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In this paper, we further develop the approach, originating in Juditsky and Nemirovski (Ann. Statist. 37
(2009) 2278-2300), to “computation-friendly” statistical estimation via Convex Programming.Our focus is
on estimating a linear or quadratic form of an unknown “signal,” known to belong to a given convex com-
pact set, via noisy indirect observations of the signal. Classical theoretical results on the subject deal with
precisely stated statistical models and aim at designing statistical inferences and quantifying their perfor-
mance in a closed analytic form. In contrast to this traditional (highly instructive) descriptive framework,
the approach we promote here can be qualified as operational — the estimation routines and their risks are
not available “in a closed form,” but are yielded by an efficient computation. All we know in advance is
that under favorable circumstances the risk of the resulting estimate, whether high or low, is provably near-
optimal under the circumstances. As a compensation for the lack of “explanatory power,” this approach
is applicable to a much wider family of observation schemes than those where “closed form descriptive
analysis” is possible.

We discuss applications of this approach to classical problems of estimating linear forms of parameters
of sub-Gaussian distribution and quadratic forms of parameters of Gaussian and discrete distributions. The
performance of the constructed estimates is illustrated by computation experiments in which we compare
the risks of the constructed estimates with (numerical) lower bounds for corresponding minimax risks for
randomly sampled estimation problems.
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1. Introduction

In its most general form, the problem we are interested in this paper is as follows:
Given are:

e (nonempty convex compact) signal set X C R" and a (complete separable metric) observation space Q
e amapping x - Py associating with signal x € X’ a family of Py of Borel probability distributions on £
e (linear or quadratic) function G (x) on the signal set X’

Given K -repeated observation — a collection wX = (w1, ..., wg) of i.i.d. random variables wy ~ P with proba-
bility distribution P € Py for some unknown x € X', we want to recover G(x).

Note that we make no assumptions on how “the nature” (or an adversary) selects in Py the probability distribution
P of individual observation.
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In this problem, a candidate estimate is a (whatever) Borel function X G (") e R; we
quantify performance of this estimate by its e-risk

Riske (G()|X) = inf{p : Probyk p.... p{|G(@) = G()| > p} <€ V(x € X, P € Py)} (L.1)

— the worst, over signals x € X’ and selections P € Py, half-width of (1 — €)-confidence interval
associated with the estimate. Here € € (0, 1) is a once for ever fixed reliability tolerance.

To give an impression of our approach and results, consider the sub-Gaussian case of the
above problem where & is a convex compact set in some R”, G(x) is a given affine function,
Q=R", and P,, x € X, is comprised of all sub-Gaussian distributions with parameters affinely
parameterized by x:

Py = {P ‘Eo~ple ) < fT00) + %fTM(X)f Vfe R’"},

where 6(x), M (x) are given affine in x mappings taking values in R” and in the space S™ of
symmetric m X m matrices, respectively, and such that M (x) is positive semidefinite whenever
x € X. Our related constructions and results can be outlined as follows:

e The estimate G (wX) we build is of the form G(wX) = K | G (wy) stemming from affine
function é(cu); the coefficients of this function, same as an (upper bound on) the e-risk of
the estimate stem from an optimal solution to an explicit convex optimization problem and
thus can be specified in a computationally efficient fashion.

e Under mild structural assumptions on the affine mapping x — (6, ®) the resulting estimate
is provably near-optimal in the minimax sense (see Section 4 for details). The latter state-
ment is an extension of the fundamental result of Donoho [11] on near-optimality of affine
recovery of a linear form of signal in Gaussian observation scheme w ~ N (0(x), ®).

This paper contributes to a long line of research on estimating linear (see, e.g., Levit [40],
Ibragimov and Khas’minskii [25], Efromovich and Low [17], Lepski and Spokoiny [38], Klemela
and Tsybakov [32], Juditsky and Nemirovski [27], Butucea and Comte [7] and references therein)
and quadratic (Hasminskii and Ibragimov [22], Ibragimov, Nemirovskii and Khas’minskii [26],
Bickel and Ritov [1], Fan [18], Donoho and Nussbaum [15], Birgé and Massart [6], Efromovich
and Low [16], Laurent [33], Gayraud and Tribouley [19], Huang and Fan [24], Laurent and Mas-
sart [35], Laurent [34], Klemeld [31], Butucea and Meziani [8] among others) functionals of
parameters of probability distributions via observations drawn from these distributions. In the
majority of cited papers, the objective is to provide “closed analytical form” lower risk bounds
for problems at hand and upper risk bounds for the proposed estimates, in good cases matching
the lower bounds. This paradigm can be referred to as “descriptive;” it relies upon analytical risk
analysis and estimate design and possesses strong explanation power. It, however, imposes severe
restrictions on the structure of the statistical model, restrictions making the estimation problem
amenable to complete analytical treatment. There exists another, “operational,” line of research,
initiated in Donoho [11]. The spirit of the operational approach is perfectly well illustrated by the
main result of the latter paper stating that when recovering the linear form of unknown signal x
known to belong to a given convex compact set X via indirect Gaussian observation w = Ax +§&,
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& ~N(0, I), the worst-case, over x € X, risk of an affine in w estimate yielded by optimal solu-
tion to an explicit convex optimization problem is within the Factor 1.2 of the minimax optimal
risk. Subsequent “operational” literature is of similar spirit: both the recommended estimate and
its risk are given by an efficient computation (typically, stem from solutions to explicit convex
optimization problems); in addition, in good situations we know in advance that the resulting
risk, whether large or small, is nearly minimax optimal. The explanation power of operational
results is almost nonexisting; as a compensation, the scope of operational results is usually much
wider than the one of analytical results. For example, the just cited result of D. Donoho imposes
no restrictions on A and &, except for convexity and compactness of X’; in contrast, all known
to us analytical results on the same problem subject (A, X’) to severe structural restrictions.

In terms of the outlined “descriptive — operational” dichotomy, our paper is operational. For
instance, in the problem of estimating linear functional of signal x affinely parameterising the
parameters 6, ® of sub-Gaussian distribution we started with, we allow for quite general affine
mapping x — (6, ®) and for general enough signal set X, the only restrictions on X’ being con-
vexity and compactness. This generality allows to handle problems too difficult for “closed ana-
lytical form” design and analysis, and even problems which, from the traditional viewpoint, may
seem meaningless. To illustrate the latter point, let the signal underlying sub-Gaussian observa-
tion is just the pair of “sub-Gaussianity parameters:” x = (0, ©), and let G (x) be a linear function
of the ®-component of x. At the first glance, the resulting estimation problem is senseless: a sub-
Gaussian, with parameters (6, ®), distribution P does “remember” 6, but does not “remember”
®, so that even complete knowledge of the distribution of our observation, not speaking about
knowledge of just a sample drawn from P, does not allow to recover ® exactly. With the descrip-
tive approach with its primary focus on rates of convergence, this observation would be enough
to qualify the problem as meaningless — what can be said about rate of convergence when there
cannot be convergence at all? By contrast, there is no reason to reject the problem as meaningless
within operational approach: we can still apply the machinery we develop below to build a “pre-
sumably good” estimate of the functional of interest. This estimate can provide us with perhaps
incomplete, but still meaningful information on the functional of interest. Indeed, depending on
X, some nontrivial information on the ®-component of x = (0, ®) € X may be “stored” in 0,
and observations do provide us with a nontrivial information on 6. The bottom line is: with the
operational approach, there is no need to decide in advance which estimation problems are, and
which are not meaningful: we can apply our estimation machinery to the problem at hand to get
both the estimate and an upper bound on its e-risk.

Technically, the approach we use in this paper combines the machinery developed in Golden-
shluger, Juditsky and Nemirovski [20,28] and the Cramer-type techniques for upper-bounding the
risk of an affine estimate developed in Juditsky and Nemirovski [27].! On the other hand, this ap-
proach can also be viewed as “computation-friendly” extension of theoretical results on “Cramer
tests” supplied by Birgé [2-5] in conjunction with techniques of Donoho, Liu and MacGibbon
[14], Donoho and Nussbaum [15], Donoho and Liu [12,13], Donoho [11], Butucea and Meziani
[8], which exploits the most attractive, in our opinion, feature of this line of research — potential
applicability to a wide variety of observation schemes and (convex) signal sets X.

ITo handle quadratic in observation estimates we treat them as affine functions of “quadratic lifting” w™ = [; 1][w; nr
of the actual observation w.
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The rest of the paper is organized as follows. In Section 2 we, following Juditsky and Ne-
mirovski [28], describe the families of distributions we are working with. In the nutshell, these
are families of distributions specified by a given bound ®(f; i) on the logarithmic moment-
generating function:

V(x € X, P ePy):In(Epep{e’ @) <®(f; n(x) V(feF),

where continuous convex-concave function ®(f; u) : F x M — R, closed convex symmetric
w.r.t. the origin set F, closed convex set M, and affine mapping x — u(x) : XY — M are given
“parameters.” The simplest example is presented by the family of sub-Gaussian distributions with
sub-Gaussianity parameters affinely parameterized by signals, where F = R™, M is comprised
of all pairs u = (6, ®) with 0 € R” and positive semidefinite symmetric m x m matrices ®, and
O(fip)=(f:0,0)=flo+ %fTGf. We build our estimate and study its general properties
in Section 3. Then in Section 4 we discuss applications to estimating linear forms of parameters
of sub-Gaussian distributions. In Section 5 we apply the proposed construction to estimating
quadratic forms of parameters of Gaussian and discrete distributions. When estimating quadratic
functionals, upper risk bounds for the developed estimators are not supported by strong “generic”
optimality results available in the case of linear functional estimation. Nevertheless, in some
important situations which allow for analytical study (cf., e.g., Donoho and Nussbaum [15],
Klemeld [31]) the proposed estimates are nearly minimax optimal. Moreover, near-optimality
properties of these estimates can be studied numerically. To illustrate the performance of the
proposed approach we describe results of some preliminary numerical experiments in which
we compare the bounds on the risk of estimates supplied by our machinery with (numerically
computed) lower bounds on the minimax risk. Proofs are relegated to the supplement paper
Juditsky and Nemirovski [30].

Notation. In what follows, R"” and S" stand for the spaces of real n-dimensional vectors and
real symmetric n X n matrices, respectively; both spaces are equipped with the standard inner
products, xTy, resp., Tr(XY). Relation A > B (A > B) means that A, B are symmetric matrices
of the same size such that A — B is positive semidefinite (resp., positive definite). We denote
S, ={§e8":5>0}and 8", =intS" ={S€8": 5> 0}.

We use “MATLAB notation:” [X1; ...; X;] means vertical concatenation of matrices X1, ...,
X of the same width, and [ X1, ..., X} ] means horizontal concatenation of matrices X1, ..., Xi
of the same height. In particular, for reals xi, ..., xk, [x1;...;xk] iS a k-dimensional column
vector with entries x1, ..., Xk.

For probability distributions Py, ..., Pk, P; X -- - X Pk is the product distribution on the direct
product of the corresponding probability spaces; when P; = --- = Pk, we denote Py X --- X Pg
by PK or [P]X.

Given positive integer d, 6 € RY, O ¢ Si, we denote by SG (0, ®) the family of all sub-
Gaussian, with parameters (6, ®), probability distributions, that is, the family of all Borel prob-
ability distributions P on R? such that

| 1
VfeR! :In(E,-ple’ ?) < fT0+ Srer.

We use shorthand notation w ~ SG (0, ©) to express the fact that the probability distribution of
random vector w belongs to the family SG (6, ©).
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2. Simple families of probability distributions

Let

e F,0eintF, be aclosed convex set in 2 = R™ symmetric w.r.t. the origin,
o M be a closed convex set in some R”,
e O(f;un):F x M — Rbe acontinuous function convex in f € F and concave in u € M.

Following Juditsky and Nemirovski [28], we refer to F, M, @ (-, -) satisfying the above restric-
tions as to regular data. Regular data F, M, ®(-, -) define the family S = S[F, M, @] of Borel
probability distributions P on €2 such that

JueM:VfeF: ln</ exp{fTa)}P(da)))SCD(f;u). 2.1
Q

We say that distributions satisfying (2.1) are simple. Given regular data F, M, ®(-, -), we refer
to S[F, M, @] as to simple family of distributions associated with the data F, M, ®. Standard
examples of simple families are supplied by “good observation schemes,” as defined in Juditsky
and Nemirovski [27], Goldenshluger, Juditsky and Nemirovski [20], and include the families of
Gaussian, Poisson and discrete distributions. For other instructive examples and an algorithmic
“calculus” of simple families, the reader is referred to Juditsky and Nemirovski [28]. We present
here three examples of simple families which we use in the sequel.

2.1. Sub-Gaussian, Poisson, and discrete distributions

1. When F = Q = R4, M is a closed convex subset of Gy = {u=0,0):0c¢ R, 0 ¢
Si}, and ©(f;0,0) = HTf + %fT(ﬂf, S[F, M, ®] is comprised of all sub-Gaussian
distributions P on R? with sub-Gaussianity parameters from M. In particular, S[F, M, @]
contains all normal distributions N (8, ©) with (8, ®) € M.

2. When F =R%, Q = Zi (nonnegative integer vectors in RY), M = Ri and ®(f; n) =
Zfizl u,-[ef" — 1], S[F, M, ®] contains distributions of d-dimensional random vectors
o = [w1; ...; wg] with independent across i entries w; ~ Poisson(it;).

3. When F =R4, Q ={ey, ..., eq} C R?, where ¢; are basic orths,> M = {u e R : u >
0, ;ni =1}, and ®(f; ) = ln(Z?:1 wielt), S[F, M, ®] contains all discrete proba-
bility distributions on d-element set 2.

2.2. Quadratically lifted Gaussian observations

Let V be a nonempty convex compact subset of Si. This set gives rise to the family P[V] of
distributions of quadratic liftings [¢; 11[¢; 117 of random vectors ¢ ~ N (0, ©®) with € R? and

2The just defined €2 as a convenient for us “encoding” of the set of realizations of a discrete random variable taking d
possible values.
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® € V. Let us build regular data such that the associated simple family of distributions contains
P[V]. To this end, we select O, € SflF . and & > 0 such that for all ® € V one has

©=<0, and |00, —1|<3, (2.2)
where || - || is the spectral norm; under these restrictions, the smaller are ®, and §, the better.
—1/2 4 —1/2

Observe that for all ® € V, we have 0 < ®, '"O0, =< I. Hence,
|02 2] = [0 012 = |0:' 26! [6; 0 T | = |6; 06, 2] < 1.

and we lose nothing when assuming from now on that § € [0, 2]. The required regular data are
given by the following proposition.

Proposition 2.1. In the just described situation, let y € (0, 1),
Zt={zeS"" : Zysrarn =1}, Hy={HeS":—y0.' <H=<y0,'}
and let F =RY x Hy, MT =V x ZT. We set

P, H;0,Z)="(H,0)+T(h,H, Z),

Y(H,©)= _% InDet(I — ©,°HO,*) + %Tr([@ — ©,]H)
32+9) 1/2 17 17212
172 2 | 0, He,/ I -3)

21 — |0y *HO )

1 H|h Tre-1 -1
I‘(h,H;Z):ETr V4 | +[H,n' [0 —H] [H,h]|]).

Then
(i) F, M*, ® form a regular data, and for every (6, ®) € R? x V it holds for all (h, H) € F:
In(Ecno.ofe" <3¢ 7)) < o (h, H: @, [6: 1110: 117). (2.4)
(ii) Besides this, function ®(h, H; ®,Z) is coercive in the convex argument. whenever
(®,2) e M, (h;, H;) € Fand |(h;, H;)|| = o0 asi — oo, we have ®(h;, H;; ®,7) —

Q.

For proof, see Section B.1 of the supplement paper.

2.3. Quadratically lifted discrete observations

Consider a random variable ¢ € R taking values ¢;, i = 1,...,d, where ¢; are standard basic
orths in RY (as was already mentioned, this is a convenient way to encode random variable
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taking d possible values). Same as in 2.1.3, we identify the probability distribution P, of such
variable with a point w = [i1;...; g] from the d-dimensional probabilistic simplex A =
{ve Ri : Zd v; = 1} where p; = Prob{¢ = ¢;}. Let now ¢X = (¢1, ..., ¢x) with ¢ drawn

i=1
independently across k from P, and let

2

I
o] =rx—p 2 @ld"] enlsf]=slag +udlisicisK @)

I=j<j=K

We are about to point our regular data such that the associated simple family of distributions
contains the distributions of the “quadratic lifts” w[¢ X ] of random vectors ¢ X

Proposition 2.2. Let F = sS4,
Ad={ZeSd:ZijZOVi,j,ZZijZI}. (2.6)
iJ
and let Z¢ be a set of all positive semidefinite matrices from AY. Denote
m
O(H; Z) :ln< Z Zij exp{H,-j}> 8% x A > R, 2.7
i,j=1
so that ®(-; -) is convex-concave on S¢ x A?. We set
Sy(H; Z)=MP(H/M;Z), MeZ,.

Then for M = M(K) = | K /2],

In(E;x - px{exp{Tr(Ho[¢*])}}) < ®um(H: pp”). (2.8)

In other words, the simple family S[F, Z¢, @k 2)] contains distributions of all random vari-
ables w[¢ K] with ¢ ~ Py, e A?,

For proof, see Section B.2 of the supplement paper.

3. Estimating linear forms

3.1. Situation and goal

Consider the situation as follows: given are Euclidean spaces £, £y, Ex along with

e regulardata F C Ep, M C Eyy, () : F x M — R,
e anonempty convex compact set X C £y,
e an affine mapping x — A(x) : Ex — &y such that A(X) C M,
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e avector g € Ex and a constant ¢ specifying the linear form G (x) = (g, x) +¢: Ex = R 3
e atolerance € € (0, 1) and a positive integer number K of available observations.

Let P be the family of all Borel probability distributions on £f. Given a random observation
ok = (w1, ...,wg) with i.i.d. components

wg~P(), k<K, 3.1)

where P € P is associated with unknown signal x known to belong to X, we want to recover
G (x). Here “association” of a probability distribution P with a signal x € X means that

PeP,:= {P :1n</ e<f"”>P(da))> <®(f; Ax)) Vfe ]—‘} (3.2)
Er

Note that the problem we have just posed is a special case of the general estimation problem
described in the Introduction, the case where the functional to be recovered is affine, and the
families P, of probability distributions associated with signals x € X are defined by (3.2).

3.2. The construction

Let us set
Fe={(f5a): fX=f,....fr)€f =Epx - xEp,a>0, fi/a e F, 1<k <K}

so that ]-'I'(|r is a nonempty convex set in £ 117( x Ry, and let

K
\IJ+,K(fK,oe) :gé%[a;@(fk/(x,/l(x)) - G(x)j| :Ff —> R,

K

\IL,K(fK, oc) = max | o Z@(—fk/ot, .A(x)) +Gx)|: .7-"; — R,
xeX 1

so that W4 g are convex real-valued functions on .7-"1? (recall that @ is convex-concave and

continuous on F x M, while A(X) is a compact subset of M). These functions give rise to

convex functions Wy : K — R given by

o~

Uy k(%) s=inf{Wy x (F5 ) +aln@/e): (5. a) e FE.

o

U_ k() :i=inf{w_ g (K, @) +aln@/e): (f5,a) e F}

o

3from now on, (u,v) denotes the inner product of vectors u, v belonging to a Euclidean space; what is this space, it
always will be clear from the context.



Estimating linear and quadratic forms 2647

and to convex optimization problem
-~ 1 -~ ~
Opt = r?ikn{\y,(( 75)i= 2k (F5) + Tk fK)]}, (3.3)

With our approach, a “presumably good” estimate of G (x) and its risk are given by an optimal
(or nearly so) solution to the latter problem. The corresponding result is as follows.

Proposition 3.1. In the situation of Section 3.1, let ® satisfy the relation
PO;u)=>0 VYueM. 34
Then

o~

Uy g (f5) = inf{ Wy k (f. @) +aln@/e): (F5. ) € FE)
. K (3.5)
- ﬁ%a:(ﬂggeﬁ |:a ; P(fi/o, A(x)) — G(x) +a ln(2/e):|,
U g (%) =inf{w_ k (f5. o) +ain@/e): (/5. 0) € 7}

K (3.6)
=max  inf [a D O(—frfe, AX) + G(x) + o ln(2/e):|,

X a(fKoeFg| 15

and the functions W+ i (-) are convex real-valued. Furthermore, a feasible solution f_ L p to
the system of convex constraints

-~

Uok(fXy<p—s,  U_x(fX)<p+sx (3.7)

in variables f K p, » induces K -observation estimate

K
G) =) (fr. o) + , (3.8)
k=1
of G(x), x € X, with e-risk at most p:
Riske (G()|X) < 4, 3.9)

where e-risk Riske is defined by (1.1), and the families Py, x € X, are given by (3.2). Relation
(3.7) (and thus — the risk bound (3.9)) clearly holds true when f K is a candidate solution to
problem (3.3) and

—_

,5=®K(fK), x= [a—,K(fK)—®+,K(J;K)]«

As a result, by properly selecting fX we can make (an upper bound on) the €-risk of estimate
(3.8) arbitrarily close to Opt, and equal to Opt when optimization problem (3.3) is solvable.



2648 A. Juditsky and A. Nemirovski

For proof, see Section B.3 of the supplement paper.

Let us make the following simple and useful observation: the functions W4 g (f K o) are
convex and symmetric w.r.t. permutations of components fi, ..., fx in fX =(fi,..., fx);asa
result, the functions @i x (£ %) also are convex and symmetric w.r.t. permutations of fi, ..., fx.
Consequently, whenever a collection ( f x, p) is feasible for the system of constraints (3.7), so
is the collection ( f x, p), where f fK isa permutation of f*; FK; since the constraints in question
are convex, it follows that replacing the components fl, e fK by their mean, that is, passing
from (fX, 5, p) to the collection (f », p) with fk % Zk 1fk, k=1,...,K, we get a
collection satlsfylng (3.7). The bottom hne is that we lose nothing when restrlcting ourselves
to collections fX with identical components. Denoting by f/K the common value of these
components, Proposition 3.1 becomes the statements as follows.

Proposition 3.2. In the situation described in Section 3.1, let © satisfy the relation (3.4). Setting

+={(f,a):a>0,f/ae]—'}7
Vi (f, @) = max[a®(f/a, AW) = G@)]: F* >R,
xXe

U_(f,a)= ma))(([atb(—f/a; Ax))+Gx)]: F* >R,

the functions @i & — R,
®+(f) ::igf{‘l@(f,a) + K_lozln(2/e) (f,a) € }"+}

_ : . -1
_ine%az(f’lor(l)fep[adﬂf/a,.A(x)) Gx)+K aln(Z/e)],

a_(f) ::igf{\ll_(f,a) + K_lozln(2/e) (f,a) € }"+}

— ; _ -1
_ﬁ%a:(ﬁl&fep[ae( flo, A(x)) + G(x) + K 'aIn2/e)]

are convex and real valued. Furthermore, let f , %, p be a feasible solution to the system of
convex constraints

Ui(f)<p—sx  W_(f)<p+x (3.10)

in variables f, p, ». Then, setting
~ K -1 K _
G(a) ): f’EZkzlwk + i, 3.11)

we get an estimate of G(x), x € X, via K -repeated observation kK = (w1, ...,wg) with in-
dependent across k components wy ~ P with e-risk at most p, meaning that whenever a Borel
probability distribution P is associated with x € X in the sense of (3.2), one has

Prob,k_px {0F :|G(0X) — G| > p} <e.
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Relation (3.10) clearly holds true when f is a candidate solution to the convex optimization
problem

—~ 1, ~ ~
Opt = m}n{‘l'(f) = [T+ ‘IJ—(f)]} (3.12)
and
-~ = 1 o~ - o~ -
p=Y(f).  E=3[T-(H-TD].

As a result, properly selecting f, we can make (an upper bound on) the €-risk of estimate G )
arbitrarily close to Opt, and equal to Opt when optimization problem (3.12) is solvable. Finally,
the optimal value in (3.12) is exactly the same as the optimal value in (3.3).

4. Application: Estimating linear form of parameters of
sub-Gaussian distributions

For numerical illustration of the subsequent results, see Section A of the supplement paper.

4.1. Situation and result

We are about to apply construction form Section 3 in the situation where our observation is sub-
Gaussian with parameters affinely parameterized by signal x, and our goal is to recover a linear
function of x. Specifically, consider the situation described in Section 3, with the data as follows:

o F=Er=RIM=Ey=RIxSL, 0(f;0,0)= fTo+1fTOf R x (R xS%) - R
(so that S[F, M, @] is the family of all sub-Gaussian distributions on Rd);

e X C &x = R™ is a nonempty convex compact set, and

e A(x) = (Ax 4+ a, M(x)), where A is d x n, matrix, and M (x) is affinely depending on x
symmetric d X d matrix such that M (x) is > 0 when x € X,

e G(x) is an affine function on Ey.

Same as in Section 3, our goal is to recover the value of a given linear function G(y) = g7y +
¢ at unknown signal x € X via K-repeated observation ok = (w1, ...,wg) with w; drawn,
independently across k, from a distribution P which is associated with x, which now means
“is sub-Gaussian with parameters (Ax + a, M (x)).” We refer to Gaussian case as to the special
case of the just described problem, where the distribution P associated with signal x is exactly
N(Ax +a, M(x)).

In the case in question @ (0; 8, ®) = 0, so that (3.4) takes place, and the left-hand sides in the
constraints (3.10) are

@_,_(f) = max inf{fT[Ax +al]+ LfTM(x)f + K_lozln(Z/E) — G(x)}
xeX a>0 20

- ma))(({[ZK_l n/e) fTM@) 17 + T Ax = G)) +d” f, @.1)
xe
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U_(f) = max inf {—fT[Ax +al+ ifTM(x)f + K 'aln2/e) + G(x)}
xeX a>0 20
= ma;%({[ZK_l n@/e) fTMx) 1% = fTAx+ G} —d 1. 4.2)
XE

We arrive at the following version of Proposition 3.2.

Proposition 4.1. In the situation described above, given € € (0, 1), let f be a feasible solution
to the convex optimization problem

—~ 1.~ —~
Opt(K) = min {w(f) = [T () +T_()] } (4.3)
feRd 2
where \/ﬁi() are given by (4.1), (4.2). Setting
1~ -~ - ~
5{=§[‘I'—(f)—‘lf+(f)], p=Y(f),

the e-risk of the affine estimate
P S
G(w") = E];f ok + 2,
taken w.r.t. the data listed in the beginning of this section, is at most p.

It is immediately seen that optimization problem (4.3) is solvable, provided that
(M, cx Ker(M(x)) = {0}, and an optimal solution f; to the problem, taken along with

1~ ~
sy = 5[\1'—(]’*) — Wy (f)], (4.4)

yields the affine estimate
| K
Gulw) = — Zl floi+ 5
iz
with e-risk, w.r.t. the data listed in the beginning of this section, at most Opt(K).

Consistency. We can easily answer the natural question “when the proposed estimation scheme
is consistent”, meaning that for every € € (0, 1), it allows to achieve arbitrarily small e-risk,
provided that K is large enough. Specifically, if we denote G (x) = g x + ¢, from Proposition 4.1
it is immediately seen that a sufficient condition for consistency is the existence of f € R such
that f TAx = ng for all x € X — X, or, equivalently, that g is orthogonal to the intersection of
the kernel of A with the linear span of X — X. Indeed, under this assumption, for every fixed
€ € (0, 1) we clearly have limg _, oo ®(f) = 0, implying that limg_, o0 Opt(K) = 0, with ¥ and
Opt(K) given by (4.1), (4.2), (4.3). The condition in question is necessary for consistency as
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well, since when the condition is violated, we have Ax’ = Ax” for properly selected x’, x” € X
with G(x’) # G(x"), making low risk recovery of G(x), x € X, impossible already in the case
of zero noise, where an observation stemming from signal x € X is identically equal to Ax + a.*

4.2. Direct product case

Further simplifications are possible in the direct product case, where, in addition to what was
assumed in the beginning of Section 4,

e Ex =&y xEy and X =U x V, with convex compactsets U C Ey =R™ and V C Ey =
R,

o Alx=u,v))=[Au+a,M()]:U x V — R? x S?, with M(v) = O forv e V,

e G(x=(u,v)) = gTu + ¢ depends solely on u.

It is immediately seen that in the direct product case problem (4.3) reads
.1
Opt= min { S[eu (A" f —g) +du(-ATf +3)]
feRrd |2

+rvneavx[21<—1 ln(2/e)fTM(v)f]1/2}, (4.5)

where

¢y (h) =maxu’ h.
uel

Assuming (1),oy Ker(M (v)) = {0}, the problem is solvable, and its optimal solution f;, gives rise
to the affine estimate

~

1 & 1
G*(wK) = X Zf*ka + o, = E[‘f’U(_ATf* +g) _¢U(ATf* - g)] _an* +c,
k=1

with e-risk < Opt.

Near-optimality. In addition to the assumption that we are in the direct product case, assume
for the sake of simplicity, that M (v) > 0 whenever v € V. In this case, (4.3) reads

1
Opt= m}nrlflea‘;({S(f, v) = §[¢U(ATf -g)

+ou(—ATf+ )] +[2k ! ln(2/e)fTM(v)f]1/2},

4Note that in the Gaussian case with M (x) depending on x the above condition is, in general, not necessary for consis-
tency, since a nontrivial information on x (and thus on G (x)) can, in principle, be extracted from the covariance matrix
M (x) which can be estimated from observations.



2652 A. Juditsky and A. Nemirovski

whence, taking into account that S(f, v) clearly is convex in f and concave in v, while V is a
convex compact set, by Sion—Kakutani theorem we get also

1
Opt = Ilfleag{opt(v) = mfin[i[fﬁu(ATf —g)+ou(-A"f+¢)]
+ 2k 1n(2/e)fTM(v)f]l/2i| } (4.6)

Now consider the problem of recovering gTu from observation wg, 1 < k < K, independently
of each other sampled from N (Au + a, M (v)), where unknown u is known to belong to U and
v € V is known. Let p. (v) be the minimax e-risk of the recovery:

pe (V) = ,iG\I}g{p:PrOwaN[N(Au-Q-a,M(U))]K{wK |G (X)) — gTu| > p} <evVue U},

where inf is taken over all Borel functions 6(~) :RX4 s R. Invoking Juditsky and Nemirovski
[27], Proposition 4.1, it is immediately seen that whenever € < %, one has

gy (1 —¢)
V2In(2/¢)

where gar(s) is the s-quantile of the standard normal distribution. Since the family of all sub-
Gaussian, with parameters (Au +a, M (v)), u € U, v € V, distributions on R? contains all Gaus-
sian distributions A'(Au + a, M (v)) induced by (u, v) € U x V, we arrive at the following con-
clusion.

e (V) > Opt(v),

Proposition 4.2. In the just described situation, the minimax optimal €-risk

Risk¢™ (K) = inf Riske (G (1)),
GO

of recovering gTu from K-repeated i.i.d. sub-Gaussian, with parameters (Au + a, M(v)),
(u,v) € U x V, random observations is within a moderate factor of the upper bound Opt on
the e-risk, taken w.r.t. the same data, of the affine estimate 6*(.) yielded by an optimal solution
to (4.5). Namely,

NAVID)

Opt < Risk
gy (1 —e€)
with the “near-optimality factor” qivzjvl?l(i/:)) —lase—07

STt is worth mentioning that in a more general setting of “good observation schemes,” described in Juditsky and Ne-

mirovski [27], the e-risk Opt of the affine estimate constructed following the rules in Section 3 satisfies the bound

Opt < %Riskgm, where Riskgpl is the corresponding minimax e-risk. In particular, this is what happens when the
n(-L
4e

constructions from Section 3 are applied to the families of Poisson or Discrete distributions, see Section 2.1, rather than
to the family of sub-Gaussian distributions.
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5. Quadratic lifting and estimating quadratic forms

In this section, we apply the approach in Section 3 to the situation where, given an i.i.d. sample
{K =[¢1;...5¢k], & € R?, with distribution P, of ¢, depending on an unknown “signal” x € X,
our goal is to estimate a quadratic functional ¢ (x) = x Qx + ¢! x of the signal. We consider two
situations — the Gaussian case, where P, is a Gaussian distribution with parameters affinely
depending on x, and discrete case where X is a probabilistic simplex, and Py is a discrete dis-
tribution corresponding to the probabilistic vector Ax, A being a given stochastic matrix. Our
estimation strategy is to apply the techniques developed in Section 3 to quadratic liftings w of
actual observations ¢ (e.g., wx = (Ck, Lk CkT ) in the Gaussian case), so that the resulting estimates
are affine functions of w’s. We first focus on implementing this program in the Gaussian case.

5.1. Estimating quadratic forms, Gaussian case

In this section, we focus on the problem as follows. Given are

e anonempty bounded set U C R” and a nonempty convex compact set V C R,
e an affine mapping v > M (v) : R — S which maps V onto convex compact subset V' of
Si;
e an affine mapping u — Afu; 1]: R” — Q =RY, where A is a given d x (m + 1) matrix,
e a “functional of interest”
F(u,v)=[u; 11" Qlu; 11+ ¢ v :R" x R* - R, (5.1

where Q and ¢ are known (m + 1) x (m + 1) symmetric matrix and k-dimensional vector,
respectively.
e atolerance € € (0, 1).

We observe an i.i.d. sample CK =[¢1;...;¢k). ¢ € R, with Gaussian distribution Py of &
depending on an unknown “signal” («, v) known to belong to U x V: P, , = N (A[u; 1], M (v)).
Our goal is to estimate F (u, v) from observation {K .

The e-risk Risk, (5) of a candidate estimate G (-) — a Borel real-valued function on RX d _is
defined as the smallest p such that

V((u, v) eU x V) :PrObé-KNPqu”’G\(CK) — F(u, v)‘ > ,o} <e.
5.1.1. Construction

Our course of actions is as follows.

e We specify convex compact subset Z C S”*! such that
VueU:[u; Nu; N € Z2C 2V ={Z2 e8P Zyyimr = 1), (5.2)

matrix O, € S¢ and real 8 € [0, 2] such that ®, > 0 and
VOeV:0<0, and |0'7260;7—1|<s; (5.3)

(cf. Section 2.2).
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e We set x(u, v) = (v, [u; 11[u; 1]17), and
X={(v,[u; Nu; N") :ueU,veV}

so that
XCX:=V x ZCEx:=RFx 8"t

We select y € (0, 1) and set

H,={HeS":—y0;' <H=<y0'}, F=R!xM,Cc&=R!x8
(5.4)
M=V xBZTBT c&y=8"x8, B=[Asel ]

where e, 1 is the (m + 1)th basis orth in R”*1

e When adding to the above entities function ®(-; ), as defined in (2.3), we conclude by
Proposition 2.1 that M, F and ®(-; -) form a regular data such that for all (u,v) e U x V
and (h, H) € F,

In(E¢~p, , {exp{((h, H), (¢, ¢¢T))}}) < @(h, H; M(v), Blu; O[u; 117 BT),  (5.5)

where the inner product (-, -) on Ef is defined as ((h, H), (g, G)) = th + %Tr(HG), o)
that ((h, H), (¢,¢¢T)y=hT¢ + 3¢THE.
Observe that A(x = (v, [u; 1][u; l]T)) = (M(v), BZBT) is an affine mapping which
————

zZ
maps X into M, and G(x) : Ex — R,
G(x)=Tr(QZ)+q" v=[u; 11" Qlu; 1] +q"v

is a linear functional on Ey.

As aresult of the above steps, we get at our disposal entities Ex, Ey, Ep, F, M, ©, X, A(-), G(-)
and € participating in the setup described in Section 3.1, and it is immediately seen that these
entities meet all the requirements imposed by this setup. The bottom line is that the estimation
problem stated in the beginning of this section reduces to the problem considered in Section 3.

5.1.2. The result

When applying to the resulting data Proposition 3.2 (which is legitimate, since ® in (2.3) clearly
satisfies (3.4)), we arrive at the result as follows:
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Proposition 5.1. In the just described situation, let us set

9
v,Z2)eVxZ a>0, o o
71/0(@);1 <H=xya®,

G Z In
-G, Z2)+ — <_)}’
h

- H
V_(h,H)= max inf {a@(——, —— M), BZBT>
v,2)eVxZ a>0, o o
—ya0; ! <H=zya0] ]

Gw.2)+ Lim(?
+ (U, )+?H<E)}

so that the functions Wy (h, H) : RY x 8¢ — R are convex. Whenever h, H, 0, » form a feasible
solution to the system of convex constraints

—~ . h H T
V,(h,H)= max inf a®d| —,—; M(v),BZB
1

(5.6)

Uy (h,H)<p—s,U_(h,H) < p+ (5.7)

in variables (h, H) € R x §4, o €R, xR, setting
1 & 1
GeM =) =— Z[h%,- + E;iTHc,} +x, (5.8)

i=1

we get an estimate of the functional of interest F(u,v) = [u; 117 Q[u; 11+ gT v via K indepen-
dent observations

G~N(Alu; 1, M), i=1,....K,

with e-risk not exceeding p:
Y(u,v)eU xV :PrObCKN[N(A[u;I]’M(v))]K{|F(M, v) — 6(§K)| > /3} <e. 5.9
In particular, setting for (h, H) € R? x 8¢
_ 1s ~ _ 1~ ~
p= E[\1:+(h, H)y+V_(h, H)], == E[q:,(h, H)— W, (h, H)], (5.10)
we obtain an estimate (5.8) with €-risk not exceeding p.
For proof, see Section B.4 of the supplement paper.

Remark 5.1. In the situation described in the beginning of this section, letaset W C U x V be
given, and assume we are interested in recovering functional of interest (5.1) at points (u, v) €
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W only. When reducing the “domain of interest” to W, we hopefully can reduce the e-risk of
recovery. Assuming that we can point out a convex compact set YW C V x Z such that

wvyew = (vl 1u1")ew,

it can be straightforwardly verified that in this case the conclusion of Proposition 5.1 remains
valid when the set V x Z in (5.6) is replaced with W, and the set U x V in (5.9) is replaced
with W. This modification enlarges the feasible set of (5.7) and thus reduces the attainable risk
bound.

5.1.3. Illustrating example: Energy estimation from direct observations

To illustrate Proposition 5.1, consider the simple situation as follows: Given observation
{=u+§& &E~N(©0,06I,) (5.11)

with u known to belong to the spherical layer U = {u € R" : r> < u”u < R?} and © known to
be diagonal with diagonal entries in the segment [0o2, 62], we want to recover F(u) = u”u.
Here r, R, 0, o are known, with 0 <r < R, 6 € [0, 1], and o > 0. The situation is covered by
the setup of Section 5.1, where we set V={v e R":0 <v; <1,i <m}, M(v) = azDiag{v},6
Alu;1]=u,and K = 1.

In the situation just described, Proposition 5.1 boils down to the following.

A. We lose nothing when restricting ourselves with estimates of the form

6(;):%;Tg+%, (5.12)

with properly selected scalars 1 and . Specifically, n and s are supplied by the convex opti-
mization problem (with just 3 variables «, 8, 1)

~ 1~ ~

Opt = Dltrglb{‘lj(“» B,n = 5[‘1’4-(05, n) +W_(B, 17)] : 02|7)| < min|e, ﬂ]}, (5.13)
where

~ - m m§(2+ 8)o*n?

Vilem = === In(1 —o*n/a) + Zo (1 = ) max[—n. 0+ =5

an
v e |5y 1] remere,
5 52+ 8)o*n? e
o y 32+ 8)o
Vo (Bm === In(1+0n/B) + 3071 —O)maxin. 01+ =025

Bn
+ rZI;E;XmH:_—Z(ﬂ +o2n) + 1]t] + B1In(2/¢),

SHere and in what follows Diag{A1, As, ..., Ay} stands for a block-diagonal matrix with diagonal blocks A1, A»,...,
Ap.
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with 8 = 1 — /6. Specifically, the n-component of a feasible solution to (5.13) augmented by
the quantity

1.~ o~
=3[P (Bm) = Ty )]

yields estimate (5.12) with e-risk on U not exceeding @(a, B, n); note that this risk can be made
arbitrarily close to Opt.

B. In the simple situation in question, it is easy to extract from (5.13) analytical bounds on
e-risk of our estimate.” To simplify our life, we restrict ourselves with two extreme cases: the
one where the (diagonal) covariance matrix of noise is known exactly (6 = 1) and the one when
all we know is that this matrix is diagonal < 021, (6 =0). Assume in addition that r = 0.

B.1: 6 =1, r =0. In this case, one has

Opt < 20v/mo? + 2R2/In(2/e). (5.15)

B.2: 9 =0,r =0. One has

Opt < 20v/mo? 4+ 2R2/In(2/e€) + 302m. (5.16)

The simple “energy estimation” problem we consider in this section is well studied — in this
setting the interplay between the dimension m of signal, the range of noise intensity o> and
parameters R, r, € can be studied analytically to provide provably optimal, up to absolute con-
stant factors, estimates. Note that bounds (5.15) and (5.16) for the “extreme cases” are nearly
minimax optimal up to logarithmic in 1/e factor when R is not “too small” — R?> > O (1)o%/m
when 6 = 1, and R? > O(1)o%m when 6 = 0 — otherwise the trivial estimate 6({) = 0 is min-
imax optimal. They attest that risk bounds (5.12) yielded by the optimal solution to (5.13) have
similar near-optimality characteristics in this case. A nice property of the proposed approach is
that (5.13) automatically takes care of the parameters and results in estimates with near-optimal
performance, as is witnessed by the numerical results we present in Section C of the supplement

paper.

5.1.4. Discussion

Repeated observations. When estimating quadratic forms from K -repeated observations ¢ X =
[¢15...; ¢k] with i.id. & we applied “literally” the construction of Section 3, thus restricting
ourselves with estimates affine in quadratic liftings w; = (¢, & ;I.T) of ¢;’s. As an alternative to
such “basic” approach, let us consider estimates which are affine in the “full” quadratic lifting
o= (X, cK[¢KT) of ¢ X, thus extending the family of candidate estimates (what is affine in
w1, ...,wg, 1s affine in w, but not vice versa, unless K = 1). Note that this alternative is covered
by our approach — all we need, is to replace the original components d, M (-), V, A of the setup

TFor detailed justification of what follows, see Section C of the supplement paper.
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of this section with their extensions

dt =Kd, M™(v) =Diag{M(v), ..., M(v_)/},

K
Vt=M*(V)={®=Diag{M(v),.... M)}, veV}, AT =[A;...;A]

and set K to 1.

It is easily seen that such modification can only reduce the risk of the resulting estimates, the
price being the increase in design dimension (and thus in computational complexity) of the op-
timization problems yielding the estimates. To illustrate the difference between two approaches,
consider the problem of energy estimation from observation (5.11) discussed in the previous sec-
tion where ® is (unknown) diagonal matrix with diagonal entries from the range [0, 0?], and a
priori information about u is that ||u]» < R for some known R. Assume that m > 161n(2/¢),
where € € (0, 1) is a given reliability tolerance and that R> > mo?. Under these assumptions
one can easily verify that in the single-observation case the e-risks of both the “plug-in” estimate
¢T¢ and of the estimate yielded by the proposed approach are, up to absolute constant factors, the
same as the minimax optimal e-risk, namely, O(1)R, R = o>m + o R/In(2/€) (cf. (5.16)). Now
let us look at the case K = 2 where we observe two independent copies, ¢1 and ¢», of observation
(5.11). Here, the e-risks of the “naive” plug-in estimate %[Q'IT &+ §2T ¢21, and of the estimate ob-
tained by applying our “basic” approach with K = 2 are just by absolute constant factors better
than in the single-observation case — both these risks still are O (1)R. In contrast to this, an “in-
telligent” plug-in 2-observation estimate ¢{ ¢, has risk O(1)o (R + o /m)+/In(2/€) whenever
R > 0, which is much smaller than R when m > In(2/0) and R/In(2/¢) < om. It is easily
seen that with the outlined alternative implementation, our approach also results in estimate with
“correct” e-risk O(1)o (R + o+/m)+/In(2/€). It should be mentioned that the phenomenon in
question stems from uncertainty in ®.

Adaptation. When analysing performance of estimation routines in the minimax framework
we are only interested in the worst-case performance (risk) over signals from a given (possi-
bly large) signal set. Were we told in advance that the actual signal belongs to a much smaller
set, we typically could recover the functional of interest with essentially smaller risk. Intrinsic
conservatism and lack of flexibility, often considered as principal shortcomings of the minimax
approach, become even more obvious when estimating quadratic functionals. For example, in
the energy recovery problem from Section 5.1.3 with U = {u : u”u < R?}, the focus of nearly
minimax optimal estimates built in Section 5.1.3 is on recovering energy of order of R?. When
restricting ourselves, for the sake of simplicity, to the case of A/(0, azlm) noise with known o
(i.e., with & = 1), the worst case e-risk of our estimate is ~ [ozﬁ + o R], where ~ stands for
“up to logarithmic in 1/€ factors.” At the same time, the e-risk of the simplest under the cir-
cumstances estimate 7 ¢ — o2m at signal u is & [0>m + o ||u||2], so that the second estimate is
basically as good in the worst case as the first one, but is much better suited for estimating energy
of “weak signals” with energy < R>.

We are about to explain that in the problem we are interested in this “built-in” shortcoming of
the minimax approach can be (at least, to some extent) cured by passing from the original to the
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straightforward adaptive version of our procedures.® Specifically, in the situation described in
the beginning of Section 5.1, assume that for some integer L we have at our disposal “filtration”
[oAUyCcUyC---CcUp,=U and [@ #]V] C V, C --- C Vi =V which are lifted to filtration
Z1C---CZp=Zand V) C --- C VL =V required by construction from Section 5.1.1. In other
words, Z, are convex compact subsets of Z% such that [u; 1][u; 117 € Z, whenever u € Uy, and
V¢ are convex compact subsets of S‘i such that M (v) € V, whenever v € V,. Besides this, we
equip sets V; with positive definite matrices ®, ¢ and reals 8, € [0, 2] such that ®, 1 < O, 7 <
.. 0O, 81 <& <--- <4, and relation (5.3) holds true with V;, ®, , and &, in the role of
V, Oy, 6. Applying the machinery from Section 5.1.1 to Uy, ..., 8¢ in the role of U, ..., 3§, and
€4+ = €/L in the role of €, we get estimates 6,5 (;K) and risk bounds pg, £ < L, such that

Y(u,v) e Uy x Vg,

Prob;—KN[N(A[M;l]’M(v))]K{‘F(u, U) — a@(;K)‘ > ,5@} < 6/147 1 EE < L.

Assuming w.l.o.g. that p; < pp <--- < pr, let us assemble the estimates éz as follows. Given
observation ¢ X, we compute gy := Gy (¢X) and call index £ ¢ X -good, if the segments A, (¢X) =
[5, ((K) — Or» 6, (;K) + orl, £ <r < L, have a point in common. Good indexes do exist (e.g.,
¢ = L); we select the smallest of them, let it be denoted by £ = £(¢X), and take the midpoint
6*({K) of the (nonempty!) segment ﬂe<r<L A (25, as the adaptive estimate of F(u, v). By
standard arguments (cf. Lepskii [39]), the resulting estimate satisfies the relation

V(€ < L,u,veUpx Vo) Probyk arape s {|F . v) = G (¢5)| > b} <. (5.17)
whence
Riskc[G|Up x vg] := min{p : PrOb;-K,\,[N(A[”;1],M(U))]K{‘F(u, v) — 6*(51()’ > ,55} <e

V(u,v) € Uy x Vg }
<2p;, 1=t=L.

That is, the e-risk of the aggregated estimate on each signal set Xy = U; x V; is within factor 2
of the €/ L-risk of the estimate provided by our procedure as applied to the set Xy.

Indeed, let us fix £ € {1,..., L}, and let the signal underlying our observation be (u, v) €
Uy x Vi, so that the distribution P, , of the observation stemming from (u, v) is the distribution
of K independent across k < K blocks & ~ N (Alu; 1], M(v)). For £ <r < L, let £ be the
event {¢K : |6r(§K) — F(u,v)| < pr}). Since (u,v) € U, x V, for r > £, the P, ,-probability
of & is at least 1 — ¢/L, implying that the probability of the event £ =("),., & is at least
1 — €. Assume that ;K € £. Then the segments A, (g“K), £ <r < L, have a point in common,

8The adaptive estimate described below is in fact an adopted for our purposes simplified version of adaptive estimation
routines from Klemeli [31], Butucea and Meziani [8]. Of course, one can also consider other approaches to improving
estimate performance beyond the minimax setting, e.g., those utilizing “pilot” plug-in estimate as in Laurent and Massart
[35] or implementing estimation in relative risk scales (cf. Juditsky and Nemirovski [29]) just to mention a few. However,
these developments are beyond the scope of this paper.
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namely, F(u, v), and £ is ¢ X -good. Consequently, £(¢X) < ¢, meaning that G (¢ %) € Ag(¢c¥)
by construction of 6* Since we are in the case when the latter segment contains F (i, v), we get
|F(u,v) — @*(CK)I <2py, as claimed in (5.17).

Note that the “cost” of the above adaptation amounts to the necessity to tune estimates G ¢ to
reliability tolerance € /L rather than €; as is immediately seen from (5.6), to get this improvement
in reliability, it suffices to increase the number of observations by factor In(2L /¢)/1In(2/¢). And
of course similar construction can be applied to all estimation problems considered in this paper,
not only to problem posed in Section 5.1.

Coming back to the example from Section 5.1.3 and assuming for the sake of simplicity that
r =0, the simplest way to implement adaptive estimation is to use the filtration U, = 26~ R,
Ve=V ={veR":0 <wv; <1}, select L resulting in “small” Ry, specifically, R| < o /m, and
set Zp ={Z € S’J’ZH Zmyim+1 =1, Tr(Z) < Rg + 1}. Utilizing (5.15) and (5.16), we conclude
that with this filtration we obtain estimate F (-) of F(u)=u"u which ensures signal-dependent
risk bound

VY(weR", u <R veV):

Riske (u, v) := min{p : Prongw[N(A[u;”,M(v))]K{|F(u, v) — 6*(§K)| > p} < e}

- 20vVmo? 4+ 2ulu/In(2L/€), in the case of B.1,
80 vmo? 4+ 2uTu\/In(2L/€) + 36°m, in the case of B.2,

L = |log,(1+ R/0)|.

In the case of B.1, the resulting risk bound for every u with ||u| < R is basically the same as for
the standard estimate ¢ 7 ¢ — o%m. This being said. note that the latter estimate, in contrast to the
first one, is an “ad hoc” construction with the scope restricted to the case of direct observations
C=u+&,&~N(,0?%I,), with known o.

5.1.5. Consistency

Note that risk bounds of Proposition 5.1 are not supported by generic optimality as it was the
case in the problem of linear functional estimation in Section 3. One of the reasons for this is
that “quadratic estimates” built in Section 5.1.1 are suboptimal for certain types of geometry of
the signal set U even in the problem of signal energy estimation from direct observations (see,
e.g., Cai and Low [9,10]). Nevertheless, in some important cases the constructed estimates are
nearly minimax optimal. For instance, consider the problem of estimating a quadratic function
F(u) = Z;"Zl q,-uiz, gi > 0, from observation ¢ =u+£, & ~ N (0, o2I,), in the setting described
in Donoho and Nussbaum [15] where the signal set U is quadratically convex, meaning that
u={ueR": [u%; e u,2n] € T}, where the set T C Rﬂ is convex, compact, and monotone (i.e.,
0 <t <t,t €T). The performance of an estimator is measured by the maximal over U expected
recovery error

Risk(F()|U) = sup E;nworn | (F@) — Fw)?).
ue
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It can be shown that in this case the risk bounds yielded by Proposition 5.1 are within logarithmic
in 1 /e factor (stemming from passing from Risk to Risk, ) of the minimax risk (cf. Theorem 6 of
Donoho and Nussbaum [15]).

Now we are about to present a simple sufficient condition for the estimator suggested by
Proposition 5.1 to be consistent, in the sense of Section 4. Specifically, assume that

A.1. V ={v}is asingleton such that M (v) > 0, which allows to satisfy (2.2) with ®, = M (v)
and § = 0, same as allows to assume w.l.0.g. that

Fu,v)=[u; 11" Qu: 11,  G(x=(,2)=Tr(QZ);

A.2. The first m columns of the d x (m + 1) matrix A are linearly independent.

By A.2, the columns of (d + 1) x (m 4 1) matrix B, see (5.4), are linearly inde_:pegdent, so that
we can find (m + 1) x (d + 1) matrix C such that CB = I,,,;1. Let us define (h, H) € R? x §4
from the relation

HIb | et oct
{BT\ }_2[0 ocl’, (5.18)

where for (d + 1) x (d + 1) matrix S, S° is the matrix obtained from S by replacing the entry

Sa+1.4+1 with zero. The consistency of our estimation procedure is given by the following simple
statement.

Proposition 5.2. In the just described situation and under assumptions A.1-A.2, given € € (0, 1),
consider the estimate

K
GK(CK) = %;[WG + %giTI-_I;,-:| + »k,
where
2K = %[ﬁ_(ﬁ, H)— Yy (h, H)]
and ‘Tfi = \Tji are given by (5.6). Then the €-risk of 6K,€(~) goesto0as K — oo.

For proof, see Section B.5 of the supplement paper.

5.2. Numerical illustration, indirect observations

5.2.1. The problem

The estimation problem we address in this section is as follows. Our observations are
{=Pu+é, (5.19)

where
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e P isagiven d x m matrix, with m > d (“under-determined observations”),

e u € R™ is a signal known to belong to a given compact set U,

e £ ~ N(0,®) is the observation noise; © is positive semidefinite d x d matrix known to
belong to a given convex compact set V C Si.

Our goal is to estimate the energy

2
u

F < 1B
m

of the signal given a single observation (5.19).
In our experiment, the data is specified as follows:

1. We assume that u € R is a discretization of a smooth function x (#) of continuous argument
tel0;1]: u; =x(%), 1 <i <m, and use in the role of U ellipsoid {u € R™ : ||Su||% <1}
with S selected to make U a natural discrete-time version of the Sobolev-type ball {x :
[x (O + [x' () + [y [x" ()] dr < 1).

2. d x m matrix P is of the form UDVT, where U and V are randomly selected d x d and

m X m orthogonal matrices, and the d diagonal entries in diagonal d x m matrix D are of
i—1
the form ¥~ 4-T, 1 <i < d; the “condition number” ¥ of P is a design parameter.

3. The set V of allowed values of the covariance matrices ® is the set of all diagonal d x d
matrices with diagonal entries varying in [0, o%], with the “noise intensity” o being a design
parameter.

5.2.2. Processing the problem

Our estimating problem clearly is covered by the setup considered in Section 5.1. In terms of
this setup, we specify ©, as 21y, V as V, and M (v) as the identity mapping of S¢ onto itself;
the mapping u — A[u; 1] becomes the mapping u +— Pu, while the set Z (which should be a
convex compact subset of the set {Z € Sff“] : Z4+1,d4+1 = 1} containing all matrices of the form
[u; 1][u; 117, u € U) becomes the set

Z={2eS%": Zyy1,041 = 1, Tr(Z Diag{s” s, 0}) < 1}.

As suggested by Proposition 5.1, linear in “lifted observation” w = (¢, ¢¢T) estimates of F (1) =
% |lu ||% stem from the optimal solution (4, H,) to the convex optimization problem

1 _~ —~
Opt:?}? E[\IJJr(h, H)—i—\IJ,(h,H)], (5.20)
with \/ﬁi(-) given by (5.6) as applied with K = 1. The resulting estimate is

1 1 -~ _~
¢ hE 4 St T Hit e o= [ (o, Ho) = Ta (b, H)] (5.21)

and the e-risk of the estimate is (upper-bounded by) Opt.
Problem (5.20) is a well-structured convex-concave saddle point problem and as such is be-
yond the “immediate scope” of the standard Convex Programming software toolboxes primarily
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aimed at solving well-structured convex minimization problems. However, applying conic dual-
ity, one can easily eliminate in (5.6) the inner maxima over v, Z to arrive at the reformulation
which can be solved numerically by CvX (Grant and Boyd [21]), and this is how (5.20) was
processed in our experiments.

5.2.3. Numerical results

To quantify the performance of the proposed approach, we present, along with the upper risk
bounds, simple lower bounds on the best e-risk achievable under the circumstances. The origin
of these lower bounds is as follows. Let w € U with t(w) = ||Pw]||2, and let p =20gn/(1 —€)
where g /() is the standard normal quantile:

Probepo.n{€ <an(p)}=p ¥Ype (D).

Then for 6(w) = max[1 — p/t(w), 0], we have w’' := 0(w)w € U, and |Pw — Pw'|2 < p.
The latter, due to the origin of p, implies that there is no test which decides on the hypotheses
u=w and u = w’ via observation Pu + &, & ~ N(0, azld), with risk < €. As an immediate
consequence, the quantity

1
o) = [l = |w'[3] = lwl3[1 - 6> w)]/2

is a lower bound on the e-risk, on U, of a whatever estimate of ||u ||%. We can now try to maximize
the resulting lower risk bound over U, thus arriving at the lower bound

1
LwBnd = —lw|?(1 — 62 )
wBn 51635{2”111”2( (w))}

On a closest inspection, the latter problem is not a convex one, which does not prevent us from
building its suboptimal solution.

Note that in our experiments even with fixed design parameters d, m, 6, o, we still deal with
families of estimation problems differing from each other by their “sensing matrices” P; orien-
tation of the system of right singular vectors of P with respect to the axes of U is random, so
that these matrices vary essentially from simulation to simulation, which affects significantly the
attainable estimation risks. We display in Figure 1 typical results of our experiments. We see that
the (theoretical upper bounds on the) e-risks of our estimates, while varying significantly with
the parameters of the experiment, all the time stay within a moderate factor from the lower risk
bounds.

5.3. Estimation of quadratic functionals of a discrete distribution

In this section, we consider the situation as follows: we are given a d x m “sensing matrix” A
which is stochastic — with columns belonging to the probabilistic simplex Ay = {v € R? : v >
0, ; vi =1}, and a nonempty closed subset U of A,,, along with a K-repeated observation
{K =(1,...,¢k) with &, 1 <k < K, drawn independently across i from the discrete distribu-
tion i = Au,, where u, is an unknown probabilistic vector (“signal”) known to belong to U. We
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Figure 1. Empirical distribution of the 0.01-risk over 20 random estimation problems, o = 0.025. (a): up-
per risk bound Opt as in (5.20); (b) corresponding suboptimality ratios.

always assume that K > 2. We treat a discrete distribution on d-point set as a distribution P, on
the d vertices e, ..., eg of Ay, so that possible values of ¢; are basic orths ey, ..., ey in R? with
Probs~; {¢ =e;} = u;. Our goal is to recover from observation ¢ the value at u, of a given
quadratic form

F(u)= uTQu + Zun.

5.3.1. Construction

Observe that for u € A,,, we have u = [uul]1,,, where 1,, is the all-ones vector in R”. This
observation allows to rewrite F () as a homogeneous quadratic form:

F(u):uTQu,Q=Q+[ql,€+lqu]. (5.22)
Our goal is to construct an estimate G (¢ %) of F(u), specifically, estimate of the form
G(¢*) =Te(ho[cX]) +x.
where w[¢ K] is the “quadratic lifting” of observation ¢ X (cf. (2.5)):
o=k LT enlet) el slacl +el) 1si<isK,

and h € 87 and « € R are the parameters of the estimate. To this end

o weset x(u) =uu’ € X :={uu’ :u € U}, and specify a convex compact subset X of the
intersection of the “symmetric matrix simplex” A™ C 8™ (see (2.6)) and the cone S of
positive semidefinite matrices such that X ¢ X C Ex = S™. We put F = & =S¢, and
M= A9 thus AXAT c M C &y =87
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e By Proposition 2.2, F, M and ®(-; -), as defined in (2.7), form a regular data such that
setting M = | K /2], forall u € U and h € $¢ it holds

ln(E;NPU {exp{(h, a)[g“K])}}) < @M(h; AuuTAT),

2
|:CI>M(h; Z)= Mln(Z Zij exp{M_lhij}> ST x A R], 629
ij

where (h, w) = Tr(hw) is the Frobenius inner product on S¢.
Observe that for x € £x, x — A(x) = AxAT is an affine mapping from X into M, and
setting

G(x)=(0,x):Ex — R,

we get a linear functional on £y such that
G(uuT) = (Q, uuT> =F(u).

The relation ®(0, z) = 0 Vz € M being obvious, Proposition 2.2 combines with Proposition 3.1
to yield the following result.

Proposition 5.3. In the situation in question, given € € (0, 1), let M = M(K) = | K /2], and let
U, (h, ) = gg[aqw(h/a, AxAT) —Tr(Qx)]: 8¢ x {a > 0} > R,
V_(h,a) = irg{/([adhu (—h/oc, AxAT) + Tr(Qx)] 8% x {e >0} > R,
U, (h) = Oi[g%{m(h,a) +aln2/e)}

= max inf [adDM(h/a, AxAT) —Tr(Qx) + aln(2/e)]

xeX a>0

= ir?))((ég%[ﬂd)l (h/B, AxAT) — Tr(Qx) + %m(z/e)}[ﬂ = Ma],

U_(h):= inf {W_(h,@) +aIn2/e)}

= max inf [a @y (—h/a, AxAT) + Tr(Qx) + o In(2/€)]

xeX a>0
- ggégg[ml(—h/ﬂ, AxAT) +Tr(Qx) + %ln(Z/e)][,B = Ma].

The functions U are real valued and convex on S™, and every candidate solution h to the convex
optimization problem

Opt = rnhin{fll\(h) = %[\m(h) + @_(h)]}, (5.24)
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induces the estimate

U_(h) — W, (h)

Gi(¢%) = Tr(hw[£X]) +«(h), k (h) = 5 i

of the functional of interest (5.22) via observation ¢ % with e-risk on U not exceeding p = @(f_z):
VY(u € U) : Probox _px {|[F(u) — G (¢¥)| > p} <e.

5.3.2. Numerical illustration

To illustrate the above construction, consider the following problem: we observe independent

across k < K realizations ¢ of discrete random variable ¢ taking values 1, ..., d. The distribu-
tion p € A? of ¢ is linearly parameterized by “signal” u which itself is a probability distribution
on “discrete square” Q=8 x &, E={1,...,m}:

Pi = E Ap,rsurss 1 <i<d.
1<r,s<m

Here A; s > 0 are known coefficients such that Y, A; s = 1 for all (r,s) € Q. Now, given

—

twosets /] C Eand J C B, considertheevents Z=1 x EC Qand J =E x J C Q. Our
objective is to quantify the deviation of these events, the probability distribution on 2 being u,
from independence, specifically, to estimate, via observations ¢, ..., (g, the quantity

Frj) = Z(r,x)elxju” N [Z(r,s)elxsu”] [Z(r,s)eaxju”]

which is a quadratic function of u. In the experiments we report below, this estimation was carried
out via a straightforward implementation of the construction presented earlier in this section. Our
setup was as follows:

1. We use d = m?. d x d column-stochastic “sensing matrix” A ° corresponding to the
“mixed-noise observations” Lepski [36], Lepski and Willer [37] is generated according
to A=601;+ (1 — 0)D, with column-stochastic d x d matrix D, 6 € [0, 1] being our con-
trol parameter. D was selected at random, by normalizing columns of a d x d matrix with
independent entries drawn from the uniform distribution on [0, 1];

2. We set

X = {x €S xpg g =0Vr, 5,1 s <m,x =0, E Xpg s = 1}

1<r,s,r',s'<m

which is the simplest convex outer approximation of the set {uu” :u € Ay}.
3. Weuse I =J ={1,2,3}CcE={1,2,...,8},e=0.01,m =8 (i.e., d = 64).

Iwe identify the m x m “discrete square” Q2 with {1, ..., d}, which allows to treat a probability distribution u on 2 as a
vector from Ag.
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Figure 2. Estimation of “independence defect.” (a): Upper risk bound (value Opt in (5.24)) of linear es-
timate as a function of condition number cond(A); data for K =2 - 103,2-10% and 2 - 10°. (b): risk of
linear estimation as function of K along with boxplots of empirical error distributions for 100 simulations
(0 =0.1, cond(A) = 39.2).

We present in Figure 2 the results of experiments for 6 taking values in {0.00, 0.25, 0.50,
0,75, 1.00}. Other things being equal, the smaller 6, the larger is the condition number cond(A)
of the sensing matrix, and thus the larger is the (upper bound on the) risk of our estimate — the
optimal value of (5.24). Note that the variation of F;; over X is exactly 1/2, so the maximal risk
is < 1/4. It is worthy to note that simple (if compared, e.g., to much more involved results of
Houdré and Reynaud-Bouret [23]) bounds in Proposition 2.2 for Laplace functional of order-2
U -statistics distribution result in fairly good approximations of the risk of our estimate (cf. the
boxplots of empirical distributions of the estimation error in the right plot of Figure 2).
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Supplement A: Numerical illustration for Section 4 and proofs (DOI: 10.3150/20-
BEJ1200SUPP; .pdf). In the supplement, we provide numerical illustration for Section 4 and
full proofs of the results appearing in the paper.
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