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Part 1

Introductions to statistical decision
theory



§ 1. INTRODUCTION

Outline:

e Introduction of the framework

1.1

Parametric model vs. non-parametric model

Best estimator

Basics of Statistical Decision Theory

Statistical Experiment: A collection of probability distributions (over a common measurable
space (X, F)).
P = {Pg 10 € @}

Data:
X~ P for some 0 € ©

X could be a random variable, vector, process, etc, depending on X.
Objective:

T: 6-5)Y
60— T(0)

The value T'(0) is what we want to estimate, which can be 6 itself, or a relevant aspect of 6,
e.g., a function of 6 such as its norm ||6]|.

Estimator (Decision Rule):
T:-X =Y
Note the that )> need not be the same as ).

Remark 1.1. 7' can be a deterministic or randomized estimator:

— deterministic estimator: 7' = T'(X).

— randomized estimator: 7' = T(X ,U), where U denotes external randomness independent
of X. In this case T should be viewed as a conditional probability distribution PTA‘ x
(Markov transition kernel).

The problem in statistical experiment is the following game: By choosing the parameter 0,
nature picks a distribution that generates the data X. The statistician observes the data and
computes an estimation 7" of T(6). The goal is for T to be close to T. To that end, we need
to introduce a metric to quantify how good 7" is:

7



e Loss Function:

1Y xY—R
T x T I(T,T)
Since we are dealing with loss, all the negative (converse) results are lower bound and all the
positive (achievable) results are upper bound.

Note: Since X is a random variable, the estimator is also a random variable. Hence, [(T, T) is
a random variable. Therefore, to make sense of “minimizing the loss”, we define the following:

¢ Risk:

A~

Ro(F) = Ball(T. D)) = [ Pa(dn) Py (o)1 (4(6) ),

which we refer to as the risk of 7" at 6. Note that the expected risk depends on the strategy
as well as where the truth is. The subscript indicates the distribution with respect to which
the expectation is taken.

The following diagram summarizes the process:

param. Pg data

Example 1.1.
Gaussian Location Model (GLM): or Normal Mean Model, Additive Gaussian-Noise Channel

— Model:
P={N(0,1,) : 0 € ©}

where I, is the p-dimensional identity matrix and © C RP. Equivalently,
X=0+Z Z ~N(0,I,),0 € © CRP.

e p = 1: scalar case

e p > 1: vector case
We also encompass matrix case: By arranging a p?-dimensional vector into a p x p matrix.
In this case © C RP*P.

— Objective: Examples of the objective include T(0) = 6, |0||l2, Omaz = mz[au}( 0;, where [p] =
i€p
{L T 7p}

— Loss function: Examples of the loss function include the following:

10,0) = 10— 0113, 10 — 0], - --
In the matrix case : [(0, é) =16 — é||2p, |0 — é”op, e

8



— Estimator: Examples of the estimator include the following:

Maximum Likelihood Estimator: § = X

A -2
James-Stein estimator: 055 = <1 _b 2) X
X113

The choice of the estimator mainly depends on the objective.

— Parameter space: Examples of the parameter space include the following:
a) © = RP: unstructured.
b) © = {all k-sparse vectors} = {# € R” : ||0]|o < k}, where ||0]lo = |{i : 6; # 0}| denotes the
size of the support.
1
© = lg-norm balls, 0 < g < oo, where ||6]|, = (D [6:]7)«.
c) Matrix case: low-rank matrices: © = {6 : rank(9) < r}.
Note that by definition, more structure (smaller paramater space) always leads to smaller risk;
but it need not simplify the computation issue.
— Testing: We have two scenarios and based on the observed data X, we want to determine which
one is the true scenario.

x Simple Hypothesis:

H[) : 0= 90

Hl : 0= 91
For instance 6y could be the all zero vector and 6; could be all one vector. Then this
corresponds to sending a single bit repeatedly in Gaussian noise.
parameter space = © = {6y, 0,} = © = decision space

100,0) = 1ip4py: This is Hamming loss (zero-one loss).

*x Composite Hypothesis:
Example 1: One of the hypothesis is composite.

H(]: =0
Hy: o 0]z =€

Here, Hy and H; could be interpreted as pure noise case and the case where signal is
present, respectively.

©={0yu{o: |62 > ¢}



Example 2: Both hypothesis are composite. H,y
Ho: 10 <6 @
Hy: o 0l2 =€

Here, Hy and H; could be interpreted as the case with weak signal and strong signal,
respectively.

Remark 1.2 (Parametric model versus non-parametric model). According to statistical conventions,
parametric model refers to the case that the parameter of interest is finite-dimensional while non-
parametric model refers to the case that the parameter is infinite-dimensional.

In this class, we are mostly interested in high-dimensional parametric model.

Parametric Model

Examples of parametric model:

e GLM or more generally exponential family. We start with distribution P on R?, and for
0 € RP, consider the tilted distribution

dPy = ———dP
v fP(dx)e<9»9”>

e Covariance matrix estimation:

X = (X1, ,Xp) irivd./\/'((), ¥). In this case, ¥ is our parameter and Py = N (0, X)®".

If we want to estimate X, we can use the loss function (2, %) = ||£ — 3.

If we want to estimate a function of 3, T': ¥ — v (principle component) we can use loss
function (v, 9) = d(span(v),span(d)|| = |Jvv" — 0¢'||.

e Stochastic block model: We observe the graph G of n vertices bisected partitioned into two
communities: C' and C°¢. So

X=G
©={C:CcCn],|C|=n/2}

Given the partition, the graph is generated as follows: for nodes ¢ and j, the probability that
1 is connected to j depends on whether they belong to the same partition or not, namely,

o P ifi,7 € C or C°

Given the graph G, the goal is to estimate the communities with respect to the following loss
function:

(C,C) = Lycey or |CAC]

10



e Large alphabet: Estimating a discrete distribution.

P = {all distributions on [k]}
X:(Xl)"' 7XN)NP€P
I(P,P) =||P— P| or D(P|P)

Non-parametric Model

Examples of non-parametric model:

e Density estimation: Here the parameter is a pdf, for example:

f € F = {smooth, log concave, monotone}
X:(Xla"' 7Xn)%ifoan
WL == 113

e Regression: We observe noisy samples at discrete points. The parameter is the unknown
function f.

2 _
FRE N Y
=
|
e
i

X = (Xl) = f(z/n) + ZZ‘
e White Gaussian noise model: we observe a wave form:
dX; = f(t)dt + dB;

t
Xt:/ f(T)dT+Bt
0

where B, is a Brownian motion. Equivalently, if f € L? where {¢;} is an orthonormal basis,
then

This is called Gaussian Sequence Model (which is GLM with p = o).
Remark 1.3. Testing:

simple vs. simple

Hy:0=0pvs. H :0 =0 O = {6y, 01}

simple vs. composite

Hy:0=0¢vs. H :0 € ©6; @Z{Go}U@l

11



composite vs. composite

Hy:0€0ywvs. H :0 €06, O =0yU0B;

T(X) € {0,1} 16, T) = Lypge,}-

Remark 1.4. Confidence interval/region/bond: For example to estimate a function we output a
region in which the function lies w.h.p.

T = some subset

10,T) = Lipgy + size of T
Remark 1.5. We frequently deal with independent sampling model. In this case:

X=X ,X,)
~—_——
i.i.d. samples

'PZ{PE”:GE@}

1.2 How to define the “best estimator”

One of the main objectives of this course is to investigate the fundamental limit, that is, to find the
performance of the best estimator. We use the risk of an estimator to quantify its performance. As
mentioned in the framework, for an estimator 6, we define the risk as follows:

R(0) = Eq[i(6,0)]

Note that, Ry(#) could be viewed as a function of . As an example, the following figure depicts the
risk curves for two different estimators.

Rg(6;)
Rg(6,)

To find the best estimator, we first need to define the figure of merit.
Naive Method: Find the estimator which is better that all other estimators at all points, i.e.,
find é, such that
Ry(0) < Ry(8), v0,v0'.

It is easy to see that this method is typically too greedy to be realistic and an estimator that
satisfies the requirement above does not exist. For example, consider 6; # 62 in © and (6, é) is
some norm. Consider the estimator #; = 6; which throws away data and always spits out 1. Then
Ry, (é) < Ry, (él) — 0 means 0 = 01, which means it cannot beat 0y = 05 now. Therefore, we need
other methods to compare estimators.

12



Method 1 Limit the class of competitors (of 6):

In some cases, by restricting the class of estimators, we can find a strategy which is uniformly
the best. For example,

e Restricting to unbiased estimators: Frequently it is good to have be biased.

¢ Restricting to invariant estimators
Method 1 is difficult to generalize to high dimensional problems.
Method 2 Bayes approach: average-case analysis.

Method 3 Minimax approach: worst-case analysis

As mentioned before, finding a curve that dominates all other curves at all points is not always
feasible. Hence, in Methods 2 and 3, we summarize a curve to a number so that we can
compare them. In Method 2, we give weights to each point and take the average. The weights
are called the prior. But the problem is which prior to choose. In Method 3, we consider the
worst prior. For example, according to Method 3, in the figure above, 0 is a better strategy.

13



§ 2. MINIMAX RISK AND BAYES RISK

Recall from last lecture:

Model: A set of probability distributions P = {Fy : 6 € ©}, where 6 is the parameter (finite or
infinite dimensional) that specifies the distribution.

The estimation problem: Nature chooses 6 and generate data X from the distribution
Py. Upon observing X, the statistician estimates a functional 7'(f) of 6, by T. In this lecture,
for simplicity, we focus on estimating € itself and thus 7'(f) = 6. In the following parts, we
consider deterministic estimator of  denoted by é(X ) as well as randomized estimator given by the
transition kernel Py y. Equivalently, we can write 6 = é(X ,U), where U is a random variable that
is independent from X. For all practical purposes (e.g., X takes value in a standard Borel space),
we can choose U to be uniform on [0,1]. (Why?)

Risk: Rg(é) = Eql(6, é), which quantifies the quality of the estimator 6 at 6.

Remark 2.1 (Convex loss = deterministic estimator). If § — £(6, ) is convex, then random-
ization does not help. The proof of this claim is just based on the Jensen’s inequality: for any
randomized estimator 8, we have

Ry(0) =EL(6,0) > EL(0,E[0| X]),

where E[0|X] is a deterministic estimator.

2.1 Bayes risk

The Bayes approach is an average-case analysis by considering the average risk of an estimator over
all § € ©. Concretely, we set a probability distribution (prior) 7 on ©. Then, the average risk
(w.r.t m) is defined as R R R

Rr(0) = EonRp(0) = Eg,x(0,0).

The Bayes risk for a prior 7 is the minimum that the average risk can achieve, i.e.

R: = inf Ry (0).
0

Example 2.1 (Quadratic loss and MMSE). Let 0,0 € R,  ~ 7. Consider quadratic loss 00, é) =
|6 — 0]|2, then the Bayes risk is the minimum mean-square error (MMSE)

Ry =E[l6 - E[0]X]|3,
where the Bayes estimator is the conditional mean (X) = E[0|X].

Example 2.2 (Gaussian Location Model). X =0+ Z,Z ~ N (0,1),0 € R. Consider the Gaussian

prior distribution: 6 ~ 7 = A(0,0%). Then E[f|X] = %X and

o2

Rf = ——.
T o241

(2.1)

14



Similarly, for multivariate GLM: X = 60 + Z, Z ~ N(0,1,,), if § ~ 7 = N(0,5%1,), then we have

2
% o

rRP—_7 2.2
T (2.2)

If R, = inf, Rﬂ(é) is attained by 6, 6 is called Bayes estimator. Bayes estimator is always
deterministic — this fact holds for any loss function. To see this, note that for any randomized
estimator 6 = (X, U), its risk is lower bounded by

Rw(é) = E@,X,Ug(ev é(Xv U)) = ]EURﬂ'(é(" U)) > ingw(é(" ’LL))

where for any u, é(, u) is a deterministic estimator.
An alternative way to appreciate this is the following: Note that for any randomized estima-

tor understood as a Markov kernel Pé| +» the average risk R, () is an affine functional of Pé‘ x-
Maximizing a convex (e.g., affine) function over a convex constraint set is always achieved at the
extremal points. In this case the extremal points of Markov kernels are simply delta measures,
which corresponds to deterministic estimators.

The usual critisim to the Bayes approach is which prior to pick. A framework related to this but
not discussed in this case is the empirical Bayes approach, where one “estimates” the prior from the
data instead of choosing a prior a priori. Instead, we take a frequentist viewpoint by considering
the worst-case situation:

2.2 Minimax risk
We have the risk of § at a given point 6 : Rg(f). The minimax risk is defined as

R* = inf sup Ry(6). (2.3)
0 0co

If there exists 0 s.t. SUPgeo Ry(A) = R*, then the estimator § is minimax (minimax optimal).
Finding the value of the minimax risk R* entails

Minimax upper bound: 30,0, Ryg(0) <r < R* <r (2.4)

Minimax lower bound: V6,30, Ry(d) > r < R* > r (2.5)

This task is frequently difficult especially in high dimensions. Instead of the exact minimax risk, it
is often useful to find a constant-factor approximation, which we call minimax rate

R =9, (2.6)

that is, cyp < R* < C1) for some universal constants ¢, C' > 0. Establishing 1 is a minimax rate still
entails upper and lower bounds (2.4) and (2.5), albeit within multiplicative constant factors.

In practice, minimax lower bounds are rarely established via the obvious recipe (2.5). Throughout
this course, all lower bound techniques essentially boil down to lower bounding the minimax risk by
Bayes risk with a smarly chosen prior.

Theorem 2.1 (Minimax risk > worst-case Bayes risk).

R* >Ry 2 sup .
™

15



Proof. Two (equivalent) ways to understand this fact:
1. “max > mean”: V0, R () = EgrRy(0) < supgeo Ro(0);
2. “min max > max min”:

R* =infsup Ryp() = inf sup R.() > sup inf R (d) =supR:,
0 0co 0 meM(O) rEM(O) 6 ™

where M(O) is the set of all probability distributions on ©. O

Example 2.3 (Minimax > worst-case Bayes). Let 0, feN2 {1,2,...} and ¢(6, é) = l{é < 0},
i.e., the statistician loses one dollar if the nature’s choice exceeds the statistician’s guess and loses
nothing if otherwise. Consider the extreme case of blind guessing (i.e., no data is available, say,
X = 0). Then V0, we have Ry(f) = P(f < §). Furthermore, we have R* > limgye0 PO <) =1,

which is clearly achievable. On the other hand, for any prior 7 on N, R,(0) = P(f < #) and we let
6 — oo. Therefore, we have R: = 0. Therefore in this case

R*=1>Rp=0.
Example 2.4 (Gaussian Linear Model). In the scalar case, this experiment is given by:
X ~N(@0,1), 00,0)=0-0)> 00k

To get a minimax upper bound, we choose § = X and thus R@(é) = 1. Therefore, R* < 1. To get a
minimax lower bound, we set a prior distribution for 6, i.e., 7 ~ AN'(0,02). Using (2.1), we have
R*> R = Ug—il for all o > 0 and thus R* > sup, R; = 1.

The p-dimensional case: X =60+ Z € RP, Z ~ N(0,1,),£(6,0) = |0 — §]]%. Similarly, using (2.1)
as a lower bound and using 6 = X for the upper bound, we have R* = p.

Exercise 2.1. Show that the minimax quadratic risk of the GLM model X ~ A/ (6, 1) with parameter
space f > 0 is the same as the unconstrained case.

This might be a bit surprising because it is reasonable to think that the thresholded estimator
X+ = max(X,0) can improve the performance. This is indeed correct in the sense that it achieves
a better risk pointwise (at every # > 0); however, in the worst case the gain is asymptotically
diminishing.

2.3 Minimax and Bayes risk: an optimization perspective

In the last lecture, we proved that minimax risk is always lower bounded from the worst-case Bayes
risk, namely

R*>Rjp % sup R (2.7)
TEM(O)

This result can be interpreted from an optimization perspective. More precisely:
e The RHS of (2.7) is exactly the dual program of the LHS;
e The inequality (2.7) is simply weak duality;

e If strong duality holds, then (2.7) holds with equality, i.e., minimax theorem holds.

16



For simplicity, we consider the case where O is a finite set. Recall the minimax risk

* = mi Eqll(0,0
R min ax 0[0(6,0)],

which is in fact a convex optimization problem. Indeed, P; — Eg[((0, 0)] is affine and supremum of
affine functions are convex. Let us write down its dual problem. First we can rewrite

R* =min t
0.t
st Eg[0(h,0)] <t, V0e®.

Attach dual variable mg > 0 to each inequality constraint. The Lagrangian of the above minimization
problem is

Ll.tm) =t +> m (Eg[e(e, 6)] - t)

0€0
- (1 _ Z 7r9> t+ Z moEe[¢(9,0)].
6co ISS]

Note that unless > y.q mp = 1, minyeg L(f,t,7) is —oo. Thus the dual variable 7 = {mg : 0 € O} is
a probability measure (prior) and the dual problem is

maxmin L(0,¢t,7) = max min R.(6)
g é,t e >0, 0
2pco =1
= max R.
TeEM(O)

Hence, R* > R, for all m € M(0). Note that, as usual, the dual program is a concave maximization
problem.

Theorem 2.2 (Minimax theorem).
R* = R*
B

in either of the following cases:
e O is a finite set and the data X takes values in a finite set X .
e O is a finite set and the loss function £ is bounded from below, i.e., infeéE(G,é) > —00

Proof. The first case directly follows from the fact that strong duality holds for finite-dimensional
linear programming.

For the second case, we start by showing that if R* = oo, then Rj = oo. To see this, consider
the uniform prior 7 on ©. Then for any estimator 0, there exists § € © such that R(6,6) = oo.
Then R (0) > & R(0,0) = oc.

Next we assume that R* < co. Then R* € R since ¢ is bounded from below (say, by a) by
assumption. Define

S = {R(-,0) € R® :  is a randomized estimator} = {set of all possible risk vectors}
T={teR®:t; < R*}.

17



Note that both S and T are convex (why?) subsets of Euclidean space R® and SNT = () by definition
of R*. By the separation hyperplane theorem, there exists a non-zero m € R® and ¢ € R, such
that infseg (m,5) > ¢ > sup,er (m,t). Obviously, 7 must be componentwise positive, for otherwise
supyer (m,t) = 0o. Therefore by normalization we may assume that 7 is a probability vector, i.e., a
prior on ©. Then R}; > R} = infscg (7, s) > sup,cp (7, t) > R*, completing the proof. O
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§ 3. MINIMAX RISK OF GLM AND FOUR EXTENSIONS

In this lecture, we discuss several extension of the Gaussian local model (GLM) to illustrate the
following concepts such as tensor product of experiments and sample complezity.

Recall the scalar GLM we discussed in the last lecture, where X = 0 + Z, where 0 € R, Z ~
N(0,02) and the loss function is quadratic £(6,6) = (§ — §)2. Then we have

R* = o (3.1)
This follows from

2.2
e Lower bound: If § ~ N(0,03), we know R, = % Letting og — oo yields R* > o2.
O'O g

e Upper bound: Let the estimator be § = X. Thus Rg(é) = o2 for all §. Hence R* < o2,

3.1 Multivariate version and tensor product of experiments

We observe X = 6+ Z, where § € RP, Z ~ N(0,021,) and the loss function ¢(6, 0) = || —6]|3. Then
R* = po?. (3.2)
This can be obtained using similar argument to the univariate case:
e Lower bound: 6 ~ N(0,031,) and o¢ — o0.
e Upper bound: take 6=X.

The multivariate GLM can be viewed as a tensor product of the univariate GLM, and their
minimax risks satisfy a general relationship. We discuss this notion below:

Minimax risk for tensor product of the experiment Given statistical experiments P; =
{Py,: 0; € ©;} and the corresponding loss function ¢;, for i € [p], consider their tensor product,
which is the following statistical experiment:

P p
P—{PQ—HPQZ.:0—{01,...,0p}€®£H@7;},
i=1 i=1

X =(X1,...,X,) where X; %' P,
00,0) = €:(6;,0,),v0,0 € ©.
=1

Then the minimax risk of the tensor product experiment is related to the minimax risk R*(P;) and
worst-case Bayes risks R (P;) £ sup, R(P;) of individual experiments as follows:!

'"Here the minimax risk is defined allowing randomized procedures.
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Theorem 3.1 (Minimax risk of tensor product).
P P
> Rp(P) < R*(P)< ) _R(P). (3.3)
i=1 i=1
Consequently, if minimaz theorem holds for each experiment, i.e., R*(P;) = Rj(P;), we have
R*(P) = R*(Py). (3.4)

Proof. The right inequality simply follows by separately estimating 8; based on X;, namely, =
(91, e ép). For the left inequality, consider a product prior 7 = Hle m;. Then X;’s are independent.
For any éz = éi(Xl, ..., Xp,U;), where U; is independent external randomness, we can rewrite
0; = éi(XZ-, Ui), where U; = (X\s»Ui) 1L X serves as randomization. Therefore the Bayes risk of
0; satisfies: E[((6;,6;)] > R . Summing over i and taking suprema over priors 7;’s yields the left
inequality of (3.4). O

Remark 3.1 (Minimax risk of tensor product < sum of minimax risks). The right inequality of
(3.4) can be strict. This might appear surprising since X; only carries information about #; and it is
intuitive to estimate 6; based solely on X;. Nevertheless, the following is a counterexample:
Consider X = 0Z, where § € N, Z ~ Bern(3). The estimator 0 takes values in N as well
and the loss function is £(6,0) = 1{0 < 0}, i.e., whoever guesses the greater number wins. The
minimax risk for this experiment is equal to P[Z = 0] = 1. To see this, note that if Z = 0, then

all information about 6 is erased. Therefore for any (randomized) estimator Pé‘ x>

bounded by Ry(f) = P[0 < 6] > Plf < 6,Z = 0] = %}P’[é < 0|X = 0]. Therefore sending 6§ — oo
yields supg Rg(é) > % This is achievable by § = X. Clearly, this is a case where minimax theorem
does not hold, which is very similar to the trivial example given in the last lecture.

Next consider the tensor product of two copies of this experiment. We show that the minimax
risk is strictly less than one. For i = 1,2, let X; = 6,Z;, where Z1, Zgi%i'Bern(%). Consider the
following estimator 91 = 92 = X3 V X5. Then for any 61,60, € N,

the risk is lower

E[0(0,0)] = Pf < 61] + P[0y < 0] = P[Zy = 0, Zy < 61/0] +P[Zs = 0,71 < 62/61]

_ %(P% < 00/05] + P21 < 0s/01]) < Z

Remark 3.2 (Non-uniqueness of minimax estimator). In general, minimax risk achieving strategies
need not be unique. For instance, consider Example 3.1 where § = X is the maximum likelihood
estimator as well as the minimax. On the other hand, the risk of the James-Stein estimator

~ p—2
s = (1 - ) X
X2

dominates that of MLE everywhere (see Fig. 3.1). Therefore 65 also achieves R* = p for p > 3.
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Figure 3.1: Risks of MLE and JS estimators for p = 10.

3.2 Multiple samples and sample complexity
We now consider a variant of GLM where we observe X = (X1,...,X,) where X; =0+ Z;, Z; i
N(0,0%1,),0 € RP. In this case, we have

2

« _ PO
R =—. 3.5
o (35)

To see this, note that for the case of i.i.d. Gaussian random variables, X is a sufficient statistic of X

for 0, because the joint pdf px, . x, ¢ is of the form h (X) go(X), and hence by Fisher’s factorization

criterion, § — X — (X1,...,X,,). Therefore the model reduces to X ~ N (4, %QIP), which is the
single-sample multivariate case and the minimax risk follows from (3.2).

Sample complexity Given the experiment {Py : § € O}, consider the experiment
Pn:{Po@":HE@}.

Note this is not the tensor product of the given experiment because all samples are generated
by a common parameter. It is easy to see that n — R* (P,) is decreasing since we can always
discard samples. Typically, R* (P,,) — 0 as n — oo. Thus it is natural to consider how fast R*(P,)
decreases with n (convergence rate). Equivalently, one can ask what is the minimum number of
samples to attain a prescribed error € even in the worst case. This motivates the following definition.

Definition 3.1 (Sample complexity). Given an error margin € > 0, we define the sample complexity
of the statistical model as

n*(e) £ min{n € N: R* (P,) < ¢}.

In machine learning and related fields, it is customary and useful to consider high-probability
bound instead of average risk bound and it is useful to define the sample complexity to be the
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minimum number of samples required to achieve a prescribed loss with high confidence. In other
words, given € > 0 and 0 < 0 < 1, the sample complexity n*(e, d) is the smallest n such that there
exists 0 = 0(X1,...,X,) satisfying

Py(£(0,0) < e)>1—6, VOeoO.

This is in fact just a special case of Definition 3.1 with the loss function ¢ replaced by 1{¢(6,8) > ¢}.

Remark 3.3. For the multi-sample GLM with unit variance, we know that R* = 2. Hence the

sample complexity is given by n*(¢) = [2]. Here we notice that the sample complexity grows
pl plexity is gi by n*(e) = [2]. H tice that th pl plexity g

linearly with the dimension p. This is the common wisdom that “the sample size need to scale at
least proportionally to the number of parameters”, also known as “counting the degrees of freedom”.
Indeed in high dimensions we typically expect the sample complexity to grow with the ambient
dimension. However, such claim of linear growth should be taken with a grain of salt because it
highly depends on what loss function and what is target we are estimating. For example, consider
the matrix case # € RP*P and let € be a small constant. Then

e For quadratic loss, namely, || — ||%, then we have R* = % and hence n*(¢) = O(p?).
e If the loss function is ||§ — é!]gp, then we have R* < £ and hence n*(e) = O(p).

e If we only want to estimate the scalar functional ||6||,_, then n*(e) = O(y/logp).

3.3 Nonparametric extension

The result we obtained on the minimax risk of GLM can be in fact generalized to the following
nonparametric setting. Consider the class of distributions (which need have density) on the real line
with bounded variance:

e Model: P = {P € M(R) : varp < 1}, where varp denotes the variance of the distribution P.
e Data: X = (Xy,...,X,) “ P for some P € P.

e Objective: We wish to estimate §(P) where §(P) = mean of the distribution P.

e Loss function: £(6,6) = (0 — )2 for 6,0 € R.

Then the minimax risk is

1
R*(P) = —.
(P) =
Proof. Restricting the analysis to the subcollection of Gaussian distributions Pg = {N(0,1) : 6 € R},
we know that R*(Pg) = 2. Hence R*(P) > 1. On the other hand, for the estimator § = X,
- A . 1 I 1
Ry(0) = E[(0(P) — 0)’] =E[(0(P) - X)?] = SE |} (0(P) - X;)*| < —.
i=1

Hence sup pp Ry(0) < Land R*(P) < 1. Thus R*(P) = 2 O
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3.4 Non-quadratic loss

One can also consider non-quadratic loss functions such as || — 6||; when 8 € R? or || — 6|, when
0 € RP*P_etc., where R* will no longer be given by (3.5). We will prove the following result later in
the course (see Lecture 9).

Theorem 3.2. For the Gaussian location model where X = (X1,...,Xy,) @N(G, I,,) and €(9, 0) =
160 — 6| for some arbitrary norm || - ||, one has

121

E
R* =

Thus (3.5) can be seen as a direct consequence of this theorem. In this case, the sample

E|

2
complexity n*(e) scales as @, depending on the norm.

23



Part 11

f-divergences, information
inequalities, and large-sample
asymptotics
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§ 4. TOTAL VARIATION/INEQUALITIES BETWEEN f-DIVERGENCES

4.1 f-divergences

Outline of the topics.

e Notion of dissimilarity between distributions: Common f-divergences such as KL-divergence,
Hellinger distance, total variation distance, y?-distance, etc.

e Notion of dependence between distributions: Mutual information.
e Data processing principle
e Fisher information & minimax bounds

We now define the f-divergence between probability distributions over a measurable space
(X, F), introduced by Csiszar [Csi67]. Roughly speaking, all f-divergences quantify the difference
between a pair of distributions, each with different operational meaning.

Definition 4.1 (f-divergence). Let P and @ be two probability distributions on X. Then for any
convex function f : (0,00) — R such that it is strictly convex!' at 1 and f(1) = 0, the f-divergence
of @ from P with P <« (Q is defined as

. P
Ds(PI0) 250 1 (53] (4.
Remark 4.1. When X is discrete, Dy (P[|Q) = >, c» Q(z)f <ggg>

Remark 4.2. The notation % stands for the relative density (Radon-Nikodym derivative) of P
with respect to (), whenever P < @), which is a function from X to R. For conciseness, we sometimes

abbreviate % by g. The defining property of % is its utility in change of measure:

dP
dQ
Remark 4.3 (General definition of f-divergence). If P is not absolutely continuous with respect
to @, (4.1) is not well-defined. The general definition of f-divergence is as follows:

Dy(P||Q) £ Eq [f <ZS§§Z ﬂ (4.2)

where p is a dominating probability measure (e.g., u = (P + Q)/2) of P and @, i.e., both P < p
and @ < p, with the understanding that

B /(0] = o | 1() G5 ()]

"By strict convexity at 1, we mean for all s,# € (0,00) and o € (0,1) such that as + at = 1, we have

af(s)+ (1 —a)f(t) > f(1).
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o f(0) = f(0+),
e 0f(2)=0, and
e 0f(5) =limgozf(2) for a > 0.

This definition is not merely for completeness, for example, we will show later that dpy(P,Q) =1
P LQ.

The following are the common f-divergences (“big four”) that we would be frequently used in
this course.

e Kullback-Leibler (KL) divergence: aka relative entropy, f(x) = xlogz,

D(P|Q) £ E [Q log Q] _Ep [mg g] |

It is worth noting that, in general D(P||Q) # D(Q||P). When f(x) = —logz, we obtain
Dy(P|Q) = Eq [~log 5] = D(QIP).

e Total variation: f(z) = |z — 1],

drv(P,Q) = EQH—q}:;/MP—d@.

Moreover, drv(-,-) is a metric on the space of probability distributions, and hence it is a
symmetric function of P and Q.

e y2-divergence: f(z) = (v — 1)

X(PlQ) £

Ik

Note that we can also choose f(x) = 22 — 1. Indeed different f can lead to the same divergence.

e Squared Hellinger distance: f(z) = (1 — ﬁ)Q,

H(P,Q) 2 Eq (1— g) - [ (vp-va)

Note that H?(P,Q) = H%(Q, P).
Theorem 4.1 (Properties of f-divergences).
e Non-negativity: D;(P|Q) > 0 with equality if and only if P = Q.

e Joint convexity: (P,Q) — D (P||Q) is a jointly convex function. Consequently, P
D¢(P||Q) and Q — D¢(P||Q) are also convex functions.

e Conditioning increases f-divergence: Define the conditional f-divergence:

Dy (Pyx||Qyx|Px) £ Ex~py [Df (Pyx|IQyix)]

Q
Let Px —>Py and Px ﬂ>Qy, i.e.,
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Py x

Px

QY|X ——> QY

Then
Dy (Py||Qy) < Dy (Pyx||Qy x| Px) -

Note: For the last property, one can view Py and QJy as the output distributions after passing Py
through the channel transition matrices Py x and Qy|x respectively. The above relation tells us
that the average f-divergence between the corresponding channel transition rows is at least the
f-divergence between the output distributions.

Proof. e D(P|Q) =Eqg [f (g)] > f (EQ [g]) = f(1) = 0, where the inequality follows from
the Jensen’s inequality. By strict convexity at 1, equality holds if and only if P = Q.

e For any convex function f on R, it follows that (p,q) — qf (%) is convex on Ri (the

perspective of f). Since D;(P||Q) = Eq [f <g>}, D¢(P||Q) is jointly convex.

e This follows directly from the joint-convexity of D (P|/@Q) and the Jensen’s inequality.
O

Recall the definition of f-divergences from last time. If a function f : RT — R satisfies the
following properties:

e f is a convex function.
. f(1)=0.

e f is strictly convex at x = 1, i.e. for all z,y,a such that ax + @y = 1, the inequality
fQ) < af(z)+af(y) is strict.

Then the functional that maps pairs of distributions to R, defined by

Dy(PIa) 250 |1 (5]

is an f-divergence.

4.2 Data processing inequality

Theorem 4.2. Consider a channel that produces Y given X based on the law Py |x (shown below).
If Py is the distribution of Y when X is generated by Px and Qy is the distribution of Y when X
is generated by Qx, then for any f-divergence Dy(-||-),

D¢(Py|Qy) < Dp(Px||@x)-
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PX PY

—

Py x

Qx Qy

One interpretation of this result is that processing the observation x makes it more difficult to
determine whether it came from Px or Qx.

Proof.
“Eg, £ (22| @ Pxv ] _ Pxy
ot [ (3] 5 [1(32)] -5t (2]
Jensen’s inequality — > Eq, | f (EQ legxy>]
L Xy
=Eq, |f (EPXYCP;;)] (g) Eq, [f <é;1;>] :Df(PYHQY)-

Note that (a) means D¢(Px||Qx) = Ds(Pxy||@xv); (b) can be alternatively understood by noting
that EQ[SXT‘; |Y] is precisely the relative density 5—‘;, by checking the definition of change of measure,

L., Ep[g(Y)] = Eqlg(Y) 552] = Eqlg(Y)E[ZSX Y]] for any g. O

Qxy Qxy

Remark 4.4. Py x can be a deterministic map so that Y = f(X). More specifically, if f(X) =
15(X) for any event E, then Y is Bernoulli with parameter P(F) or Q(F) and the data processing
inequality gives

Dy(Px||@x) = Dy (Bern(P(E))||Bern(Q(E))). (43)

This is how we prove the converse direction of large deviation.

Example 4.1. If X = (X, X5) and f(X) = X1, then we have D;(Px, x, ||@Qx,x,) > Df(Px,[|@x;)-

As seen from the proof of Theorem 4.2, this is in fact equivalent to data processing inequality.

Remark 4.5. If D;(P|Q) is an f-divergence, then D;(P|Q) with f(z) := zf(1) is also an f-
divergence and Dy(P|Q) = D§(Q| P). Example: Df(P|{Q) = D(P[|Q) then D;(P||Q) = D(Q||P).

Proof. First we verify that f has all three properties required for D 7C[I-) to be an f-divergence.

e For z,y € RT and « € [0, 1] define ¢ = ax + ay so that 2 + ¥ = 1. Observe that

floz +ay) = cf <1> p ("‘“ + ‘”’1> <2y (1> My (;) — af(z) +af(y).

c cy c x

Thus f : R — R is a convex function.

e f()=f(1)=0.
e For z,y € R, a € [0,1], if ax + @y = 1, then by strict convexity of f at 1,

- 1 1 1 1 =
0= 7 = ) = £ (0 v ) <ot (1) +aus (1) =aft@) + af)
So f is strictly convex at 1 and thus D 7C[I-) is a valid f-divergence.
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o Dy(P|Q) = Eq [f (gﬂ =Er [gf <g)] e [f (gﬂ - preln) -

4.3 Total variation and hypothesis testing

Recall that the choice of f(z) = |z — 1| gives rise to the total variation distance,

1 P 1
DAPIQ) = yEalg 1| = [1P-al

where [ |P — Q| is a short-hand understood in the usual sense, namely, [ ’% — %Wu where p is a

dominating measure, e.g., 4 = P + (), and the value of the integral does not depends on p.
We will denote total variation by dry (P, Q) or TV(P, Q).
Theorem 4.3. The following definitions for total variation are equivalent:

1.
drv(P,Q) = sup P(E) — Q(E), (4.4)

where the supremum is over all measurable set E.

2. Given an observation X, the minimal sum of Type-I and Type-II error probabilities for testing
X ~ P versus X ~ Q is given by 1 — dpv(P,Q),

min {P(¢ = 1)+ Q(6 = 0)} = 1 ~ drv(P.Q). (4.5)

where the minimum is over all decision rule ¢ € {0,1} as a (deterministic or random) function
of the observation X.? Furthermore,®

drv(P.Q) =1~ [ Pra. (4.6)
3. Provided the diagonal {(x,z) : © € X'} is measurable,
drv(P,Q)= inf P[X #Y]. (4.7)
Pxvy:
Px=P,Py=Q

4. Let F={f: X =5 R,|fllooc <1}. Then

drv(P,Q) = % JSCIGIE_EPJC(%) —Eqf (). (4.8)

Remark 4.6 (Variational representation). The equation (4.4) and (4.8) provide sup-representation
of total variation, which will be extended to general f-divergences (later). Note that (4.7) is an
inf-representation of total variation in terms of couplings, meaning total variation is the Wasserstein
distance with respect to Hamming distance. The benefit of variational representations is that
choosing a particular coupling in (4.7) gives an upper bound on dyv (P, @), and choosing a particular
f in (4.8) yields a lower bound.

2The extension of (4.5) from from simple to composite hypothesis testing is in (18.1)
3Throughput the course a A b = min{a, b} and a V b = max{a,b}. Here again [ P A @ is a short-hand understood
per the usual sense, namely, [ (% A %)du where p is any dominating measure.
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Remark 4.7 (Operational meaning). In the binary hypothesis test for Hy : X ~ P or Hy : X ~ Q,
Theorem 4.3 shows that 1 — dpy (P, Q) is the sum of false alarm and missed detection probabilities.
This can be seen either from (4.4) where E is the decision region for deciding P or from (4.6) since
the optimal test (for average probability of error) is the likelihood ratio test % > 1. In particular,

e dryv(P,Q) =1 < P L @, the probability of error is zero since essentially P and @ have
disjoint supports.

e dyy(P,Q) =0« P = (@ and the minimal sum of error probabilities is one, meaning the best
thing to do is to flip a coin.

4.4 Motivating example: Hypothesis testing with multiple
samples

Observation: “Not all f-divergences are born equal”

1. Different f-divergences have different operational significance. For example, as we saw in
Section 4.3, testing two hypothesis boils down to total variation, which determines the
fundamental limit (minimum average probability of error). Later in the course we will
encounter another f-divergence: L(P|Q) = [ (};1%)2, which is useful for estimation under
quadratic loss.

2. Some f-divergence is easier to evaluate than others. For example, for product distributions,
Hellinger distance and x2-divergence tensorize in the sense that they are easily expressible
in terms of those of the one-dimensional marginals; however, computing the total variation
between product measures is frequently difficult. Another example is that computing the
x2-divergence from a mixture of distributions to a simple distribution is convenient.

Therefore the punchline is that it is often fruitful to bound one f-divergence by another and this
sometimes leads to tight characterizations. In this section we consider a specific useful example
to drive this point home. Then in the next lecture we develop inequalities between f-divergences
systematically.

Consider a binary hypothesis test where data X = (X,...,X,,) are i.i.d drawn from either P
or ( and the goal is to test

Hy: X ~P%" vs Hp:X~Q%"

As mentioned before, 1 — dpv(P®", Q®") gives minimal Type-I+II probabilities of error, achieved by
the maximum likelihood test. By the data processing inequality, dpv(P®™, Q®™) < dpy (P®™, Q%")
for m < n. From this we see that dpyv(P®", Q®") is an increasing sequence in n (and bounded by 1
by definition) and hence converges. One would hope that as n — oo, dryv(P®", Q®") converges to 1
and consequently, the probability of error in the hypothesis test converges to zero. It turns out that
if the distributions P, @) are independent of n, then large deviation theory gives

dry (PP, Q") = 1 — exp(—nC(P, Q) + o(n)), (4.9)

where the constant C'(P, Q) = — loginfo<a<i [ P*Q'~® is the Chernoff Information of P, Q. It
is clear from this that dpy(P®", Q®") — 1 as n — oo, and, in fact, exponentially fast.

However, as frequently encountered in high-dimensional statistical problems, if the distributions
P =P, and Q = @, depend on n, then the large-deviation approach that leads to (4.9) is no longer
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valid. In such a situation, total variation is still relevant for hypothesis testing, but its behavior as
n — 00 is not obvious nor easy to compute. In this case, understanding how a more computationally
tractable f-divergence is related to total variation may give insight on hypothesis testing without
needing to directly compute the total variation. It turns out Hellinger distance is precisely suited
for this task — see Theorem 4.4 below.

2
Recall that the squared Hellinger distance, H?(P, Q) = Eq [(1 — \/%) ] is an f-divergence
with f(z) = (1 — y/x)2, which provides a sandwich bound for total variation

H?(P,Q)
- R

This can be proved by elementary manipulations and a systematic proof will be explained in the
next lecture. Direct consequences of this bound are:

0< %HQ(P, Q) < duy(P,Q) < H(P,Q) <1. (4.10)

o H%(P,Q) =2, if and only if drv(P,Q) = 1.
e H2(P,Q) =0 if and only if drv(P,Q) = 0.

e Hellinger consistency < TV consistency, namely H?(P,, Q) — 0 < drv(P,, Q) — 0.

Theorem 4.4. For any sequence of distributions P, and Q,, as n — 00,

1
dpyv (PO, Q%) = 0« H*(Py,Qn) =0 ()

n

1
dryv (PP, Q%) — 1 & H*(P,, Q) = w ()

n

Proof. Because the observations X = (X7, Xo, Xn) are i.i.d, the joint distribution factors

n
R Qi =2 - 28 || 1T 5"

n
P
By independence — =2 — 2] [ Eq, "(Xi)] =2-2 (EQn
=1

=2-2 (1 — ;HQ(PH,Qn)yl.

Then dry(PE",Q%") — 0 if and only if H*(P¥",Q%") — 0, which happens precisely when
H2(Pn> Qn) = 0(%)

Similarly, dpv (P27, Q%") — 1 if and only if H?(P2", Q%") — 2 which happens precisely when
Hz(PnaQn) :w(%)' O

Remark 4.8. The proof of Theorem 4.4 relies on two ingredients:
1. Sandwich bound (4.10).

2. Tensorization properties of Hellinger:

(HPHQ) _2—2H<1—H(];"“Q")> (4.11)

“For positive sequences {an}, {bn}, we say an, = w(bn) if b, = o(an).
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Note that there are other f-divergences that are also tensorizable, e.g., x?-divergences:
n n n
X (HPhHQi) =T +x3 P, Q) -1 (4.12)
i=1 =1 i=1

however, no sandwich inequality like (4.10) exists for dpv and x? and hence there is no y?-version of
Theorem 4.4. Asserting the non-existence of such inequalities requires understanding the relationship
between these two f-divergences (see next lecture).

4.5 Inequalities between f-divergences

We will discuss two methods for finding inequalities between f-divergences.

e ad hoc approach: case-by-case proof using results like Jensen’s inequality, max < mean < min,
Cauchy-Schwarz, etc.

e systematic approach: joint range of f-divergences.

Definition 4.2. The joint range between two f-divergences D¢(-||-) and Dgy(:||-) is the range of the
mapping (P, Q) — (Df(P||Q), Dy(P||Q)), i.e., the set R C Ry x Ry where (x,y) € R if there exist
distributions P, Q on some common measurable space such that © = D;(P||Q) and y = Dy(P||Q).

0.9 1

0.7 - .

0.6 i

0.4 1

0.3 i

0.2 i

0.1 i

The green region in the above figure shows what a joint range between D¢(-||-) and Dgy(-||-) might
look like. By definition of R, the lower boundary gives the sharpest lower bound of Dy in terms of
Dy, namely:

Dp(PQ) = V(Dy(PQ)),  where V(1) £ inf{D;(PI|Q) : Dy(PI|Q) = 1};
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similarly, the upper boundary gives the best upper bound. As will be discussed in the next lecture,
the sandwich bound (4.10) correspond to precisely the lower and upper boundaries of the joint
range of H? and drv, therefore not improvable. It is important to note, however, that R may be an
unbounded region and some of the boundaries may not exist, meaning it is impossible to bound one
by the other, such as x? versus drv.

To gain some intuition, we start with the ad hoc approach by proving Pinsker’s inequality, which
bounds total variation from above by the KL divergence.

Theorem 4.5 (Pinsker’s inequality).
D(P||Q) > 2log ediy (P, Q). (4.13)

Proof. First we show that, by the data processing inequality, it suffices to prove the result for
Bernoulli distributions. For any event E, let Y = 1{X € E} which is Bernoulli with parameter
P(E) or Q(E). By data processing inequality, D(P||Q) > d(P(E)|Q(FE)). If Pinsker’s inequality is
true for all Bernoulli random variables, we have

\/ %D(PHQ) > drv(Bern(P(E)), Bern(Q(E)) = [P(E) — Q(E)

Taking the supremum over E gives /3D (P||Q) > supg |P(E) — Q(E)| = drv(P,Q), in view of
Theorem 4.3.
The binary case follows easily from Taylor’s theorem (with integral remainder form):

d(pllq) = /p t(pl__tt)dt > 4/p(p —t)dt =2(p — q)?

and drv(Bern(p), Bern(q)) = [p — q|. O

Remark 4.9. Pinsker’s inequality is known to be sharp in the sense that the constant “2” in (4.13)
is not improvable, i.e., there exist {P,, Q,} such that %{LH% — 2 as n — 0o. (Why?) Nevertheless,
this does not mean that (4.13) itself is not improvable because it might be possible to subtract
some higher-order term from the RHS. This is indeed the case and there are many refinements of
Pinsker’s inequality. But what is the best inequality? Settling this question rests on characterizing

the joint range and the lower boundary. This is the topic of next lecture.
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§ 5. INEQUALITIES BETWEEN f-DIVERGENCES VIA THEIR JOINT RANGE

In the last lecture we proved the Pinkser’s inequality that D(P||Q) > 2d4 (P, Q) in an ad hoc
manner. The downside of ad hoc approaches is that it is hard to tell whether those inequalities can
be improved or not. However, the key step when we proved the Pinkser’s inequality, reduction to
the case for Bernoulli random variables, is inspiring: is it possible to reduce inequalities between
any two f-divergences to the binary case?

5.1 Inequalities via joint range

A systematic method is to prove those inequalities via their joint range. For example, to prove
a lower bound of D(P||Q) by a function of dpy(P,Q) that D(P||Q) > F(dpv(P,Q)) for some
F :[0,1] = [0, 00], the best choice, by definition, is the following:

F(e) & inf D(P||Q).
© (P,Q):drv(P,Q)=¢ (FllQ)

The problem boils to the characterization of the region {(drv(P,Q), D(P|Q)) : P,Q} C R?, their
joint range, whose lower boundary is the function F'.

D

TV

Figure 5.1: Joint range of dtv and D.
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Definition 5.1 (Joint range). Consider two f-divergences Df(P||Q) and D, (P||Q). Their joint
range is a subset of R? defined by

R £ {(Ds(P||Q), Dy(P||Q)) : P,Q are probability measures on some measurable space} ,
Ri = {(Ds(P|Q), Dy(P||Q)) : P,Q are probability measures on [k]}.

The region R seems difficult to characterize since we need to consider P, (Q over all measurable
spaces; on the other hand, the region R; for small k is easy to obtain. The main theorem we will
prove is the following [HV11]:

Theorem 5.1 (Harremoés-Vajda '11).
R = co(Ra2).

It is easy to obtain a parametric formula of Re. By Theorem 5.1, the region R is no more than
the convex hull of Rs.

Theorem 5.1 implies that R is a convex set; however, as a warmup, it is instructive to prove con-
vexity of R directly, which simply follows from the arbitrariness of the alphabet size of distributions.
Given any two points (D (Fy||Qo), Dyg(Fol|Qo)) and (Dy(Py1||Q1), Dg(P1]|@1)) in the joint range, it
is easy to construct another pair of distributions (P, Q) by alphabet extension that produces any
convex combination of those two points.

Theorem 5.2. R is convez.

Proof. Given any two pairs of distributions (FPp, Qo) and (P;, Q1) on some space X and given any
a € [0,1], we define another pair of distributions (P, Q) on X x {0,1} by

P =a(Py x d) + a(Py x 61),
Q = a(Qo x &) + a(Q1 x 61).

In other words, we construct a random variable Z = (X, B) with B ~ Bern(a), where Px|p—; = P;
and QX|B:i = Ql Then

Dy(PIQ) = | ()] =2a [Eas |1 (5 )|] = apsmian + ansrilan),

D,(PIQ) =Eo |9 ()] =B |Eau |9 (5 ) || = apstrl@n + any(miQ

Therefore, a(D¢(Fo]|Qo), Dg(FPo||Qo)) + a(Ds(P1]|Q1), Dg(P1||Q1)) € R and thus R is convex. [J
Theorem 5.1 is proved by the following two lemmas:
Lemma 5.1 (non-constructive/existential). R = Ra4.
Lemma 5.2 (constructive/algorithmic).
Ri+1 =co(RaURg)  for any k > 2

and hence

Ry = co(Rz), for any k > 3.
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5.1.1 Representation of f-divergences

To prove Lemma 5.1 and Lemma 5.2, we first express f-divergences by means of expectation over
the likelihood ratio.

Lemma 5.3. Given two f-divergences D (-||-) and Dy(-||-), their joint range is

[ (ELFCO) + FO)1—EXDY
R‘{@:X gmu—me'XZW““g%’
0)
)

(1 —E[X])> X > 0,E[X] <1, X takes at most k — 1 values,}

_ ) (EFXO)I+ F(O
= {(E[ (X)] +3(0
where f(0) £ lim,_,0zf(1/z) and §(0) £ lim, o zg(1/z).

In the statement of Lemma 5.3, we remark that f(0) and §(0) are both well-defined (possibly
+00) by the convexity of z — zf(1/x) and z — xg(1/x) (from the last lecture).

Before proving above lemma, we look at the following two examples to understand the corre-
spondence between a point in the joint range and a random variable. The first example is the simple
case that P < @, when the likelihood ratio of P and @ (or Radon-Nikodym derivative defined on
the union of the spaces of P and Q) is well-define.

(1-E[X])) or X >0,E[X] =1, X takes at most k values

Example 5.1. Consider the following two distributions P, @ on [3]:

1 2 3
P 034034 0.32
Q| 085 | 0.1 | 0.05

Then Df(P||Q) = 0.85f(0.4) + 0.1f(3.4) + 0.05f(6.4), which is E[f(X)] where X is the likelihood
ratio of P and @ taking 3 values with the following pmf:

x | 04 |34] 64
(x) | 0.85 | 0.1 | 0.05

On the other direction, given the above pmf of a non-negative, unit-mean random variable X ~ p
that takes 3 values, we can construct a pair of distribution by Q(z) = p(z) and P(x) = zu(x).

In general cases P is not necessarily absolutely continuous w.r.t. ), and the likelihood ratio X
may not always exist. However, it is still well-defined on the event {Q > 0}.

Example 5.2. Consider the following two distributions P, Q on [2]:

1 2
P 04|06
Q0|1

Then Dy(P|Q) = f(0.6) +0f(%), where 0f(2) is understood as

08 (§) = et (3) =rlim o () = v

Therefore D;(P||Q) = f(0.6) + 0.4f(0) = E[f(X)] + f(0)(1 — E[X]) where X is defined on {Q > 0}:
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T 0.6
p(x) | 1

On the other direction, given above pmf of a non-negative random variable X ~ p with E[X] <1
that takes 1 value, we let Q(x) = u(x), let P(z) = zpu(z) on {Q > 0} and let P have an extra point
mass 1 — E[X].

Proof of Lemma 5.3. We first prove it for R. Given any pair of distributions (P, @) that produces a
point of R, let p, g denote the densities of P, Q) under some dominating measure pu, respectively. Let

ngon {¢>0}, ux=0Q, (5.1)
then X > 0 and E[X] = P[g > 0] < 1. Then
D;(PIQ) = [ f<p> aQ+ [ 4 (p) ar— | (p> dQ + f(0)Plg = 0]
{g>0} q {g=0} P \4 >0} q
= E[X])7
Analogously,
Dy(P||Q) = E[g(X)] + g(0)(1 — E[X]),
On the other direction, given any random variable X > 0 and E[X] < 1 where X ~ p, let
d@Q =dp, dP = Xdu+ (1 —E[X])ds, (5.2)

where * is an arbitrary symbol outside the support of X. Then

<Df(PHQ)) _ (E[f(X)] +£(0)(1 - E[X]))
Dy(P|Q) Elg(X)] +g(0)1 - E[X]) /-
Now we consider Ry. Given two probability measures P, @ on [k], the likelihood ratio defined in
(5.1) takes at most k values. If P < @ then E[X] = 1; if P &« @ then X takes at most k — 1 values.
On the other direction, if E[X] = 1 then the construction of P,Q in (5.2) are on the same
support of X; if E[X] < 1 then the support of P is increased by one. ]

5.1.2 Proof of Theorem 5.1

Aside: Fenchel-Eggleston-Carathéodory’s theorem: Let S C R? and z € co(S). Then there
exists a set of d + 1 points S’ = {x1, 22, ..., 2441} € S such that x € co(S’). If S is connected, then
d points are enough.

Proof of Lemma 5.1. 1t suffices to prove that
R C Ry.

Let S £ {(z, f(z),g(x)) : > 0} which is a connected set. For any pair of distributions (P, Q) that
produces a point of R, we construct a random variable X asin (5.1), then (E[X],E[f(X)],E[g(X)]) €
co(S). By Fenchel-Eggleston-Carathéodory’s theorem,! there exists (x;, f(z;), g(x;)) and the corre-
sponding weight «; for ¢ = 1,2, 3 such that

3
(E[X],E[f(X)], E[g(X)]) = Y ai(ws, f(x:), g(x:))-
i=1

!To prove Theorem 5.1, it suffices to invoke the basic Carathéodory’s theorem, which proves a weaker version of
Lemma 5.1 that R = Rs.
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We construct another random variable X’ that takes value z; with probability «;. Then X takes 3
values and

(E[X],E[f(X)], E[g(X)]) = (E[X'], E[f(X")], E[g(X")]). (5.3)
By Lemma 5.3 and (5.3),

Dy(PIQ)\ _ (E[f(X)] + FO)(1 —E[X]) _ (E[f(X)]+ f(0)(1 — E[X"])
<D9<PHQ)> - ( +3 ] ) - ( X+ 5 > € Ry

We observe from Lemma 5.3 that D¢(P||Q) only depends on the distribution of X for some
X >0 and E[X] < 1. To find a pair of distributions that produce a point in Ry, it suffices to find a
random variable X > 0 taking k values with E[X] = 1, or taking k — 1 values with E[X] < 1. In
Example 5.1 where (P, Q) produces a point in R3, we want to show that it also belongs to co(R2).
The decomposition of a point in R3 is equivalent to the decomposition of the likelihood ratio X that

px = apy + ap.

A solution of such decomposition is that ux = 0.5u1 + 0.5u2 where 1, o has the following pmf:

z 0434 r [04]64
pi(z) | 0.8710.2 pa(z) 0.9 0.1

Then by (5.2) we obtain two pairs of distributions

Py | 0.32 ] 0.68 Py, | 0.36 | 0.64
0,1 08 | 02 0.1 09 | 01
We obtain that
(Df(PHQ)) — 05 (Df(P1||Q1)> 105 (Df(P2||Q2)> .
Dy(P[|Q) Dy(P1[|Q1) Dy(P2]|Q2)

Proof of Lemma 5.2. 1t suffices to prove the first statement, namely, Ry41 = co(Ry) for any k > 2.
Since Ry € Ry41 by definition, it remains to show Riy1 C co(Ry).

Given any pair of distributions (P, Q) that produces a point of (Df(P||Q), Dy(P||Q)) € Ri+1,
we construct a random variable X as in (5.1) that takes at most k + 1 values. Let p denote the
distribution of X. We consider two cases that E,[X] < 1 and E,[X] = 1 separately.

e E,[X] < 1. Then X takes at most k values since otherwise P < ). Denote the smallest value
of X by x and then x < 1. Suppose u(z) = g and then p can be represented as

= qos +qu’,
where 1/ is supported on at most k — 1 values of X other than z. Let us = d,. We need to
construct another probability measure @1 such that

W= ay + apg,

— E [X] < 1. Let g = ¢/ and let o = q.

E,[X]-1
E [X]-2

— Ey[X] > 1. Let uy = pd, + py' where p =

_ Eu[X]—z
o = -z *

such that E, [X] = 1. Let
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e E,[X] = 1.2 Denote the smallest value of X by z and the largest value by y, respectively, and
then = < 1,y > 1. Suppose u(x) = r and pu(y) = s and then p can be represented as

p=rdy+ (1 —r—s)u + sdy,

where y/ is supported on at most k — 1 values of X other than z,y. Let us = 80, + B(Sy where
B = ly’—i such that E,,[X] = 1. We need to construct another probability measure p; such
that

= o1 + apg,

— E,/[X] < 1. Let pg = pdy + pp’ where p = ;:E“:gﬁ such that E,, [X] = 1. Let & =r/3.
I

— E,/[X] > 1. Let pg = pd, + pp’ where p = % such that E,, [X] = 1. Let a = s/p.
%

Applying the construction in (5.2) with 1 and pe, we obtain two pairs of distributions (P, Q1)
supported on k values and (P, QQ2) supported on two values, respectively. Then

(Df(PHQ)) _ < WLFO]+ F0)(1 Eu[X])>
Dy(P|Q) E,.[9(X)] +g(0 )~( —E,[X]) )
N <Eu1 F(X)]+ f(0)(1 = Ey, [X])> La <Euz[f(X)] + f0)(1 = Ep, [X])>
Ep [9(X)] +9(0)(1 — Ey, [X]) Ep [9(X)] + 9(0)(1 — Ep, [X])
— (Df(PlHQl) ta (Df(P2||Q2)>
Dg(Plqu) Dg(PQHQ2)

Remark 5.1. Theorem 5.1 can be viewed as a consequence of Krein-Milman’s theorem. Consider
the space of {Px : X > 0,E[X] < 1}, which has only two types of extreme points:

1. X=zfor0<x<1;
2. X takes two values x1, x9 with probability aq, ag, respectively, and E[X] = 1.

For the first case, let P = Bern(z) and @@ = d;; for the second case, let P = Bern(agxs) and
@ = Bern(ag).

5.2 Examples

5.2.1 Hellinger distance versus total variation

The upper and lower bound we mentioned in the last lecture is the following [Tsy09, Sec. 2.4]:

1
5H2 <drv < H\/1— H?/4. (5.4)
Equivalently, in terms of Hellinger affinity o £ [ VPQ, we have the so-called Bhattacharya bound:

1—a<dpry <V1-a2

2The author is grateful to Pengkun Yang for correcting the error in the original proof.
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The joint range Ro of (drv, H?) has a parametric formula

{0 -pa—vPD).lp—al):0<p<1,0<g<1}

and is the gray region in Fig. 5.2. The joint range R is the convex hull of Ry (grey region, non-convex)
and exactly described by (5.4); so (5.4) is not improvable. Indeed, with ¢ ranges from 0 to 1,

e the upper boundary is achieved by P = Bern(%), @ = Bern( %),

e the lower boundary is achieved by P = (1 —t,¢,0),Q = (1 —¢,0,¢t).

TV

05 1.0 15 2.0
HA2

Figure 5.2: Joint range of dpy and H?2.

5.2.2 KL divergence versus total variation

Pinsker’s inequality states that
D(P||Q) = 2diy (P, Q). (5.5)

There are various kinds of improvements of Pinsker’s inequality. Now we know that the best lower
bound is the lower boundary of Fig. 5.1, which is exactly the boundary of Rs. Therefore a paremetric
formula of the lower boundary is easy to write down, but there is no known close-form expression.
Here is a corollary (weaker bound) due to Vadja [Vaj70]:

1 +dTv(P, Q) 2dTV(P7 Q)

D(PI@) 2 log 3= B 0) ~ T+ drv (P, Q)"

Consequences:
e The original Pinsker’s inequality shows that D — 0 = dpy — 0.

e dry - 1 = D — oo. Thus D = O(1) = dyy is bounded away from one. This is not
obtainable from Pinsker’s inequality.

Also from Fig. 5.1 we know that it is impossible to have an upper bound of D(P||Q) using a function
of drv (P, Q) due to the lack of upper boundary.
For more examples see [T'sy09, Sec. 2.4].
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§ 6. VARIATIONAL REPRESENTATION, HCR AND CR LOWER BOUNDS.

Last lecture we discussed systematic methods to find the best inequalities between different f-
divergence via their joint range. We showed that examining the binary cases is sufficient to derive
optimal inequalities. In this lecture we will further discuss lower bounds for statistical estimation
using f-divergences.

Outline:

e Variational representation of f-divergences.

— Convexity.

— Lower semi-continuity.
e (Specializing to x?) Lower bounds for statistical estimation.

— Hammersley-Chapman-Robbins (HCR) lower bound.
— Cramér-Rao (CR) lower bound.
— Bayesian Hammersley-Chapman-Robbins (HCR) lower bound.

— Bayesian Cramér-Rao (CR) lower bound.

6.1 Variational representation of f-divergences

We begin with an example regarding the total variation metric.

Example 6.1 (Total variation). Let (X, F) a measure space and P, Q) two probability distributions.
In previous lectures we saw how by choosing f(x) = %|x — 1| the f-divergence becomes the total
variation metric. In particular, we saw that:

1

5 sup |[Epf(z) —Eqf(x)l.

[l <1

| =

d1v(P,Q) = Dy(P|Q) = / IP— @l = sup |P(E) - Q(E) =

It should be noted that the requirement of f to be convex in the definition of f-divergence is
essential. In Euclidean spaces any convex function can be represented as the pointwise supremum of
a family of affine functions and vice versa, every supremum of a family of affine functions produces a
convex function. Take f(z) = 3|2 — 1| as an example. We see that it can be written as a pointwise
supremum of fi(z) = 3(z — 1) and fo(z) = 3(1 — z). This remark can be used not only as a
geometric interpretation of convex functions but as a definition of convexity. For f-divergences
which are convex functions of probability measures, its variational representation amounts to writing
it as a pointwise supremum of affine functions.
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6.1.1 Convex conjugate

Let f:(0,4+00) — R be a convex function. The convex conjugate f* of f is defined by:

f*(y) = suplzy — f(x)]. (6.1)

z€eR
Two important properties of the convex conjugates are
1. f*is also convex (which holds regardless of f being convex or not);
2. Biconjugation: (f*)* = f.

In particular, the definition of f* yields the following (Young-Fenchel inequality)

f(x) =y — f*(y), (6.2)

where the last inequality holds for any .
Using the notion of convex conjugate, we obtain a variational representation of f-divergence in
terms of the convex conjugate of f:!

Dy(P|Q) = Eq 0 Sup
g:X—

f<P>] = sup Ep[g(X)] = Eq[f"(9(X))], (6.3)

where ¢ is such that both expectations are finite (of course). This representation is insightful for
many reasons. For example, we get the following properties for free:

1. Convexity: First of all, note that D;(P||Q) is expressed as a supremum of affine functions
(since the expectation is a linear operation). As a result, we get that (P, Q) — D;(P||Q) is
convex, which was proved in previous lectures using different method.

2. Weak lower semicontinuity: We begin with an example. Assume {X;} are i.i.d. Rademachers
(£1). Then, by the central limit theorem we have that

n
X
Lin Xi R>/\/'(O, 1);

Vn

however,
Px\+Xo+..+x
D 2222 (0, 1 0,

since the former distribution is discrete and the latter is continuous. Therefore the best we can
hope for f-divergence is semicontinuity. Indeed, if X is a nice space (e.g., Euclidean space), in
(6.3) we can restrict the function g to continuous bounded functions, in which case D¢(P||Q) is
expressed as a supremum of weakly continuous functionals (note that f* o g is also continuous
and bounded since f* is continuous) and is hence weakly lower semi-continuous, i.e., for any
sequence of distributions P, and Q,, such that P, — P and Q,, — @, we have

liminf Dy (P, |@n) > Dy(P]Q).

!Bquivalently, one can take the supremum over all kernels Pz x where Z is R-valued.
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Example 6.2 (Total variation). By using f(z) = %\x — 1| in the formula of f-divergence we get
the total variation metric given by

arv(P.Q) =3 [1P-Ql

By using the definition of convex conjugate it is easy to see that

. 1 +oo if |y| >
g —_ = —1 e
;) S‘ip{“‘y ol '} {y if Jy| <

N[ —00] =

Thus (6.3) gives

drv (P, Q) = S Ep[g(X)] = Eq[f*(9(X))] = '\SITEL Ep[g(X)] - Eqlg(X)], (6.4)

where in the last equality we restricted the supremum to functions bounded by 1/2, since any other
function would make the term inside the supremum equal to —oc.

Example 6.3 (KL-divergence). By using f(z) = zlogz in the formula of f-divergence we get the
KL-divergence

D(PQ) = Er | l0g 7 |

By using differentiation to find the supremum it is easy to see that f*(y) = e¥~!. Plugging in the
formula of f-divergence we get

D(P|Q) =1+ sup Ep[g(X)] - Eqle?™]. (6.5)
g:X—R

In comparison, the famous Donsker-Varadhan representation is

D(P||Q) = supEplg(X)) — log Eq [e9X)], (6.6)

which is stronger than (6.5) in the sense that for each g, the RHS of (6.6) is at least that of (6.5),
since log(1 +t) < t.

Example 6.4 (x2-divergence). By using f(x) = (x — 1)? in the formula of f-divergence we get the

x?2-divergence
(5] (3
Q C Q)

. . . . . . 2
By using differentiation to find the supremum it is easy to see that f*(y) =y + ¥. Hence

gQ(X)]‘

X*(PllQ) = Eq

X*(P||Q) = sup Eplg(X)]—Eq
g:X—R

9(X) +=—,

Finally by a change of variable h(z) = 2g(z) + 1 we get

XP(PIQ) = sup 2Ep[h(X)] — Eq[h?(X)] - 1. (6.7)
h:X—R

It is not hard to see that we also have a more symmetric version which is directly related to bias

and variance tradeoft:

Ep[h(X)] — Eg[h(X)])?
XZ(PHQ): sup ( [ ( )] Q[ ( )])
h:X—R varq(h(X))
The representation (6.7) will be used repeatedly for the derivation of the Hammersley-Chapman-
Robbins (HCR) lower bound as well as their Bayesian version in the next section.

(6.8)
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6.2 Hammersley-Chapman-Robbins (HCR) lower bound

In this section, we apply the variational representation for the y?-divergence to probability distribu-
tions P and @ on R.2 By limiting the choice of function h to affine functions, the equality (6.7)
becomes an inequality. In particular, let h(x) = ax + b and optimize over a,b € R, we have

(Ep[X] — Eq[X])?
varg(X) ’

CPQ) > mu>{2@Ep@¥>+b»—EQKaxr+bﬂ]—1}:= (6.9)

a,beR

Note: The inequality (6.9) can be interpreted as follows: On the left hand side of the inequality we
have the y?-divergence, a measure of the dissimilarity between two distributions. Looking at the
right hand side we see that if the two distributions are centered at very distant locations, then the
right hand side will be large. Due to (6.9), this will lead to a bigger x2-divergence something that
was in fact expected.

The reason that the variance with respect to the @) distribution appears in the denominator is
to quantify how different the two means are relatively. Indeed, the standard deviation must appear
as a normalizing factor because the LHS is a numerical number. Also, the bound only involves the
variance under Q not P, which is consistent with the asymmetry of y2-divergence.

Using (6.7) we now derive the HCR lower bound on the variance of an estimator (possibly
randomized). To this end, assume that data X ~ Py, where 6 € © C R. We use quadratic cost to
quantify the difference between the real and the predicted parameter, i.e., (6, é) = (60— 9)2 Then
the risk of estimator § when the real parameter is 0 is given by Rg(f) = Eg[(0 — 0)?]. Now, fix § € ©.
For any other 6’ € © we will use (6.9) with Q = Py and P = P,. As a result we have that

(Eq[0] — Eg[0])?
varg(6)

X (Pyl|Py) = x*(Pl|Qg) =

Where the first inequality arises by using the data processing inequality and the second inequality
by (6.9). Finally, by swapping the denominator with the left hand side and taking the supremum
over all ' # 0, and since varg(6) is not a function of ¢, we derive the final result.

Theorem 6.1 (Hammersley-Chapman-Robbins (HCR) lower bound). For the quadratic loss, any
estimator 0 satisfies

A A~

5 5 (Eq[0] — Eq[0])?
Ry(8) 2 varg(6) 2 vro  X2(PwlPy)

Vo € ©. (6.10)

6.3 Cramér-Rao (CR) lower bound

We now derive the Cramér-Rao lower bound as a consequence of the HCR lower bound. To this
end, we restrict the problem to unbiased estimators, where an estimator 6 is said to be unbiased if

A

Eg[f] = 0 for all # € ©. Then by applying the HCR lower bound we have that

. _ 92 _9\2
varg(f) > sup (6—0) > i (6—6)

—_— > ]lim . 6.11
S 2B F) — 6 2By [ Py) (6.11)

Here, we bypass the supremum by sending 6’ to . However, when #" — 6 both the numerator and
denominator will go to zero. Doing this, we hope that the denominator will go to zero quadratically

2This can always be assumed by allowing the likelihood ratio function % which is a sufficient statistic.
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as the numerator does. Remember that
X (Py || Py) = / (P>
0
Then by using the Taylor expansion for Py around 6’ we get that

dP,

Py Py = (60" +ol(6 - 07

for 6 near #’. Combining the above while ignoring the little-o terms we get that
2 2 [ ()’
E(Blm) = 0 —0)? [ L)
0

Plugging back in (6.11) we get the CR lower bound.
Theorem 6.2 (Cramér-Rao (CR) lower bound). For any unbiased estimator 6 and any 6 € ©
1
1(6)°

varg(6) >

where 1(0) is the Fisher information given by

dPy\2
I@:/(%X

An intuitive interpretation of 1(0) is that it is a measure of the information the data contains for
the estimation of the parameter when its true value is 6.

Example 6.5 (GLM). Let # € R and X ~ Py = N (6,1). Define the standard normal distribution
by ®(x). Note that Py(z) = ®(x — 6). Next we calculate the Fisher information. By shifting x to 0,
note that

dPy(x)\2 A Bz — )2
um:/E%JM:/Wﬁég»mzmn

Thus, I(0) = I(0) for all # € ©. In general, in any case where we have the model X = 6 + Noise,
where the noise is standard normal (location model) we have that the fisher information is the same
everywhere.

Remark
Another useful way of seeing the Fisher information is the following:

o= [ G, (P(f;;) 5 [(2BO0V]_,,, 2]

Py(x) 00 00
where the last equality holds after noticing that

o [‘w} 0.

00
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6.4 Biased estimators

Many times restricting ourselves to unbiased estimators proves to be very limiting. As a result,
biased estimators need to be considered. Then it is useful to see how the HCR bound can be applied
in this case. Define the bias of an estimator 6 by b(f) = Eg[f] — 6. Assuming the risk function is
quadratic it is easy to see that for a biased estimator by directly using HCR, then

AN 12 arg (0 2 su (b(el) +6 — b(@) - 9)2
Ro6) = °(6) + vamo(6) = B(6) + Sup =5y 1)

By using the same taylor expansion trick and assuming that b(6) is differentiable we finally get that
for an estimator 6§ and any 6 € ©

(1+0(0))°

Ro(0) 2 0*(0) + —75

Using this inequality we can find a lower bound on the worst case mini-max risk. In particular, we
have that

R* = i%f sup Ry(0) > inf [sgp <b2(9) + W)],

where in the last inequality we also used the fact that the choice of the estimator affects our quantity
only through the bias.

6.5 Bayesian CR lower bound

Previously in this lecture we used the HCR bound to derive the CR lower bound. In order to derive
the Bayesian version of the CR lower bound a similar approach can be used: first prove the Bayesian
HCR and then derive the Bayesian CR lower bound as a result.

Theorem 6.3 (Bayesian CR lower bound). Assume that the loss function is quadratic, i.e., £(0, 0) =
(6 —0)2. Also, for any estimator 0 (possibly randomized), and for any prior m € M(©) define the
Bayes risk of 0 by R.(0) = [ Ry(0)m(df) = [Eg[(6 — 0)?|m(df). Then we have that

1
= Bon 1O)] + I(n)’

R: = inf R ()
0

where I(m) the Fisher information of , i.e.,

! 2
tim = [ CO
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§ 7. INFORMATION BOUND

Recall the Chi-squared divergence and Hammersley-Chapman-Robbins (HCR) bound from last
class. Suppose that P, @ are two probability distribution defined on some space X and X is an
X-valued random variable. The Chi-squared divergence has the following variational representation.

X’(PllQ) = e 2Ep[g(X)] — Eqlg*(X)] — 1.

Furthermore, if X = R, choosing affine function ¢ yields

(Ep[X] — Eg[X])*

2
P =

(7.1)

which gives the HCR bound.

7.1 HCR Lower Bound

We are now continuing on the HCR lower bound from the last class. We here illustrate an example
of HCR lower bound on estimation.

Example 7.1 (Estimation). Let # € R be an unknown parameter and let X € R be a random
variable (data) whose distribution depends on 6. Suppose 0 is an unbiased estimate of 6 based on
X. The relationships can be shown as

X —0.

The estimation loss £(6, ) is defined as £(6,0) = (§ — 0)2. Let P = Py, Q = Py, and then the risk is
lower bounded by

R (Bl — Egp0)?
Ry(0) > varg(f) > ——————.
o8) = varg(0) > X2(Por || P)
Suppose 6 is an unbiased estimate of 6, then
O-0) _ . (@ —0)?

Rp(0) > sup ———— > lim ——2 .
(©) 020 X*(Py | Py) — 0/—0 x*(Por|| Po)

7.2 Fisher information

The Fisher information is a way of measuring the amount of information that an observable random
variable X carries about an unknown, deterministic parameter 8 upon which the distribution of the
observation X depends. Assume the probability density function of random variable X conditional
on the value of @ is pyg. The Fisher information is defined as
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Definition 7.1 (Fisher information). The Fisher information of the parameteric family of densitities
{pp : 0 € O} (with respect to u) at 6 is

dlogps\* / o
= d . 7.2
( a0 90 ) po ! (7:2)
Theorem 7.1 (Fisher information). Assume that py is twice differentiable with respect to 6 and
satisfies the regularity condition:
0? 0?
L0 = /pedu =0.

06? 06?

1(0)=E

The Fisher information can be written as

1(6) = —E, [a%gp@}

06?

Proof. Since

o2 ) 2 2
O’logpy _ i (5 \ _ ar _ <310gp0>2
Do Do 00

062 Iz
g [P0 1] _
002 pg

) 2 02
1(0) = Eq (({Mlogm) = [802 108;190} O

Theorem 7.2 (Fisher information: mutiple sample). Suppose random sample X1, ..., X, inde-
pendently and identically drawn from a distribution pg. The Fisher information I,(0) provided by
random samples X1,..., X, s

and

by assumption, we have

I,(0) = nI(0),
where 1(0) is Fisher information provided by a single sample X; .

Proof. We first denote the joint pdf of X1,..., X, as

n

po(x1, ..., 2n) = Hpg(mi).

i=1

Then the Fisher information I,,(6) provided by Xi,..., X, is

I,(0) = Ey !(3])9()(1(,9.9-- > ] / /<ap9 T n)>2p9(x1,...,xn)dmldxg...dﬂzn,

which is an n-dimensional integral. Thus, by Theorem 7.1, the Fisher information provided by
Xi,...,X, can be calculated as

9?logpp(X1,...,X,) 9% log ps(X. . 9% log ps(Xi)
I,(0) = —Eg[ o ] = —Ey ZT ZEQ[ = ] =nl(0).
=1

O
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7.3 Variations of HCR/CR lower bound

This section contains the following three versions of HCP/CR lower bound:
e Multiple Samples Version
e Multivariate Version

e Functional Version

7.3.1 Multiple-sample version

Suppose # is some unknown, deterministic parameter and Xi,..., X, are n random variables iid
drawn from the distribution Py. The estimate 6 comes from X7, ..., X,. The relationships is shown
as follows:

0— X1,..., X, — 0.
Then the risk is lower bound by

(Egf — Eg/6)2

R(0) > vary() > S22 —Z07)
(B [P

For the HCR lower bound,

Ry(0) > (6 — ¢ SO
su )
P = e T+ 2(B[Py)" —1 = nI(6)

7.3.2 Multivariate Version

We next show the multi-dimensional version of

(EpX — EgX)?

2(p >
X (PlQ) > varg X

Suppose P, @ are two distributions defined on RP, then

X(PlQ) = ']IS%;IER[QEPQ(X) ~Eqg*(X) - 1].

Furthter, if g(X) = (a, X) + 1, then
X*(P||Q) > 2Ep (a,X) + 1 — Eq({a, X) + 1)*.
If we further assume EgX = 0, then we have
X(PQ) > 2(a, EpX) — a"Eq[X X"]a.
Therefore, we finally have
P(PIQ) = (EpX — EgX)covy! (X)(EpX —EgX)
Let the loss function £(6,6) = |0 — 0||3 and 0 be the unbiased estimate of 6, i.e., Egf = 6. Then
0'—0

(0" =) covy ' (B)(6' = 0) < X*(Purl|Py) =" (0 — 0)"L(0) (0’ — 0) + |0’ — 013,
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where the equality follows from the Taylor expansion and Fisher information matrix is given as

_ / VP (VP)"

If we take 6/ = 0 + eu for an arbitrary unit vector u and € — 0, we have

which is equivalent to

and further indicates X R
Ry(0) = tr(covy(h)) > tr(I_l(H)). (7.3)

Then we have

i=1 =1

where I; £ I;;(6), since
p

>

zll

< ul “1(p)).

Note that if we apply the one-dimensional CRLB for each coordinate we would get (7.4) which is
weaker than (7.3).

Finally, similar to Theorem 7.1, assuming the corresponding regularity of the Hessian, the Fisher
information matrix can be written as

2
1(0) = Eg[(V log Py)(Vlog Pp)T] = covy(V log Py) = — <E9 Paéogfe]) |
]

7.3.3 Functional Version

Assume that @ is an unknown parameter, that random variable X comes from the distribution Py
and that 7'(X) is an estimation for T'(#), where T : © — R. The relationship is shown as follows:

X =T
If we further assume 7°(A) is an unbiased estimation for 7'(6), then

VT3

varg(T) > 100)

7.4 Bayesian Cramér-Rao Lower Bound via data processing
inequality

The class will introduce two methods of proving Bayesian Cramér-Rao lower bound.
e Method 1: x? — Bayesian HCR — Bayesian CR. (next).
e Method 2: Classical Method (see Theorem 8.1).

The notation used in this section is shown as follows:
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e O=R
o ((0,0) = (0—0)2.
e 7 is a “nice” prior on R
The relationship can be described as follows:
T—=0—X—0.

Theorem 7.3 (Bayesian Cramér-Rao Lower Bound). Assuming suitable regqularity conditions, then
1
~ Eoprl(0) + I(m)’

where R is the Bayes risk and I(7) = [ 7%2 is the Fisher information of the prior.

R* > R: = infE(,0)% >
0

Proof. Consider the following comparison of experiments:

Qim—so 290 x L h

P 7r—>9—>9 Pxie X — 0.
Then
Y (Pox||Qox) = X*(PyyllQpp) data processing inequality
> Xz( o— éHQg 9) data processing inequality
. Er(0=6)—Eq(9-6)?* by (7.1
vary (6 — 0)

Let Tys denote the pushforward of shifting by 0, that is, T5(P4) = Pays. Let us choose
Qo =T, Qxjo = Py, Py = Tsm, Pxj9g = Py—s,

then Px = Qx which further indicates P; = @4 and the mean of 6 under distribution of P equals
to the mean under the distribution under Q. Hence Ep(6 — ) — Eq(0 — 0) = 6! For the Bayesian
HCR lower bound,

R: >su L > lim o = ! (7.5)
"= 2 (PxollQxo) ~ 350 X2(PxollQ@xs)  I(m) + Egur[1(6)] '

The last step is justified as follows:

[ (Pxo—Qx0)? [ [Pa(Pxpp — Qxo) + (Ps — Qo)Qx1el”
XQ(PX9HQX6)—/_/ Oxo

(Pxjo — QxJo)? (Py — Qp)? Py(Ps — Qo) _
/ / One +/ 02 +2 / — 0 /(PX|9 QRx10)

X (Pxpoll@xo) - (g;)

= X* (P Qo) +E

Then applying
o X2(Py]1Q0) = X*(Tyslm) = 82[I(x) + o(1)] by Taylor expansion,
o X*(Pxpll@xjo) = [1(9) + 0(1)]6? by Taylor expansion,
we obtain (7.5). O
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7.5 Information Bound

In this section, we introduce the local version of the minimax lower bound. The local minimax risks
is defined in a quadratic form: infsupg_g, <c E(0 — 6)2. Further, we have

. s 2 1
AT SR A (P 1))
14 0(1)
" nEgr [1(0)]
If 0 — I(0) is continuous, then
Banrl1(6)] = 1(60) + of1) =+ 7000,

Assume the random variable Z coming from the distribution 7, Z ~ 7. Let I(Z) = I(r). For

constant «, 3 # 0, then I(Z + «) = I(Z) and I(BZ) = Ig). If the 7 has the distribution of form
cos? 72 then ming._y 1y /(7) = 72, If the distribution 7 has the form of cos? @, then I(0) = ”?2
Then we have

inf sup E(6—0)2>R: > .
6 160—6]<c nEgr[1(0)] + I ()
Now if we pick e = n~ Y4, we have
. A 1 Optimize 1+ 0(1)
R* > inf sup Eg(0 —0)?> ———— =R R > ——
AP U T (RS E) ninfa,co 1(60)
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§ 8. BAYESIAN CRAMER-RAO (CONTINUED), MLE

8.1 Example: Gaussian Location Model (GLM)

Let X; = 0 + Z;, where Z; ~ N(0,1), and § ~ 7 = N(0,s). Given i.i.d. observations X =
(X17X27 c 7Xn), we have

X (Pox|1Qox) = X*(Pyx|1Qox)

X*(Pol|Qe) + Eq

<gj}> X (P ol !wa)]

_ (652/8 - 1) + 662/s(en52 - 1)
= 53 1,

The first line follows from the fact that X is a sufficient statistic (§ — X — X), and the information
processing inequality. The second line follows from Lecture 7 (last equation, Page 5). The third line
follows from

X2 (N0, 02N (0 +6,0%)) = /7" 1.
Therefore, by Bayesian HCR and Bayesian Cramér-Rao Lower Bound:

Sup ————— = lm = = .
57&% D2t 1 650820+ 1 4+l snt1

In this case, the lower bound is exact! (It has been verified that R} = .) The minimax lower

bound is R* > sup, R = L

e

sn+1

8.2 Classical Proof of Bayesian Cramér-Rao Lower Bound

Theorem 8.1 (Same statement as Theorem 7.3). If X ~ Py, 6 ~ w, we have

1

. 2
R S O FS T}

Alternative Proof. Note that
/ ém%@(m)w(e» a0 =0, (5.)

/ 0 (Py(a)m(0)) a6 = - / Py(a)m(6) do), (8.2)

where the first equation follows from the regularity condition, and the second equation follows from
integration by part.
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Therefore,

& [(0(x) - g e W”} = [ utaz) [ - o2 DTCD ijﬁgiﬁgid@

where the second line follows from (8.1) and (8.2).
By Cauchy-Schwarz inequality,

1=E [(9(X) - 9)3log(Pea(;()7r(0))] <E [(é(X) _ 9)2} E <alog(p98(;()ﬂ(9)))2] |
Hence E [(é(X) 9)2] S 1 ) ) )
E [(%g@P@G(X) + 2 (6))2] ~E[IO)] + ()

8.3 An Alternative Information Inequality

If we choose a uniform prior in Theorem 8.1, the resulting lower bound is zero since the Fisher
information of uniform distribution is infinity. Nevertheless, it is possible to obtain an alternative
information inequality involving Eguniform[I(#)]; however, it should be pointed out that the lower
bound applies to the minimax risk (not Bayes risk with respect to uniform prior) since the proof in
act involves two prior: uniform on the interval and uniform over the two endpoints.

Theorem 8.2. Assume the usual reqularity condition:

Ipg
——dx = 0.
ar "
Then )
R*=inf sup [Eg[(0—0)} > =
0 0€[0p—e,00+¢] (6_1 + Vv nI)2
where I denotes the average Fisher information:
B 1 Oo+e
I1=— 1(9) d6.
2€ fo—e
Proof. See Problem 2 in Homework 1. O

Remark 8.1. Theorem 8.2 is a strict improvement of the inequality of Chernoff-Rubin-Stein:!

A 62 1—e¢ 1
inf su Eq[(6 — 6)? >maxmin{, - }: — .
0 6’6[90761,)90+e] ol rlz 0<6<1 4" nl (el +vnl 4+ 1)2

Both this and Theorem 8.2 suffice to prove the optimal minimax lower bound.

!This is given in [Che56, Lemma 1] without proof, which Chernoff credited to Rubin and Stein.
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8.4 Maximum Likelihood Estimator (MLE) and asymptotic
efficiency

We sketch the analysis of MLE in the classical large-sample asymptotics. Let X = (X1, Xo, -, X,) B

Py, , define maximum likelihood estimator:

OuLe = arg max Ly(X),
9O

where

Lo(X) = log PY™(X) = Z log Py(X;).

Intuition:

E9o [L9(X) - L90 E90

Zlog Pe ] = —nD(Py,||Py) <0
0

So as long as 6y # 6, Ly(X)— Ly, (X) is a random walk with negative drift. From here the consistency
of MLE follows upon assuming appropriate regularity conditions.

Assuming more conditions one can obtain asymptotic normality and y/n-consistency of MLE.
Next, we derive a local quadratic approximation of the log-likelihood function. By Taylor expansion,

LG(X)ZLGO(XHiw (6 — 6o) + 225210‘%1”9()()

_ 2 _ 2
50 - ' 502 (0 —00)° + o((0 —00)°).
0 i=1

i=1 6=6o
(8.3)
Recall that
dlog Pp(X;)] dlog Py(X:)\?| ?log Py(X:)]
]E[ae =0, E|{—57 ) |="E|=—%5 | =10

By the Central Limit Theorem,

8long d.
N(0,1).
v/ nl 90 Z 7 (0,1)

By the Weak Law of Large Numbers,

zn: ” log Py(X;)

902 = —nl(0y) + op(n).

i=1
Substituting these quantities into (8.3), we obtain a local quadratic approximation of the log-
likelihood function:

1
Lo(X) ~ Lgy(X) + V/nl(00) - Z - (0 = Oo) = 5nI (60)(0 — 60)”,
where Z ~ N(0,1). Maximizing the right-hand side, we obtain:
_Z
1+o0(1)

Therefore, MLE achieves the locally minimax lower bound R* > T(0o) (see Section 7.5 in Lecture
7).

OniLe ~ 0o +

Remark 8.2. The general asymptotic theory of MLE and achieving information bound is due to
Hajek and LeCam.
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8.5 Bayesian Lower Bounds for Functional Estimation

Next, we derive the Bayesian Cramér-Rao lower bound for functional estimation 7 (X).

Theorem 8.3. Let T : RP — R, and

0 .
! \
T(6) T(X)

Then we have

R: > (VT)T'VT.
Proof. By similar arguments in previous lectures,
~ ~\2
(Ep[T - T] - Eq[T - T1)
Varg[T — T .

XQ(PGX”QGX) > X ( T”QT T) > (8'4)

Let Q(6) = 7(0), and P(0) = w(0 — eu), where u € RP. In order to make the marginal distribution
of Px = Qx, let Py(x) = Qo—_cu(x). Hence the numerator and the denominator in (8.4) satisfy:

~ ~\ 2
(IEP[T—T] —EQ[T—T]) = (Ep[T] — Eg[T])?

_ < / T(O)T(60 + eu) 46 — / ~(0)T(0) d9>2
_ < / (0) (VT,eu>—|—0(e)>2

= 2 (E.VT,u)? + o(e?), (8.5)

Varg[T — T] < Eg[(T — T)?] = R. (8.6)
The left-hand side of (8.4) satisfies

P
X’ (Pox||Qox) = X*(Psl|Qo) + Eq | X*(Px10l|Qxpo) < 6)

Qo

[ (8- ew) — 7(0))? (@oenl2) = Qol@)? | ({0~ ew)?

- [ d“““/ Qul) d<7w>>]
(

o il

= 2/ (I (7r) +EL[1(0)]) u + o(e?). (8.7)
Substituting (8.5), (8.6), and (8.7) into (8.4), we have

(E, VT u)?
u' (I(m) + Ex[1(0)]) u
Locally, E,VT(0) ~ VT(0y), and I(mw) +E,[1(0)] =~ I(6p). Hence

R: >

*
T

2
R; > sup SE0K8- — (7T(6,)) T~ (60) VT (6).
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The maximum is attained when u = I~(00)VT(6y).2 O

Remark 8.3. The maximum likelihood estimator satisfies T(Oyrr) = T(0o + ﬁZ ), where Z ~
N(0,I7%(p)). Hence

<VT<00>>'I—1<eo><VT<eo>>> |

S

T(biLg) ~ N (T(Go),

The maximum likelihood estimator again asymptotically achieves the locally minimax lower bound.

8.6 Example: Classical asymptotics of entropy estimation

Corollary 8.1. Let X1, -+, X, i p € My, where My, denotes the set of probability distributions
over [k] ={1,...,k}. Then the minimax quadratic risk of entropy estimation satisfies

~ 1
R* =inf sup E[(H — H)* =~ <max Vip) + 0(1)> , n— 00
ﬁ'P€A4k n \peM;

where

Note: maxyer, V(p) < log?k for all k > 3 (see [PPV10, Eq. (464)]).
Proof. We have H : © — RT, where 6 = (p1,p2,-- ,pr_1).> Therefore,

OH
—logPE =12, k-1
Opi i

Next, we compute the Fisher Information matrix:

8210gp(X)] B {;4_1}1@ ifi=j

I(e)ij =-E |: apiapj

Therefore,

1(0) = + —11".
1 ygs
Prk—1
By Matrix Inversion Lemma,* we have
p1 n
I71(0) = +| i ]
Prk—1 Prk—1
2This can be shown, for example, by letting @ = I3 (6o)u

Ype=1—p1— - — pe_1.
YA+ UCV) " = A U(C + VA 'U) 'VAL,
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Therefore,

k—1 k—1 2
VHT Y OVH = S pilog2 28 — [ 37 p, log P&
( ) Z Di Z bi

(3

2
1 1 1 1
= szlog ;—i—log p——QZleog—log—— ((szlog )—logp>
k

=1 k =1

1 d 1\’
= ZPilOgZ*— > pilog —
i=1 bi i=1 Pi

sl ] - (e ) -] v

Given n samples, the Fisher Information matrix is nf(¢). By Theorem 8.3,

Lo G g -1 gywpr = LE00)

n n

R* >

V(p).

58



Part 111

Unstructured estimation problems in
high dimensions
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§ 9. EXACT MINIMAX RISK FOR (GAUSSIAN LOCATION MODEL, LECAM’S METHOD

In this lecture we consider estimation problems with no prior assumption on the structure of the
parameter space. Examples of structures include sparsity, smoothness and low-rankness.

Let X = (X4,...,X,) % Py be n samples drawn from distribution Py parametrized by 6 € O,
where © is R?. Given a loss function ¢ : R? x R? — RT, the minimax risk is

R:(©) = inf sup Egl(6, 6).
6 6O

Two obvious observations:

e More structures lead to smaller risk. Formally, if ©' C ©, then R}(©') < R} (©).! Without
assuming any prior structure, © = RP, and we denote R, (RP) = R}, .

e More samples lead to smaller risk. Formally, n — R (©) is decreasing and typically vanishing
as n — 0o. In the classical large-sample asymptotic regime as studied in Lecture 8, the speed
is usually “parametric“, e.g., % under the quadratic risk. In comparison, the focus in this
course is understanding the dependency on dimension and other structural parameters without

assuming large sample size. This is captured by the minimax rate. For example, we say
R .
R} , < Wy p, when ¢ < g2 < ¢/, V n,p for some universal constants ¢ and ¢’.

n,p T

9.1 Log-concavity, Anderson’s lemma and exact minimax risk in
GLM

Definition 9.1 (Gaussian location model (GLM)). Let Xi,..., X, be iid drawn from N (0, I,)
with 6 € RP. The goal is to estimate the mean 6. Let 6 denote the estimator and Ry, , denote the

minimax risk under loss function £(6, 6).
Theorem 9.1. Under GLM with quadratic loss function £(6,0) = ||6 — 0|3 = b (6, — 0:)2, then

Ry, = %, Vn,p € N.

Proof. We upper bound and lower bound Rj, ,, by % in order to show equality. Let us have an

estimator X = % ~N(0,11,). Hence the risk Ry, is upper b?unded by the risk obtained when

using estimator § = X. We can compute the risk for using = X as 2. So,
R* < p

np =

2 (9.1)

'Note that this does not mean that achieving R}, (©') is computationally easier than R}, (©)!
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We lower bound the minimax risk R;, , by Bayes risk with prior 7 ~ N(0, sI,). We can compute

Ry = ;%5 So,
Ry, > Ry
lim s—oco0 P
=L 9.2
L 92)
Combining the upper bound and lower bound in (9.1) and (9.2), we complete the proof. O

The limitation of the above proof technique is that it only works for quadratic loss function. We
next discuss a more general theorem which works over a larger range of loss functions.

Definition 9.2 (Bowl-shaped). A function p : R? — R, is called bowl-shaped when all its sublevel
sets K. = {x: p(z) < ¢} for all ¢ € R are convex and symmetric (i.e. K. = —K,).

Theorem 9.2. Consider GLM with loss functions €(0,0) = p(0 — ), where p : R? — R, is
bowl-shaped and lower-semicontinous. Then

. Z
%o =2 ()
where Z ~ N (0, 1,,).

Corollary 9.1. Let p=||.||%, g > 1, then under GLM,

N 1
Rn,p = W}EHZH(]
Example 9.1. Applications of Corollary 9.1:

o 1f p= |||, then R}, = LE|Z| = 2.

n

o If p = [|.[[oc, then E|[Z]|c < vIogp and R}, , < 4/ loflp.

e If § € RP*P is a matrix, and p = H||(2,p = Omax(*), then E[|Z][o, < \/p and R}, , <

n
o If € RP? is a matrix, and p = ||.|[%, R}, = %.

Proof of Theorem, 9.2. (Upper bound) Consider the estimator § = X = L5 Xi ~N(6,11,). Then
0 —=\/12 where Z ~ N(0,1,). Thus

Ry, > E[((6, X)] = E[p(6 — X)] = E[o(—=2)]. (9.3)

1
NG
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(Lower bound) We lower bound the minimax risk R}, , by Bayes risk R;. with prior 7 = N(0, sI,):

R, > R:
= inf Ex[p(6 — 6)
= inf E[E[p(6 — )|X]
= Efinf E[p(6 — )|x]
< E[E[p(6 — E[6]X])|X]]
2 Elp(y | 1 2)]
"= Jim Efo 1fan”
< ElJim p(y/1 jsnz)]
@:Ewggg lfanﬂ
— Elp(—~2)] (9.4

where (a) follows from Anderson’s Lemma 9.1, (b) uses Z ~ N(0, I,) or /75,7 = (0 — E[0| X]) ~

N0, 155, Ip) since 0| X ~ N (%, 1555 Ip), (c) follows from Fatou’s Lemma, and (d) follows since
p(+) is a lower-semicontinuous function.
Combining the upper bound and lower bounds in (9.3) and (9.4), we can say that R; , =

Blp( 4 2) 0
Lemma 9.1 (Anderson). Let X ~ N(0,X), and p : RP — Ry is a bowl-shaped loss function, then

min Elp(y + X)] = E[p(X)].

In order to prove Lemma 9.1, it suffices to consider p being indicator functions. This is done in
the next lemma, which we prove later for simpler exposition.

Lemma 9.2. Let K € R? be a symmetric convex set and X ~ N(0,X) for some covariance matriz
Y. ThenVy e R,P(X +ye€ K) <P(X € K).

Proof of Lemma 9.1. Denote the sub-level set set K. = {z € RP : p(x) < c}. Since p is bowl-shaped,
K, is convex and symmetric, which satisfies the conditions of Lemma 9.2. So,

Elp(y + )] = / T B(ply + 7) > o)de,

/0 Py + z € K.))dc,

[o¢]

2/ P(z € K.))dc,
0

= P(p de,
0

=E[p(z
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Hence, minycrr E[p(y + x)] = E[p(x)]. O
Before going into the proof of Lemma 9.2, we need the following definition.

Definition 9.3. A measure p on RP is said to be log-concave if
A + (1= N)B) = (AP ()
for all measurable A, B C RP and any X € [0, 1].

The following result characterizes log-concavity of measures in terms of that of its density. See
[Rin76] for a proof.

Theorem 9.3 (Prékopa). A measure u is log-concave if and only if p has a density f with respect
to the Lebesgue measure, such that f is a log-concave function.

Example 9.2. Examples of log-concave measures:

e Lebesgue measure: Let g = vol be the Lebesgue measure on RP; which satisfies Theorem 9.3
(f =1). Then
vol(AA + (1 — A)B) > vol(A)*vol(B)} 2, (9.5)

which implies? the Brunn-Minkowski inequality:
vol(A + B)r > vol(A)# + vol(B)7. (9.6)

e Gaussian distribution: Let p = AN(0,X), with a log-concave density f since log f(z) =
—Llog(2r) — $logdet(X) — $2'S 1z is concave.

Proof of Lemma 9.2. By Theorem 9.3, the distribution of X is log-concave. Then

P[X € K] @P[Xe %(K%—y)—i—%(K—y)} (9.7)
(? VPX € K —y]P[X € K + 1 (9.8)
Y pix 4y e K], (9.9)

where (a) follows from (K +y) + 3(K —y) = K + : K = K since K is convex; (b) follows from
the definition of log-concavity in Definition 9.3 with A = 3, A=K —y={z —y:z € K} and
B = K +y; (c¢) follows from P[X € K +y] = P[X € —K —y] = P[X +y € K| since X has a

symmetric distribution and K is symmetric (K = —K). O

9.2 LeCam’s two-point argument

In this section we study a general method to obtain a lower bound on the minimax risk Ry, ,(0).

2Applying (9.5) to A’ = vol(A)"YPA, B’ = vol(B)"'/?B (both of which have unit volume), and A\ =
vol(A)l/p
vol(A)1/Pvol(B)1/P "
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Theorem 9.4 (LeCam’s Method/two-point argument). Suppose the loss function £ : © x © — Ry
satisfies the following a-triangle inequality

6(90,91) S a(é(@o,ﬁ) +£(91,9)), v 90,91,9,

for some a > 0, then

R*(©) £ inf sup Eg (0, é) > sup (0o, 01)

(1 _dTV(P907P91)) (910)
0 6co bo.01co0 4o

Proof. In general, testing is “easier” than estimation in the statistical sense that one can often
convert an estimator to a test. Hence, in LeCam’s method, we convert the estimation problem to a
hypothesis testing problem by discretizing the set © and obtain a lower bound on the worst-case
risk R*.

For simplicity, let us break © into two points ©" = {61,602} C ©. Consider the problem, when
the distribution Fy is either Py, or Fp,. Let us consider the risk in this problem using test v, where,

b= {90 £(6o,0) < £(61,6)

0, €(01,0) < £(60,0)
for any estimate § for problem 6 € ©.

Let us denote the minimax risk obtained in this problem as R*(©’). Since, we are considering a
simpler problem of § = 0; or § = 03 rather than 6 € O, the risk R*(0’) forms a lower bound to the
risk R*. So,

R* > R*(0) Y Ry, V Rp, . (9.11)
where (b) follows from the definition of minimax risk.

Now, let € = £(6p,0:1). The probability of false alarm is defined Py, (¢ = #1) and probability of

miss is defined as Py, (¢» = 6p). Now,
P90(¢ = 91) = Pgo(f(é, 01) < g(év 00))
2 Py (0(6,00) > <
> 90( ( ) 0) - %)
®) 2 N
< ;EGO[Z(H’GO)] (9.12)

where (b) follows from Markov’s inequality, (a) follows because the a-triangle inequality and
separation assumption: € < ¢(6y, 61) < a(£(6o,0) + £(61,0)).
Similarly, we can establish that the probability of miss detection:

Py, [ = 6] < W (9.13)

Now, since 1 — dpy is the minimal total probability of error, we have

1 —drv(Py,, Psy) < Py, [ = 0] + Py, (v = 61)

< 20 By, [60,00) + By 10, 00)

= 22 (Ray(6) + Ro, ()

< 2% (Ray(6) v oy (0)

< 2 (R, (0) v R, 0)) (9.14)



where (a) follows from (9.13) and (9.12).
Combining (9.14) with (9.11), we can say that

* €
R* > B(l - dTV(P917P90))

Optimizing over the pair 0, 0; gives (9.10). O

Ezample for Theorem 10.1: Suppose £(0, é) =16 — é\\q, q > 1. Then we can easily show that
I(+) satisfies 29~ ! —triangle inequality. So, by Theorem 10.1, when ¢ = 2 Ry, > supg, g, 11160 —
6111(1 — drv(Poy, Po, )
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§ 10. LE CAM’S METHOD, TWO-POINT ARGUMENT AND ASSOUAD’S LEMMA

Recap:
Theorem 10.1 (Le Cam’s Method). If £(6g, 61) < afl(00,0) + £(01,61)},70 then

R* = infsupEg[((0,6)] > £(80.61)
0 0co dov

(L = drv(Pay: Pa,)) (10.1)
Note:
e For n samples, the total variation increases and hence we get a smaller lower bound.
e For different loss functions we have:
l=|]=a=1
== a=27"

e For quadratic loss £(6,60) = ||0 — §||2, using Theorem 10.1, we have:

. 160 = 61l13
R Z?(l_dTV(P903P91)) (102)

Can we improve the constant 8 in the above inequality? The answer is YES as we shall show
in the next section that it can be replaced by 4 which is the best possible.

10.1 Le Cam’s method for quadratic loss

A~ A~

Let © be an inner product space. Consider the quadratic loss £(6,0) = [0 — 0|3 = (6 — 0,0 — 6).
Theorem 10.2 (Reduction of factor in (10.2) from 8 to 4).

?( — drv(Pyy, Pyy))- (10.3)

R* = inf sup By[[10 — ]3] >
6 0cO

Remark 10.1. The constant 4 is clearly the best possible. In the extreme case of Py, = Fp,

N ~

(non-identifiable), the best estimate is argmin¢(6y,0) V £(6p,0), which in the quadratic case is
1
7(6o + 61).

Proof. We use minimiax risk > Bayes risk:
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Using m = Adg, + Adg, as the prior, where A € [0,1],A = 1 — A, we have:
e 0115 + AEg, 161 — 013 (10.4)
= B2 = [ ldo){int Ao (o)]60 — B + APay |61~ 6(2) 3} (10.5)
X

We first consider the following general problem:

= ilgf{dll% —0)13 + a6 — 6113}
= ilelf{HéH% —20(ay + ab:) + [|ado + a3 — lado + ad1 (13 + alldoll3 + all6[|3}
= i%f{ao_éH@o — 0113+ 10 — (680 + aby) |3} = aal|6o — 613

So we basically have the conditional mean as the estimate for the above problem which is intuitively
correct. We now normalize (10.4) and use the above result to get:

.= Py, P
Ry = M6 = 0113 [ sl 2
X APy, + APy,
~ Pg
= Ao — 013 Egy { =

Now, we observe that S\Pgo + APy, < Py, V Py,. Using this fact, we have:
Ry = M6~ 1 B( [ nldo)(Poy v Fay)
X

1
= ZHGO - 01”%(1 - dTV(P907 Pel))

where we used A = \ = %

10.2 Two-point method

For two-point method, we strip off the uncertainty by choosing only 2 possible values of the
parameters. So we have:

Ry > R*({00,01})
=sup R
™
where the last equality follows from minimax theorem (which holds here since we consider a finite
set of parameters). Now, for the optimal Bayes Risk we have:

R:= inf AEgl(0o,0) + NEg, £(61,0)

0:X—0
_ . P .
= Ey, inf {M(60,0) + A=210(6,,0)}
0:X—0 Py,

Note: We could change the order of expectation and infimum in the above equation as the infimum
is over € which depends only on data.

We now define M(6p, 0) + )\%16(91, 0) = F(%l). Therefore, we have:

0
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Example 10.1 (Quadratic Loss Function). If £(0,0) = |0 — 0|2, then R* = Expected value of an
f-divergence between Py, and Fy,.

We can choose an f-divergence which suits our needs.

So for two-point method, we have:

R*(©) > R*({6o,6:1})

> Function of (separation between 6y and 6, separation between Py, and Py, )

Remark 10.2. Since the separation between Py, and Py, is quantified using f-divergences, we can
lower bound the minimax risk in terms of f-divergences other than total variation as well as follows:

e Using Le Cam’s method, we can find a bound using total variation and then replace total
variation with other f-divergences like x? or hellinger distance.

e We can also use some other f-divergence directly instead of using total variation.

10.3 How good is Le Cam’s bound?

In this section, we try to understand how tight Le Cam’s bound is. To gain insight, we first consider
the following example:

Example 10.2 (p-dimensional, n-sample Gaussian Location Model). For p-dimensional, n-sample
GLM, we use X = 13" | X, as the estimate. So we have X ~ N(6,11,). We also know from

Theorem 9.1 that for £(6,0) = || — 6])3, we have R* = B Let us compare this result with the lower
bound obtained using Le Cam’s method:

- 1 1 1
R* > sup 6o — 031 — drv(N (B0, 1), N(61, - 1,)))

00,01 €RP 4
1, 1 1
= sup ZHg”Q(l - dTV(N(Ov pr), N(Qv 7117)))
OeRr n n
1
= 1, sup 10]15(1 = drv (N (0, 1), N (0, I)))
T gcrp

_ sup s*(1 — dry(N(0,1), N(s,1))),

T s>0

where the second step follows from the fact that we can replace 6y by 0 and 61 by 6 with out any
loss of generality, and the last step follows from the following: to reduce the total variation to one
dimension, we simply rotate the vector 6 to reduce the problem to that of one-dimensional total
variation calculation

drv(N(0, 1), N (6, 1,)) = drv(N(0, I,), N([6llex, T,)

Clearly, the upper bound above doesn’t scale with the dimension p.

How to scale R* with p? We observe that we have considered a similar model as previous lectures
and hence using tensorization of 1-dimensional n-sample GLM, we can conclude R* should linearly
grow in p. Explanation: Since £(6,60) = >"*_, ¢(6;,6;), and each dimension of vector 6 is estimated
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using corresponding dimension of the vector X. Hence, as each dimension has a constant lower
bound, the vector should have a lower bound scaling linearly with p as its lower bound is the sum
of respective one-dimensional lower bounds. Therefore, we have pR;, < R) <pRj_,.

To improve upon the lower bound obtained using Le Cam’s method, we consider more than

two points to obtain the minimax bound. In next section, we shall discuss Assouad’s Lemma which
consider a hypercube instead of a line.

10.4 Assouad’s Lemma

Lemma 10.1 (AAssouad’s LAemma). If each coordinate consists of binary testing, i.e. 0 € {0,1}P C
© = RP and £(0,0) = (|0 — 0|1, then:
P
R*>=(1- drv (Py, Py
> 7 W v (Fy, Por))

Proof. Since minimiax risk is greater than Bayes risk, we have R* > R}. Also we consider a uniform
prior over {0, 1}?. We also define 6; as follows:

L 1, otherwise
Therefore, v : X — RP , we have:

p
E|6 -0l =>_ El6; — i
1=1

1< -
22;Elei—0il

1P
=5 P(0; £ 6;
: ; (0: # 6)
1P
> = inf  P(6; # 0;
;91‘:@()() (6: # &)
Since, 6; € {0,1}, we have:
. 1
Elo -0, = 12(1 — drv(Px6,=0, Px6,=1)) (10.6)
i=1

We now try to upper bound the total variation expression in the above inequality. From Bayes rule,
we get:

1 1
drv(Px|9,=0, Px|6;=1) :dTV(F Z By 5p1 Z Py)

0:0;,=1 6:0;,=0

Using convexity of total variation, we have:

1
drv (Px|9,=05 Px|o,=1) < 5T Z drv (P, 13, Pro, . 0y)

9\i6{071}p_1

S max dTv(Pg,Pgl)
d(6,6")=1

69



Using the above result in (10.5) and using the fact that £(0,0 = P00, 0;), we get:

1(0,1)p
R > — 1-— drv (Py, Py
> = ( e v(Fy, Pyr))
For 13 loss function, 1(0,1) = 1, hence we obtain the result. O

Example 10.3 (p-dimensional, n-sample Gaussian Location Model(GLM)). We consider £(0, 0) =
SP (0; —6;)?,0 € {0,€}P. Using Assoud’s Lemma, we get:
RSPy dov(N(0, S 1), N(e, ~ 1)}
—{1- max ,—1I,), N(e, —
~ 4 0,0/c{0,e}P.d(0.0)=1 n? n?

62
= L1 drv (N0, 11, Ne 1)

Using € = ﬁ and scaling by %, we get:

R

n
where k =1 — dpy(N(0,1),N(1,1)) is a constant (~ 0.7).

In the next lecture we will talk more about Assouad’s Lemma which considers a hypercube of
parameters. We will also introduce Fano’s Lemma which uses a pyramid of parameters instead of a
hypercube.
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§ 11. MUTUAL INFORMATION METHOD

Quick review: Assouad’s lemma

In Assouad’s lemma discussed in the last lecture, we made the following assumptions:
e Parameter space is a hypercube embedded in R?, i.e. © = {6y, 0;}?.
e Loss function (0, 0) is separable, i.e. 1(0,0) = [RI(3 0;), (e.g. Hamming, ¢y squared.)
e and satisfies a-triangle inequality, i.e. [(fp,01) < « [l(@o, 0) + 1(61, é)] .

Letting m ~ Unif(©), we could proceed as:

p
R* >R = mfZEM [1(65,6:)] = inf Egr[1(6;, 05)]

=1 "t

Le Cam & 1(O ’(9
=Y ( Z 1) [1 = drv(Pxj,=0> Px16:=0,)]

=1 @

convexit; - 1(0n. 6

> Y p- U0, 01) {1— max dTV(Pg,Pg,)}.
4o d(0,0)=1

where the last line could be thought of as a “deteriorated” version.

Example 11.1 (Gaussian Location Model). As usual, let Z ~ N(0,1,), © = {O,ﬁ}p, and
1(0,0) = ||0 — 0|2 (which satisfies 2-triangle inequality). Then, Assouad’s lemma gives us:

> 2 |- doy(Py. Po) | = 2 11— d 0,~ )|~ 22P
=0 (1 anlai TV 9)} 8n[ TV <N< n>N<\/ﬁn>)] 8

Do »
which is not very good compared to .

Along with the above example, the fact that the loss function is not always separable (e.g. ()
necessitates a search a more versatile method. In this lecture, we discuss the “mutual information
method” where the most important measure of information would be, of course, the mutual
information I(X;Y).

11.1 Mutual Information 7(X;Y)

Recall that KL-divergence was defined using the function f(z) = zlogax:

D(P|Q) £ E [Q log Q] _Ep [mg g] |

Now, the mutual information can be defined using KL-divergence.
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Definition 11.1 (Mutual Information). Given a joint probability distribution Pxy, the mutual
information between X and Y is defined as

I(X;Y) £ D(Pxy||PxPy),

the distance between the original distribution and the hypothetical distribution assuming that X
and Y are independent.

Mutual information has the following useful properties:

Proposition 11.1 (Properties of Mutual Information). Followings are true:
1. I(X;Y) = D(Pyx||Py|Px) = Exnpy [D(Py|x =2 || Py)]

(Symmetry) I(X;Y) = I(Y; X).

(Measure of dependency) I1(X;Y) > 0 with equality iff X LY.

e

(I vs H:'Y discrete) I(X;Y)=H(Y)— H(Y|X), where H(Y') denotes the Shannon entropy
H(Y) = Zy Py (y)log %(yy

5. (I vs h:'Y continuous) I(X;Y) = h(Y)—h(Y|X), where h(Y') denotes the differential entropy
h(Y) = [ fy(y)log 1 dy-

Example 11.2 (Additive noise: binary). Let Y = X & Z, where X ~ Bern(d), Z ~ Bern(e),
X 1 Z, and @ denotes the XOR operation (binary addition). Then,

I(X;Y)=H(Y)-HY|X)=H(Y)-HX®Z|X)=HY)—-H(Z)
= H(Bern(d x€)) — H(Bern(e)) = h(d x €) — h(e).

where h(t) = tlog% + (1 —1t)log %_t is the binary entropy function (not differential entropy!) and
the convolution operation x on [0, 1] for Bernoulli random variables is & x € = §¢ + de.

Example 11.3 (Additive noise: Gaussian). Let Y = X + Z where X ~ N(0,5), Z ~ N(0,1),
X 1L Z. Then,

I(X;Y)=h(Y)-hY|X)=hY)—h(2)
— h(N(0, 1+ S)) — h(N(0,1)) = %log(l +5).
Alternatively, we could do
I(X;Y) = D(Pyx||Py|Px) = Egono,8) [PV (2, DIIN(0,1 + 5))].
to arrive the same conclusion.

Like f-divergence, the mutual information has a very useful property when applied on Markov
chains: the data processing inequality. In fact, the data processing inequality of mutual information
is a direct consequence of that of KL-divergence.

Theorem 11.1 (Data processing inequality for M.1.). Let X — Y — Z forms a Markov chain.
Then,
I1(X;72) <I(X;Y).
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P P
Proof. For the same kernel Pyy-, we have Py |y_, —s Py x_, for cach z and similarly Py — Py
Hence applying the data processing inequality for KL divergence yield

I(X; Z) = D(Pgx||[Pz|Px) < D(Py x| Py|Px) = I(X;Y).

Remark 11.1. For the longer Markov chain W — X — Y — Z, we have I(W;Z) < I(X;Y).

Remark 11.2. For other f-divergences, we can define Ir(X;Y) £ Dy (Py|x||Py|Px) which naturally
satisfies the data processing inequality on Markov chain.

For a detailed explanation on the materials presented in this section, please refer to [PW15,
Ch.2.1-2.2] or [CT0G6].

11.2 Mutual information method: minimax lower bound

Here’s the main idea of the mutual information method: As usual, we are trying to estimate the
parameter 6 distributed by some prior 7, using the estimator 0 using the experiment X as its input.
In other words, we have a Markov chain § — X — 6.

Then we can upper-bound the mutual information between 6 and 0 as follows:

1(0,0) < I(6;X) < sup I(6;X),
TEM(O)

where the first inequality is due to the data processing inequality of mutual information. The second
inequality could be used to drop the assumption that we know the prior 7, and is useful when the
data X does not provide enough information about 6.

For the lower bound, we have the following:

1(0,0) > inf  1(6;0),
Py 4:EL(0,0) <R

for any ‘good’ 6 that satisfies El(0, é) < R%. This could be interpreted as a minimum amount of
information required for an estimation task.
Also notice the followings:

e This line of inequalities is akin to the converse proof of joint-source channel coding in
information theory, with the capacity-like upper bound and rate-distortion-like lower bound.

e Only the lower bound is related to the loss function.

e Sometimes we need a smart choice of the prior.

11.3 Extremization of the mutual information

A good news is that we have the convexity and concavity of the mutual information at hand, which
could help us find the infimum and supremum of the mutual information. In specific, we have the
following property cf. [PW15, p.28]:

Proposition 11.2 (Convexity and Concavity of mutual information). Consider the notation
I(Px, Py|x) = 1(X;Y). Then
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e For fired Py x, Px = I(Px, Py|x) is concave.
e For fired Px, Py|x = I(Px, Py|x) is convez.

The upper bound, or the maximization part, is the following task: given Py|x, we want to find
maxp,ep I(X;Y) where P is a convex set.

Example 11.4 (GLM, upper bound). Again let Y = X + Z, where Z ~ N(0,I,) and X 1L Z.
However, in this case we do not know the prior distribution of X. Rather, we consider a convex
set of priors P = {Px : E|| X2 < p- s}, the signals with constrained average per-dimension power.
Then, by the well-known formula for Gaussian channel capacity cf. [PW15, p.33]

p
I(X:X 4+ 2Z) = Elog(1 + s).
gl{ae;g( s X +2) 20g( + 5)

The lower bound, or the minimization part, is: given Px, we want to find minp,  ep I(X;Y).

Example 11.5 (GLM, lower bound). We are only assuming that X ~ N(0, s - I,). In the case of
the squared distortion, it is known that [PW15, p.33]

Llog (%) e<s
min I( : ) — 702 g (e) ‘
Py x:[|Y =X||?<p-e 0 otherwise.
For non-Gaussian cases, it is in general difficult to find the bounds exactly, and in the following

lectures we would discuss the further bounding on both bounds. But before that, we provide several
more examples.

Example 11.6 (Bernoulli, lower bound). Let X ~ Bern(5)®P. Then for e < § < 1,

PY\XiEdIIil?)l(,Y)gp.e ( ) = p[h(3) ()]

Example 11.7 (p-dim, n-sample GLM, quadratic loss, combining bounds). Let § ~ N (0, S - I,),
and ¢ — X — 6 hold. Following the usual assumptions, we have Pxy ~ N8, %Ip). Then, from the
upper bound we know

100,6) < I(0; X) = glog(l +S-n).

From the lower bound, we have:

5 : oD S
1(0,0) > min 1(0;0) = 5 log ———.
Py i ll6-63<R> 2 T Ry/p

Combining the preceeding two displays we get

S-p
RE> ————
TT14+8n

which becomes R* > % as S — oo and, surprisingly, recovers the exact minimax risk in Theorem 9.1
without loss of any constant factor.,

Note: Statistical estimation task could be represented as a Markov chain § — X —  where Pxo
is given by the model and Pé| y 18 the estimator we design. In comparison, in data transmission

we have the Markov chain 6 — X — Y — 6 where Py x is fixed by the channel and we design the
“encoder” Px|g and decoder Pé‘y.
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11.4 Coming next

Starting from the next lecture, we discuss various methods to further upper and lower bound I(6; 9)
In specific:

e Fano’s method is again about reducing the estimation into testing, thereby forming the Markov
chain § — X — 6 — 0Oest, and investigating the value min I(6; Ogegt)-

e Mutual information would be view as an information radius, and we would use the fact that
radius is upper bounded by diameter, which would be more easily characterized.
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§ 12. MUTUAL INFORMATION METHOD: CONTINUED

12.1 Recap: Mutual Information Method

We have several equivalent definitions of mutual information from last class, capturing a measure of
how far X and Y are from independence, or how much information about Y is provided by X:

1(X;Y) = D(Pxy | PxPy)
= D(Py|x||Py|Px) = Eznpy [D(Py|x=2 | Py)]

= inf D(P
Q:Xlglunder Q ( XYHQXY)
Given the normal model § — X — é, where 0 generates the data X which generates an estimate
6, we can use the mutual information method to bound I(6;60). In particular, as we saw last time,
the following chain of inequalities always holds:

min  I(0;0) <1(0;0) <I1(6;X)< max I(6;X)

Py o EL(0.0)<Rj PyeM(0)

We like to think of the left-most lower bound as the “cost” of an estimation task, which
depends only on the prior and the loss function, but not on how the data is collected. We think of
maxp,er9) L(0; X) as the “capacity” of the model, which depends only on the model itself. Last
lecture, we were able to compute the cost and capacity exactly for the Gaussian Location Model. In
general, we may not be able to exactly compute the cost and capacity, so we will focus on methods
for bounding them in this lecture.

12.2 Tensorization of Mutual Information

First, we would like to develop tools for bounding the mutual information of not just random
variables, but random vectors as well. The chain rule for mutual information gives us an intuitive
way to express the mutual information of a random vector as a sum of the mutual information of
one-dimensional random variables:

Theorem 12.1 (Mutual Information Chain Rule). Let the random vector X = (X1,...,Xy) be
jointly distributed with Y. Then:

=I(X;;Y) + (X0, Y|X1) + ... + [(Xp; Y| XY

The proof of the chain rule follows from telescoping logs. For more information, see section 2.5
of [CTO06]. In general, we cannot remove the conditioning and bound I(X;Y") from above or below
by >, 1(X;;Y). However, in some situations it is possible.
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Example 12.1 (Tensorization in extremization problem). Suppose X = (Xi,...,Xy) and Y =
(Y1,...,Y)) are random vectors, and each coordinate of Y depends only on the corresponding
coordinate of X:

X1 —Y
X2—>§/2

X k> Yk
Then the conditional distribution of Y given X factors:
k
PY|X - H PYi|Xi
i=1
So long as the channels are decoupled like this, we have:
k
I(X;Y) <) I(X,Y))
i=1
with equality if the X; are independent from each other. Therefore, in particular:

k
max [(X;Y) ZmaXI(Xi,Yz‘)

P Px.
X i=1 i

We can also consider a minimization problem for I(X;Y"). For example, if the coordinates of X are
independent, i.e.:

k
Px =[] Px,
=1

then we get can a lower bound on the mutual information:

k
Z (Xi,Y;)

Equality holds when the coordinates of Y depend only on the corresponding coordinates of X, so
minp,,, I(X;Y) is achieved at the product of minimizers:

k
min I(X;Y) Z min I(X;;Y;)

Py x Py, x,

In GLM, we could get nice bounds through the product structure. Otherwise, if there is no product
structure, we would need to use the chain rule, which can be more difficult.
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12.3 Capacity as Information Radius

To start, let us consider another way of thinking about mutual information.

Theorem 12.2 (Another Representation of Mutual Information).

I(X;Y) = inn D(Pyx||Q|Px)

Proof. For any Q we have:

I(X;Y) = D(Py x|/ Py|Px)
Pyix Q
Q Py
= D(Pyx||Q|Px) — D(Py| Q)
We get the desired result by noting that D(Py||@) > 0 and optimizing over Q. In particular,

we can bound the mutual information using a convenient choice of (), as we will see in the next
example:

=Elog

Example 12.2 (GLM). Suppose X ~ Py = N (6,1). Then, choosing the best possible Gaussian @
and applying the above bound, we have:

1(0,X) <EgD(P|Q)
= inf DW(6,1D)|N(u,S9))

LER,5>0

= %log(l + Var(X))

where the solution to the minimization problem comes from the well-known formula for Gaussian
channel capacity [PW15, p. 28].
Geometric Interpretation

The above representation of mutual information has a nice geometric picture, as follows: Let X be
some space, let £: X x X — R be a loss function, and let A be a subset of X.

Definition 12.1 (Radius of a Set). The radius of A is the smallest ball that covers A. Note that
we do not require the center y of the ball to be contained in A:

rad(A) £ ;gi sggﬁ(w,y)

Definition 12.2 (Diameter of a Set). The diameter of A is the largest loss between two points in
A:

diam(A) £ sup £(x,y)
z,ycA

Remark 12.1. Note that rad(A) < diam(A). If ¢ satisfies the triangle inequality, then we further
have rad(A4) > diam(A).

Nothing above required ¢ to be a valid metric. In fact, we will be examining the following case
where £ is not symmetric and does not satisfy the triangle inequality:
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A={Py:0cO}2p
U(P,Q) = D(P|Q)
° rad(P) = ian SUPPGPD(PHQ)

e diam(P) = supp gep D(P|Q)
By bounding the radius of P, we can now upper bound the capacity of P.

Theorem 12.3 (Capacity Bounded by Radius). Suppose we have the model @ — X, where P = {Py}
is defined as above. Let C(P) be the capacity of P. Then:

C(P) <rad(P) < diam(P)
Proof. Using Theorem 12.2, we have:
C(P)= sup I(6;X)

PyeM(0)
= sup inf D(Px[|Q|FPs)
PyeM(9) @
<inf sup D(PX|6||Q|P9)
Q PyeM(b)
= infsup D(P| Q)
Q ¢co
= rad(P)
< diam(P) = sup D(Fpl|Py)

0,0/c©

Note: In fact, if P is convex, then we have equality in the third step, which would give us
C(P) =rad(P). This is a result of Kemperman (cf. [PW15, Theorem 4.5]).

Example 12.3 (GLM, bounded mean). Let P = {Py} = {N(0,n"1) : |§] < J}. We can bound the
radius of Py, taking Q ~ N(0,n~1):

rad(P) = inf sup D (N (6,n7")(|Q)
Q j9|<s

< sup D (N(0,n ™) IN(0,n 7))
|0]<6
"9
= sup —6
01<5 2
no?

2

We have used the fact that the KL divergence between two normal distributions with mean u
and v and identical variance o2 L

is 5oz lu— v|?. We can also compute the diameter quite easily:

diam(P) = sup DN, )IN @)

- sup |6 — @'
2 9.0r¢l+q)

= 2n4?

Note that in this case, using the diameter instead of the radius only loses a factor of 4.
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Now, we can proceed to the more general bounded GLM:

Theorem 12.4 (Bounded GLM). Let X ~ Py = N(0,21,). Let £(6,0") = ||6 — 0|3 (quadratic
loss), and let © = By(0,p) C RP. Then:
R =L2a p?
n

Remark 12.2. The interpretation is that if p? is small and either we do not have enough samples
or dimension is very high so that £ is smaller than p?, then we should discard all the your data
and declare zero as the estimate, because data do not provide better resolution than the prior
information.

Proof. (Upper bound) We are already done here. Using X as an estimator, we have from previous
lectures that (up to constant factors for these bounds):

b
n

R* <
Using 0 as an estimator, we just showed:

Therefore R* < £ A p?.

(Lower bound) First, to make things simpler, we will consider the case where p = 1. Before,
when obtaining a lower bound on minimax risk, we used a Gaussian prior. However, we cannot use
such a prior in this case because the Gaussian distribution is not supported on a ball of radius p.
Instead, we will choose a uniform prior m ~ Uniform(—r,r), with » < p. As before, we have:

min  1(0:0) < I(6:0) < I(6; X) < rad({N(0, %) 10] < )

Py EL(0,0)<D

. . 2 .
We already have that the radius above is bounded by “5-. However, the cost € = min Py BUO.H)<D 1(0;0)

is much harder to calculate. We will therefore use a trick called the Shannon lower bound to bound
¢. The Shannon lower bound says that the cost given a non-Gaussian prior is not too far away from
the cost given a Gaussian prior, provided that the prior is fairly Gaussian-like:

¢ > ¢ ’0~Gaussian _D(unif(_ra T) ”N(Oa 7’2/3))

Note: The quantity % above is the variance of the uniform distribution.
2
We have (from last lecture) that the cost given a Gaussian prior is %log %. Furthermore,
we have that D(unif(—r,7)||N(0, ?)) = D(unif(—1,1)|IN(0, 1)) = ¢1 is a constant that does not

depend on r. Therefore, for some other constant c:

2
¢ log /3

- c1

5
r?c
D

1
>7
=
1
— Zlog
2 %%
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x* expi-x)

To complete the lower bound, remember that %log Tz# <ec<L ”T’ﬂ?, SO:

R* > R: > cr?exp(—nr?),Vr € [0, p]

> sup cr?exp(—nr?)
r€[0,p]

1
x—/\p2
n

To justify the last step, do a change of variables x = nr?2, so the expression becomes % SUPg<p<np? T exp(—x).
If we examine the function zexp(—z), we see that it achieves a global maximum of % at x = 1.
Therefore, if z < 1 we should choose = exp(—=x), and if z > 1 we should choose % This gives us:

1 1
— sup xexp(—z) = —(ane_"p2 A=)
N o<z<np? n e

O]

Recap: In order to get the upper bound on the minimax risk, we used the radius, which can be
thought of as the maximum distance between a central estimate and any other point in the space of
distributions. The lower bound on the minimax risk came from the Shannon lower bound, which is
based on how different the selected prior distribution is from a Gaussian distribution.

To extend the lower bound to an arbitrary dimension p, start with a uniform prior over a ball of
radius r, calculate its variance, and use the Shannon lower bound again.
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§ 13. SHANNON LOWER BOUND, FANO’S METHOD

In the last class, we learned minimax risk bounding technique by data processing inequality of
mutual information such that for 6 — X — 6,

inf  I(0;0) < I(0;0) < I(0; X) < capacity = sup I(6; X). (13.1)
Pj o E[0(0,0)] <R3 Py

Because the exact characterization of the LHS is intractable in most cases, we need an appropriate
technique that further lower bounds the LHS, which is called the Shannon lower bound. Another
technique to get a minimax lower bound, called Fano’s method, will be discussed as well.

13.1 Shannon lower bound

13.1.1 Shannon lower bound

Suppose that the loss function is rth power of an arbitrary norm over RP?, i.e., £(0, é) =6 — éH’",
and let R; = D. Then, the LHS can be written as
inf 1(0;0) = inf 1(0;0)
Py iE[0(6,6))<D Py E[|0—0]"<D

= inf  h(0) — h(0]9)
Py o Elll0-0l"<D

= inf  h(0) — h(0 —0|6)
Py o Elll0-0]"<D

> inf  h(f) — h(0 —0)
P; o EllI0—0]I"<D

=h(#)— sup h(W)=SLB.
E[[W|["<D

where W £ 0 — 0 and the very last quantity is called the Shannon lower bound. To evaluate the
supremum term, any convex optimization technique such as Lagrange multiplier can be applied.
A special case of the lower bound for Euclidean norm is given by

SLB=h(0)— sup (W) =h(0)—h (N (o, ?1,,)) = h(6) ~ log (%e?) ,

E|W[3<D

where we used the fact that Gaussian maximizes differential entropy when the second moment is
bounded.

Theorem 13.1 (Shannon’s Lower Bound). Let || - || be an arbitrary norm on RP and r > 0. Then
. A Dre 5 P
inf 1(6:0) > h(0) ~log A V- (== )T (1+2) 5,
Py Ell0—0]"<D p r
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where V), is the volume of the unit radius ball, i.e.,
Vp £ vol(By) = vol({x € R? : ||z|| < 1}).
The proof will be given in homework.
Note: The Shannon lower bound is asymptotically tight as D — 0.
Example 13.1 _(GLM). Consider the p-dimensional n-sample GLM, i.e., (X1, -+, X,) @N(G,Ip)
or equivalently X ~ A (6, 11,). Then the minimax risk with respect to || - [|" is

1 —r
~ (Cn)T/Q‘/p /p'

Proof. Take a prior § ~ m = N (0, sI,). Then the inequality chain (13.1) is rewritten as

*

Plog(1 +ns) > 1(6, X) > 1(6;6) > inf  1(6;6)
2 Py 4:E[€(0,0)] <R3

D
p Rire\r p
> == Tes) — V. . ]
SLB 5 log(2mes) — log { D < > r <1 + r>}

Then, rearranging terms, taking limit s — oo, and using the Stirling’s formula we get

= (cnl)’“/2 Ve RZ (cnl)T/2 v, (13.2)
O
Note that for r = 2,
R* > %%—2/1)’
while the exact bound (see Sec. 3.2) is R* = E”fnz = % In the next example, we will see volumes

for /4 norm.

Example 13.2 ({,-norm). Consider /;,-norm, i.e., for 1 < ¢ < oo

p 1/q
llq = (ZI%P) :

i=1
See the volume for several ¢’s.

e (¢ = 2) (Cont’d from the previous) Note that R* = Z for the quadratic loss || - ||3. The

n-dimensional volume of a unit Euclidean ball B is given by

1/2 1
V(B = < —
T ey W

which follows from the Stirling’s approximation,

D)= (@) 6)") =)= v
Plugging in (13.2) with r = 2,

R* >

~

12 P
p n

S|

Hence in this case the SLB is tight.



e (1 < ¢ < o0) Consider ¢; norm, where 1 < g < oo, the volume of a unit ¢, ball is given by

Vy(B,) = Lrll

F(1+§)

So using (13.2) and the Stirling’s formula, the minimax bound for a loss function || - ||3 is given
by
2/q
>
~on

Another way to get the same bound is that
" 1 p2/q
R* Z ~E[|Z|2 < —.
n n
Here the property that if Z ~ N(0,1,), || Z]|a = ©p(p) is used.

e (g = 00) Recall a unit hypercube in RP. Then, V,(Bx) = 2P, hence, R* 2 ~ by the SLB. On

the other hand, we know the exact risk,

1
n

1 log p
R* = ~E||Z||% < .
~E| 2%, = =

So in this case the SLB is not tight. Here, the equality follows from the fact that if Z ~ N(0, I,,),

1Z]|s0 = ©p(\/10gp).

Note: In the case that we have restriction on 6 such that 8 € ® C RP, where © is a convex set
with non-empty interior, the only thing to be changed is the SLB part. Upper bound by capacity
remains unchanged. As an example of uniform prior over some © C RP,

capacity > SLB = h(0) — log[--- R - - -] = logvol(©) — log[--- Ry - - -].

We get the bound of minimax risk connecting this SLB with capacity formula.
Also note that the exact characterization of R*(©) is open even for a convex set O.

13.1.2 Gaussian width of a convex body K

Suppose Z ~ N(0,I,) and a set K is convex and symmetric. Define the Gaussian width of K

w(K) = E [222 (z, Z>] :

Lemma 13.1 (Urysohn).

w(K)
P
Urysohn’s lemma helps us characterize the bound of minimax risk. In our case, K = Bj|, then

vol(K)/P <

w(K)=E {sup <a:,Z>] =E | sup (z,2)| =E|Z],
S [lz]|<1
which is in fact the expected dual norm of Z. From the lemma, we have Vpl/ P < %. Therefore,
1. 1 p \?
R* > =V;72r >~ :
TP Y <E||Z||*>
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Figure 13.1: Discretization

13.2 Fano’s method

Recall the inequality chain,

inf 1(0;0) < I(0;0) < I(0; X) < capacity.
Py E0—0|I<R;

In this section, we discuss Fano’s method that reduces the LHS to multiple hypothesis testing
problem, which is easier to compute.
The steps are followings:

1. (Discretize) Instead of ©, consider a discrete subset © = {y,--- ,0,} C ©. Points are picked
to satisfy [|0; — 6;|| > € for all i # j. Figure 13.1 visualizes this discretization.

2. (Reduce to multiple hypothesis testing) Assume uniform prior such that 6 ~ m = unif({01,--- , 0, })
and let f be a quantizer that maps § € © to 0; € ©, the closest point to 6. Note t}lat f(o)=20
because 6 is drawn over ©. So by data processing inequality for § — X — 0 — f(6),

1(0;0) > 1(0; £(0)).
Note that I(6; f(6)) is a function of joint probability mass over discrete space © x ©.

A~

Let’s see the error events {§ # f(0)}. Let say the true source is § = 0. If error happens, it
implies our estimate 6 closer to #; = f(6) than 6, for some j. In other words, if error happens,

10— FO)] < 116 — 64]l.
So due to triangular inequality, the error event implies
e <[ F(0) = Okl = 1£(8) = 0+ 0 04l| < [|£(0) — Oll + 10— 0%
<20 — Okl
€ ~
— < |6 — 6||.
= S<li-o

Hence,

X X E|0 —6r| _ R: 2R:
2p <Pr(f—6) > <) < =Tkl < Zr _ Zx
P, =Pr(0 # f(0)) < Pr (H@ Orll = 2) ST S e

= inf  I(6:0)> inf I(6:0)> inf I(6;f(0)).
PglG:]EHG—GHSR; Pe§2R7r PES@

€

85



PoPy \ / Bern(1 —%)

1{6 # 6}
Pys / \ Bern(P,)

Figure 13.2: Data processing kernel for Fano’s inequality

So, we reduce the LHS to a multiple hypothesis test problem where 6, f (é) are both discrete.

3. (Apply Fano’s inequality) Recall the data processing inequality for KL divergence by Figure
13.2. Here our processor is 1{6 # 0}, and we can further lower bound as

165 £(8) = D (Py 0) 1 PoPya))

D (Bemwe)HBern (1 - i))

P, 1-P,
:Pelog;l_l + (1 - P,)log T
= —h(P.) + logn — P.log(n — 1)
> —log2+logn — P,.logn,

1(6; £(0)) + log 2

logn

=P >1-

)

where h(-) is a binary entropy function. So finally we reach the bound

2R S 2R: SP>1- I1(6; f(0)) +1og2
e e 7 logn
L R f (1 1(6;(0)) +log2> |
2 logn

Note: The situation of the Fano’s inequality in class is that
1. 8 uniformly takes M values.
2. Markov chain § — X — 6 holds.

Then, the Fano’s inequality says that

I1(0; X) > —log2 + log M — P.log(M — 1)
> —log2+ (1 — P.)log M,
1(0; X) +log2
Lpo>q- 10X +log2

log M

The Fano’s inequality intuitively means that when the mutual information is fixed, P, cannot
be less than a certain value. On the other hand, when P, is fixed, the mutual information must be
greater than a certain value.
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Note: We can also use the Fano inequality as following;:

I(6; X) > min_1(0; X),

P.<¥x
and similarly as above,
215* . 2}:;; S P> I(e;)lfcigzlogQ
I1(6; X) +1log2
~ R'> g <1 - W) .

Note: If the loss function is || - ||,
e>2 (1 1(0; X) +log2>

in 1(6;X) = R*><f
poo 2y (6:X) =2 log M

— €
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§ 14. PACKING, COVERING, AND CONSEQUENCES ON MINIMAX RISK

Last lecture, we lower bounded min” 0-d)| 1(0; é) using Shannon lower bound, and we saw that for
the p dimensional n sample GLM,

1
RYRY) 2 ————
nvolr (B””)
with respect to a loss £(6,6) = ||# — 0||* and an arbitrary norm || - ||.

To understand why some sort of volume shows up, we further extend the lower bound obtained
using Fano’s method. We first introduce the concept of packing, covering, relate them to the
notion of volume, and then plug them into the lower bound obtained using the Fano’s inequality.
When applied to GLM, this alternative method gives the same dependence on the dimension and
the sample size for £, norms with ¢ < co.

14.1 Covering and Packing

Let (V,]| - ||) be a normed space and © C V.

Definition 14.1 (e-covering). We say {Vi,...,Vy} is an e-covering of © if © C UY,B(V;, ), or
equivalently, V8 € O, 3i such that ||§ — V|| <e.

Definition 14.2 (e-packing). We say {61, ...,0p} C © is an e-packing of © if min;; [|6; — 6] > ¢,!
or equivalently, the balls {B(0;,¢/2) : j € [M]} are disjoint.

Upon defining e-covering and e-packing, one naturally asks what is the minimal number of e-balls
one needs in order to cover ©, and what is the maximal number of ¢/2-balls one can pack in ©.
Those numbers are defined as covering and packing numbers, which, similar to volume and width,
measures the “massiveness” of a set.

Definition 14.3 (Covering number). N (0O, | - ||,€) £ min{n : Je-covering over © of size n}.
Definition 14.4 (Packing number). M (O, || - |, €) = max{m : Je-packing of © of size m}.
Remark 14.1. Some basic remarks.

e M(O,] -|,e) and N(O,] - ||,€) are often abbreviated as M (e), N (e).

e For e-covering, the balls need not be disjoint.

e N(O,] -|,€) is a decreasing function of € when the norm and © are fixed. That is, if €y < €1,
and {V1, ..., Vy} is an e-covering of ©, then © C UY, B(V;,e0) C UN, B(V;, e1).

'Notice we imposed strict inequality for convenience.
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e Metric entropy: log M (e) and log N ().

e N(e) < oo Ve >0 < O is totally bounded (In topology, a metric space is said to be totally
bounded if for every ¢ > 0 there is a finite covering of the space by e-balls). For example, a
metric space is compact iff it is complete and totally bounded. Hence a compact metric space
is totally bounded.

Remark 14.2. Note that in Definition 14.1 we do not require the e-covering to be a subset of ©. It
turns out imposing this restriction does not change the behavior of the covering number that much.
Similar to Definition 14.3, denote by N'(©, || - ||, €) the smallest e-covering of © that is included in
©. Then we have

N(©, |- [l.e) < N(©,] - Il.€) < N(©, ] - II,€/2) (14.1)

The left inequality is obvious. To see the right inequality,? let {61,...,0y} be an 5-covering of ©.
For each i, let 0} = argmin, g [|0; — u||. Then {6],...,0} C © constitutes an e-covering. Indeed,
for any 6 € ©, we have |6 —6;|| < €/2 for some 6;. Then ||0—0%|| < [|0—0;|+60;— 0| < 2||6—6;|| <e.

The relation between the packing number and the covering number is described in the following
theorem.

Theorem 14.1 (Kolomogrov-Tikhomirov).
MO, |- 1,26)<N(O, || - I, ) <M (O, | - ]|, €). (14.2)

Proof. First prove the right inequality. Suppose E = {01, ...,05} is a maximal packing. Then
V0 € ©\E, Ji such that ||# — 6;|| < e (if this does not hold for § then we can construct a bigger
packing with 63711 = ). Hence E is automatically an e-covering (which is also a subset of ©). Since
N(O,] -|,€) is the minimal size of all possible coverings, we have M (O, | - ||,e) > N(O,] - ||, €)-
We next prove the left inequality by contradiction. Suppose there exists a 2e-packing {61, ..., 0}
and an e-covering {x1,...,zx} such that M > N + 1. Then by the pigeonhole principle, there exist
distinct #; and 6; belonging to the same e-ball B(zy, €). This means that the distance between 6; and
6; cannot be more than the diameter of the ball, i.e., ||¢; — 05| < 2¢, which leads to a contradiction
since [|0; — 6;|| > 2¢ for a 2e-packing. Hence the size of any 2e-packing is less or equal to the size of
any e-covering. Hence M (O, || - ||, 2¢), the maximal size of a 2e-packing is at most N(O, || - ||,¢€), the
minimal size of an e-covering. O

When V is the d-dimensional Euclidean space, we can extend the previous theorem by further
lower /upper bounding the covering/packing numbers. The result is given as follows.

Theorem 14.2. Let © C V =R? and let || - || be an arbitrary norm. Then

1\ 4 vol(©) (@ ® vol(@+£B)  ©  vol(30) 73\ vol(O)

- <N . <M . <= < —= L == .

<€> VO](B) — (@7 H ||7 6) _ (67 || H? E) — VOI(%B) @ é&zg)@gj VOl(% ) <€> VO](B)
ebC

where B denotes the unit norm ball and + denotes the Minkowski sum, i.e., A+ B={a+b:a¢€
A b e B}.

2 Another way to see this is from Theorem 14.1: note that (b) in (14.2) yields a e-covering that is included in ©.
Together with (a), we get N'(e) < M(e) < N(e/2).
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Proof. First prove (a). For a covering of minimal size, © C U}"; B(X;, €). Hence
N(e)
vol(0) < vol(UY Y B(Xi,€) < 3 vol(B(Xi,€)).
i=1

Since vol(B(Xj, €)) = e?vol(B), we have vol(©) < N(¢)e?vol(B). Hence (a) is proved.
Next we prove (b). For an e-packing, the balls B(6;,¢/2) are disjoint, and Uf\i(f)B(Gi, €/2) C
© + §B. Taking the volume on both sides, we have

vol(© + %B) > vol(UM ) B(6;, ¢/2)) = M(e)vol(%B).
This proves (b).

To prove (c), we prove two statements. (1) When eB C ©, © + $§B C © + 10, and (2) when ©
is convex, © + %@ = %@.

To prove (1), notice for any z € © + §B, we have z = 2 + y where z € §B and y € ©. Since
r € §B = r € ©, we immediately have z € © + %@.

To prove (2), first notice that V6 € %@, 0= %9—1— %0. Since %0 € %@, and %9 €0, %@ CO+ %@.
On the other hand, for any x € © + %@, we have x = y + %z with y,z € ©. When O is convex,
%1: = %y + %z € 0. Hence x € %@, implying © + %6 C %@.

With (1) and (2), (c) follows immediately. O

Remark 14.3. Why is Theorem 14.1 cool?

e (a) is a converse, saying that the minimal covering size cannot be too small. When combined
with N(e) < M(e), this turns into an existential statement: It is possible to construct a
packing of size at least vol(©)/vol(B(e)). From the proof we see that this corresponds to a
greedy construction. Furthermore, for Hamming space and Hamming distance, this is exactly
the Gilbert-Varshanov bound.

e (b) is a converse, saying that the maximal packing size cannot be too large. When combined
with N(e) < M(e), this turns into an existence statement: there exists a small covering.

Example 14.1 (Metric entropy of norm balls). Let | - || be an arbitrary norm on R? and let
B=DB={r¢€ RY: ||lz|| < 1} be the corresponding unit norm ball. Consider the covering number
of By with respect to the same norm, namely, N(e) = N (B, - |l,€). When ¢ > 1, N(¢) = 1.

When € < 1, applying Theorem 14.2 we have

(1) =ty = v = o = P = (12) < ()

Hence dlog% <log N(e) < dlog % This relationship holds for all norms as long as the covering is
done with respect to the same norm.

If we fix the dimension d and let € — 0, then because all norms on Euclidean space are equivalent
(with constant factors of each other where the constants depend on dimension), whenever © has
non-empty interior, log N(©, || - ||,€) = (d 4+ o(1))log 2. In particular, for a different norm || - ||’,
N(Byj.j; I - I'; €) is still approximately dlog  when € is sufficiently small. But how small is small
enough depends on the dimension d and there are some interesting high-dimensional phenomena
when the covering number is not determined by volumetric methods. See Lecture 15 for details.
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14.2 Applying metric entropy & Fano’s inequality to minimax
risk

We now apply metric entropy and Fano’s inequality to lower bound the minimax risk. The key idea
is to reduce estimation over O to testing between a packing F = {61, ...,0x/} within ' C ©. Then
R*(©) > R*(T) > R where 7 is equi-probable over E.

Let E = {6, ...,0;} be an e-packing on T C ©. Let 0 be the quantized version of § restricted
to E. Then we have the Markov chain § — X — 6§ — 6. Consider the quadratic loss function
0(6,6) = ||0 — ]|2. Recall that

radkr,(T') = inf sup D(P||Q),
Q geT

and

diamKL(T) = Ssup D(Pg/”Pg).
0,0'eT

We immediately have

alio-or] " (2 elio 12 5] = (5P o+
" () (1 T )
> i <1 _ I‘&dKL(T) + log2>
! log M ()

€2 diamgr,(T") + log 2
> sup i 1- “oI(T) , (14.3)
TCO,e>0 log ol(cB)

where in the last step, the inequality holds true for all choices of T" and €, and the supremum is
placed to obtain a better bound.

For GLM, we can use the above method (Fano+packing) to obtain the same result (up to
constant factor) by Shannon Lower Bound.

Example 14.2 (p-dimensional n-sample GLM). Let © = RP, and T = Bs(s). Then diamgy,(T) =
supg grer D(Pol| Por) = supgger DN (0, 1)) | N(0, 1,)%") = supy g 5|0 — 0'||* = Gdiam*(T) =
2s2. By (14.3), we have

B> €2 . diamgr,(T) +1log2 | € ) 2s? +log2
=3 o log YolT) T4 o sPvol(Bs)
08 vol(eB) 08 ePvol(By.|)

We now choose € and s. Denote vol(B|.|) = V, and recall that vol'/P(By) =

p 1
S =cC3 E, 6:047\/5‘/1/1),

R 2 ) Cg’—p—l—logQ - 3 ) §+log2
~ 4nV2/p plog <% | = 4nV2/p log &4 |~

C4

%, ie., 61% <
VOll/p(Bg) < 027 If we choose

then
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2
As long as we choose c1, ¢z, c3, ¢4 such that (§ + log2)/log 4% < ¢ <1, we have

201 —
R* > C4(]‘ c) > 1

T AnV2p Y nV2/p (14.4)

Remark 14.4. When the specified norm is || - ||oc, the norm ball becomes a cube, and the volume
is (for fixed values of p)
vV =2P
Hence R* 2 %; however, we know R* =< k’% and we lose the dependence on the dimension p.
So what should be blamed? It turns out our mutual information method and, in fact, its further
relaxation via packing plus Fano’s inequality are both tight in this case. What is loose is the volume
ratio bound on packing number in Theorem 14.2. In the next lecture, we will prove

plogi, e < L
log N(B, |-, ¢€) < VP VP
gN (B, € { élog(peQ), €> 1

This will lead to the tight result R* < %82,
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§ 15. SUDAKOV, MAUREY, AND DUALITY OF METRIC ENTROPY

In this lecture we study the upper and lower bounds on M (B, || - |2, €)-
From the last lecture Theorem 14.2, we know that for any © C R? and any € > 0,

vol(©) vol(© + §B)
<M(@O,]-],2¢) < N(O,]| - < M(O,] - <=7
et S MO0 1.20 S N(©. -1, < M@, 1. < % Tk
where B is the ball of radius 1 measured by || - ||. Therefore,
d
vol(By + §By) _ vol((1+ <4)By) 1+ 242 e\ e \?
M (B, || - ll2,€) < - < . = _ ) <12,
vol(§Bs) vol(§Bs) < Vd evd

where we have used the fact that By C v/dB; by Cauchy-Schwarz inequality, vol(B;) = 2¢/d! and
hence vol(B;)'/? < 1, and vol(Bs)/4 < %1' On the other hand,

.
vol(Bi) _ (1\"vol(B)) _ ( ¢ \*
MBI+l €) = Sopyy = (€> vol(By) <e\/&> ‘

From last lecture we know that volume bound is tight when e is sufficiently small (i.e., € — 0).
However, in high dimension, how small is sufficiently small depends on the dimensionality. The
volume bound derived above is useful only when € < ﬁ. It turns out when € > % (which could

still be small), we need different methods, and the full picture is the following

Lemma 15.1. There exist absolute constants c1,ca, such that

1 1
dlog (1 + ;—Qd) A = log (1 + c2€%d) < log M(By, || - ||2,€) < dlog <1 + :2—1d> A ) log (1 + c1€°d) .

That is to say,

% log (€%d) €2 ﬁ

log M(By, || - ||2,€) < ¢ d €= % . (15.1)
1 1
dlog% € 5 ﬁ

15.1 Upper bound via Sudakov minoration
Recall that the Gaussian width of © C R? is defined as!

w(O) = Ezgg(e, Z), where Z ~ N(0,1,).

'To avoid measurability difficulty, w(©) should be understood as SUDP7 @, |T| <00 B Maxeer(0, Z).
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Theorem 15.1 (Sudakov minoration). For any © C R? and any e > 0,

w(©) Z ey/log M(6, | - |12, €)-
The proof of Theorem 15.1 relies on Slepian’s Gaussian comparison lemma:

Lemma 15.2 (Slepian’s lemma). Let X = (X1,...,X,) and Y = (Y1,...,Y,) be Gaussian random
vectors. If E(Y; — Y;)? <E(X; — X;)? for all i,j, then EmaxV; < Emax X;.

For a self-contained proof see [Cha05].2 See also [Pis99, Lemma 5.7, p. 70] for a simpler proof of
a weaker version E max X; < 2E max Y;, which suffices for our purposes though.

Proof of Theorem 15.1 assuming Slepian. Let {61,...,0p} be an he optimal e-packing of ©. Let
X; = (0;, Z) for i € [M], where Z ~ N(0,1;). Let YiLE'N(O, €2/2). Then for any pair 4,5, X; and

X are jointly Gaussian, and
E(X; — X;)% = (6; — 0;)E[2Z](6; — 6;) = [|6: — 6|3 > ¢ = E(Y; - Yj)*.
It follows from Lemma 15.2 that

;> i =< .
Elrgr%)]cwXZ _Elgfg(\/[}/; €v/log M

This completes the proof because Esupgeg (0, Z) > Emaxi<i<m Xi. O

We can apply this theorem to ©® = Bj. In this case, by the definition of the dual norm,

w(B1)=E sup (z,2) =E|Z| =< logd.

z€eR4: ||z|1 <1

The theorem then implies that
logd
log M(By, || - [|l2,€) <

~ 2

€

. (15.2)

This bound is almost optimal: When € > 1/v/d, this upper bound is (in fact optimal and) much
better than what we get from the volume argument, which is

eVd

However, (15.2) is not always sharp. For example, when € < 1/1/d, it gives dlogd and we know
(even from volume bound) that the correct behavior is d. This suggests we need a more refined
bound that interpolates between volume and Sudakov.

log M(B, | - l2,€) S dlog (1 n ) |

2If you took ECE 534 last fall, you should revisit Problem 4 of http://maxim.ece.illinois.edu/teaching/
fallilba/homework/hw4.pdf which follows [Cha05].
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15.2 Upper bound via Maurey’s empirical method

We can construct a covering of By using the probabilistic method. Let {e; : ¢ = 1,...,d} be the
standard basis of R?. For an arbitrary = € By, define a d-dimensional random vector Z as

7 sgn(x;)e; w.p. |zl
0 w.p. 1 —||z|1

Then Z has the property that EZ; = z; for i = 1,...,d, hence EZ = z, and Var[Z;] = E(Z; — x;)?
fori=1,...,d. Let Z,...,Zg) be ii.d. copies of Z, and let Z = %E?:l Z;)- Then

d d d

= = - 1 1 1 1

E|Z —all} =Y _E(Zi —m:)* =) _VarlZ] = . > VarZ] = {E||Z —al} < 7B Z — 2|} < 7,
=1 i=1 =1

where we have used the facts that Var[Z;] = }Var[Z;] and || Z — 22 < ||Z — z||; < 1. If we choose
k =1/€%, then E||Z — z||2 < /E||Z — z|% < €. So there is a realization z of Z such that

Iz — x|z <e.

Now we examine how many distinct values Z can take regardless of =, which gives the size of the

packing. Note that
k

7 = ;;ZU) = %(Kl,...,Kd),
where
d
ZKi <k, with K; € Z, and 0 < |K;| < k fori=1,....d. (15.3)
=1

For any (K1, ..., Ky) satisfying inequality (15.3), we get a solution for the following inequality

d
Y K+ K7 <k, with K K €Z,and 0 < K, K; <kfori=1,...,d, (15.4)
i=1
by setting Kf = K; and K; = 01if K; > 0, and setting Kj =0and K, = —Kj; if K; < 0. Therefore,
the number of values Z can take is upper bounded by the number of solutions of inequality (15.4).
Note that there are (k;rjizl) solutions for
d
Y Kf+ K=k  with K} K] €Z,and 0< K K; <kfori=1,....d,
i=1
because the solutions are all possible types of the sequences of length £ with alphabet size 2d. It
follows that the number of solutions of inequality (15.4) is

0+2d—1 N 1+2d—1 P k+2d—1\  (k+2d\ [(k+2d
2d — 1 2d — 1 2d — 1 N 2d ) ko)’

which is an upper bound on the number of Z’s regardless of 2. We thus have shown the existence of
an e-covering of Bj in || - ||2 with cardinality upper bounded by

L +2d\  [(Z+2d
24 )\ % )
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Therefore,

1y 1 ,
log N(By, ||+ l2,€) < 2dlog (1+ @) A =5 log (1+24¢?).

We can see that the first upper bound recovers the result from the volume argument, while the
second upper bound is even stronger than the result obtained from Sudakov’s minoration.

15.3 Lower bound via packing Hamming spheres

Let Sy = {x € {0,1} : wy(x) = k} be the Hamming sphere of radius k. For the p-packing of S, in

Hamming distance || - ||, using Theorem 14.2 we have
d
Skl (i)
Bu(p)l 2, (9)

This leads to the following lemma.

Lemma 15.3 (Gilbert-Varshamov). There exist constants ¢; and ca such that for all d € N and
any k € [d],

ed
log M (S, || - [[u, c1k) > c2klog T

Now we construct a packing of By based on a packing of Si. Let {z1,..., 2z} be a c1k-packing
of Sg. Let 0; = z;/k. Then 6; € By fori=1,..., M, and

1 C1
16 0513 = gl — e >
Therefore, {01,...,0p} is a y/c1/k-packing of By in || - ||2. Choosing k = 1/€2, it follows from
Lemma 15.3 that

C
log M(By, | - |2, Vere) 2 5 log (ede®)

for some constants ¢; and cs.
To summarize, combining the upper and lower bounds, we have

6% log (€*d) €2 ﬁ
log N(By, || - ||2,€) < (¢ d €= ﬁ : (15.5)
dlog ﬁ e < ﬁ

15.4 Duality of metric entropy

First we define a more general notoin of covering number. For K, T C R%, define the covering
number of K using translates of T" as

N(K,T) =min{N : 3zy,...,zy € R? such that K c UN,T + 2;}.

An amazing theorem of Artstein-Milman-Szarek [AMS04] establishes the following duality result for
metric entropy: There exist constants « and S such that for any symmetric convex body K,

1

5log N (Bg, EKO) < log N(K,eBy) < log N(Ba, acK®),
(0%
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where By is the usual unit £5-ball,

K® = {y L sup (z,y) < 1}
rzeK

is the polar body of K. For example, By = B, whenever % + % = 1. Therefore by duality, (15.5)
also applies to log N(Ba, | - [lec, €), which is what is needed for application to minimax risk.
15.5 Example: Sharp rate for /., loss

Finally, we use the results in this lecture to derive the minimax lower bound for the p-dimension,
n-sample Gaussian location model with respect to the distortion function |6 — 8||%.
We can construct an e-packing of By(d) in || - ||oo- From the Fano’s method,

R* > &2 <1 _ diamgr, ({N (0, £1,),0 € B2(0)}) + log2)

log M(B3(0), || - [lo: €)

_ 2 <1_ né? + log 2 )
log M(B2(0), [| - [loo: €)

2
262(1— nd~ + log 2 )
IOgM(BhH ’ ||276/5)

né? + log 2
i—; log (1 + %)

>l | 1—

where we have used that fact that diamgy,({N (6, 21,),0 € By(8)}) = ndiamﬁ_l|2(32(5)), the duality

theorem, and the lower bound on log M (B4, || - ||2,€/d). Choosing € = c“/lo% and § = cge with
appropriate ¢; and co such that the parenthesis in the lower bound is a positive constant, we obtain

~ n
An alternative proof of this result is by choosing the packing set as 7{e,...,e,} for some 7 > 0
to be determined later. This set is a 7-packing of R? in || - ||o, because ||7(e; — €;)||oc = 7 for all

pairs {4,5}. We also have ||7(e; — ¢;)||3 = 27%. Then by Fano’s method,

B> 2 <1 2n7? —|—log2>

log p

logp
n
bound is a positive constant, we obtain

Choosing 7 = ¢ with some appropriate constant ¢ such that the parenthesis in the above

~on
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§ 16. YANG-BARRON’S CONSTRUCTION FOR DENSITY ESTIMATION

So far we have been mostly focusing on parametric problems in finite (possibly high) dimensions. In
this lecture, we shift our attention to nonparametric problems in infinite-dimensional. We consider
the problem of density estimation, which can be formulated as follows. The main goal of this lecture
is to give an exposition of the scheme of Yang and Barron [YB99], who constructed an estimator by
averaging a sequence of predictive density estimates and give KL risk guarantee in terms the KL

covering number.
Given X1, ... ,an'i'\si'p € P, we obtain an estimate p = p(:| X1, ..., X, ). The loss function is the

KL divergence D(p||p). The average risk is thus

B, Do) = [ D (olpt1a) 5" (ds").
Our task is to upper bound the minimax risk

inf sup E, D(pl|p), (16.1)
P peP

We note that the term “density” is a little misleading, and hence quoted, because the elements of P
need not have a density. Crucially, the estimator in (16.1), such as the one due to Yang and Barron,
need not be a member of P; in other words, we allow improper estimates.

16.1 Bounding Capacity with Covering Number

This section introduces a bound on capacity using covering number, which is useful in terms of both
its conclusion and its proof. Before it is formally states, here is a recap on some important concepts.

e KL divergence:

D(P|Q) = Ep [ng] .

e Mutual information:

I(X;Y) = D (Pxy||[PxPy) = ing (Pyix]IQIPx), (16.2)

where the infimum is achieved at @ = Py = Ex[py|x]-
e Capacity: Denote P = {py| Xeg T EX }, then the capacity is defined as

C =sup I(X;Y) < radius = inf sup D (Pyx—,[Q) , (16.3)
Px Q zex

with “=" if P is convex.
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e Covering number for sets of distributions

N(e) = min # of “balls” that covers P
=min{N :3Q1,...,Qn s.t. Vo € X,3i € [N], D(Py|x—,[|Q:) <¢}.

Now we are ready to state the lemma.

Lemma 16.1.
C< igg{s +log N(e)} (16.4)
1>

There are two ways of proving this lemma.

Proof. #1
Fixe,let N = N(e), 3Q1, . .., Qn that form an e-cover. Vo € &, let i(z) = argmin;c ) D (Py|X:x”Qi),
and thus D (Py|X:$||Qi(x)) <e.
Fix any Px,
I(X;Y) = I(X,i(X);Y)

D 16(X);Y) + 1(X; Y [i(X))

< H@X))+I(X;Y]i(X))

(2)
< log N +¢,

where (1) is derived from the chain rule of mutual information. (2) is derived from that H(i(X)) is
the entropy of a distribution with /N outcomes, whose maximum is achieved when all the outcomes
are equiprobable; and that

I(X;Y]i(X)) =inf D (Pyix[1Qli(X))

< D (Pyx]|Qix)li(X)) <e.

Proof. #2
I(X;Y) = ing (PY\X||Q|PX)

N
1
<D (PY|X||N E Qi|PX>
i=1

1 N
=Ex |D (PMHNZQZ-)]
=1

Py x
:EX EleX logil ]\‘7 ]
N 2ai=1 Qi

[ Py x
i N Qi)
=log N + EPX [D (PY|X”QZ'(X))]

<logN +e¢.

< EX EleX log
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Remark 16.1. “=" in equation (16.4) holds if P is convex, and thus C' =radius (from equation
(16.3)). It is easy to verify it with a special case e=radius, where N(¢) = 1, and both sides of
equation (16.4) equal to radius.

Remark 16.2. For n samples X" = (X1,...,X},) S px, note that
D (P*"|Q®") = nD(P|Q).

Denote N, (¢) is the covering number for P®", and N(g) for P. The product distributions of a
g/n-cover for P form a e-cover for P". Therefore

No(e) <N (%) .

In Gaussian case, for instance, KL-divergence is represented by Euclidean norm, and thus
d
1
N)~[-) .
@~ (1)

Cy < inf {5 +dlog 3}
e>0 e

. € n/d
—dgﬁ{d“ogg/d}

"=/ g ing {s’ + log n/d}

>0 e’
= dlog (1 + %) .

16.2 An Upper Bound on the Bayes Risk

According to equation (16.4),

(16.5)

This section introduces an upper bound on the Bayes risk, which inspires the upper bound on the
minimax risk, as will be shown in the next section.
Consider the standard Bayes setting where

X" =(X1,...,Xn) iﬁdpg, and 0 ~ m,

and the estimate, p(-|X™), is a function of X™. The Bayes risk is given by

Eg xn [D(pollp(-|X™))] = /W(dé’)pé@”(dw")D(mHﬁ(-!w"))-
Lemma 16.2. The Bayes risk is

inf g xn [D(pollp(-[X™))] = 1(6; Xns1]X™),

where X,11 s identically distributed to and independent of X1,..., X,. The infimum is achieved
when

ﬁ(’X”) = an+1‘X"7

which is the Bayes estimator.

100



Proof. First note that pg and p(-|X™) are distributions for a new data, which can be denoted as
Xp+1. Taking the infimum over p = p(+|-) of the Bayes risk,

inf Eg, v (Do p(1X™)) = int [ (d)p5" (da™) Dipallp1X" = 5™)

- / pxn (d2”) inf By xcngn [D(po D))
[
/

1(0; Xpa | X7).

lnf D (an+1 |0 Hp’p0|X”—x")

II=

pxn(x pxn+1 |6 ”an_H |Xn \p9|Xn=zn)

(1) is derived from equation (16.2). Specifically, fix X™ = 2™, the infimum of D (px.,, o llB|Po|xr=sn)
is achieved when
D =Egxn [Px0i118) = PXpss|x7-

With lemma 16.2, we can derive an upper bound in terms of capacity, fix any prior 7(6),

Cpy1 =supI(0; X" > 1(6; X"H1)
m(0)

D 1005 X1) + 1(0: X[ X1) + -+ + 1(0; Xpy1]X™)

2)
= (n+ 1)I(0; Xnia| X")

—

(1) is due to the chain rule of mutual information; (2) is due to the fact that the mutual information
with one extra observation diminishes as the number of existing observations increases, namely

I(0; X\ 1| X™) < I(0; X,| X7,

Therefore, from equation (16.5), we have a bound for optimal Bayes risk, which holds for any prior
w(6):
Cn—l—l

1(6; X XM <
(a 7L+1| )_n+1

S %log (1 + %) : (16.6)

16.3 An Upper Bound for Minimax Risk

This section introduces a theorem which states that the bound in equation (16.6) also holds for
minimax risk, and its proof is inspired by the Bayes case.

Theorem 16.1 (Yang-Barron).
d n

inf sup Eg D (pgl|p) < mf — logN( ) +e~ —log <1 + —) .
P 0O n d

Proof. Choose the following estimate
p(-|X™) = ZPX |xi-1 |X )
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where ,
» = J m(dd) H;':1 po(X;)
HE T o) T2 pe( X))
Hence the estimator is a function of (). Note that 7(6) here is used only to define an estimator; it
has nothing to do with Bayes setting. The rest of the proof bounds the worst case risk of p induced
by an appropriate m(f).
Fix 6, the risk for p can be upper bounded by

R 1 &
EPGD(p@Hp) = E:DeD <p9’n ZpXiXi_1>
=1

1) 1 &
< o ZD (p@”pXi|Xi—1) (16.7)
i+1

—~
~

1

where (1) is due to the convexity of KL divergence; (2) is the chain rule of KL divergence:

D (Pynl|Qxx) = E {mg PXN}

Qxn
_r H?:l PX'L‘Xifl
[[ie: @xixi-
n
= D (Pxixi-1|Qxijxi-1) -
i=1
Fix €, denote N = N(¢) as the covering number. Let G = {61,...,0n} be a set whose corresponding

pps form an e-covering of P. Choose the p induced by 7(0) ~ uniform(G). Then

N
1
D (pg"|lpxn) = D (pé?"llN Z%‘f”)
1=1

py"
= Elog —0
& zivlp?;"] (16.8)
Xn
< Elog lp%n ]
NPo(x,
<log N + ne.

Combining equations (16.7) and (16.8), we can bound the minimax risk:

1 1
inf sup E,,, D (py||p) < supE,, D (pg||p) < — (log N +ne) = —log N +e.
P 9co CISC) n n

Since it holds for Ve, taking the infimum of both sides, and noticing that N () ~ (1/¢)¢ concludes
the proof. 0

In Gaussian case, the minimax risk is the canonical d/n (KL-divergence reduces to Euclidean
norm), so Theorem 16.1 is loose with an additional log factor log(1 + n/d). In the next lecture,
we will obtain a tighter bound, which is polynomial with respect to 1/n, given some additional
Lipschitz continuity constraint.
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§ 17. APPLICATION TO SMOOTH DENSITY ESTIMATION

In last lecture, we studied the minimax risk of a parameterized density estimation and its upper
bound. We are given n i.i.d. samples X7, ..., X,, generated from Py, where Py € P ={Fy:6 € O} is
the density to be estimated. Let the loss function between a true distribution Py and an estimated
distribution P be their KL-divergence, i.e.,

((Py, P) = D(Py||P).

One can bound the minimax risk R* of this estimation problem by,

R} = infsup EgD(Py||P) < @, (17.1)
P 9co n

where C,, is the capacity over # and X", i.e.,

Cp = sup I(0; X") = inf{ne+ log Nk (€)},
rEM(O) >0

where Nk (€) is the covering number of P.
Further, we can use the chain rule in mutual information to learn the properties of C),. For any
prior w over O, one has,

Ry = 1(0; X1 | X*) = 1(6; X"F1) — 1(6; X™).
Taking the supremum over 7 on both sides, one has,
R} =sup R = sup (I(Q;X"H) —1(6; X™))
> sup I(0; X" —sup I(0; X™) = Cpyq — Ch.
™ ™
Therefore we can have a lower bound over R}, as well.

Remark 17.1. There are some properties of {C), }:

e {C,} is subadditive and increasing, i.e.,
Cner S Cn"’cm’ ‘v’m, n€Z+.

and therefore % has a limit for n — oco. By Fekete’s lemma,

. Ch O,
lim — = inf —.
n—oo 1 n>1n
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e If welet A, = C, 11 — C), one can rewrite C, by,

n—1
Co=>_ A,
k=1
and therefore,
n—1
A
A, < ==L
n

In today’s lecture, we use the bound in (17.1) to study the minimax risk of a nonparameterized
density estimation. As a leading example, consider the problem of estimating a smooth probability
density function. To be precise, we are interested in estimating a pdf f € Pg with smoothness
parameter 3 > 0, where f belongs to Pg iff,

e fisapdfon [0,1] and is upper bounded by a constant, say, 2.
. f(m) a-Hoélder continuous, i.e.,
[F @) = M) < e —yl*, Yoy e (01),
where a € (0,1], m € Z and 8 = a + m.
For example, if 5 = 1, then P; is simply the set of pdfs which are Lipshitz and bounded by 2.

Theorem 17.1. Given n i.i.d. samples X1, ..., X, randomly generated from a pdf f € Pg, the
minimaz Tisk of an estimation f of f under the quadratic loss function ((f,f) = ||f — fl3 =

fol(f(l“) — f(x))le‘ satisfies

N 28
R*(Pg) = inf sup E||f — f[I3 < n~ %7, (17.2)
f fE’Pg

Before we goes into the proof for Theorem 17.1, we makes some remarks.
Remark 17.2. The larger 3 is, the smoother the pdfs are, the faster R* decays with n.

Remark 17.3. If f is defined over [0, 1]¢, the bound turns into,
* . £112 —1
Ry, (Pg) = inf sup E[f — fl3xn" &F
f fEPﬂ
Now we prove Theorem 17.1.

Proof. First, we claim we can use the minimax risk over a set of lower bounded pdfs to bound
Ry (Pg). The idea is in Lemma 17.1

Lemma 17.1. Let F be the set of pdfs that are lower bounded, i.e., F = {f f> %} Let P be an
arbitrary set of pdfs on [0,1] and let P =P N F. Then

Ry (P) < R, (P) < 16R;,(P).
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Proof of Lemma 17.1. Since 755 C Pg, the lower bound is obvious,
R;,(P) < R;,(Ps). (17.3)
We will construct an estimator to show,
R:(Ps) < 16R}(Pp). (17.4)

Let X1, ..., X, be the n ii.d. samples from f € Pg we have, and let Uy, ..., U,, be n ii.d. samples
uniformly generated from [0, 1]. We define n i.i.d. random variables Z1, ..., Z, as,

7 — Ui w.p. %,
’ X, otherwise.

Thus, it is equivalent to think 71, ..., Z, are i.i.d. samples from g = %(1 +f)e 755. Let g be an
estimator of g from Z". Let g be its projection in F, i.e.,

g = in|[|h— g|.
g = argmin|lh — g
Note g € F, and we can bound the distance between g and g by,
19 =gl <llg =gl + lg — gll <2[lg -4l

Let f = 2g — 1, which is a valid pdf since g is lower bounded by % As a result, for every pdf f € P,
there is a corresponding g = %(1 + f) € Pg which has a good estimator g, and one can construct a
good estimator f from ¢ in the sense that,

1f = fll=2[g—gll < 4llg - gl
Therefore,

R;(Pg) = inf sup E||f — 3
I fePg

. 2
< 16 inf sup IEHQ (14 1)
9 feps 2 2
< 16inf sup E||g —9“% = sz(ﬁﬁ)a

9 gePB

where the first inequality is due to the construction of f , and the second inequality is due to
{3(1+ f): f € Pg} C Ps. Therefore from (17.3) and (17.4) Lemma 17.1 follows. O

It is then equivalent to prove,

~ ~ 28
Ry (Pg) = inf sup E||f — f||3 = n" 4+
f f€733
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Upper bound First we use the capacity to upper bound the minimax risk. On one hand, It is
known that for any bounded pdf f and g,

If = glf 2 IIF = gll3,

and the total variation between f and g is bounded by its KL-divergence,

1
D(fllg) > 2d3v(f,9) = §”f - glii-
Therefore, we have for any bounded pdf f and g,
If = gl3 < D(fllg)

As a result,

Ry (Pg) = inf sup Ellg — gll3 < inf sup ED(g]|g) = R}, 1.(Ps). (17.5)
9 g€Ps 9 g€Ps
On the other hand, one can bound the minimax risk under KL-divergence by (17.1), where the
capacity between g and X™ can be computed via,
C, < igg{log Nir(€) + ne}
= inf{log No(Ve) + ne}

f 2/3 = 1+25
ir>10{e +ne} =n

The second equality is due to the connection between the KL-divergence and the Lo distance. The
third equality comes from Kolomogrov-Tikhomirov’s Theorem. Therefore with (17.5), the upper
bound is proved by showing,

Ry(Ps) < O g0, (7.6)

Lower bound Next we lower bound R (Pg) by Fano’s inequality. Due to the relation between
covering and packing numbers, we know,

]OgM(’ﬁﬁ, H : H2’€) = 10gN(755, ” ) H276) = 6_1/ﬁ>

__B_
where the second equality is due to Kolomogrov-Tikhomirov’s Theorem. Let ¢ = n” 1+28. Fano’s
inequality tells us,

log M(Pﬁ, - [l2; €)

( logM PB’H 2, )>
()

The proof is done via (17.6) and (17.7). O

RE(By) = ¢ (1_ I(g;X~)—|-log2 >

(17.7)
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We make some remarks on the proof.

Remark 17.4. We have learned two ways to construct a density estimator:
e The mean of predictive density estimators;
e The maximum likelihood estimator.

None of those is computationally efficient. In practice, kernel density estimator (KDE) is proposed:
let X1, ..., X,, be the n samples, one can estimate the density by its histogram,

1 n
i==3 6x.

This estimator, however, is not a pdf. To address this issue, one put a kernel instead of a spike over
each sample points, i.e.,

fo=Qe,
where 2 is the kernel function and is chosen to satisfy the smooth constraint of the pdfs.

Remark 17.5. The result in Theorem 17.1 can be generalized to L, for p < oo, following the same
analysis.

107



§ 18. DENSITY ESTIMATION VIA PAIRWISE COMPARISON A LA LE CAM-BIRGE

When we prove the lower bound in Theorem 17.1, we use the reasoning that if an e-covering of a set
© cannot be tested, then § € © cannot be estimated more than precision ¢, thereby establishing
a minimax lower bound in terms of the KL metric entropy. Conversely, we can ask the following
question:

Is it possible to construct an estimator based on tests, and produce a minimax upper
bound in terms of the metric entropy?

For Hellinger loss, the answer is yes, although the metric entropy involved is with respect to the
Hellinger distance not KL divergence. The basic construction is due to Le Cam and further developed
by Birgé. The main idea is as follows: Fix an e-covering {Pi, ..., Py} of the set of distributions P.
Given n samples drawn from P € P, let us test which ball P belongs to; this allows us to estimate
P up to Hellinger loss e. This can be realized by a pairwise comparison (tournament) of testing the
(composite) hypothesis P € B(F;,€) versus P € B(Pj,¢€). This program can be further refined to
involve on the local entropy of the model.

18.1 Composite hypothesis testing and Hellinger distance

Consider the following general problem. Let P and Q be two (not necessarily convex) classes of
distributions. Given iid samples X1,..., X, drawn from some distribution P, we want to test,
according some decision rule ¢ = ¢(X1,...,X,,) € {0,1}, whether P P (¢ =0)or P € Q (¢ =1).
By the minimax theorem, the optimal error is given by the total variation between the worst-case
mixtures:

m(;n { sup P(¢p =1) + sup Q(¢ = 0)} =1 — dpv(co(P®"),co(Q%™)), (18.1)

PeP QeQ

wherein the notations are explained as follows:
e PO & [PEn . P ¢ P} consists of all n-fold products of distributions in P;

e co(-) denotes the convex hull, that is, the set of all mixtures. For example, for a parametric
family, co({Py : § € ©}) = {Pr : 7 € A(O)}, where P; = [ Pym(df) is the mixture under the
mixing distribution 7, and A(©) denotes the collection of all probability distributions (priors)
on O.

e The distance d (e.g. total variation drv) between for two sets A and B is defined as usual by
that of the closest pairs: d(A, B) £ infucapep d(a, b).
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The optimal test that achieves (18.1) is the likelihood ratio given by the worst-case mixtures, that
is, the closest! pair of mixture (P, Q) such that dpv(P:, Q) = drv(co(P®™), co(Q%M)).

The exact result (18.1) is unwieldy as the RHS involves finding the least favorable priors over
the n-fold product space. The following result, due to Le Cam, is a “single-letter” upper bound in
terms of the Hellinger separation. It is the consequence of the more general tensorization property
of Rényi divergence (of which Hellinger is a special case). Here we give a straightforward argument.

Theorem 18.1.

m(;n {sup P(¢p=1)+ sup Q¢ = 0)} < exp {_n inf H?(P, Q)} , (18.2)

PeP QeQ 2 PeP,QeQ
For this, we need the following key lemma:

Lemma 18.1. For any sets of distributions P; and Q;,

1-— §H (co (@ 73¢> , CO <® Ql>> < 1_[1 (1 - §H (co(Pi),co(Qi))> .
Proof. Denote Aff £ 1 — %H 2. By induction it is sufficient to consider n = 2 and we aim to show
Aff(co(P1 ® P2),co(Q1 ® Q2)) < Aff(co(Pr),co(Q1)) - Aff(co(P2),co(Q2)). (18.3)

Any element of co(P; ® P2) corresponds to a joint distribution Px,x, where

e X; and X5 are conditionally independent given some latent variable Z, i.e., Px x,z =
Px,1z ® Px,|z;

e For any z, Px,|z—. € P1 and Pyx,|z—. € P2.

Similarly, we have QXng S CO(Q1®Q2) with QX1X2|Z = QXl\Z®QX2\Z7 QX1|Z:z € Ql, QXQ\Z:z (S
Q- for any z.
Let a; = Aff(co(P;),co(Q;)) for i = 1,2. Then

Aff(Px, x,, Qx,x,) = /\/PX1X2(dm1d$2)QX1X2<dxldm2)

= /\/le(dﬂb‘l)@xl(dxl) {/ \/PX2X1ml(d@)QleXlwl(d”)}

-~

AH(PXQ\Xlzzl 7QX2|X1:11)

(a) (b)
< ag- Aﬁ(PX1>QX1) < a0

where (a) follows from the crucial observation that Py, x,—z, = [ Px,|z=2Pz|x,=a, (dz) € co(Pa)
and Qx,|x, =z, € co(Qz) likewise; (b) follows from the fact Px, € co(P1) and Qx, € co(Q1). This
proves the desired (18.3). O

Now we finish the proof of Theorem 18.1:

In case the closest pair does not exist, we can replace it by an infimizing sequence.
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Proof. From (18.1) we get

1~ drv(co(P™), co(@5M) £ 1~ S H(0(P"), co(QM)

< (1= JeoP).co(@)) < exp (~ 5 Hco(P).co(@))

where (a) follows from (4.10); (b) follows from Lemma 18.1. O

In the sequel we will apply Theorem 18.1 to two disjoint Hellinger balls (both are convex).

18.2 Hellinger guarantee on Le Cam-Birgé’s pairwise comparison
estimator

The idea of constructing estimator based on pairwise tests is due to Le Cam ([LC86], see also
[vdV02, Section 10]) and Birgé [Bir83]. We are given n i.i.d. samples Xi, Xo,---, X,, generated
from P, where P € P is the distribution to be estimated. Here let us emphasize that P need not be
a convex set. Let the loss function between the true distribution P and the estimated distribution
P Dbe their squared Hellinger distance, i.e.

((P,P) = H*(P, P).
Then, we have the following result:

Theorem 18.2 (Le Cam-Birgé). Denote by Ni(P,€) the e-covering number of the set P under the
Hellinger distance (cf. Definition 14.3). Let €, be such that

ne2 > log Ng(P,en) V1.

Then there exists an estimator P = If’(Xl, ..., Xy) taking values in P such that for any t > 1,

sup P[H(P,P) > dte,] < e (18.4)
PeP
and, consequently,
sup Ep[H?(P,P)] < €2 (18.5)
PeP

Remark 18.1. Let’s compare this result with lower and upper bounds in terms of the KL covering
number:

1. Lower bound: Based on Fano’s inequality (cf. Section 14.2) we have a minimax lower bound
€2 for the KL divergence loss in terms of the KL covering number, where €2 is given by

log Nk r(P, €2) < ne? (18.6)

n*

Note that (??) and (18.6) look tantalizingly similar, except that the covering number is with
respect to Hellinger and KL, and the loss function is for Hellinger and KL respectively, so
they are not directly comparable.
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2. Upper bound: Recall Theorem 16.1 due to Yang-Barron which provides a general upper bound
for density estimation under the KL divergence loss (stronger than Hellinger) in terms of the
KL covering number. It should be remarked that the estimator of Yang-Barron in general
does not belong to the original space P (unless P is convex, which fails for most parameter
models); in the language of learning theory, such an estimator is called improper. In contrast,
the Le Cam-Birgé estimator is proper, just like MLE; in the case of a parametric family
P = {Py: 6 € O}, this means the construction yields a parameter estimator § € © for the loss
function £(0,0) £ H(Py, P;).

Proof of Theorem 18.2. Tt suffices to prove the high-probability bound (18.4). Abbreviate € = ¢,
and N = Ny (P,e,). Let Pp,---, Py be a maximal e-packing of P under the Hellinger distance,
which also serves as an e-covering (cf. Theorem 14.1). Thus, Vi # j,

H(R,P])ZE,

and for VP € P, 3i € [N], s.t.
H(P,P;) <,

Denote B(P,e) = {Q : H(P,Q) < €} denote the e-Hellinger ball centered at P. Crucially, Hellinger
ball is convexr? thanks to the convexity of squared Hellinger distance as an f-divergence (cf. Theo-
rem 4.1). Indeed, for any P', P” € B(P,¢) and « € [0, 1],

H*(aP' +aP" P) <aH?*(P',P)+aH?*(P",P) < é.

Next, consider the following pairwise comparison problem, where we test two Hellinger balls
(composite hypothesis) against each other:

H;: P € B(P;¢)
Hj P e B(PJ,E)

for all i # j, s.t. H(P;, Pj) > 0 = 4e.

Since both B(P;,€) and B(Pj,€) are convex, applying Theorem 18.1 yields a test 1;; =
i (Xq,...,Xy), with ¢;; = 0 corresponding to declaring P € B(P;,€), and v;; = 1 corresponding
to declaring P € B(P;,€), such that 1);; = 1 —1)j; and the following large deviation bound holds:
for all 4,7, s.t. H(P;, Pj) > 6,

sup Py =1) < e ¥R, (18.7)
PeB(P;,e¢)

where we used the triangle inequality of Hellinger distance: for any P € B(FP;,¢) and any Q €
B(Pj,e),
H(P,Q) > H(P;, P;) — 2¢ > H(P;, P})/2 > 2.

For i € [N], define the random variable

T A maX;e[N] H2(PZ‘,P]‘) s.t. wij =1, H(PZ,P]) > 6
! 0, no such j exists.

®Note that this is not entirely obvious because P +~ H(P,Q) is not convex (for example, consider p
H (Bern(p), Bern(0.1)).
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Basically, T; records the maximum distance from P; to those P; outside the d-neighborhood of F;
that is confusable with P; given the present sample. Our density estimator is defined as

P =Py, where i*€ argminT;. (18.8)
1€[N]

Now for the proof of correctness, assume that P € B(P,€). The intuition is that, we should
expect, typically, that 71 = 0, and furthermore, T} > 62 for all j such that H(Py, P;) > 6. Note
that by the definition of 7T; and the symmetry of the Hellinger distance, for any pair 4, j such that
H(P;, Pj) > 0, we have

maX{T%Tj} > H(F, PJ)

Consequently,

H(pﬂpl)l{H(p7P1) > 5} = H(Pi*vpl)l{H(Piwpl) > 5}
S maX{T% Tl}]_ {max{Tz- Tl} 2 (5} = Tll{Tl Z (5},

B * 9

where the last equality follows from the definition of i, as a global minimizer in (18.8). Thus, for
any t > 1,

P[H(P,Py) > 5] < P[Ty > t]
N(e)e 2t (18.9)
e, (18.10)

IZANIA

where (18.9) follows from (18.7) and (18.10) uses the assumption that ne? > 1 and N < ™. [

18.3 Refinement using local entropy

Just like Theorem 16.1, while they are often tight for nonparametric problems where the metric
entropy grows superlogarithmically, for finite-dimensional models the direct application of Theo-
rem 18.2 results in a slack by a log factor. For example, for a d-dimensional parametric family,
e.g., the Gaussian location model or its finite mixtures, the metric entropy usually behaves as
log Ny (€) =< dlog % Thus when n 2> d, Theorem 18.2 entails choosing €2 < %log 7, which falls
short of the parametric rate E[H2(P, P)] < % which are typically achievable.

As usual, such a log factor can be removed using the local entropy argument. To this end, define
the local Hellinger entropy:

Nioe(P, €) = sup sup Ny (B(P,n) NP,n/2). (18.11)
PeP n>e

Theorem 18.3 (Le Cam-Birgé: local entropy version). Let €, be such that
nei > log Nioc(P, €,) V 1.

Then there exists an estimator P = P(Xl, ..., Xp) taking values in P such that for any t > 2,

sup P[H(P,P) > dte,] < e (18.12)
pPecp
and hence
sup Ep[H?(P,P)] < € (18.13)
Pep
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Remark 18.2 (Doubling dimension). Suppose that for some d > 0, log Njoc(P,€) < dlog% holds
for all sufficiently large small €; this is the case for finite-dimensional models where the Hellinger
distance is comparable with the vector norm by the usual volume argument (Theorem 14.2). Then
we say the doubling dimension (also known as the Le Cam dimension [vdV02]) of P is at most d;
this terminology comes from the fact that the local entropy concerns covering Hellinger balls using
balls of half the radius. Then Theorem 18.3 shows that it is possible to achieve the “parametric
rate” O(%). In this sense, the doubling dimension serves as the effective dimension of the model P.

Lemma 18.2. For any P € P andn > € and k > Z,
N (B(P,2"7) N'P,1/2) < Nige(P, €)" (18.14)

Proof. We proceed by induction on k. The base case of k = 0 follows from the definition (18.11).
For k > 1, assume that (18.14) holds for k — 1 for all P € P. To prove it for k, we construct a cover
of B(P,2Fn) NP as follows: first cover it with 2¥~!n-balls, then cover each ball with 7/2-balls. By
the induction hypothesis, the total number of balls is at most

Ny (B(P,2%9) 0 P,2" 1) - sup Nyg(B(P',25') N'P,1/2) < Nioe(€) - Nioc(€)* ™!
pPepP
completing the proof. O

We now prove Theorem 18.3:

Proof. We analyze the same estimator (18.8) following the proof of Theorem 18.2, except that the
estimate (18.9) is improved as follows: Define the Hellinger shell A, = {P : 286 < H(Py, P) < 2++15}
and Gy 2 {Py,..., Py} N A;. Recall that § = 4e. Given t > 2, let £ = |logyt| so that 2¢ <t < 2641,
Then

PITy >t5] < Y P2F6 < Ty < 284
k>4

5 Gule £

k>t

_ 24k
ZNIOC(E)k+36 2ne“4
k>{

A
INE

INS

—
¢}
~

where (a) follows from from (18.7); (c) follows from the assumption that log Njo. < ne? and
k> ¢ >logyt > 1; (b) follows from the following reasoning: since {Pj,..., Py} is an e-packing, we
have

|Gl < M(Ap,€) < N(Ap,€/2) < N(B(P1,2M16) NP, €/2) < Nige(e)"?

where the first and the last inequalities follow from Theorem 14.1 and Lemma 18.2 respectively. [
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Part 1V

Structured high-dimensional
estimation problems
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§ 19. DENOISING SPARSE VECTORS: LOWER BOUND

This lecture focuses on the problem of denoising for a sparse vector. Let’s begin with our favorite
example, the Gaussian Location model.

Example 19.1 (GLM). Consider the p-dimensional n-sample GLM. We have

where § € © C RP, i € [n]. We have n i.i.d copies of Y, and the noise Z ~ N (0, 1,). We consider
the quadratic minimax loss for this estimation problem,

R;,(©) = inf sup Ey||6 — 0f3.
6 6O

Here, we add some structure for the parameter space © to study the so called denoising by
sparsity problem, let

© = {all k-sparse vectors} = By(k) = {6 € R ||0]lo < k}, k € [p],

where ||0|o = [{7 : 0; # 0}| is the number of nonzero entries of #, indicating the sparsity of . We
want to analysis the asymptotic behavior of R} (By(k)).

Remark 19.1. The set By(k) can be written as a union of linear subspace of RP.

Bo(k)= | J {6.05c =0}

SClplISI<k

Remark 19.2. To study the behavior of R} (By(k)), it is sufficient to consider one sample and the
risk R} (Bo(k)). Indeed, we have

R3(Bo(k) = - Ri(Bo(k)).

Proof. Since Y = 1 3™ V] is the sufficient statistics of this problem, and ¥ ~ N (6, 11,,). Given n
i.i.d. samples, it is sufficient to solve the following one-dimensional problem,

1
vn
where Z ~ N(0,1,). Since v/nBy(k) = By(k), estimating \/nf has the same minimax risk for
estimating 0 given one sample. Thus,

Ri(Bo(k) —inf  sup  Boll v/l — v/ib]
0 /nbey/nBo(k)

—ninf sup Eylld 6]
0 0eBy(k)

— R (Bo(k)).

Y=0+—=2Z < /nY=+nb+727,

Thus, in the ensuing discussion, we only consider the case of n = 1. O
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Remark 19.3 (The Oracle Lower bound). Note that for n = 1, given the information of the
position of nonzero entries, we have the following lower bound which has been proved before

Ri(By(k)) > k.

Theorem 19.1. The minimax risk for sparse denoising is

R (Bo(k)) = k + log (i) = klog %.

Furthermore, if k = o(p) and p — oo, we have the following results (proved in homework)

Ri(Bo(k)) = (2 + o(1))klog %

19.1 Lower bound for denoising by sparsity

We will prove the lower bound in Theorem 19.1 by the mutual information method. Consider the
following subset of Hamming space:

B={be{0,1}* : wy(b) = k},

where wp(b) is the Hamming weights of b. Suppose that b is drawn uniformly from the set B, and

0 = b, where
_ ] P
"= V100 Bk

Thus, we have the following Markov chain which represents our problem model,
b—0—=Y =0 —b
Denote the set G = 7B, so 6 € G. The mutual information is upper bounded by the radius of set G,

1(6;0) < I(8;Y) < radpr(N(0,1,),0 € G)
< sup D(Fy|| Ry)
0ecG

1 k12
= ~116]12 = =——.
216122H 13 5

To give a lower bound for I(6;0), consider

b = argmin ||0 — 7b|3.
beB

Since b is the minimizer of [|§ — 7b||3, we have,
l76 = 6lla < [|7b— Bl|2 + (|6 — O] < 2|6 — |-

Thus, R X .
T2dp (b,b) = ||I7b — 6|3 < 4] — 6]I3,
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where dy denotes the Hamming distance between b and b. Suppose that E||§ — 0||2 = er2k. Then
we have Edgy(b,b) < 4ek. Our goal is to show that € is at least a small constant by the mutual
information method:

I(b;b) >  min  I(b;b)
Ed g (b,b)<4ek

— H(b)— max H(blb)
Edg (b, b <4ek

(

max H(W) = ph <m> .
]E’LUH(W)Zm,WG{Ovl}p p

Combine this with the previous bound, we get

max  H(b® b|b)
Ed g (b,b)<4ek

max  H(b@b).
Euwpy (bb)<dek

s (1) -
L)

Note the following fact!,

~ D dek
I(b;b) >1 — ph(—).
(50) = tog ()~ on( )
On the other hand, we have
- k k P
I(b;b) <I(0;Y) < =7* = ——log -
(bs) <10 Y) < 57° = oo log ?

Note that h(a) < —aloga for a < 3. WLOG, since k <
constant ¢g. Therefore

{%, we have € > ¢g for some universal

R* > etk > klog%
Combining with the result in the oracle lower bound, we have the desired.
R* >k + klog %

Note: For constant sparsity, i.e., k = O(1), we cannot let each coordinate of 6 to be i.i.d. Bernoulli
random variable, i.e. 6; ~ Bern(p) Since in this case, [|0]|o ~ Bmomml(p7 ), which, for large p and
fixed k, is close to Poisson distribution Poi(k). Then with a constant probability, f is not k sparse.

Remark 19.4. For the case k = o(p), the sharp asymptotics is
p
Ry, > (2+0y(1))klog T
To prove this result, we need to first show that for the case k =1,

Rip > (24 0p(1)) logp.

Next, show that for any k, the minimax risk is lower bounded by the Bayesian risk with the block
prior. The block prior is that we divide the p-coordinate into k blocks, and pick one coordinate
from each p/k-coordinate uniformly. With this prior, one can show

p
Rk‘p > lep/k = (2+0p( ))klOgE

Tt can be easily verified that the maximum is achieved with the distribution Bern(%)@’p, write this distribution as
q(w) = (%)“’H(“’)(l P wi (W) For any p(w) satisfies E(wm (W)) = m, we have H(W) = —D(p||q) + Ep[log ﬁ] <
Epllog sry] = mlog 2 + (p — m) L = ph(%).
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§ 20. DENOISING SPARSE VECTORS: UPPER BOUND

Let 6 € © = By(k) = {6 € RP : ||0]|p < k}, be a sparse vector. We observe Y = 0 + Z, where
Z ~ N(0,1I,). Recall that the last lecture obtains the upper bound on the minimax risk for the
problem using the mutual information method as

R;,(©) = inf sup Eg[[|0 — 0]13] 2 klog (1)
0 6cO k

This lecture focuses on obtaining the upper bound to the minimax error by analyzing the risk
corresponding to (1) the maximum likelihood estimator (2) thresholding estimators.

20.1 Upper bound for denoising by sparsity

In this subsection, we will prove the upper bound for 19.1. We will use the following results on the
maxima of Gaussian, proved in our homework.

Y=0+2 Z~N(L),

then,
12|00 < v/210gp 4 0p(1).

Given this result, it is natural to consider the following minimization problem,

e /p-minimization

0 = argmin [|0]jo, s.t. ||y =0 <7 =+/2logp.

e /{-minimization

0 =argmin||f]|1, st [y —0)e <7 =+/2logp.

However, we can only show the estimator given by these two constraint minimization problem satisfy
(see Section 20.3)

sup Egl|§ — 03 < klogp,
16]jo<k

which does not match the desired result (inside the log). Thus, we will look at the Maximum
Likelihood estimator. For Gaussian distribution,

— 9|2
Pg(y) x exp (_’y 5 H2> .

Thus, the MLE is equivalent to the minimum distance rule,

Oyie = argmin ||ly — 0]3.
l6llo<k

We can show for this constrained least square problem,

S ep
sup Egl|0 — Ovrpl3 < klog -
I6llo<k
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Proof. Let h = éMLE — 6. Thus,
1Z = hl3 = l10vee — yl3 < 16 —yl3 = [I213:
It is equivalent to

1R]13 < 2(h, z)

<2 swp (u,2)
[lullo<2k

= 2[|h|l2 sup (u, ),
lu]lo<2k,ueSP—1

where SP~1 is the unit sphere in RP. Let A = SP~1 N By(2k), then Esup,c4(u,z) = w(A) is the
Gaussian width defined before. We have shown

EllAll2 < 2w(A).

Remark 20.1. Estimators, 0 are typically efficiently computable for the denoising problem defined
above. Further, adaptive estimators that function in the absence of knowledge of k can be defined.

20.2 Maximum Likelihood estimator and risk upper bound

20.2.1 MLE and Basic Inequality

The maximum likelihood estimator for the denoising problem under additive Gaussian noise is given
by ) -
OhiLi(y) € argmin |y — 6]3. (20.1)
e Bo (k)
We now show that V0 € By(k),

E|lfiws — 0113 < klog (%)

holds both, under expectation and with high probability. For ease of notation, we shall henceforth
refer to the ML estimator as 6.
We observe that the ground truth 6 is a feasible solution of (20.1). Since the estimator minimizes

the ¢5 distance, we have R
1Z =23 = lly = 0I5 < lly = 0113 = 11213,

where h = 6 — 0. Thus ||h|jo < 2k. Hence we have

h
1812 < 2 (h, Z) = 2|12 <Z, >
il

< 2||h]|2 sup (Z,u)
ueSP~INBy(2k)

slhlz<2 swp (Zw). (20.2)
ueSP—1NBy(2k)
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20.2.2 Risk upper bound through Gaussian width
Let G = SP~1 N By(2k). Thus, from (20.2), we have

E[|Alls] < 2E [228 (u, Z>] — 20(0),

where w(+) is the Gaussian width. We know that Sudakov minoration lower bounds the Gaussian
width as

G) 2 e/log (N(G, || - [|2,€)) = [ klog (615)

as long as € < 1. The above result follows from the Gilbert-Varshamov lower bound via packing
Hamming spheres.

However we are interesting in an upper bound for the Gaussian width here. One way to obtain
this is using Dudley’s entropy integral method [Dud67],

rad(G)
w(G) < / VgV (G, T~ 2, ) de

/ \/ log >de (20.3)
= 4 /klog ?,

where (20.3) follows from the fact that the vectors projected onto the set of support vectors lie on
52k=1 and the fact that there are (2pk) possible support vector combinations.

20.2.3 Risk upper bound through covering argument

We now provide an alternate proof to show that the upper bound is held with high probability
(consequently in expectation). Let J represent a set of indices. Let us partition G as

G = U jj=2xGs = U jj=2k {90 € R” :supp(z) = J,z; € S%_l} :

Hence, we have

sup (u, Z) = max sup (u,”Z) = max. 1 Z1]l2.
ueG |71=2k ueG ; | J|=2k

Fix an index set J such that |J| = 2k. Let U = {u1,...,un} be an e-net of G ;. Thus, the set
of vectors form a cover of a 2k dimensional sphere. Thus,

B 3 2k
N < (2)

Now, Yu € G, 3i € [N] such that ||u — u;|2 < e. Thus, Ir € v/2G such that u = u; + r. Thus we
have

sup (u, Z) < max(u;, Z) + sup (r,2).

ueGy i€[N] rev2G

Now, we know that

sup (r,Z) < V2 sup (u, Z).
TE\/iGJ u€Gy
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Using this, we have

sup <U, Z> S max <'LL1,Z> )
ueGy ’LE[N]

when € is an appropriately chosen constant. Here (u;, Z) ~ N (0,1) as [Ju;||2 = 1.
Since (21;) choices of index sets are possible, we bound the tail probability using union bound as

ueG ueG 5

< D> Pl 2) > ]

|J|=2k i€[N]

P [sup(u,Z) >t} < Z P [sup (u, Z) >t
=

t2

< < ;}C) exp(ck)Q(t) < exp (2k log 2%) exp(ck) exp (—2> ,

where the last step follows from bounding the size of the e-net and the Q-function. Thus, for
t =< 4/klog %, (scaled by an appropriately large constant), the tail probability is arbitrarily low.
Thus, with high probability,

sup (u, Z) < klog%.

ueG

20.2.4 Risk upper bound using tail bound for y? distribution
As observed earlier,

sup (u, Z) = max || Zj||s.
sup (u, Z) = max ||

Since Z ~ N(0,1,), | Z,]13 ~ x3; for a given J. We first study a few properties of the x* random
variable.
Let L ~ x2,. Then, E[L] = m, Var(L) < m i.e.or, < v/m.

Theorem 20.1 ([?]). If L ~ x2,, then

_q2
IP’[L—m>S\/%+S2] Sexp<§)

P[L—m < —S5ym] <exp(§2>.

Now, applying the above concentration inequality for m = 2k, S = /cklog %, we have

—cklog P
P [|ZJ||§ > 2k+k\/clog% + cklog ]]j <P |:||ZJ||% > klog%] < exp <c20gk> .

Thus, with high probability,
sup (u, Z) < W/klog]f.
ueG k
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20.3 Thresholding schemes and Risk upper bounds

20.3.1 Hard and Soft thresholding

For the denoising problem defined above, the hard thresholding estimate corresponding to the

threshold 7 is given by
N Yis if |y1| >T
0 ;=
o) {o, if fyi] < 7

Similarly, the soft thresholding estimate is given by

Yi — T, if Y > T
Ost(y)i = yi+7, ify <-—7

The HT estimate is not continuous and the corresponding risk function does not vary monotoni-
cally. On the other hand, the soft thresholding avoids both these issues.

The hard and soft thresholding estimators can alternatively be written in the form of penalized
objective functions. Consider the problem defined as follows:

0'(y) = argmin [ly — 6]|3 + X[|6]o.
OcRP

Then, for appropriately chosen penalty factor A, §'(y) = éHT(y). Similarly, for the problem

0'(y) = argmin [ly — 6|13 + X141,
OcRP

for appropriately chosen A, 0'(y) = Os7(y).
Note: Under such thresholding schemes, we may not necessarily obtain a k-sparse vector as we
desire. However, we shall ignore this fact as we are interested in only the risk upper bounds.

20.3.2 /. -constrained procedure

Consider the following £..-constrained formulation of the problem

O(y) €  argmin  [|0]]o.
OERP:||y—0||cc <7

We observe that the hard thresholding estimate is a feasible solution to the above problem. (The set
that minimizes the above objective function is in reality a continuum of points.) The constraint of
interest is that ||y — 6]|oc < 7. Thus, setting 6; = 0 when |y;| < 7 and 6; = y; when |y;| > 7 satisfies
the constraint. Further, this estimate also minimizes the £y norm and thus é(y) is a feasible solution.

Theorem 20.2. For all § € By(k), 6 a feasible solution to the above problem, for T = \/2logp,
with high probability,
16 — 6]|3 < 16k log p.

Proof. We shall decompose the proof into three steps.
Step 1: Set 7 to ensure feasibility of ground truth.

Since Y =60+ Z,
ly = Olloc = | Z]|oc S V/2logp whp.
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Thus we observe that the ground truth is feasible high probability.
Step 2: Analyze structure of error.
The error is given by h = 6 — 6. Since 6 is a feasible solution,

16]lo < 18]l < &.

Thus, ||hllo < 2k.
Step 3: Bound /5 norm.

115 < lIRl3 1R 10
< 2Kk[|6 — 0[13
< 2k([16 = ylloo + 1y — Olloo)? (20.4)
< 8k7? = 16k log p,

where (20.4) follows from the triangle inequality. We note that all the above statements hold with
high probability following the statement of feasibility. O

Remark 20.2. How to convert the high-probability bound in Theorem 20.2 to one in expectation,
i.e., E||0 — 0|3 < klogp? Note that we need to account for the rare-event that that || 7| is large
and we hope to prove this without assuming that 6 is bounded.

Similarly, consider the problem

O(y) € argmin ||
GERP: ||ly—0]| oo <T

We observe here that for any § satisfying the constraint, [|0]; > S°7_ (ly| — 7)1 {|y| > 7}. The soft
thresholding estimate satisfies the above bound and the constraint and is thus a feasible solution to
the problem.

Theorem 20.3. For all § € By(k), 6 a feasible solution to the above problem, for T = \/2logp,
with high probability, R

16 — 613 < 32klog p.
Proof. We proceed in similar fashion to the earlier proof.

Step 1: Set 7 to ensure feasibility of ground truth.
Since Y =60+ Z,

Hy - 0”00 = HZHOO < V2logp whp.

Thus we observe that the ground truth is feasible with high probability.
Step 2: Analyze structure of error.
The error is given by h =6 — 0. Thus ||h||cc < 27. Let J = supp(d). Define the cone

Cy={z €R”: ||zye|1 < |lzsll1}- (20.5)
We now have

bl = Ngells =D 10— 6 = > 16:] = [10]ls — 110]l1 > 0,

ieJ iceJe

which follows from the triangle inequality and the feasibility of 8. Thus h € C}.
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Step 3: Bound /2 norm.

1713 < IR l1lAlloo (20.6)
< dr|[hsl
< 47Vk|hy ]2 (20.7)
< 47VE||h

& ||h]|3 < 32k log p,

where (20.6) and (20.7) follow from Holder’s inequality and Cauchy-Schwarz inequality respectively.
0

Remark 20.3 (Approximate Sparsity). Let J be a set of indices of size k. Let h € Cj =
{z € RP: ||xje|l1 < ||zs|l1}. Consider the set of k largest elements in hjc indexed by the set K.
Then,

—_

lhesomel3 > S 1IRIE.

[\

Proof. For every element, we have
; 1
152 < = lhgel.

Thus,
p—Fk 1
1hgell3 < Z )2 < <> ij||hJC||%
i=k+1 i=k+1
1
< %thJcH% < [lhsur |3,
which follows from Cauchy-Schwarz inequality and the fact that h € C}. O

Remark 20.4. 1. When the vector is sufficiently sparse, specifically k = o(p),
R* < (24 o(1))klog %.

Further, the bound can be achieved in the adaptive case too.

2. If k =0O(p), ie, % — a € (0,1] as p — oo, then,

R* =p(Bla) +o(1)),

where f(«) is a constant dependent on «.
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§ 21. MINIMAX RATES FOR SPARSE LINEAR REGRESSION

In the last lecture we analyzed the k-sparse Gaussian location model in high dimension (the denoising
problem) and proved minimax rate for estimating the location parameter. In this lecture we extend
the earlier ideas to sparse linear regression in high dimension. We prove a minimax lower bound
and then obtain upper bounds on the risk of a few procedures.

21.1 Problem setup: Sparse linear regression
The sparse linear regression model is
YTLXI = anpepxl + Z, Z ~ N(O, In)7 (21.1)

where X € R™ P is the design matrix and 6 € RP is an unknown k-sparse parameter vector. In
this lecture we are concerned with the case when n << p but n > k, i.e., we have more predictors
in the design matrix than we have samples.

Interpretation: Y is a noisy linear combination of the columns of the design matrix X. The goal
here is to estimate 6, given Y and X. Note that the system has more unknowns than the number of
equations and hence is indeterminate even without the noise. Estimation is made possible due to
the k-sparsity structure.

Note: We consider here random design matrices only. More precisely we have

Xi; HN(0,1/n),

so that the columns have roughly unit norm.
The next theorem proves a lower bound on the minimax risk for estimating 6 in the k-sparse
regression model.

Theorem 21.1. The minimaz risk for estimating 0 in the model defined by Equation (21.1) is
lower bounded by

R* = R*(p,k,n) = inf sup Eg|0 — 0]2 > klog L, vn.
0 [lolo<k k

Proof. Note that (X;,Y;)’s are i.i.d sampled from a distribution Py. We show that the KL-diameter
for two different 0 is exactly same as that in p-dimensional gaussian location model, i.e.,

1
D(Py, || Py,) = §H90 — 017,

We derive the result as follows,
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D(Px, vi1001Px, v10,) = Ex; [D(Py; x;,00 | Py; | x;,0,)]
= EXi [D(N(<XZ7 90) ’ 1)“N(<Xl7 91) ) 1))]

1
= EXi[§ (X;,00 — 61)]
1
= §]Exi[(00 —01)' X X;(6p — 01)]
1
- 5(90 —01)E[X!X;](60 — 61)
= 2nH9o 01"

Hence,
D(Pgo[|Po,) = D(PYy 1, 1Py, 10,) = H90 — 6.

The result then follows from the analysis of denoising (regression with identity design) from previous
lecture. O

From the previous discussion we have, R* 2 klog % for any n, which is identical to the minimax
rate of the denoising problem for any n. This is reasonable, because even with full observation
n 2 p, which roughly corresponds to the denoising problem we cannot beat this rate. Surprisingly,
as long as n 2 klog %, the denoising rate is attainable and we have R* < klog <, achieved by, e.g.,
the maximum likelihood estimator. This is proved in Section 21.2.

Note that MLE is computationally expensive. A computable alternative procedure is the Dantzig
selector [CT07]. As analyzed in Section 21.3 It is guaranteed to achieve the rate R* < klogp as
long as n > klog €. This falls slightly sort of the optimal rate. However unlike MLE, the procedure
is completely adaptlve and can be cast as a linear programming problem. More recently a procedure
called SLOPE [SC15] has been proposed which achieves the optimal rate. In particular its risk
coincides with the minimax rate with sharp constant, namely, R* < (2 + o(1))klog £ as p — oo
and k = o(p), provided that n 2 klog %

21.2 Analysis of MLE

The MLE in this case is defined to be any solution (may or may not be unique) to the constrained
least-square, which is a combinatorial optimization problem:

OpLe € argmin ||Y — X0|2. (21.2)
l6llo<k

Unfortunately the optimization problem is NP-hard in the worst case and we only know how to
solve it through exhaustive search.

Theorem 21.2. Whenever n > Cklog ¢ for some sufficiently large constant C, V0 € By(k).

Iy — 013 S klog k: (21.3)

1X (Onie — 0)|3 < klog? (21.4)
hold with high probability.
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Proof. Since g is a minimizer, we have
IY — Xx0[3 < |IY — X0)3 = || Z]I5.
On the left hand side we have,
1Y = X013 = ||Y — X0+ X0 — X0[3 = || Z — Xhlf3,
where h = 6 — . Hence we have,
1Z = Xn)3 < 2]15,
which leads to the basic inequality
IXh]3 < 2(Z Xh)
=27'Xh

< 2||h]|2 sup Z'Xu.
u€SP—1NBy(2k)

[TODO: alternatively, we can do

Xh

Xh||2<2(Z,Xh)=2||Xh <Z,
[ XAl < 2( ) = 2| XAl Xnls

> < 2| Xh||2 sup Z'v.
vESP—INX By (2k)
and hope to use union bound and metric entropy to show the supremum is also 4/log (Z) Then we get

| X 1|3 < klog % without assumption on X. ]

Note that the left hand side is not the estimation error, instead it is the prediction error
| XR||2 = || X0 — X0|3. Hence to conclude both (21.3) and (21.4) from the basic inequality, it suffices
to show

(a) ||hll2 S IXh]l2, (Restricted isometry property)

(b) supyesr-1nBy(2k) £’ Xu S y/klog P, with high probability.

We first prove (b).
sup  Z'vu= || Z||w(G) < y/klog L,
ueSP~1NBy(2k) k

where w(G) is the Gaussian width of the set SP~! N By(2k) and from last lecture we know,
w(G) < 4/klog P.
For (a) we will show that

0 HXhIIz2
Irlo<k [[h]|2

ifnZklog%,

where c is a constant. First note that,

A
o lAulz
wto [ull

= Umin(A)-

For any feasible h, Xh = X jhj, where J = supp(h) is the support of h and X is the n x k matrix
whose columns are the columns of X that corresponds to the rows in the support J. Then we have

[ XAll2
Iallo<t ||Rll2  |JI<k
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For a fixed J, omin(Xs) concentrates to 1 — \/g . Hence an union bound gives,
- .
P IIﬁlsnk Omin(X ) < t] < (k>P[0'min(X[k]) < t].

Using the tail bound

P omin (X)) <1 - \/E— \;ﬁ] < exp(—t?/2),

and choosing t = 4klog % and n = 100klog ¢, we have 1 — \/g — ﬁ > 0.5 and consequently,
Plmin jj< 0min(Xs) < 0.5] = 0. This completes the proof. O

21.3 Dantzig selector

The Dantzig selector can written as the following optimization problem,

min [|0]1, st | X' (Y — X0)||eo < . (21.5)

This optimization problem can be efficiently solved as a linear programming. Another computable
procedure for k-sparse regression is the LASSO, which can be written as the following optimization
problem

min ||V — X0||2 + \|0]1, 6 € R™ (21.6)

Note that one of the reasons X’ is added to the constraint in the Dantzig selector in (21.7) is to
make the solution rotation-invariant. Precisely, if U € O(n) be an n x n orthogonal rotation matrix,
then UY = UX60 + UZ. Note that in this case, 0(X,Y) =0(UX,UY).

Theorem 21.3. Let the Dantzig selector Ops denote a minimizer of (21.7). Aslong asn > Cklog %
for some sufficiently large constant C, for any 0 € By(k),

1fps — 013 < klogp, (21.7)
IX (6ps — 0)[13 < klogp, (21.8)

hold with high probability.

Proof. Paralleling that of Theorem 20.3 for the denoising problem, the proof is divided in three
steps.
Step 1: Set 7 to guarantee the ground truth is feasible. We choose

| X'Z]joo <7 =/2l0gp,

so that @ is feasible.

Step 2: Structure of the error h = 6 — 6. This step is identical to the proof of Theorem 20.3
because the objective function is the same (¢; norm). Let J be the support of §. Recall the cone
(20.5), that is,

Cy & A{h: [hyelly < [lhsll1}- (21.9)

Since ||0]]1 < [|0]|1, we have h € C;. Furthermore, we have

| X' Xh|o <27
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Indeed, due to feasility of 8 and fpg,

1X' X hlloo = [ X"X (0 — 0)]| o
= |X'(Y = X0) = X' (Y — X0) ||
< XY = X0)|loo + | X' (Y = X0)||o
< 27.

Step 3: Bound The risk. We have,

IXA3 = (Xh, Xh)
=hX'Xh
= <X'Xh, h>
< || X'Xh|o|lh]l1  (Holder)
< 272||hgl1
< 4Vkr||hys||2 (Cauchy-Schwartz)
< k(A 2.

Now we need to show one last thing to complete the proof, which play the same role of RIP in the
analysis of MLE in Theorem 21.2:

Ihl3 S I XA|3 whp VheCy, (21.10)

which shows that X preserves the distance on the cone C; (instead of all sparse vectors). To prove
(21.10) we use the special feature of the cone Cy defined in (21.9), that for any h € C}, half of the
energy of h is on 2k coordinates, i.e. h is almost 2k-sparse.

For notational simplcity, suppose the entries h are ordered in decreasing magnitudes: Let
J = supp(f) and h; corresponds to the first k coordinates. We divide the remaining h after first
block into blocks of size k and name the blocks K7, Ko, ... and the vectors hq, ho, ..., such that
hi, = h;.

Let a = hjuk, = hy + hi. By construction, it has more than 1/2 of the energy, i.e.,

lal} > 5 Ihl3
and define,
b2 hijuryye = Zhi.
i>2
Then

| X[ = (| Xa+ Xbl3
> || Xal3 + 2 (Xa, Xb) (21.11)

Since X satisfies the restricted isometry property, for n > cklog %, there exists ¢;(c) with ¢; — 1 if
¢ — 00, such that

C1
1Xall > ciflall3 = 5 [R5

Now we need to just show that the cross term (Xa, Xb) is small in magnitude. For this we use the
following restricted decorrelation lemma,
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Lemma 21.1. Let n > cklog . Then, with high probability, for all u,v € By(2k) we have,
| (Xa, Xb) | < collullf|v],

where ca = ca(c) and ca — 0 if ¢ — .

Then we have,

(Xa,Xb) => (Xa,Xh;)

Jj=2
<Y (Xa,hX;)
Jj=2
< Z llall2]|hjll2 (Lemma 21.1)
Jj=2
< calltlls S VAo
i>2
1A —1llx :
< eallh||2 Z \/ET (By ordering)
Jj=2
C2
< =l 1hj-1llr)
k ,
Jz2

c
< lthHQHhJCHl (Property of cone)

v
&
< Ikl lksl

(&) 2
< —||h]|3-
< i3

Reverting back to (21.11) we have,
IXR3 > (c1/2 = e2)|IBl]3 2 N1A]l3-
This completes the proof. O

Remark 21.1 (Adaptivity issues). Note that the Dantzig selector procedure is adaptive to k, but
not to o. To see this consider the following high dimensional k-sparse regression problem,

Y=X0+2, Z~N(0,0L).

If ¢ is known then we can set 7 = o+/2log p, but typically ¢ is not known.
A similar problem arises with LASSO as well. In (21.6), if o is known then the optimal
A = 20+/log p, but if ¢ is unknown then A is a tuning parameter. As a remedy for this another
procedure called square root LASSO was proposed which can be written as the following optimization
problem,
min [|[Y — X0||2 + A0, 6 €R™

The optimal A = y/logp even when ¢ is unknown. However the downside is that this optimization
problem is not easy to solve.
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Part V

Functional estimation and composite
hypothesis testing
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§ 22. FUNCTIONAL ESTIMATION & TESTING

In this chapter, we will be interested in analyzing the sample complexity and minimax rates for
the functional estimation problem introduced earlier. We will also consider the hypothesis testing
paradigm so that we can utilize important tools such as LeCam’s method for proving bounds and
analyzing the minimax rate.

Formally, the setting is as follows: Assume that € is an unknown parameter in the parameter
space © and 6 generates the data X according to the distribution Py. For a fixed real valued
functional T on 6, i.e, T : © — R, we wish to estimate T based on the observations through the
estimator T'(X).

In the estimation paradigm, the setting can be pictorially represented as follows:

6 1 X
T =T(0) T(X)

In the hypothesis testing paradigm, we are interested in determining the class of parameters
that gave rise to the observations. Formally, given tp,¢; € R, the problem is formulated as:

HO:TSth
HliTZtl.

Equivalently, we can also think of the above hypothesis testing as a composite hypothesis testing of
0 as follows:

HQ:GE@[):{GIT(G)StO},
H1:9€@1:{9:T(9)Zt1}.

Example 22.1. Consider the Gaussian location model X ~ N (6,1,),0 € RP. Let T : R — R be
given by T'(6) = ||0||. A possible test would be determining if ||6|| is too small or too large given
some thresholds. Specifically,

Ho - [|0]] <1,
Hy:[|0]] = 3.

22.1 Lower bounds on minimax risk for functional estimation

Since T takes only real values where as © can be arbitrary high dimensional space, such as Euclidean
space RP, T can be thought of as a low dimensional representation of the parameter space ©. Thus
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Figure 22.1: ||0|| <1 vs. ||6] > 3.

it suggests if we can employ techniques such as LeCam’s two-point argument to prove lower bounds
on the minimax risk estimation of 7'(0).

To this end, recall the LeCam’s two-point method discussed in Lecture 9. The key idea in the
two-point argument is the fact that if we can estimate a parameter, we can also test it efficiently.
We reduced the task of estimation to that of the binary hypothesis testing, i.e, for fixed 0y, 0; € O,

H0:9:(90,
H1:9:91

to derive lower bounds on the minimax risk R* (under quadratic loss). In particular, we showed that

R* =infsupEy [(6 - 0)°] 2 sup 160 — 61 (1 = drv (P, o))
6 6O 00701

In a similar vein, we can consider the following binary hypothesis testing for T' (for some
to,t1 € R)

Hy: T <ty, (22.1)
H:T>t

to obtain a lower bound on the minimax risk for estimation of 7. Specifically, if 7o € M(Oq), 7 €
M(O1) are any two priors on ©g and ©; respectively, we obtain

R =infsupEy |(T(6) = T(X))?| 2 (to — 1) (1 = drv (Pry, Pr)) (22.2)

0 06O

Thus our task reduces to finding two priors my, 71 so that the lower bound in (22.2) would be
maximized, or roughly speaking, we want to pick two priors that would ensure maximum confusion
in testing of the two hypothesis.

Now we study a closely related concept of sample complexity for the analysis of the same.

22.2 Estimation of [|f|| in GLM

Our aim is to prove that for the p-dimensional GLM where the data X ~ N (6, %Ip), 0 € RP, the

minimax risk R* for the estimation of 7'(¢) = ||0]| obeys R* < g.
First we give a preview of this result and other estimation tasks in terms of a closely related
concept: sample complexity. The proofs of these results is similar to that of those concerning
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average and minimax risk. Recall from Lecture 3, where we defined the sample complexity to be the
minimum number of samples required to achieve a prescribed estimation error, either in expectation
or in probability with high confidence.

Estimation tasks | Sample complexity
T6)=2¢6 n* <p
T(Q) = 91 n* =<1
T(Q) = Omax n* < logp
T(0) = 110]l2 n* = \/p

One important observation is the fact that to estimate [|f]|2, one can employ a plug-in estimator
where we first estimate 6 and then compute ||6||2. However, this naive procedure requires as many
samples as that are required to estimate 6. Instead, we can perform much better by using only /p
samples to estimate ||0]|2.

Instead of the setting in (22.1), where both the hypotheses are composite, we consider a simplified
testing scenario where only one of the hypotheses is composite and hence more tractable.

HO : 9:0,
Hy: [0z 2 p

Pictorially,

Hy

Figure 22.2: 6 =0 vs. ||0] > p.

We can further simplify this to the observation of one sample case making use of the fact that,

to incur a minimum probability of error (say 0.01), max p for n-sample GLM =axe for 1\/ngple GLM

Thus our model reduces to

X ~ N (6,1,),0 € RP.

22.2.1 Draw backs of two-point argument

A naive application of LeCam’s two-point argument for the estimation of ||6|| through the binary
hypothesis testing of Hy : 8 = 0y vs. Hy : 8 = 61 would yield

R* Z (l6o]l — [161]1)* (1 = drv (N (B0, L), N (61, 1))

—2(l60]l — 16:11)* @ ('929”) |
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M) = 1, we see that

Since ||0o]] — ||01]] < ||6o — 01|| by triangle inequality and sup ||6p — 01 |2Q (
this approach does not yield any useful lower bound. Thus we lose the much needed dependence of
the minimax risk R* on the dimension of our data, p.

Forgoing the two-point approach wherein we assume uniform distribution on two fixed parameters
6o, 01, we want to choose a prior 7w supported on {6 : ||f]|2 > t} such that the total variation distance
dry (Py, Pr) is bounded away from 1. In other words, we want to choose a prior 7 so that Py
closely resembles Py in the sense that the probability of error for testing is bounded away from O.
Note that P denotes the distribution on the data X which is given by Pr = m * N'(0, I,) whereas
Py =N(0,1,).

Recall from Lecture 5, the following chain of inequalities for KL divergence, x? distance and
total variation obtained using the concept of joint range. We have

1+ dTV(P7 Q)
1- dTV(P7 Q)

for any two distributions P, Q). This relation suggests that a sufficient condition to ensure drv (FPo, Pr)
to be bounded away from 1, or equivalently 1 — dv (Py, Pr) 2 0, is to make x2(Py, Pr) < 1. In this
regard, we need the following lemma which gives an alternative characterization of y2-distance.

YA(P|Q) > log (x*(P||Q) + 1) > D(P||Q) > drv(P, Q) log

Lemma 22.1 (Ingster-Suslina method). Let © be a parameter space and for each 6 € O, let Py be a
family of probability distributions on a measure space X and let Q) also be a distribution on X. Then

X*(PrlQ) = E[G(6,0)] —

PyP;
Q

Proof. For any two distributions P and ), we have

C(PIO) =/<PfQQ>2 ~ Varg (g) kg <g> i 1;2 L

Thus, x? (P:||Q) = f Z — 1 and

where 0,0 "% 7. G(0,0) = i and Pr = [ Pym(df) is the mixture.

/ P2 / P, P, / [ Py( f)Pg(x)ﬂ(dé)

Fublm // d0 d9/

).

p(dz)

O

In the case of GLM, E[G(0, é)] can be computed explicitly and hence we obtain the following
corollary.

Corollary 22.1. For Py = N(0,1,) and Q = N(0,1,), then

VA (Eogr N6, 1)V (6, 1,)) = Elexp(6,6)] 1.
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Proof. Since Py = N (6, I,), we have

—||lz—0)|? —||z—0]2
s [ s ) o (5

21
- EE
(2m)P /ZQXP< 2 >

2771)1”/2 ( (e = 0117 + ) - ¢§||2—||x”2>>
i 27T1>p/2 ( 'x||2_2<m’9+5>+H9+§||2—2<9,é>))
=e0) [ e (”‘Z‘“‘)
= exp((6,0)).

O
Example 22.2 (Gaussian mixtures). Consider the symmetric two-component Gaussian distribution
$N(—0,1) + $N(0,1), where § > 0. Next we show that

D <;N(—9, 1)+ %N(G, 1)HN(0, 1)) —0(0Y, 00 (22.3)

This should be contrasted with the behavior usual Gaussian mean model D(N (8, 1)||N(0,1)) = ©(62).
We see that by symmetrization, the distribution now is significantly closer to the standard normal
(indeed, the mean is zero now). In fact, # now is much more difficult to estimate in the sense that,
with 7 independent samples, the minimax quadratic risk scales as ©(n~'/2), much slower than the
usual parametric rate ©(n=1):

e The lower bound simply follows from Le Cam’s two-point argument in conjunction with the
observation (22.3).

e To show the upper bound, with n independent samples Xi,...,X,, first estimate > by

62 = 1/n>";(X?—1). Then instead of directly taking the square root, compute b= \/ 02 + 1/n
to improve stability.

To show (22.3), we bound KL by x? from above and invoke Corollary 22.1:
1 1 ~
2 <2N(—9, 1)+ 5N, I)HN(O, 1)) = Eexp(XX) — 1 =Eexp(6°B) — 1 = cosh(62) — 1 = O(6%),

where X, x4 equally likely and B is Rademacher.
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§ 23. FuncTioNAL ESTIMATION: LECAM’S METHOD, RiISK UPPER BOUND

In the previous lecture we considered the problem of functional estimation and the idea of using
LeCam’s method by averaging over multiple points to obtain better estimates of the lower bound
for minimax risk. In this lecture, we first use LeCam’s method to obtain the lower bound and later
describe an estimator obtain the matching upper bound for the minimax risk for the estimation of
the fo-norm of GLM.

Consider the p-dimensional GLM. Let § € © = R? and X ~ N(¢,11,). Let T(#) = ||0||2. Then,

R*(©) = inf sup Eo[(T — T)?] = @
T 0cRp n

Owing to the scaling property, it suffices to prove the result for the 1-sample GLM.

23.1 LeCam’s Method Lower Bound

In order to employ LeCam’s method, consider the binary detection problem defined by

Hy:0=0
Hy |0l > p

Let 7(-) be a distribution on {6 : ||0]]2 > p}, Py = N(0,1,) and

P, = / N, L)r(d).
Then by LeCam’s method we saw in the previous lecture that
R* > p* (1 - drv(Po, Pr)) Z 1%,

when 1 — dpy(FPy, Pr) 2 0. From the bounds on the total variational distance, we know that the
above condition is satisfied when y2(Py, Py) < 1, i.e., the x? distance is bounded.
From the Ingster-Suslina method, we know that

X2(Pr, P) =E [G(e,é)} 1,

where 0, 0% 1 and
~ Py(dz)Ps(dx)
0,0)= | ———————.
c(6.6) / Py(dz)
For the GLM,
G(6,6) = exp (<0, 0~>) .

Remark 23.1. As an aside, we note that

E [exp (<0 em > exp (E [<0 9>]) = exp (<E6,Eé>) — exp (||E6)|2) > 1.

We now consider three priors and bound the x? distance in each case.
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23.1.1 Uniform distribution on sphere

Let 6,0 v Unif(pSP~1). Let 0 = pu,f = pti where ||ul|3 = ||@||3 = 1. Hence,

B [oxp ({5 >)} fxp (4 (0, )]

We now explo1t the fact that the inner product of directions in high dimensions is small. Let

-~ d
U= T 0= HZH , where Z, Z "~ N'(0,1,) and let p* = ¢\/p. Then,

Z,Z
E {exp (<0 9>>] =E [exp c\/ﬁ”é”ﬂ;”z = E[exp (cY)],

where )
Vi (2.2)
1zl 212
Now, by the Central Limit Theorem and the fact that || Z||2 = Op(/p),

(2.2) , 12l »
7 = N(0,1), 7 =1, 7

Thus, from Slutsky’s theorem, Y BN (0,1). But we are interested in the convergence of the MGF
of Y. Here is a useful result:

Lemma 23.1 ([Koz47, Theorem 1]). Let Xp—>X. Define

7
17 1|2 LSy

M(z) = supP[| X,| > 2] (23.1)
If M (x) satisfies
lim M(z)ell* =0 (23.2)

for all |t| < « for some a > 0. Then for all |t| < a, the moment generating functions p,(t) =
E [exp(tXy)] and o(t) = E[exp(tX)] are finite. Moreover, o, (t) = ¢(t) as n — oo.

Here, we have Y € [—,/p, \/p]. Thus, by Hoeffding’s inequality the tail of Y is exponentially
bounded. Thus, the MGF of Y converges to the MGF of A/(0,1) which is given by
1
E [exp (sX)] = exp (232> ,  when X ~ N(0,1).

Thus 1 — dTv(PQ, ) > 0 and R* > \/>

23.1.2 Uniform distribution on hypercube

Let p= cpi and 6,0 T Unif (Cp_%{:lzl}p).

® [oww ((0.0))] = [exo (2 (W) | =5 [own ()|

138



where G, = <W, W> =30, W,;W;. Now,

B [osw (W) = 5 (o0 (55 ) o (2.

Using Taylor’s expansion, we have

exp(z) + exp(—x) . 2 2t e Z (z2)"
2 2t 4! -

Thus we have

e [on ((0.0))] = (5 (0 () +ew (- ) < mtet

This consequently implies that for a sufficiently small constant, the y? distance is small as well.
Thus, 1 — drv(FP, Pr) 2 0 and R* 2 /p.
23.1.3 Uniform prior on sparse vectors

Let us consider the binary hypothesis test given by

H()H:O
Hi: [0 > p, 6 €RE

Now, the priors considered earlier can’t be used. In this context, we shall use sparse vectors and a
uniform prior to bound the x? distance.

Consider the set of k-sparse vectors and let 6,0 Hd Unif{f € {0,€e}? : |supp(f)| = k}. Let
I =supp(h),I = supp(é). Let p = cpi. Then

10])2 = eVE = p = epi.

Let k = V/D- Then € = ¢. Then

E {exp (<0, é>)] =K [exp (62 <11, 1I~>)] =E [exp (02|supp(I N f|>] .

Owing to the symmetry of the problem, it suffices to fix I to be {1,..., k}~ and consider the
expectation with respect to the uniform distribution on I. Thus B = [supp(I N I)| is distributed as

Hypergeometric(p, \/p, /D)

Theorem 23.1 ([Hoe63, Theorem 4]). Let the population C = {c1,...,en}. Let Xy,..., X,
denote a random sample without replacement from C and Y1,...,Y, denote a random sample with
replacement. Let f(-) be a continuous and convex function. Then,

()] == (%)

As a corollary of the above theorem, we have

E <E
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Corollary 23.1. Let B ~ Hypergeometric(p, \/p,/p) and B~ Binom(,/p,

p(S)) ﬁ-

). Then,

<

E [exp (sB)] < Elexp(sB)] = (1 ~ 7 + \;]3 ex

Thus, we have,

_ 1 VP
Elexp((0,0))] < <1 + 7 (exp(c?) — 1)) < exp (exp (¢?) —1).

Hence for a sufficiently small ¢, we see that the TV distance is bounded away from 1 and thus

R* > /p.

23.2 Risk Upper Bound

Having obtained the risk lower bound using LeCam’s method, we now seek an estimator that
achieves the matching upper bound on the risk. That is, given X ~ N(0, ), we seek to obtain an
estimator 7' = T'(X) of T' = ||#]|2, such that

sup By [(T - T)1 < \/p.

fcRpP

We shall first consider the plug-in estimator 7" = || X||2. Here we note from the triangle inequality
that
T =T] = [IX]l2 = 10]l2] < [ Z]l2 = Or(v/P)-

Consequently, Eg[(T —T)?] < p. However, we can verify that this bound is tight - consider the case
where # = 0. This increased risk can be attributed to the presence of a bias in the estimator. That
is, we have

Eo [IIX 3] = Eo [I1Z + 0113] = Eq [I Z13] + 110113 + Eq [2(Z,6)] = p+ [|6]]3.

In order to negate this bias, define the estimator T = (I1x13 - p)+, where (x)4 = max(z,0).

We shall split the ana%ysis of risk of the estimator into two cases.
Case 1: |02 < p1
Here we have

Ry =0 | (T~ 1011)| <280 [12] + 20013 < 260151+ Oy,

where S = || X||2 — p. We now note that
Eq [[[1X113 — »|] < 16113 + 2B [| 8, Z) | + Eq [IIZ13 — p|] = Or(v/P),

owing to the Central Limit Theorem and the fact that [|6]|3 < \/p. Using this, we have Ry <
1
VP, Y02 < pi.
1
Case 2: ||0||2 > p2
In this case, let us rewrite the estimation error as follows
Sy — 1013

P =B W= I ol
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Thus, we have

. X2 - — 11612 2 a2
gy < LUIXIB—p), — OB _ X138 —» — 013
16112 16]|2
_ LIZIB + 1913 +216, 2) — p— 013
1]
IZ13 =2l , 12(6.2),
R o>

where the last step follows from the triangle inequality. Further, we have

1213 = pl = Op(/p)

20,2 ./ 0 N\, _
e _|2<H0||2’Z>| Or(L)

and

as < 4 ,Z> ~ N(0,1). Thus, using the fact that 0] > p1, we have

T~ T| $pi & Ro S V.
Thus, summarizing the two cases, we observe that

sup Bo[(T — T)*] S v/p
6eRP

and thus R* < \/D-

Example 23.1 (Covariance model and independence testing). Let Xi,..., X, Y (0,%) where
> is a p X p-dimension Covariance matrix which is to be estimated. Under this model,

e estimating ¥ with (2, %) = |2 — ¥||op needs O(,/p) samples;
e estimating T(X) = [|Z|op with (T, T) = (T — T)? also needs O(,/p) samples.

Example 23.2 (Looseness of x*-method and sharp constant by truncated x?). Let X ~ N(6,1,)
. . 2
and T' = T(6) = Oax 2 maxiepy) 6;. Let 1(T,T) = (T - T) . Then,

. 2 1
R* = inf sup Eg [(T - T) } =—(14o0o(1))logp, as p = 0.
T 0cRp 2

The results of the above examples are proved in the next lecture.
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§ 24. FUNCTIONAL ESTIMATION AND TESTING

Outline:
e GLM: estimating 6,,.x. More careful application of y?-method yields the sharp constant.

e Covariance matrix (independence testing): estimating a scalar functional can require as many
samples needed as estimating the whole parameter.

e Uniformity testing: Is lottery fair?

24.1 GLM: estimating 6,,.

The model of the observations are the same as before: X = 6 + Z where Z ~ N (0, I,). We want to
estimate the magnitude of 0, i.e., T(0) = Oyax. We will show the minimax risk with sharp constant
in high dimensions:

N 1
inf sup Eg(T — Hmax)z = ( + 0(1)) logp, p— oc.
T 6erp 2

Upper bound: Let’s first analyze the maximum likelihood estimator, namely, X;,.x. Consider
0 = ae; Then Xyax = max{a+ Z1,Zs,...,Z,} ~ max {a + Z4, \/m} The picture is the blue
curve in Fig. 24.1. A better idea in this case is to decrease Xmax by v/21logp/2, which will reduce
the worst case error.

Let T = Xiax — 7v212°gp. WLOG, consider 0. = 01. Then

5 V21 logp who [

T — Oy = max {Xmax - R omax} <maxZ—\[70F </ FoR A+ o),
3 2

\ V21 1 /1

T_gmaXZXl_;gp_amaX:ZI_\/?ZOP <_ ng(l—i-O(l)))

Lower bound: Consider two hypotheses:

H0:0:0, HliemaXZT.

Put a prior on Hy: 6 ~ Uniform {7e;, Tes, ..., Tey}. Then under Hy the sample X ~ Py = N(0, I,)

and under H; the sample X ~ P, = % P N(rei, I,). The goal is to show that dpv(FPy, Pr) — 0
when 7 = /(2 — €) log p for any € > 0.

In this problem, directly applying x?-method yields the minimax rate but not the sharp constant:
Let 8 = Te; and 6 = Tej, where I, fl'ﬂ'Uniform[p].

exp(72) — 1

X2(Py||Py) = Eexp(f, ) — 1 = Eexp (7’21{[7&}) —-1= ’
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Figure 24.1: Maximum likelihood estimator and improvement via de-biasing.

Therefore x?(Pr||Py) — 0 < \/lg@ < 1 and we conclude that R* > H%(l) log p.

We can apply x2-method more carefully by conditioning on some high probability event. The
main idea is that low probability event has vanishing contribution on the total variation distance
but may contribute a lot to the x? distance. Let 7 = /(2 — ¢)logp and let

E= {maxXi < \/210gp} .
K3

Since max; Z; < y/2logp with high probability, and Z; = Op(1) for any fixed i, F is an high
probability event under both Py and P,. Denote by P({E and PF the probability measure conditioned

on E, that is, PF(-) = P]%(()'(%?). Note that

drv(Py, PP) =1 — Py(E), drv(Py, PE)=1— P.(E). (24.1)

By triangle inequality, it suffices to show that drv (P, PF) — 0. By the formula for conditional
probability, the likelihood ratio is

PE  R(E) Py

PE P(E)R 7
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Applying x*-method on PF and PE, we obtain that
pP? PyP; 0|2
leE =Epjorn [/ PoelE] =EgrEx~p, [GXP <—H2H2 + <9,X>> 1E:|
=Exp,Er [exp (—=7%/2+ 7(X,er)) 15]

= <1 - ;) E [exp (—7%/2+7N(0,1)) 15] + ;E [exp (—7%/2 + 7X1) 15]

< (1—?}) —i—;exp ((—2;6 n 2(2—6)) logp).

Note that —(2—€)/2++/2(2 — €) < 1 as long as € > 0. Therefore [ %21;; = 1+0(1) and consequently

XP(PLIFPY) = o(1) = drv(Pr, Fy) = o(1)

24.1

LY drv(Pr, Py) = o(1)
et am 1 1
Lé R* > +20( ) log p,

where we applied LeCam’s method for quadratic risk in Theorem 10.2.

24.2 Covariance matrix model

Let X4,..., Xni'rii(ai'N(O, Y)), where ¥ is the covariance matrix with size p x p. A sufficient statistic

for ¥ is the sample covariance matrix:
1 n
§=— Z X X!
=1
Let © = {E HE,, < )\}. The minimax risk for estimating ¥ under the operator norm is

R} £ inf sup B[S — 2|2, =< A2 (1 A 3) .
Y YeO n

Even if we only want to estimate the operator norm, a scalar functional of X, the difficulty in terms
of the minimax rate is the same as estimating 3 itself:

— 2
* . p
B3 2 inf swE (2], - I1Zl,,) =<2 (14 2).
=1, €0 n

Note that [|3]|,p is a viable estimator for ||| op- BY the triangle inequality of the operator norm,
R < Ry.

It suffices to show an upper bound for estimating ¥ and the same lower bound for estimating [|X][,,-
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Upper bound for estimating ¥:  Note a trivial upper bound that R < A2. It remains to
show that R} < A?p/n when n 2 p. Consider the sufficient statistic S. We want to show that for

any [[X|,, < A
1S = 2l S A\[
n

when n > p. Let X; = Y27, then Z'*'N(0,1,) and S = SV2(LS™" 7. 7/)571/2 Tet § £

LS Z Z; then
1S = Zll,, = I1Z2(5 = I)E"2llop < IZY2Nl0p 1S = Tpllopl =2 llop = AlS = Lyllop-

We use the result that, with high probability,

G 2 p p
18~ bl 5 /2 + 2

The intuition for the above result is that

IS —1I ||Op< sup |Sw]|? +1—2 1nf HSUH (1++p/n)*+1-2 1—\/p/n):4\/§+2.

~ w.h.p.
When n 2 p we have ||S — Lyllop S V/p/7.

Lower bound for estimating |X[[,:  Let a,b > 0 be two parameters to be specified in the end.
Consider two hypotheses:

Hy:YX=%y=al, H :Y=%,=al +bv,

where under the alternative Y is a rank-one perturbation from the identity matrix. Then the
operator norms under Hy and H; are separated by b. Put a prior on H; that v ~ Uniform { 3}5} .
Applying the y2-method, we obtain that

2+1_E~/N(O,E)®”N(OE /NOE 0,25)\"
XTET s N(0, X0)®n N(0, %)
—n/2
20| b,
v,0 <\/|ZUHZ@||Z;1 i Zfl — Eal| = Ey,{) det Ip — qu/vq}/
b2 , , —n/2
=E,3 <det (Ip — ?@) , VYV >> .

Applying matrix determinant lemma that det(A + uv') = (1 4+ v’ A7 u) det(A) yields that

2 b 2 e nb’ 2
X°+1=Eyz (1—(12(1/,@ ) < E,zexp <2 5 (v, 0) )

Note that the distribution of (v/, ) is the same as -+ El 1 R; where R; is an i.i.d. Rademacher

random variable taking values +1 with probability 1 / 2. Then (v/, ) is concentrated on [——=, L]

VP’ VP
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(this can be made rigorous through Hungarian coupling). The problem boils down to the following
simple optimization:

max b
st.0<a<a+b< A,

nb? <
— <c¢
a’p — 7

for some constant c. The optimal solution is

bz%XA(l/\ﬁ).

24.3 Uniformity testing: Is the lottery fair?

Let X1,... ,Xni'i'vd "P where P is a distribution on [k]. Consider two hypotheses:
Hj : P = Uniformlk], Hi : dpy (P, Uniformlk]) > e.
A test is a function v : [k]™ — {0,1} and we want the probability of error to be

Py =1) + sup P2 (¢ = 0) < 1%.

The sample complexity n*(k,€) is defined by the minimum sample size n such that a satisfactory
test exists.

Theorem 24.1 ([Pan08g]).

5

* ~—
n (k, 6) = GT
Remark 24.1. In comparison, estimating P by P such that Edrv (P, ]5) < e requires < k/e? samples,
achieved by the empirical distribution. In other words, in order for the empirical distribution P to
be e-close to the true distribution P, we need a lot more samples.

Remark 24.2 (Sufficient statistics for symmetric functionals). To estimate a distribution or any
functional thereof, a sufficient statistic is the histogram (Ny, ..., Ni) where N; records the number of
appearances of symbol i. Since the total variation distance is permutation invariant (symmetric), a
further sufficient statistic is the histogram of histogram, commonly known as profiles or fingerprints,
(¢1,.-.,¢n), where ¢; counts the number of symbols that appear exactly ¢ times, i.e.,

%ZZl{Nj:i}-

Note that here the sufficiency should be understood operationally, in that for estimating symmetric
functionals, it does not deteriorate the worst-case risk if one restrict to estimators as functions of
the profiles alone. This sufficiency does not come with a factorization theorem in the usual sense of
Fisher and Neyman, since this summary is not sufficient for other estimating tasks, e.g., estimating
P

More generally, we have the following result, which is in the same spirit of the theory of invariant
estimators:
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Lemma 24.1. Let § € © C R? where © is closed under permutation. Let the observation X ~ Py
is also RY valued. Let F(0) be a real-valued functional to be estimated. Assume that: for any
permutation o € Sy, for any 0 € ©

1. Permutation invariance of the model: o(X) ~ Py g).
2. Permutation invariance of the functional: F(o(6)) = F(0).
Then the minimazx estimator is permutation invariant.

Proof. Given any proposed estimator F', define F by averaging the input over all permutations:

Fla) £ Eo[Flo@)] = 3 3 Flo))

) €Sy

where o is an independent random permutation. We show that the worst-case risk of F' is no worse
than that of F'. Fix 6y € ©. The idea is to consider the prior which is the random permutation of
fo. Denote the risk of an estimator F' at 6 by R(F,0) = Eg[(F(0) — F(X))2]. Then the risk of F' at
0y is controlled by

R(F,00) = Eg,[(E[F(0(X))] — F(60))?]

@ Ry, [(Bo [F((X))] — F(o(6)))?]

Y By El(F(o(X) - Flo(t0)’]
QB [R(F, o(0)))
< sup R(F",9)

0cO

where (a) and (c) follows from the permutation invariance of the functional and the model, respec-
tively; (b) is Jensen’s inequality. Taking supremum over 6y of the LHS shows that the modified F' is
at least as good as F' in the worst case. O

Upper bound: Our test statistic is ;. This is related to “birthday paradox”: consider k days
and n people,

n—1
-1 — 1
P[no identical birthday] = kk kontl exp (Z log(1 — Z/@) ~ exp(—n?/2k).
i=1

k k k

When n < vk then ¢; ~ n. The intuition is that the coincidence is least likely under uniform
distribution: ¢ is large (close to n) under Hy and ¢; is small under Hj.

n?é?

By definition ¢ = Zle 1n,=1. We can compute that Eo[p1] —E1[p1] 2 *3& and Varg[p1] S %2

Ifn > g then /Varg[p1] < Eole1] — E1[e1]. Under H; we can also compute that /Varg[pi] <
Eo[¢1] — E1[e1]. The picture is shown as below and the detailed computation is referred to [Pan08].
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El [(pl] Threshold EO [(pl]

Lower bound: Consider two hypotheses:

Hj : P = Uniform[k], Hy:P=P;=(p1,---,Dk),
where I C [k] is of size k/2 and
e e
b= e g1

Put a uniform prior on Hy where I is chosen uniformly at random from all subsets of size k/2. The
goal is to show that
1
drv | =5~ Z PE"™, Uniform[k]®" | < ¢
(k/Z) |1|=k/2

for some constant ¢ < 1. A sufficient condition is that

1 n
X’ % Z Py
(k/2)

/2) |11=k/2

Uniform[k]®" | < oo.

Applying the Ingster-Suslina method (Lemma 22.1):
PP pen PP\ 121N 1 !
2 Lo iy e[rni 2
X +1:EI,I~/ P®n :]Elj <Z PO ) _El,f 2 +1—¢
0

4IniT
SEIfexp<ne2< | ; |—1>>,

where I NI ~ Hypergeometric(k, k/2,k/2). Applying the convex stochastic dominance of the
binomial distribution over the hypergeometric distribution (Corollary 23.1), we obtain that

4Binom(k,1/2) 1)) _ (exp(2n62/k) —|—2exp(—2ne2 /k:))k/z

Y24+1< Eljexp <n62 <

< 1 2ne? 2& <
> exp 9 L 9 s

when n < g, where we used the inequality that % < e%’/2 (by Taylor expansion).
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§ 25. APPROXIMATION-THEORETIC METHODS FOR FUNCTIONAL ESTIMATION

In this lecture, we discuss the powerful idea of “approximation theory” and its use in functional
estimation, by considering our favorite example of p-dimensional Gaussian Location Model (GLM):

e X ~N(0,1,), 0€[-1,1]P 2 0.
o T(0) = ||0]|)1, UT,T)=(T—-T)>%

Notice that we already investigated the case where the functional was T'(6) = ||0||2, where we knew
that R* < ,/p. However, in this case where the statistic 7'(-) = || - ||; has a kink at 0, we should
adopt elegant techniques of the approximation theory. In fact, what we are going to prove (spoiler
alert!) is the following:

2
R* 2 infsup E[(T — T)%] = <p : loglogp) :
T 60 log p

25.1 Upper bound

25.1.1 TUnbiased estimator does not exist.

Benchmark: Suppose we use a naive estimator of 7(X) = || X||;. This estimator is definitely not
the best; when 6 = 0, then T'(0) = 0 but 7' = || Z]|1 < p and therefore suffering the quadratic risk of
e(p?)!

In the above benchmark, we observed that it is ‘bias’ that is the main culprit. So let’s see if we
could get an ‘unbiased’ estimator of 7'(6).

Unfortunately, that is not possible even in the simplest 1-dimensional scenario: Having X ~
N(0,1) we want to find an estimator 7'(X) such that Eg[T'(X)] = |6]. If we expand the (Ihs),

/_Z T(x)\/%r exp <—<“"_29)2> do = |6).

It is easy to see that the (lhs) is differentiable in 6 everywhere regardless of what 7" is (thanks to
the smoothness of the pdf of M'(6,1)). In fact, it is an analytic function® of #. On the other hand,
(rhs) is not differentiable in § at § = 0, and is not an analytic function.

Hence, it is impossible to have an unbiased estimator of 7'(#). However, we certainly can bound
the magnitude of the bias, by ‘approximating’ 7'(¢) with a set of analytic functions. Namely, we are
going to use the friendly polynomials to approximate 7'(0) = |6|.

Linfinitely differentiable with the everywhere convergent Taylor series!
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1.2 T T T T T T T T T

Figure 25.1: Example of approximating f(z) = |z| with a degree-10 polynomial.

25.1.2 Bounding bias: Polynomial approximation

Let us denote the set of degree-d polynomials by Pq = {q : deg(q) < d}, where q(z) = Z?:o a;xt. To
contend with bias, we are interested in the task of uniform approximation: Given f : [0,1] — R,
we want to find a polynomial ¢ which achieves

Eif) 2 inf_ o~

= inf sup |g(x x)|.
deg(q)<dx€[01]\ () — f(2)]

This is an infinite-dimensional linear programming, and at the same time, (d + 1)-dimensional
convex optimization.
Here are some useful facts.

e Stone-Weierstrass theorem: Polynomials are dense in C0, 1]. In other words, for all continuous
d—ro0

f:10,1] = R, we know that E4(f) —— 0. This follows from the explicit construction below.

e Bernstein’s construction: Uniform convergence is possible for any continuous f : [0,1] — R,
i.e. there exists a sequence of polynomials indexed by the degree {bs}3°, which uniformly
converges to f as d — oo. Here’s one way to do it, due to Sergei Bernstein. For a function f,
let’s define Bernstein polynomial of f of degree d as

B 23 P (8)Ha - :io 7 (&) P inom(d,) = 1 = By o 07/

k=0

Since Y/d — x in distribution and f is a continous (hence bounded) function on [0, 1], then
Bi(z) — f(x) for any = € [0, 1] (pointwise convergence). To upgrade to uniform convergence,
simply invoke the uniform continuity of f and Chebyshev inequality.?

*Indeed, [E[f(Y/d) — f(2)]| <E[If(Y/d) = f(@)|1{[Y/d — 2| < e}] + [|fllcP [[Y/d — x| > €] < sup|pr_4< [f(2) -
F(@) + || flloc/d, where € is arbitrary.
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[add lower bound with f(z) = |z — 1| and show that for 1-Lip, 1/+/d is tight ]

e Jackson-type inequality: For a smoother f, we can do better. Whenever Lip(f) < 1, Jackson’s
inequality implies that there exists a ¢ € Py such that max,¢_117]q(z) — |7|| < % for some
constant C'. While the details would not be stated here, the main idea is to use Fourier series.

Equipped with these tools, we now have the following program in mind: We have the statistic
T(0) = S°P_, |6;|, which can be approximated by some T() = 3P| g4(6;) where g4 is a degree-d
polynomial function. While T'(6) cannot be estimated unbiasedly, we can unbiasedly estimate 7'(8)
with some estimator 7'(X). Then, the bias of this estimator in estimating true 7'(d) would be

E[T(X) - T(6)] = T(6) - T(6) < —

Now, the whole story is about estimating degree-d polynomial gz unbiasedly. In other words, we
want to unbiasedly estimate moments of the empirical distribution of % > i

25.1.3 Estimating moments: Orthogonal polynomials

In this subsection, we introduce a systematic way of estimating the moments of # when we can
observe X ~ N (6,1). We are going to use a basis for the space of polynomials, called orthogonal
polynomials.

First, we need to define an inner product of two functions. We define it as a ‘weighted’ integral
of the product of two functions. Here, we choose the weight ¢(z) to be a pdf of A(0,1), which
would make this definition of inner product useful under the additive Gaussian noise assumption.
Our inner product is defined as follows: when f,q: R — R,

+o00
(f,0) é/ f(@)q(z)p(x)dr = E[f(Z)q(2)], Z ~ N(0,1).

—00

Now, we apply the Gram-Schmidt process to the family of monomials {1,z, 22, 23, ...} to form

an orthogonal basis { Hy, H1, Ha, ...}, which we call Hermite polynomials. In other words, we
define Hermite polynomials as follows:

??‘

-1

H;, %)
Hy 2 28 - (s, L H,
=0 <HZ7 H>
for example, Hy = 1,H; = x,Hy = 2> — 1,.... Note that we only did orthogonalization not

normalization.
Here are some properties of Hermite polynomials:

e Orthogonality: (Hy, H;) = k!1{k = i}.

e Basis for Lo: {Hy, Hi, Ha, ...} forms an orthogonal basis for La(R, ¢).
e Basis for Py: {Ho, H1, Ha,...,Hy} forms an orthogonal basis for Py.
e Monic: the leading coefficient of each Hermite polynomial is 1

Lemma 25.1 (Estimating monomials). If X ~ N(0,1), then E[H,(X)] = 0%, i.e. Hx(X) is an
unbiased estimator of 6.
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Proof. Instead of using their explicit formula, we use the defining properties of Hermite polynomials.
Let Z ~ N(0,1). Note that Hp(X) = Hg(6+ Z) is a deg-k polynomial in Z, which can be expressed
as a linear combination of the basis {Hy, ..., Hy} as H,(0+2) = Zf:o a;H;(Z). Note that a; = a;(0)
is a polynomial in # and deg(a;) < k — i. Since Hj, is monic, we have ag = 6*. By orthogonality
and Hy = 1, we have

k
E[Hp(X)] =Y aE[H(Z)] = ao = 0.
=0

25.1.4 Recipe of an estimator: Selecting right d

The story so far is as follows: We fix some d € N, and find the best approximation of |x| on [—1, 1] of
degree d, q(z) = ch'l:o a;z" by the Jackson-type inequality. Then, we have E [Z?:o aiHi(xj)} =q(9;)

for each coordinate j € [p]. Now, our estimator for ||0]]; is

P

d
T = Z [Z CLZHZ(l‘j)] .
=1

j=1
Then, we know that

e (systematic error) |bias(T)| < % (proved in the previous sections) and

e (stochastic error) Var(T) = ?:1 Var (Zgzl aiHi(:rj)> < p-d! where d! is from the norm of
the Hermite polynomials. We also used the fact that a; are not too big, usually < C'- d for
some constant C.

We see that as d grows, the bound on bias decreases while the bound on variance increases. We
2
might hope to find a ‘sweet spot,” where bias? < Var < Erp-dedx 1o§i§p (using Stirling’s

expansion) so that the squared error is minimized. Plugging in, we get want we wanted:

. 2 loglog p 2
E(T -6 Slp————) .
(7= 161)" 5 (- “E2E2)

The method we used might seem a little bit ad hoc, but since we can show that this is the best
(as will be followed in the next section), we are happy with it. For details, the readers may refer
to the beautiful paper of Cai and Low [CL11], and the basic idea goes back to Nemirovski [?] and
Lepski et al. [LNS99].

25.2 Lower bound
25.2.1 Composite vs. Composite: 1-dimensional reduction

2
We now show that the rate of (p- bﬁ}%) is actually unbeatable. The problem is estimating one

number T'() = ||6]|1, and this is a collapsed version of the high-dimensional object. The strategy
we used for /o norm was to convert it to a test and to run Le Cam’s method: Hy : 8 = 0 vs.
Hi : ||8]|]y > p. Unfortunately, this doesn’t work; the best we can get this way is a rate of p3/2.
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What is to blame, is that we previously simplified the test into ‘simple vs. composite’ from
the original ‘composite vs. composite’, i.e. Hy: ||0]|1 < a, H; : ||0]]1 > b (it may suffice to consider
~ a vs. ~ b). The reason for the simplification was that the second moment calculation was too
complicated in the latter case. However, with polynomial ideas, the calculation becomes a doable

. loglogp)2

task and we can get (p Tog p

Figure 25.2: Hy : ||0]1 < a,H; : |01 > b

Let’s see how far we could proceed with the classic method. Let ©g = {0 : ||0]|1 ~ a},01 = {0 :
|0]l1 ~ b}. Then, for any prior P € M(0Oy),Q € M(0O;), we have

R* > (b—a)*(1 — drv(P * N(0,1,),Q * N(0,I,)))

and we may hope something like dpv (P * N (0,1,),Q * N(0,1,)) < 0.1, or simply bounded away
from 1. However, each distribution is p-dimensional Gaussian convolved with another p-dimensional
distribution, and drv is not easy to calculate.

Then, can we reduce it to 1-dimension? In that case, the hypotheses should look like Hy :
iid.

0 = (601,...,0p) L PHy:60=(b1,...,6p) ~ @, and the data generating takes the form of
z = (z1,...,7p) S (P or Q) « N(0,1), and we might use the tensorization drv(PEP,Q57) <

p-dpv(Px,Qx) < 0.1 to proceed further.
One problem is that if we take i.i.d. 6 from P or @), 8 might not lie exactly on the spheres
©p, ©1. But this is actually a small problem and can be fixed. If we look at T'(6):

p

under Hy : T(0) = Z 6] CéTp “Ep|0] + 0p(v/P),
i=1
P CLT

under Hy : T(0) = Z 0:] = p-Eqgl0] + 0p(/D).
=1

And if we can choose P, @ s.t. Ep|f| and Eg|f| to be separated by =< plolgol% >> /P, then we
are happy even though this is not exactly a sphere vs. sphere.

153



25.2.2 Choosing P,(): Sufficient condition of moments
Now the question is how to choose P, Q. We can formally formulate a problem as follows:
maximize : Eg|0| — Ep|6]

subject to : dpy (P *N(0,1),Q *N(0,1)) < 0;

variables : P,Q € M([—-1,1]).

This is a convex problem, but it doesn’t mean that it is easily solvable; it is infinite-dimensional.
Thus we are going to consider a sufficient condition replacing dry (P * N (0,1),Q * N'(0,1)) < %.

Before explicitly stating the sufficient condition, consider the following problem called moment
problem: Suppose two distributions have exactly same moments. Are these two distributions the
same? Quick answer is no (when supported on R), and yes (when supported on [0,1]). Rephrasing
the latter one, if two distributions have equal first 1,000 moments, then their relative distance
should be very small, even after convolving with A/(0,1) (think about the Taylor’s expansion).

So the idea is to have the condition:

Epf' =Egb’ i=1,...,d.

for a sufficiently large d to ensure dpv (P * N(0,1),Q * N (0,1)) < 071. It turns out that whenever

the above condition is satisfied, we have dpv (P « N(0,1),Q * N (0,1)) ~ (Tld!) for some constant c,

and thus it is sufficient to have d =< lo?ilg) R One way to show this is to use Taylor expansion and
expand with Hermite polynomials.
Now, the revised problem is:

maximize : Eg|0| — Ep|0|
subject to : Epf’ = EQGi 1=1,...,d,
variables : P,Q € M([-1,1]).

Note that the revised problem is again infinite-dimensional, but no more a convex programming
but a linear programming.

25.2.3 Dual: again approximation of || by degree-d polynomial

To solve the revised problem, we are going to show that it’s dual problem is the approximation of
|0| by a degree-d polynomial g4. More specifically, the dual problem is
2-E4(10])) =2 inf sup [qq(0) —|0]].
2a€Pa ge[-1,1]

In fact, we are going to show more general result: for any f, 2-E4(f) > maxpg [Eqf(8) — Epf(0)]
(we are showing only the useful direction). Note that the other direction, saying that the duality
gap is zero, is not true for free since this is an infinite-dimensional problem.

The proof is essentially by Lagrangian. For each of d constraints of the primal problem, attach
Ai, t=1,...,d. Then, the Lagrangian is:

d
L(P,Q, )\, ., a) =B f(0) —Epf(0) = > Ni(Eqt’ —Ept)
d . - d .
:%P@_ZMm—mf@—zMﬂ.
=1 =1
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Given the constants {);}, the problem of choosing P, @ is merely a choosing of best 6, i.e.

max L(P, @, M, -, Aa) = max(£(6) — qa(0)] — min{f(6) — qa(0)]

where ¢, is a polynomial using \; as coefficients (we played a little trick of adding and subtracting
o). Note that this value is greater than the solution of the primal solution. Now, minimizing over

{)‘l}a

iy max{f(9) = a(0)] = minlf(6) = qu(®)]| =2+ min |1 = gl

Using the results from the previous section on E,4(|6]), we are done!
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Part VI

Advanced topics
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§ 26. ADAPTATION AND AGGREGATION

26.1 Overview

We consider an estimation problem, where parameter set can be partitioned into smaller sets, each
representing a different model. If the model that corresponds to the true parameter is unknown,
can we design an adaptive estimator almost as good as the oracle estimator? See [AJ00, Yan00],
etc. The material of this lecture is from the beautiful paper of Leung and Barron [LB06].

Let R*(©) = inf, supycg EL(0, 6), and © = U,,, ©m, where m is the index for models. Examples
include:

e Sparse linear regression. For sparse linear regression, Y = X6 + Z, models can be indexed by:
1) support m = supp(f), or 2) sparsity level m = ||0||o.

o Density estimation. For density estimation, the model index could be the smoothness parameter
m=q, i.e., f € Holder(a).

There are several flavors for this problem. Given oracle estimators {ém}, our goal is to find an
adaptive estimator 6 that satisfies one of the following three oracle inequalities (V6):

(MS) E£(6,6) < min,, EL(6,0,,) + penalty.

(C) Convex combination: E((6,0) < MG o 9,.1) E((0,0) + penalty.

(L) Linear combination: E¢(6,6) < MG (0 ]) E((0,0) + penalty.

This lecture focus on the model selection criterion.

The key for designing such an adaptive estimator is a unbiased risk estimator. Suppose
Ym = m(data) is an unbiased risk estimator, i.e.,

A~

Eo[3m] = Ro(6m) = Eg[£(0, 01)].

Using 4 as a proxy of the true risk, one can adopt one the following strategies for the adaptive
estimator:

1. Pick the best one. Suppose m* = arg min,, J,,, then output Om+. An variation of this strategy
is to split the samples: use the first part of the data to compute 4, (the unbiased risk
estimators), and the second part of the data to compute the “best” oracle estimator 6,,».

2. Mixture of all oracle estimators. Let § = Yom wmém, where the weights w,, is larger if the
risk proxy 4, is smaller.
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26.2 Stein’s Unbiased Risk Estimator (SURE)

We discuss the Stein’s unbiased risk estimator in this section.

Theorem 26.1 (Stein’s Identity). Suppose Z ~ N(0,1). For any continuously differentiable g,
Ely(2)] = E[Z9(2))
provided both expectations are finite.
Proof. Integration by parts. O
Corollary 26.1. Suppose Y ~ N(u,1). Under the same assumption of Theorem 26.1,
Elg/(Y)] = E[(Y — p)g(¥)]
Corollary 26.2. For one-dimensional GLM'Y ~ N(u,1), an unbiased risk estimator for [i is
A= —-Y)? +24 —1.
For p-dimensional GLM'Y ~ N (u, I,), an unbiased risk estimator for [ is
F=lla-Y[*+2(Vi,1) - p.
Proof.
Elli—pl?] = Ellla = YIP] +E[IY — pll’] + E2(Y — p, i = Y)).

Clearly, ||z — Y||? is an unbiased estimator of the first term, the second term equals p. By Corollary
26.1, the third term has an unbiased estimator: 2> 2 | (9;4 — 1) = 2((Vfi, 1) — p). O

Ezample: SURE can be applied to the following GLM problem. The data follows Y ~ N(u, I,),
where the mean p belongs to a union of subspaces, p € |J,,, Em. An special case is sparse linear
regression: Y = X0 + Z. In this case, m = supp(f) and E,, = span(X,,). The oracle mean

estimators is
fim = projp, Y = X (X, X,) ' X1 Y.

We can derive the corresponding risk estimators 4, using SURE. In the next section, we discuss
how i, and 4,, can be aggregated to form an adaptive estimator fi.

26.3 Main Result
In this section, we discuss one result using the second strategy in Section 26.1:
=) Wonfim,
m

where the weights wy, are computed from data, and satisfy w,, > 0 and )  w,, = 1. In particular,
we use the following exponential weighting:

Wm = 7 7xTm eXp(**’AYm)v

Z(B) 2

where the normalization constant is Z(8) = >, mm exp(—gf?m). The prior distribution satisfies
Tm > 0 and ) 7y, = 1. The exponential weighting can be interpreted as follows:
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e When 8 = oo, i = [iy*, where m* = arg min,, 4,,. This case reduces to the first strategy
(without weighting). It fully relies on the data, and ignores the prior distribution.

e When 8 = 0, the aggregation uses the prior distribution only.

e When 0 < 8 <00, e.g., 8= %, 1, this corresponds to a Bayesian estimator.

1

5, we have

Lemma 26.1 (Key Lemma). If i, is linear in' Y, then for every B <
m
Here, 4 is the SURE for the weighted estimator i, and 4, is the SURFE for the estimator fi,, which
1s derived using model m.
Proof Sketch.
v = Zwmﬁ/m - (1-28)- ZmeM - ﬂm”2
m m
Clearly, 1 —28 >0, and Y., wp |l — fm|? > 0. O
Corollary 26.3 (Main Result). If O, is linear in'Y, and 8 < %, then

Ry(0) < min {Rg(ém) + 2 log 1} .
B Tm

~

min Ry (0,,) + 41log M.

m

m
For the special case where m,, = ﬁ and B = %, we have
Ry(6) <

Proof. Recall that w,, = ﬁﬂ'm exp(—5%9m). By Lemma 26.1,

maXy, T, exp(— gfym) ’

where the last inequality is due to the fact that D(w||7r) > 0 and Z(8) = >_,, ™m exp(—%fym) >

maxXy, Tm exp(—gfym). The corollary follows from taking expectation over both sides:

. f2 I
< Ep<min< —log — + 4,
m B Tm
1

2
< min {Eg‘ym + B log }
= min < Ry(6 )+glo —
= min | Ko(0m) + 5 L



O]

Ezample: In sparse linear regression, let © = RP, m = supp(#) C [p], and X = I,. Clearly,
uniform prior is not good enough. If we choose prior m,, = m then
[m|

Rg(0) < |10]lo + 41log < ) + 4log(1 + p).

161lo

An even r prior i o
even better prior is 7, o (et

26.4 Bayesian origin of exponential weighting

This section presents an explanation for the exponential weighting (5 = 1).
Suppose the prior distribution on m is m,,, and the prior distribution of u given m is Ay, (u).
Hence, the prior distribution of p is Y, mmAm (1). The Bayesian estimators are
fa=EulY], fm=E[u]Y,m]
Hence

i =E[uY] = E[E[p|Y,m]|Y] = Zum (m]Y).

By the Bayes rule, the correct weights are
P(Y]|m)
> T P(Ym)

Next, we show that P(Y|m) has an exponential form, establishing a motivation for exponential
weighting. Suppose A, (1) is a Gaussian prior (e.g., N(0,sP,,)). Then we have

Wy, = P(m]Y) = (26.1)

P(ylm) = / 6y — 1) Am(dps),

where ¢(+) is the Gaussian PDF. The convolution of two Gaussian PDF is still a Gaussian PDF of
the form

1
P(ylm) = cexp(=gly = mm ). (26.2)
If fi, is linear in Y, then the SURE satisfies

Am = lfim = YII* +2(Vfim, 1) = p = || fim — Y ||* + const. (26.3)

Therefore, comparing (26.1), (26.2) and (26.3), we conclude that the weighting deduced from
Bayesian estimators is

L,
§’Ym)a

Wy, X T P(Y'|mM) o< 7,0 exp(—

which corresponds to the exponential weighting with 8 = 1.

160



BIBLIOGRAPHY

[AJ0O]

[AMS04]

[Bir83]

[Cha05]

[Cheb6]

[CL11]

[Csi67]

[CTO6]

[CT07)

[Dud67]

[Hoe63]

[HV11]

[Koz47]

[LBO6]

[LCS6]

Arkadii Nemirovski Anatoli Juditsky. Functional aggregation for nonparametric regression.
The Annals of Statistics, 28(3):681-712, 2000.

Shiri Artstein, Vitali Milman, and Stanistaw J Szarek. Duality of metric entropy. Annals
of mathematics, pages 1313-1328, 2004.

L. Birgé. Approximation dans les espaces métriques et théorie de 'estimation. Zeitschrift
fiir Wahrscheinlichkeitstheorie und Verwandte Gebiete, 65(2):181-237, 1983.

Sourav Chatterjee. An error bound in the Sudakov-Fernique inequality. arXiv preprint
arXiv:0510424, 2005.

Herman Chernoff. Large-sample theory: Parametric case. The Annals of Mathematical
Statistics, 27(1):1-22, 1956.

T. T. Cai and M. G. Low. Testing composite hypotheses, Hermite polynomials and optimal
estimation of a nonsmooth functional. The Annals of Statistics, 39(2):1012-1041, 2011.

I. Csiszar. Information-type measures of difference of probability distributions and indirect
observation. Studia Sci. Math. Hungar., 2:229-318, 1967.

Thomas M. Cover and Joy A. Thomas. Elements of information theory, 2nd Ed. Wiley-
Interscience, New York, NY, USA, 2006.

Emmanuel Candés and Terence Tao. The Dantzig selector: statistical estimation when p
is much larger than n. The Annals of Statistics, pages 2313-2351, 2007.

Richard M. Dudley. The sizes of compact subsets of hilbert space and continuity of
gaussian processes. Journal of Functional Analysis, 1(3):290 — 330, 1967.

Wassily Hoeffding. Probability inequalities for sums of bounded random variables. Journal
of the American Statistical Association, 58(301):13-30, 1963.

P. Harremoés and I. Vajda. On pairs of f-divergences and their joint range. IEEE Trans.
Inf. Theory, 57(6):3230-3235, Jun. 2011.

W. Kozakiewicz. On the convergence of sequences of moment generating functions. Annals
of Mathematical Statistics, pages 61-69, 1947.

Gilbert Leung and Andrew R Barron. Information theory and mixing least-squares
regressions. IEEE Trans. Inf. Theory, 52(8):3396-3410, 2006.

Lucien Le Cam. Asymptotic methods in statistical decision theory. Springer-Verlag, New
York, NY, 1986.

161



[LNS99]

[Pan0g]

[Pis99]

[PPV10]

[PW15]

[Rin76]
[SC15]

[Tsy09]

[Vaj70]

[vdV02]

[Yan00]

[YB99)]

Oleg Lepski, Arkady Nemirovski, and Vladimir Spokoiny. On estimation of the L, norm
of a regression function. Probability Theory and Related Fields, 113(2):221-253, 1999.

Liam Paninski. A coincidence-based test for uniformity given very sparsely sampled
discrete data. IEEE Trans. Inf. Theory, 54(10):4750-4755, 2008.

G. Pisier. The volume of convex bodies and Banach space geometry. Cambridge University
Press, 1999.

Y. Polyanskiy, H. V. Poor, and S. Verdd. Channel coding rate in the finite blocklength
regime. [EEE Trans. Inf. Theory, 56(5):2307-2359, May 2010.

Y. Polyanskiy and Y. Wu. Lecture notes on information theory. Feb 2015. http:
//www.ifp.illinois.edu/~yihongwu/teaching/itlectures.pdf.

Yosef Rinott. On convexity of measures. The Annals of Probability, 4(6):1020-1026, 1976.

Weijie Su and Emmanuel Candés. SLOPE is adaptive to unknown sparsity and asymptot-
ically minimax. arXiv preprint arXiv:1503.08393, 2015.

A. B. Tsybakov. Introduction to Nonparametric Estimation. Springer Verlag, New York,
NY, 2009.

Igor Vajda. Note on discrimination information and variation (corresp.). IEEE Transactions
on Information Theory, 16(6):771-773, 1970.

Aad van der Vaart. The statistical work of Lucien Le Cam. The Annals of Statistics,
pages 631-682, 2002.

Yuhong Yang. Combining different procedures for adaptive regression. Journal of
Multivariate Analysis, 74(1):135-161, Jul 2000.

Y. Yang and A. R. Barron. Information-theoretic determination of minimax rates of
convergence. The Annals of Statistics, 27(5):1564-1599, 1999.

162


http://www.ifp.illinois.edu/~yihongwu/teaching/itlectures.pdf
http://www.ifp.illinois.edu/~yihongwu/teaching/itlectures.pdf

	Contents
	I Introductions to statistical decision theory
	1 Introduction
	1.1 Basics of Statistical Decision Theory
	1.2 How to define the ``best estimator''

	2 Minimax risk and Bayes risk
	2.1 Bayes risk
	2.2 Minimax risk
	2.3 Minimax and Bayes risk: an optimization perspective

	3 Minimax risk of GLM and four extensions
	3.1 Multivariate version and tensor product of experiments
	3.2 Multiple samples and sample complexity
	3.3 Nonparametric extension
	3.4 Non-quadratic loss


	II f-divergences, information inequalities, and large-sample asymptotics
	4 Total variation/Inequalities between f-divergences
	4.1 f-divergences
	4.2 Data processing inequality
	4.3 Total variation and hypothesis testing
	4.4 Motivating example: Hypothesis testing with multiple samples
	4.5 Inequalities between f-divergences

	5 Inequalities between  f -divergences via their joint range
	5.1 Inequalities via joint range
	5.2 Examples

	6 Variational representation, HCR and CR lower bounds.
	6.1 Variational representation of f-divergences
	6.2 Hammersley-Chapman-Robbins (HCR) lower bound
	6.3 Cramér-Rao (CR) lower bound
	6.4 Biased estimators
	6.5 Bayesian CR lower bound

	7 Information bound
	7.1 HCR Lower Bound
	7.2 Fisher information
	7.3 Variations of HCR/CR lower bound
	7.4 Bayesian Cramér-Rao Lower Bound via data processing inequality
	7.5 Information Bound

	8 Bayesian Cramér-Rao (continued), MLE
	8.1 Example: Gaussian Location Model (GLM)
	8.2 Classical Proof of Bayesian Cramér-Rao Lower Bound
	8.3 An Alternative Information Inequality
	8.4 Maximum Likelihood Estimator (MLE) and asymptotic efficiency
	8.5 Bayesian Lower Bounds for Functional Estimation
	8.6 Example: Classical asymptotics of entropy estimation


	III Unstructured estimation problems in high dimensions
	9 Exact minimax risk for Gaussian location model, LeCam's method
	9.1 Log-concavity, Anderson's lemma and exact minimax risk in GLM
	9.2 LeCam's two-point argument

	10 Le Cam's Method, Two-point Argument and Assouad's Lemma
	10.1 Le Cam's method for quadratic loss
	10.2 Two-point method
	10.3 How good is Le Cam's bound?
	10.4 Assouad's Lemma

	11 Mutual Information Method
	11.1 Mutual Information I(X;Y)
	11.2 Mutual information method: minimax lower bound
	11.3 Extremization of the mutual information
	11.4 Coming next

	12 Mutual Information Method: Continued
	12.1 Recap: Mutual Information Method
	12.2 Tensorization of Mutual Information
	12.3 Capacity as Information Radius

	13 Shannon lower bound, Fano's method
	13.1 Shannon lower bound
	13.2 Fano's method

	14 Packing, covering, and consequences on minimax risk
	14.1 Covering and Packing
	14.2 Applying metric entropy & Fano's inequality to minimax risk

	15 Sudakov, Maurey, and duality of metric entropy
	15.1 Upper bound via Sudakov minoration
	15.2 Upper bound via Maurey's empirical method
	15.3 Lower bound via packing Hamming spheres
	15.4 Duality of metric entropy
	15.5 Example: Sharp rate for  loss

	16 Yang-Barron's construction for density estimation
	16.1 Bounding Capacity with Covering Number
	16.2 An Upper Bound on the Bayes Risk
	16.3 An Upper Bound for Minimax Risk

	17 Application to Smooth Density Estimation
	18 Density estimation via pairwise comparison à la Le Cam-Birgé
	18.1 Composite hypothesis testing and Hellinger distance
	18.2 Hellinger guarantee on Le Cam-Birgé's pairwise comparison estimator
	18.3 Refinement using local entropy


	IV Structured high-dimensional estimation problems
	19 Denoising sparse vectors: lower bound
	19.1 Lower bound for denoising by sparsity

	20 Denoising sparse vectors: upper bound
	20.1 Upper bound for denoising by sparsity
	20.2 Maximum Likelihood estimator and risk upper bound
	20.3 Thresholding schemes and Risk upper bounds

	21 Minimax rates for sparse linear regression
	21.1 Problem setup: Sparse linear regression
	21.2 Analysis of MLE
	21.3 Dantzig selector


	V Functional estimation and composite hypothesis testing
	22 Functional estimation & testing
	22.1 Lower bounds on minimax risk for functional estimation
	22.2 Estimation of  in GLM

	23 Functional Estimation: LeCam's Method, Risk Upper Bound
	23.1 LeCam's Method Lower Bound
	23.2 Risk Upper Bound

	24 Functional estimation and testing
	24.1 GLM: estimating  max 
	24.2 Covariance matrix model
	24.3 Uniformity testing: Is the lottery fair?

	25 Approximation-theoretic methods for functional estimation
	25.1 Upper bound
	25.2 Lower bound


	VI Advanced topics
	26 Adaptation and Aggregation
	26.1 Overview
	26.2 Stein's Unbiased Risk Estimator (SURE)
	26.3 Main Result
	26.4 Bayesian origin of exponential weighting

	Bibliography


