of
one step of CTL is dominated by the one involved in inversion of square matrices of dimension
v and n and/or computation of SVDs of square matrices of size m. We support our analysis
with numerical experiments.

Chapter 5 is based on papers Robust signal recovery under uncertain-but-bounded perturbations
in observation matriz[38], Estimation from indirect observations under stochastic uncertainty in
observation matriz|39] submitted to ”Journal of Optimization Theory and Application”. Here we
consider the task of building linear and polyhedral estimates which are robust w.r.t. observation
matrix uncertainty. More precisely, we assume that we are in the situation where

m(n) = {X, A[n], B, || - H7P§}7 A=A+ Z%Aa, (1.51)
a=1

with given matrices A and (A4,)2_;. We then build almost best linear and polyhedral estimates

when considering the maximal e-risk over all z € X and all possible observation matrices. We do
so by defining their associated contrast matrices H, as minimizers of tight upper bounds of the
e-risk of respectively linear or polyhedral estimate with contrast H. We consider separately matrix
uncertainty of two types.
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e First, we assume that, 7 is a centered random vector, and we build linear and polyhedral es-
timates which are robust to such random uncertainty. Performance is then measured through

Risk!“(ﬁ?, X) :=sup inf {p: Probe, [|w — Bz| > p] < €}.
zex p>0
This is done for sub-Gaussian 7, and for n with bounded second moment when repeated

observations are available.

e Next, we consider the case of n which is deterministic but unknown, and belongs to a bounded
convex compact subset () C RY. The considered risk is

Riskl |(@, ) .= sup inf {p: Probe[|@ — Ba| > p] < €}
zeX nEQ p>0

1.3 Sparse recovery

1.3.1 Minimax results on sparse recovery

We now consider the situation of (1.2) with m < n and x such that it is s-sparse, i.e. ||z|, = s.
If m > s, we retrieve in a sense the classical setting of estimation from linear observation. With
access to oracle

I'={ic[l:n]: = #0}, |I|<s, (1.52)
one can reformulate problem (1.2 as
wr = Arzr + &1, (1.53)

with A; € R™*5 is obtained from A by concatenating columns with indexes in I, and z; € R®
is the vector obtained from x when removing zero coefficients. The corresponding least square
estimate enjoys average Euclidean error of regression
Rank(A 25
o2 Rank(dr) _ o%s (1.54)
m m

Yet, this is an idealistic situation, as there would be no sense in assuming that z € R™ if one
actually knows I. Therefore, the challenge lies in accurately guessing the support of x in order to
estimate it.
The first approach is to constrain least square to s-sparse vectors, resulting in estimate

25 o(w) € Argmin |lw — Az|f3, (1.55)
2€Bo(s)
or its penalized counterpart
#)0(w) € Argmin [Jw — Az[[5 + X ||z, - (1.56)
zeR™?

When prediction error is concerned, these estimates enjoy the following upper bound (see chapter
2.4 in [40]) on their maximal risk under the assumption of s-sparsity:

Riskl12m (AZ2 0, Bo(s)) < 3252 In(en/s),
(1.57)
2
Riskl m (A2 Bo(s)) < 16 (sIn(e?n) +1), Ao = 2 In(2n).
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The extra factor In(en/s) compared to (1.54) seems to be optimal in the minimax sense in some
situations, as pointed out by results in [41] stating that

710'28
RiskOpt!H 1 (By(s)) = I (ln(n/s)\/l) . (1.58)
Fro

As a consequence, and are minimax optimal in the direct observation model (i.e.
with A =T and n = m). The main drawback of the estimates and is that the
underlying minimization problems quickly become intractable as n grows. This limitation arises
because the || - ||p norm is not convex, and has motivated similar approaches that replace it with

NiFe
1.3.2 Lasso, Dantzig estimates and design conditions
This choice is justified as the latter is the convex envelope of the former on By (1). This motivates
the celebrated Lasso ([42])
A . 1 2
z7 € Argmin ¢ — |lw — Az|[5 + A ||zl ¢ (1.59)
> 2m
and the Dantzig selector introduced in [43],

z € Argmin {H2||1 : % HAT[w - AZ]HOO < ,u} : (1.60)

For both estimates, the appropriate choice of parameter A or p is crucial to ensure good perfor-
mance. In practical applications, this is usually done using cross-validation. In situations where
€ ~ SN(0,0%I) and A satisfies some conditions, theoretical analysis advocates that they be of

order o+/21n(n)/m.

The null space property

Historically, the problem of sparse recovery was first addressed with noiseless observations [44]. In
this case, it is not trivial that

Vz € By(s), «=argmin {||z];: Az = Az} (1.61)

holds without the design matrix A satisfying some property involving the level of sparsity s. The
necessary and sufficient condition on A for (1.61) to hold is the celebrated Null-Space Property
(NSP) [45].

Definition 6 Let 0 < k < % A matriz A is said to possess the Null-Space property NSP(s,k) if
the following holds true:

Vz, Az=0 = ||z]l; < k2]l - (1.62)

Using the following equivalent property, it is possible to derive a risk upper bound for the Lasso
and Dantzig selector.
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Proposition 1.3.1 ([32], Section 1.2.2.1) Let 0 < k < 3. The NSP(s,x) for a given matriz A
is equivalent to existence of C|. such that the following holds:

Vz, [lzslly < sllzlly + Cpy(s, &) [| =]l (1.63)
For [[- || = - [l
KN + s .
Clpy(s,5) < A) p(A) :=min {p:pe Sp(A), p>0}

Assuming that AT A satisfies the NSP(s,x) with CH,HOO(S,H), that ¢ ~ SG(0,02I) and that
max [|Col;(A)|, < v/m, choice p = o1/ 21n(22) yields the following upper bound (see Chap-
ter 1 of [32])

4muCyy (s,5) _ Asn+s)o 2, (2n)

s gl mp
el e < < . 1.64
Riske ™ (Zp, Bo(s)) - 2n (1= 20)p(AT AJm) (164)
Provided that
MO (5:5) (8
L=26 = \Vp(ATA) )
first inequality of (1.64) implies the rate
2n
M In (%)
RlSkE 1(117’6,60(8)) 5 O|os m . (165)
Notice that (1.57), and 7 — = € Bo(2s) implies that
TR In(n)
RlSk” Hl(xqo, BO(S)) 5 (o] m

Thus, AT A satisfying the NSP with good constants provides a rate for £, sparse recovery that is
essentially as good as ¢y minimization routines.

Nevertheless, checking whether a given matrix A7 A satisfies the NSP for s-sparse signals and
computing s, k, C,_is an algorithmic task that suffers from computational complexity of O(n?).
Second, it is not known how to compute matrix A that verifies the NSP(s, k).

The Restricted Isometry Property
The celebrated work of Candes and Tao [46] introduces the following condition on the design
matrix A:

Definition 7 A satisfies the Restricted Isometry Property RIP(s,d), if, for a given sparsity level
s, it exists 0 € (0,1) such that

Vo € R", Jlafly <5, = (1) [zl < | 4a]3 < (1+9) |]3. (1.66)

The first important fact about RIP is that it implies NSP with constants that ensure good recovery
properties of /1 methods.
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Proposition 1.3.2 ([47], Lemma 2.2 and Theorem 1.2) Let matriz A satisfy the RIP(s, d25)
condition with 6o < /2 — 1. Then A satisfies the NSP(s, k) with

o \/5525
EREEENCEN o0

Moreover, under sub-Gaussian noise, when defining the Dantzig selector as
Fp € Argmin {qul LAz — wlly < ou(v/m + \/2111(1/6))},
4

the following holds with probability greater than 1 — € for every s-sparse vector x:

~ 2\/14’523
|Zp — x|y < G 1)5280*(\/E+ V21n(1/e)). (1.68)

Furthermore, provided m is sufficiently large, an observation matrix with coefficients drawn at
random is very likely to satisfy RIP. The good news being that how large m has to be is actually
almost proportional to level of sparsity s, as stated by next proposition

Proposition 1.3.3 Let A € R™*"™ be a random matriz with entries a; j ~ N (0,1/m) or Probly/ma; ; =
1] = Probly/ma; j = —1] = 1/2. Then A satisfies RIP(s,6s) with probability at least 1 — € as long
as

m > 3—3 [sIn(9en/s) +In(2/€)] . (1.69)

Thus, design matrix A satisfies NSP(s, k), K < 1/2, when it verifies RIP(2s,0.4). Taking m >
600s[In(13en/s)| + 1799 is sufficient for both this to be true and

120 — 2, < 500 ( sIn(36n/s) + 1)

to hold simultaneously, with probability greater than 0.99. Notice that before n = 9429, their is
no such m even for s =

Second, as with the NSP, one cannot check whether a given matrix satisfies RIP in less than O(n?)
operations.

The Restricted Eigenvalue Condition
Under a second condition with essentially the same advantages and weaknesses as RIP, [48]
provides upper bounds on the e-risk of the Lasso and Dantzig selector.

Definition 8 A satisfies the Restricted Eigenvalue condition RE(s,k,d), if, for a given sparsity
level s, it exists 6 > 0 and k > 0 such that

VIC[L:n], [I|<s, el <8lall, = [lAz]; = sllz]l3- (1.70)

"Similar results are also available when A is created by selecting randomly m rows of an orthonormal matrix, with
m sufficiently large w.r.t. s,.

81t is important to mention that despite this, in practice, £; minimization methods seem to work efficiently even
in small dimensions with random design and very few measurements.
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This condition is also shown to hold with overwhelming probability for the same type of random
matrices as for RIP, as long as m 2 sln(en/s) (see [49]). Similar to RIP, checking whether a matrix
satisfies the RE condition is also of computational complexity O(n?).

Under this condition, [50]@ proposes the following upper bound on the Lasso’s e-risk with a param-
eter choice independent of e.

Proposition 1.3.4 ([50], Proposition 3.2) Let A satisfy RE(s,r,d) and such that all diagonal
elements of - LAT A are smaller than 1, and A = 2"5 T\/ QIH(n) ,0€(0,1). Then,

2 2
Ve e (0,1), Riskl2(A7), By (s)) < % (f( et 1) +2.841/2In(1/e) > (1.71)

Regarding the Dantzig selector, [48] proposes the following.

Proposition 1.3.5 ([48], Theorem 7.1) Let A satisfy RE(s,k,1) and such that all diagonal el-
ements of AT A are smaller than 1, and p = o/2In(n/e)/m, € € (0,1). Then,

113 o o2s
Risk! |2(AZ%, By (5) < 3222 In (7)),

= mn2

(1.72)
Risk! 1 (2, By (s) < 8% /2n0/9,

K2 m

Note that [48] also proposes similar results for the Lasso with A = O <a ln(n/e)/m)

Computational complexity of computing Lasso and Dantzig selector

For both the Dantzig selector and the Lasso, generating the associated estimate has computational
complexity that scales poorly with increasing parameter n. Solving relies upon IPM, which
scales to at least O(n3) by using at least one Newton step. Among the popular methods to solve
(1.59) are Iterative Shrinkage-Thresholding Algorithms (ISTA) [51] and Fast ISTA [52]. Both aim

to minimizing the function
Fo(z) = Az = wl} + Allzl,, = € R,

and use first order algorithms involving the computation of a subgradient of F)(z). Thus each step
of either ISTA or FISTA scales as O(nm). Authors in [52] proposes the two following result on
ISTA and FISTA.

Proposition 1.3.6 ([52], Theorem 3.1) Let (z1)r>0 be the sequence of iterate produced by ISTA
with starting point xg, and x4« a minimizer of F\. Then

2
Wzt ) - ) < A7), 1l

Proposition 1.3.7 (|52], Theorem 4.4) Let (x1)i>0 be the sequence of iterate produced by FISTA
with starting point xg, and T, a minimizer of Fy\. Then

(1.73)

2
Allze — wolly
(k+1)2
? Authors provide a restricted eigenvalue condition stated with ||z||, instead of ||z/||, in the denominator of (1.70),
leading to constant smaller by at most a factor /1 4+ §—1.

10The two differences are higher numerical constants and the fact that design matrix A must satisfy the condition
RE(s,k,3).

Vk>1, F(ap) - Fa(z.) < ||ATA|| by (1.74)
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In practice, the first order algorithm used to solve the Lasso is Coordinate Gradient Descent (CGD)
[53] with associated computational cost O(mn) for one iteration, and the following convergence
result.

Proposition 1.3.8 ([|54], Corollary 3.8) Let (x;)k>0 be the sequence of iterates produced by
CGD with starting point xg, and x. a minimizer of Fy. Then

(A3 ]2 — zo0ll3
Vh> 1, Fi(oe) - F(e) S max "800l e = 2ol

. 1.
i m kE+1/n (1.75)

1.3.3 Stochastic approximation, multistage procedures and sparse recovery in
very high dimensions

We now turn to problem (|1.3). We are given random samples (¢;, ;)" € R" x R, linked by the
following equation
i = (¢ ) + &,

where (¢;,&;)/", are independent copies of r.v. (¢,£) € R"xR. Under this random design, consider
the following Stochastic Optimization problem:

min {g(z) .= E[G(z,(¢,n)]}, Gz, (¢,n)) = s(¢"x) — ¢Tan, (1.76)

with s'(t) = v(¢). When E[¢¢] = 0, x, is a critical point of g, since

Vg(z) = E [¢[t(¢"z) — (¢ 2.)]] . (L.77)

Thus, when g has a unique minimizer, retrieving x, and minimizing g are equivalent problems.
To do the latter, one can minimize the sample average approrimation (SAA) of g

N
~ 1
g (@) = D Gla, (dim), (1.78)
i=1
as it is an unbiased estimate of g(z), i.e.,
Egn(x)] = g(z) VzeX. (1.79)
One can also compute unbiased Stochastic Approzimation (SA) [55]
VG(@, (6i,m:)) = ¢ [¢(67 %) — ] (1.80)

of Vg(x), and use Stochastic First Order Methods (SFOM) to minimize g.
In the context of linear regression, i.e. t(t) = t, observe that

o(0) =B 56" ls. — o] + 067 | - E[447],

thus minimizing ¢ using SAA is the same as solving the least square problem

1 N
min {Lw(x) =0 ;(m - ¢¢Tw)2} :



31

When assuming ||z.||, = s with s << n, one can thus treat this task by solving the Lasso or
Dantzig selector. Considering the Lasso problem and assuming & ~ N(0, 1), one can use CGD to
compute an estimate 77, such that

Ly (@) + A |[7X]| < min {Zx(@) + Allell,} + $0? (1.81)
in
(@] <n2 <Hx)‘ — onzmaX ||¢i||30_2\/1>> (1.82)

operations, with z* a minimizer of the Lasso problem.

On the other hand, SFOM using SA VG (x, (¢, ;) := ¢i(¢p] x—n;) of g’s gradient at x usually have
sub-iterations scaling linearly with dimension n. Thus, one can compute an estimate in O(nN)
operations with this approach, which is computationally cheaper.

Stochastic Mirror Descent
A popular first order algorithm to solve (1.76)) is the celebrated Stochastic Mirror Descent (SMD)
[56]. The latter is the repeatition of the following iteration

i1 = Proxk (zi, 711G (i, wir1)),  Prox@(v,y) := argmin {y"z + D(v, 2)}, (1.83)
zeX

with metric D the proximal function and Proxg its associated prozrimal operator.
When measuring error of estimation using a norm ||-||, one usually requires proximal function D to
be such that

Vz,v € X, D(z,v)> % |z —v|%.

A popular choice of metric fitting this requirement is the Bregman Divergence [57] generated by a
function a-strongly convex w.r.t. norm ||-||.

Definition 9 A convex continuously differentiable function d : X — R is said to be a-strongly
convex w.r.t. norm || - || if

Vz,uo € X, Vy(v,2) :=d(v) — d(z) — Vd(2)T[v — 2] > %Hv — 2] (1.84)

Definition 10 Let distance-generating function (d.-g.f.) d : X — R be a continuously differ-
entiable convex function that is strongly convex w.r.t a norm || - |. The Bregman divergence
Vi: X x X — Ry associated with d is defined by

V(v,2) € X, Vy(v, 2) = d(2) — d(v) — Vd(v)T[z — v]. (1.85)
Among the most widely used Bregman divergences for SMD, are the following ones:

e the squared euclidian distance:

V(v,2) € R", Va(v.2) = [lv = z]l3, d(-) =[]
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e the Kullback-Liebler divergence, defined over the simplex A := {z eRY Y1 2= 1} and
generated by the negative entropy h(v) = > v; In(v;):

V(v,2) € A1, Vi(v,2) := Zvi In(v;/z;).
i=1

e the divergences defined when using d(-) := HH;% or d(-) = [|-[[;, with p close to one, e.g.,
p=1+ .
In(n)

Upper bounds on the expected inaccuracy of an estimate produced by a properly tuned SMD are
available for general functions g

Ve e X, g(x):=Ey [G(z,w)] (1.86)

being Lipschitz or Smooth, with G(-,w) being convex for every realization w.
Definition 11 A continuously differentiable function d : X — R is L-Lipschitz w.r.t. norm ||-|| if
Vze X, |Vd(z)|.«<L. (1.87)

Definition 12 A continuously differentiable function d : X — R is B-smooth if its gradient Vd is
B-Lipschitz w.r.t. norm | - ||:

Vz,oe X, [|[Vd(z) — Vd()|l« < Bz — ] (1.88)

The two result we are about to present assume that available stochastic subgradient VG(z,w) is
such that its expectation is in the sub-differential of g at x, i.e.

Ve e X, Vg(z):=E,[VG(z,w)] € 0g(z), (1.89)
and that it has bounded second moment:
Vee X, E [HVG(x,w) - Vg(x)”f] < x>0. (1.90)

They both use in ([1.83) the Bregman divergence associated with d.-g.f. d that is 1-strongly convex
w.r.t. ||-|| and associated with constant

Q.= V. . 1.91
max a(z,y) (1.91)

Proposition 1.3.9 ([58], Theorem 4.1) Assume that (1.90) holds and g is L-Lipschitz. Let
sequence of points (x1,...,xn) generated by iteration (1.83) with proximal function D = Vg, and
define

t
7=%" Tr

Fort > 1 and constant step-size strategy v; = 4 /ﬁ, one has that

O(L? + »)

E[g(Zn) —g(zs)] <2 N

(1.93)
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Proposition 1.3.10 ([58], Theorem 4.2) Assume that (1.90) holds and g is -smooth. Let se-
quence of points (x1,...,xN+1) generated by iteration (1.83) with prozimal function D = Vg, and
define

t+1

~av __ Tr

B =) ~ (1.94)
T=2

Fort > 1 and constant step-size strategy v; = min {215, IS{}’ one has that

E [9(Z% 1) — g9(z)] < = + 24/ = (1.95)

Stochastic Dual Averaging
Another FOM is the Dual Averaging (DA) algorithm [59, |60]. In [60], authors propose the
following setting. Let d be p(d)-strongly convex w.r.t. ||-||, and such that

Ve e X, d(z) < C(d)||z]]* and d(z) > d(0) = 0. (1.96)
For a given proximal center T € X such that ||z, — Z|| < R, define the proximal operator

Prox. p5(v) i= arg max {v7[y — 2] — Bdor(y): yeX, lly—z <R}, >0,  (197)
Yy

with d.-g.f. d, r(y) defined by

VyeX, d.p(y) ::d<sz>' (1.98)

For seqences of positive reals A1, ..., A\; and § < ... < 41, and filtration (wy, ..., w;), the i + 1-th
iteration of DA produces estimate z;; through

t=1

Tit1 = Proxz pg,., ( > MVG(E, wt)> . (1.99)

Authors in [60] propose a result on both the convergence of the expected inaccuracy and the
expected error of estimation, for g being uniformly conver and Lipschitz.

Definition 13 For p > 2, a convex continuously differentiable function d : X — R is said to be
(1, p)-uniformly convex w.r.t. norm || - | if

Vz,oe X, Vy(v,z) > HHU — z||P. (1.100)
p

Proposition 1.3.11 ([60], Corollary 5) Assume that g is (u(g), p)-strongly convex and L-Lipschitz
w.r.t. |||, and that stochastic subgradient satisfy (1.90). Let A\, = 1 and S, = vV N + 1, with

(1.101)
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Then the approximate solution Ty (T, R) produced by the DA algorithm after N iterations is such
that

o 20(d) (L2 + )
e R [20(@)(1% 4 )

Multistage procedures

Rates ((1.93), ([1.95),(1.102) and can be improved using multistage procedures [60, |61]
when assuming objective to be strongly or uniformly convex w.r.t. ||-||. The latter are algorithms
restarting instances of FOM algorithms, e.g., SMD or DA, called stage. At a given stage, say, the
i-th, we are given a starting point x; € X such that

[1Zi — 2| < Ri. (1.104)

The stage then runs a FOM for m; iterations using d.-g.f. dgz, g, defined as in (1.98), with initial
point ‘
:1:(()1) eXn{zeR", |z—7 < Ri}.

At the end of the stage, the procedure sets Z;41 := f,(fl)l, with guarantee
[Zit1 — 2| < Ria

holding either in expectation or with high probability when subgradients are stochastic.

Mulstistage routines applied to Sparse recovery
Observe that for functions such as ((1.76)), one has E

%2 0% ||l9ll2 €2 . (1.105)

If ||| = |||y, i.e., the setting is Euclidean, one can consider d(-) = ||-|3. In this case, the cor-
responding SMD algorithm is the Projected Stochastic Gradient Descent. The latter may suffer
from poor convergence of the expected inaccuracy for very high dimensions. For example, in linear
regression, where ¢ ~ N(0,1) and & ~ A(0,1) are independent, » > o?n. Thus, unless a specific
assumption is made on regressor ¢, such as sparsity (see [62]), one cannot avoid a term larger than
the dimension n in . Thus, for very large n, SFOM must be considered in a non-Fuclidean
setting.

For example, considering [|-|| = ||-||;, gives » > o2 In(n) for ¢ ~ N(0,1) and & ~ N(0,1).
For such setting, one can use multistage procedures running instances of the SMD algorithm in
each stage. Assuming that the objective is ju(g)-strongly convex and 3(g)-smooth w.r.t. ||-||;,

yields
. B(9)© O
E —x]? < .
zy =il = u(g)N * \/ 1(9)2N

HSimply observe the decomposition

B [H¢<¢Tx —n) —B[66" s .]]

ﬂ =E ququ[a: — 2]~ B 66" [v - 2.]] - 00t

i

taken at x = x..
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In cases such as linear regression, this approach suffers from the fact that the ratio g is lower

bounded by dimension 7 (see [60], p.2 for proof of this claim). Assuming that © < C(d) ||zo — z.||3,
N should be larger than nC(d) to reduce initial error. Thus a multistage procedure cannot converge
in the setting of sparse recovery, i.e., N < n, when assuming strong convexity w.r.t. |-||;. This
motivates the need for more restrictive assumptions.

For example, the authors in [63] study a multistage procedure called Regularization Annealed epoch
Dual AveRaging (RADAR) under the Local Strong Convexity (LSC) condition.

Definition 14 Function g : X — R is y(R)-locally strongly convex (LSC) w.r.t. ||||§ if for all z,v
such that ||z]|; < R and |jv]|; < R,

Vy(v,2) > % Iz —v]3. (1.106)

At the i-th stage of RADAR, an instance of DA with d = 2(p1_1) HH; and p = 21211185)"21 is ran for m;
iteration to solve intermediary problem

min {g(z) izl Nz -, < Ri} . (1.107)
zeX
The main difference with ((1.99) is the use of stochastic subgradient VG (z,w) + A\;jv(z) instead of
VG(z,w), with v(z) € 0 ||z]|,.

Proposition 1.3.12 ([63], Theorem 1) Assume that g is v(R)-LSC and that it satisfies the fol-
lowing assumptions:

e g is G(R)-Lipschitz for all z,v such that ||z — z«||; < R and ||v — z«||; < R:
9(2) = g(v)] < G(R) ||z = vl]; - (1.108)
e For all z such that ||z||, < R, gradients are centered and sub-Gaussian, i.e. for some o?(R),
B, [exp (IVG(z w) - V(=) % /o*(R)) | < exp(1). (1.109)
RADAR produces after N oracle calls an estimate Ty such that with probability greater than 1 —
6 exp(—t/12),

s(In(n) + t).

|Zx — 2.3 S (6*(R) + G*(R)) 2N

(1.110)

Authors illustrate result ((1.110]) in the case of sparse least square regression. For the latter, assum-
ing that regressors are uniformly bounded, i.e.

9]l < B,
and that noise £ ~ N(0,0?), they show that
o?(R) < B'R? 4+ B%0?, (1.111)
G*(R) < ||%]lgpo B2 and v = ppin (), for ¥ = E [¢¢”]. Thus, in that setting, (1.110) reads

s(In(n) +t)

NI (1.112)

|Zx = all; S (B + IS po) B + B*0?)
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This result is in contrast with others in the sparse recovery literature has it makes assumption on
Y instead of the empirical covariance matrix

1 N
Yy = NZ@@T. (1.113)
i=1

Yet, compared to results such as or , the obtained rate contains an additional term
proportional to R? and decreasing sub-linearly with the sample size N. Additionally, the length
of stages in the RADAR is such that m; =< s?, which limits the range of sparsity one can consider
with N <n.

Recently, [64] proposed another multistage procedure for minimizing the L-smooth objective g
(w.r.t. ||-]l;). The underlying FOM is the SMD algorithm with d.-g.f.

ds(x) = S ()t o —zol2, p=1+1n(n)"", q(p) = W

where T is the current proximal center of that stage. Their analysis relies upon a noise decomposition
more suited to smooth functions such as . Namely, they assume that for all z € X, stochastic
gradient VG(x,w) is such that E,, [VG(z,w)] = Vg(z) and that for some s, >, v such that 1 <
n, 7 <ooand L <v,

E, [HVG(x,w) - vg(x)ugo] < sV (z,2.) + 702, (1.114)

where

02 =By [|IVG(as w) - Vo(a)|2]
They also require their objective to satisfy these additional assumptions.

e for all z € X, g the satisfies quadratic growth condition w.r.t. Euclidian norm, i.e.

9(2) = g« > 36z — 2.3 (1.115)

e Given a vector z € X, one can efficiently solve the following problem

sparsey(z) 1= Argr/xvlin {llz =vlly: |lvlly = s}- (1.116)
ve

Proposition 1.3.13 ([64], Proposition 2.1) Let (x1,...,z,,) the sequence of iterates generated
by the aforementioned SMD algorithm with constant step-size 2scv and initiall starting point xg,
with ||z — mo||; < R. The average of iterates T (o) == £ S | x; is such that

4e*vxR%1In(n) n o2

. 1.117
m v ( )

E [g(/x\m)] — 9« <

A direct consequence of (|1.117)) and (|1.115]) is that defining y,, = sparse,(Z,,), one has that

4e?vesIn(n) R n %/SUZ> (1.118)

m v

~ 4s
Bl -l < 2 (

The multistage procedure based on (1.118]), called SMD-SR, is a two-phase algorithm. The notion
of phases is related to the number m of iterations per stage. In the first phase, m = mg is chosen
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so that the first term of the RHS in is less than %2. These stages with constant number
of iterations are repeated until the first term is of the order of the second. When this occurs,
the algorithm enters the second ”asymptotic” phase, where the number of iterations per stage is
multiplied by two after the completion of a stage (i.e. my, < mg x 2¥ at the k-th asymptotic stage.).
This procedure produces an estimate with the following guarantiees:

Theorem 1.3.1 ([64], Theorem 2.1) Let Ty be the output of the last stage one can possibly do
using a total number of iteration N of the previously outlined procedure, and Yy its sparsification.
The latter enjoy the following guarantees

R2

K ¢Nk 7/ o?sIn(n)
Elg(Zn)] — g« < — —_ —_—r 1.11
9(@n)] - 9o < S exp { - BV L o), (1119

(1.120)

N cNk o84/ ' In(n
E [y — z.l,] < olRexp{— } Q

o ———.
VN
Authors illustrate their result in the case of (1.76) where 7 is the identity, ¢ is such that

In(n)ssv

10lloe < B, Y= wsl, X[y <wv,
with B, ky > 0 and v known, and & such that
E[¢] =0 and E[¢?] < 1.

In this special case, their assumptions are satisfied for »'02? < B?0?, k = ky, and »v =< (B + /v)?,

yielding error of estimation (|1.119)

. cNkx, Bos [In(n
E[|gy — ., SRexp{— } (n)

sln(n)(B + y/v) ks N

In contrast to (|1.112)), (1.121) has a dependency on prior R decreasing exponentially fast, with
additional term proportional to os/In(n)/N, in the same faschion as ([1.72). Same as in [63],
assumptions are made on the distributions of regressors and ¥ instead of the empirical covariance
matrix.

(1.121)

1.3.4 Contribution on SA applied to sparse recovery

Chapter 6 is based on paper Stochastic Mirror Descent for Large-Scale Sparse Recovery presented
at AIStat 2023. We propose a novel two-phase multistage algorithm to minimize a smooth objective
g with sub-Gaussian stochastic gradients. This multistage procedure is based on the Composite
Stochastic Mirror Descent (CSMD), which uses a composite proximal operator instead of ,
defined as

Proxixo(g“,w) = argmin {(Tx 4+ h(2) + Vo (2,2)}, Xg(20) := {2 € X : ||z — 20| < R} (1.122)
2€XR(z0)

The penalty h(-) is chosen as ry ||-||; in the k-th stage, in order to minimize the following sub-
problem

min {Fa(2) = 9(x) + e el ) (1123)
r€XR, (Tk)
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where 7, is the current proximal center and Ry, is an upper bound on ||Z; — z||; that holds with
large probability.

Our analysis of the e-error of the output produced by the CSMD-Sparse Recovery (CSMD-SR) is
based on two main component. First, we propose a novel analysis of the CSMD algorithm using a
noise decomposition such as , along with large deviations inequalities for super-martingales.
Second, we link a high-probability upper bound on the inaccuracy to the error of estimation when
g satisfies the Reduced Strong Convexity (RSC) assumption:

(Fn($) - Fn(x*))+:| .

KR

Vee X, |lz—x; <6 {psm—l— (1.124)

In the context of sparse generalized linear regression, the latter holds when the objective ¢ has
quadratic growth as in (|1.115), and the covariance matrix X satisfies the @) 4 condition:

S 1
VzeR", VIC{l,...n}, 1| <s, ||z1||1§\/: Izl + 5(1 = ) Izl (1.125)

We consider two variants of the CSMD-SR, algorithm. Both have the same preliminary phase with
constant stage-length m. The first version uses a stage-length proportional to O(4%m) for the k-th
asymptotic stage. The second, called the ”mini-batch” version, has constant stage-length m in the
asymptotic phase. It computes at each step ¢ of the k-th asymptotic stage the mini-batch

Ly

a0y = L S GE wi), L = O(In(n)4¥), (1.126)
=1

0)

is the current output at step i. ;; is then computed using Hk(i:\(k)

where %) i

(2
VG(@@, wg,;) in (L.83).

For both algorithms, we provide a high probability upper bound on the error of estimation in |||/
of the output produced by the last possible stage when using N samples. Similar to result in [64],
these upper bounds exhibit an exponentially fast convergence to the noise regime, which is of the

order of
In(n)
2 —
) (5 POS N >

O (52,)0*31“\/(%))

for the mini-batch version. Finally, we support our analysis with experiments.

) instead of

for the first version of CSMD-SR, and

Chapter 6 provides two extensions to these results. The first one proposes an estimate that
adapts to parameter ps in , as it does not require knowledge of ps to be computed. It uses
Lepski’s procedure [5] to select one estimate in a finite collection. Each estimate in this collection
is the output of an instance of the CSMD-SR algorithm’s mini-batch version with different stage-
lengths m; tuned for parameter p;s;. We show that this procedure selects with high probability
an estimate such that its error is within a constant multiplicative factor of the best estimate in
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said collection. If the stage-lengths of each of these algorithm is properly chosen, this remains true
when comparing our selected estimate’s error to

[Z(ps) — 21,

where Z(ps) is the output of a CSMD-SR algorithm that knows the smallest parameter ps such
that the objective g satisfies the RSC(ps). In the second part of the chapter, we describe choices
of hyperparameters of the CSMD-SR algorithm adapted to assumption that the objective satisfies
the reduced uniform converity (RUC) instead of the RSC. The former is a ”uniform convexity”
counterpart of the latter. For some critical radius Rryc and ¢ € [1,2), we assume that it holds
that

5
Ve € X, |lo -, < Rrue = llz—all < - (ps%fiq + (Fa(z) — F,{(:B*))+) . (1127)

Under this assumption, we obtain an upper bound on the estimation error of the CSMD-SR algo-
rithm for its mini-batch variant with asymptotic term scaling as

o <p <<wg>$% 1n<n>><p¥>> |
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Chapter 2

Robust Counterparts of Linear
Inverse Problems

Abstract

We consider an uncertain linear inverse problem as follows. Given observation w = Az + £ where
A € R"™ ™ and £ € R™ is observation noise, we want to recover a linear transformation of unknown
signal z, known to belong to a convex set Z C R™. As opposed to “usual” settings of such
problem, we allow feasible set Z to be uncertain. For instance, the latter can be the direct sum
X + 60U, where X and U are known and 9 is unknown. In a series of problem settings, under
various assumptions on the nature of problem uncertainty, we discuss the properties of two types
of estimates—Ilinear estimates and polyhedral estimates (A particular class of non-linear estimates
introduced in [32, 33]). We show that in the situation where the signal set is an uncertain ellitope
(essentially, a symmetric convex set delimited by quadratic surfaces), nearly minimax optimal (up
to a moderate suboptimality factor) estimates can be constructed by means of efficient convex
optimization routine.

41
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2.1 Building robust estimates

Given an observation
w=Az+&€R™ (2.1)

where A € R™*™ and random noise £ ~ P,, our objective is to build an estimate @(-) of the linear
image w = Bz € R of unknown signal z € Z C R". In what follows, we assume that the collection

m=[A,B,Z, (P, z € 2) (2.2)

of the problem data is uncertain and belongs to a known family 9t = {m(¢), § € R}, where 0 is
an unknown parameter; we refer to m(d) as uncertain observation model.

More precisely, A, B, and P, = P are given (certain), while z = [z; u] E, with x € X C R™ and
u€eU(d) C R™, sothat z € Z(6) = X xU(5) C R™. Signal set X' is a known symmetric w.r.t. the
origin, convex and compact set, while the “uncertainty set” U(J) belongs to a known family of sets
with same properties as X, parameterised with unknown 6 > 0. As a consequence, the uncertainty
models we consider are of the form

m(8) = [A, B, X x U(5), P). (2.3)

Building on the foundations laid in [30L |31} |33], we do not make any assumptions on matrices A
and B. As a consequence, our setting accommodates with a wide range of linear transformations
commonly used in nonparametric statistics, e.g., FFT transforms, k-th order derivation, and wavelet
basis expansions. Moreover, the formulations of observation and target w = Bz are flexible
enough to adapt to various uncertain statistical situation, such as

A. robust estimation. More precisely, consider the situation where we are given observation
w=Az+u+¢

and aim to estimate w = Bxz. In our setting, this situation is captured by the special case
where A = [A : I], B = [B,0]. The component u of our signal is then considered as a
deterministic but unknown nuisance. Taking § = ||ul|,, with ¢ also unknown, our total signal
z = [z;u] lies in X' x By(d), with Ba(d) being the ball of radius § of the Euclidean norm.

B. signal set uncertainty. We consider the situation where we are given a data-set made of N
signals (zi)ﬁil € R” assumed to belong to an unknown subset X. We can build, using K
semidefinite matrices (Rk)f:1 an approzimate set Xy from the z;’s as follows:

T ,_ T
XN = ,Ll {z eR" 2" Rz < gk} , Ok = Ig%%(zi Riz;.

When given observation (2.1)) associated with unknown signal z, we can use the decomposition

2= 2y +2z— 2y, zy:=argmin |[v—z|3.
N~~~ N— — vEX
z(2) u(z)
Thus, in our formulation, the matrices of interest are A, B and z € X+B2(6), with § = ||u(z)||,
unknown.

'Here and in what follows we adopt “MATLAB notation” for “horizontal” concatenation [a,b] and “vertical”
concatenation [c; d] of matrices of appropriate sizes.



43

Given € € (0,1) and a norm || - || on R”, we quantify the quality of recovery of an estimation routine
w(-) by its e—riskﬂ
Riske[w|m(d)] := sup inf {p : Probe{||Bz — w(w)|| > p} < €}. (2.4)

z€2(8), Z(6)em(9)

We consider the problem described above for M(A) = {m(d), 6 € A}, with A an interval, and
assume that when given observation , signal z € m(d) with § unknown to us. We are thus
interested in estimates that are adaptive to 4, i.e., that do not require knowledge of its value to be
computed, and are nearly optimal w.r.t. minimax risk, defined as

RiskOpt, [m(9)] := inf Risk[w|m(d)]. (2.5)

Adaptive estimates have been widely studied in the literature, for instance in [5, |7, |10, 11, 65-68].
In our case, we consider the following approach. We approximate 9(A) by

with ¢; € A for all ¢ € [0, I]. Given the collection of estimates
W(I) = {@@'), i€ {01 ,1}},

we propose data-driven procedures that selects an estimate in 20(I) with e-risk close to the smallest

possible one in that collection. We then proceed to describe computational procedures to design 7@

such that Risk.[2()|m(4;)] is close to the lowest possible e-risk for the considered type of estimate.
More precisely, we will consider two type of estimates, the

e linear estimates, that we define as
ol (w) := HTw, H € R™, (2.6)

In part, due to their simplicity, they constitute a popular tool for solving estimation problems
as described above. They have received much attention in the statistical literature (cf. [4,
23, 24} 28] |69-71] among many others). When designing a linear estimate, the emphasis is on
how to specify the matrix H in order to obtain the lowest possible maximal over m estimation
risk, which is then compared to the minimax risk. “Near optimality” results for the case of
indirect observations (where A and B are arbitrary) are the subject of recent papers [30, 31],
where it was shown that in the ellitopic case, where the (known) set of signals Z and the
unit ball B, of the norm conjugate to || - || are ellitopesﬂ a properly designed, via solving an
explicit convex optimization problem, linear estimate is nearly optimal.

e Polyhedral estimates. The idea of a polyhedral estimate goes back to |72] where it was shown
(see also [36, Chapter 2]) that such estimate is near-optimal when recovering smooth multi-
variate regression function known to belong to a given Sobolev ball from noisy observations
taken along a regular grid. It has been recently reintroduced in [73] and [74] and extended to
the setting to follow in [33]. In this setting, a polyhedral estimate w + @w!l, (w) is specified

poly

RmXM

by a contrast matrix H € according to

w — 2 (w) € Argmin | HT (w — Az)]|o0 — @gﬂy(u}) = BZ(w).
zeX
In the ellitopic case, authors show how to compute efficiently a contrast such that the resulting
estimate is nearly-minimax w.r.t. the e-risk.

*Because the norm || - || is usually clear from the context, we omit the corresponding index of the risk.
3See |30] and [32, Section 4.2.1] below; as of now, an instructive example of ellitope is an intersection of finite
family of ellipsoids/elliptic cylinders with common center.
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2.2 Estimate aggregation routines

Throughout this section, A = [0,45], with § known to us, and ¢ € (0,1). Given a parameter §,
model m(J) € M(A) is of the form

m(d) = [A, B, Z(9), (P;, z € Z(9))],

with Z(J) computationally tractabl and such that the family (Z(0))o<s is monotone, i.e., for
§' < 48", one has Z(8') C Z(8"). We are also given a grid, i.e. a collection of reals (&;)7_, such that

0:50<51<...<5[=S (27)

and we assume that given observation w as in stemming from the model m(d;), we can build a
“presumably good” estimate of w = Bz. Our first objective is to describe two generic data-driven
adaptive estimation procedures which allow to “aggregate” such estimates when the “true” value
of § € A is unknown, resulting in an estimate suited for m(J).

2.2.1 Aggregating linear estimates
H

We first propose an adaptive routine for aggregating linear estimates w;;, of the form

ol (w) = Hw,
where H € R™*" is the contrast matriz. We are given collection of contrast matrices
9r={H;, i={0,1,--- ,I}}
and associated collection of estimates
W, = {@ = &l (w), i = {0, 1, ...,1}},

the latter being “tuned” to recover w = Bz when m = m(J;). Our objective, under the assumption
that m € M(A), is to use observation w to select the best estimate — the one with the smallest
maximal over m risk — among all w;’s . To this end, we assume that given € € (0, 1), i € {0, ..., I},

and j € {i+1,...,I}, we can compute the quantiles upper bound dz(;.)(e) such that if z € Z(4;)
Probe{[[(H: — Hy)" (A2 +€)|| > d) ()} < e.
Let us consider the following construction.

1. For 0<i<j<TIande=¢/(I+1) compute the dg-)(e)’s.

2. We say that ¢ € {0,...,] — 1} is admissible if
Vi fit 1 I} (@ — @) < df) o),

(a)

We define the aggregated estimate ;| (w) = w3(w) where % is the smallest admissible i’s, or

(a)

we put W)’ (w) = Wr(w) when the set of such i is empty.

4By computationally tractable, we mean that a constraint of the type z € Z (6) follows the criteria of Disciplined
Convex Programming |16].
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Let us denote p;(€) bounds for the e-risk of estimates w; over m(d;), i.e.,

Risk.[@;|m(6;)] < pi(e), i=0,....1. (2.8)

Proposition 2.2.1 Suppose that “true model” m € M(A) and let 6 € A such that Z = Z(J), and
i be the smallest i € {0, ..., I} such that § < &;. Estimate @1(1?1) satisfies

Risk. [\ |9%(6)] < pi(e) + max d'”(c).

i< Ot

For proof, see|2.5.1

Remark. One easily recognizes that estimate {‘71(1?1) is nothing but the celebrated Lepski’s adaptive
estimate [5] adjusted for the situation. In the “classical” Lepski adaptation procedure we assume
that the risk bounds p;(e), ¢ = 0,...,1, are available and the difference of estimates w; — w; is
compared to the sum p;(e) + pj(€). One easily verifies that the quantity ||(H; — H;)Tw| may be
bounded with p;(€) + p;(e) for j > i. On the other hand, in some situations (and this is the case in
the problem setting we discuss in Section , better bounds for the difference of estimates are
readily available.

2.2.2 Aggregating polyhedral estimates

Polyhedral estimate, preliminaries Given an observation model m = [A, B, Z,(P,,z € Z)],
e € (0,1), and observation w = Az + &, a polyhedral estimate ﬁj\g)ly(w) [32,133] of w = Bz is

@g)ly(w) = Bz(w), zZ(w) € Argr;lin |H [w — A2]||0o- (2.9)
FAS]
We restrict its study to e-admissible contrast matric H = [hy, ..., hy,] € R™*™ that is, matrices
such that for all z € Z,
Probe{| H¢||oo > 1} < e. (2.10)

For such matrices, the polyhedral estimate’s error allows for a straightforward upper bound.

Proposition 2.2.2 [33] Proposition 5.1] Given € > 0 and a e-admissible contrast matric H €
R™*™, let

pe[H] = mZaX{HBzH 1 2€ 2, ||HT Az|| < 1} (2.11)
Then for every z € Z the P,-probability of the event
[W(Az + €) — Bz > 2p[H]
does not exceed €. Equivalently, the e-risk of the polyhedral estimate ﬁ?g)ly(-) does not exceed 2p.[H].

We now return to the setting of the aggregation problem. The structure of the polyhedral estimate
allows for a particularly simple implementation of the aggregated estimate in this case. Given
e€(0,1), let H;, i =0,...,I be e-admissible contrast matrices for e =¢/(I 4+ 1), and let

H = [Ho, ..., Hj; (2.12)
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(a)

note that H is e-admissible. Consider the estimate @p oly 38 follows:
@) (w) =Bz, [5,7] € Argmin {%; H (0 — Av)||le <1, v € Z(%)} . (2.13)

>0

We have the following straightforward result on its risk.

Proposition 2.2.3 Let z be the “true”’ signal vector, z € Z(0). Let also

p.[H] =max{|Bz|| : z € Z(5), |[H Az||oc < 1}. (2.14)
Then the e-risk of the estimate @I()?ly satisfies
Risk.[@%), | (0)] < 2min ps(H;) < 2ps, (H;) (2.15)

where i is the smallest i € {0, ..., I} such that § < 6;.
For proof, see|2.5.1

Remark 2.2.1 Note that we do not aggregate estimates but contrasts here. The minimization
procedure select the minimal set constraint z € Z(s). In that case, we are sure that their is at least
one feasible z € Z(3) such that
vi, |HAz|| <1
Provided that among the H;’s, one is tuned for the constraint z € Z(J;), with i the smallest i such
that & < é;, the resulting estimate enjoys the essentially the same risk upper bound as the Polyhedral
FEstimate associated with H. Finally, observe that in , in contrast with , we can replace
ps(H;) by
min ps(H;).

This hints at potentially better performances of the adaptive polyhedral estimate in practice compared
to the polyhedral one that knows §. In section of chapter 3, we present numerical experiments
demonstrating that this seems to be the case when signal sets X and U(5) are ellitopes.

2.3 Adaptive estimation on ellitopes

2.3.1 Robust estimation: signal set uncertainty

Before implementing in the present setting constructions of robust estimates @(® described in
Section we provide the followingh refresher on Ellitopes.

Preliminaries: ellitopes

We provide here a refresher on a specific class of computationally tractable convex sets, called
ellitopes, around wich computations of this section revolve.
Recall that, by definition [30, 32], a basic ellitope in R is a set of the form

X={zcR":3HeT: ATpz<ty, k<K}, (2.16)
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where T}, € ST, T, = 0, >, T = 0, and 7 C R is a convex compact set with a nonempty interior
which is monotone: whenever 0 <t <t & T one has t’ € T. We refer to K as ellitopic dimension
of X.

Clearly, every basic ellitope is a convex compact set with nonempty interior which is symmetric
w.r.t. the origin. For instance,
A. Bounded intersection X of K centered at the origin ellipsoids/elliptic cylinders {z € R" :
2T Tz < 1} [T}, = 0] is a basic ellitope:

X={zecR":3teT =015 :2"Thx <t), k< K}

In particular, the unit box {x € R" : ||z]~ < 1} is a basic ellitope.
B. A || - ||,-ball in R™ with p € [2, 00] is a basic ellitope:

{(z€R":||all, <1} = {z: It €T ={t € R [tll,p <1} 22 <ty k<KD,
T Tz

In the present context, our interest for ellitopes is motivated by their special relationship with the
optimization problem

Opt,(C) = maxz' Cz, C € 8" (2.17)

TeEX

of maximizing a homogeneous quadratic form over X'. As it is shown in [32], when X is an ellitope,
(2.17) admits “reasonably tight” efficiently computable upper bound. Specifically,

Theorem 2.3.1 [32, Proposition 4.6] Given ellitope (2.16) and matriz C, consider the quadratic
mazximization problem (2.17) along with its relaxatiof

Opt(C) = min {d)T()\) A= 0,5 MT—C = o} (2.18)

The problem is computationally tractable and solvable, and Opt(C) is an efficiently computable
upper bound on Opt,(C). This upper bound is tight:

Opt,(C) < Opt(C) < 3In(vV3K)Opt, (C).

To the best of our knowledge, the first result of this type was established in [75] for X’ being an
intersection of concentric elliptic cylinders/ellipsoids; in this case, becomes a special case
of quadratically constrained quadratic optimization problem, and ([2.18) is the standard Shor’s
semidefinite relaxation (see, e.g., [13, Section 4.3]) of this problem. In [75] it is shown that the
ratio Opt(C)/Opt, (C) indeed can be as large as O(In(K)), even when all Ty, = ajal are of rank 1
and X is the polytope {z : lalz| < 1,k < n,}.

Problem setting

Recall that we consider the problem of recovery of signal z = [z;u| from the noisy observation (cf.

(2.1))
w=Ax;u]l+£ € R™, A=[A4, A, e R"™".
~——

=z

SHere and below, we use notation ¢s(-) for the support function of a convex set S € R": for y € R",

T
¢s(y) = supy’ s.
ueS
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From now on we assume that the noise ¢ is sub-Gaussian, & ~ SG(0, 0%1), i.e., for all t € R™,

E {exp (7€)} < exp (S 1413)

Given § > 0 and unknown parameter § € A = [0,6], our aim is to estimate the linear image
w = Bz, B = [By, B,] € R"*", of unknown signal z = [z;u] € Z(§) = X x U(J) where X C R™* is
a known ellitope

X={zeR™: teT:a"Thw <ty,k<n,}, (2.19)
while U(J) C R™ belongs to a known family ¢(-) of ellitopes
UGS) ={ueR™: te V() : v Viu <tk <n,}. (2.20)

Here, (V(0)), 6 € [0, 6], is a family of convex compact sets satisfying the standard requirements in
the ellitope’s definition and such that V(§) C V() for 0 < § < &' < 6.

We assume that the norm || - || is co-ellitopic; the latter means that the unit ball B of || - || is the
polar of the given ellitope B, (the unit ball of the norm || - ||« conjugate to || - ||),

B,=PY, Y={yeRY, teM:y" My <spk<mn} (2.21)

where P is surjective (i.e., is of rank v).
Additionally, we will use the following notations associated with ellitopic descriptions (2.19),(2.20)

and (2:21):

Ny
VAERY, T(N) =) My, (2.22)
k=1
Ny
Ve e Ry, V(p) = mVi, (2.23)
k=1
ny
Vi € RY, M(k) =) kpMj. (2.24)
k=1

For the present setting, we implement constructions of robust estimates @(® described in Section

2.2l
2.3.2 Adaptive linear estimation

Linear estimates tuned for the e-risk for m(d)

Let H € R™ ¥ and § € A be fixed. For all z € Z(§) the error of a linear estimate W (w) = H w
satisfies the equality

16" (w) — wl| = | HT (A2 +€) - Bz|| = [[[H" A~ Blz + H¢].
Recall that Z(0) = X x U(J) is a basic ellitope (as a direct product of basic ellitopes), its ellitopic
description is given by

Z(0) =

I n . — [¢- : .
{z—[x,u]ER s dr =[] €T xV(0): aJTJJUStkalﬁk’S“m} (2.25)

WI'Viu<wv,1<l1<n,
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with
drxve) ([N i) = ¢7(A) + by (1), A >0, u>0.

Applying the result of Proposition of Appendix to matrices V = HT'A— B and W = H,
we obtain an upper bound for the e-risk of the linear estimate @1]1{1 Let

5 (H) := Mr)lcliﬁna o {(ﬁ"r()\) + dy(s) (1) + dm(X) + dm(k) + Pe(a, ©) 1 A > 0,x > 0,5 >0,
(2.26)
T\
V(N) > 1 =0, a> 2)\max(®)
L pTrT EPTHT‘M(W)
LPTHTA-B]|  M(x)
where
Ye(a, ©) := =% InDet(I — 2a7'0) + alnfe . (2.27)

Proposition 2.3.1 Assuming that § > 0 is known, let @ (w) = H'w with some H € R™*".
Then

Risk @1, 2(5)] < vs.[H]. (2.28)
Furthermore, the upper bound t5[H| is a convez, continuous and coercive function of the contrast
matriz, and can be efficiently minimized w.r.t. H. Let now H.[= H,(d,€)] be the corresponding
minimizer. Then, the near-optimal linear estimate @ﬁf s such that

Risk [@/|Z(6)] < v, [Hi(3,€)] =t 046, €).

Moreover, this estimate is nearly-minimaz in the sense that

0+(8,€) < 361/2In(32(n; + 1y)) In(32n,) In(1/€) RiskOpt,[Z(6)). (2.29)

For proof, see|2.5.2

Quantile upper bound on the difference of two linear estimates

Next, let w1 = H{ w and @y = HIw where H; and Hy are m x v-matrices. Because
1@ — @a|| = || HY (A2 +€) — Hy (Az + €)|| = [|(H1 — H2)" Az + (Hy — Ha)" €],
when applying Proposition toV = (Hy — Hy)T"Aand W = Hy — Ho we get

Probg {||@1 — Wa|| > 9s(H1 — H2)} < €



where
05.6(G) = A7M§L§a7® {¢7’()‘) + Oy (1) + dMm(X) + da(k) + (@, ©)) : A >0,x >0,k >0,
(2.30)
T(\
N o 6P| o |- o |icp 0, 0> Dun(®)
LPTGT | M(x)

LPTGT [ M(x)

We are now equipped to implement the aggregated linear estimate following the program described
in Section [2.2.1. Let us consider the following construction.

1. [Initialization] Given §>0,¢e€(0,1), and ¥ > 0, we compute upper risk bounds g.(0,€) =: p
and p.(d,€) =: p, I, and € such that

In[1 + 9]

€

€ ; |Vln[p/d“

It -

(here [a] stands for the smallest integer > a); we compute values g, (d;,€) =: p;, i =1,...,1—1
such that pg = p, ..., pr = p and

pi/pifl <1+, i=1,..1. (231)

We also compute corresponding contrast matrices H; = H,(d;,¢€), estimates w; = HZT w of
w = Bz and values

dg‘)(e) =05, (Hi— Hj), 0<i<j<I.

By the above, all corresponding quantities can be efficiently computed.

2. We run the aggregation routine from Section and select the estimate @,

lin
Proposition 2.3.2 Suppose that z € Z(6), and let i be the smallest i such that § < §;. The
(a)

estimate Wy, satisfies

Risk [0\ | Z(8)] < (3 + 20) 0.(5, €) (2.32)
With a grid of size I + 1 such as previously constructed, the following holds
Risk. [0 |Z(6)] < (3 + 20)v/In(e(1 + 1)) 04 (5,¢). (2.33)

For proof, see|2.5.2

2.3.3 Design of the adaptive polyhedral estimate

Let H € R™*™ H = [hy,..., hy]; our current objective is to construct an efficiently computable
bound for the quantity 2p.[H] as defined in (2.11) which bounds the risk of the polyhedral estimate

ﬁ)\éﬁly by Proposition Note that

|Bz| = maxv? Bz = maxy’ PT Bz,
vEB, yeY
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and to bound the maximal risk of W

poly it suffices to approximate the maximum of the quadratic
form

1npT
flzy) = [zy)" PTH 28 P 2 9]

over the set F(§) x Y where F(§) = {z € Z(d) : ||[HT Az||oc < 1}. The crucial observation here is
that F(0) is a basic ellitope; to see this, it suffices to note that it is an intersection of the ellitope
Z(6) and the elliptic cylinder

{z:3pecP: (hA2)? <pp, k=1,...m}, P :=10,1]™.
When taking into account the ellitopic description of Z(0), F(d) becomes
F(0) = {z =[z;u] ER™: Ir =[t,v,p] €T x V(6) x P: 2l Tjx < tj, j =1,...,ny,
wW'Viuw <wvp, k=1, ...,ny, (bl A2)? <p;,i=1, ...,m}.

When applying the result of Proposition to the bounding of f([z;y]) on the basic ellitope
F(0) x Y we arrive at

pe[H] < min {¢T(>‘) + dve) (1) + D xi+ dm(K) : A= 0,0 >0,x > 0,5 >0,

()

+ Zz XZATh]hIfA %BTM

=0

V()

1pTp | M(x)

Now, to build the “presumably good” contrast matrix H we need to minimize the just built upper
bound over e-admissible H. In the case of sub-Gaussian § ~ SG(0,I), the admissibility rela-
tionship clearly holds for H = [hy,..., hy) satisfying ||hjll < 271, j = 1,...,m, where
s = /2In[2m/e]. On the other hand, let © € ST and let © = I'Diag(x;)I'7 be the eigenvalue
decomposition of ©. When setting H = I' /s we ensure the e-admissibility of H, with

ATOA = AT HDiag(v;)H" A = s*v; Ahjh] A.
i
J

We conclude that if for © > 0,
Ps5,e0] == inf,i {o7(A) + dv(e) (1) + dm(k) + 2 Te(0) : A >0, > 0,5 >0,

T(\
*) + ATeA

1 pT
I1BTM

=0y . (2.34)

V(p)
1pTp | K(x)

and H = »'T" where © = I'Diag(;)I'? is the eigenvalue decomposition of ©, one has
pelH] < P50

Note that as a result of partial minimization of a jointly convex problem (2.34) ps.[-] is a well
structured convex function of © > 0 and can be efficiently minimized in ©.
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Proposition 2.3.3 In the situation of this section, consider the optimization problem

.(6,€) = min{5;[0] - © = 0}. (2.35)

The problem is solvable; let O, be an optimal solution, and let H,(8,€) = T where ©, = I'Diag(x;)I'"
is the eigenvalue decomposition of ©.. Then

pe[Hx(,€)] < p.(d€).

Proof. Problem (2.35) is a convex optimization problem with positive homogeneous of degree 1
objective, and as such is solvable. The bound p¢[H.] < p, (0, €) is a straightforward consequence of
the derivation of this section. O

We can now implement the aggregated polyhedral estimate.

L. [Initialization] Given §>0,e€(0,1), and ¥ > 0, we compute upper risk bounds p, (0, €) =: p
and p,(d,€) =: p, I, and € such that
5 I {111 (/0] —‘ )

‘TI+v In[1 + ]

we compute values p.(d;,€) =: p;, i = 1,..., 1 — 1 such that pg = p, ..., pr41 = p and
pi/pi—l <1449, i=1,..1. (236)

We also compute corresponding contrast matrices H; = H,(d;,€) and assemble the matrix
H = [Hy, ..., Hf].

2. We compute the aggregated estimate w;(m)ly (w) in (2.13).

Proposition 2.3.4 Suppose that z € Z(6), and let i be the smallest i such that § < &§. The

estimate w}()o)1 (w) satisfies

Risk. [@\%) |2(8)] < 2ps.[H] < 2vT+ 0 p,(d€) < 2¢/(1+ ) In(e(I +1)) p(0,).  (2.37)

Fore < é, this estimate is nearly-minimaz, in the sense that

Risk. [@),|2(6)]
RiskOpt,.(Z(0))
For proof, see [2.5.2]

< 48+/2(1 + 9) In(e(I + 1)) In(2m/e) In(32(ng + ny)) In(32n4). (2.38)

2.4 Adaptive estimate: case of Euclidean norm

Suppose that, similarly to what we have seen in Section we are given 6 > 0, ¢ € (0,1),
a collection of either linear estimates 207 = {w;, i ={0,1,...,1}} or polyhedral matrix contrast
1 ={H;, i={0,1,...,I}}, tuned for subsets (Z(&;))!_,, with

0250<51<...<(5125.
(a)

Our objective is to select in 27 the estimate @y~ with the smallest Euclidean risk

Risk! 12 [%]2(5)] := sup inf {p: Probe{||Bz — G(w)|2 > p} < €} (2.39)
z€Z(9)
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2.4.1 Aggregating linear estimates

The proposed aggregation procedure relies upon the following simple observation. Let w;, w; be
points in RY. Then, w; is the closest to w among w; and wj, if and only if the projection of w on
the line passing through w;, w; is closer to w; than the middle point w;; of the segment [w;, w;].
In other words, if and only if

Tij = Uz‘j;(w - %[wl +w;]) <0, v =wj — w;.

=Wiy4

In the present situation where w;, w; are linear estimates, w; = HZT w and w; = HJTw, evaluating

Tij = viTjw amounts to estimating the quadratic (in variables z, £) functional

mi; = [(H; — H)'w|" Bz = 2T AT(H; — H;)Bz + ¢ (H; — H;)Bz. (2.40)

This is why we assume for now that given ¢ € (0,1), i,5 € {0,...,I}, j # i, we can compute the
quantities %g) and Dg)(e) such that for w stemming from m(dy),

Probe{[7) —ml > 0l (e)} < e. (2.41)
Let us consider the following procedure.
l.For0<i#j<I,/<1I and e =

0
0, (€).

%, I=1+ %IQ(I — 1), compute the quantities ﬁi(f) and

2. For all pairs (i,£), 0 < i, < I, and all j # ¢, we compute

?“f'f) = %z(f) — ok — 00 (e),

and we say that index ¢ is £-admissible if ?(Zf) <0 for all j # i and k > £. We define the score

of 7 as the smallest ¢ such that 7 is ¢-admissible.

(a)

3. We define the aggregated estimate wy,’ (w) = w;(w) where i has the lowest score, or we put,

(a)

say, Wy, (w) = wi(w) when the set of admissible 7 is empty.

Proposition 2.4.1 Assuming that observation w stems from z, let £, be the smallest £ € {1,...,I}
such that Z(0) € Z(07). Denote 3y, = maxo<; j<I, D,Ef*). One has
i#]
lwy(w) = wl]l3 < min [lw; — wl3 + 42,
with probability at least 1 — . In particular, one has

Risk! 2[5 2(5)] < Risk! 12 [y, | 2(6,, )] + 40, (2.42)

For proof, see|2.5.3
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Remark. The construction of this section may be modified for the case where the family of
models 9(J) is not monotone in § (cf., e.g., [76] and [77, Section 3.3]). On the other hand, in
general, we cannot guarantee that the additive term 9y, in the risk bound of Proposition is
small if compared to the maximal estimation risk and bound improves over the corresponding
bound of Proposition for the aggregation procedure of Section The good news is that
in the situation where the family of models is monotone and we can apply both approaches, we can
have “the best of both worlds” by choosing the aggregated estimate from the intersection of sets
of estimates which are admissible for both routines.

2.4.2 Construction of the Linear Estimate

In the setting of Section [2.3.2, construction of the robust estimate may be refined in the case of
estimation error measured with Euclidean norm. Let H € R¥*™, and let § € [0, ] be fixed. We
now apply the bound of Proposition of the appendix to bound the squared error

1@ (w) = Bz||3 = |[[H" A~ Blz + H"¢]3
of the linear estimate @i (w) = HT'w. When applied with V.= HTA — B and W = H, with the

basic ellitope Z replaced with Z(§) as in ([2.25]), Proposition results in the following upper
bound for the e-risk of the linear estimate ﬁj\l{{l

2 [H] = min {¢T(A) + by (1) — $nDet(I —20710) + alnfe 1 : A> 0,4 >0,  (2.43)

A 0,0
) T T
azzAmax(G),[; If]zo, |40 A5
HTA-B |[I-2a"'®
and
t©2[H] = min {ng()\) + by (1) + Tr[O + Al + alnfe ] 1 A >0, > 0,0 > 2\0ax(O)
€ Aoy, 0,A,T

T | T _ T
[}?T ij]io’[g 1?2@]5)’ A e B
“ H™A—B |I-2a '@

Proposition 2.4.2 Assuming that § > 0 is known, let WL (w) = H'w with some H € R™*".
Then

Risk! I2[@f | 2(6)] < P [H] < 2 [H]. (2.44)
Furthermore, t((si) [H] and fgi) [H] are convex, continuous and coercive functions of H, and can be
efficiently minimized. Let now Hi[= H.(d,€)] and H.[= H.(5,€)] be corresponding minimizers.
Then
Risk! 12 (@1 2(6)] < ) [H.(6,)] [=: 01 (6, €)].

and B
Riskd 2 [@l-

lin

Z(0)] <T [H.(8,0)][=: 87 (0, ¢)].
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2.4.3 Estimating quadratic functionals over ellitopes

To streamline the presentation, we assume in this section that observation noise £ is standard
Gaussian, i.e., & ~ N(O,I)ﬁ

The construction in Section allows to reduce building an aggregated estimate in the Eu-
clidean case to estimating quadratic functionals (cf. (2.40))

mij = [(Hj — H)'w)]" Bx = 2" AT(H; — H))Bz + ¢ (H; — H;)Bz, 0<i<j<I,
uniformly over z € Z(4). Let the pair 4, j be fixed; for the estimate
Tij =w! Fw—Tr[F]+ %, FcS™ xcR,
we have
Fij —mij =2 [ATFA - 3(AT(H; — H;)B + BT (H; — H))" A)] =
=C(F)

+¢T2FA — (H; — H;)B) 2z + €T F¢ — TY[F) + ».

=:D(F)

Recall that Z(6) = X x U(0) is a direct product of basic ellitopes and its ellitopic description is

(cf. (29))
Z(0) = {z =[ru) €ER": Ir =[L,¥] €T xV(©): e T Tjx < tj, j <ng, v Viu < t), k < nu}.
By Lemma (1| of the appendix,
Prob{|7;; — mij| > p°(Fie)} < e Vze Z(5)

where

and

@) (F;¢) = min {=$InDet(I — 2F/a) + 3[o7(A) + dy(s)(1)] + In(2/e) — Tx[F],

a,\u
(M)
ol =2F, A >0,u>0, [ V() ~2C(F) | DB =0,
D(F) | ol —2F
o0 (Fie) < g&ig {=$ mDet(I +2F/a) + 3[¢7(N) + dy(s) ()] + aln(2/e) — Tr[F],
T\
ol = —2F, A\ >0, >0, [ V() ] +2C0(E) | DY =0

D(F) | al +2F

5The argument to follow relies upon tight bounds on the concentration of indefinite quadratic forms of the
observation noise £. In the sub-Gaussian setting, corresponding inequalities may be obtained if we assume that
covariance matrix ¥ > 0 of £ is known; the required concentration bound may be obtained in this case using the
decoupling argument (cf., e.g., |78] in the situation in which &;’s are independent, or |[79] in the general case). Utilizing
such inequalities results in the bounds for the accuracy of aggregation of the form which is similar to what is obtained
below in the case of Gaussian &, albeit with significantly degraded constants.
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Let us now consider the optimization problem
Pl(e) == mﬁin [pa(F, €) = %(@i(F, €) + ®° (F; €))]. (2.45)

Because C(-) and D(-) are affine, p(F)€) is convex and continuous in F'. Furthermore, observe that
functions

vi(F,oz¢) = =5 InDet(f —2F/a) + aln(2/€) — Tr[F]
v_(F,o;€) = =5 InDet(] + 2F/a) + aln(2/¢€) + Tr[F]

are positive homogeneous in F' and . We conclude that p5(F ,€) is coercive in F, implying that
(2.45) is solvable. We arrive at the following conclusion.
Proposition 2.4.3 Assuming that observation w stems from z, let £, be the smallest £ € {1,..., I}
such that m € M(0;). Denote 0y, = maxo<; j<I, Dg*), with Dg*) = m}n (0% (H; — Hj,€)]. One has
i#]
(2

lwy(w) = wl3 < min[|w; —wl3 + 4,

with probability at least 1 — . In particular, one has

Risk2[@\") [ 90(6)] < 02 (6p., €) + 40y, (2.46)
Proof First part of the proof stems directly from construction of estimate @l(la,z , while second part
of it is completely analogous to proofs for corollaries and [2.37. 0

Remark. As constructed above, 7;; is a specific estimate of essentially generic quadratic form
Mij = 2T'Cz+ 2T D¢ in the setting of this section, i.e., Gaussian observation , general matrices
C and D, and z € Z where Z ia a basic ellitope We do not know any “truly general” optimality
result supporting upper accuracy bounds of Proposition 2.4.3|when estimating quadratic functionals
from Gaussian observation . To the best of our knowledge, the most general (and close in spirit
to our approach) are results of |28, [80] on estimating quadratic functions in white noise model in
the setting where the matrix of the functional is diagonal and the set of signals is orthosymmetric
and quadratically convex. In terms of assumptions of this section, those results correspond to the
case of sensing matrix A = I and the ellitope Z of the form

Z={zcR":3gcQ: 2zl < q k<n}.

It can be shown that in this situation the risk bound yielded by Proposition is within a
logarithmic in 1/€ and n factor (stemming from passing from expected risk to e-risk) of the minimax
risk (cf. Theorem 6 of [28]). On the other hand, it is well known that “quadratic estimates” like
those built in this section are suboptimal in the case of general geometry of the signal set even
when estimating signal energy (case of C' = I and D = 0) from direct observations (see, e.g., |81,
82]).

"The latter restriction is clearly not restrictive due to the total freedom of the choice of matrices C' and D.
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2.5 Proofs

2.5.1 Proofs of Section [2.2
Proof of Let event = be such that for all realizations £ € =,

lwi(w) — B2|| < pi(e) and [w;(w) —wj(w)|| = [I(H; — Hj)"w|| < d; ;(e), ¥j € {i +1,....,I}.
By construction, we have Probg{Z} > 1 — (I + 1)e = 1 — . Let now £ € = be fixed. Because
z € Z(8) C Z(8), i is admissible, implying that i < 7. On the other hand,

|w; = Bz < |lw; — Bz + [Jw; — wil| < pi(e) + d;5(€) < psle) + r?ggdi,g(e)- O

Proof of Because H is e-admissible, there is a set = such that Probs{Z} > 1 — ¢ and
IH €[l < 1 for all € € Z. Let now & € Z, so that [H (v — Az)|le = [|H &]loo < 1, implying
that z is feasible for (2.13). We conclude that § < ¢ and z € Z(0) C Z(6). Thus, z — z € 2Z(6),
and, by construction,

1HA(Z = 2)[loo < [1H (AZ = w)loo + [[HE]loo < 2,

which in turn implies that risk of estimate @goly is bounded by

2ws(H) = QmZax{Han E-10)) HHTAZHOO < 1}
= 2max {||Bz|| : z € Z(5), Vi€ {0,1,--- I}, HHlTAzHOO <1}
< 2m§n mzax{HBzH 2 € Z(0), |[H Az|| <1}
= 2p;5(H;) < 2ps(Hy). O

2.5.2 Proofs of section [2.3

Proof of The proposed construction of the linear estimates directly implies ([2.28). What
is left to prove is near-optimality result (2.29). The latter is a direct consequence of |32, Proposition
4.5]. In their proof, authors show that for observations

w:Al‘+£, $€X, £NN(07Q)7 QGSTa

and both X and By being ellitopes of respective dimensions K and L,

RiskOp‘cq'H [X] > Opt ;
8 24,/In(32K) In(32L)
where
‘ R(\) | 3[BT — ATH|M
| d1T(N) + dm(k) + dar(x) + Tr(OQ) : [ IPTIB — HTAJ | M (k) =0
Opt = min ® lgp
H,0,k,\x [ . - 2 } =0, A, x, k>0

s(HP)T | M(x)

As the deviations upper bound 1.(0), ¥.(0), 1.(©) proposed in are all smaller than (1 4
/2In(1/€))Tr(0) , we have when considering Q = %I and X = Z(J) that

Opt > Q*(& 6) > 204 (57 6)

T 14 /2In(1/e) ~ 3y/2In(1/e)’
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with last inequality stemming from y/2In(1/€) > 2 when e < 1. Since we assume € > 1,
RiskOpt! H[ Z(0)] > RiskOpt[H [Z(0)],
8

which in turn implies the desired result. O

Proof of Recall that both terms @(-) and §(-) of the bound (2.61)) of Proposition are

subadditive; we first treat the case of §; < J, such that for notation of the proposition, for ¢ < ¢
(recall that Z(d;) C Z(6) C Z(6;) in this case)

dii(e) = a((H; — H)TA Z( 1)) + B(H; — Hi,e)
a((HF'A-B),2(8;)) +a((H'A— B), 2(5)) + B(Hi,€) + B(H;, €)
pi+p; < (2+ 19)9*(5, €)

IN

due to p; = 04(07,€) < (1 + 9)04(0,€) and p; < 04(d, €) ;this implies (2.32). When grid-size I + 1 is
as prescribed in implies that

0x(0,€)

0+(6,¢

<\/ln (ee/€) = \/In(e(1 + 1))

0

Proof of We first prove the last inequality in (2.37), the latter being a consequence of
for the function p. Upper bound ([2.38) is a direct consequence of [2.70. O

2.5.3 Proofs of section [2.4
Proof of Let the set = be such that for all £ € = one has

(7S —mjl 20 () Wi#j<I >0},

By construction, we have Probe{Z} > 1 — 21%(I — 1)e = 1 — ¢ (recall that one has ﬂ'z(f*) = —%\j(f*),
so that there are only $I(I — 1) distinct estimates in the above set for each ¢ < I). Now, let £ € =
be fixed, and let i, = i.(w) be the index of one of the || - ||2-closest to w points among wo, ..., wr.

First, observe that i, is ¢,-admissible. Indeed, due to z € Z(dy,) C Z(d;) for £ > £, one has

~(0)

75— Tiugl < o( z Vj iy, £ > Ly,
and because m;, ; < UZ ;Wi j, we conclude that
4 ~
4@2 [Wf*i — T g] + i g — v, jWi,g) — f 2 <0 j#Fix, L2 4

On the other hand, assuming that i’ is £,-admissible, we have ?Z(,éi) < 0, so that
ming, < 7o) 40l <ol wyg, + 2000

Let now ~;, be the orthogonal projection of w onto the line passing through wy and w;,, and let
T = T(w;,), 7 = 7(Vi,), and 7 = 7(w;r) be coordinates of w;,, m;, 7, and wy on this line, the
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origin on the line being the midpoint w;,  of the segment [w;,,w;], its orientation given by vy, .
One has

1 ' 1 Tilge — ng‘*wi’i* 205&)
e =gl m e, =gl —wde, = T S
and so
we — wir |13 = llwe — wi, |15 = [Ve,r — wirll3 — [Vinir — wi, |13
olts)
= (7 = 7)2 = (1 = 72)? = 2(rs — )7, < 2Jwi, — wyr [l < 4007

[wi, — will2
what implies the first statement of the proposition. Let now Z = Z U Z,, where
E¢ = {llwe(w) = Bz|| < pe(€)}-
One clearly has Probe{Z} > 1 — ¢, and for all £ € E,
[wi, —wll2 < |lwe, —wll2 < pe.(€),

what implies (2.42). O

2.6 Deviations of norms of sub-Gaussian random vectors

2.6.1 Preliminaries
For the reader’s convenience, we discuss in this section some essentially known bounds for deviations

of quadratic forms of Gaussian and sub-Gaussian random vectors.

1°. Let ¢ be a d-dimensional normal vector, & ~ N (i, ¥). For all h € R? and G € S such that
G < 7! we have the well known relationship:

In <E§ {ehTf"r%gTGf}) — _% lnDet(I _ 21/2G21/2)

+ T+ LG+ G+ n TRV - 2GeY) sV G - h.
(2.47)

Now, suppose that n ~ SG(0, %) where ¥ € S‘fr, let also ¢ € R% and S € R?*? such that S2ST < I.
Then for £ ~ N(g,I) one has

E, {e[Sg]Tn+%nTSTSn} ~E, {Eé {e[sn}%}} _ B {En {e[sn]Tg}} < E {eégTSTzsg} 7
so that
In (En {e[Sg]TnJr%nTsTsn}) < (Es {G%gTstsgD
= —imDet(I — SEST) + 1gTS51/2(1 — 525T)~1xl/25T,

Next, let ¢ ~ SG(u, %), and let h € R%, G € Si, G < ¥7'. When setting n ~ SG(0,%), STS =G
and STg = h + Gu we get

In (B { L) = nTp 4 LuTGp+ In (B, {eh"cricioct)
=hTp+ 3u"Gp — LinDet(I — SST) + LgTSEV2(1 — sn57)1x1/287Ty
= h'p+ gu" Gp — §InDet(l — SY2GEY2) 4 §[Gu+ WSV (1 - SV2GSY2) IS G+ ).
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2°. In particular, when ¢ ~ SG(0, 1), one has
In (EC {ehT<+%<TG<}) < —LmDet(I - G)+ LhT(I = G)'h =: ®(h, G).

Observe that ®(h, G) is convex and continuous in h € R? and 0 < G < I on its domain. Using the
inequality (cf. |65, Lemma 1])

Yoel0,1] —In(l—-v)<v+ (2.48)

2(1 —v)’
we arrive at
®(h, Q) < AT[G] + iTv[G(I — G)7'G) + LT (1 — G)th =: B(h, G).
Finally, using
TG = G) 7' < (1= Anax(@) ' Tr[GP], RT(I = G)7'h < (1= Aax(G)) 'R A,
we arrive at

B(h, G) < $Tr(G] + 1(1 — Amax(G)) " (T[G?] + 2||])3) =: & (h, G).

3°. In the above setting, let Q € Si, a > 2 nax(Q), G = 2Q/a, and let h = 0. By the Cramer
argument we conclude that

Prob {CTQC > a[®(2Q/a) + In 6_1]} <e (2.49)
where ®(-) = ®(0, ). In particular,
Prob {¢TQ¢ > a[®(2Q/a) + Ine ']} <,

Tr@>)

Ine—1

so, when choosing o = 2\, (Q) + we arrive at the “standard bound”

Prob {CTQC > Te(Q) + 2/|Qlrro VIn €L + 2Amax (Q) In 6—1} <e

4°. Let now H € R™*" and z € R" with h = 2Hz and G = 2HH”. Then for ( ~ SG(0,1) and
a > 2 \max(HT H) one has

aln (EC {ei”ZJFHTCH%}) =22 +aln (EC {eo‘_l[hTH%gTGq}) <z2Tz2+ad <h, G>
a’ a
=TI -2a"'HHT) 2 — %lnDet(I —2a'HHT) =: ¥(a; 2, H).
(2.50)

Being the perspective transformation of ®, W, by construction, is convex and continuous in «, z
and G = HH” on its domain. As a consequence, for all € € (0,1) and all & > 2\pax(HHT),

Prob {|]z+HT7]H§ > U(a;z,H) + aln[eil]} <e.
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When utilizing (2.48) we arrive at
U(;2,H) < W(a;2,H)
= 2T(I -2 'HH") 2+ Te[HHY] + o ' Te[HHY (I — 20 'HHT) 'HH{).51)

Similarly to (), ¥ is convex, continuous and positive homogeneous in G = HH”, z and « on its
domain. Same as above, we may bound ¥ («; z, H) with

alz|3 + | HH %,
o — 2max(HHT)

U(a;z,H) = Te(HHT) +
so that _
Prob {Hz +Hy||2 > V(s 2, H) + alne_l} <e.

The choice of 1/2
(M HT 3, + 21|23 Amax (T HT )

In'/2[e=1]

a=2max(HH") +
in the latter bound leads results in
Prob {Hz + Hy||3 > \TIE(Z,H)} <e
where
U (z,H) :=2"2 4+ Tr(HH")
2T g + 202 A (O ™)) 4 2 AT ], (252
2.6.2 Bounding the maximal probability of norm deviations
In this section, we assume to be given matrices V' € R¥*"™ W € R™*¥, a basic ellitope Z,
Z={zeR": J¢eQ: TQrz < q, k < n.}, (2.53)

and a co-ellitopic norm || - || with the unit ball B, (2.21) of the conjugate norm || - ||«. Our objective
is to derive for all z € Z a “reasonably tight” high-probability upper bound for the quantity

Vz+WTe|, €~8G(0,1).

1°. Our first observation is that

|Vz+WTe|| <||[Vz| + [WTe|| = max v Vz + max w! WTe. (2.54)
vEBx weB.

a(V,z) 5(;/{/15)

One has

viMm
VzeZ a(V,z) < I;lea)))( 21612 yTPTV, < %[z;;]réaé(xy[% y]T [W‘i] [z; 9] (2.55)

8We assume that the data Qj and Q of Z satisfy the standard requirements of the definitions in Section m
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Observe that the set G := Z x Y is the direct product of basic ellitopes and is itself a basic ellitope,
g= {[Z;y] eR"xRY:3r=1gs] € Qx M: zTsz <4gqj, j <ny, yT Moy < sy, £ < ny}

In other words, the r.-h.s. of (2.55)) is the maximum of a quadratic form over the basic ellitope G;
when applying Theorem we arrive at the following bound for a(V, 2):

Vz€ Z a(V,z) <a(V,Z) :=min {¢Q()\) +om(x): A>0,x >0,

A, X
ZA]-QJ-%VTM} }
[ %JPTV M0 =05 . (2.56)

Observe first that problem (2.56) is jointly convex in A,y and V, and its objective is continuous
and positive homogeneous of degree lﬂ We conclude that ([2.56) is solvable and its objective is
convex in V.

2°.  To bound B(W,§) we act as follows (cf. [30, Section 3.2]). Let © € S% satisfy the constraint

© [3WM
sPTWT [ M(x)

= 0. (2.57)

By [2.57),

BW.€) < max (€706 + 5" M(r)y} < ETOE + ()

When using the classical concentration inequality (2.49) for the homogeneous quadratic bound form
¢TO¢ of the sub-Gaussian vector £ we obtain, for any € € (0,1),

Probe {¢7O¢ < ¢(0)} > 1 —¢ (2.58)

where
(©) = min {¢€(a, ) = —% log Det(I — 2a0) + alnfe™}] : 2Amax(©) < a} L (259)

Thus,

BIW.€) < BOW,€) = min {12(.0) + daa(k) : &> 0, 2hmax(©) < 0,

O,k,«

{ éPTCT)WT %\Zi\? } = 0} (2.60)

with probability 1 —e. The optimization problem in the r.-h.s. of (2.60)) is jointly convex in ©, K, «
and W, its objective is continuous and positive homogeneous of degree 1, so ([2.60)) is solvable.

?One can easily see that when multiplying V', A and x by v > 0 the objective of (2.59) is also multiplied by v due
to the positive homogeneity of ¢o.
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Remark. The term 1.(©) in the bound (2.58) and #(c, ©)) in (2.60) may be replaced by their
standard upper approximations; for instance, one may use

Ye(©) < 1he(O) := Inain {Tr(®) + Tr (0(al —20)7'0) + aln(e™') : 2Anax(©) < '}

::{/}ve(a,@))
<1.(0) :=Tr(0) + 2/|0]lroVIn e + 2\pax(0) Ine
Although less precise, such approximations lead to simpler optimization problems to be solved to

compute the resulting bound.
When substituting the bounds for a(V, z) and S(W, &) into (2.54) we arrive at the following

Proposition 2.6.1 In the setting of this section, let a(V, Z) and B(W,€) be as in (2.56) and (2.60).
Then

|Vz+WTe| <a(V, 2) + B(W,e) (2.61)

with probability at least 1 —e. The r.-h.s. of (2.61) is a conver function of variables V. and W.
Furthermore, the terms of the bound (2.61) satisfy the triangular inequality: for all V1,V5 €
R”*™ and Wy, Wy € RV*™

a(Vi+ Vs, 2)
B(W1 + Wa,e)

a1, 2)
B(W1,e)

Indeed, by construction function @(-, Z) is positive homogeneous and convex in its argument. Thus,

(V27Z)7
(Wa,e).

+ 4
@l o

<
<

Ta(Vi + Ve, 2) = a(AVi + Val, 2) < Ja(wi, 2) + Ja(Vs, 2).

Similar derivation implies that £3(Wy + Wa,€) < $8(Wi,€) + B(Wa, ). O
We also have the following variant of Proposition in the case of Euclidean norm ||-|| = ||-||2.
Denote

ay(V,W; Z,€) = min {¢Q(A) — 2 Det(I — 20 '0) + alnfe '] : A> 0,1 > 0, > 2XAnax(0),

e |wW >k Q| VT
[WT I]EO’[ Vv |I-2"'© =0y (2:62)

6_1] A>0,0>0,a > 2 \nax(0),

[Vg W}to’[l\ © }to’[Zk‘)}kal_gi_l@]to}. (2.63)

sy
=
=
™
g

=]

——

©-
©
=
+
=
@
+
N
+
Q

1=

Proposition 2.6.2 Given € € (0,1), let V€ RN, W € m x v, let Z be defined in (2.53), and
let as(V,W; Z,€) and Bo(V,W; Z,¢€) be as in (2.62) and (2.63). Then for all z € Z

IVz+WTES <@ (V,W; Z,¢) < By(V, W5 2, ¢) (2.64)

with probability at least 1 — €.
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Proof. Let
Go(ViW,2) = min _ 2TVTT - 22" 'WWT) Wz — S InDet(I — 2a ' WWT) + aln[e )]
a>2Amax(WWT) 2
= H(lamT {zTTz - %ln Det(I —2a7'0) + aln[e ] : a > 2\ (WWT)
o=wwr, v=vIi— 2a_1®)_1V}; (2.65)
by (2.50) one has

Probe{[|Vz + WTE|3 < o (V, W, 2)} > 1 — .

Using the result of Theorem we may bound the first term in the r.-h.s. of (2.65) uniformly
over z € Z:

max 2. Tz < ¢o())
z€Z

where A > 0 is such that >, A\y@Qr = Y. When summing up, we arrive at the bound
Vz € Z) Probe{|[VIz+ W3 <am(V,W;2,6)} >1—e (2.66)

where @y (V, W; Z,€) is defined in (2.43).
Furthermore, we may upper bound the quantity @s(V,W; Z,¢) using the inequality (2.51).
Indeed, one has

U, (VW 2) < min LTV (1= 207 WWT) V2 + T w7
+ o W (I = 207 WWT) T WWT] 4+ alnle ] 5 a2 2hnax(©) }

mrél’lj{l”r{z Tz+Tr[O@+ Al +alnfe ] a > 2Mnax(0)

0= WWT, T = VI —2a"10)"1V, A = O(al — 2@)*1@},

and we conclude that ao(V, W; Z,¢) < B5(V,W; Z, €) with Bo(V, W; Z,¢€) as in (2.63). O
2.6.3 Bounding maximal over ellitope deviation of a quadratic form of Gaussian

vector

Lemma 1 Let D € R¥™*, C ¢ Sk, F € 8¢, ¢ € RY be standard Gaussian, i.e., ( ~ N(0,1), and
let X C RF be a basic ellitope,

X={zeRF:teT: TT)z<t) l<n,}
with Ty, k = 1,...,n; and T satisfying the standard requirements. Let also

U, (C,D,F;e) = mi)l\n {2 InDet(I —2F/a) + $¢7(N) + aln(2/e) — Tr[F],

STy —2C | DT

- > -
oz]_QF,)\_O,[ D ‘aI—QF =0,
V_(C,D, F;e) < mi}{l{f%IHDet(IJr 2F/a) + 7 (N) + aln(2/€) + Tr[F],

STk +2C | DT
- — > - .
al = 2F,)\_0,[ D e =0
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Then for all x € X,

Prob¢ { |27 Cx + (" Dx + (" F¢ — Te(F) + 5 < p} <
where [C, D, F, p, ] is a feasible solution to the system of convexr constraints

U, (C,D,F;e)<p—3, V_(C,D,Fie)<p+ s (2.67)
Furthermore, one has

U, (C,D,F;¢) < U (C,D,Fye), ¥_(C,D,F;e) <V_(C,D,F;e)
where
T+ (C, D, Fie) = min {a™ Tr(F?) + 367(0) + aln(2/e),

- 9. > —
al 2930F,)\ 0, [ D ‘ T_9oF 0p,

V_(C,D,F;e) := mi}1\’l {oflTr(F2) + 307(N) + aIn(2/e),

SpMTe+20| Dt ) 1
D ol +2F | —

al = =2.930F, A > 0, {

Consequently, when p and 3 are such that
@_;_(C,D,F;E)Sﬁ—?, E_(C,D,F;E)SE—F?,
one has

Prob¢ {|z"Cx + "Dz + ("F(—Te(F)+ % <p} <e VxeX.

Proof. Using (2.47) one has for h € R%, F € S%, and « such that 2F < o,
alnE {e“’l(hT“CTFC)} < —2nDet(I — 2F/a) + 3h"(al — 2F)"'h,

so that Prob, {hTC + (TF¢ — Te[F] > oy (h, F; e)} < €/2 where
Y4 (h,F;e) := inf Faln E; {eo‘il(hTC—FCTFC_Tr[F])} + aln(2/€) (2.68)
—

a:al
= inf {~9 InDet(I — 2F/a) + $h’ (ol —2F)"'h + aln(2/e) — Tt[F], ol = 2F}.
A completely analogous derivation results in Prob, {hTC +(TF¢ — Te[F] > —y_(h, F; e)} < €/2
where
Y_(h,Fye) = inf {—=¢ InDet(I + 2F/a) + sh’ (al +2F)"'h + aln(2/e) + Tr[F], —al < 2F}2.69)

When setting h = Dz we arrive at

sup[e’ Cx + ¢y (D, F;e))

reX

<infsup {—$InDet( — 2F/a) + 327 [2C + D" (aI — 2F)"'D]z + aln(2/¢) — Tr[F], ol = 2F}
& 2cZ

< min {—%mmDet(I —2F/a)+ 3¢7(\) + aln(2/e) — Tr[F],

al =2F, X >0, NTy = 2C + DT (al —=2F)"'D = o}
k

=V, (C,D,Fje).
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Similarly,

sup[—2TCz +_(Dz, F;e)]
z€Z

< igfsgg {—%InDet(I +2F/a) + 32" [ = 2C + D" (al + 2F)"'D]z + aln(2/e) — Tt[F], ol = 2F}
z
<VU_(C,D,Fje)..
We conclude that if p and s¢ satisfy the system then
Probc{‘a:TC'a:—FCTD:c—FCTFC—Tr(F) —i—%‘ <p}<e VzeX.

Furthermore, using the inequality | — In(1 — v) — v| < v? for v < 0.683 we may upper bound the

quantities ¢4 and ¢_ in and as follows:
Vi (h, Fye) <t (h, Fje) == inf {a ' Te(F?) + 1h" (ol — 2F)'h + a1n2/€], al = 2.930F},
Y_(h,F;e) <v¢_(h,F;e) = inf {a ™' Te(F?) + 10" (ol + 2F)'h + aln[2/e], —al < 2.930F} .
As a result,
U, (C,D,F;¢) <, (C,D,F;e) and ¥_(C,D,F;e) <U_(C,D,F;e)

what implies the last statement of the lemma. O

2.6.4 Variations of risk upper bounds in § and ¢

Proposition 2.6.3 Let § > 0,9 >0, 0<e<e <1, and tg’s(‘),tgi)(‘),ﬁd’g(‘) defined respectively
as m|2.2612.48 and|2.54.
For any H € R"™*" and any © € S,

(2) =
€ H Tse H € S}

S (H) < /In(eg/e), 6’2 (H) < In(ec/e), (9) < /In(eg/e). (2.70)

t&,s(H) tgs)(H) 6,5(@)
Additionnaly, when U(5) = §f(0)U, with

f:Ry =Ry

. . . . L F((149)9)
increasing in 6 and U an ellitope, we define b(9) := %138( {7“5) } and

Ca(V,e/€) := max {b(ﬁ); \/ln(es/e)} .

One has
(2) _
t(140)5,(H) s, (H) 5 P49)5(©)
— = < Cy(V,e/e), ——ait—— <(Co(W,e/€)*, ——A—" <Co(,e/e). 2.71
tzs,e(H) — 2( / ) tg2€)<H) 2( / ) pdyg(@) 2( / ) ( )

Proof. We first give a detailed proof of results and [2.71 with respect to function t5.(-).
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1°. Given amatrix H € R™*", define variables [\, fix, X«, fx, s, O] that are optimal for problem
when computing vs.(H). We first proove that the latter is of the form

5o (H) = 2 (/om0 (6700) + dvis) (1) + V/ora(r) (0, 0.)) (2.72)

Indeed, for variables [\, p, X, k, o, ©] feasible for computation of t5.(H) (note that for any other
¢, €, these are also feasible for computation of vy o« (H)) and positive ,~/, variables [y\, yu, x/7, £/7', 7 o, 7' O]
are also feasible. 1-homogeneity of functions ¢, ¢y s), pm then leads to

ming {70 O x50, 0) = 1(7(N) + By (1) + €t (X)/7 + danlw)/7' + 7', 0) }
= 2V/0m0)(67() + dv(p) +2V/0m(r)ve(a, ©).

We conclude using the fact that t5.(H) = min, v 75 (s, fhas X B O, O).

2°.  Consider variables [y, fix, Xx, Kx, 0, O] for computation of tv5(H). Their sub-optimality for
this problem entails

o) o (8M0) BTN Tov(e) (1) P HEpm(m el 0D [G(an02)
)= (o) (67 M) +ovs) (1)) P Hom (k) be (0, 00)) /2 TV Yel@n0x)

Observing that ¢ (au, Ox) = Ve (u, ©4) + s log(e/e) < log(ee/€)i):(au, O, ) yields

3°. In situations where U(8) = §(0)U, one has that ¢y () = dys2p(-) = §(0)%dy(:), with V
defined in the ellitopic description of U = {u eR™: teV: ul'Viu<tyk< nu}. Thus, using
the same arguments as for proof of we arrive at

tensel) (a0 @TOA)H(1+0)0) 20y (1)) 4 (Gp (k) e(0,0:) 7 _ Y ey
S S o oD TR T oG S < max {B0)s VogeE/e)

4°. Recalling that
2
t52 (H) = 7(A1) + 75) (1) + e(a1, ©1),
one can apply arguments from 2° and 3° to arrive at results and [2.71. For function p, recall
that it is of the form

P5.(0) = dr(r2) + d7(A2) + d7(5)(12) + 21og(2me ™) Tr(O)

for some optimal variables [k2, A2, pi2]. Notice that with the same argument as in 1°, we arrive at
the fact that optimal value of is of the form

Ps:(0) = \/(ZW(@) [67(X2) + ¢7(5) (42) + 21og(2me~1)Tr(O)].

One can then apply the reasonning of 2° and 3° to conclude. O
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3.1 Simplified computations in the case of U(0) = U

We treat in this subsection a special case where problem structure allows for a simple computation
of the grid on parameter § that ensures items (2.31) and (2.36) in the construction of adaptive
linear and polyhedral estimates for ¥ = 1. In this section, we set U(5) = U, i.e. U(J) is the
homothety of ellitope

U={ueR™: teV:uViu<ty,k<n,}. (3.1)

For such ellitope, support function ¢y (8)(-) = 624y (-). Indeed, for a given v € U and u € R,
their exist ¢t € V such that

Ny
(0u) "V (1) (6u) = 62 ZﬂkuTVku <&uTt < 52111&5( ol = 8%py(p).
ve
A

Thanks to the latter, it is easy to see that if the 0;/0;—1 < 2 for ¢ > 1, then (2.31) and ({2.36]) are
also true for ¥ = 1. For instance, recall that for linear estimates, our risk upper bound is actually
of the form:

0:(8,2) 1= Vo (xs) (07 (M) + 62v (1)) + v/ (K ) e (0, ©4),

with (X«, A, ths, Ou, Ku, i) optimal for computation of p.(d,¢). For grids with first element strictly
greater than 0, the work is done. If this is not the case, one has to carefully select §; to ensure that
for 0 < § < 41 and some constant C,

O« (517 5) < CQ*((S, 5)

holds when considering linear estimates. Note that since our upper bounds are increasing in 9, it
is sufficient that the latter holds for 0 instead of 6. Thankfully, it is possible to compute quantities
ro(g) and [y(g) such that for all 6 > 0, and € € (0, 1),

04(8,€) < 04(0,€) + 6%ro(e) (3.2)
and

p*(é’ 5) S p*(Ov 5) + 52[0(5)7 (33)
and simply setting 0?2 = 04(0,¢)/r0(g) or p«(0,¢)/lp(e) yields the desired relationship. Indeed,
for (3.2), consider variables (Hy, ©g, g, Ao, Xo) optimal for computation of ¢, (0,¢) as proposed in
(2.26). Then, for any p € RY* such that

T(Mo)

[HI'A-BITP <0 O $HyP

- [QP Hy M(Fvo)]to’

Y
Vip) |2
sPTIH§A-B]|  M(xo)

(3.4)

variables (Ao, p, ©o, ko) are admissible for the minimization program involved for the computation
of 0.(d,¢). Using their sub-optimality, one directly obtains

0«(0,6) < d7(Xo) + dm(X) + dm(ko) + Ye(ap, Og) + 82y (1)
= Q*(O7 6) + 52¢V(M)‘
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Notice that first semidefinite constraint in (3.4) can be reformulated into

[ T(Mo) 1

V() ] = [Hg A= BI"PM(xo) ™' P"[Hg A — B =: Viw(Ho, ko).

Minimizing ¢y (u) over p satisfying this constraint allows to compute r¢(g) as

(o) i= miy {ovn: [T Vi) | (3.5)

peRL

Observe that the "new” semidefinite constraint is just the Schurr complement of the first constraint

in (3.4). As the variable pip optimal for (3.5)) satisfies the first semidefinite constraint in ((3.4)), (3.2))
holds.

When considering the polyhedral estimate, the reasinoning presented above can also be applied.
Let (o, po, Ao, ko) be optimal variables in (2.35) for computation of p.(0,¢). Considering a vector
1 that satisfies the semidefinite constraint,

T'(Xo) 1
[ V(u)] + ATeA | 1BTP

TPTB M (ro)

= 0, (3.6)

one has, using that (©g, Ao, u, ko) are feasible and sub-optimal for computation of p.(J,¢) yields

p(6,6) < d7(No) + dar(ko) + 02 In(2m/e)Tr(O) + 6%y (1)
= p+(0,€) + 0Py ().

Thus, computing ly(¢) in (3.3) boils down to solving the minimization problem

o) = i v s [TOM

n
HERM

m } = Vpoly(@o,/-”vo)},

(3.7)
Vpoly = %BTPM(K())_IPTB — AT@()A,
where we have again used Schurr’s lemma to reformulate constraint (3.6]).
Remark 3.1.1 In the special case where ||| = ||-||, the reasonning and definitions of 7“(()2) and

[82) are almost the same. Indeed, one only needs to replace M(xo) in(3.5) and M (ko) in (3.7) by
respectively I —2(cg) " 1Oq and I, where oy is optimal in the minimization problem associated with

the definition of o 0,¢).

We can now consider the following grid construction.

1. For the adaptive linear estimate, set

I = |log, (5 Q:‘Eégl)> , (3.8)

and for the adaptive polyhedral estimate, set

u < [ () ]
I = |logy <(5 p*(0,5)> . (3.9)
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2. Sete:ﬁ.

3. Set 61 =271, and for all i =2, ..., I, §; = 26;_1.

Proposition 3.1.1 With the following construction, one has

Risk-[@%)| 2(5)] < 5y/In(elogy (261/ro(e) /20, 2))) e+ (6, ), (3.10)

Risk. [ |Z(6)] < 4\/ In(elogy(24/610() /p«(0,€)))p« (5, ). (3.11)

In the case of the recovery norm being the Euclidean norm, replacing ro(e) and 04(0,¢) in (3.8) by

r(()2) (e) and gSP(O,@) leads to the following performances of the adaptive linear estimate presented

in section |2.4):

Riskl (@) | (8)]2 < 21n (e log, (207 /07 (0,)) ) ol (6, ) + do., (3.12)
where
T (Mo) Ty QT
2 = min 3 ov(n), [ wm] A= B o) (3.13)
w>

(Ho)TA - B ‘ I - 2(0[0)_1@0
and variables [No, Hy, ©¢, | are optimal for computation of g£2)(0,5).

For proof, see

3.2 Adaptive estimates robust to sparse perturbation

We assume in this section that observations are of the form
w=Ar+u+¢ (3.14)

with A € R™*", z € X with X defined by (2.16), ¢ ~ N(0,02I) and, for an unknown integer
s > 0, deterministic but unknown s-sparse perturbation u, i.e., ||ul|, = s. As a consequence, our
goal is to produce estimates of Bx that are adaptive to the sparsity level s, i.e. with the smallest
possible e-maximal risk over all z and u, measured in a co-ellitopic recovery norm || - [|:

Riske[w|m(s)] := sup inf {p : Probg{||Bz — w(Azx +u +§)|| > p} <€} (3.15)

z€X, u: |Jul,=s

Before building such estimates, we present the sparse recovery framework we will use to do so.

3.2.1 Verifyable design conditions, penalized and regular /; recovery.
In this subsection, we recall two recovery routine of sparse vector u given observation
w=Au+v+E,

where u € R" is s-sparse, v € R™ is a deterministic perturbation and £ is a random vector. We also
assume that v € V, where V is a closed convex and bounded subset of R™. For a given contrast
matrix H, we define the following two ¢; recovery routines jointly introduced in [83].
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Definition 15 (|32], Chapter 1) Given a contrast parameter H € R™*" and p > 0, the ¢1-
regular recovery estimate is defined as

reg

(W) € Argzmm {l=l; : HHT [w— Azmoo <p}. (3.16)

In the special cases of & ~ N(0,0%I) or & ~ 8G(0,021), it is defined, for € € (0,1), by T2 (w) =

reg
~H,A(H
a:re’g( )(w), where

AH) = max {o\/QIn(Qn/e) |Coli(H)||5 + max vTColi(H)} . (3.17)

Remark 3.2.1 Note that A(H) is simply an upper bound on the € quantile of random quantity
HHT[U + f]HOO (see [83]).

Definition 16 ([32], Chapter 1) Given a contrast parameter H € R™*™ and a sparsity param-
eter s > 1, the f1-penalized recovery is defined by

pen

zHs (W) € Argmin {lzll, +2s HHT [w— Az]”oo} : (3.18)
z
Results on the e-risk over s-sparse vector of these two estimates are available in [83], provided that

contrast matrix H satisfies the following condition, also introduced in [83].

Definition 17 ([32], Chapter 1) Given a design matriz A € R"™*"™, a matrix H € R™*"™ is said
to satisfy the Quo(s, k) condition if their exist k € (0,1/2) such that the following holds:

Vz, lalle < [ HT A2, + = D1, - (3.19)

Proposition 3.2.1 ([83], Proposition 2 and 4) Let H € R™*" satisfy the Qoo (s, k) condition,
noise & be either N'(0,021) or SG(0,0%I), and € € (0,1). Then the following bound holds with
probability greater than 1 — €, as soon as T is s-sparse,

|Zreg = 2ll, < 5RAH)

(3.20)

IN

1378 = =]l < = ACH).

Similarly, on an event of probability greater than 1 — €, the penalised £1-recovery enjoys the same
rate under the Qoo(s,K):

Hfgn o ﬂle < 1f;nA(H)

(3.21)
[Z5en

4
—all o < EmAH).
Our interest in these estimates and the aformentionned condition resides in the fact that, in contrast
with classical design conditions such as RIP or RE, condition Q. (s, ) is stated given design matrix
A, and as the next proposition will show, one can efficiently compute a contrast H satisfying it if
one exists.



74

Proposition 3.2.2 ([32], Proposition 1.10 ) Consider the following LP programs

Vie[l:n], Opt,:= mihn {~: HATh - eiHoo <~}. (3.22)
7,

Given k € (0 ,2) if ve = max Opt; < K, let 5 := bﬁJ . Consider the following clearly solvable

convex minimization progmm

- ; . T .
Opt := in {A(H): Vie[l;n], ||A"Coli(H) - elHoo <%}, (3.23)

along with optimal variable H,. The latter satisfies Quo(k,S) for all s < s,.

Therefor, using this verifyable condition, it is possible, given a design matrix A, to compute the
best parameter H leading to "minimal” bounds (3.21),(3.20)), and the maximal sparsity level for
which these hold.

3.2.2 A polyhedral estimate adaptive to sparsity

Assuming that w has at least one non-vanishing component, we propose the following strategy.
First, define

v« = max Opt;, Vi€ [1:m], Opt; = mi}{l {v: [|h—eillo <} (3.24)
1 7

It is obvious that v, = 0, which implies using Proposition that in this specific setting, the set
of contrast satisfying Qs (1/4,s) is nonempty for all s < m. As a consequence, we consider the
following grid for the unknown sparsity level s:

Vie[l:1], si=2""1 sy =m, I=logy(m)]. (3.25)

We then consider the following m minimization programs defined for all i € [1 : m] by
Opt,; = mln {U\/2log am/e)|lgll2 + qﬁx( TA) lg —eill o < (4m)_1},

and define contrast G = [g1, ..., 9m] € R™ ™, where g; is optimal for Opt,. Observe that by
definition, A(G) := max; Opt,; is minimal over all matrices satisfying the Qs (1/4,m) condition.
We are now ready to define an adaptive polyhedral estimate robust to sparse perturbation. For

matrix contrast (Hy, ..., Hy), let w;)l = BZ where
Vie[l: 1], w—Az—v]Hoogl,
(Z,u) € Argmin < ||v]|; : . B : (3.26)
HG [w—v]” <A@G), weXx

[e.e]

The next proposition specifies a way to build the contrasts Hi, ..., Hr and the risk upper bound
associated with that construction.
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Proposition 3.2.3 Assume that 1 < s < m and let i be the minimal i € {1,..., I} such that s < s;.
For this specific situation, we set »(e) = o+/2In(4m/e), A := A(G) and define

o7 (A) + 64A2 (257 + ||pllh) + dam (k) + 52(2)*Tr(O) :
T(A)

P, c[0] = /\mi,n Diag(p) + ml
Ry 2 1 T
1pTp | M(x)

+ATeA | 1BTP

=0,

Az20,p20,2>0,k20.
d p.(s,e) := min p, .[O].
and p.(s, €) == min p, (O]
Compute for alli = {1,...,I}, ©; € Argmin p,, . /25)[©] and H; = s Ty, where ©; = T;Diag(x)I'F
0>0
is ©;’s SVD. The outlined adaptive polyhedral estimate has a risk such that
Risk: (%), |Z(s)] < 2p.(s7,£(21) ") (3.27)
< 2max {\/5, V/In (2¢ log2(2m))}ﬁ*(s, £). (3.28)

For proof, see(3.4.2

3.2.3 Lepski’s procedure applied to linear estimate and robust estimation to
unknown sparse perturbations

We propose, under essentially the same setting, a linear estimate version of the previous devel-
opments. Given the same grid of levels of sparsity as in previous subsection, consider, for all
j=A{1,...,m} the following minimization programs defined by

Opt;(s,¢) = min {o+/2log@m/e)lgllz + éx (97 A), llg = esll, < (45)7'},

geR™

and define contrast G\ = [ggi), ...,g,(»,i)] e R™*™ with ggi) optimal for ij(si, e/(2I)). Also, with

notations v(e) = o(1 + /21In(2/¢)) and A(s,€) := max; Opt,(s,¢), we define for contrast matrix
H ¢ R™" function

Ou(xX) + dT(N) + 64A(s,€) (257 + || pll1) + (k) +v(e)*Tx(O) :

T 5[B—HTA'P
Diag(p) + 1l = 0,
1pTip ol
2,o(H) = min SPTB-HTA] | M) (3.29)
o |HP)?
| PTHT /2| M(x) ’

A>0,u>0,>0,k>0.
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along with its minimum over all matrices H, 0.(s, €).
We propose the following adaptive procedure. Given observation w, define for all i = {1, ..., I}

e matrix contrasts H; € Argmin 9y, . /(o) (H) along with associated o.(si, e/(21)) = 05, < /(2r) (Hi)-
H

e new observation w; = w — u;, where

Uy == 2805 (w) (3.30)

- “pen

e candidate estimate w; = H} [w;].

e admissible set
A= {i € (10, ¥ € i+ 11, i = ] < B epony(H) + 0y pon (H) }

(a)

and adaptive linear estimate w,/ = ws, with i = min A is the latter is not empty, or wy
otherwise.

We have the following equivalent of Proposition |3.2.3

Proposition 3.2.4 Assume that 1 < s <5, and let i be the minimal i € {1,...,1} such that s < s;.
The estimate @;lan) is such that

Risk. [0\ Z(s)] < 20.(s7,/(21)) + 0x(s57_1,2/(21)) (3.31)
< (2v/2 + 1)y/In (elog,(2m))a, (s, €). (3.32)

For proof, see3.4.2

3.3 Comprehensive robust counterpart

In this section, we assume the same setting as in section Given € € (0,1), let r be an upper
bound of the risk of the near-optimal linear estimate in the case of § = 0, i.e., 7 > p.(0,¢) as
defined in Proposition Our objective is to design the contrast H = H(r,7) satisfying two
requirements:

(i) The e-risk of recovery by estimate @' (w) = H”w of the signal w = Bz for z € Z(0) does
not exceed r;

(ii) Whenever u € 06U for some § > 0, the risk of the estimate @W!! does not exceed r + 76;

and we look for H(r,7) such that 7 is the smallest possible. Following [84] we refer to the corre-

sponding setting as comprehensive robust counterpart of the original estimation problem, and we

call 7 global sensitivity of the estimate w'.
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3.3.1 Case of euclidean recovery norm

Let us consider first the case of Euclidean norm || - || = || - ||2. Given r > 99) (0, €) where gg) (0,€)

is the bound of Proposition for the squared Euclidean risk of nearly optimal linear estimate,
denote

m() = | min o) s o7(0) +1e(@,0) <7 AZ 0.0 >0, (3.33)
T()) Ty pr
o> 2)\max(@)7 |: I_(Ia I}[ :| = O) V(:u) ATH =B >0
HTA-B |I-2a"'6

where

Ye(a, ©) := —5 log Det (1 — 20710) 4+ aln[e 1.
Let now § > 0, and let (A4, pis, s, O, H,) be an optimal solution to (3.33). Because (A, fix, s, O)
also form a feasible solution to (2.43) with H = H,, we conclude that the optimal value t((52€) [H.] of
(2.43) satisfies

S < S7(\) + 02y (s) — % InDet(l — 20510.) + ax Infe 1] < 7+ 8% a(e).

Applying the result of Proposition we conclude that the risk of the estimate @™ (w) = H  w
satisfies
Ve >0 Risk} [0 Z(0)] < r+ 6*m(e).

3.3.2 Case of general co-ellitopic recovery norm

Similar result in the case of the general co-ellitopic norm requires a bit more work—we need to
replace the bound vs.[H] for the risk of the linear estimate @ (w) = H'w, H € R™, we
somewhat less precise bound which is more convenient for our purposes. Let us denote A = [A4,, A,]
and B = [By, By with A, € R™*"= A, € R™*™ B, € R"*" B, € R"*™. For all z € Z(9),
§ > 0 the error of estimate ! (w) satisfies

|HTw — Bzl = |[HTA - Bllasu] + H'¢l| < |[HT A, — ByJe + [HT A, — BJu+ H'¢|
< |[HT A — BoJal| + |[H" Ay — BuJul + | HT].

To bound the terms in the r.-h.s. we act as follows. When denoting V,, = [HT A, — B,] (cf. (2.55))

we have

VM
— 2

Ve e X a(Vyx):=|Vyz| <maxsupy! M Voz <1 max [z;y]"
( T ) || X || = ey zegy T [:L‘;y]EZX)J[ 7y] MTVa:‘

[ y].
Because the set G = X x ) is a basic ellitope (as direct product of basic ellitopes), we may use
Theorem to bound the maximum of the quadratic form on G, i.e.,

Vee X a(Vi,z) < ap(Ve, X) = Ig\lin {¢T<)‘) +om(x): A>0,x >0,
7X
T\ | 3ViM } }
[ sMTV, | M(x) =0y
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Similarly, we have for V,, = [HT A, — B,]

Vu e o  a(Vyu) = ||[Vau| < ay(Vs, 0U) = r§\1in {62¢v(,u) +om(v): A>0,0>0,
7X
V) VM T
sMTV, | M(v) | =7

Together with the bound 5(H, ¢) by Proposition for the term ||HT¢||, the above bounds result
in

Risk [0 Z(8)] < ¥.c[H]

where
ol = min 070 4 000 + 8209(0) + 03(0) + ora(0) + il 6) (3.31)
A>0,x>0,u>0,0>0,k>0, > 2 \pax(0),
[ T(N) ;[HTA—B]TM] -
IMT[HT A - B M(y) -
1rgT g _ T 1
[1 TV(;A) LHTA B]M]io, 16T)T2HM]iO
LMT[HT A - B] M (v) IMTHT | M(x)
Now we are almost done. Indeed, let
@i, min g L5000 + 620+ 67+ om0 + omn) +vl0,O) <7 (33
A>0,x>0,u>0,0>0,k>0, a>2\pax(0),
[ T(N) LHTA - BI™M ] -
IMT[HT A - B M(x) -
1rgT A _ T 1
V(n) sl A-pI'M ] o |imm -
LMT[HT A - B] M(v) LMTHT | M(r)

Similarly to , the problem in is a well structured convex optimization problem which
is solvable; let us denote (A, flx, Xxs Us, Kx, O, O, Hy) its optimal solution. We note that for any
0 >0, (Ax, Loy Xy Us, By i, ©4) 18 also a feasible solution to with H = H,. Next, observe
that if a pair (u.,v.) is feasible for then so is (ypu«, v 'vs) for any v > 0, other components
(As, Xy Koy i, ©4) Of the solution being unchanged. When minimizing w..r.t. 7, using homogeneity
of ¢y and ¢, we obtain for ¥ = 6

5% dy (Tpe) + da(F 0s) = 8278w (1) + 5 o (vs) = (dv (1) + da(vs)) = 07(e).
As a consequence,

Te[He] < o7 (M) + dat(Xs) +0(dv (11x) + O (V) + dm () + Ye(as, ©4) <7+ 67(e),

and we conclude that the e-risk of the estimate W/ (w) = HIw satisfies

Risk,[w !

Z(0)] <%5c[Hi] <1+ 067(e).
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3.3.3 Comprehensive polyhedral estimate in the Euclidean recovery norm case

Using a similar strategy, one can build a comprehensive polyhedral estimate in the case of Euclidian

recovery norm. For § > 0, we define pg) (6,€) as the minimum over semidefinite © of

P(0) = min {¢T<A) + 6%y (1) + 20° In(2m/€)Tr(0), A > 0,1 > 0, (3.36)
’ M
T\ T T
— _
(1O, s area).
Let r be an upper bound on psz) (0,€), and consider
a2(e) = min {ov (1) : 67() + 20% In(2m/e)Tx(©) < 7, A = 0,41 > 0, (3.37)
7/’1/7
T\ ] T T }
=B B—A"0A;,
[ Vip) |~

along with [, s, ©,] optimal for the latter. Since they are also feasible for computation of
pg?) (0,€), one has that

Pl (04) < 67(A) +20° I(2m/)Tr(©.) + 8y () < 7+ qs(e).
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3.4 Proofs

3.4.1 Proofs of section [3.1
Proof of We can use the same strategy as for [2.3.2]s proof. In cases where § > 4y, [2.71]
(with f(6) = d implying b(¥) = 1 + ¥) yields the upper bound

pif0-(0,€) < max {2,v/In(e(T +1)) | < 2¢/In(e(T+1))

and [2.70] gives
pi1/0.(6,6) < V(T T 1),

When 6 < 01, we first control the ratio 0.(d1,¢)/0+(0,¢): Consider the sub-optimal variables
(Hop, ©9, ap, Ao, x0) for computation of g, (d1,¢), along with u feasible for Clearly, one has

0+(01,€) < 04(0,€) + 61¢/ P (x0) Py (1)

Minimization of the RHS for feasible x4 and yields

p1/0:(8,€) < \/In(e(I + 1)) (1 + 9*5(1(;05)> .

Finally, inequality Risk. [@1(51)]3 (0)] < 2p; + p;_; allows to conclude that in all cases, one has

Risk. @5, | 2(0)] < 5v/In(e(T +1))o.(6,€)-
When looking at the adaptive polyhedral estimate, using (2.71) for p naturally yields, for any
semidefinite ©, that

o (©) < max {/In(e(T +1)):2} P5.(0),
implying

P, (07, €) < max {\/ln(e(I + 1));2}@(5, £).

For the case of § < §1, proof is completely analogous to the developments above when replacing rg
by lg. This entails the upper bound

P67 )/u(6,9) < max { /In(e(T +1)): 2 In(elT + 1)1+ 5%45) }
Vin(e(I +1)) (1 + max {1; 2-%}%})
2/I(e(l + 1))

2\/ln (clozs (25\/6E/p-10.9)) 0

IN

IN

3.4.2 Proofs of section 13.2

Proof of [3.2.3k
Consider the event &€ := &, N &, where

go={e: 114z + €l < AQ))
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and
&={¢: Vviell], [|H¢lw<1}.

By construction, probability of £ is greater than 1 — €. Indeed, one has that
Prob[&] >1—¢/2

and
I T

Prob[&] > 1 — ZProb [HHngHoo] >1- Z % =1-—¢/2.
i=1 i=1

On event &, notice that (z,u) is admissible for problem Since u is s—sparse, we can use
and the fact that G satisfies the Qs (1/4,m) condition to state that

|4 —ull; <16sA(G) and |4 — ulleo < 8A(G),

which in turn implies that

6 — ulla < 8V2sA(G).

From this, on event £, & — u belongs to simple ellitope 8A(G)U(s)
Us) ={zeR™: 3(t,1) €([0:1]" x[0:2s]), [|z]|3 <FfandVie[l:m], 2} <t;}.
Observe that if s < s;, one also has & —u € 2A;U(s;). As a consequence, the convex upper bound
(@ —u)" (Diag(n) + AI)(@ — u) < 64A%(||ull1 + 2si7)

holds for u € R'" and non-negative 7z, and the contrast constructions of this proposition along with
the risk upper bound ([3.27) are direct byproducts of subsection The rest of the proof follows
proof of m where one uses in that specific case the fact that s = §2, and that for all i € [1: [ —1],
8 < 28i41.

Proof of [3.2.4%
Consider the event &€ := &, N &, where

Ea:{f: Vie[l:1], Hé;'r[AfU"‘&]HooSAi}

and
&={¢: Viel], |HE|w<1},

where A; := A(s;,e/(2I)). By construction, probability of £ is greater than 1 — e. Indeed, one has

that
I I
Prob[€,] > 1Y Prob [H@T[Aa; 1E > A ] >1-Y % —1-¢/2,
i= o i=1
and
I I c
Prob[§] > 1 — ;Prob [|H e ] =1 - Z; o =1-¢/2

On event &, notice that if u is s;-sparse, the fact that G; satisfies the Qoo (1/4, s;) condition allows
to state that
H’&l — U”l S 1687,./\1 and ||’ELZ — uHoo S 8A7,,
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which in turn implies that
H’& - UHQ S 8\/ 2811\2

From this, on event &, if u is s;-sparse, 1; — u belongs to simple ellitope 8A;U(s;)
Us) ={zeR™: 3(t,1) € ([0:1]" x[0:2s]), [|z]|3 <FfandVie[l:m], 2} <t;}.
As a consequence, the convex upper bound
(@ —u)" (Diag(n) + GI)(@ — u) < 64A7(||ull1 + 2si7)

holds for iz € R’ and non-negative i, and the contrast constructions of this proposition along with
the risk upper bound ([3.31) are direct byproducts of subsection m The rest of the proof follows
proof of where one uses in that specific case the fact that s = 62, and that for alli € [1: T —1],
8; < 28i41. O
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3.5 Numerical Experiments

In this subsection, we provide numerical experiments illustrating results of Proposition under
the uncertainty observation model described as follows.

3.5.1 Uncertainty observation model and data points generation

For i € [0 : 6], we consider the grid
i€[0:6], do=0, & =2"1
As far as uncertainty observation models are concerned, we work with the models
m(8;) = [A, B, X + &;U, N (0,0%1)],
where X is the intersection of 3 ellipsoids (a simple ellitope)
X={z¢€ R, 3te[0:13 2TRiz< ti}
and U is the following simple ellitope
U={2eR" FteB) :Viz<t;}, BS={leR%|t|.<1}.

Matrices A € R0 and B € R3*%0 are generated by drawing random matrices A, B with
coefficients following a A(0, 1), computing the SVDs A = U,D,V,] and B = UbDbeT and setting:

A =U,DiagMNA))VE,  M(A)= 01+ (1-01)*(1—(k/39)), ke[0:39]
B =UyDiag(A\(B))V,},  A(B)= 01+ (1-0.1)*(1—(k/35)), ke[0:34].

The same strategy is applied for generating matrices involved in ellitopic descriptions of X and U.
We draw a random square matrix S; with A'(0, 1) coefficients, compute the SVD S;ST = I';,D,I'7
and set

R; = [;Diag AT, D =01 4+ (1 —0.1) (1 — (k/49)""), ke [0: 49].
When concerned with model m(d;), we generate signal = + d;u along with observation
w= Az + du) + o € R (3.38)
in the following way. We draw Z ~ N (0,1I59), u ~ N(0,I5) and set

1

_1 2

~ ~Tp~) 2 ~ ~T1r~\2

v =7 |maxz Rz , uU=1u E (u” Vju)
(2

B Jj<6

Noise £ is drawn from a N (0, I4). Finally, performance of estimates is calculated through quantity
|B(z + u) — @49 (w)]||, where || - || can either be || - |2 or || - ||1, and @49 (w) is the considered
adaptive estimate.
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3.5.2 plan of experiment

We repeat the proposed experiments for values of ¢ being 1,0.1,0.01 and for the recovery norm
|- [lx and || - [|2-
For all ¢ € [0; 6], we compute

e the best contrast for linear and polyhedral estimates w.r.t. 0.01 and 0.01/7-maximal risk over
m(d;). We respectively denote them H;, G;, H; and G;.

e their associated upper bounds g.(d;,0.01),p.(9;,0.01), 0.(5;,0.01/7) and p.(d;,0.01/7).
We then generate, for all ¢ € [0;6] and all k£ € [1;100], observations w,(f) of the form ([3.38) under
model m(J;), and compute
~Ada, (0) Ada ¢, (9)

e the adaptive linear and polyhedral estimates w7 (wk ) and wpoly(wk ) using contrasts
(H:)!_, and G = [Ho; ...; Hy).

e estimates ﬁj\f;n(w,g)) wgoly(w,g)).
o quantities || @714 (wi”) —wl” |, @A (i) —w |, @7, (wf)) —wi || and @5, (@ ") —wf]

where w,g) = B(xé) + 5iu§j)) is the targeted signal.

We summarize the results of these experiments in the plots of the subsections to follow. Each
box-plot represents the distribution of error || B(x + u) — @4%||, in the situation where noise is of
magnitude o, and signals are from X + §;{/. The whiskers of each box-plots represents the 0.05 and
0.95 quantiles, while the red bars represent the theoretical upper bounds previously computed for
the 0.99 quantile of each estimate. We also include plots for the distribution of the ratio

1B(x + u) — w9
1Bz +u) — @O °

where @) is the linear or polyhedral estimate that knows d;’s value.
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3.5.3 |- |l-recovery error

sigma=1 sigma = 0.1 sigma = 0.01
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Figure 3.1: Evolution of the || - ||; error of the adaptive linear estimate as a function of parameter ¢ and
noise o

sigma=1 sigma = 0.1 sigma = 0.01
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Figure 3.2: Evolution of the || - |1 error of the adaptive polyhedral estimate as a function of parameter ¢

and noise o
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Figure 3.3: Evolution of || B(z + u) — &4 ||, /|| B(x +u) — &1 ||, as a function of parameter § and noise o
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Figure 3.4: Evolution of ||B(z + u) — @ﬁg;’yHl/HB(x +u)— @gglyﬂl as a function of parameter ¢ and noise o
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3.5.4 || - ||o-recovery error
When performance is measured using Euclidean norm, two selection routines are proposed to

produce adaptive linear estimates. We thus compute all contrasts that are necessary in order to
apply (2.4)’s method and Lepski’s method.

sigma=1 sigma=0.1 sigma = 0.01
—_— — o
o
10t —_— e * _ ? S
¥ — T — i
T P 3 é : v — :
Sg 10° S
<3 ° °
(3 8 °
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. ° 8 °
o o
8 C ° °
107! [ = ° 8
o °
o
o K © K S g0 RS K o K S g RS K K S g
Figure 3.5: Evolution of the || - ||2 error of the adaptive linear estimate as a function of parameter ¢ and
noise o
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Figure 3.6: Evolution of || B(z +u) — &7y |2/ (| B(x +u) — ©5 4,12 as a function of parameter § and noise
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Figure 3.7: Evolution of || B(z + u) — &4 ||y /|| B(x +u) — &1 ||2 as a function of parameter § and noise o

The first take-away of is that both estimates are roughtly equivalent in terms of their
statistical performance. Indeed, for heavy noise, both routines select the same estimate. Where
these two methods diverge is in the fact that one needs to compute O(I3) upper bounds for quadratic
form aggregation, whereas ”only” O(I?) are required for Lepski’s procedure. Moreover, risk-upper
bounds of contrasts tuned for the first are bigger than those for the latter, as they are respectively

. e .
for T+ -risk and m—I‘ISk.
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Figure 3.8: Evolution of the || - ||z error of the adaptive polyhedral estimate as a function of parameter ¢

and noise o



89

sigma=1 sigma=0.1 sigma = 0.01
°
25
° e
o
(]
20
] © o $
NN
o @ °
Vlo1s ° . . O
o > 8
TS| S o
<A | o ’ ' 3
(33 ° °
=|= 10 > °
° H
- :
05 [ ]
°
°
0.0
N N P N N \/@0 ,99 N NS 2 > N @9 &9 N Ry D N o \?9 @9

Figure 3.9: Evolution of ||B(x+u) — @égfyﬂg/HB(x +u)— @gglyﬂg as a function of parameter ¢ and noise o



90



Chapter 4

First order algorithms for computing
linear and polyhedral estimates

91



92

Abstract

It was recently shown [30, [33] that “properly built” linear and polyhedral estimates nearly attain
minimax accuracy bounds in the problem of recovery of unknown signal from noisy observations
of linear images of the signal when the signal set is an ellitope. However, design of nearly opti-
mal estimates relies upon solving semidefinite optimization problems with matrix variables, what
puts the synthesis of such estimates beyond the rich of the standard Interior Point algorithms of
semidefinite optimization even for moderate size recovery problems. Our goal is to develop First
Order Optimization algorithms for the computationally efficient design of linear and polyhedral
estimates. In this paper we (a) explain how to eliminate matrix variables, thus reducing dramati-
cally the design dimension when passing from Interior Point to First Order optimization algorithms
and (b) develop and analyse a dedicated algorithm of the latter type—Composite Truncated Level
method.

4.1 Introduction

In this paper we discuss numerical algorithms for construction of “presumably good” estimates in
linear inverse problems. Specifically, consider the estimation problem as follows. We are given an
observation w € R™,

w=Azx+¢ (4.1)

where £ € R™ is zero mean random noise, A € R™*" is observation matrix, and z is unknown
signal known to belong to a given convex set X C R™. Our objective is to recover the linear image
w = Bz, B € R"*", of x.

Our focus is on linear and polyhedral estimates for solving the problem in question.
When applied to the estimation problem above, linear estimate Wi (w) of w is of the form Wi (w) =

HTw where contrast matric H € R™* is the estimate’s parameter. A polyhedral estimate @gly(w

is specified by a contrast matrix H € R™M according to

w = 2 (w) € Argmin {||H” (w — Az) || } , @g)ly(w) = Bz (w).
zeX

Our interest in these two types of estimates stems from the fact that, as it was shown in [30} 32,
33], in the Gaussian case (¢ ~ N(0,021,,,)), linear and polyhedral estimates with properly designed
efficiently computable contrast matrices are near-minimax optimal in terms of their risks over a
rather general class of loss functions and signal sets which we call ellitopes. |'| In this paper, our goal
is to investigate numerical algorithms for design of near-optimal linear and polyhedral estimates.
Specifically, we aim at developing numerical routines for efficient computation of contrast matrices
H, the principal parameters of the estimates of both types.

As it was shown in |30, 32, [33], given the problem data—matrices A, B, the signal ellitope X, and
the co-ellitopic norm || -|| in which estimation error is measured, computing the contrast matrices of
linear and polyhedral estimates amounts to solving a well-structured convex optimization problem
with linear objective and linear matrix inequality constraints. State-of-the-art optimization soft-
ware, e.g., CVX [16] which relies upon Interior Point Semidefinite Programming (SDP) algorithms
may be used to compute high-accuracy solutions to these problems. However, the structure of the

!Exact definitions of these sets are reproduced in the main body of the paper. For the time being, it suffices to
point out an instructive example: a bounded intersections of finitely many sets of the form {z : |Pz|, < 1}, p > 2,
is an ellitope.



93

optimization problems in question (presence of “dense” matrix arguments) results in prohibitively
long processing times by IPM algorithms already for rather moderate problem dimensions (signal
dimension n in the range of few dozens). In this paper we discuss an alternative approach to solv-
ing the problem of designing linear and polyhedral estimates which rely upon first order algorithm,
namely, the Composite Truncated Level method (CTL) of the bundle family. In particular, we
show how matrix arguments can be eliminated from the contrast optimization problem and how
the problem can be cast in the form amenable for first order algorithms.

The paper is organized as follows. In Section [4.2| we present the precise setting of the estimation
problem and define optimization problems underlying the contrast design for linear and polyhedral
estimates. To set up the first order optimization algorithm, we demonstrate how the problem
of contrast computation for linear estimate can be reduced to that for the polyhedral one, and
then explain in Section how the latter problem can be rewritten in the form not involving
matrix arguments and convenient for solving using first order algorithms. A small simulation study
presented in Section illustrates numerical performance of the proposed algorithms. We present
the details of the Composite Truncated Level algorithm in Section of the appendix. Proofs of
technical statements are put to Section

4.2 Linear and polyhedral estimates

4.2.1 Estimation problem

Consider the problem of recovering linear image w = Bz of unknown signal x € R" from noisy
observation

w= Az + o (4.2)

where B € R"*"™ and A € R™*" are given matrices, o > 0 is known, and z is known to belong to
a given signal set X. Throughout the paper £ is (0, I,,,)-sub-Gaussian, denoted £ ~ SG(0, I,,,), i.e.,
for all t € R™,

E {etTﬁ} < exp (L]£]12). (4.3)

Given a norm || - || on R” and reliability tolerance ¢ € (0,1), we quantify the performance of a
candidate estimate w(-) by its e-risk

Risk[w|X] = sup,cy inf, {p: Probe {||w(Az + &) — Bz| > p} < €}. (4.4)

We assume from now on that the signal set X and the polar B, of the unit ball of || - || are basic
ellitopes (see, e.g., [30] and [32, Section 4.2]). Specifically, we set

X = {zeR": 3T : 2TThe <tk < K},

B* = {y cRY:ds e S: yTSEy S 5(,6 S L} (45)

Here T, = 0 with >, T} = 0 (respectively, Sy = 0 with 3,5, = 0, and T C RE (respectively,
ScC Ri) is a convex compact set which is monotone (i.e., 0 <t <t' e T =t € T and possesses
a nonempty interior. We refer to K (respectively, to L) as ellitopic dimension of X (respectively,
of B,).

Every basic ellitope is a convex compact set with nonempty interior which is symmetric w.r.t.
the origin. “Standard” examples of basic ellitopes are:

?Here and in the sequel, relationships t < s (or t < s) between t, s € R are understood entrywise, i.e., as t; < s;
(respectively, as t; < s;),i1=1,..., K.
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e A bounded intersection X of K centered at the origin ellipsoids/elliptic cylinders {x € R™ :
o' Tyx < 1} [T}, = 0):

X={zcR":3tecT :=[0,]":2"Tha <ty, k <K}
In particular, the unit box {x € R" : ||z]~ < 1} is a basic ellitope.
o A | -|p-ball in R" with p € [2, 00]:
{xeR": |zl <1} ={z:3teT ={t eRY, ||ty <1}: a7 <ty k<n}
—~~
T Tyx
4.2.2 The estimates

The interest in ellitopes in the present context is motivated by the results of [30, 32, [33] which
state that, in the situation in question, “near-optimal”’—with risks within logarithmic in K and L
factors from the minimax risk—estimates can be found among linear and polyhedral ones.

Linear estimate

Linear estimate is specified by an m x v contrast matrix H according to

Let
t[H] := min {¢T(u) +ds(A) + 0% Tr(0) : A> 0,4 >0 (4.6)
7“7
S AeSe (B-HTA) | iHT
3(B—HTAT | >, T =0
sH S)

where for G C RP

pg(z) =supzlg: R? = RU {400}
g€g

is the support function of G.
Proposition 4.2.1 (cf. (32, Proposition 4.14]) Let @k (w) = H w with some H € R™*.
(i) Then

su)p;E { |w(Az + ﬁ)ﬁﬁl(w) — BazH} < t1[H]

fAS

(ii) Furthermore, let
=1+ +/2In[e1].

Then
Risk, [@i |X] < v, [H]. (4.7)

Furthermore, function v, [H] is a convez, continuous and coercive function of the contrast matriz,
and can be efficiently minimized w.r.t. H.
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Remarks.

e As a consequence of the statement (i) of the proposition, the optimal value t* of the (clearly
solvable) convex optimization problem

" :=mint[H] = min {¢T(/L) + ¢s(\) +*Tr(©) : A >0, >0 (4.8)
H H\u,0
SyAeSe | H(B-—HTA) | JHT
2B-H"AT [ ¥, mTh =0
sH S)

is an upper bound on the expected risk

Risk[wy, |X] = sup E {|wy, (Az + §) — Bz}
zeEX

of the estimate @}, (w) = HI'w yielded by the H-component H, of an optimal solution to
the problem. Note that we do not need to assume that the noise £ is sub-Gaussian for the
above bound to hold: it would suffice to suppose that E{¢¢T} < o2I. Moreover (cf. [32,
Proposition 4.16]), the value v* is within moderate factor of the minimax-optimal || - ||-risk

RiskOpt[X] = lAl%f) Risk[w]|X]

(here inf is taken over all estimates, linear and non-linear alike):

t* < O(1)y/In(K + 1) In(L + 1)RiskOpt[X] (4.9)
(from now on, O(1)’s stands for an absolute constant).

e Observe that the erisk of the estimate @, may be evaluated using the statement (ii) of
Proposition [4.2.1]

Corollary 4.2.1 Let e € (0,1). The e-risk of the estimate W} (w) satisfies

Risk, [wyi, | X] < (1 + \/m)

e The bound 1. (0) = »*Tr(0©) for the 1 — ¢ quantile of the quadratic form ¢7O¢ in the
expression (4.6 can be replaced by the following tighter but harder to process bounds (cf,
e.g., [38, Proposition A.1])

¥e(©) :=min { — $log Det(] —2a7'0) + alnfe '], @ > 2Anax(O) }

PL(0) == min {Tr(0) + Tr (O(al —20)7'0) + aln(e™!) : a > 2Anax(0)}

b
Ve(©) :=Tr(©) + 2[0|lmo/In[e 1] + 2Amax(©) Infe '] < ¢(O). (4.10)

IN

IN
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Polyhedral estimate

Polyhedral estimate is specified by m x m contrast matrix H satisfying
ox|[Colj[H]ll2 <1, 1 <j<m, (4.11)

with
x = [x(e/m) =]\/21n[2¢/m];

in other words, H is normalized by the requirement that
PrObENgg(07]){O'||HT£|’oo > 1} <e (412)
The associated with H polyhedral estimate wpoly( w) is

Ag)ly( ) = BT(w), T(w) = arg;nin {|H (w — Az)||oo : z € X.} (4.13)

It is shown in [32, Setion 5.1.5] that the e-risk of w7

pol

y s upper-bounded by the quantity
min {2]6s(A) + 67 (s +Zv]]:A20,MZO,vZO (P[H])

Ay
[ > AeSe | 3B } o O}
3BT | ATHDiag{v}HT A+, T | ~

A presumably good synthesis of the contrast H is yielded by feasible solutions to the convex
optimization problem

by = min {px[@] - mm{ [6s(A) + &7 (1) + 052 (e/m)Te(©)] : A> 0, p> 0,020 (4.14)

{ Zle)\fse | 3B } o 0}
3BT [ ATOA+ Y wTy |~

Given a feasible solution (A, u, ©) to ([4.14), we set H = [ox(e/m)]"'U where © = UDiag{r}U”
is the eigenvalue decomposition of © and v = [ox(e/m)]?v. Note that such H satisfies
and, moreover, (A, u,v, H) is a feasible solution to (P[H]) with values of respective objectives of
both problems at these feasible solutions being equal to each other. As a result, the e-risk of the
polyhedral estimate @1, stemming, in the just explained fashion, from an optimal solution to the
(clearly solvable) problem is upper-bounded by p}. As shown in [32, Proposition 5.10], the
resulting polyhedral estimate is nearly minimax-optimal:

Riske[@pory|X] < py < O(1)y/In(K + 1) In(L + 1) In(2m/€) RiskOpt, [X]

where RiskOpt,[X] is the minimax e-risk.

4.2.3 From polyhedral to linear estimate and back

Observe that problems and responsible for the design of nearly minimax-optimal under
the circumstances linear and polyhedral estimates are well structured convex problems. State-of-
the-art Interior Point Semidefinite Programming (SDP) algorithms may be use to compute high-
accuracy solutions to these problems in a wide range of geometries of 7 and S. However, the
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presence of matrix variables H and © results in large design dimensions of the SDP’s to be solved
and make prohibitively time consuming processing problem instances of sizes m,n in the range of
hundreds. The first goal of this paper is to show that matrix variables may be eliminated from
and allowing for processing by dedicated First Order algorithms, resulting in significant
extension of the ranges of problem sizes amenable for numerical processing.

Our first observation is that problems (4.8) and (4.14) are “nearly reducible” to each other.

Indeed, let (A, p, H,©) be feasible to (4.8). We clearly have © > 0. Let G = [L‘Thqﬁ] By

multiplying the semidefinite constraint of (4.8) by G on the left and GT on the right we conclude
that (A, u, ©) is a feasible solution to (4.14]) with the corresponding objective value

2[ps(A) + o7 (1) + x> Tr(©)] = 2v, [H].
The converse is also true.

Lemma 2 Let (A, 1, 0) be a feasible solution to (4.14). Then it can be augmented to the feasible
solution (2X, u, H,©) of (4.8)) with the corresponding objective value

265(A) + ¢7(1) + 025 Tr () < p..[O).

4.3 Designing polyhedral estimates by a First Order method

According to the results from the previous section, when speaking about numerical design of linear
and polyhedral estimates, we can focus solely on solving problem ﬂ Next, projecting, if
necessary, the observation w onto the image space of A, we can assume w.l.o.g. that m < n and
the image space of A is the entire R™. In fact, we make here a stronger assumption

AssO: Matrix A € R™" in (4.2) is nonsingular.

Under this assumption, we can carry out partial minimization in © in (4.14). Specifically, it is
immediately seen that (4.14) is equivalent to the optimization problem

){ni% {os(N) + o7 (1) + oPTr(0): A>0,4>0,0>0 (4.15)
7;”/7
-1
O = AT iBT [Ze)\gSg} B — Z,U,ka A1 }
k

T(A.p)

In the latter problem partial minimization in © is as follows: given A > 0 and p > 0 we compute
the eigenvalue decomposition
T(\, p) = UDiag{v}UT

of T(\, p). The best in terms of the objective of (4.15) choice of © given A, u is

O = UDiag{v"}UT [a® = max]a, 0]].

3Strictly speaking, this is so if we assume that when looking for a linear estimate, we are ready to tolerate a
moderate constant factor (namely, 2) in the risk bound of the resulting estimate.

“We briefly describe the “conversion” of into the form amenable for First Order algorithms in the case of
singular A in Section
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Therefore, (4.15) reduces to
min {T(\ ) = ds(N) + 67(1) + 0 XQZ)\+ )} (4.16)

A>0,u>0
-1
%BT{Z)\ZSg} B - Z[,Lka A !
l k

T p) =AT

where A\(Q) > Xa(Q) > ... > Ay(Q) are the eigenvalues of symmetric p x p matrix Q. and
A7 (Q) = max[\i(Q), 0].

4.3.1 Setting up Composite Truncated Level algorithm

We intend to solve the problem of interest (4.14) by applying to (4.16) a First Order algorithm—
Composite Truncated Level algorithm (CTL). Detailed description of the method is presented in
Section CTL is aimed at solving convex optimization problems of the form

Opt = min{¢(z) := ¥(z) + f(2)} (4.17)

where X C R” is a nonempty bounded and closed convex set, and ¢(-) and f(-) are Lipschitz
continuous convex functions on X with “simple” X and ¢ (for details, see Section [4.4). Note that
in order to reduce the problem of interest (4.16) to the form (4.17), it suffices to set

X = {x: [A; 1] ERf_"'K, Ae >0V, Zx\g-l-zule §R},
l k

Y([X; ])=¢s( )+¢T(M) (4.18)
fsp) =0 ><QZ/\+

When solving , CTL “learns” the difficult part f(z) of the objective via oracle which, given
on input a query point T € X, returns a “simple” Lipschitz continuous convex function (model)
fz(+) such that

fz(@) = f(T) & fa(y) < fly) VyeX.

Oracle O,. In the situation we are interested in with the data for (4.17) given by (4.18), the oracle
may be built as follows:

1. Given query point T = [\; 1] € X, we compute the matrices A = >, S, and T = T(\, i)

along with the eigenvalue decomposition T = UDiag{@}UT, Ty > Ty > ... > T, of .

2. We put
T\ p) = AT [%BTK_I [2K - Zexgsg} A'B- Zk/‘ka] A

This function is obtained from T(A, p) by linearization in A at A = A and clearly =-underestimates
T(\, p) on X, while T(\, u) = T(\, n). Consequently,

F(A —UXQZ/\+ ) > f5x(\ p) —szz)\+

the inequality being equality when A = .
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Recall that for every symmetric convex function g on R™ and every n X n symmetric matrix
D one has |13} Proposition 4.2.1]

9([D11; -3 D) < g(A(D)).

When specifying g(s) = Y i, sf and denoting by D;(\, u) the diagonal entries in the matrix
UTT()\,,U)U, 1 <4< n, we get

[F(Xs u]) =] f5(A ) = ZD;F(/\,M) V(A>0,p>0)

with both inequalities becoming equalities for A = X and p = 7z. Taking into account that
functions D;(\, u) are affine, we conclude that piecewise linear function >, D;F (A, ) under-

estimates f([A; p1]) in the domain X\ > 0 and is equal to f([\;p]) when (A, n) = (N, ).

3. The above considerations justify the oracle O, defined as follows:

fiz[x;ﬁ] (x) = Z max[ab(x)7 0}7
=1

where g, 1 < o < n, is “complexity parameter” of the oracle, and «a,(z) are affine functions
of © = [A; u] specified according to

e for . < o, a,(x) = D,(x);
_ D) D) _ [ D.=), D.z) >0,
* 0o#) = 25p Dul@), Du(x) = { 0, otherwise.
By construction, fz(x) is the sum of g positive parts of linear forms, underestimates f(x)
everywhere, and coincides with f(z) when x = 7.

4.3.2 Numerical illustration
Consider the situation in which || - || is || - [|2. In this case problem (4.14) reads

A>0,0>0,0>0
p; = min ¢ 2[A + o7 () + UQXQTT(@)] : AL, ‘ %B

min (4.19)
" 3BT | ATOA + 3, Ty

B

Observe that scaling a feasible solution (), 1, ©) to the problem according to (X, u, ©) = (s\,s 1y, s71O)
with s > 0 preserves feasibility; the best in terms of the objective scaling of (A, u, ©) corresponds to

s = \/[o7(p) + 02x2Tr(O)]/A and results in the value of the objective 41/A[¢7 (1) + o2x2Tr(0)],

As a result, we can eliminate the variable A, thus arriving at the problem

B _ E>0,020
Py = min{ F(7,0) := ¢7(m) + o°x*Tr(O) : I, | 3B <0 (4.20)
7.0 BT |ATOA+ Y, m Tk | ~

A feasible (an optimal) solution 7, © to (4.20) gives rise to feasible (resp., optimal) solution A\ =

F(i,0), p =1/, © = 0/ to (4.19) with the value of the objective equal to 44/ F(zi, ©); in

particular,
P = R
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In our experiments, we used B = I,,, A € R™*" with i.i.d. entries drawn from A(0,1), we put
o =0.1, e = 0.05, and used ellitopic signal set

X={zxeR":> iz} <1,1<i<K}
’iEIk
where I, ..., [ are consecutive segments of the range 1 < i < n of cardinality n/K each .

Under the circumstances, problem (4.20) reads

K 60

>0

= min —l—a e/n) Tr I, I 4.21

px - ;:u’k‘ (/ |:1 AT@A+D[ ]:|>0 ( )
it

’Y

where D[f] is diagonal n x n matrix with the i-th diagonal entry equal to uy when i € Ij.
After eliminating © by partial minimization (4.21) becomes

IT{XMHWX)NATW—MM 0<m > } (4.22)
k L k

(we have imposed a large enough upper bound on ), ;. to make the optimization domain bounded).
The resulting problem was processed by the CTL algorithm utilizing oracle O,. o was the first of the
two control parameters used the experiments; the second parameter was the maximum cardinality
7 of bundle allowed for CTLE] We used “l1 /¢y proximal setup,” [85, Section 2.1], in which

=1l @@ = sallplp,, po=1+1/nn,

where k,, is an easy to compute constant ensuring strong convexity, modulus 1, of w(-) w.r.t. ||-||1(see
[85, Theorem 2.1]). The CTL parameters A, 0,  were set to 1/2, and the auxiliary problems (steps
4.2-4.3) were processed by Interior Point solver Mosek invoked via CVX, see [16]. When solving (4.22),
computations were terminated when the best found so far value of the objective were within the
factor 1.1 of the generated by the method lower bound on the optimal value.

We report on results of our experiments in Tables |4_1| and |4;2”E] To put these results in proper
perspective, note that solving by state-of-the-art Mosek Interior Point solver takes 35 sec
when n = 64, K = 8 and 1785 sec when n = 128, K = 16; as applied to the same problem with
n = 256, K = 64, Mosek runs out of memory.

4.4 CTL—Composite Truncated Level algorithm

4.4.1 Situation and goal.

CTL is a First Order method for solving optimization problems
Opt = min 6(x) = b(x) + /(x), [
zeX

where

5For description of CTL and related entities, see Section
SMATLAB code for this experiment is available at GitHub repository https://github.com/ail-fr/
Algorithms-for-linear-and-polyhedral-estimates/tree/main.


https://github.com/ai1-fr/Algorithms-for-linear-and-polyhedral-estimates/tree/main
https://github.com/ai1-fr/Algorithms-for-linear-and-polyhedral-estimates/tree/main

101

n 64 128 256 512 1024 1024
K 8 16 32 64 128 1024
calls 23 8 10 28 24 26
phases 11 4 5 14 11 11

CPU, sec | 7 2 4 20 96 781

0.05-risk | 3.215 4.283 4.519 4.169 4.216 7.868

| - [lo-risk | 1.709 2.237 2.389 2209 2.231 4.271

Table 4.1: Solving (4.22) by CTL with o = 10,7 = 10.

o=1 0=10
T=1 | 50/11/275 31/12/136
7=10 | 26/11/109 24/11/96

Table 4.2: Performance of CTL vs. ¢ and 7, problem 1} with n = 1024, K = 128.
Data in cells: # of calls/# of phases/CPU time, sec.

e X C R” is nonempty, convex, closed, and bounded
e : X - Rand f: X — R are Lipschitz continuous convex functions.

Our assumptions are as follows:
Assl: X is equipped with a proximal setup composed of a norm | - | on R™ and a distance-
generating function w : X — R which is continuously differentiable and strongly convex on X with
convexity modulus 1 w.r.t. || - |:

(Vw(z) = Vw(y),z —y) > [lz —y|* Va,y € X.
Proximal setup induces Bregman distance V,(y) on X and Bregman diameter 2 of X:
Valy) = w(y) - [w(z) — (Vw(@),y —2)] > 3llz —ylI*, 2,y € X

1/2
Q = (2 V, > —||.
2ma Vit)| > ma o

Ass2: We have at our disposal oracle O which, given on input a query point x € X, returns a
piece—a Lipschitz continuous on X convex function

where f;(-) belongs to some family F of “simple” Lipschitz continuous convex functions on X. We
suppose that

V(z,y € X): faly) < fly) & fu(x) = f(2)

(in particular, ¢(x) = ¢,(z)) and that functions ¢,(-) : X — R are uniformly in € X Lipschitz
continuous on X:
|02(u) = ¢ (v)] < Lg|lu = v]| V(u,v € X) (4.23)

for some Ly < oo.



102

The simplest example of such oracle is that of family F comprised of affine functions of R",
and f.(y) = f(x) 4+ (f'(x),y — x) where f'(z) is a subgradient of f at x (“first order oracle”).
In a less trivial example, f(z) is the largest eigenvalue of a symmetric matrix S(x) which affinely
depends on z, while f,(y) = max;< el S(y)e;, where k < n is fixed and ey, ..., ey are the k leading
eigenvectors of S(z).

Ass3: We assume that for some positive integer 7 we are able to solve efficiently problems of the
form

min {0(0) + max £, € X,al) <0

and
min {V2(0) 0 € X.000) + i () < o) < 0

where a(-) is an affine function.

We remark that the algorithm to follow is the composite version of Non-Euclidean Restricted
Memory Level method [86] operating with ) = 0 and the family of affine functions in the role of
F; the Euclidean version of the latter algorithm is the minimization version of the Proximal level
bundle method from [87].

The algorithm

The description of CTL is as follows.

0. Control parameters of the algorithms are A\ € (0,1),6 € (0.1),8 € (0,1).

1. At the beginning of an iteration of CTL, we have at our disposal

1.1) upper bound ¢ on Opt—the best (the smallest) of the values of ¢ observed at the query
points processed so far. These upper bounds do not increase as the iteration count grows. The
query point 7 with ¢ = ¢(7) is considered as the approximate solution generated so far.

1.2) Iower bound ¢ on Opt; these lower bounds do not decrease as the iteration number grows

1.3) prox-center T € X and level { € (¢, @)

1.4) query point x € X B

1.5) bundle — a nonempty collection B of 75 < 7 pieces ¢,(-) = ¥ (-) + f*(-)}, 1 < < 75, with
f* € F; positive integer 7 is a parameter of the algorithm.
e The very first iteration is preceded by initialization where we call the oracle at a (whatever) point
T, € X and set

g = qb(xini)? @ = ml)r(le(x) + fxini (SU)], B = {1/}(33) + fwini ($)}

Note that since the pieces reported by the oracle underestimate ¢(-), we do ensure ¢ < Opt.

2. Tterations are split into consecutive phases, with prox-center and level common to all itera-
tions of a phase. For a particular phase,

2.1) the prox-center T is selected at the beginning of the first iteration of the phase and can be
a whatever point of X

2.2) the query point of the first iteration of the phase is © = T,

2.3) the level ¢ is selected at the beginning of the very first iteration of the phase as

=X+ (1= N)o.

e At the beginning of the first iteration of a phase, we set

A=¢—tl, A=(—¢p, A=A +A=¢—¢.
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Note that the gap A of a phase upper-bounds the inaccuracy in terms of the objective of the
approximate solution available at the beginning of the phase.
3. At iterations of a phase, we maintain the relation

¢(y) > ¢ for all y € X such that (Vw(z) — Vw(Z),y —x) <0 (4.24)

where T, £ are the prox-center and the level of the phase, and x is the query point of the iteration.
Note that this relation takes place at the very first iteration of a phase, since for such an iteration
r==ux.

4. An iteration of a phase is organized as follows:

4.1) We call the oracle at the query point z of the iteration, thus getting the value of the
objective ¢(x) and a piece ¢, (-). After ¢(x) is known, we

— update the upper bound ¢ and the approximate solution Z:

o) ((ﬁ(%),&?), 1f¢<m) < 5
(gf),x) N { (¢,7), otherwise.

— update the bundle B by adding to it the piece ¢,(-) and removing, if necessary, one of “old”
pieces to keep the number of pieces ¢y, ..., ¢7, in the resulting bundle to be at most 7.

4.2) If ¢(x) — £ < 0 A (“essential progress in upper bound on Opt”), we terminate the phase and
pass to the next one. Otherwise we solve the auxiliary problem

¢ = min {5@) = max ¢,(y):y € X,(Vw(z) — Vu(@),y —z) > 0} (4.25)

1<i<75

(as usual, 5 = +o00 when the right hand side problem is infeasible), and update the lower bound ¢
on Opt according to

¢ > max {Q, min[g, E]}

Note: by (4.24), ¢(y) > ¢ at every point y € X which is not feasible for the optimization problem in
4.25). Besides this, the pieces ¢;(-) in the bundle, and, consequently, the model ¢(-), underestimate
¢(-) on X. As a result, the quantity min[¢, ¢], and consequently the new value of ¢, indeed is a
lower bound on Opt. B
If updated ¢ satisfies
a —¢p<0A

(“essential progress in lower bound on Opt”), we terminate the phase and pass to the next one.
4.3) If the iteration in question does not result in phase change, we solve the auxiliary problem

min {vf(y) Ly € X, ly) <4, (Vw(z) — Vo(@), y — ) > o} (4.26)

take its optimal solution, z, as the new query point, and pass to the next iteration of the phase
Note: when we need to solve @ we have, by construction, ¢ < ¢, so that the problem in
is feasible, a feasible solution being a minimizer in (4.25). Thus, the new query point x; is Well
defined. Besides this, from the definition of z it follows that

(Veo(es) — Veo(@),y - 24) > 0
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for every feasible solution y to (4.26). As a result, when y € X satisfies the relation
(Vw(zy) = Vw(T),y —24) <O,

y is infeasible for 1j meaning that either qg(y) > /¢, and in such case ¢(y) > a(y) >/, ory

satisfies the premise in (4.24), implying that ¢(y) > ¢ by (4.24). We see that (4.24) holds true
when z is replaced with =, that is, (4.24) is maintained during the iterations.

Convergence analysis

Observe that

(1) If a phase is finite, then the gap Ay of the subsequent phase does not exceed a fixed
fraction 0A of the gap A of the phase in question, where

0 = max [1 — A\, 6 + \(1 — 0)] € (0,1);

Indeed, (!) is an immediate consequence of the phase termination rules in 4.2 combined with the
facts that ¢ does not decrease, and ¢ does not increase as the iteration count grows.
The following observation is crucial:

(!1) The number of iterations at a phase with gap A does not exceed

(fis)
0N A
(here [a| stands for the upper integer part of a—the smallest integer greater or equal
to a).

(4.27)

Indeed, let £ be the level of the phase. Assume that the phase contains more that 1" > 1 iterations,
so that the upper bound ¢, the lower bound ¢ on Opt, same as the model ¢;(-) generated at
iteration ¢ of the phase are well defined for ¢ = 1, ..., T, and the query points z; are well defined for
t=1,...,T + 1. By construction, for 1 <t < T we have

Gi(xr) > L+ A, (4.28a)
Pr(xe41) < L, (4.28b)
<VV§(IE,§), Ti4+1 — xt> Z 0 (4280)

where T = x1 is the prox-center of the phase. Indeed, when ¢t < T,

— (4.28a)) holds true since otherwise the phase would be terminated at its ¢-th iteration due to
essential progress in upper bound on Opt, which is not the case when t < T

— (4.28b)) and hold because, by construction of x;11 at a non-concluding iteration ¢ of a
phase, z;41 minimizes continuously differentiable on X convex function Vi(-) over the set

Xn{yeX:g(y) <O n{yeY : (VVa(ze),y — a) 2 0}

Now note that by construction of ¢;(-) and due to Assumption Ass2, ¢, is Lipschitz continuous
with constant Ly w.r.t. || - ||, which combines with (4.28a) and (4.28b]) to imply that

||.73‘t — Jlt+1|| > L;lg A= L;lgAZA
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The latter relation, in turn, combines with (4.28c) and with inherited from w(-) strong convexity
of Vz(-) on X w.r.t. || - | to imply that

n 2A2
OAL"A 1<t<T.

Vf($t+1) > Vj(ﬂ?t) + W, S

Taking into account that V(1) = 0 and V(z) < 102 for all # € X, we arrive at (4.27).
As an immediate consequence of (1) and (!!), we get the following efficiency estimate:

Proposition 4.4.1 For every € € (0,LyR2), the overall number of CTL iterations until an e-
optimal, as certified by current gap, solution to the minimization problem is built does not exceed

N(e) = C(LyQ/e)?

with C depending solely on the control parameters Ay, 0, and 6.

4.5 Proofs for Section 4.2

4.5.1 Proof of Proposition [4.2.1]

To save notation, in this section we use shortcut notation @g for the linear estimate Wil (Az + &).
Note that for all z € X, the loss |[Wy — Bz|| of the estimate wy satisfies

|@g — Bx| = |(HTA - B)x + o HT¢|| = max {u"[(H"A - B)z + cH"¢]}
ueby

$(B—HTA) | ;HT
= max ¢ [u;z;0¢]" | 3(B—HTA)T [u; 23 €]
u€Bs T
sH
< T i\ T T 2T
_uegl*égiex{u [Zg: Selu+x Xk:,uk k|l x+ 07 B¢
where p, A > 0 and © € S™ are such that
> 1eSe 3(B—HTA) | +H
s(B—HTAT| >, NT = 0.
T
sHT )

We conclude that for all z € X,

seS,teT

&g — Bz|| < max {Z Aese+ Y pte + 02§T@§} = ¢s(N) + o7 (1) + 02O,
l k

Due to ([4.3) we have E{¢¢7} < 02I. We conclude that E{¢7O¢} < Tr(0) what implies the first
claim of the proposition. To complete the proof it remains to recall the bound

Probe {¢70¢ > »*Tr(0))} < ¢

for deviations of the quadratic form of sub-Gaussian random vectors (cf., e.g., [78, |88} [89]). O
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4.5.2 Proof of Corollary

Indeed, let s = 1+ /2In[e~!], and let A\*, u* and ©* be components of an optimal solution to
(4.8). Notice that A*, u* and ©* are feasible for (4.6). Moreover, A, i and © where

A=)\, T=x 1", ©=sx'O"
are also feasible, so, by item (ii) of Proposition the value
o7 (1) + ps(N) + 025*Te(O) < 5 (7 (%) + ¢s(A*) + 0*Tx(©)) < ser*

upper-bounds the e-risk of wy; . ]

4.5.3 Proof of Lemma [2]
Let (A, u, ©) be a feasible solution to (4.14) such that

A= NSp=0,E:=Y Ty = 0. (4.29)
4 k

Note that every feasible solution to (4.14) remains feasible and satisfies (4.29) after replacing zero

entries of Ay and g, if any, with arbitrarily small positive entries.

A iB
2

—
B A@A+E]_Owehave

Now, due to

I, | lA2pEr1e -
SETI2BTAI2 [ 27 12ATeA="12 + 1, | =

When setting ©'/242"Y2 = US with UUT = I, and S > 0, we get
i[A_1/2BE_1/2]T[A_1/2BE_1/2] j 512 +I'n, j (S+In)2
(recall that S > 0). We conclude that there is @ € R”*™ of spectral norm [|@Q||22 < 1 such that
HATV2BE T = Q(S + T)

and
B —2A2QSE? = 2A12QE2,

When recalling what S is and setting H = 20Y2UQTAY/2 we have
B — HT A =2AY2Q=1/2.

Due to ||@Ql[2,2 < 1, by Schur complement lemma, now it follows that

A | 3(B—HTA)
> 0. .
B—HTAT | = =0 (4.30)

Besides this, by construction,

HHAT'THT = 0'2UQTQuT o'/? < 6,
=1
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that is,
A | LHT
2 -
[ H[ 6 } > 0. (4.31)

Finally, (4.30) together with (4.31]) imply that matrix

2A 3(B—HTA)| ;HT

s;(B—HTA)T =
SH ©

is positive semidefinite, meaning that 2\, u, H and © form a feasible solution to (4.8)). The corre-
sponding objective value is

¢s(2A) + ¢7(1) + 025 Tr(0) = 20s(N) + ¢7(p) + 075" Tr(0) < p..[6)]. O

4.6 Contrast synthesis for the polyhedral estimate

Projecting, if necessary, the observations onto the image space of A, we reduce the situation to that
in which this image space is the entire R™; that is, m < n with positive singular values o1, ..., 0,
of A. Let us assume that n = m + d for some d > 0, and let

A=UDVT, D =[Diag(o1,...,0m),0mxq], U € R™*™ V & R™",
N—_————
=:Dpm,

be the (full) singular-value decomposition of A. The starting point of the following computation is
the bound (4.14) for the e-risk of the polyhedral estimate: we have

py =2 min {os(\) + 67 (1) + "X Tr(8) : A >0, > 0,0 = 0,
7,LL7

{ Yoo AeSe | 3B ] . 0}
%BT ‘ Zk pieTy + ATeA | —

=2 min {205() + 67(1) + o*X*Tr(©) : 1> 0,1>0,0 =0,

ATOA - iBT[Z )\584 po 3 uka}
l k

=2 min {F(A7u,@) = ¢s(\) + d7(u) + **Te(©) : A >0, >0,0=UT0U =0,
A, 0,0
D,,OD,, _ _
[4H =DTeD = VT [1BT[S NS B =Y T v}
V4 k
— 2 min {F(/\,u,@) SA>0,u>0,00, (4.32)
LWIXC)

PH=] iUl

Observe that the matrix-valued function C(\, ) is =-convex for A > 0, and is negative definite for
every fixed A for all y such that min; p; > p large enough. On the other hand, when Z(A, 1) < 0

BTN NS T B =Y T
L k

=:C(\p)
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in the representation
X)) [ Y\ p)
YT\ ) | Z(\ 1)

the semidefinite constraint of (4.32) is satisfied if and only if

C()‘v p) =

Cha WA, p) = X(A,p) + YT()" 1 Z(A, M)_IY()" 11)-

As a result, when denoting [M]; the matrix obtained from a symmetric matrix M by replacing its
eigenvalues with their positive parts in the eigenvalue decomposition of M, we conclude that

P = 2min {65 () + 67 (1) + P XPTW A\, )]y 2 A>0,u>0, Z(\, p) < 0}-

The bottom line is that in the situation of this section, building © (and thus—the near-optimal
polyhedral estimate) reduces to solving convex problem of design dimension L+ M with (relatively)
easy-to-compute objective and constraints.



Chapter 5

On Robust Recovery of Signals from
Indirect Observations

Abstract

Our focus is on robust recovery algorithms in statistical linear inverse problem. We consider two
recovery routines—the much-studied linear estimate originating from Kuks and Olman [17] and
polyhedral estimate introduced in [33]. It was shown in [32] that risk of these estimates can be
tightly upper-bounded for a wide range of a priori information about the model through solving
a convex optimization problem, leading to a computationally efficient implementation of nearly
optimal estimates of these types. The subject of the present paper is design and analysis of linear
and polyhedral estimates which are robust with respect to the uncertainty in the observation
matrix. We evaluate performance of robust estimates under stochastic and deterministic matrix
uncertainty and show how the estimation risk can be bounded by the optimal value of efficiently
solvable convex optimization problem; “presumably good” estimates of both types are then obtained
through optimization of the risk bounds with respect to estimate parameters.

5.1 Introduction

In this chapter we focus on the problem of recovering unknown signal x given noisy observation
w e R™,
w=Azx +¢, (5.1)

of the linear image Ax of x; here £ € R™ is observation noise. Our objective is to estimate the
linear image w = Bz € R” of  known to belong to given convex and compact subset X of R™.
The estimation problem above is a classical linear inverse problem. When statistically analysed,
popular approaches to solving (cf., e.g., [25H27, 74, 90H93]) usually assume a special structure
of the problem, when matrix A and set X “fit each other,” e.g., there exists a sparse approximation
of the set X in a given basis/pair of bases, in which matrix A is “almost diagonal” (see, e.g. [34}
94] for detail). Under these assumptions, traditional results focus on estimation algorithms which
are both numerically straightforward and statistically (asymptotically) optimal with closed form
analytical description of estimates and corresponding risks. In this paper, A and B are “general”
matrices of appropriate dimensions, and X" is a rather general convex and compact set. Instead of
deriving closed form expressions for estimates and risks (which under the circumstances seems to
be impossible), we adopt an “operational” approach initiated in [34] and further developed in |30}

109
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32,133, 95], within which both the estimate and its risk are yielded by efficient computation, rather
than by an explicit analytical description.
In particular, two classes of estimates were analyzed in |30, 32} |33] in the operational framework.

e Linear estimates. Since their introduction in [17], linear estimates are a standard part of the
theoretical statistical toolkit. There is an extensive literature dealing with the design and
performance analysis of linear estimates (see, e.g., [4, 23| 24} [28, |69-71]). When applied in
the estimation problem we consider here, linear estimate @il (w) is of the form @y (w) = HTw
and is specified by a contrast matrix H € R™*".

e Polyhedral estimates, of which the idea goes back to [72]. Authors show (see also |36, Chapter
2]) that it is near-optimal when recovering smooth multivariate regression function known
to belong to a given Sobolev ball from noisy observations taken along a regular grid. It was
recently reintroduced in |73] and [74]. In [33], these estimates are extended to the setting we

are concerned with in the following way. In their paper, a Polyhedral estimate w +— @Iﬁly(w)

Rme

is specified by a contrast matrix H € according to

w i 2 (w) € Argmin |[HT (w — Az)||oo — @g)ly(w) := BZ(w),
TEX

and and shown to be nearly minimax in the same situations as Linear estimates, i.e., X and
B, being ellitopes, for a properly selected contrast matrix.

Our interest in these estimates stems from the results of [31-33] where it is shown that in the
Gaussian case (¢ ~ N(0,021,,)), linear and polyhedral estimates with properly designed efficiently
computable contrast matrices are near-minimax optimal in terms of their risks over a rather general
class of loss functions and signal sets—ellitopes and spectratopes.

In this paper we consider an estimation problem which is a generalization of that mentioned
above in which observation matrix A € R™*™ is uncertain. Specifically, we assume that

w=Anx+¢ (5.2)

where £ € R™ is zero mean random noise and
— q mXn
A=A+ E a:l%‘Aa eR (5.3)

where A, Ay, ..., A, are given matrices and 7 € R is uncertain perturbation (“uncertainty” for
short). We consider separately two situations: the first one in which the perturbation 7 is random
(“random perturbation”), and the second one with 7 selected, perhaps in an adversarial fashion,
from a given uncertainty set U ("uncertain-but-bounded perturbation”). Observation model
with random uncertainty is related to the linear regression problem with random errors in regressors
[96-102] which is usually addressed through total least squares. It can also be seen as alternative
modeling of the statistical inverse problem in which sensing matrix is recovered with stochastic
error (see, e.g., |93, (L03-107]). Estimation from observations (5.2)) under uncertain-but-bounded
perturbation of observation matrix can be seen as an extension of the problem of solving systems
of equations affected by uncertainty which has received significant attention in the literature (cf.,

!Exact definitions of these sets are reproduced in the main body of the paper. For the time being, it suffices to
point out two instructive examples: the bounded intersections of finitely many sets of the form {z : |Pz||, < 1},
p > 2, is an ellitope (and a spectratope as well), and the unit ball of the spectral norm in the space of m X n matrices
is a spectratope.
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e.g., [L08-114] and references therein). It is also tightly related to the system identification problem
under uncertain-but-bounded perturbation of the observation of the state of the system [115-123].

In what follows, our goal is to extend the estimation constructions from [32] to the case of
uncertain sensing matrix. Our strategy consists in constructing a tight efficiently computable
convex in H upper bound on the risk of a candidate estimate, and then building a “presumably
good” estimate by minimizing this bound in the estimate parameter H. Throughout the paper, we
assume that the signal set X" is an ellitope, and the norm || - || quantifying the recovery error is the
maximum of a finite collection of Euclidean norms.

Our contributions can be summarized as follows.

A. In Section we analyse the e-risk (the maximum, over signals from X, of the radii of
(1 — €)-confidence || - ||-balls) and the design of presumably good, in terms of this risk, linear
estimates in the case of random uncertainty.

B. In Section we build presumably good linear estimates in the case of structured norm-
bounded uncertainty (cf. [124, Chapter 7] and references therein), thus extending the corre-
sponding results of [118].

Developments in A and B lead to novel computationally efficient techniques for designing presum-
ably good linear estimates for both random and uncertain-but-bounded perturbations.

Analysis and design of polyhedral estimates under uncertainty in sensing matrix form the subject
of Sections m (random perturbations) and (uncertain-but-bounded perturbations). The

situation here is as follows:
C. The random perturbation case of the Analysis problem

Given contrast matrix H, find a provably tight efficiently computable upper bound
on e-risk of the associated estimate

is the subject of Section [5.2.2, where it is solved “in the full range” of our assumptions
(ellitopic X, sub-Gaussian zero mean 7 and ). In contrast, the random perturbation case of
the Synthesis problem in which we want to minimize the above bound w.r.t. H turns out to
be more involving—the bound to be optimized happens to be nonconvex in H. When there
is no uncertainty in sensing matrix, this difficulty can be somehow circumvented [32, Section
5.1]; however, when uncertainty in sensing matrix is present, the strategy developed in [32,
Section 5.1] happens to work only when X is an ellipsoid rather than a general-type ellitope.
The corresponding developments are the subject of Sections [5.2.2, [5.2.2] and [5.2.2]

D. In our context, analysis and design of polyhedral estimates under uncertain-but-bounded
perturbations in the sensing matrix appears to be the most difficult; our very limited results
on this subject form the subject of Section [5.3.2,

Notation and assumptions. We denote with ||| the norm on R” used to measure the estimation
error. In what follows, || - || is a maximum of Euclidean norms

llul| = max \/ uT Ryu (5.4)

where R, € S, ¢ =1,..., L, are given matrices with ) ,Ry >~ 0.
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Throughout the paper, unless otherwise is explicitly stated, we assume that observation noise
¢ is zero-mean sub-Gaussian, & ~ 8G(0,021), i.e., for all t € R™,

E{etTﬁ} < exp (%2||t||§) : (5.5)

5.2 Random perturbations

In this section we assume that uncertainty 7 is sub-Gaussian, with parameters 0, I, i.e.,
E {etT”} <exp (L[t]2) VteR (5.6)

In this situation, given € € (0, 1), we quantify the quality of recovery @(-) of w = Bz by its maximal
over x € X e-risk

Riskc[w|X] := sup inf {p : Probe,{||Bx — w(A[n]z + )| > p} < €} (5.7)
reX

(the radius of the smallest || - ||-ball centered at w(w) which covers x, uniformly over z € X).

5.2.1 Design of presumably good linear estimate
Preliminaries: ellitopes

Throughout this section, we assume that the signal set X is a basic ellitope. Recall that, by
definition [30, 32], a basic ellitope in R" is a set of the form

X={zcR": HecT: ! Thz<ty, k<K}, (5.8)

where Ty, € S, T), = 0, >, T} = 0, and 7 C R is a convex compact set with a nonempty interior
which is monotone: whenever 0 <t <t &€ T one has t' € T. We refer to K as ellitopic dimension
of X.

Clearly, every basic ellitope is a convex compact set with nonempty interior which is symmetric
w.r.t. the origin. For instance,
A. Bounded intersection X of K centered at the origin ellipsoids/elliptic cylinders {z € R" :
27Tz < 1} [T}, = 0] is a basic ellitope:

X={zecR":3teT =0,15:2"Thx <t,, k< K}

In particular, the unit box {x € R" : ||z] < 1} is a basic ellitope.
B. A || - [[p-ball in R™ with p € [2, 00] is a basic ellitope:

{zeR": |z, <1} ={z:FHeT={eR],tly<1}: 27 <ty k<K}
~~

T Tz

In the present context, our interest for ellitopes is motivated by their special relationship with the

optimization problem
Opt,(C) = maxz'Cxz, C € 8" (5.9)

TeEX

of maximizing a homogeneous quadratic form over X'. As it is shown in [32], when X is an ellitope,
(5.9) admits “reasonably tight” efficiently computable upper bound. Specifically,
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Theorem 5.2.1 [32, Proposition 4.6] Given ellitope (5.8) and matriz C, consider the quadratic
mazximization problem (5.9) along with its relaxatw?ﬂ

Opt(C) = min {¢T(A) N> 0,3 NI - C = o} (5.10)

The problem is computationally tractable and solvable, and Opt(C) is an efficiently computable
upper bound on Opt,(C). This upper bound is tight:

Opt, (C) < Opt(C) < 31In(v3K)Opt, (C).

Tight upper bounding of the risk of linear estimates

Consider the linear estimate
o (w) = Hw. [H € R™Y]

Proposition 5.2.1 In the setting of this section, synthesis of a presumably good linear estimate
reduces to solving the convex optimization problem

min  R[H] (5.11)

R[H] = minAN oL {{14— 21In( 2L/e} [amaXHHR HFro""P:| +o:

>o >0, )\£+¢T(W)<Pw‘%+¢7’(%€)<07€SL

Aelug | L [RPHT Ay R)PHT A, o<l (5.12)
%[A{HR;/Q,...,A({HR}/QJ ‘ SRl T - =
¢ 1pl/21p _ gT
[1 KTIVT”MRZ b1 ] <
1[B-HTATR) | ST

H
lin

For a candidate contrast matriz H, the e-risk of the linear estimate Wi (w) = H' w is upper-bounded

by R[H].
A modification
Let us assume that a K-repeated version of observation ([5.2)) is available, i.e., we observe
W = {wp = Alpla + &, k=1,.., K} (5.13)

with independent across k pairs (£x,7;). In this situation, we can relax the assumption of sub-
Gaussianity of ¢ and 7 to the second moment boundedness condition

E{¢¢"} 2 0%, E{m"} <1, (5.14)

*Here and below, we use notation ¢s(-) for the support function of a convex set S C R™: for y € R",

¢s(y) =supy’s.
ueS
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Let us consider the following construction. For each £ < L, given H € R™*" we denote

FlH] = miny.n {anHR;/ 2 livo + Ak &7 () + 1+ 67(54)
1/2
kI, GRB-HTAL|
IB-HTA'R? | SsaT - (5.15)
Myq 3 [RPHT AR PHTA,
HAITHR;/Q,...,AqTHRy?J ‘ ST

pu=>0,>0,

] =0

and consider the convex optimization problem

H; € Argmin R[H]. (5.16)
H

We define the “reliable estimate” @) (w’) of w = Bz as follows.

1. Given Hy, € R"™*" and observations wy we compute linear estimates wy(wy) = Hpwg, £ =
1oL k=1,.. K:

2. We define vectors z; € R” as geometric medians of wy(wy):

K
zo(w) € Argminz ||R§/2(wg(wk) —2)||2, £=1,..., L.
k=1

3. Finally, we select as @) (w’) any point of the set

L
W) = ({we R 1B (z(w") — w)lls < aRe[Hi] |
(=1
or set @) (W) a once for ever fixed point, e.g., @) (W) = 0 if W(WF) = 0.

We have the following analog of Proposition
Proposition 5.2.2 In the situation of this section, it holds
sup By, ¢, {17 (welen) = B3} < B[, (<L, (5.17)
and
Prob {||R;/ 2(20(") — Bx)||s > 45&4}@]} < e 000K gy < f (5.18)
As a consequence, whenever K > In[L/€]/0.1070, the e-risk of the aggregated estimate 0" (w’)

satisfies

Risk [0 (w)|X] <R, R=28 max R[Hy).
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Remark. Proposition[5.2.2)is motivated by the desire to capture situations in which sub-Gaussian
assumption on 7 and £ does not hold or is too restrictive. Consider, e.g., the case where the
uncertainty in the sensing matrix reduces to zeroing out some randomly selected columns in the
nominal matrix A (think of taking picture through the window with frost patterns). Denoting
by « the probability to zero out a particular column and assuming that columns are zeroed out
independently, model in this situation reads

w=Apz+& Al = (1=NA+D nada

where 71, ..., n, are i.i.d. zero mean random variables taking values (y—1)p and yp with probabilities
vand 1 —~, and A,, 1 < a < n, is an m X n matrix with all but the a-th column being zero and
Coly[As] = p~1Coly[A]. Scaling factor p is selected to yield the unit sub-Gaussianity parameter of
n or E{n?} = 1 depending on whether Proposition @ or Proposition is used. For small ~,
the scaling factor p is essentially smaller in the first case, resulting in larger “disturbance matrices”
A, and therefore—in stricter constraints in the optimization problem , responsible for
the design of the linear estimate.

Numerical illustration
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Figure 5.1: Distributions of fs-recovery errors and upper bounds of the robust and “nominal”
estimates for different values of v parameter.

In Figure [5.1] we present results of a toy experiment in which

en =32,m =32 and v = 16, Az € R™ is the discrete time convolution of x € R" with
a simple kernel s of length 9 restricted onto the “time horizon” {1,...,n}, and Bz cuts
off z the first v entries. We consider Gaussian perturbation 7 ~ N(0,~4%I,), ¢ = 9, and
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Anlz = [A+ X", na Az which is the convolution of z with the kernel s, restricted onto
the time horizon {1,...,n}, v being the control parameter.

e L=Tand|-[[=]-2

e X is the ellipsoid {z : }_,i*[Dx]? < 1}, where D is the matrix of inverse Discrete Cosine
Transform of size n x n.

e £~ N(0,021,), 0 = 1074

In each cell of the plot we represent error distributions and upper risk bounds (horizontal bar) of four
estimates (from left to right) for different uncertainty levels 4: (1) robust estimate by Proposition
and upper bound R on its 0.05-risk, (2) single-observation estimate w;(w1) = Hiw; yielded
by the minimizer H; of Ri[H| over H, see , and upper bound R[H;| on its expected error
riskﬂ (3) “nominal” estimate—estimate by Proposition as applied to the “no uncertainty”
case where all A, in are set to 0 and upper bound R from on its 0.05-risk computed
using actual uncertainty level, (4) “nominal” estimate w;(w;) = Hjwi yielded by the minimizer
H, of R[H] over H in the “no uncertainty” case and upper bound R;[H;] on its “actual”’—with
uncertainty present—expected error risk.

5.2.2 Design of presumably good polyhedral estimate
Preliminaries on polyhedral estimates

Consider a slightly more general than ([5.2)), (5.3) observation scheme
w=Ax+( (5.19)

where A € R™*™ is given, unknown signal = is known to belong to a given signal set X given
by (5.8), and ( is observation noise with probability distribution P, which can depend on x. For
example, when observation w is given by ([5.2)), (5.3), we have

¢ = ZizlnaAax +¢ (5.20)

with zero mean sub-Gaussian 7 and &.

When building polyhedral estimate in the situation in question, one, given tolerance € € (0, 1)
and a positive integer M, specifies a computationally tractable convex set H, the larger the better,
of vectors h € R™ such that

Probep, {|h7¢| > 1} <e¢/M Vre X. (5.21)

RMXn

A polyhedral estimate @' (-) is specified by contrast matrix H € restricted to have all

columns in H according to

w — 2 (w) € Argmin {HHT[AU —wlloo} ﬁ?ily(w) = Bz (w). (5.22)
uceX

It is easily seen (cf. [32, Proposition 5.1.1]) that the e-risk (5.7) of the above estimate is upper-
bounded by the quantity

p[H] = sup {[|Byl| : y € 2X, [|[H" Ayl|oc < 2}. (5.23)
Y

%We define expected error risk of a K-observation estimate Z(w™) of Bz as sup,c wawpf{”@(wK) — Bz||},

where PE is the distribution of w® stemming from z.
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Indeed, let hi,...,hpr be the columns of H. For x € X fixed, the inclusions h; € H
imply that the P,-probability of the event Z, = {¢ : |(Thj| < 1Vj < M} is at least
1 —e. When this event takes place, we have ||H” [w — A7]||o < 1, which combines with
r € X to imply that |H” [w — AZ (w)]||ec < 1, so that |[HT Alz — 2 (w)][|oo < 2, and
besides this, = — 7 (w) € 2X, whence || Bz — poly( w)|| < p[H] by definition of p[H].
The bottom line is that whenever z € X and ( = w — Az € Z,, which happens with
P, probablhty at least 1 — €, we have ||Bx — poly( w)|| < p[H], whence the e-risk of the

estimate wpoly indeed is upper-bounded by p[H].

To get a presumably good polyhedral estimate, one minimizes p[H| over M x v matrices H with
columns from H. Precise minimization is problematic, because p[-], while being convex, is usually
difficult to compute. Thus, the design routine proposed in [33] goes via minimizing an efficiently
computable upper bound on p[H]. It is shown in [32, Section 5.1.5] that when X is ellitope
and |lu]| = ||Rul|2, a reasonably tight upper bound on p[H] is given by the efficiently xcomputable
function

pw>0,v>0
po[H] = 2min { A+ ¢ (p +sz. N 1RB o (-
Aot { IBTRT | ATHDiag{v}HT A+ Y, i Tk } -

Synthesis of a presumably good polyhedral estimate reduces to minimizing the latter function in
H under the restriction Col;[H] € H. Note that the latter problem still is nontrivial because p is
nonconvex in H.

Our objective here is to implement the outlined strategy in the case of observation w given by

(-2), (5.3).
Specifying H

Our first goal is to specify, given tolerance 0 € (0,1), a set Hs C R™, the larger the better, such
that
h € Hs,x € X = Probeop, {|h7¢| > 1} <. (5.24)

Note that a “tight” sufficient condition for the validity of (5.24)) is
Probe{|n7¢| > 1/2} < §/2, (5.25a)
Prob, {’Z (T Anzlne] > 1/2} < 8§/2,Vz € X. (5.25b)

Under the sub-Gaussian assumption (5.5, hT¢ is itself sub-Gaussian, hT¢ ~ SG(0,02||h||3); thus,
a tight sufficient condition for (5.25a)) is

Ihllz < [ox ()], x(8) = 2/21n(2/4). (5.26)

Furthermore, by (5.6), r.v. >.7_,[hT Apx|ne = hT[A1x, ..., Ayz]n is sub-Gaussian with parameters
0 and ||[hT Ayz;...; AT Agz]||3, implying the validity of (5.25b) for a given x whenever

H[hTAlx; ...;hTAqac]Hg < X*(&).

We want this relation to hold true for every x € X, that is, we want the operator norm || - ||x 2 of
the mapping
x = Az, A[h] = [RT A hT Ag; s AT A (5.27)



118

induced by the norm || - || ¥ on the argument and the norm || - ||2 on the image space to be upper-
bounded by x(9):

IRl 2 < x7(9). (5.28)

Invoking [118, Theorem 3.1] (cf. also the derivation in the proof of Proposition in Section
5.4.2)), a tight sufficient condition for the latter relation is

1
Optlh] = min {3+ 070 > 0, |-yttt - oh <) 529

tightness meaning that Opt[h] is within factor O(1)/In(K + 1) of || A[h]||x 2.
The bottom line is that with Hs specified by constraints (5.26) and (5.28) (or by the latter
replaced with its tight relaxation (5.29)) we do ensure (/5.24)).

Bounding the risk of the polyhedral estimate %'

Proposition 5.2.3 In the situation of this section, let € € (0,1), and let H = [Hy,...,Hy] be
m x M L matriz with L blocks H, € R™M such that Col;[H] € Hs for all j < ML and § = ¢/M L.
Consider optimization problem

M
= i cul>00f > £ t < <
p+[H] %ﬁl&p{p- pt > 0,0" >0, \p + 7 (p )+Zj:1v] <p, <L

AN, | 1R,’B
1BTR)? | AT HDiag{v } HF A+ ¥ ub Ty

=0,0< L} . (5.30)

Then
Risk[@"|X] < p[H].

Optimizing p.[H]—the strategy

Proposition resolves the analysis problem—it allows to efficiently upper-bound the e-risk of a
given polyhedral estimate @g{ﬂy. At the same time, “as is,” it does not allow to build the estimate
itself (solve the “estimate synthesis” problem—compute a presumably good contrast matrix) be-
cause straightforward minimization of p[H] (that is, adding H to decision variables of the right
hand side of results in a nonconvex problem. A remedy, as proposed in [32, Section 5.1],
stems from the concept of a cone compatible with a convex compact set H C R™ which is defined
as follows:

Given positive integer J and real s > 1 we say that a closed convex cone K C ST' x Ry is
(J, »¢)-compatible with # if

(i) whenever hy,...,h; € H and v € R;’r, the pair (ijlvjhjh?, Zj“j) belongs to K,

and “nearly vice versa”:

(ii) given (©,0) € K and » > 1, we can efficiently build collections of vectors h; € H, and reals
vj >0, j < J, such that © = ijlvjhjh;‘-r and Zj“j < xp.
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Example. Let H be a centered at the origin Euclidean ball of radius R > 0 in R/. When setting
K ={(0,0): ©=0,Tr(0) < R*oTr(0)},

we obtain a cone (M, 1)-compatible with H. Indeed, for h; € H and v; > 0 we have

Tr (Zjvjhjh?> < R2Zj'uja

that is (@ = Ejvjhjh;r,g = Zj“j) € K. Vice versa, given (0,9) € K, ie., © = 0 and o >
Tr(©)/R? and specifying f1, ..., fm as the orthonormal system of eigenvectors of ©, and ); as the
corresponding eigenvalues and setting h; = Rf;, v; = R*Q/\j), we get hj € H, © = Zjvjhjh]T and
25V = Tr(©)/R* < o.

Coming back to the problem of minimizing p;[H] in H, assume that we have at our disposal
a cone K which is (M, »)-compatible with Hs. In this situation, we can replace the nonconvex
problem

Tl .
. [Hl, ,HL]{p+[ ]+ Col;[H]; € Hs} (5.31)

with the problem
Inin {ﬁ: (©r,00) € K, i >0, Mg + ¢7 (") + 00 < p, L < L,
9;75@7’5
NI, | 1R,/*B
1BTR,)? | ATOA + X, il Ty

=0,0< L} : (5.32)

Unlike ([5.31), the latter problem is convex and efficiently solvable provided that K is computation-
ally tractable, and can be considered as “tractable y/3c-tight” relaxation of the problem of interest

(5.31). Namely,
e Given a feasible solution Hy, Ay, uf, v’, p to the problem of interest 1) we can set

M
O, = ijlfoolj[Hg]Col [Hy], Z vl

thus getting (O, 0¢) € K. By (i) in the definition of compatibility, O, 0s, \e = A, it =
u,p = p is a feasible solution to 1} and this transformation preserves the value of the
objective

e Vice versa, given a feasible solution Oy, g¢, \¢, i, p to and invoking (ii) of the definition
of compatibility, we can convert, in a computationally efficient way, the pairs (Oy, py) € K
into the pairs Hy € RmXM, ot e R! in such a way that the columns of H; belong to Hs,
O, = H/Diag{v" YHT, Z t < 320. Assuming w.l.o.g. that all matrices R/ B are nonzero,
we obtain ¢7(fi) + 0p > 0 and A¢ > 0 for all £. We claim that setting

Yo = \/[ng(ﬂ‘f) + 5200/ Mes Ao = Yede, pe = e, vt =00 p= o

we get a feasible solution to (5.31). Indeed, all we need is to verify that this solution satisfies,
for every ¢ < L, constraints of ([5.30). To check the semidefinite constraint, note that

Ml | 1R)’B
%BTRi 2 ‘ AT HDiag{v'YH] A+ 3" 1Tk

vedel, | 1R)/*°B
1BTR)? | 4, [ATH/Diag{o"YHT A+ ¥, ik Tk ]
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and the matrix in the right-hand side is > 0 by the semidefinite constraint of ([5.32) combined
wilth O = > jﬁfColj [H, g]COl? [Hy]. Furthermore, note that by construction jﬂf < oy,
whence

Ao+ o7 (uf) + Zjvf = e + v, or (") + 00 = 2\/5\Z[¢T(/1€) + 0]

< 20/5y Mo (i) + 00 < V5 [N+ b7 (i) + o1 < Vp =

(we have taken into account that > > 1).

We conclude that the (efficiently computable) optimal solution to the relaxed problem (/5.32)) can
be efficiently converted to a feasible solution to problem ({5.31) which is within the factor at most
/7 from optimality in terms of the objective. Thus,

(!) Given a s-compatible with Hs cone K, we can find, in a computationally effi-
cient fashion, a feasible solution to the problem of interest (5.31) with the value of the
objective by at most the factor /s greater than the optimal value of the problem.

What we propose is to build a presumably good polyhedral estimate by applying the just
outlined strategy to the instance of associated with H = Hs given by and . The
still missing—and crucial—element in this strategy is a computationally tractable cone K which
is (M, sc)-compatible, for some “moderate” s, with our Hs. For the time being, we have at our
disposal such a cone only for the “no uncertainty in sensing matrix” case (that is, in the case where
all A, are zero matrices), and it is shown in [32, Chapter 5] that in this case the polyhedral estimate
stemming from the just outlined strategy is near minimax-optimal, provided that & ~ N(0, 0%1,,).

When “tight compatibility”—with 3¢ logarithmic in the dimension of H—is sought, the task
of building a cone (M, s)-compatible with a given convex compact set H reveals to be highly
nontrivial. To the best of our knowledge, for the time being, the widest family of sets H for which
tight compatibility has been achieved is the family of ellitopes [125]. Unfortunately, this family
seems to be too narrow to capture the sets Hgs we are interested in now. At present, the only known
to us “tractable case” here is the ball case K = 1, and even handling this case requires extending
compatibility results of [125] from ellitopes to spectratopes.

Estimate synthesis utilizing cones compatible with spectratopes

Let for S € 8% 1 <i<I,1<j<N,andlet for g € RV, S;[g] = ijzlgjsij. A basic spectratope
in RN is a set H C R represented as

H={gecRN:IrcR:S?g| 2 rily,i <I}; (5.33)

here R is a compact convex monotone subset of Ri with nonempty interior, and EZSZQ [g] > O for
all g # 0. We refer to d = ) ,d; as spectratopic dimension of H. A spectratope, by definition, is a
linear image of a basic spectratope.

As shown in [32], where the notion of a spectratope was introduced, spectratopes are convex
compact sets symmetric w.r.t. the origin, and basic spectratopes have nonempty interiors. The
family of spectratopes is rather rich—finite intersections, direct products, linear images, and arith-
metic sums of spectratopes, same as inverse images of spectratopes under linear embeddings, are
spectratopes, with spectratopic representations of the results readily given by spectratopic repre-
sentations of the operands.
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Every ellitope is a spectratope. An example of spectratope which is important to us is the
set Hs given by (5.26) and (5.28) in the “ball case” where X is an ellipsoid (case of K = 1). In
this case, by one-to-one linear parameterization of signals x, accompanied for the corresponding
updates in A, A,, and B, we can assume that T} = I, in (5.8)), so that X" is the unit Euclidean ball,

X={zecR": 2Tz <1}

In this situation, denoting by || - [|2,2 the spectral norm of a matrix, constraints (5.26) and (5.28)
specify the set

Hs = {heR™:hlls < (0x(8) 7" [ AR]l22 < x7(6) } 550
— {heRm: Frer: 52 jrdej,j§2}
where R = {[r1;72] : 0 < ry,rmy < 1},
_ h m+1 _ A[h] m-+q
300 = ox(0) [ ] € 5741 lnl = x06) [ 2] s
with di = m+ 1, do = m 4+ q. We see that in the ball case Hs is a basic spectratope.
We associate with a spectratope H, as defined in (5.33)), linear mappings
Si[G] = GpgS?S™ : 8N — g,
[G] an Pq -
Note that
Si [ngjgﬂ = ZJ.S? lgj], g; € RV,
and
G =G = SG] = S[G, (5.35a)
{G=0& S§[G] =0V} = G=0. (5.35Db)

A cone “tightly compatible” with a basic spectratope is given by the following
Proposition 5.2.4 Let H C RN be a basic spectratope
H={geRN:IrecR: S?g| < rily,i<I}

with “spectratopic data” R and S;[-], i < I, satisfying the requirements in the above definition.
Let us specify the closed convex cone K C Sf x Ry as

K={(Zp) eSYxRy:IreR: §X] = prily,i <I}.
Then
(i) whenever ¥ = Zj)\jgjg]r with \j > 0 and g; € H Vj, we have

(2, ijj) €K,

(ii) and “nearly” vice versa: when (3,p) € K, there exist (and can be found efficiently by a ran-
domized algorithm) X\j > 0 and g;, j < N, such that

Y= Zj/\jgjg;fp with Zj)\j <xp and g; € H, j < N.

where

) =4In(4DN), D=>_ d;.

For the proof and for the sketch of the randomized algorithm mentioned in (ii), see Section m
of the appendix.
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Implementing the strategy

We may now summarize our approach to the design of a presumably good polyhedral estimate. By
reasons outlined at the end of Section the only case where the components we have developed
so far admit “smooth assembling” is the one where X is ellipsoid which in our context w.l.o.g. can
be assumed to be the unit Euclidean ball. Thus, in the rest of this Section it is assumed that X
is the unit Euclidean ball in R™. Under this assumption the recipe, suggested by the preceding
analysis, for designing presumably good polyhedral estimate is as follows. Given € € (0,1), we

e set 0 = ¢/Lm and solve the convex optimization problem

Opt = min {ﬁi fie >0, ©¢ = 0, 0*Xx*(0)Tr(0y) < 0¢, Ae+ fie + 00 < p, L < L,
ASS m,

0p: X psfig
[Tr(ATOA5)]" | |
STATO A, | X (0)elgin, £ < L,
' T (5.36)
A 1
1A7€IV12 TQRZ B ~0,0<L
| 3B R, ‘A OpA + figl,

—this is what under the circumstances becomes problem ((5.32) with the cone K given by Propo-

sition as applied to the spectratope Hs given by (5.34). Note that by Proposition Kis
»-compatible with Hg, with

x=4In(dm(m+n+q+1)). (5.37)
For instance, in the case of rank 1 matrices Ay = fogl and |- || = || - ||2 (5.36) becomes

Opt = @msin {ﬁ: £>0,0>0,02%0Tr(®) <o, A+f+0<p
esm,

0N

[(fa©f5)9095)n 51 |
(X0 lrE0ss] gugh

Al | iB
—
{ ;BT | ATOA+ I, | ~ 0

] <X ?(0)0lyin
L (5.38)

e use the randomized algorithm described in the proof of Proposition to convert the ©-
components of the optimal solution to (5.36) into a contrast matrix. Specifically,

1. for £ = 1,2, ..., L we generate matrices Gf = @;ﬂDiag{gk}O, k=1,..,K, where O is the
orthonormal matrix of m x m Discrete Cosine Transform, and ¢k are i.i.d. realizations of
m-dimensional Rademacher random vector;

2. for every k < K, we compute the maximum 6(G%5) of values of the Minkowski function of
Hs as evaluated at the columns of G’g , with Hs given by , , and select among G?
matrix G, with the smallest value of 6(G%).

Then the /-th block of the contrast matrix we are generating is Hy = G071 (G)).

With reliability 1 — 275 L the resulting contrast matrix H (which definitely has all columns in #s)
is, by (!), near-optimal, within factor /¢ in terms of the objective, solution to , and the e-risk
of the associated polyhedral estimate is upper-bounded by 2./3Opt with Opt given by @

In Figure we present error distributions and upper risk bounds (horizontal bar) of linear and
polyhedral estimates in the numerical experiment with the model described in Section In the
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Figure 5.2: Distributions of £5-recovery errors and upper bounds of the robust linear and robust
polyhedral estimates for different values of v parameter.

plot cells, from left to right: (1) robust linear estimate by Proposition and upper bound 9 on
its 0.05-risk, (2) robust linear estimate w;(wy) yielded by Proposition and upper bound R,
on its expected error risk, (3) robust polyhedral estimate by Proposition and upper bound on
its 0.05-risk.

A modification

So far, our considerations related to polyhedral estimates were restricted to the case of sub-Gaussian
n and £. Similarly to what was done in Section [5.2.1] we are about to show that passing from
observation ([5.2) to its K-repeated, with “moderate” K, version (cf. (5.13))

Wl = {wk = A[nk]x + &, k=1, ,K}

with pairs (1, {) independent across k, we can relax the sub-Gaussianity assumption replacing it
with moment condition ([5.14). Specifically, let us set

H={heR™:0|hll2 <L ||AM|x2 < £}, Ah] = AT A1;...hT A
(cf. (5:26) and (5.25)).

Given tolerance € an m x M contrast matrix H with columns h; € H, and observation (5.13),
we build the polyhedral estimate as follows

4Readers acquainted with the literature on robust estimation will immediately recognize that the proposed con-
struction is nothing but a reformulation of the celebrated “median-of-means” estimate of [56] (see also [126}{129]) for
our purposes.
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1. For j =1,..., M we compute empirical medians y; of the data hjrwk, k=1,...,K,

yj = median{hfwk, 1<k<K}.

2. We specify 77 (w’) as a point from Argmin,y |y — H' Aul|o and use, as the estimate of
Bz, the vector @Iﬁly(wK) = Bz (WF).
Lemma 3 In the situation of this section, let & and ny satisfy moment constraint of (5.14), and
let K > & =2.5In[M/¢e]. Then estimate @g)ly(wK) satisfies

Risk [0 (w)|X] < p[H]

H
poly
(cf. (5-25)).

As an immediate consequence of the result of Lemma [3, the constructions and results of Sections
5.2.2H5.2.2 apply, with x(6) = 8 and H in the role of Hs, to our present situation in which the
sub-Gaussianity of &,7 is relaxed to the second moment condition and instead of single
observation w, we have access to a “short”—with K logarithmic in M /e—sample of K independent
realizations of w.

5.3 Uncertain-but-bounded perturbations

In this section we assume that perturbation vector 1 in (5.2 is deterministic and runs through a
given uncertainty set U, so that (5.2]) becomes

w = Alnlz + ¢, Aln] = A+ D[n], (5.39)

where D[n] is (homogeneous) linear matrix-valued function of perturbation 1 running through U.
As about observation noise £, we still assume that its distribution P, (which may depend on z)
satisfies (5.5)), i.e., is sub-Gaussian with zero mean and sub-Gaussian matrix parameter o1, for
every x € X.

In our present situation it is natural to redefine the notion of the e-risk of an estimate w — Z(w):
here we consider uniform over x € X and n € U e-risk

Risk [w|X] = sup inf {p : Probep, {||W(An]z + &) — Bz|| > p} < e}.
zeX neld

Besides this, we, as before, assume that

Hw:@ngmy [Re = 0,>" Ry > 0]

5.3.1 Design of presumably good linear estimate

Observe that the error of the linear estimate @/ (w) = HTw satisfies

(A — Bz|| < ||lHT HTD B—HTA A4
|w(A[n]z + &) z| < £H+£§%UH MMH+§§H[ Jz|] (5.40)

Similarly to what was done in Section design of a presumably good linear estimate Ty (w)
consists in minimizing over H the sum of tight efficiently computable upper bounds on the terms
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in the right-hand side of (5.40). Recall that bounds on the first and the last term were already
established in Section|[5.2.1](cf. (5.58) and ([5.59)) in the proof of Proposition|5.2.1). What is missing
is a tight upper bound on

s(H) = xe%%y)éu HHTD[n]xH .

In the rest of this section we focus on building efficiently computable upper bound on s(H) which
is convex in H; the synthesis of the contrast H is then conducted by minimizing with respect to H
the resulting upper bound on estimation risk.

We assume from now on that I is a convex compact set in certain R?. In this case s(H) is
what in [118] was called the robust norm

|21l = max (2], |Z]x = ma | Za

of the uncertain v X n matrix
Z[H]={Z = H"D[n] : n € U},

i.e., the maximum, over instances Z € Z[H|, of operator norms of the linear mappings = — Zz
induced by the norm with the unit ball X on the argument space and the norm || - || on the image
space.

It is well known that aside of a very restricted family of special cases, robust norms do not allow
for efficient computation. We are about to list known to us generic cases when these norms admit
efficiently computable upper bounds which are tight within logarithmic factors.

Scenario uncertainty

This is the case where the nuisance set & = Conv{n!, ..., n° } is given as a convex hull of moderate
number of scenarios n°. In this case, §(H) the maximum of operator norms:

_ T s _ _ pl/24T s
(1) = mas ma [ DU Yol = s [ MolH] Lz, MolH) = RYHY D],

where, for Q € R"*", [|Q|lx2 = max |Qx||2 is the operator norm of the linear mapping = — Q :
e

R"™ — R induced by the norm ||-|| » with the unit ball X on the argument space, and the Euclidean

norm || -||2 on the image space. Note that this norm is efficiently computable in the ellipsoid case
where X = {z € R" : 27Tz < 1} with T > 0 (that is, for K =1, Ty =T, T = [0,1] in (5.8))—one
has [|Q|lx2 = |QT~Y/?|22. When X is a general ellitope, norm | - ||x2 is difficult to compute.

However, it admits a tight efficiently computable convex in @) upper boundﬂ it is shown in [118]
Theorem 3.1] that function

. M, | 2@
= > 2 ~
0pt1Q] = nin {3+ o) > 0. [ i f20 ] -0}
satisfies ||Q]lx2 < Opt[Q] < 2.4y/In(4K)||Q||x,2. As a result, under the circumstances,

5(H) = max Opty[H],
o)

s<SU<L
is a tight within the factor 2.4,/In(4K) efficiently computable convex in H upper bound on s(H).

. Al | LR, HT D[°]
Opt[H :mm{)\g—kdﬁ/f cut >0, L 2t
Sé[ ] )\[“LLZ ( ) %DT [ns]HRz 2 ‘ Zkueka

®We have already used it in the proof of Proposition when upper-bounding the corresponding terms s¢(H)
in the case of random uncertainty.
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Box and structured norm-bounded uncertainty

In the case of structured norm-bounded uncertainty function D[n] in the model (5.39) is of the form

D[U] = ZizlpgnaQa [Pa S Rpaxm,Qa € Rqaxn]’

U={n=(m,....ng)} =U x ... x Uy, (5.41)
U. — {Na = oI, : |0] <1} C RPeX*Pe g, =po a0 < gs, ["scalar perturbation blocks”]
C | {Na € RPeXe ||y lo2 <1} ,qs < a < q. [’general perturbation blocks”|

The special case of ([5.41]) where g5 = ¢, that is,
q
U={neR: [nl < 1}& Al = A+ Dl = A+ 3" nda

is referred to as box uncertainty. In this section we operate with structured norm-bounded un-
certainty (5.41), assuming w.l.o.g. that all P, are nonzero. The main result here (for underlying
rationale and proof, see Section [5.6.2)) is as follows:

Proposition 5.3.1 Let X C R" be an ellitope: X = P)Y, where
YV={yeR":HteT ¢y 'Tiy<tp,k<K}

is a basic ellitope. Given the data of structured norm-bounded uncertainty 45.41), consider the
efficiently computable convex function

5(H) = to(H
5(H) max Op o(H),
Opt,(H) = i {l cu>0,0>0,A>0
() = oo st or(v)]: p=0,0>0A>
Us | —Ay[H]P ] [ Ut | -L}H]
= 0,5 < g, = 20, t<q—g
[ —PTALH][ Vi VL —LulH] | Mlpygs, °

Vt— N PTRTRP =0, <q—gs
/"LIV - ZSUS - ZtUt i 07 Zk,‘vak - ZsVS - Ztvt t 0

where
Au[H] = RYPHTPTQ, 1< s < g
Ly[H] = qu+tHR;/27 Ri = Qqsvt, 1 <t < g —gs.

Then
s(H) <s(H) < »(K)max[0(2k), 7/2]s(H),

where k = maxmin[py, ¢o| (k =0 when ¢s =0),
a<gs

(K) = 1, K=1,
PEIT BVIEE), K>,
and 9(k) is a universal function of integer k > 0 specified in (15. 75) such that
9(0) =0, 9(1) = 1, 9(2) = /2, ¥(3) = 1.7348..., ¥(4) = 2, (k) < 3nvk, k> 1.

Note that the “box uncertainty” version of Proposition was derived in [118].
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Robust estimation of linear forms

Until now, we imposed no restrictions on the matrix B. We are about to demonstrate that when
aiming to recover the value of a given linear form b’z of signal € X, i.e., when B is a row vector:

Br=»b'z [beR", (5.42)

we can handle much wider family of uncertainty sets &/ than those considered so far. Specifically,
assume on the top of (5.42) that U is a spectratope:

U={n=QuveV},V={veRM:3se8: 82| < sily, { <L},
M . git Gqil -~ Qd (5.43)
Se[v] =D 0S8, S e S

(as is the case, e.g., with structured norm-bounded uncertainty) and let X’ be a spectratope as well:

X={zx=Pyyecl},Y={yeR":3teT Ty 2 tily,, k < K}, (5.44)
N ; j .
Tily] = ijlijJk, T € ik,
The contrast matrix H underlying a candidate linear estimate becomes a vector h € R™, the
associated linear estimate being wy,(w) = hTw. In our present situation v = 1 we lose nothing when
setting || - || = | - |. Representing D[n] as >.%_,nqAq, we get

tp(h) = max ‘hTZanaAax

= T — T A, T
vEX e = max n Afhlz, A[h]=[h" Ar;..;h" Agl.

nel,xeXx

In other words, t,(h) is the operator norm || A[h]||x gy, of the linear mapping = — A[h]x induced
by the norm || - || with the unit ball X on the argument space and the norm with the unit ball
U,—the polar of the spectratope /—on the image space. Denote

AA] = [Tr(Ay);...; Te(Ag)], Ap € ST5,
A[Y] = [Tr(Yy);...; Te(Yp)], Yo e S%,

and for Y € S% and X € Sk

R = [T(VRR)| o TEIX] = [Te(XTRT)|

ij<M ij<N

Invoking [118, Theorem 7], we arrive at
Proposition 5.3.2 In the case of 45.43) and (15.44), efficiently computable convex function
A={AyeSlFk<K},T={T,esS% <L}

() = min & 3o7(\A) + 6s(A[T) : [zgRZT’*m] QAP ]H) (5.45)
| PTATINQ | ST AW | =

is a reasonably tight upper bound on ty(h):

ty(h) <T(h) << (Zfﬂ%) < <Zjlde> vy (h)
where S(J) = /21n(5J).
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5.3.2 Design of the robust polyhedral estimate

On a close inspection, the strategy for designing a presumably good polyhedral estimate developed

in Section for the case of random uncertainty works in the case of uncertain-but-bounded

perturbations A[n] = A + Z NaAa, 1 € U, provided that the constraints ([5.25) on the allowed
[0

N——
Din
columns A of the contrast matrices are replaced with the constraint

Probe{|nT¢| > 1/2} < §/2, (5.46a)
‘Zizl[hTAax}na <1/2V(z € X, € U). (5.46b)

Assuming that &/ and X are the spectratopes (5.43), (5.44) and invoking Proposition an
efficiently verifiable sufficient condition for h to satisfy the constraints (5.46) is

|hll2 < 204/2In(2/8) and T(h) < 1/2 (5.47)

(see , ) It follows that in order to build an efficiently computable upper bound for the
e-risk of a polyhedral estimate associated with a given m x ML contrast matrix H = [Hy, .., Hy],
H, € R™*M it suffices to check whether the columns of H satisfy constraints with § = ¢/ML.
If the answer is positive, one can upper-bound the risk utilizing the following spectratopic version

of Proposition

Proposition 5.3.3 In the situation of this section, let € € (0,1), and let H = [Hy,...,Hp] be
mx ML matriz with L blocks H; € R™M such that all columns of H satisfy 45.4 7) with § = ¢/ML.
Consider optimization problem

po[H] =2 min {p: V>0, Y ={TLesl k<K} (<L (5.48)
Ae, T vt p
Ao+ T + 300 vf < p, £ <L
1pl/2

1 T/Véyl? T AT : 2eRéTBP +,% [l =0,6<L
LPTBTR)® | PT AT HDiag{v!} HF AP + Y, T, (T4

where

AYY = [Te(Y); i Te(YY)], and T (V) = [Tr(VTiijk)} for V e 8.
1<i,j<N
Then

Risk [@"|X] < p[H].

Remarks. As it was already explained, when taken together, Propositions and allow
to compute efficiently an upper bound on the e-risk of the polyhedral estimate associated with a
given m x ML contrast matrix H: when the columns of H satisfy with 0 = ¢/ML, this
bound is p4[H]|, otherwise it is, say, +oco. The outlined methodology can be applied to any pair
of spectratopes X, ). However, to design a presumably good polyhedral estimate, we need to
optimize the risk bound obtained in H, and this seems to be difficult because the bound, same as
its “random perturbation” counterpart, is nonconvex in H. At present, we know only one generic
situation where the synthesis problem admits “presumably good” solution—the case where both
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X and U are ellipsoids. Applying appropriate one-to-one linear transformations to perturbation 7
and signal x, the latter situation can be reduced to that with

X ={zeR": |zl <1}, U={neR7:|nf2 <1}, (5.49)
which we assume till the end of this section. In this case ([5.47)) reduces to
Ihll2 < [204/21n(2/6)] 7" and [lA[R][|2,2 < 1/2 (5.50)

where the matrix A[h] is given by (5.27). Note that (5.50) is nothing but the constraint (5.29)
where the ellitope X is set to be the unit Euclidean ball (that is, when K = 1, T} = [,, and

T = [0;1] in ) and the right hand side xy!(d) in the constraint is replaced with 1/2. As a
result, can be processed in the same fashion as constraints and (the single-ellipsoid
case of) were processed in Sections and to yield a computationally efficient scheme
for building a presumably good, in the case of , polyhedral estimate. This scheme is the same
as that described at the end of Section with just one difference: the quantity x(d) in the first
semidefinite constraint of and should now be replaced with constant 2. Denoting by
Opt the optimal value of the modified in the way just explained problem , the e-risk of the
polyhedral estimate yielded by an optimal solution to the problem is upper-bounded by 2+/>Opt,

with s given by (/5.37).

5.4 Proofs for Section [5.2.1

5.4.1 Preliminaries: concentration of quadratic forms of sub-Gaussian vectors

For the reader’s convenience, we recall in this section some essentially known bounds for deviations
of quadratic forms of sub-Gaussian random vectors (cf., e.g., |78} |88, 89]).

1°. Let ¢ be a d-dimensional normal vector, & ~ A (x,¥). For all h € R? and G € S such that
G < Y71 we have the well known relationship:

In (Es {ehT§+%5TG§}) = —LInDet(I — SY2Gx1/2)

+ A 4 3T Gu+ 3G+ WTSY2(1 - S12G2Y2) 182 (G — h).
(5.51)

Now, suppose that n ~ SG(0,3) where ¥ € S‘i, let also h € R% and S € R% such that SE.ST < I.
Then for & ~ N (h, STS) one has

B, {0} — g, (B L)) — B [m, {1 ) < B fere¥e)
so that

In (En {ehT"Jr%"TSTS"}) <In (Eé {eéﬁTEfD
= —3InDet( — STS) + §h"Sh+ JhTEST (1 - 515T) 7L S%h
= —% In Det (I — SZST) + %hTEl/Q(] _ SEST)_121/2h_

In particular, when ¢ ~ SG(0,I), one has

In (Ec {ehT<+%<TG<}) < —ilDet(I - G)+ 3h"(I - G) " 'h=: &(h,G).
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Observe that ®(h, G) is convex and continuous in h € R? and 0 < G < I on its domain. Using the
inequality (cf. |65, Lemma 1])

2

Yo € [0, 1] —ln(l—v)§v+2(1_v),

(5.52)

we get, _
®(h,G) < ITr[G] + tIe[G(I — G)'G] + 30T (I — G)th =: &(h, G).

Finally, using
Tr[G(I — G)71G) < (1 = Mnax(G) I Tx[G?],  RT(I — G)7Th < (1 — Amax(G)) RT A,
we arrive at

®(h, G) < 5TY[G) + §(1 = Anax(G) T (TY[GP] + 2||1[13) =: B (R, G).

2°. In the above setting, let Q € S, & > 2X\ax(Q), G = 2Q/a, and let h = 0. By the Cramer
argument we conclude that

Prob {¢TQ¢ > a[®(2Q/a) + Ine ']} <e (5.53)
where ®(-) = ®(0, ). In particular,
Prob {CTQC > a>2r§1i§1x(@a[q>(2@/a) + lne_l]} <e (5.54)

Clearly, similar bounds hold with ® replaced with ® and ®. For instance,
Prob {¢TQ¢ > a[®(2Q/a) + Ine ']} <,

E“(fj) we arrive at the “standard bound”

so, when choosing @ = 2\ nax(Q) +

Prob {gTQg > Te(Q) + 2/ QI ko VIn €L + 2Amax(Q) 1ne—1} <e (5.55)

Corollary 5.4.1 Let € € (0,1), Wy,..., W be matrices from Si, and let v ~ SG(0,V) be a d-
dimensional sub-Gaussian random vector. Then

2
Prob {I&azgvTWw > [1 + \/21n(L/e)} max Tr(WgV)} <e.

Proof. Let R? = max Tr(W,V). W.lo.g. we may assume that v = V/2¢ where ¢ ~ SG(0,1). Let

us fix £ < L. Appl;fing (5.55) with Q@ = V/2W,V1/2 and e replaced with ¢/L, when taking into
account that vT Wyv = (T Q¢ with

)\max(Q) < HQHF‘ro < TI‘(Q) < R27

we get
2
Prob {UTWgU > (14 /2I(L/e)] R2} <

and the claim of the corollary follows. O
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5.4.2 Proof of Proposition [5.2.1

Let H be a candidate contrast matrix.

1°.  Observe that
~ q
|7 (w) = Ball < |HT€l+ [HTY! nadas
a=1

|+ 1B - BT Al (5.56)
Clearly,
1/2
|[B— HT Alz| < max {maxxT[B — HTATR[B - HTA]a;} ,
<L | wex
so that by Theorem [5.2.1

Vee X |[B—-HTAz| < max co(H) (5.57)
where 12
_ T
t2(H) = min{ é7(v) : v >0, iVT IQ‘RZ (B H A 0.
v [B—HTATR)? | Y,uTy
Taking into account that \/u = miny>o{ 5 + A} for u > 0, we get
¢7(v) I, | R}?|B— HT A]

A\ [B—HTA'R)? | T,uTy

TN

tg(H):min{/\+ :UZO,/\ZO,[

-of.

- 0} . (5.58)

Setting p = v/(4\), by the homogeneity of ¢7(-) we obtain

AL | LR)*[B — HT A]
UB-HTATR [ STy

t(H) = min {A +o7(p) s p =0,
LA

29, Next, by Corollary [5.4.1 of the appendix,

Prob {||HT§’ > [1++/2In(2L/¢)]o max TI'(HR[HT)} < ¢/2. (5.59)
Similarly, because

q 1/2
HHTZazlnaAaxH = rg1<aLx HR/ HT[Alx, - Aqx]n‘

)
2

we conclude that for any z € X
Prob{HHTE I lnaAax ’ > 1+ \/21H(2L/6)]I€n<a£(Sg(H)} <e€/2
a= <

where sy(H) = {maxxe;( zT [ZO{AEHR@HTAQ] x}l/Q. Again, by Theorem |5.2.1, s;(H) may be
tightly upper-bounded by the quantity s,(H) such that
. 0} |

L, | [RyPHT Ay;..; R)PHT A
[ATHR,”, .., ATHR)"] | S ukTh
Now, repeating the steps which led to (5.58) above, we conclude that

5(H) = min { X + 67() : 4/ 20,
w N

N1, | L[R)*HT Ay;..; RYPHT A,

1/2 1/2
YATHR)”, .., ATHR)] | >t T

52(H) = Ingn {(;ST(U) cv >0,

- 0}. (5.60)
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3°.  When substituting the above bounds into (5.56), we conclude that for every feasible solution
Mo, 1, kY, 24, p, o to problem (5.12) associated with H, the e-risk of the linear estimate @il (-) may
be upper-bounded by the quantity

1+ v2I2L/e)] o max | HR;*mo + p| + 0. O

5.5 Proofs for Section [5.2.2

5.5.1 Proof of Proposition [5.2.3]

All we need to prove is that if A, uf, v?, p is a feasible solution to the optimization problem (5.30),
then the inequality

Risk[@1], |X] < 2p (5.61)

holds. Indeed, let us fix x € X'. Since the columns of H belong to Hs, the P -probability of the
event

Z={(: | H Clloo > 1} [( = X anadaz + ¢
is at most ML) = €. Let us fix observation w = Ax + ¢ with { belonging to the complement Z of
Z¢. Then
|HT [ — Azl = [HTCllw < 1.

implying that the optimal value in the optimization problem min,ecy ||H?[Au — w]|s is at most 1.
Consequently, setting 7 = 7 (w), we have 7 € X and |[HT[AZ — w]|s < 1, see (5.22). We conclude
that setting 2 = J[z — 7], we have

|HF Az||loo < 1,0 < L

with z € X, implying that 27Tz < t3, k < K, for some t € T. Now let u € R with |Jullz < 1.
Semidefinite constraints in (5.30) imply that

“TR;/QBZ <u'NLu+ 2" [ATHzDiag{ve}HgTA + ZkuﬁTk] 2
T 1T A 02 ¢
S At ut Zjvj [HT AT + ) pict
<A v+ or() <o

(recall that [|ulls < 1, Ay > 0,u° > 0,0° > 0, ¢t € T, and ||H} Az|ooc < 1). We conclude that

uTR;/QBz < p, £ < L, whenever |ull2 <1, ie., HR;/Z[BZ]HQ < p%. The latter relation holds true
for all £ < L, implying that || Bz|| < p, that is, || Bx — Z(w)|| = 2||Bz|| < 2p whenever ¢ € Z. O

5.5.2 Proof of Proposition [5.2.4

0°. We need the following technical result.

Theorem 5.5.1 [130, Theorem 4.6.1] Let Q; € S, 1 <i < I, andlet&;,i =1,...,I, be independent
Rademacher (+1 with probabilities 1/2) or N'(0,1) random variables. Then for all t > 0 one has

I 12
Prob {‘ ZizlgiQi > t} < 2nexp {—22}@}

where || - || is the spectral norm, and vg = HZ{:lQ?
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1°. Proof of (i). Let \; >0, g; € H, j < M, and ¥ = Zj)\jgjng. Then for every j there exists
ri € R such that S2[g;] < [r’]ily,, i < I. Assuming >_;A; > 0 and setting k; = [Zj/\j]*l)\j and
r= Zj/{jrj € R, we have

Si [Zj/\jgjgf} =D NSt = D Al = [Zj/\j} rila;,
implying that (¥,}_;);) € K. The latter inclusion is true as well when A = 0.
2°. Proof of (ii). Let (X,p) € M, and let us prove that ¥ = Zjv 1 ]g]gj with g; € H, A\j > 0,

and Z Aj < xp. There is nothing to prove when p = 0, since in this case ¥ = 0 due to (%, 0) eK
comblned with ( m Now let p > 0, so that for some r € R we have

81[2] = PriIdi; 1 < I, (562)

let Z = £1/2, and let O be the orthonormal N x N matrix of N -point Discrete Cosine Transform,
so that all entries in O are in magnitude < 1/2/N. For a Rademacher random vector ¢ = [1;...; Sas]
(i.e., with entries ¢; which are independent Rademacher random variables), let

Z* = ZDiag{<}O.
In this case, one has Z¢[Z5]T = X, that is,
Y Col,[Z¢)ColT[Z¢] = £
SN Coblz|colf (2] = 5.

Recall that
Coly[2°] = ZpngijOlp[Z]a

and thus
Si[Col;[Z }: pOp; Si[Col,[Z]].

Now observe that

}: (0p;Si[Col, [ }: 02,52(Col,[Z §:<9 S;[Col,[Z]Coll[Z]]
[see (5.35a)] = —Z S;[Colp] COIT[ 1]
2 2
Zcm [Z]Coll [ Z]) = NSilE = esila,
due to (5.62). By the Noncommutative Khintchine Inequality we have

2
Vv > 0: Prob {S?[Colj [Z°]] = nypsiIdz} > 1 —2d; exp{—~/2} (5.63)
Setting

[N 2
¥ =2(4DN), D =" d;, g5 = 25,0027 Af:%%1gjgN;

we conclude that event

[1]

={c: SFlg5] X sila,, i <I,j <N} C{gS €H,j<N}
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satisfies Prob(Z) > I, while
Zj/\jgjs[g;]T = ZjColj [ZC]COI;‘.F[ZC] =Y and Zj)\j = YKkp = 29p = xp.

Thus, with probability > 1/2 (whenever ¢ € =), vectors g; = gjg- and A; meet the requirements in
(ii). O

Note that the proof of the proposition suggests an efficient randomized algorithm for generating
the required g; and \;: we generate realizations of ¢ of a Rademacher random vector, compute the
corresponding vectors gjg., and terminate when all of them happen to belong to H. The corresponding

probability not to terminate in course of the first k rounds of randomization is then < 27,

5.5.3 Proof of Lemma [3]

The proof of the lemma is given by the standard argument underlying median-of-means construction
(cf. [56} Section 6.5.3.4]). For the sake of completeness, we reproduce it here.

1°.  Observe that when (5.14) holds, h € H, x € X and ( = £+ ), NaAax, the probability of the

event

{In"¢l > 1}

is at most 1/8. Indeed, when |hT¢| > 1 implies that either |hT¢| > 1/2 or |nT A[h)z| > 1/2. By
the Chebyshev inequality, the probability of the first of these events is at most 4E{(hT¢)?} <
402||h||3 < {5 (we have used the first relation in @) and took into account that h € H). By
similar argument, the probability of the second event is at most 4E{(n” A[h]z)?} < 4||A[h]z|3 < &.

2°.  Let ¢ = wy — Ax. By construction, z; = y; — h?Ax is the median of the i.i.d. sequence h]TCk,
k=1,..,K. When |z;| > 1, at least K/2 of the events {|h]TCk| > 1}, k < K, take place. Because
the probability of each of K independent events is < 1/8, it is easily seenﬁ that the probability that
at least K /2 of them happen is bounded with

w)= 3 (G )@t S ()2 Kt < (VK < e,

k>K/2 k>K/2

In other words, the probability of each event E; = {w! : |y; — h]TAa;\ >1},5=1,..., M, is bounded
with 7(K). Thus, none of the events Ey, ..., E)s takes place with probability at least 1 — M7 (K),
and in such case we have ||y — H? Az||s < 1, and so ||y — HT AZH (wH)||so < 1 as well. We conclude
that for every z € X, the probability of the event

{z — 2" (W) e 24, |[HT Alz — 2 (w")] || < 2}

is at least 1 — Mn(K) > 1 — e when K > 2.5In[M/e], and when it happens, one has ||Bz —

Wity (W) < p[H]. O

SWe refer to, e.g., [131} Section 2.3.2] for the precise justification of this obvious claim.
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5.5.4 Proof of Proposition

1°. Let £ < L and k < K be fixed, let H = Hy € R"™*" be a candidate contrast matrix, and let
A, 1, K, 7 be a feasible solution to ((5.15). One has

Ee, {|1R,* BT 603} = T (B, { BBl HR)*}) < *To(HRHT) = 0* | HE .
(5.64)

Next, for any x € X fixed we have
1/2 2 1/2 2
E, {HR/ HT[Za[nk]aAa]xHZ} ~E, {HR/ HT[Alx,...,Aqm]nkH2} = 2T [ZQAEHRKHTAQ z
= [Ry*HT Av; s RYPHT A3 < (A + 67(n))? (5.65)

where the concluding inequality follows from the constraints in (5.15) (cf. item 2° of the proof of
Proposition [5.2.1)). Next, similarly to item 1° of the proof of Proposition we have

IR)*(B — HT A)z|3 < (r + ¢7(30))%.

Put together, the latter bound along with (5.64) and (5.65) imply (5.17).

2°. By the Chebyshev inequality,
Ve, b Prob { | Ry (we(wr) — Ba)lla = 2R[H,]} < &
applying [128, Theorem 3.1] we conclude that

vt Prob {||Ry/((w) = Ba)lls > 2CaR[H]} < KD

where
l-« «
Y(a, ) =(1—a)ln +aln— 5.66
(@.8) = (1= a)ln =5 +aln g (5.66)
and Cy, = \/11:% When choosing o = T\/\% which corresponds to C,, = 2 we obtain ¥(«, %) =

0.1070... so that for £ < L
Prob { | R}/ (z4(w") = Ba)l|a = 4R[H] | < e 107K
what is .
3°. Now, let K >1In(L/¢e)/0.1070. In this case, for all £ < L
Prob { | Ry (z4(w") = Ba)lla = 4R[Hi] | < ¢/L,

so that with probability > 1—e the set W(w®) is not empty (it contains Bz), and for all v € W(w’)
one has

IR)* (v — Ba)ll2 < | R (z2e(w™) = v)l|2 + | Ry (2¢(w™) — Ba)||2 > 8R,[Hy). O
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5.6 Proofs for Section [5.3

5.6.1 Proof of Proposition

The proof follows that of Proposition All we need to prove is that if H satisfies the premise
of the proposition and \g, Y¢, 0!, p is a feasible solution to ((5.48), then the inequality

Risk. [0 |X] < 2p (5.67)

Wpoly

holds. Indeed, let us fix z € X and n € U. Since the columns of H satisfy (5.47), the P,-probability
of the event

Zoy =€ [|H' [Dlnlz + €]l < 1}
is at least 1 — M L6 =1 — e. Let us fix observation w = Az + D[n]x + £ with £ € Z,,,. Then

1H" [w — Aa]l|oo = [ H' [D[n]z + €]lloo < 1, (5.68)

implying that the optimal value in the optimization problem min,ey ||H?[Au — w||s is at most
1. Consequently, setting Z = 27 (w), we have Z € X and |[HT[AZ — w]||leo < 1, see (5.22). These

observations combine with (5.68) and the inclusion z € X' to imply that for z = }[z — 7] we have
z € X and ||[Hz| s < 1. Recalling what X is we conclude that z = Py with T2[y] < 31y, k < K
for some ¢ € T and

|HY APyl|oo = |Hf Az||oo <1, £ < L. (5.69)
Now let u € R” with ||ulj2 < 1. Semidefinite constraints in (5.48) imply that
u'R)*Bz = u"R)*BPy < u" ALu+y” [PATHgDiag{vz}Hf AP + ZkTgv*[Ti]} y
N\, T ¢ 1gT 2 Ttk [l
< by B89
<\ —i—Z v; +Z Z yiy; Tr TZT”“TJ'“)

k i,j<N
=\ +Zjv§+ZTr TLT2[y)

</\g+Zv —i—ZtkTr ) [due to Y = 0 and TZ[y] < ti1},]

<A v+ er(AT) < p (5.70)

where the concluding inequality follows from the constraints of (5.48). (/5.70) holds true for all u
with |[ull2 < 1, and we conclude that for x € & and € U and § € Z,, (recall that the latter
inclusion takes place with P,-probability > 1 — ¢) we have

|R,*BE" (Az + Dlnjar +€) ~a] 2 < 2, £ < L.
Recalling what || - || is, we get
¥(w € X, € U) s Probgp, | Blo — 3 (Az + Dlgla + )| > 20 < e,

that is, Risk. [ 1 |X] < 2p. The latter relation holds true whenever p can be extended to a feasible

solution to , and ( - 5.67) follows. O
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5.6.2 Robust norm of uncertain matrix with structured norm-bounded uncer-
tainty

Situation and goal

Let matrices A; € R™*", s < S, and L; € RP**™ R, € R%*™ ¢ < T, be given. These data specify
uncertain m X n matrix

A={A= ZsasAs + ZtLtTAth 0] < 1Vs < S, || Agllag < 1V < T} (5.71)
Given ellitopes
X = {Py:yeYV}cR" Y={ye RV &I eT y' Ty <t),k <K},
B, = {Qz:2€Z}cR™ Z={2eRM:35€8:2752<s, (<L}, (5.72)
we want to upper-bound the robust norm
IIl2e.5 = max||A]l x5,
of uncertain matrix A4 induced by the norm || - || x with the unit ball X’ in the argument space and

the norm || - ||z with the unit ball B which is the polar of B, in the image space.

Main result

Proposition 5.6.1 Given uncertain matriz (15. 71) and ellitopes (15. 72), consider convex optimiza-
tion problem

Opt = min  3[¢s(p) + d7(v)]
US,V;,iﬂ;,Vt
subject to
uw>0,v>0,A>0
U, | -QTApP
-PTATQ[ Vi
[ vt | -QTLY
_LtQ ‘ )\tlpt

ZZMSZ — ZSUS - ZtUt =0 (5.73¢)
Yo uTi=Y VemD V'O (5.73d)

The problem is strictly feasible and solvable, and

| Allx,8 < Opt < 2(K)s(L) max [0(2k), 7/2] | Allx,B (5.74)

] =0 (5.73a)

] =0, VE = MPTRIR,P =0 (5.73b)

where

e the function (k) of nonnegative integer k is given by ¥(0) = 0 and
1
(k) = [min {(27r)_k/2 / logud + ... + akui\e_“T"/Qdu, acRF ol = IH , k>1; (5.75)

* £ = max Rank(As) when S > 1, otherwise k = 0;

e x(-) is given by
J=1,

]‘?
%(J):{ Y RET, oL (5.76)
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Remarks. The rationale behind (5.73) is as follows. Checking that the X', B-norm of uncertain
m x n matrix (5.71) is < a € R is the same as to verify that for all 65 € [—1,1], Ay : [|All22 <1

ZS(SSUTASU + ZtuTL;‘FAthv < al|ul

g.lvllxy V(uweR™veR"),

or, which is the same due to what B, and & are, that for all 6, € [—1,1], A¢ : [|A¢]l22 < 1
> 0.2TQT APy + thTQTLtTAthPy <alzlzllylly V(z€RM yeRM). (5.77)
S

A simple certificate for (5.77) is a collection of positive semidefinite matrices Us, Vi, UL, VE, U,V
such that for all z € RM, y € RN and all s < S, ¢t < T it holds

2:T[QT A, Ply < 21Uz 4+ 4T V3, (5.78a)
22 TQTLI AR Py < 2TU 2 +yTViy V(A : |Ar]a2 < 1), (5.78b)
t
ZSUS + ZtU =< U, (5.78¢)
t
Do Vet VIV, (5.78d)
max 2. Uz + maxy’ Vy < 2a. (5.78e)
2€Z yey

Now, (5.78al) clearly is the same as (5.73a)). It is known (this fact originates from [132]) that
(5.78b)) is the same as existence of A\; > 0 such that ([5.73b) holds. Finally, existence of p > 0 such

that Y 1S = U and v > 0 such that >, viT = V (see (5.73c) and (5.73d)) implies due to the
structure of Z and Y that max,cz 27Uz < ¢s(p) and maxyey y’ Vy < ¢7(v). The bottom line is

that a feasible solution to (5.73) implies the existence of a certificate
(U UV Vs <SS T U= s,V =3 uli}

for relation with a = 3[¢s(p) + ¢7(v)].
Proof of Proposition 1°. Strict feasibility and solvability of the problem are immediate
consequences of »,S; = 0 and >, T} > 0.

Let us prove the first inequality in . All we need to show is that if

[a] p, v, \,Us, Vs, Ut V' is feasible for (5.73),

[b] = Py with 4" Ty < 7, k < K, for some 7 € T and u = Qz for some z such that
218z < ¢, ¢ < L, for some ¢ € S, and

(] 50, Ay satisfy [6,] < 1, | Aran < 1,
then v := uT[> 6,45 + >, LT ARz < L[os (1) + ¢7(v)]. Assuming [a—c], we have

y = ZsészTQTAsPy + thTQTLtT AR, Py

<

G
SN U T [ iy D IEQzlalGl by (BT3a) and due to |5 < 1]
P ZUS 2+ 3y" ZVS y—l—z\/()\tzTUtz)(yTPTRtTRth)
L S L s t

[due to (5.73b) and ||A¢]|22 < 1]
= LT ZSUS} a4 LT ZV} Y+ Zt\/ (:TU*2)(A\y? PTRT R, Py).

D=

<

D[
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Thus, by the second inequality of (|5.73b]),

[ s } 2t [ZSVS} y+ Zt\/(zTUtz)(yTVty)
< LT [Z U } s+l [Z V} y+ 33 [TU + VY
B2 +ZUt}z+y S v+ vyl
LI e S+ Yy uThy| by (B730) and (B734)
[ s+ 30 o] due to 278z < <0,y Thy <
[¢s(n) + ¢7(v)] [since ¢ €S, 7 € T] (5.79)

IN

IN

IN

as claimed.

2°.  Now, let us prove the second inequality in . Observe that
S={0}U{[s;0]:0>0,s/c €S}, T={0}U{[t;7]:7>0,t/T €T}
are regular cones with the duals
S« =A{lg;o] 10 =2 ds(=g)}, Tu=Alhi7]:7 > 7(=h)},

and (5.73) can be rewritten as the conic problem

20pt = min a+p ®)
A Uj,e,suit vt
subject to
[_M,a][gva]GS*,[ ’UIB] GT*7 M:“>O ’U >0 )\)\>0
A,
U, | -QTAP } a7,
=0,s<8
[ -PTATQ |V,
t ‘ T7T UL ] )
> — - <
[ —L:Q ‘ Aelp, ] =0, V' =NP R, RP] =0,t<T

DINEEDBUAD DN DD DA DAL I

(superscripts are the Lagrange multipliers for the corresponding constraints). (P) clearly is solvable
and strictly feasible, so that 20pt is the optimal value of the (solvable!) conic dual of (P):
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73 Zs t | =T
CENE N N AR 7S
As VS Lt At

I
—_

a g;al€S, B=1,[h Bl €T, —g, + Tr(SSy) + 11y =0, —hg + Tr(TT}) + 0, =0
Tr(Ay) — Tr(ViPTRTR,P) + X =0
s=8,0,=8,V,=T,V'=T

<

(here and in what follows the constraints should be satisfied for all values of “free indexes” s < S,
t <T,¢ <L, k <K). Taking into account that relation [ ;(T ?
X =0,Z=0,and Y = XV/2AZ"? with ||All22 < 1, and that [g;1] € S, [h;1] € T is the same as
ge S, heT, (D) boils down to

] > 0 is equivalent to

Opt = {ZSTr(QTASPAST) + ZtTr(QTLtTft) :

max
,h, ST,
5,04,

D\m\

geET,heS8 S=0,T =0, Tr(SSg)<§g Te(TT}) < hy,
A, =S"PAT [ Bllon < 1, = 56,8, |I5e))22 < 1
Tr(A,) < Te(S"*PTRT R, PS 1/2 )

or, which is the same,

T {Z Te(S°QTAPT*A]) +23° Tr(SPQTLTN, 5, ) (D)
T
Lt

Opt = max
_5hS,
Ag,0¢,A

geT,heS8, 5=0,T =0, Tr(SSe) <gy, Tr(TTy) < hy,
[Asll2,2 < 1, [[0¢]]22 < 1

Tr(A,) < To(T*PTRTR.PT"?), &, = 0

Note that for A and § such that ||Alj22 <1 and ||d]|2,2 < 1 one has

1
TH(A) < Al = INELADI, £14] = |22

and

Tr(AB"8) = (A, 6" B)ro < || Alleroll6” Bllro < [ Allevoll BllFro

(here [|A||,. stands for the nuclear norm and A(A) for the vector of eigenvalues of a symmetric
matrix A). Consequently, for a feasible solution to (D’) it holds

Te(S'°QT A, PT'*AL) < INL[5"?QT A, PT )|,
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and

g1/ 1/25T —1/2 1/2

( QTLTA QTLTHFrOHA

The latter bound combines with the last constraint in (D) to imply that

) <[5 [[Fro-

g/ 1/2% <1/2 1/2
T(S2QTLIRY*5)) < 182 Q7 LT o IT"2PT R |l

and we conclude that

Opt < max_ {Zs

S7g7T7h

AL [Sl/QQTA PT1/2

’ +, HSWQTLTHFroHTl/zPTRtTHFm: (5.81)

S»=0,g€8,Tr(SS) <g,, L <L
T=0,heT, Tr(TTy) < hi, k<K

4°.  We need the following result:

Lemma 4 [133, Lemma 2.53] (cf. also [13, Lemma 3.4.3]) If the ranks of all matrices As (and

thus—matrices ?1/2QTASPTU2) do not exceed a given k > 1, then for w ~ N (0, Ipr4n) one has

1/2

E{|w" L[S QT ALPT Ll } > INLIS QT APT )1 f9(2x),

with 9(-) as described in Proposition|5.6.1.
Our next result is as follows (cf. [124, Proposition B.4.12])

Lemma 5 Let € RP*Y, B e R™? and § ~ N (Q,1;). Then

2
E¢ {[[A¢ll2[1BE]l2} = — | Allproll]| Bl ro-

Proof. Setting AT A = UDiag{\}UT with orthogonal U and ¢ = UT¢, we have

B A€ 1 Bel} = B { /S0 MOTERI Bl

The right hand side is concave in A, so that the infimum of this function in A varying in the simplex
Yo = Tr(AT A) is attained at an extreme point. In other words, there exists vector a € R? with
ala = ||A||2,, such that

E {[|A¢2l| BE[l2} > Ee {|a"¢] || BE ]2} -
Applying the same argument to || B¢||2-factor, we can now find a vector b € R4, bT'b = || B||Z,,, such
that

E¢ {|a"¢| | BEll2} > B¢ {la"¢|[b7¢]} .
It suffices to prove that the concluding quantity is > 2|/a||2||b||2/7. By homogeneity, this is the

same as to prove that if [s;¢] ~ N(0, I5), then E{|t||cos(¢)t + sin(¢)s|} > 2 for all ¢ € [0,27),
which is straightforward (for the justification, see the proof of Proposition 2.3 of [134]). O

The last building block is the following
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Lemma 6 (118, Lemma 6] Let
V={weR":IreR: v Rjw<r;,1<j<J}cR
be a basic ellitope, W = 0 be symmetric d x d matrix such that
JreR:Te(WR;) <rj,j < J,
and w ~ N(0,W). Denoting by p(-) the norm on R® with the unit ball V, we have
E{p(w)} < »(J).
with »(+) given by @

4° Now we can complete the proof of the second inequality in 1) Let x > 1, and let g, S, h, T
be feasible for the optimization problem in ({5.81). Denoting by || - ||o the norm with the unit ball
Q, for all A € R™*" u € R™, and v € R™ we have

ul Av < ||ul|s, [|Av]|5 < [|ul

s. [ Allx sl x,

so that for all u € R™ and v € R™

lullg. vl x| Allxs > max [ZsesuTAsv + ZtuTLtTéthv}

€s,|es|<1,
5¢,116¢ll2,2<1

_ ZJUTASU\ + ZtHLtuHQHRwHQ.

Thus, for all g, S, h,T which are feasible for (5.81) and ¢ € RM, n € RV,

—1/2 1/2 —1/2 1/2

15 MyllAllxs = QS Ells.IPT “nllxllAllx,s [due to B. = QZ,X = PY]

>3 €752 QTAPT |+ Y 11:QS ¢ | R PTY?
=" lig Tﬁ[ S QT APT )5
+ 7 ML@S ", 0pen g mllal Ogexar, RePT )i mlll2- - (5.82)

EllzIIT

nll2

As a result, for [£;71] ~ N (0, Ip4n), applying the bounds of Lemmas [4] and

LG A L G T
>y B ”2@TA PT'?)igim|}

5 {0 ], P )
> 0(20) |1 (21 1/2QTA PT)| +2 Z 12:Q5" ol Re PT -

Besides this, by Lemma [6] we have

{15z} < (1), B{IT "y} < =(K)
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due to the fact that g, S, h and T are feasible for (5.81). This combines with (5.82) to imply that
the value »(L)»(K)||A| x5 is lower bounded with the quantity

max [(20), /2] [0 |2 (2152 QTSPT) | + 3 15" QT LT Il T* PTR 1o

Invoking the inequality in ([5.81]), we arrive at the second inequality in ((5.74). The above reasoning
assumed that x > 1, with evident simplifications, it is applicable to the case of Kk = 0 as well. [

5.6.3 Proof of Proposition [5.3.1

We put S = gs and T' = ¢ — ¢s. In the situation of Proposition we want to tightly upper-bound
quantity

s(H) = e || Dl
= rggagmegl(%u{\/[HTD[n]w]TRe[HTD[n]w]}
= o | AH]
where | - || x 2 is the operator norm induced by || - || x on the argument and || - |2 on the image space

and the uncertain matrix Ay[H] is given by

Ay = {Zf S RYPHTPTQ +3 L RYPHTPL,, Ay Qs
\—,_./ ———— ~——

=:Ase[H] LT [H] =R,
05] <1 ,1<s< S
|Agll22 <1 ,1<t<T

It follows that

s(H) = max [ A H]lx 2,

and Proposition provides us with the efficiently computable convex in H upper bound s(H)
on s(H):

S(H) = max Opt,(H),

= i 1 C > > >
o= i o 420020020
_ 3\
TUST ‘ ASE[H]P =0
—P ASZ[H]‘ Vs
[ vt —L%;[Hwio
—LulH ‘At Dgg+t

Vi~ \PTRTR,P > 0
wly, — ZSUS - ZtUt =0
- Zs‘/s - Etvt =0

ZkUka

and tightness factor of this bound does not exceed max[¥(2k), /2] where k = max min[p,, o). O

a<gs
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5.6.4 Spectratopic version of Proposition [5.6.1

Proposition admits a “spectratopic version,” in which ellitopes X and B, given by (5.72) are
replaced by the pair of spectratopes

X = {Py:yeV}cRVWY={yeRN &IHeT: Tiy?* 2 tyl k< K},

Tyl = Z;Vﬂ y; 9%, Tk € ST S T2yl = 0Vy £0 (5.83a)
B, = {Qz:2€Z}CR™ Z={s€R":35€8: 5[] = sely,, L < L}, (5.83b)
Selz] = Y7L, 259K, Sk € 8,37, SP[2] - 0 ¥z £ 0 :

The spectratopic version of the statement reads as follows:

Proposition 5.6.2 Given uncertain matriz (15. 71) and spectratopes (5.83al) and (5.83b), consider
convex optimization problem

_ : 1 .
opt=  min  {3iesOl) + orOiuD)]

subject to

p={MyeS¥ <L}, v={TpeSk k<K}, x>0

U, | —QTAP
- .
Ut —QTLtT} t T pT
=0, Vt— \NPTRTR,P =0 5.84b
[—LtQMt = PRy Ry (5.84b)

>S5 - ZU Y Ut=o (5.84c)
t

¢

D T - ZV Y V=0 (5.84d)
t

k

where

AC] = [Tx(Z1);..; Te(Zy)] for ¢ ={Z; € S ,i < I}
and

SHAV] = [Tr(vsifsﬂ)} for Ve 8%, T U] = [Tr(UTiijk) for U € S,

1,j<M 1,j<N

Problem (5.84) is strictly feasible and solvable, and
[l < Opt <5 (3 fie) s (32, de) max[9(26), 7/2] | Allx.s
where ¥ and k are the same as in Proposition and
¢(J) =24/2In(2J).

Proof. For Y € S™ and X € SV let us set

N
S+ Z Y SMS]E T+ ]: Z XijTiijk,
hj=1 i,j=1
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so that
Syle"] = Sl T [yy"] = TR (Y] (5.85)
and
Te(VSS[Y]) = Tr(S, *[V]Y) for V € 8%, Y € RM,
Te(UT,[X]) = Te(T,*[U)X) for U € S/, X € RV,
The proof of Proposition [5.6.2 is obtained from that (below referred to as “the proof”) of Proposition
by the following modifications:

1. All references to (5.73) should be replaced with references to (5.84). Item [b] in 1° of the
proof now reads

(5.86)

[b] @ = Py with TZ[y] < 71, k < K, for some 7 € T and u = Qz for some z
such that Sg[z] < lg,, ¢ < L, for some ¢ € S.

The last three lines in the chain (5.79) are replaced with

1 . .
7<5 > Tr([z2"157 (M) + Y Te(lyy" 1T [Y4]) | [by (B:84c) and (5.84d))
L k
0
=3 ;Tr S7[2]My) +ZTer Y] k)| [by (5.85) and (5.86)]
< % ST (M) + 3 mTe(T4) | [due to (b) and M; = 0, = 0]
L ¢ k

< 3los(Aul) + 7 (AV])] [since < € S, 7 € T].
2. Constraints (5.80) in (P) now read

[ZSJF*ME ZU Z:Ut ’

V4
As a result, (5.81) becomes

T

= 0, = 0.

DTN =Y Ve Y V!

k s t

—1/2

Opt < sz;h{ > et QT a | + Z 152 Q" LT ol T* P RY [ -
9 s

S>—Oge$ SHIS) = gla,, L < L (5.87)
T>‘0h€TT+[]_<thfkak<K '
3. The role of Lemma [6]in the proof is now played by the following fact.
Lemma 7 [118, Lemma 8] Let
V={veR':IreR: R} <r;I,;,1 <j<J}CR’
be a basic spectratope, W = 0 be symmetric d x d matrix such that
JreR: Rj[W] =rily,,j < J,
and w ~ N(0,W). Denoting by p(-) the norm on R® with the unit ball V, we have

E{p(w)} <¢ (ijj) , <(F) = 2¢/2In(2F).
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Chapter 6

Stochastic Mirror Descent for
Large-Scale Sparse Recovery

Abstract

In this chapter we discuss an application of Stochastic Approximation to statistical estimation
of high-dimensional sparse parameters. The proposed solution reduces to resolving a penalized
stochastic optimization problem on each stage of a multistage algorithm; each problem being solved
to a prescribed accuracy by the non-Euclidean Composite Stochastic Mirror Descent (CSMD) algo-
rithm. Assuming that the problem objective is smooth and quadratically minorated and stochastic
perturbations are sub-Gaussian, our analysis prescribes the method parameters which ensure fast
convergence of the estimation error (the radius of a confidence ball of a given norm around the ap-
proximate solution). This convergence is linear during the first “preliminary” phase of the routine
and is sublinear during the second “asymptotic” phase. We consider an application of the proposed
approach to sparse Generalized Linear Regression problem. In this setting, we show that the pro-
posed algorithm attains the optimal convergence of the estimation error under weak assumptions
on the regressor distribution. We also present a numerical study illustrating the performance of
the algorithm on high-dimensional simulation data.

6.1 Introduction

Our original motivation is the well known problem of (generalized) linear high-dimensional regres-
sion with random design. Formally, consider a dataset of N points (¢;,n;),7¢ € {1,..., N}, where
¢; € R™ are (random) features and 7; € R are observations, linked by the following equation

n = (¢l x,) + o0&, i€[N]:={1,...,N} (6.1)

where & € R are i.i.d. observation noises. The standard objective is to recover the unknown
parameter x, € R™ of the Generalized Linear Regression — which is assumed to belong to a
given convex closed set X and to be s-sparse, i.e., to have at most s < n non-vanishing entries
from the data-set.

As mentioned before, we consider random design, where ¢; are i.i.d. random variables, so that
the estimation problem of x, can be recast as the following generic Stochastic Optimization problem:

g- = ming(x), where g(z) =B{G(z,(¢,m)}, Gl (d,n) = s(¢"x) — ¢Tan, (6.2)

147
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with s(-) any primitive of t(-), i.e., t(t) = s'(¢t). The equivalence between the original and the
stochastic optimization problems comes from the fact that x, is a critical point of g(-), i.e., Vg(z,) =
0 since, under mild assumptions, Vg(z) = E{¢[t(¢?z) —v(¢Tx.)]}. Hence, as soon as g has a unique
minimizer (say, g is strongly convex over X)), solutions of both problems are identical.

As a consequence, we shall focus on the generic problem , that has already been widely
tackled. For instance, when given an observation sample (¢;,7;), ¢ € [N], one may build a Sample
Average Approximation (SAA) of the objective g(x)

N

ZG (66,m)) = 5 S _lo(T'w) — T omi] (6.3)

=1

and then solve the resulting problem of minimizing gy (x) over sparse x’s. The celebrated ¢;-norm
minimization approach allows to reduce this problem to convex optimization. We will provide a
new algorithm adapted to this high-dimensional case, and instantiating it to the original problem

6.11

Existing approaches and related works. Sparse recovery by Lasso and Dantzig Selector has
been extensively studied [43, 47, 48, 135-137]. It computes a solution Ty to the ¢;-penalized

problem min, gy (x) + Al|z||1 where A > 0 is the algorithm parameter [138]. This delivers “good

Nkx
Inn

solutions”, with high probability for sparsity level s as large as O ( >, as soon as the random

regressors (the ¢;) are drawn independently from a normal distribution with a covariance matrix
3 such that kyl < X =< pKJZ for some ky > 0,p > 1. However, computing this solution
may be challenging in a very high-dimensional setting: even popular iterative algorithms, like
coordinate descent, loops over a large number of variables. To mitigate this, randomized algorithms
[139, [140], screening rules and working sets |141-143] may be used to diminish the size of the
optimization problem at hand, while iterative thresholding [144-{148] is a “direct” approach to
enhance sparsity of the solution. Another approach relies on Stochastic Approximation (SA). As

G(z, (¢ism)) = ¢i(t(¢F ) — ;) is an unbiased estimate of Vg(z), iterative Stochastic Gradient
Descent (SGD) algorithm may be used to build approximate solutions. Unfortunately, unless
regressors ¢ are sparse or possess a special structure, standard SA leads to accuracy bounds for
sparse recovery proportional to the dimension n which are essentially useless in the high-dimensional
setting. This motivates non-Euclidean SA procedures, such as Stochastic Mirror Descent (SMD)
[56], its application to sparse recovery enjoys almost dimension free convergence and it has been
well studied in the literature. For instance, under bounded regressors and with sub-Gaussian noise,

SMD reaches “slow rate” of sparse recovery of the type g(Zn) — g« = O <a sln(n)/N ) where
Ty is the approximate solution after N iterations [149, [150]. Multistage routines may be used
to improve the error estimates of SA under strong or uniform convexity assumptions [151-153].
However, they do not always hold, as in sparse Generalized Linear Regression, where they are
replaced by Restricted Strong Convexity conditions. In that setting, the multistage procedure by
[63] attains the rate O(é Sln”) for the fs-error ||£L‘N — T4||2 with high probablhty This is the
best “asymptotic” rate attainable when solving (|6 . However, those algorithms have two major
limitations. They both need a number of iterations to reach a given accuracy proportional to the

initial error R = ||z, — xo|/1 and the sparsity level s must be of order O(/ig\/ n ) for the sparse

"We use A < B for two symmetric matrices A and B if B — A > 0, i.e. B — A is positive semidefinite.
2Some flows in the proofs in [63] we fixed by [154].
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linear regression. These limits may be seen as a consequence of dealing with non-smooth objective
g(x). Although it slightly restricts the scope of corresponding algorithms, we shall consider smooth
objectives and algorithm for minimizing composite objectives (cf. [151, 155, |156]) to mitigate the
aforementioned drawbacks of the multistage algorithms from [63] 154].

Principal contributions. We provide a refined analysis of Composite Stochastic Mirror Descent
(CSMD) algorithms for computing sparse solutions to Stochastic Optimization problem leveraging
smoothness of the objective. This leads to a new “aggressive” choice of parameters in a multistage
algorithm with significantly improved performances compared to those in [63]. We summarize
below some properties of the proposed procedure for problem .

Each stage of the algorithm is a specific CSMD recursion; They fall into two phases. During the
first (preliminary) phase, the estimation error decreases linearly with the exponent proportional to

slnn- VES

contain exponentially increasing number of iterations per stage, hence the estimation error decreases
as O(%\ / 1“#) where N is the total iteration count.

= When it reaches the value O( A ), the second (asymptotic) phase begins, and its stages

Organization and notation The remaining of the paper is organized as follows. In Section
the general problem is set, and the multistage optimization routine and the study of its basic prop-
erties are presented. Then, in Section we discuss the properties of the method and conditions
under which it leads to “small error” solutions to sparse GLR estimation problems. Finally, a small
simulation study illustrating numerical performance of the proposed routines in high-dimensional
GLR estimation problem is presented in Section

In the following, E is a Euclidean space and || - || is a norm on F; we denote || - ||« the conjugate
norm (i.e., [[z]l« = supy<; (y,)). Given a positive semidefinite matrix ¥ € S, for x € R" we

denote ||z||s; = VaT3z and for any matrix @, we denote ||Q|« = max;;|[Q]i;|. We use a generic
notation ¢ and C for absolute constants; a shortcut notation a < b (a 2 b) means that the ratio a/b
(ratio b/a) is bounded by an absolute constant; the symbols \/,/\ and the notation (.); respectively
refer to ”maximum between”, ”minimum between” and ”positive part”.

6.2 Multistage Stochastic Mirror Descent for Sparse Stochastic
Optimization

This section is dedicated to the formulation of the generic stochastic optimization problem, the
description and the analysis of the generic algorithm.
6.2.1 Problem statement

Let X be a convex closed subset of an Euclidean space E and (€2, P) a probability space. We
consider a mapping G : X x Q — R such that, for all w € Q, G(-,w) is convex on X and smooth,
meaning that VG(-,w) is Lipschitz continuous on X with a.s. bounded Lipschitz constant,

Vz,2' € X, ||VG(z,w) - VG, w)|« < L(w)|x — 2|, Lw)<v as. (6.4)

We define g(z) := E{G(z,w)}, where E{-} stands for the expectation with respect to w, drawn
from P. We shall assume that the mapping g(-) is finite, convex and differentiable on X and we
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aim at solving the following stochastic optimization problem

min[g(z) = E{G(z,w)}], (6.5)

assuming it admits an s-sparse optimal solution x, for some sparsity structure.

To solve this problem, stochastic oracle can be queried: when given at input a point x € X,
generates an w € Q) from P and outputs G(z,w) and VG(z,w) := V,G(z,w) (with a slight abuse
of notations). We assume that the oracle is unbiased, i.e.,

E{VG(z,w)} = Vyg(z), Vo e X.

To streamline presentation, we assume, as it is often the case in applications of stochastic
optimization problem (6.5), that z, is unconditional, i.e., Vg(z.) = 0. or stated otherwise
E{VG(z.,w)} = 0; we also suppose the sub-Gaussianity of VG(z,,w), namely that, for some
Oy < OO

B{ exp (|IVG(w)[2/02) } < exp(1). (6.6)

6.2.2 Composite Stochastic Mirror Descent algorithm

As mentioned in the introduction, (stochastic) optimization over the set of sparse solutions can
be done through ”composite” techniques. We take a similar approach here, by transforming the
generic problem into the following composite Stochastic Optimization problem, adapted to
some norm || - ||, and parameterized by k > 0,

min [Fu(e) i= $9(2) + sllz] = (G ()} + nlz]]). (6.7)

The purpose of this section is to derive a new (proximal) algorithm. We first provide necessary
backgrounds and notations.

Proximal setup, Bregman divergences and Proximal mapping. Let B be the unit ball of
the norm || - || and 6 : B — R be a distance-generating function (d.-g.f.) of B, i.e., a continuously
differentiable convex function which is strongly convex with respect to the norm || - ||,

(VO(x) —VO(z'),x —2') > ||z — 2'||*, Vz,2’ € X.

We assume w.l.o.g. that 6(x) > 6(0) = 0 and denote © = max,<; 0(2).
We now introduce a local and renormalized version of the d.-g.f. 6.

Definition 18 For any xg € X, let Xgr(zo) := {z € X : ||z — xo|| < R} be the ball of radius R
around xo. It is equipped with the d.-g.f. 98 (2) := R?0 ((z — z0)/R).

Note that 9% (z) is strongly convex on Xg(xo) with modulus 1, 9% (z¢) =0, and 9% (z) < OR
Definition 19 Given zg € X and R > 0, the Bregman divergence V associated to vV is defined by
Vo (x,2) = 1950(2) — 1950(3:) — <V19§0(£L'),Z —z), =zz€eX.

We can now define composite prozimal mapping on X r(zo) [85,156] with respect to some convex
and continuous mapping h : X — R.
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Definition 20 The composite prozimal mapping with respect to h and x is defined by

PrOXh,:co (C? 33‘) = argmin {<Ca Z> + h(Z) + V:BO (337 Z)}
2€XR(z0)
= argmin {(¢ — Vﬁfo (x),2) + h(z) + 1950 (2)} (6.8)
z€XR(z0)

If can be efficiently solved to high accuracy and © is “not too large” (we refer to 85, 151,
157]); those setups will be called “prox-friendly”. We now introduce the main building block of our
algorithm, the Composite Stochastic Mirror Descent.

Composite Stochastic Mirror Descent algorithm. Given a sequence of positive step sizes
vi > 0, the Composite Stochastic Mirror Descent (CSMD) is defined by the following recursion

xr;, = Prox'yih,xo (71_1VG(xi_1,wi),wi_1), T € X. (6.9)

After m steps of CSMD, the final output is Z,, (approximate solution) defined by

m—1_
Ljnojm (6.10)
ZZ‘:() Vi

Ty =

For any integer L € N, we can also define the L-minibatch CSMD. Let wEL) = [w! ...,wiL] be i.i.d.

79
realizations of w;. The associated (average) stochastic gradient is then simply defined as

L
H(z;— vwz‘(L) = l VG(xl— ’wf)v
(#i-1:6”) L ; '

which yields the following recursion for the L-minibatch CSMD recursion:

wl(.L) = Proxy,p 4, ('yi_lH (xi_l,w(L)> ,:cgf)l) , xo € X, (6.11)

[

with its approximate solution 2 Z?:ol %-1:1@) / Zi”;ol ~; after m iterations.

From now on, we set h(z) = kl|z||.

Proposition 6.2.1 If step-sizes are constant, i.e., v; = v < (4v)~L, i = 0,1,..., and the initial
point xg € X such that x, € Xg(xo) then for any t = /1 +Inm, with probability at least 1 — 4e™*

Fr(Zm) — Fu(z,) <m™t [7_1R2(® +t) 4+ kR +yo2(m + )], (6.12)
and the approrimate solution EE%) of the L-minibatch CSMD satisfies
Fo(@D) = Fo(ze) Sm [y 'R* (O +t) + kR +y020L  (m + 1)]. (6.13)

For the sake of clarity and conciseness, we denote CSMD(xg,~, k, R, m, L) the approximate
solution 53% ) computed after m iterations of L-minibatch CSMD algorithm with initial point xg,

step-size 7, and radius R using recursion (6.11).
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6.2.3 Main contribution: a multistage adaptive algorithm

Our approach to find sparse solution to the original stochastic optimization problem consists
in solving a sequence of auxiliary composite problems , with their sequence of parameters (k,
xg, R) defined recursively. For the latter, we need to infer the quality of approximate solution
to (6.5). To this end, we introduce the following Reduced Strong Convezity (RSC) assumption,
satisfied in the motivating example (it is discussed in the appendix for the sake of fluency):

Assumption [RSC] There exist some § > 0 and p < oo such that for any feasible solution z € X
to the composite problem (6.7)),

Fu(@) - Fu(a)),

15— 2] < 6 | pors+
K

(6.14)

Given the different problem parameters s, v, 9, p, k, R and some initial point xg € X such that
. € Xpg(zp) Algorithm [I| works in stages. Each stage represents a run of CSMD algorithm with
properly set penalty parameter . More precisely, at stage k1, given the approximate solution ¥,
of stage k, a new instance of CSMD is initialized on Xg, , (z81) with 2™ = 2% and Ry, 1 = Ry/2.
Furthermore, those stages are divided into two phases which we refer to as preliminary and

asymptotic:

Preliminary phase: During this phase, the step-sizes v and the number of CSMD iterations per
stage are fixed; the error of approximate solutions converges linearly with the total number
of calls to stochastic oracle. This phase terminates when the error of approximate solution
becomes independent of the initial error of the algorithm; then the asymptotic phase begins.

Asymptotic phase: In this phase, the step-size decreases and the length of the stage increases
linearly; the solution converges sublinearly, with the “standard” rate O(N -1/ 2) where N
is the total number of oracle calls. When expensive proximal computation results in
high numerical cost of the iterative algorithm, minibatches are used to keep the number of
iterations per stage fixed.

In the algorithm description, K1 and Ko =< 1+log(%) stand for the respective maximal number
of stages of the two phases of the method, here, mg < sprd?(© + t) is the length of stages of the first
(preliminary) phase. The pseudo-code for the variant of the asymptotic phase with minibatches is
given in Algorithm

The following theorem states the main result of this paper, an upper bound on the precision of
the estimator computed by our multistage method.

Theorem 6.2.1 Assume that the total sample budget satisfies N > mg, so that at least one stage
of the preliminary phase of Algorithm |1 is completed, then fort 2 v/In N the approximate solution
Ty of Algorithm |1| satisfies, with probability at least 1 — C(K1 + Ka)e™t,

c N O+t
By — 2] S Rexpd — o b4 §2posy [ o
78 =zl 5 exp{ 52pys(@+t)}+ pax3 N

The corresponding solution Eg\b}) of the minibatch Algorithm@ satisfies with probability > 1—C (K1 +
KQ)e*t
c N

e N 0©+1)
82pv s (O +1t) )

S0 _ i< p B
15~ .l 5 e { >

} + (52pa*s
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Algorithm 1 CSMD-SR

Initialization : Initial point x9 € X, step-size v = (4v)~!, initial radius Ry, confidence level ¢,
total budget N.

Set mg < spré?(© +t), K1 <In (L‘Q)V) AN L=1

6202ps mg’?

if Ry 2 0.6 \/% continue with preliminary stage,
else proceed directly to asymptotic phase
end
for stage k =1,...,K; do > Preliminary Phase
Set Ky < Ry(6ps) ™1
Compute approximate solution ff?,m =CSMD(xg, ", ki, Ri, mo, L) at stage k
Reset the prox-center zg = zF

mo
Set Ry, = Rp_1/2

end for

Set /l‘\N = i‘\,,lr(lé, B = N*mofl, mi1 X my

if m; > B output : Ty and return; endif > Asymptotic Phase
Set To = Rfl

Set k=1

while m; < B do
Set Ky, < 2 %o, (prs) V2, ~p < 47kl

Compute approximate solution E’fnk =CSMD(xg, vk, ki, Tk, Mk, L) at stage k

k

Reset the prox-center zo = 7y,

Set B=B—-—my, k=k+1,ry=rr_1/2, my = 4%mg
end while

output : Ty = z*

where [?2 =1+ 1In (eimo) s the bound for the number of stages of the asymptotic phase of the
minibatch algorithm.

Remark 6.2.1 Along with the oracle computation, proximal computation to be implemented at
each iteration of the algorithm is an important part of the computational cost of the method. It
becomes even more important during the asymptotic phase when number of iterations per stage
increases exponentially fast with the stage count, and may result in poor real-time convergence. The
interest of minibatch implementation of the second phase of the algorithm is in reducing drastically
the number of iterations per asymptotic stage. The price to be paid is an extra factor /O that could
also theoretically hinder convergence. However, in the problems of interest (sparse and group-
sparse recovery, low rank matriz recovery) © is logarithmic in problem dimension. Furthermore, in
our numerical experiments we did not observe any accuracy degradation when using the minibatch
variant of the method.
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Algorithm 2 Asymptotic phase of CSMD-SR with minibatch

Input : The approximate solution 355 at the end of the preliminary stage, step-size parameter +,
radius at the end of the preliminary phase Ry initial batch size /1 < ©

1. Set o = R, 0 = Egé, B =N —moK, > Asymptotic Phase
2 k=1

3: while mgf, < B do

4: Ky = 27 o, (pvs) /2

5 Compute approximate solution ffno =CSMD(xg, Yk, Kk, 'k, Mo, L = {);) at stage k

6 Reset the prox-center zo = %,

7 Set B=B —mgly, k=k+1, rk:rk,l/Q, Ekx4k£1

8: end while

output: fv\gs) =zF,

6.3 Sparse generalized linear regression by stochastic approxima-
tion

6.3.1 Problem setting

We now consider again the original problem of recovery of a s-sparse signal z, € X C R" from
random observations defined by

ni =v(¢lz,) + o0&, i=1,2,..,N, (6.15)

where t : R — R is some non-decreasing and continuous “activation function”, and ¢; € R"™ and
& € R are mutually independent. We assume that & are sub-Gaussian, i.e., E{eﬁi2 } < exp(1),
while regressors ¢; are bounded, i.e., ||¢illc < 7. We also denote ¥ = E{¢;¢!}, with ¥ = syl
with some ky, > 0, and ||£;]|c < v < o0.

We will apply the machinery developed in Section with respect to

g(z) = E{s(¢"z) — 2" én}

where t(t) = Vs(t) for some convex and continuously differentiable s, applied with the norm
-1l =1 |1 (hence || - ||« = || - ||oo), from some initial point 2o € X such that ||z, — zol1 < R. It
remains to prove that the different assumptions of Section are satisfied.

Proposition 6.3.1 Assume that v is 7-Lipschitz continuous and r-strongly monotone (i.e., [¢(t) —
t(t)| > r|t — t'| which implies that s is r-strongly convex) then

1. [Smoothness] G(-,w) is L(w)-smooth with L(w) < 72
2. [Quadratic minoration] g satisfies

9(z) = g(z.) = grle — z.%. (6.16)

3. [Reduced Strong Convezity] Assumption [RSC] holds with § =1 and p = (kgr) ™ .

4. [Sub-Gaussianity] VG (z«,w;) is 0?v?-sub Gaussian.
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The proof is postponed to the appendix. The last point is a consequence of a generalization of the
Restricted Eigenvalue property [48], that we detail below (as it gives insight on why Proposition
holds). This condition, that we state and call Q(A, %) in the following Lemma |8, and is
reminiscent of [83] with the corresponding assumptions of |158, |159].

Lemma 8 Let A > 0 and 0 < ¢ < 1, and suppose that for all subsets I C {1,...,n} of cardinality
smaller than s the following property is verified:

ViR erl <yl + 30— wlely Q)

where z1 is obtained by zeroing all its components with indices i ¢ 1. If g(-) satisfies the quadratic
minoration condition, i.e., for some pu > 0,

g(@) = g(zs) > gullz — =3, (6.17)
and that T is an admissible solution to (6.7)) satisfying, with probability at least 1 — ¢,
F.(Z) < Fi(zy) + v.

Then, with probability at least 1 — ¢,

sk v
ALt K
Remark 6.3.1 Condition |Q(\, ¥)| generalizes the classical Restricted Eigenvalue (RE) property
48] and Compatibility Condition [135], and is the most relaxed condition under which classical

bounds for the error of {1-recovery routines were established. Validity of |Q(\, 1)| with some X\ > 0
is necessary for 3 to possess the celebrated null-space property [160]

17 — 2]l < (6.18)

Fp>0: max [z7]1 <31 —)|z]li Vz € Ker(X)
I,|I|<s

which is necessary and sufficient for the s-goodness of ¥ (i.e., T € Argmin, {||u|| : Xu = Xz,}
reproduces exactly every s-sparse signal x. in the noiseless case).

When ¥ possesses the nullspace property, may hold for ¥ with nontrivial kernel; this is
typically the case for random matrices [158, |161] such as rank deficient Wishart matrices, etc.
When % is a regular matriz, condition may also holds with constant A which is much
higher that the minimal eigenvalue of 3 when the eigenspace corresponding to small eigenvalues of
% does not contain vectors z with ||zr|l1 > $(1 — )|z

Special cases. The quadratic minoration bound for g(x) — g(x4) is usually overly pes-
simistic. Indeed, consider for instance, Gaussian regressor ¢ ~ A (0,X) (even if they are not a.s.
bounded, this is for illustration purposes) and activation t, define for some 0 < o < 1 (with the
convention, 0/0 = 0)

—h 1 <1,
) = { sign(t)[at([t}* — 1) + 1], [t| > 1. (6.19)

When passing from ¢ to ¢ = X~Y2¢ and from z to z = ©Y/2z and using the fact that
22T N <I 22T )
Y =12¥ o2 | P
12113 12113

=X



156

ZZ

with independen ik and x, with E{x} = 0, we obtain

H(z) =B{gle(¢" )]} = {H ol &)
21/2
T e

where ¢ ~ N(0,1). Thus, H(XY?z) is proportional to ﬁ;—ﬁ; with coefficient

h(llzlls) = E{se(sllzlls)} -

Figure represents the mapping h for different values of v (on the left), along with the dependence
on 7 of moduli of strong monotonicity of corresponding mappings H on the centered at the origin
|| - [|2-ball of radius r (on the right).

o Efderllzlle)} = = E{ce(sllzll2)}

Figure 6.1: Given the activation function v in (6.19) and « = (0,0.01,0.1,0.25, 1); left plot: mappings h;
right plot: moduli of strong monotonicity of mappings H on {z : ||z||2 < r} as function of r.

In the case of linear regression where t(¢) = ¢, it holds

g(z) = E{5(¢"x)* —a"en}
= 3E{(¢" (2. —2))* - (#72.)?}
= 3(@z—2)78(x —2.) — 225,

= gllz — 2l — 3llza3

and VG(z,w) = ¢p¢” (xz — x4) — 0€¢. In this case L(w) < ||¢pp” |0 < 7.

6.3.2 Stochastic Mirror Descent algorithm

In this section, we describe the statistical properties of approximate solutions of Algorithm [1| when
applied to the sparse recovery problem. We shall use the following distance-generating function of
the ¢;-ball of R" (cf. [151, Section 5.7.1])

— Szlp _ % n=2 2 n=2
0(1’) pHxH]ﬂ p 1 + ]n(ln)7 n 2 3? c elnn, n Z 3 (620)

It immediately follows that € is strongly convex with modulus 1 w.r.t. the norm || - |1 on its unit
ball, and that © < elnn. In particular, Theorem entails the following statement.
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Proposition 6.3.2 Fort 2 vIn N, assuming the samples budget is large enough, i.e., N > my
(so that at least one stage of the preliminary phase of Algom'thm is completed), the approrimate
solution Ty output satisfies with probability at least 1 — Ce 'In N,

~ TRy N ovs [lnn+t
len =2l 5 exp{ T s(Inn —G—t)} + TRy, N (6:21)

(b)

The corresponding solution T’ of the minibatch variant of the algorithm satisfies with probability
>1—Ce'InN,

=) < _ I'kx N ovs [Inn(lnn+t)
7y — o 3 Rexp{ R s(lnn +t) + TRy N

Remark 6.3.2 Bounds for the {1-norm of the error Tn—x. (or 7O —x4 ) established in Proposition
@ allows us to quantify prediction error g(Tn) — g(xx) (and g(f(b)) — g(xy)), and also lead to
bounds for ||Tn — x«||s and ||Tn — x4||2 (respectively, for Hic\g\b,) — Zilly and H/x\gs) — Zill2). For
instance, Proposition[6.2.1) in the present setting implies the bound on the prediction error after N
steps of the algorithm that reads

=N Rikyr CKYT N o2%5(0 + t
9(Fw) — 9(z) < Eexp{ o } ©+1

22 5(O +- t)
with probability > 1 — C'ln Ne~t. We conclude by (6.16) that

ksrN

1Zy — 23 < a5t TN — 2% < 265" g(@N) — g(2)]
< }i2 exp - ckxr N o?%5(0 + 1)
~ s 5212 5(© + t) KET2N

In other words, the error ||Tn — x«||2 converges geometrically to the “asymptotic rate” :l 504+

»r N
which is the “standard” rate established in the setting (cf. [48,138, 144)], etc).

Remark 6.3.3 The proposed approach allows also to address the situation in which regressors are
not a.s. bounded. For instance, consider the case of random regressors with i.i.d sub-Gaussian

entries such that
12
Vi<n, E [exp <[igj>] <1

Using the fact that the mazimum of uniform norms ||¢illec, 1 < i < m, concentrates around
»vVInmn along with independence of noises & of ¢;, the “smoothness” and “sub-Gaussianity”
assumptions of Proposition|6.3.2 can be stated “conditionally” to the event

{5 maxlo . < 2 nlmal + 0}
<m

of probability greater than 1 — e~'. For instance, when replacing the bound for the uniform norm

of regressors with »*(In[mn] + t) in the definition of algorithm parameters and combining with

appropriate deviation inequality for martingales (cf., e.g., [162]), one arrives at the bound for the

error ||y — x4 ||1 of Algorithm[I which is similar to of Proposition|6.5.2in which U is replaced

with »+/In[mn] + t.



158

6.3.3 Numerical experiments

In this section, we present results of a small simulation study illustrating the theoretical part
of the previous section. ﬁ We consider the GLR model with activation function
where @ = 1/2. In our simulations, z, is an s-sparse vector with s nonvanishing components
sampled independently from the standard s-dimensional Gaussian distribution; regressors ¢; are
sampled from a multivariate Gaussian distribution ¢ ~ N (0, ), where ¥ is a diagonal covariance
matrix with diagonal entries o1 < ... < gy,. In Figure [6.2] we report on the experiment in which
we compare the performance of the CSMD-SR algorithm from Section to that of four other
methods. The contenders are (1) “vanilla” non-Euclidean SMD algorithm constrained to the ¢;-ball
equipped with the distance generating function , (2) composite non-Euclidean dual averaging
algorithm (p-Norm RDA) from [163], (3) multistage SMD-SR of [64], and (4) “vanilla” Euclidean
SGD. The regularization parameter of the ¢; penalty in (2) is set to the theoretically optimal
value A = 20+/2log(n)/T. The corresponding dimension of the parameter space is n = 500000,
the sparsity level of the optimal point z, is s = 200, and the “total budget” of oracle calls is
N = 250000; we use the identity regressor covariance matrix (X = [,,) and o € {0.001,0.1}. To
reduce computation time we use the minibatch versions of the multi-stage algorithms—CSMD-SR
and algorithm (3), the data to compute stochastic gradient realizations VG(z;,w) = ¢(t(¢T ;) —n)
at the current search point x; being generated “on the fly.” We repeat simulations 20 times and plot
the median value along with the first and the last deciles of the error ||Z; — x.||1 at each iteration
of the algorithm against the number of oracle calls.

100 { — CSMD_SR
— SMD_SR
— RDA
— swD
sGD

o 50000 100000 150000 200000 250000 o 50000 100000 150000 200000 250000
# of Oracle calls # of Oracle calls

c=0.1 o =0.001

Figure 6.2: Comparison between CSMD-SR and baseline algorithms in Generalized Linear Regression
problem: ¢; error as a function of the number of oracle calls

The proposed method outperforms other algorithms which struggle to reach the regime where
the stochastic noise is dominant.

3The reader is invited to check Section of the supplementary material for more experimental results.
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—— CSMD-SR —— CSMD-SR
—— CSMD-SR with recycling —— CSMD-SR with recycling

0 10000 20000 30000 40000 50000 o 10000 20000 30000 40000 50000 60000
# of iterations # of iterations

Figure 6.3: Preliminary stages of the CSMD-SR, and its variant with data recycling: linear regression
experiment (left pane), GLR with activation t;/10(f) (right pane).

In the second experiment we report on here, we study the behavior of the multistage algorithm
derived from Algorithm [2]in which, instead of using independent data samples, we reuse the same
data at each stage of the method. In Figure [6.3| we present results of comparison of the CSMD-SR
algorithm with its variant with data recycle. This version is of interest as it attains fast the noise
regime while using limited amount of samples. In our first experiment, we consider linear regression
problem with parameter dimension n = 100000 and sparsity level s = 75 of the optimal solution;
we consider the GLR model with activation function v /19(¢) in the second experiment. We
choose ¥ = I, and o = 0.001; we run 14 (preliminary) stages of the algorithm with my = 3500 in
the first simulation and my = 4500 in the second. We believe that the results speak for themselves.

6.4 Proofs

We use notation E; for conditional expectation given zg and wy, ..., w;.

6.4.1 Proof of Proposition [6.2.1]

The result of Proposition is an immediate consequence of the following statement.

Proposition 6.4.1 Let
f(z) = Sg(@) + h(z), = € X.

In the situation of Section let v; < (4v)~1 for all i = 0,1,..., and let T, be defined in
(6.10), where x; are iterations (6.9). Then for any t > 2v/2+1Inm there is Qy, C Q such that
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Prob(,,) > 1 —4e™t and for all w™ = [w1, ..., wm] € Qn,

(Z ’71) m - Z [271 Vg :El T ‘/E*> + ’yiJrl(h(:L‘iJrl) - h(IL‘*))]
i=0
< V(@o, z4) +y0[h(z0) — h(zs)] — Ym[h(2m) — (2]
m—1
+ V(o z.) + 15tR> + 07 | 7Y 47 + 24t’y2] : (6.22)
i=0

In particular, when using the constant stepsize strategy with v; = v, 0 < < (4v)~%, one has

%[g(xm) - 9(55*)] + [h(fx\m) - h(x*)]
V(xg,xy) + 15t R? n h(zo) — h(zm,) oy ( 4t>

< 7T+ —
ym m

(6.23)

Proof. Denote H; = VG(z;—1,w;). In the sequel, we use the shortcut notation J(z) and V(z, 2)
for ¥& (2) and V,(, ) when exact values zg and R are clear from the context.

1°. From the definition of x; and of the composite prox-mapping (6.8)) (cf. Lemma A.1 of [85]),
we conclude that there is n; € Oh(z;) such that

(Vic1Hi + vimi + VO (x;) — VI (wi—1),2 —x4) >0, Vz € X,
implying, as usual [164], that Vz € X

(Yie1Hi +vimiy i — 2) < V(zi—1,2) — V(g 2) — V(xi—1, 25).
In particular,

Vi1 (Hi, i1 — @) + i (i i — T
<V(zi—1,z4) = V(s z4) = V(xic1, ) +vie1 (Hi, wim1 — x3)
<V(zj—1,24) — V(i z4) + %%2—1||H1H3

Observe that due to the Lipschitz continuity of VG(-,w) one has

v(VG(z,w) — VG(2',w),z — 2') > |VG(z,w) — VG(z',w)||2, Vz,2’ € X, (6.24)
so that
IVG(z,w)|Z < 2|VG(2,w) = VG(zs,w)| + 2| VG (2, w)|l2
<2w(VG(z,w) — VG (24, w), z — ) + 2| VG (24, w)||?
= 20(VG(z,w),z — ) — 20{(VG(24,w), T — ) + 2||VG(zs, w)]||?
so that

Vie1(Hi, i1 — i) + %i(niy s T — Ts)
<V (@im1,24) = V(wi, wa) + 771 v (Hyy w1 — 34) — vG + i
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where (; = (VG(24,w;), 7i_1 — T+) and 7; = ||[VG(x4,w)||2. As a result, by convexity of h we have
for 7 < (4r)1

3mi—1(Vg(zi1), mim1 — x4) + vilh(2;) — h(zy)]
< (Yie1 = Y1) {(Vg(@io1), Tic1 — T4) + i (05, T — T
< V(i1 24) — V(i) + (yie1 — v 1v) iy wic1 — 3a) + Y21 1 — Gl

where we put § = H; — Vg(x;—1). When summing from i = 1 to m we obtain

Z% L(3(Vg(@i) wis = ) + hl@im) — b))

m

< V(xo, ) + 2[712—1(7—2' —vG) +Yie1 (1 — yicav) (&, xio1 — 4]
i—1
=:Rm
+0[h(z0) — M(@x)] — Ym[M(@0) — h(24)]. (6.25)
2°.  We have

Yie1(&i, Tic1 — %) = V-1 ((VG(zi—1,w;i) — VG (T4, w;)] — Vg(xiz1), Tim1 — T4)
Y1 (VG (74, w5), i1 — T4)
= vi—1[vi + G,

so that
Ry =Y A2ami+Y (i1 —vvi+ »_ (vioa =297 )G =) + 7D +0). (6.26)

Note that TS’) is a sub-Gaussian martingale. Indeed, one has E;_1{(;} =0 a.s. and

Gl < llzi1 = 2] VG (s, )|+,

2

so that by the sub-Gaussian hypothesis , Ei,l{ exp < % >} < exp(1l). As aresult (cf. the
O-*
2

*

proof of Proposition 4.2 in [165]),

vVt E;_1 {et@'} < exp (tEi_l{Q} + %t2uf) = exp (3t2R20'3) ,
and applying (6.31a)) to S,, = m(,‘:’) with

Fm = 6R%02 Z — w72 <6R%62Y 42

4We use notation E;_; for the conditional expectation given xo, w1, ..., wi—1.
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we conclude that for some Q) such that Prob(Qg)) >1—etand all w™ € QF

r) <2, |3tR202 Z 72 < 3tR? + 3072 Z 72, (6.27)
=0 =0

Next, again by , due to the Jensen inequality, E; 1{7;} < 02, and
Ei_1 {exp (t||VG (24, wi)|l«)} < exp ((Ei—1{||VG (s, w;)||+} + %tQUE) < exp (to. + %tQUE) :

Thus, when setting

_ 2_3 2 =
Hi = Yi—10x%, S; = 57%i—10%, S = Max";S;,
7

M, = r,%), U + b = 2 D i 0 7, , and applying the bound (|6.31b)) of Lemma @ we obtain

m—1
ry) <302 A7+
i=0

for ¥ = max; v; and W™ € Q%) where Q%) is of probability at least 1 — e™*. Because

whenever |/21tod S P4 > ST 142, one has 21132 > 7142 and

21t Z yE < 2172 Z 72 < (2117%)2

Thus,
m—1
A,(}L) < min [21t0 02 v ] 21to27? + o2 Z v
=0
and
m—1
r() < 52 [4 > i+ 24t72] (6.28)
i=0

for W™ € Qﬁ}).
Finally, by the Lipschitz continuity of VG (cf. (6.24)), when taking expectation w.r.t. the distri-
bution of w;, we get
Ei1{v]} < ARE;1{||VG(zi1,w;) — VG(2e,w;)]|2}
< 4R2VEZ‘_1{<VG(.TZ‘_1, wi) - VG(:U*, wi), Ti—1 — x*)} = 4R21/<Vg(xi_1), Tij—1 — IL’*>
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On the other hand, one also has |v;| < 2v||z;—1 — 2;]|*> < 8vR?. We can now apply Lemma [10| with
02 = 4v? | R*v(Vg(xi_1),ri—1 — z) to conclude that for ¢t > 2v/2 +Inm

m—1
r@ <4, [tR2 Z V3 (Vg(z;), z; — x.) +16tv R*5
i=0

::AS?

for all w™ € Q2 such that Prob(Qg)) > 1—2et. Note that

m—1
Ag) < 2tR? + il/ Z 7?<Vg(l‘i), Ti — Ty),
=0
and 7; < (4v)7!, so that
m— m—1
Z VA (Vg(x;), xi — x,) + 12tR? < : Yi(Vg(xi), i — ) + 12t R? (6.29)
=0 =0

for W™ € Q%).

3°.  When substituting bounds (6.27)—(6.29) into (6.26]) we obtain

R,

IN

IS (V@) v — @) + 12tR? + 02 |47 A2 + 24472 +2\/3tR20§Z:”01%2
< IS (V@) w — w) + ISR 4 02 [T A2 + 24672

for all w™ € Q,, = N, Q%) with Prob(Qm) > 1 —4e~! and t > 2y/2 + Inm. When substituting
the latter bound into (6.25) and utilizing the convexity of g and h we arrive at

m—1

Ty 47+ 2447
=0

< V(wo,z.) + 15tR® + 07 +0lh(z0) = M)l = ym[h(zm) — h(w.)].

In particular, for constant stepsizes v; = v we get

Ho@m) — g(@)] + [P(@m) — h(z.)]
< V (o, 74) + 15t R N h(zo) — h(zm,) oy (7 N M)
ym m m

This implies the first statement of the proposition.
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-1
5°. To prove the bound for the minibatch solution ) (Z?:ol ’yi) Z?Iol 'yia:Z(L), it suffices to
note that minibatch gradient observation H (z, w(L)) is Lipschitz-continuous with Lipschitz constant
2
v, and that H(x., w(L)) is sub-Gaussian with parameter o2 replaced with 52 ; < 62*, see Lemma

11l O

6.4.2 Deviation inequalities

Let us assume that (&, .7-})1':1,27“_ is a sequence of sub-Gaussian random variables satisfyin

252
E;, 1 {et&} <etitat s, (6.30)

for some nonrandom p;,s;, si < 5. We denote by S, = Y0 & — i, Th = D oiq 87, Uy =

S st My, = Y0 & — (8?2 + p2), and hy, = >, 2u?s?. The following well known result is
provided for reader’s convenience.

Lemma 9 For all x > 0 one has
Prob {S, > v2ar,} <e™?, (6.31a)
Prob {Mn > 2/ x(vn + hy) + 2x§2} <e . (6.31b)

Proof. The inequality (6.31a)) is straightforward. To prove (6.31b)), note that for ¢ < %E*Q and
n ~ N(0,1) independent of &, ..., &, , we have:

E;,_; {etﬁf} =E;,_1 {Eﬁ {ex/ﬂﬁm}} =E, {Ei—l {ex/ﬂim}}

tu2
<E, {exp {\/ﬂnm + thS?}} = (1—2ts?) 2 exp {1—,u22t32} a.s.,
i

and because, cf [65, Lemma 1],

W2y < PG P )

1 2
—Llin(1 — 2t -
gl =2050) + 752 =T 1ot o 1-25°

one has for t < %5*2

t2(vp + h)
tM,, n n
Efe }SeXp{l—%sQ}'

By Lemma 8 of [166], this implies that
Prob { My > 2v/(vn + hy) + 2057} < e

for all x > 0. O

Now, suppose that (;, ¢ = 1,2, ... is a sequence of random variables satisfying
Ei_1{G} =i B {GF} <07, G| <1 as. (6.32)

Denote M, = Y1 ,[¢; — u;] and ¢, = Y -, 0Z. Note that g, < n.

5Here7 same as above, we denote E;_; the expectation conditional to F;_;.
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Lemma 10 Let x > 1; one has
In a
Prob{Mn > 2an+x} < le|2xIn on +1)4+1e ™.
x
In particular, for x > 4/2 + Inn one has
Prob {Mn > \/2xq, + J:} < 2e7%/2,

Proof. In the premise of the lemma, applying Bernstein’s inequality for martingales [162, 167] we
obtain for all z > 0 and u > 0,

Prob {Mn > V2zu + g, gn < u} <e T,

We conclude that
2
Prob {Mn >z, g, < ;} <e?,

and for any u > 0
Prob {Mn >\2(x+1)g, + g, u< gy < u(l + 1/x)} <e®,

so that
On(z;u) := Prob {Mn > \/2xq, + g, U< gp < u(l + 1/;;)} mans

Let now ug = 2x/9, u; = min{n, (1 + 1/x)7up}, j = 0,..., J, with

J = |In[n/ue] In"'[1 +1/2]| .
Note that In[1 + 1/x] > 1/(2x) for = > 1, so that

J <In[n/ug)In™'1+1/2] +1 < 2zIn [n/ug] + 1.
On the other hand,
Prob {Mn > \2xq, + x} < et 4+ ijl Sn(miuj) <e @+ Je ot
< [e(2om[2] +1) +1]e

Finally, we verify explicitly that for x > 44/2 + Inn one has

{e(Qm In [g—n} + 1) + 1}6_1/2 <2,
2z
implying that for such x

Prob {Mn > \/2rq, + m} < 9¢7/2, 0

Let (&)i=1,.. be a sequence of independent random vectors in R" such that

112
Ei1 {eXp <Hi’2”*>} < exp(1),
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and let n = >, &, m € Zy. We are interested in “sub-Gaussian characteristics” of r.v. ¢ = (u,n)
for some u € R"™, ||u|| < R, and of 7 = [|n]|«.
Because E{(u, &)} = 0 and |(u, &)| < ||u||||&]|«, for all ¢ one has (cf.,e.g., Proposition 4.2 of |165])

E{et<u,n)} _ ﬁE{e““’@} < ﬁexp (31252) = exp (3mit?s?) .
1=1 i=1

Let &, ¢ = 1,2, ... be a sequence of independent random vectors & € F, such that E{¢{} = 0 and
E{e”ff”z/SQ} < exp(1l). Denote n; = Z;Zl &. We have the following result.

Lemma 11

2
VLeZi,w E {exp (1!(755‘22)} < exp(1l) (6.33)

where © = max||,| <1 0(2) for the d.-g.f. 0 of the unit ball of norm || - || in E, as defined in Section
6.2.2.

Proof. Let for n € E, m(n) = sup| . <1[(n, 2) — 0(2)]. Observe that for all 3 > 0,

Incll = sup (ne,2) < max BO(2) + Br(nr/B) < BO + B (L), (6.34)
llzll<1 lzlI<1 B

On the other hand, we know (cf. [59, Lemma 1]) that 7 is smooth with |Vx| < 1, and V7 is
Lipschitz-continuous w.r.t. to || - ||+, i.e.,

|Vr(z) = V(2| < ||z = 2|« Vz,2 € E.
As a consequence of Lipschitz continuity of w, when denoting m5(n) = ,87'('(%), we have
ms(Nj—1+ &) = ms(nj-1) < 1€l
so that E {exp ([m3(n;) — ms(nj—1)]*/s*) } < exp(1). Furthermore,
mg(nj—1 + &) < mg(nj—1) + (Vmg(nj-1),&/B) + 1§12/,
and, because 7;_1 does not depend on &; and E{||¢;]|?} < s%, we get
E;j_1{ms(n) — ma(nj—1)} < 5°/B.

By [165, Proposition 4.2] we conclude that random variables 6; = mg(n;) — mg(n;—1) satisfy for all
t>0,

E;_ {et‘sj} < exp (tsQﬁ_l + %tQSQ) .
Consequently,
E {et”ﬂ(’”)} <E {etﬂﬂ(m—l)} exp (ts25*1 + %t282) < exp (tsQLﬂfl + %tzszL) .
When substituting the latter bound into , we obtain for 82 = s?L/0©

E {et””L”*} < exp (2ts@+ %t282L> vt > 0. (6.35)
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To complete the proof of the lemma, it remains to show that (6.35) implies (6.33). This is straight-
forward. Indeed, for y ~ N(0,1), @ > 0 and ¢ = ||n;||« one has

s} B e (7} - o)

3 2.2 2\—1/2 4a@L32
<E, {GXP (2\/msx—l—§a]\fs X )} = (1 — 3aLs?) exp T 30l
— LS

When setting o = (180s2L)~!, we conclude that

E{ea@} < exp(1)

due to © > 1/2. O

6.4.3 Proof of Theorem [6.2.1]

We start with analysing the behaviour of the approximate solution z¥, mo at the stages of the pre-
liminary phase of the procedure.

Lemma 12 Let mg = [645%pvs(40 + 60t)] (here [a] stands for the smallest integer greater or

equal to a), v = (4v)~1, and let t satisfy t > 4+/2 + log(my).
Suppose that R > 200,+/6ps/v, that initial condition xy of Algorzthmsl andl satisfies ||xo —
z«|| < R, and that at the stage k of the preliminary phase we choose

40 + 60t
o = Ry | LAO 600 (6.36)
psmMo
where (Ry)k>0 s defined recursively:
160262 ps
_1 x _
Ryy1 = 5Bk + VR Ry = R.

Then the approzimate solution TF, mo @t the end of the kth stage of the CSMD-SR algorithm satisfies,
with probability > 1 — 4ke™*

||§:\510 —24|| < Rp <27FR+40.6+/2ps/v. (6.37)

In particular, the estimate 5553 after K1 = E log, <ﬁ2§;psﬂ stages satisfies with probaility at
least 1 — 4K et

[ZEL — .|| < 80.5\/2ps /. (6.38)

Proof of the lemma.

1°. Note that initial point x( satisfies ©¢g € Xg(z.). Suppose that the initial point 330 = a:k L of the
kth stage of the method satisfy 2k € Xg,_, (.) with probability 1 — 4(k — 1)e~%. In other words,
there is a set By_1 C Q, Prob(Bi_1) > 1 —4(k —1)e~t, such that for all ¢! = [wl, mo(k—l)] C
Bj._1 one has xlg € Xg, ,(z4). Let us show that upon termination of the kthe stage .TU mo Satisfy
|k, —z.|| < Ry, with probability 1 —4ke™'. By Proposmon 1| (with h(x) = kg||z||) we conclude
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that for some Q) C Q, Prob(Q) > 1 — 4e”", solution zk
for all for all wk = [W(k—1)mot15 > Whmo) € Qs

, after my iterations of the stage satisfies,

o3

F(@h,) — F(.) < 5= (VR}_1 (40 + 60t) + ki Ry_1) + — ({ - @) .

mo mo

When using the relationship (6.14) of Assumption [RSC] we now get

75, — @l <0

mo

lak—l l/llz:—l 02 7 6
P + + ——— (40 + 60t) + —= <f + oL ) . 6.39
SK 0 KMo ( ) VEL 4 mo ( )

Note that xj as defined in (6.36) satisfies rj, < Rj_1(8ps)~!, while kxmgo > 85(40 + 60t)Ry_1v.
Because mgy > 3840t due to pr > 1 and § > 1, one also has (g + %) H;l < 166ps/Ry—1. When
substituting the above bounds into (6.39) we obtain
1662 pso?
Rk_ll/

1662 pso?

Hmmo - .’E*H S 6R]€_1 <B + ) + Rk—ly

mo

IN

%Rk—l + = R;. (6.40)

We conclude that fﬁm € Xpg, (x4) for all o* € By = Br_1 N Q, and

Prob(B;) > Prob(Bi_1) — Prob(€}) > 1 — 4ke™".

2°. Let now a = 1662pso? /v, and let us study the behaviour of the sequence

Ry
L
2 Ry_1

Ry, =: f(Rg-1), Ro=R>V2a.
Function f admits a fixed point at R = +/2a which is also the minimum of f, so one has Ry > v/2a
Vk. Thus,

Va — Rir_1—V2a 2a—+vV2aRi_1

dy = Ry = 2 2R,

< Ldy_y <27%dy < 27%(R - V2a).

We deduce that R, < 27*R, + v2a which is (6.37). Finally, after running K stages of the
preliminary phase, the estimate @Igé satisfies

H&?ﬁ; — x| < 8dou\/2ps/V. O

We turn next to the analysis of the asymptotic phase of Algorithm [2. We assume that the prelim-
inary phase of the algorithm has been completed.

Lemma 13 Let t be such that t > 4+/2 + log(ma), with m; = [816%psv (40 + 60t)], v = (4v) 71,
and let £, = [10 x 4*7107. We set

40 + 60t
R = Tk—1 u, rE = 27’“7”0, ro = 8(50*\/2;)3/%

psmi

Then the approximate solution by Algorithm @ zF . at the end of the kth stage of the asymptotic

m

phase satisfies, with probability > 1 — 4(K1 + k)e™", ||zF, — z.|| < ry, implying that

O (0 +1)
N,

~k

T, — (6.41)

x| < 520*p3

where N = m Zle l; is the total count of oracle calls for k asymptotic stages.
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Proof of the lemma. Upon termmatmg the preliminary phase, the initial condition xo = xK 1

of the asymptotic phase satisfies with probability greater or equal to 1 — 4K e~ t. We are
about to show that Vk > 1, with probability at least 1 — 4(Kq + k)e™!

H/l'\fnl - fL'*H <rp= 2_k7"0, rog = 850'*\/W.

The claim is obviously true for k£ = 0. Let let us suppose that it holds at stage k — 1 > 0, and let
us prove that it also holds at stage k. To this end, we reproduce the argument used in the proof of
Lemmal[12] while taking into account that now ¢j, observations are averaged at each iteration of the
CSMD algorithm. Recall (cf. Lemma that this amounts to replacing sub-Gaussian parameter
02 with 32 = 18002 /(). When applying the result of Proposition and the bound of we
conclude (cf. (6.39)) that, with probability 1 — (K + k)e ™,

135 — 2| <6 |ps +—+ 21(4®+60t)+18903(7+6t>
m #ll =0 PSR KL vl \* 0 m

By simple algebra, we obtain the following analogue of ((6.40):

47F+152 g2

||;’1Efn1 — Ty|| < 01 (95 + ) +10 < L4 Bl =y

Tk—1V

Observe that upon the end of the kth stage we used N = my Zle by, < 3m10 25:1 41 < 4kOm,
observations of the asymptotic stage. As a consequence, 4% < Om; /N and

©(0 +t)svp

—k 2
rp =2 T’oS(SU*
N

0

Assuming that the preliminary phase of Algorithm|[I]was completed, we now consider the asymptotic
phase of the algorithm.

Lemma 14 Let t > 4y/2 4 logmy,, my = [484(40 + 60t)6%psv |,

/(4 t) . /4 t)
@;60 22507%1 (40 + 60 (6.42)

pi=2"rg, ro = 8004/ 2ps/v.

Then the approzimate solution TF,

probability > 1 — 4(K1 + k)e™*
|2k, — x| <27Fr0 S 27F05y/psvl S 520*ps,/®%: (6.43)

where N = Z?Zl m; is the total iteration count of k stages of the asymptotic phase.

where

. upon termination of the kth asymptotic stage satisfies with

Proof of the lemma.

We are to show that Vk > 0, ||§§% — || < 74, with probability > 1 — 4(K; + k)e™! is true. By
Lemma the claim is true for £k = 0 (at the start of the asymptotic phase, the initial condition
zo = ZX! satisfies the bound (6.38)). We now assume it to hold for k — 1 > 0, our objective is to
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implement the recursive step k — 1 — k of the proof. First, observe that the choice of ~* in (6.42)
satisfies v¥ < (4v)~!, k = 1,..., so that Proposition can be applied. From the result of the
proposition and bound ([6.14) we conclude (cf. (6.39)) that it holds, with probability 1—(K1+k)e™?,

[

r
Tyl <0 | pskg + +
my

k k-1 Thoy (40 +60t) N 87’“03
’Yk"ékmk Rk

When substituting the value of v* from (6.42) we obtain

Tr_ 40,1 _ 2(40 + 60t
-’B*HS(S psky + i 1+ = ( ) )
mp K mi

~k
||$m/1C -

which, by the choice of ki in (6.42), results in

mi D) 4 =T

- 40 +60t  Tii_ T
|ZF - — x| < 262 llopsa*rkl + + -k 1] < k=l 2
mi mk

It remains to note that the total number N = E?Zl m; of iterations during k stages of the

asymptotic phase satisfies Nj, < 4%(©+1)6%psv, and 27% < § W, which along with definition

of rp implies ([6.43). O

Proof of Theorem We can now terminate the proof of the theorem. Let us prove the
accuracy bound of the theorem for the minibatch variant of the procedure.

Assume that the “total observation budget” N is such that only the preliminary phase of
the procedure is implemented. This is the case when either mgK; > N, or mgK; < N and
moK1 + mif1 > N. The output Ty of the algorithm is then the last update of the preliminary
phase, and by Lemma [12|it satisfies |Zx — .| < R27* where k is the count of completed stages.
In the case of mgK; > N this clearly implies that (recall that N > my) that k > ¢N/mg and, with
probability > 1 — 4ke™!

IEy — 2] <Rexp{—6/N}. (6.44)
T 82psv(© +t)
On the other hand, when moK; < N < moK; + mif1, by definition of m; and ¢;, one has
N < CmoK, so that bound still holds in this case.
Now, consider the case where at least one asymptotic stage has been completed. When moK; >
% we still have N < CmyK1, so that the bound holds for the approximate solution Efgs) at
the end of the asymptotic stage. Otherwise, the number of oracle calls N of asymptotic stages

satisfies Ny > N/2, and by (6.41) this implies that with probability > 1 — 4(K; + K)e ™,

00 +1)

~(b
8% =l S SPoupsy| =

To summarize, in both cases, the bound of Theorem holds with probability at least 1—4(K; +
fg)e_t.
The proof of the accuracy bound for the “standard” solution Zy is completely analogous, making

use of the bound (6.43) of Lemma [14] instead of (6.41). O



171

Remark 6.4.1 Theorem as stated in Section [6.2.3 does not say anything about convergence
of g(ZN) to g(x). Such information can be easily extracted from the proof of the theorem. Indeed,
observe that at the end of a stage of the method, one has, with probability 1 — Cke™t,

Ffik (/x\k) - Fﬁk ($*) < Uk,
or
9(@) = g(@.) <o+ rp([Z"] = lleal)) < v + rgl|Z" — 2]

where T is the approzimate solution at the end of the stage k. One the other hand, at the end of
the kth stage of the preliminary phase one has |Z% — z.|| < Ry, < 27FR, with ki, < Ry(0ps)™! <
27FR(5ps)~! and vy < 62k R implying that

R? R? c N
AN < < -1\ Y R
g(l‘ ) g(x*) ~ Uk + (52p8 ~ (5 + 5 ) IOS exp{ 6p7/ 8(@ + t)}

where N s the current iteration count. Furthermore, at the end of the kth asymptotic stage, one
has, with probability 1—(K1+k)e™t, |2F —z.| < Ry < 0%0.ps 9“ , while Ky, < 27560, (prs) =12 <

0041/ %, and vy, < 6202ps(© +t)/my. As a result, the correspondmg z*F satisfies

. ~ O+t
9(7) — g(z.) < vn+ mpl|P* — 2| S (6 + 6%)poZs =

When putting the above bounds together, assuming that at least 1 stage of the algorithm was com-
pleted, we arrive at the bound after N steps:

R? c N O+t
In) —glx) < (07246 H— S 62 463 2 A
o) = 9o S 0240 ) et b @ et )

with probability 1 — (K1 + Ka)e™t

6.4.4 Proof of Proposition [6.3.1]
1°. Recall that v is 7-Lipschitz continuous, i.e., for all t,# € R™
le(t) — ()| < 7t =t
As a result, for all z, 2’ € X,
I8[e(¢7 2) = (] 2)lloe < Tliillocld (z — 2')| < Fllgill3 |z — 2'lly < 772z — /|1,
so that VG(z,w) = ¢[t(¢?x) — n] is Lipschitz continuous w.r.t. £;-norm with Lipschitz constant
L(w) <72

2°.  Due to strong monotonicity of t,
g(x) = ge.) = [y Volw. +tz —2.)T (@ —w.)dt

= JB{Ol( (e + 1l - 2) — (672} (- )
Jo tE{(¢7 (z — 2.))2}tdt = Jr|w — .3,

v

what is (6.16)).
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3°. The sub-Gaussianity in the “batchless” case is readily given by VG (x4, w;) = 0¢;§ with
[6i&illoo < [[@illooléil < Pl&ill2 and

N2
B {esp (IPC01E)] o
o°v

due to E{eﬁf} < exp(1). Because O variation of the d.-g.f. 0, as defined in (6.20)), is bounded with
C'Inn, by Lemma [11| we conclude that batch observation

L L
H x*,wi(L) = 1 VG(ai*,wf) = 1 agbf,ff
(wee”) = 232 12

is sub-Gaussian with parameter < 0?72 Inn.

4°, In the situation of Section Y is positive definite, ¥ = kxl, kx > 0, and condition

Q(\, ¥)| is satisfied with A = Ky and ¢ = 1. Because quadratic minoration condition (6.17) for
g is verified with g > r due to (6.16]), when applying the result of Lemma |8, we conclude that

Assumption [RSC] holds with 6 =1 and p = (ng)_lﬂ O

6.5 Properties of sparsity structures

6.5.1 Sparsity structures

The scope of results of Section [6.2]is much broader than “vanilla” sparsity optimization. We discuss
here general notion of sparsity structure which provides a proper application framework for these
results.

In what follows we assume to be given a sparsity structure [168] on EF—a family P of projector
mappings P = P? on E such that

A1.1 every P € P is assigned a linear map P on E such that PP = 0 and a nonnegative weight
m(P);

A1.2 whenever P € P and f,g € E such that || f]|« <1, ||g]l« <1,
1P*f+Pgll. <1
where for a linear map Q : £ — F, Q* : ' — FE is the conjugate mapping.

Following [168], we refer to a collection of the just introduced entities and sparsity structure on E.
For a nonnegative real s we set

Ps={P e P:n(P)<s}.

Given s > 0 we call x € F s-sparse if there exists P € Py such that Pxr = z. Typically, one is
interested in the following “standard examples”:

1. “Vanilla (usual)” sparsity: in this case £ = R"™ with the standard inner product, P is
comprised of projectors on all coordinate subspaces of R", 7(P) = Rank(P), and ||-|| = || [|1.

5We refer to Section and LemmaE for the proof of Lemma
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2. Group sparsity: E = R", and we partition the set {1,...,n} of indices into K nonoverlapping
subsets I, ..., I, so that to every & € R™ we associate blocks z* with corresponding indices in
Iy, k=1,..., K. Now P is comprised of projectors P = P; onto subspaces E; = {[z!,...,2%] €
R" : 2% = 0Vk ¢ I} associated with subsets I of the index set {1,..., K}. We set 7(P;) =
card(I), and define ||z| = S5 ||zx|l2—block ¢4 /la-norm.

3. Low rank structure: in this example E = RP*? with, for the sake of definiteness, p > ¢, and
the Frobenius inner product. Here P is the set of mappings P(x) = Pjx P, where P, and P,
are, respectively, ¢ x ¢ and p X p orthoprojectors, P(x) = (I — P))z(I — P,), and || - || is the
nuclear norm ||z|| = Y7, 0;(z) where o1(z) > o2(z) > ... > o4(x) are singular values of z,
|| - ||« is the spectral norm, so that ||z|« = o1(z), and 7(P) = max[Rank(F,), Rank(F,)].

In this case, for ||f]|« <1 and ||g||« < 1 one has
1P* ()l = I1PefPrll <1, [P (9)lls = (I = Po)g(I = P« < 1,

and because the images and orthogonal complements to the kernels of P and P are orthogonal
to each other, |[P*(f) + P (g)||« < 1.

6.5.2 Condition Q(\, 1))

We say that a positive semidefinite mapping ¥ : F — F satisfies condition Q(A, ¢) for given s € Z
if for some ¥, A > 0 and all P € Ps and z € £

1Pzl < v/s/Allzlls + [Pzl — ll2]]. (6.46)

Lemma 15 Suppose that x. is an optimal solution to (6.5) such that for some P € P, ||(I —
P)z.|| <0, and that condition Q(\,v) is satisfied. Furthermore, assume that objective g of (/6.5))
satisfies the following minoration condition

9(@) = g(@+) = p(llz — 2l
where p(-) is monotone increasing and convex. Then a feasible solution T € X to (6.7)) such that
Prob {F(Z) — Fx(zs) <v}>1-—e

satisfies, with probability at least 1 — €,

15— 2 < - (’{ :;Z ) U+ff (6.47)

where pi* : Ry — Ry is conjugate to p(-), p*(t) = sup,>oltu — p(u)].

Proof. When setting z = Z — x, one has

2] = llzs + 2l = [|Pzs + (I = P)zs + 2| = [[Prs + 2] = [[(I = P)a.|]
> || Pl + 1Pz — || Pzl — 6
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where we used the relation
[Pze + 2]l = || Pa]| = 1Pz + || P=]]
(cf. Lemma 3.1 of [168] applied to w = Pz,). When using condition Q(A,) we obtain
12l = [Pzl = v/s/Allzll2 + Dl 2] =4,
so that Fi(Z) < F(x4) + v implies
k(1P| + ¥zl = 6) < 5lg(xs) = 9(@)] + wv/s/A|zlls + sl + v

< —yulllzlls) + £/l + .l + v
< " (2rV/s/A) + | + v,

and we conclude that

sz < Ap*(26/s/X) + 266 + v

due to ||zy|| — || Pz«|| < ||(L — P)as|| < 6. O
Note that when p(u) = 4u?, one has p*(t) = ﬁtQ, and in the case of || - || = || - ||1, with
probability 1 — ¢,
Iz I < SK n v n 26
T — Txl||1 > — —.
pA - wp b

This, in particular, implies bound (/6.18]) of Lemma

Remark 6.5.1 We discuss implications of condition Q(\, ) and result of Lemma@for “usual”
sparsity in Section of the paper. Now, let us consider the case of the low rank sparsity. Let
z € RP*Y with p > q for the sake of definiteness. In this case, || - || is the nuclear norm, and we
put P(z) = PyzP, where Py and P, are orthoprojectors of rank s < q such that ||[(I — P)(z)|| =
|24 — Py Pyl < 6]

Furthermore, for a p x ¢ matriz z let us put

k
= Zai(z), 1<k<gq.
i=1

With the sparsity parameter s being a nonnegative integer,
Yz € RPUPeP,): ||P(2)| <o¥(2), Pl = llzll — o) (2)
and we conclude that in the present situation condition
o) (2) + 0@ (2) < Vs/Mzlls + (1= 9)|2] (6.48)

is sufficient for the validity of Q(A,¢) As a result, condition (6.48) with ¥ > 0 is sufficient for
applicability of the bound of Lemma [15. It may also be compared to the necessary and sufficient
condition of “s-goodness of ¥” in [169]:

Fp>0: 209(2) < (1—9)||z| Vz e Ker(%).

"E.g., choose Py and P, as left and right projectors on the space generated by s principal left and right singular
vectors of @, so that ||z, — PexsPr|| = [|(I — Pz« (I — Pp)|| = 327, 03 < 0.

SIndeed, let P € Py, so that Rank(P;) < s and Rank(P,) < s, and ||P(2)|| = ||PzP;|| < 0'®(z). Since the
matrix F(z) differs from z by a matrix of rank at most 2s, by the Singular Value Interlacing theorem we have

0i(P(2)) 2 0itas(z), whence [|P(2)]| > ||z — 0®9(2).
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6.6 Supplementary numerical experiments

This section complements the numerical results appearing on the main body of the paper. We
consider the setting in Section [6.3.3] of sparse recovery problem from GLR model observations
. In the experiments below, we consider the choice of activation function t,(¢) with
values @ = 1 and a = 1/10; value a = 1 corresponds to linear regression with t(¢) = ¢, whereas
when o = 0.1 activation have a flatter curve with rapidly decreasing with r modulus of strong
convexity for |t| < r. Same as before, in our experiments, the dimension of the parameter space is
n = 500000, the sparsity level of the optimal point x4 is s = 100; we use the minibatch Algorithm
with the maximal number of oracle calls is N = 250 000. In Figures and we report results
for ky, € {0.1,1} and o € {0.001,0.1}; the simulations are repeated 10 times, we trace the median
of the estimation error ||Z; — z.||1 along with its first and the last deciles against the number of
oracle calls.

In our experiments, multistage algorithms exhibit linear convergence on initial iterations. Sur-
prisingly, “standard” (non-Euclidean) SMD also converges fast in the “preliminary” regime. This
may be explained by the fact that iteration x; of the SMD obtained by the “usual” proximal
mapping Prox(v;,—1 VG (z;—1,w;), x;—1) is computed as a solution to the optimization problem with
“penalty” 0(z) = c|z||b, p = 1 4+ 1/Inn which results in a “natural” sparsification of z;. As iter-
ations progress, such “sparsification” becomes insufficient, and the multistage routine eventually
outperforms the SMD. Implementing the method for “flatter” nonlinear activation t(t) or increased
condition number of the regressor covariance matrix ¥ requires increasing the length mg of the stage
of the algorithm.
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Error vs Oracle calls
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Figure 6.4: CSMD-SR and “vanilla” SMD in Linear Regression problem (activation function t(t) = t); {1
error as a function of the number of oracle calls
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Error vs Oracle calls
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Figure 6.5: CSMD-SR and “vanilla” SMD in Generalized Linear Regression problem: activation function
t1/10(t) ; £1 error as a function of the number of oracle calls
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Chapter 7

Extensions

7.1 Adaptive CSMD-SR via Lepski’s Procedure

We present in this section an algorithm inspired by the CSMD-SR with hyper-parameters indepen-
dent of problem parameters p and s, and thus adaptive to the latter. We call this new algorithm
Ada-CSMD-SR.

More precisely, we are given N samples, a desired precision level € € (0,1) and a starting point
with an initial prior R such that [|zg — z.]| < R. We also assume that parameters o,,v, 0,0 are
known, and that we have access to a stochastic approximation of objective function g’s gradient, as
in the previous chapter. Here, objective g satisfies the assumption with unknown parameter
p, and is minimized by z., that is a sparse vector with unknown level of sparsity s. With this setting
in place, we aim to produce an estimate Z(®) with guarantees on the 1 — e quantile of

|2 — .|

that are almost the same as those we provide for the CSMD-SR estimate computable when knowing
p and s.

In deterministic optimization, [170] proposes a first order algorithm adaptive to the smoothness
of the objective, whereas in [152], the proposed multistage method is respectively adaptive to the
uniform convexity-parameter. Authors in [152] also provide a stochastic variant of their algorithm,
whereas |171] proposes a version of SGD adaptive to local strong convexity of the objective.

For the rest of this section, we will say that the pair (g, z,) satisfies the assumption with
parameter ps if holds with parameters p and s.

7.1.1 Motivation

Observe that in our previous developments, one of the crucial hyper-parameter choice is the constant
stage-length of the preliminary phase. In the situation where one knows v, ©, 6, p, s, we advocate
the choice

m = [646%vps(4© + 60t)], t > 41/2 + In(m).

Observe that this hyper-parameter can replace the term ps in other ones. Indeed, at the k-th stage
of the preliminary phase, recall that

v(40 + 60t)
psm

(O +1)

Kk = R = Rk—lTa
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160252;)5 _1 Ox\ 2 m
By = 3Rk + R, 2t < v ) CEI
This illustrates that our algorithm’s hyper-parameters can be formulated based on the stage-length
m, rather than the parameters p and s. Hence, for any objective g and its minimizer x,, an
estimate that adapts to the former is also adaptive to both p and s. This leads us to focus on
generating estimates adaptive to the stage-length m. It’s worth mentioning that previous work in
[172] introduces a deterministic multistage method that adjusts the length of each stage without
knowing the sharpness parameters of the objective function. We begin by briefly analyzing a version
of the CSMD-SR algorithm where hyper-parameters are modified to depend on m.

The stage-length dependent CSMD estimate.
Let integer m € [[46, N], and define f(m) := Ganyzr With

t :=max {@; 44/2 + In(m); tg(m)} , (7.1)

te(m) :=In (ill()g2 ((%\/1) \/1+$n>> .

Observe that if (g, z.) satisfies the with ps < 8(m), then
m > ((645)21/75;)3} > (6452I/ps(4@ + 60t)] .

Thus, we say hat a specific stage-length m is adapted for (g, x,) if the latter satisfies with
parameter S(m). We now present the notations used to define a version of the CSMD-SR algorithm
that depends on m. For k > 0, define the sequence of preliminary rates

*\ 2 m

and asymptotic rates

re(m) == %L (7.3)

Observe that for all k& > 1, Rx(m) > J’i%{/ﬁ7 implying in turn that Ry(m) < 27*R + o*f‘ In
particular,

B (m) < rom) it Ko(n) = ([1oea (272

With this definition, the total number of stages in the preliminary phase is

Kom) = | | A Ko

For the asymptotic phase, we consider the mini-batch version of the CSMD-SR algorithm with
batches of size L; = 4'71[90/8] at its I-th stage. Therefore, in the asymptotic phase, one can
compute a maximum of K 4(m) stages, with the latter being defined as

o= (e (o (B w))), o

= max{k:: k>0, kzi[g@/sw < QZJ —Kp(m)>}.

=0
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Given these definitions, we define the total number of stages that can be completed with N samples
as K(m) := Kp(m) + Ka(m).

We now introduce the adaptive version of the CSMD-SR algorithm, beginning with the initial
starting point zg = Zo(m). For k € [1: K(m)], if

e we are in the preliminary phase, i.e. 1 < k < Ky(m), we define the k-th stage’s output be

~ - 1
Z(m) = CSMD <xk_1(m), o’ Ky Rg—1(m), m, 1) , (7.5)

with i := 5120p¢ B2 ™)

m

e we are in the asymptotic phase, i.e. kK > Ky(m), we define the [-th stage’s output

A . 1
Zr(m) = CSMD <xk_1(m), ™ Ky T1—1(m), m, Ll> , (7.6)

with [ = k — Ko(m) and Ky, :== 51260t m=2 ).

m

Finally, we will denote the output of the final stage
#(m) = Fre(my () (7.7)
and refer to it as the CSMD-SR estimate associated with stage-length m. We also use the notation
R(m) := R (m) (M) 1{K s (m)=0} + 754 (m) (M) L1, (m)>0}5 (7.8)
for the high-probability upper bound on its error, as shown in the following

Proposition 7.1.1 Let m € [[4d] : N]. Provided that (g,x.) is such that ps < f(m), the inequality
[Z(m) — 2|l < R(m) (7.9)

holds with probability greater than 1 — €.

Proof of [T.1.1k
We use the same arguments as for the proof of (12| and adapted to the outlined choices of
hyperparameters.

1°: Assume that we are at the k + 1-th stage of the preliminary phase, starting with point Zy(m)
such that with probability greater than 1 — 4ke™?,

[Zk(m) — x| < Ri(m).

Inserting the values v = (4v)~!, k = Kpy1(m) into the equation ([6.23) results in the upper bound

Ful@ra(m) - Fu(a.) < SO0 (1432 + 7. (G+2).

which occurs on an event of probability greater than 1 — 4(k + 1)e~!. Combining the latter with
the RSC assumption being satisfied with ps < f(m) yields

~ 1 5 O« 2 7 6t m 1
— < -+ — — 147 ) 6ar '
[Zkt1(m) — z|| < Ri(m) <4 + m) + < v ) <4 * m) 64t Ry (m)
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Since m > 4 > 4 and ((7.14) implies ¢t > 1, one has that on the same event,

~ Rp11(m) (a* )2 m
—r < R ()Y —— =R :
[k (m) — .| < FEEE 4 (7)) s = Rusa(m)
From the results we’ve juste established, it follows through induction that at the conclusion of the
preliminary phase, with a probability exceeding 1 — 4K p(m)e™!

~ CKo(m) | Tx/m
1Zkp(m) (M) — 24|l < Rpgpp(my(m) < R2 Ke(m) 4 1 (7.10)

holds true. Moreover, if Kp(m) = Ky(m), the last inequality can be upper bounded by 0*2\55 =

ro(m).

2°: Assume that K 4(m) > 0 and that we have already completed k stages, with k € [Kp(m); K (m)—
1]. Tt follows that we are in the [ 4+ 1-th stage of the asymptotic phase, with [ = k — Ky(m), with
Zr(m) as our starting point, such that

Prob [||Zx(m) — .|| < 7(m)] > 1 — 4ke™".

We use similar calculations and arguments as for the proof of Recall that when using batches
of size L, one can replace the sub-gaussianity parameter o2 by 18002 /L. This yields that with
probability greater than 1 — (k + 1)e™?, one has that

R r (m) Oy 2 m 186
|Zkr1(m) — 2] < = 5 (7) 1287 (m) [96 /81411
< r(m) <; T Zlﬂzg> = ri1(m), (7.11)

3°: Setting k = K (m) leads to

Prob [||Z () (m) — 2| < R(m)] > 1 — 4K (m)e ™.

Noting that Ky(m) < logz(f% V1) and K4(m) < log,y (\ /1+ &), we can derive

4K (m)e™" < 4e ' (Ko(m) + K a(m))

2UR 8N
< 4et — | < .
< 4e~tlog, <<a*\/m\/1> 1+ 3®m> <e, (7.12)

where the final inequality is justified by definition ([7.1)). O

7.1.2 The adaptive CSMD-SR . estimate

The adaptive estimate we propose is based on Lepski’s [5] adaptive procedure. In our setting, the
latter is applied to a collection of estimates (E(i))ile to select the best estimate in the context
of (g,z+). More formally, for an integer I, we assume that we are given the following grid of
stage-lengths

[40] =my < ... <mp < N. (7.13)
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For all i, we define estimates Z(V) := Z(m;), generated by the CSMD-SR algorithm presented above,
with parameter

t; == max {@; 44/2+ In(my); te(mi)} +1In(I) (7.14)
instead of t. We also define the associated quantities 3; := W, KU .= K(m;), and R :=
Proposition 7.1.2 Let collection of estimates @(i))z']:1 be as previously stated. The event
"For all i € [1: I] such that (g,x.) satisfies the RSC assumption with ps < f3;,

120 — 2| < R®.” (7.15)

holds with probability greater than 1 — €.

Proof of [7.1.2}
1°:  Using similar arguments as for the proof of (7.12), one has that

I I
- 2VR 8N
4y KWt <4) o < 1) 1+ et
; - ; &2 O/ \/ 30m;
L ¢
1=

2°:  We are now ready to prove ([7.15). Let us call &; the event

”If the RSC property is satisfied with parameters smaller than f;, one has ||z — x| < R®.
Proposition states that Prob[&;] > 1 — 4K®e~%. As the event we are interested in is & =
ﬂle &;, the result follows directly from the fact that

b

I I
Prob[€£] > 1 — Prob [UEZ] >1 —4ZK(i)67ti >1—e,

i=1 i=1
where we have used ([7.16) to prove the last inequality. O

Given the grid (mi)ilzl, we now propose the following construction of our adaptive estimate
e For all i € [1: ], compute (), and set 2U+Y) = 2o, RUTD = R,
e Define the set of admissible indexes

A= {z cl:1]:Vj,i<j<1+1, ||z7® -7V < RO +R<J’)}, (7.17)

and let 7 := min A.

e Select () := Z" if A is non empty, and zo otherwise.

Prior to establishing guarantees on the error quantile of its estimation, we define the error of a
CSMD-SR estimate that knows the value of ps. With notation

m(t) == [(646)?psvt], (7.18)
we define parameters t, := max {@;f*} and ti =ty + In(J), where
t, = min {t :t > max {4 2+ ln(m(t));te(m(t))}} . (7.19)

The next proposition requires that R, €, v, 04, N, d are such that they verify the following assump-
tions.
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Assumption 1:
For all m such that [46] < m < N, one has R(m) < R(m + 1) < 2R(m).

Assumption 2:
One can compute I and integers (m;)/ 1] such that for all i € [1: I], [46] < m; < m;41 < N and

2R < RU+D < 4RO, (7.20)
and in particular

2RD 4 RU-D < R < 2RUHD 4 R, (7.21)
Assumption 3:
p is large enough so that m(t,) > [40].

Proposition 7.1.3 With probability greater than 1 — ¢, one has
12 — .|| <9R (m(t])) /\ 3R (7.22)
<27R (ml). (7.23)
Remark 7.1.1 Observe that assumptions 1 is not overly restrictive. Indeed, it can be compu-
tationally verified in a number of operation linear in N by simply calculating all the R(m) for

m € [[40], N]. Moreover, the second inequality in (7.20) being true essentially depends on ratio
o./(vV/R). For instance, if one has

2

VIR
for all considered m, the resulting CSMD-SR algorithm will always be in the asymptotic phase,
and one essentially needs to multiply m by 4 to perform Ka(m) - 1 stages, which will result in
multiplying the rate by two. On the other hand, when o./v — 0, our algorithm always stays in the

preliminary phase, and in that case, we can not ensure the upper bound on R(m+1)/R(m) < 2 as
|IN/(m+1)] — |N/m]| can be greater than 1, and R(m) = R2-N/m],

Remark 7.1.2 Note that if assumption 1 holds, assumption 2’s fulfillement only depends on N
being large enough. Indeed, starting with my = [40], one can sequentially choose m;i1 from the
interval [m; + 1 : N| as the largest m satisfying (7.20), until condition (7.21) is achieved.

Remark 7.1.3 Note that if the last assumption does not hold, our procedure still yields the upper
bound

|2 — .|| < R([441),

corresponding to the smallest stage-length ensuring division of the error by 2 in the preliminary
phase. Moreover, it is guaranteed to hold when p > m. In the situation of the latter is true
when

40967 _,
Ry S v,
T

where Ky, is such that E [gf)gf)T] = kyl.



185

Proof of [7.1.3k
1°: We first treat the case where it exists i € [1: I] such that 3; ;| < ps < S
Using proposition we have that on an event £ of prability greater than 1 — €, the following is
true:
For all 4 > 7 and j > i, one has that

120 — 29| < 129 — 2] + |ZY) — z,]] < R + R,

In particluar, this proves that 7 € A, implying that on event &, i <7i. We first treat the case where
i < i, where one has

13O — 2] < 20 = 20| + 79 — 2.

< 2R® 4+ RO

< 2RO (N) + max RO(N) (7.24)
I<i
< 2RO(N) + RED(N), (7.25)

where last inequality is a direct consequence of sequence (R(Z))Z.:1 being increasing. Observe that

in the case where 7 = i, inequality (7.25) is still valid. By definition, one has that m;_; <
ps(640)%vt; < m;. Using assumption 1, one also has

RU=D < R(m(tl)) < R,

which yields the desired result when combined with first part of assumption 2.
2°: If ps > fr, then either zg is selected, or an index j € [1: I] is. If index j is selected, then

12 — 2| < [|Z@ — zo|| + ||lzo — 4] < RY) 4+ 2R < 3R.
Observing that one has 2RUTY + RU) < 9RM) implies that RY) > R/9, and that S < ps, one has
3R < 27RY) < 27R(m(tl)),

which yields (7.23). O

Under the same assumptions, we state the main result of this section, an upper bound on the
precision of our adaptive estimate.

Theorem 7.1.1 One has with probability greater than 1 — € that

,\(a) _ < _ cN ) @(t* + 111([)) 9
|z Tl S Rexp{ st = (D)) } + psosd — N (7.26)
Moreover, under assumption 2, the grid-size I is such that
R
I<1 — . 7.27
< ot (7 ) (720
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Proof of Theorem Using the same arguments as for the proof of one has that
(7.23) implies that with probability greater than 1 — e,

1
*
vN'

129 — 2, || < Rexp {— } + pso.6°

82 psuvtl

Moreover, observe that assumptions (7.21) and ([7.20]) implies that

Rz5RF12§§QIZ?Rh

which in turn implies ((7.27) when noticing that Ry = R([44]).

7.2 Analysis under Reduced Uniform Convexity hypothesis (RUC)

We present in this section an extension for the analysis of the CSMD-SR algorithm, introduced in
the last chapter, when applying it to solve sparse recovery problem of the form . This section
is justified by the introduction of a new condition on the regularity of the objective function g,
that is linked to the notion of uniform convexity [152, |172-175]. We replace the quadratic lower
bound assumption verified by the objective function g by a higher order polynomial lower bound.
As discussed in the previous chapter, we will see that the Q(\, ) condition and the new lower
bound assumption can be integrated to establish a new assumption, similar to our approach with
the RSC assumption. Before introducing this general assumption, we present for the sake of clarity
a definition of uniform convexity for a differentiable function h.

Definition 21 Let X be a convex closed subset of an Fuclidean space E. A differentiable function
h: X — R is said to be (u,p)-uniformly conver on X if there exists p > 2 and p > 0 such that
Ve,y € X,

h(z) — h(y) — (VA(y),z —y) > gux —yl”. (7.28)

Note that this definition simply reduces to p-strong convexity when h is (u, 2)-uniformly convex.

Recall that in the previous chapter, the Reduced Strong Convexity (RSC) assumption was in-
troduced to offer a comprehensive framework for analyzing sparse problems across various setups
of sparsity structures. The RSC assumption takes it origins from Lemma [15| where the function
w(x) = %x2 is used to provide the quadratic lower bound on the suboptimality. This section is
devoted to give the analysis of the CSMD-SR algorithm when the objective function g satisfies
the minoration condition presented in Lemma (15| using p(z) = %xp with p > 2. This leads us to

introduce the Reduced Uniform Convexity assumption (RUC).

Assumption [RUC] For a general norm || - || and two constants p > 2 and ¢ € [1,2) such that
1/p+1/q = 1, there exist 6 > 1, and problem dependent positive constants v, p, & such that as
long as feasible solution Z € X to the composite problem ((6.7])) satisfies

voP
pP~1

~ P2 I~
1Z — 2| < Rruc =Ty - < > and (Fi(7) — Fi(24)) 4. < v,

it holds that

|Z — 2| < 0x71 [ps%mq + U] , (7.29)
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where I', , || is a problem dependent constant.

In line with our approach in the previous chapter, where the CSMD-SR, algorithm was formulated
based on the RSC assumption, we will now leverage the RUC assumption in the following sections.
This will allow us to explore new parameter choices aimed at adapting the multistage algorithm
for this updated framework.

Remark 7.2.1 Notice that when taking p = 2, we retrieve assumption[RSC The mazimal radius
Rpryc on which the assumption can hold goes to infinity, meaning that the condition holds on R",
while the final bound on ||T — .|| remains unchanged. This is not surprising as assuming uniform

convexity around the optimum tends to assuming strong convexity around the optimum when p goes
to 2.

7.2.1 An example motivating the RUC assumption

In this section we motivate the use of the assumption by studying a theoretical example. We
place ourselves in the ”vanilla” sparsity setting that has been thoroughly studied in Section of
the previous chapter. Consider X a bounded convex set such that X C £ = R", and we have
|-l = |l - |J1. Our objective is to accurately recover an s-sparse unconditional ground truth x..
Recall that these assumptions are made in our analysis :

e the stochastic gradients VG(-,w) are assumed to be v-Lipschitz almost surely, i.e.,

Vo, ' € X, ||VG(z,w) — VG(2',w)|le < L(W)|lx — 2'||1, Lw)<v as. (7.30)
e for some ¥ € S}, g is lower bounded around z, such that

Ve X, g(@)=glen) 2 Dl - el (7.31)

e There exists two positive constants A, v, such that condition Q(A,%) holds for the positive
definite matrix X.

Let us note initially that the first assumption inherently suggests that the objective function g
exhibits v-smoothness. When combined with the fact that the optimal point z, is unconditional,
it follows that the subsequent inequality holds true

14
Vre X, g(x) gz < Slle -l (7.32)

Additionally, recall that both of the following results are valid : Vx € R", ||z]1 < nl|z|2 and
|zlls = VaTSz = ||2'/2z|s. These relations enable us to recast the second assumption in the
following manner:

Smin by p/2
Vo€ X, glo) - gon) 2 B e, (7.33)

where ¢yin(X) represents the smallest eigenvalue of the matrix X.
Simple calculations reveal that (7.32) and (7.33) cannot be both true for all elements of X. The
first and second assumptions are, however, valid whenever © € X statisfies the following condition

, " P\ 753
Smin
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This indicates that the compatibility of the first and second assumptions is confined to a particular
region within X of radius R.

Almost analogously, we can draw few consequences from the last assumption leading to assumption
being true. The first consequence being that s-sparsity of z, and condition Q(A,%) being
true for some ¥ = 0 insures that for any point ¥ € X the following inequality holds true:

~ ~ S~
ol ol > 15— 2l =315 2.l

The precedent inequality is obtained by a direct application of the inequality (6.46) presented in
the last chapter and adapted to our ”vanilla” sparsity setting. The second one is that lower bound
(7.31) being true implies that as soon as Z is such that F,,(Z) — Fi(z.) < v, one has

U2 3E B+ s (WIIE - 2 — VEIE - zdl)
> —jmanx {2m/5t = b7} 4 w0 — s

SN CLAVATL KO|IT — 21,

T 2quaT

since the Fenchel-Legendre transform of function ¢ — %tp ist— quq%ltq where ¢ is such that

p~! 4+ ¢ ' = 1. The last inequality can then be rewritten as

e

as long as 7' is at a [| - [[1-radius of at most
L
y pv nvA P2
22\ \/6min (3) .
Remark 7.2.2 In the proposed motivating example, assumption[RUC holds for || - || = | - |1 and

—1 _
0= p=3(m)" o= VMemun(X), and Ty = pr?/ P~ /4.

7.2.2 Prescribed choice of parameter and convergence results

In this section, we present the analysis of the CSMD-SR algorithm, focusing on its adaptation to
the new setting where the Assumption is valid. Similar to the analysis provided in the last
chapter, the CSMD-SR algorithm is characterized by two distinct phases: a Preliminary phase
and an Asymptotic phase. Accordingly, we will outline a convergence analysis and will prescribe
a choice of parameter that is associated to each phase. For any stage k& > 1, we introduce the

notations /i,gP) and m,(cp) to denote the penalization and length of the k-th stage in the CSMD-SR

algorithm’s Preliminary phase, respectively. Similarly, K](CA) and m,(CA) refer to the penalization and
length of the k-th stage in its Asymptotic phase.
Next lemma provides the theoretical guarantees for the multistage method when applied in solving

the sparse recovery problem.
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Lemma 16 Assume that problem’s parameters and the algorithm’s initialization point xg are such
that R := ||xo — z*|| verifies

ro < R < Rpyc A RYD), (7.35)

where o )
ro = Cl(p)dx/EpTu_l/paf/p and R .= — 1 ___(pP~lv)rz,
4(p—1)p=2
This ensures that both the Assumption and some other condition that will be discussed in the
proof of the Lemma are verified.

Consider the size of the Preliminary phase defined as K1 = [log2 <%>—‘ . Now fork e {1,..., K1}

andt > 44/2+1In (mg)) we define the value of the penalization parameter chosen at the k-th stage
1

and the length of the k-th stage of the Preliminary phase such as

p—1

R2 v (40 +60t)\ * P
mép) = 1 < k1 { )> and mép) = [4 P’ 5ps%ppflv(4® + 60¢) Ri:ﬂ ;

s\ PRV

my; ' pg —1)
where the sequence (Ry)g>0 verifies the following recursion

p

Co(p)o? [8v/sp'7

1
Rep1 = 5B+ — )
R,*

, and Ry = R.

Given this setup, for any k € {1,..., K1}, the approximate solution ffn;cp) computed at the end of
the k-th stage of the CSMD-SR algorithm satisfies with probability > 1 — 4ke™!

1 2

2 —1
I3 o — < R < 27°R+ JC1(p)Iv ot p'T (7.36)

In particular, the estimate E?(lm computed after K1 stages of the preliminary phase, satisfies with
m-—
probability at least 1 — 4K et
K, TN
me(j) — x| L Ci(p)akd/sp v v v =rg. (7.37)
K

1

The values of the ’constants’ Cy(p) and C1(p) can be found in the proof of the lemma.

The analysis of the Preliminary phase presented in Lemma[16demonstrates that under the RUC
Assumption, the stage lengths exhibit exponential growth with the stage count. This contrasts with
the behavior appearing under the RSC Assumption, where stage lengths remain constant. As a
result, the linear decay observed in the Preliminary phase under the RSC Assumption does not
occur in analyses based on the RUC Assumption. This is presented later in the manuscript in

Theorem [7.2.1]

Now we assume that the Preliminary phase of the algorithm is terminated, in other words that
we have completed K stages of the Preliminary phase, we transition to analysis of the Asymptotic
phase. For the sake of simplicity, the analysis is provided in the mini-batch setting.
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Lemma 17 Recall that the initial radius verifies ro < R < Rpyc A RY) as defined in Lemma @
Consider the size of the Asymptotic phase defined as

k K1
Ko :=max{ k ‘ngmfi <N - ngp)
i=1 i=1

Now for k € {1,..., K} and t > 44/2+1n (m%?) we define the value of the penalization param-

eter, the length of the stages and the batch-size chosen at the k-th stage of the Asymptotic phase
such as

p—1
2 p ( 2(2—p)
KA — 9=k oy () (") ,omiY = [2’f<p—2>03<p>62<up>”p 5(40 + 60t)o, 7 ]

52(=1) py

(7.38)
0, = {2’“?04(;0)@] .

We set the sequence (ry)k>0 such that it verifies the following recursion

1

2 -1
e =2"%rg, and ro = C1(p)o? 5\/§ppTV75.
Given this setting, the approzimate solution produced by the CSMD-SR Algorithm denoted T* (A7
my

satisfies at the end Of the k-th stage of the Asymptotic phase, for k € {1,..., Ky}, with probability
>1—4(Ky + ke, ||zF i ~ x| < g, implying that

1
2 52p .p 2(p—1) 4 2(p—1)
125 4y — 2| < <C5(p)a*5 il @+60t)> , (7.39)

Ny,

where N = Zle mZ(A)&- is the total count of oracle calls for k asymptotic stages. The values of
the constants Ca(p), C3(p), Cs(p), C5(p) are provided in the proof of the lemma.

Similar to the result appearing in the first lemma, Lemma[17] shows that during the Asymptotic
phase both the length of the stages and the minibatch size grow exponentially with the stage count.

Now we present the main result of the current analysis. In the following theorem, we present
the rate of recovery achieved by the CSMD-SR, algorithm under the RUC assumption when the
sample size N is fixed in advance.

Theorem 7.2.1 Assume that the total sample budget satisfies N > mgp) so that at least one stage
of the Preliminary phase of the CSMD-SR Algorithm is completed, then for t > 41/2 + In(m (A))

the corresponding solution T xN of the CSMDR-SR algorithm satisfies with probability at least 1 —
4(?1 + Fg)eft

1 _ 1
150 g < (Co@Os3 (@ + 0 [Crp)oid?shp? VO (€ +4) | T
N #ll = N N '

where Ko := max{ k ‘Zl_lm E <N - Zz L m; )} is the count for the number of stages of

the Asymptotic phase of the algorithm. Value of Cg(p) and C7(p) can be found in the proof of the
theorem.
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Remark 7.2.3 At first glance there seems to be a discrepancy between the settings where p = 2
and p > 2 since the term related to the Preliminary phase in the bound of Theorem exhibits
a sublinear decay whereas the same term of Theorem[6.2.1] exhibits a linear decay. This difference
arises due to the majoration made in the proof of the theorem in equation to obtain equation
. Indeed, if we look back at when p is close to 2 we have 2K¥=2) — 1 p:Q k(p —2) and

similarly 2771 — 1 ~, P 2. Plugging everything together, we have N < mok, which ultimately
yd

leads to the bound (6.44) represented in the precedent chapter.

Remark 7.2.4 In the same way as the CSMD-SR algorithm can be made adaptive to the quantity
ps under the RSC assumption, it can also made adaptive to the quantity psg by using Lepski’s
adaptation protocole under the RUC assumption. Note that the algorithm can also be made adaptive
to the uniform convexity parameter p since the convergence bounds are monotone in p.

7.3 Appendix: proofs.

7.3.1 Proof of Lemma [16

Proof.

1°. First let us start by proving that Yk > 0, we have Ry < 27%R + (/2.

Set o = Cy(p)o26P+/s* pP~1v~1, and let us study the behaviour of the sequence

—: f(Re—1) Vk>1, Ro=R.

One can easily check that function f is convex and admits a minimum at R := (2(p — 1)04)%. For
any initial radius Ry > 0, we have Vk > 0, Ry = f(Ri) > f(R), where f(R) = % (2(p — 1)a)%,
we thus have VA > 1, R, > 2 (2(p — 1)0[)%. Then, by using the precedent result, we can upper
bound R;_(Ii_l) as follows, R;ﬁ’i_l) < (%)p_l (2(p — 1)04)7%. We have then shown that

1 2\ Pt 1
VE> 1, Rk=f<Rk_1>g2Rk_1+<q) (2(p—1)) 1 ar

By plugging the value of « into the last inequality and by setting

e (2P 1
crp/a= o) (2) ety 1)
we obtain that
ro
T

Now by invoking the recursive relationship of the sequence (Ry)x>o and last inequality, we imme-
diately have that

1
Vk>1, R < §Rk—1 + (7.40)

k—1
- 7o —i —k To
VE>1, R <27 FR+ 2N 27i<obfp 4+ 2 7.41
>1, R < +4Z < +2 ( )

1=0
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2°,  We provide a brief explanation of the idea of the proof. Observe that under the hypothesis
validating Proposition for t > 4,/2 + In (m), we have with probability at least 1 — 4e*, for
Zm an approximate solution obtained after having applied m-step of the CSMD algorithm, that
the following inequality holds true

. R? R 24t
Fy(Ty) — Fe(ze) < —(© 4 15¢) + B2y o2y (7 + ) = .
my m m

Recall that with the choice v = (4v)~!, the quantity v becomes
R?*v kR o2 <7 6t>
= +— .

v=—(40 +60t) + — + —= ( -
m v

m 4 m

We can now use the Reduced Uniform Converity assumption since the radius R is such that R <
Rruc. Therefore the above value of v together with result (7.29) results in

2 2
1B — 24| <6 [K9s3p + Bv (40 + 60t) + R, o (7 - 6t>] . (7.42)
KM m kv \4 m

The rest of the proof is carried out by induction. It consists in applying result for each stage
of the algorithm and choosing its parameters accordingly to the statement of Lemma
First note that initial point xg satisfies xg € Xg(x,) with probability 1 by definition. Now suppose
that the initial point zff = ZF, ! of the kth stage of the method satisfy zf € Xg, ,(x.) with
probability 1 —4(k — 1)e™. In other words, there is a set By_1 C €2, with Prob(Bj_1) > 1 —4(k —
1)e~!, such that for all @*~! = [wy; ...;wmip)l] C Bj_1 one has 2% € X, (7.). Let us show that

upon termination of the kth stage " (py satisfy l|z* () — Z+|| < Ry, with probability 1 —4ke™*. By
my, my,
result (7.42) we conclude that for some Q C Q, Prob(Qy) > 1 — 4e~?, solution z* ,, after m,(fp)
my,

iterations of the stage satisfies, for all for all w* = [w ) ., ..., w (p)] € U,
my 4 +1 my,

~ pya—1 g R%, v R4 03 7 6t
||;U’:nip) —a <6 [T sEp —py gy (40 +608) + s+ (1t || (T43)
Iik_ mk mk K’k,‘ 1% mk

(P)

We now choose x,, ' in order to minimize the first two terms of equation (7.43), i.e.,

NG

Plugging the parameter value into (7.43) gives

1

L (Rilu (40 + 601&)) a

(P _
m (g —1)p

1 1
v<4@+6w>>”+Rk—1+ otys (u 6t ><<q—1>pmzi”>"

(P) (P) 2 ®) | \ 7(46 + 60t)

2 1
12" () — @il <6 |qRE_Vsp ( |
k (g — 1)my, my vR} my
(7.44)

Now observe that by choosing the length of each stage such that Vk € {1,..., K1}

m = {(le(g\/gp”%)py(p —1)'7? (40 + 60t) RZ:ﬂ :
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we have
m{") > <4p\/§p%5)pu( — 1)1P (40 + 60t)R2 72,

the value is specifically chosen to bound the first term of (7.44) by %. We will now establish
that the second term is likewise bounded by R’jfl. Let us introduce K := logy (%) such that

K1 = [K1]. Recall from the initial part of the proof that we proved

Vke{l,...,K1}, Rp_1 <2 "R+ %0
Coupling the latter with the choice of the initial point xg such that R > rg and
o Kitlgp > o Kip = 0 5> o-Kip
2
boils down to state that
Vke{l,..., K1}, Rp_1 <27F2R (7.45)

By using ((7.45), the assumption R < Rruc A R®) and p > 2, we immediately obtain that the
following inequalities holds true

<2< k2) ) -

27

=2 — 1)1 ()L

| /\

IN

The last inequality gives us that
(4p/36)7 P w(p — 1)1 PREE > 202 (4 50)P > 1,
since 5,0 > 1, p>2and k € {1,...,K;}. We have just proved that from the latter choice of the
(P)

length of each stages of the Preliminary phase m; ’~ we have

m{") > (40 + 60t) > 60t > 339,

this implies that at the same time the following inequalities holds true
_ _ t 1
Rp—1 _ By 6

—— < ——, and —— < -
P =4 P = 4

By bringing all these results together we can show that

1
P)\ 4
- Ri—1 | 2026/5 (¢ —1)pm
1)) = 2all < =5 + =3 (7.46)
my, 2 VR, v(40 + 60¢)
By using the fact that for all z > 1, [z] < 2z, we can bound m,(cp) and obtain
. Ry o? o} 0Py/s"pP~ 1ion
8 ) — ] < B 4 T VIR gt _ (7.47)
my 2 14 Ri 1 _’T/
=:Co(p

We conclude that z¥ ») € X, () for all @* € B, = Br_1 N Qy, and by application of the union
My

bound we obtain
Prob(B;) > Prob(Bi_1) — Prob(}) > 1 — 4ke™".

Proof of results and - follows immediately by bounding the sequence (Rj)r>0 with -
and plugging the Value of K. This concludes the proof of the lemma.
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7.3.2 Proof of Lemma [17

Proof. Note that proof of Lemma [17|is very similar to the proof of Lemma It starts with the
exact same arguments as invoked in the precedent proof except that now we consider the sequence
(rk)k>0 and we replace at each stage the sub-Gaussian parameter o2 by 72 = 18256 since we are
using mini-batches of increasing size ¢y, (cf. Lemma [11|presented in the previous chapter). In other

words, for k € {1,..., K2} the claim (7.43) becomes

2 2
~ A1 g UTe_q Thk—1 18020 7 6t
|25 ) — 2] <6 ! s2p+ ——=—— (40 + 60t) + + -+ —=11,
m® k m,ﬁA)ﬁ,ﬁA) m}gA) ﬂ]iA)ng 4 m,(gA)

We choose the parameters /<;§€A)

(4)

and m, ’ using the same arguments as presented in the proof

of Lemma except that now, after having chosen /{,(gA) and plugged its value in the previous
relationship we obtain

1
1/(46+60t)>”+ re1 18020 (7 6t >

(¢ — m® (F) " (4) 4

2 1
17" ) = @l|8 | arf_, Vsp
k m, Ky Ay

P

The parameter méA) is then chosen to bound each of the appearing first two terms of the last

inequality by T’“T‘l. The latter choice of parameter still implies that

Tk—1 Tk—1 6t 1
< , and < =
B T

since 79 < R < Rrug A RP ), and it results in the following bound

rh—1 366020

175 4y — @l < + :
Mk 4 EI(CA)&CV
Then we choose ¢}, = (%} in order to bound the last term by ., this finally results in
rk*l”k v
— ~k Tk—1 | Tk—1 Tk—1 —k

This immediately results in (7.39). Values of the constants are provided below for the interested
reader:

p—1
cz<p>—(cl(’”) L C(p) = 2p — D(EQPCL(p) T, Calp) = T2 %

4q
Now let us express the total count of oracle call after k stages of asymptotic stage.

k 20-2) k
N =" mVe; = Cy(p)Ca(p)O(4O + 601)55% (pr)ac, © Y 2%V
i=1 i=1

2(g=2)
< W@M@ + 60t)s52(p1/)§0* @ 92p—1k,
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By inverting the last inequality, we express 27% as a function of Nj up to a constant depending
only on p, and result (7.39) follows after plugging this value and the value of ¢ within result ([7.48).
The multiplicative term appearing in ([7.48) and denoted C5(p) is as follows :

Ci1(p)*®~DC3(p)Ca(p)

05(p) = 4p71 _ 1

7.3.3 Proof of Theorem [7.2.1]

Proof. Let assume that the “total observation budget” N is such that only the preliminary phase
of the procedure is implemented. This is the case when either Zl 1m(P) > N, or Zl Lm; )« N
and ZZ 1 m —|— mg )Z > N. The output Ty of the algorithm is then the last update of the

Preliminary phase and by Lemma [16| it satisfies ||Zy — 74| < Rx < 27¥T1R where k is the count
of completed stages. In the first case we have that

?T‘
H

k
N<Y < 2 (4q\/§p%5> v (46 +601) R?‘p
=1

I
o

Note that a proof by induction readily demonstrates that Vk € {1,..., K1}, we have 27kR < Ry,.
Consequently, it follows that 2~ *P—2) pr—2 < RZQ, which yields the following result:

k—1
N < qTZI (4(1\/;0%5)]) 14 (4@ + 60t) RQ*p Z Qi(p72)
1=0

1\p __9k(=2) _
1 \P _ 2]4(7’*2)
<4 <4q\/§pQ(5> v (46 + 60) B 77— —. (7.50)
The following bound can be obtained by rearranging the last equation
1
_ 1 1 \P v (40 + 60t) \ p—2
e b (s (avite) 5008
=~ R <q1 Q\/gpqé N(2p_2 _ 1)
Finally, we have shown that with probability at least 1 — 4ke™!
_1
R Co(p)dPs2pP~ (O +1) \ 77
|ya:N—:c*||<( o)ty VO )> , (751)
where Cg(p) := 30(p — 1)21()55‘12)171
On the other hand, when Zz lm(P) < N < Zl 1m P) 4 mgA)El, by using the definition of
ml(-P),?l, mgA) and /1, and by giving a similar reasoning as stated above, one has
2(g-2) K1(p—2)

' 2
N < 47710y (p)C3(p)62 (vp) 1 5O(40 + 60t)0, * +5 (4qx/§pq5)pv (4© 4 601) RH’ﬁ-
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Recall that we have
1 1
2Rv» 2Rv»
— = || S| ———=
Ci(p)dos /spe Ci(p)dal/spe

Plugging this into the last equation and using the fact that 20 > 1, we have

K = |log, + 1.

b1 24p+5qp ) 9 2(g—2)
N 4P~ Cy(p)C 0 150(40 + 60t)o,
=:C7(p)
Or similarly,
~ 2 2(g=2) ﬁ
_1 Cr(p)62p150(40 + 60t)0, *
v r< N

Note that as the Preliminary phase is terminated, bound (7.37) is valid with probability greater
than 1 — 4K e~ !, this together with the previous inequality results in the following bound

1
2 Val 2 52p op ,2(p—1) 2(p—1)
|En — 2| < Ci(p)ot 6v/spiv T < <C7(p)”*5 - 0O+ t)>

where C7(p) := 60C, (p)2*~D x4 (p).
~Now, consider the case where at least one asymptotic stage has been completed. When
S mgp) > & we still have N < 23Ky mz(-P), so that the bound ((7.51)) holds for the ap-

proximate solution a?g\l;) at the end of the Asymptotic stage with the same multiplicative constant.

Otherwise, the number of oracle calls Ny, of asymptotic stages satisfies Ny > N/2, and by ((7.39))
this implies that with probability > 1 — 4(K1 + Ka)e ™!,

1

H./f(b) x ” < (12005(]))03521’37’/)2(1’—1)@(@+t)> 2(p—1)

N Tl = .
N

We then set C7(p) := C7(p)\/ 120C5(p) to obtain the value of the last multiplicative term.
To summarize, in both cases, aftei termination of the algorithm, the bound of Theorem
holds with probability at least 1 — 4(K1 + Ko)e~'. This concludes the proof. 0
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Chapter 8

Executive summary on Conic
Programming

8.1 Cones

A cone in Euclidean space E is a nonempty set K which is stable w.r.t. taking linear combinations
of its element with nonnegative coefﬁcient&ﬂ More precisely, subset K C FE is a cone if it is
nonempty, and

s, ye K=z+4+ye€ K,
e x c KLA>0= K.
Note that definition of a cone directly implies that is also a convex set. We call a cone K
e regular if it is closed,
e pointed if it is such that K [)[-K] = {0} and it possesses a nonempty interior
For K C E a cone, we introduce its dual cone K* defined as
K*={yeFE:(y,x) >0,Vzx e K} [(-,-) is inner product on E.]

Observe that by definition, K* is a closed cone. Moreover, one always has that K C (K*)*. It is
also well known that

e if K is a closed cone, it holds K = (K*)*,

e K is a regular cone if and only if K* is so.

Examples of regular cones “useful in applications” are as follows:

1. Nonnegative orthants Re = {a: eRY: x> 0};

2. Lorentz cones L¢ = {m eER?:zy> \/ﬂ};

'We refer to such linear combinations as conic.
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3. Semidefinite cones Si of positive semidefinite symmetric d X d matrices. Semidefinite cone
Si lives in the space S¢ of symmetric matrices equipped with the Frobenius inner product

d
(A,B) = Tr(AB") = Te(AB) = > A;;jBi;, A,BeSs”
i,7=1

All cones listed so far are self-dual, i.e., such that they equal their dual.

4. Let || - || be a norm on R". The set {[z;t] € R" x R:t > ||z||} is a regular cone, and its dual
cone is {[y; 7] : ||y« < 7}, where

lyll = max{a"y : ||z <1}

is the norm on R™ conjugate to || - ||.

An additional example of a regular cone useful in our developements is the conic hull of a convex
compact set. Let 7 be a convex compact set with a nonempty interior in Euclidean space E. We
define its closed conic hull as

T=c{7]e E"=ExR:7>0,t/Te€T}.

Ke(T)

One directly has that T is a regular cone. Additionally, the latter can be obtained as the union of
convex set K°(T) and the origin of E,. Moreover, one can “see T in T:”"—the former being equal
to the cross-section of T by the hyperplane 7 =1 in E, = {[t;7]}:

T={teE:|[t;1] € T}
Finally, the cone T, dual to T is given by
T. ={lg:s] € E" : 5 > ¢7(—9)},
where

o7(9) = max (9,t)

is the support function of 7.

8.1.1 Conic problems and their duals
The primal
Given regular cones (K; C E;)",, consider an optimization problem of the form

Aix —b; € Ki,i=1,....,m
3 (P)

Opt(P) :min{<6,$> " Rr=r

where © — A;x — b; are affine mappings acting from some Euclidean space E to the spaces FEj.
Problem (P) is called a conic problem on the cones K1, ..., K,; the constraints A;xz — b; € K; on x
are called conic constraints. A conic problem (P) is strictly feasible if it admits a strictly feasible
solution z, meaning that the latter

e satisfies the equality constraints Rx = r

e satisfies strictly the conic constraints, i.e., A;T — b; € intKj.
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The dual

Observe that one can obtain lower bounds on the optimal value Opt(P) of primal problem (P) in
the following way. Let x be a feasible solution to (P). Given aggregation weitghs y; € K, called

77
Lagrange multiplier, one can proceed to the linear aggregation of constraints by associating each

corresponding conic constraint A;x — b; € K;. More precisely, we have

Similarly, we equip the system Rz = r of equality constraints in (P) with Lagrange multiplier z, a
vector of the same dimension as r. Naturally, we also have

2T Rx > rlz.

Summing up all resulting inequalities, we arrive at the scalar linear inequality

<R*z + ZIA?@/@', 96> >l 4 Zi<bi’ Yi) (")

where AY are the conjugates to A;: (y, Aix)p, = (Afy,x)g, and R* is the conjugate of R. By
construction, (!) is satisfied for every x feasible for primal problem. If we impose on the y;’s and z
the additional equality constraint

R'z+) Afy =c,
(1) yields the lower bound, which is valid for all = feasible for the primal problem,
(c,x) > 1Tz 4+ (bi,ui).

From this lower bound, we introduce the conic dual of (P) as the problem

. * <1 <
yi € K1 <i<m } (D)

D)= r ir Yi) m
Opt(D) %y{rz+Z]My>mz+zﬁrgw:C

of maximizing the latter.
The relations between the primal and the dual conic problems are the subject of the standard
Conic Duality Theorem as follows:

Theorem 8.1.1 (Conic Duality Theorem) Consider conic problem (P) (where all K; are reg-
ular cones) along with its dual problem (D). Then

1. Duality is symmetric: the dual problem (D) is conic, and the conic dual of (D) is (equivalent
to) (P);

2. Weak duality: It always holds Opt(D) < Opt(P)

3. Strong duality: If one of the problems (P), (D) is strictly feasible and bounded, then the other
problem in the pair is solvable, and the optimal values of the problems are equal to each other.

In particular, if both (P) and (D) are strictly feasible, then both problems are solvable with
equal optimal values.

The proof of the Conic Duality Theorem can be found in numerous sources, e.g., in [13| Section
2.4].

L For a minimization problem, boundedness means that the objective is bounded from below on the feasible set, for
a maximization problem, that it is bounded from above on the feasible set.
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8.1.2 Schur Complement Lemma

When dealing with conic optimization problems, We make extensive use of the following simple
lemma:

Lemma 18 [Schur Complement Lemma] A symmetric block matriz

-l

with R = 0 is positive (semi)definite if and only if the matriz P — QT R7Q also is.

Proof. Let u, v be respectively of the same sizes as P and R. Using direct computations and the
fact that R > 0, we have that

min {[u, o]T Afu; v]} = ul Pu + mvin {QUTQU + ’UTR’U}
=u''[P - QTR 'QJu.

It follows that the quadratic form associated with A is nonnegative everywhere if and only if the
quadratic form with the matrix [P — QT R~'Q)] is nonnegative everywhere. O
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