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Class summary

- Guarantees in the fixed design settings (simple in closed-form as o?d/n)
- Ridge regression: dimension independent bounds

- Guarantees in the random design setting

- Lower bound of performance

Announcements

e Ask questions! (chat or directly)

e Coding assignment for each lecture: reproduce the experiments and send the figures to the following
address: learning.theory.first.principles@gmail.com (and not my personal email address).

A Each student is expected to read class notes before the A

class.




1 Introduction

In this class, we introduce and analyze linear least-squares regression, a tool that can be traced back to
Legendre (1805) and Gauss (1809)—see https://en.wikipedia.org/wiki/Least_squares#The_method
for an interesting discussion and the claim that Gauss knew about it already in 1795.

Why should we study linear least-squares regression? Isn’t there any progress since 18057 A few reasons:

e It already captures many of the concepts in learning theory, such as the bias-variance trade-off, as
well as the dependence of generalization performance on the underlying dimension of the problem,
or on dimension-less quantities.

e Because of its simplicity, many results can be easily derived without the need for complicated math-
ematics (simple linear algebra for the simplest results).

e Using features, it can be extended to arbitrary non-linear predictions (see kernel methods in Lec-

ture 6).

In subsequent lectures, we will extend many of these results beyond least-squares.

2 Least-squares framework

e We recall the goal of supervised machine learning from Lecture 1: given some observations (x;,y;) €
X xY,i=1,...,n, of inputs/outputs, features/variables (training data), given a new z € X,
predict y € Y (testing data) with a regression function f such that y ~ f(x). We use the square
loss £(y,2) = (y — 2)?, for which we know from the previous lecture, that the optimal predictor if

fr(x) = E(y|z).

e In this lecture, we consider empirical risk minimization. We choose a parameterized family of pre-
diction functions fy : X — Y for 6 € © and minimize the empirical risk

_Z fG xz )

leading to the estimator 6 € arg min % S (yi— fo(;))?. Note that in most cases, the Bayes predictor
f* does not belong to the class of functions {fy, 6 € ©}, that is, the model is said misspecified.

e Least-squares regression can be carried out with parameterizations of the function fy which may be
non-linear in the parameter 6. In this lecture, we will consider only situations where fy(x) is linear
in #, which is thus assumed to live in a vector space, and which we take to be R? for simplicity.

A Being linear in z or linear 6 is different!

e While we assume linearity in the parameter 6, nothing forces fy(z) to be linear in the input z. In
fact, even the concept of linearity may be meaningless if X is not a vector space. Through Riesz



representation theorem, for any x € X, there exists a vector in R?, which we denote o(z), such that

The vector p(z) € R? is typically called the feature vector, which we assume to be known (in other
words, it is given to us and can be computed explicitly when needed). We thus consider minimizing

n

R(O) = =3 (: — () T0)°.

i=1

e When X C R? we can make the extra assumptions that fy is an affine function, which can be obtained
x
through (z) = < 1> € R4, Other classical assumptions are ¢(z) composed of monomials. We will

see in Lecture 6 (kernel methods) that we can consider infinite-dimensional features.

e Matrix notation: the cost function above can be rewritten in matrix notations. Let y = (y1,...,9n) ' €
R™ be the vector of outputs (sometimes called the response vector), and ® € R™*? the matrix of
inputs, which rows are ¢(x;)". It is called the design matrix. In these notations, the empirical risk
is

R(0) =~y — 903, (1)

where |3 = Z;l:l a? is the squared ¢3-norm of .

/\ Tt is sometimes tempting at first to avoid matrix notations. We strongly advise against it as it leads
to long and error-prone formulas.

3 Ordinary least-squares (OLS) estimator

We make the assumption that the matrix ® € R™*? has full column rank (i.e., the rank of ® is d). In
particular, the problem is said “over-determined”, and d < n. Equivalently, we assume that ®'® € R%*d
is invertible.

Definition 1 When ® has full column rank, the minimizer of Eq. (1) is called the ordinary least-squares
(OLS) estimator.

3.1 Closed-form solution
Proposition 1 When ® has full column rank, the OLS estimator exists and is unique. It is given by
=@ ®) oy

Denote the (non-centered* empirical covariance matriz 5= %(I)TtI) € R4 we have 6 = %i‘lCI)Ty.

'The “centered” covariance matrix would be 2 37" [p(z;) — pl[p(z:) —p] " where = £ 3" | (z;) is the empirical mean,
while we consider £ = 137" | o(zi)p(zi)



Proof Since the function R is coercive (i.e., going to infinity at infinity) and continuous, it admits at least
a minimizer. Moreover, it is differentiable, so a minimizer § must satisfy VR(f) = 0. For all § € R, we
have

Sy L 2 TaT TaT SN 2 (T T
R(0) =~ (Hy”2 20T Ty 407D @9) and  VR(6) = = (<1> 0 — @ y) :
The condition VR(A) = 0 gives the so-called normal equations:
TP =dy.

The normal equations have a unique solution 6= (®T®)~'®Ty. This shows the uniqueness of the minimizer
of R as well as its closed-form expression. |

Another way to show uniqueness of the minimizer is by showing that Ris strongly convex since V25Q(6) =25
for all # € R? (convexity will be studied in Lecture 4).

/\ For readers worried about carrying a factor of two in the gradients, we will use an additional factor
1/2 in lectures on optimization (e.g., Lecture 4).

3.2 Geometric interpretation

Proposition 2 The vector of predictions Ph = O(®T D)@y is the orthogonal projection of y € R™
onto im(®) C R", the column space of D.

Proof Let us show that P := ®(®"®)"1®" € R"*" is the orthogonal projection on im(®). For any a € R,
it holds P®a = ®(®T®)"'®"da = ®a, so Pu = u for all u € im(®P). Also, since im(®)* = null(® "),
where Pu’ = 0 for all «/ € im(®). These properties characterize the orthogonal projection on im(®). M

Thus we can interpret the OLS estimation as doing the following (see below for an illustration):

1. compute g the projection of y on the image of @,

2. solve the linear system ®6 = § which has a unique solution.

m(P)

3.3 Numerical resolution

While the closed-form 6 = (®T®)"'® Ty is convenient for analysis, inverting ® ' ® is sometimes unstable
and has a large computational cost when d is large. The following methods are usually preferred.



QR factorization. The QR decomposition factorizes the matrix ® as ® = QR where Q € R™*? has
orthonormal columns and R € R%*? is upper triangular (see [1]). Computing a QR decomposition is faster
and more stable than inverting a matrix. One has

@"®)0=0"y=oRTQTQRI=R'QTyo RTRI=R'QTy=sRI=QTy.

It only remains to solve a triangular linear system which is easy. The overall running time complexity
remains O(d?). The conjugate gradient algorithm can also be used.

Gradient descent. We can completely bypass the need of matrix inversion or factorization using gradient
descent. It consists in minimizing approximately R by taking an initial point 6y € R? and iteratively going
towards the minimizer by following the opposite of the gradient

Opr1=0p —YVR(O;) for k>0,

where 7 > 0 is the step-size. When these iterates converge, it is towards the OLS estimator since a fixed-
point 0 satisfies VR(#) = 0. We will study such algorithms in Lecture 4, with running-time complexities
going up to linear in d.



4 Statistical analysis of OLS

We now prove guarantees on the performance of the OLS estimator. There are two settings of analysis for
least-squares:

e Random design. In this setting, both the input and the output are random. This is the classical
setting of supervised machine learning, where the goal is generalization to unseen data (like in last
lecture). Since it is bit more complicated, it will be done after the fixed design setting.

o Fized design. In this setting, we assume that the input data (x1,...,z,) are not random and we are
interested in obtaining a small prediction error on those input points only. Alternatively, this can
be seen as a prediction problem where the input distribution dp(x) is the empirical distribution of
(:Elv s 7$n)‘

Our goal is thus to minimize the fixed design risk (where thus @ is deterministic):

n
1
+
R() =By |- > — p(a) 9)2] —5, |21y - 23] 2)
i=1

This assumption allows a complete analysis with basic linear algebra. It is justified in some settings,
e.g., when the input is a fixed grid, but is otherwise just a simplifying assumption. It can also be
understood as learning the optimal vector ®0, € R™ of best predictions for a well-defined 6., instead
of a function.

In the fixed design setting, no attempts are made to generalize to unseen input points x, and we want
to estimate well a label vector y resampled from the same distribution than the observed y. The risk
in Eq. (2) is often called the in-sample prediction error.

We will first consider below the fixed design setting, where the celebrated rate 0?d/n will appear naturally.

Relationship to maximum likelihood estimation. If, in the fixed design setting, we make the
stronger assumption that the noise is Gaussian with mean zero and variance o2, i.e., &; = y; — @(2;) ' 0y ~
N(0,0?), then the least mean-squares estimator of #, coincides with the maximum likelihood estimator
(where ® is assumed fixed). Indeed, the density / likelihood of y is, using independence and the density of

the normal distribution:
n

p1h.0%) = [T <=5 exp = (= pl) 02/ (20%)).
i=1 V210

Taking the logarithm and removing constants, the maximum likelihood estimators (#,52) minimize

20_2 Z o(z;) " 0)% + nlog(o).

We immediately see that 8§ = @, that is, OLS corresponds to maximum likelihood.

e /\ While maximum likelihood under a Gaussian model provides an interesting interpretation, the
Gaussian assumption is not needed for the forthcoming analysis.

e Exercise: what is % the maximum likelihood of ¢2? Solution: 2 = 1 =3 i (ys — o(x) T 0)2.



5 Fixed design setting

We now assume that ® is deterministic, and as before, we assume that S = %(I)Ttﬁ is invertible.

Any kind of guarantee requires assumptions about how the data are generated. We assume that:

e there exists a vector #, € R? such that the relationship between input and output is for i € {1,...,n}
yi = () 0, + &

e ¢; are independent of expectation E[e;] = 0 and variance E[¢?] = o2.

The vector € € R™ accounts for variabilities in the output which are due to unobserved factors or to noise.
The “homoscedasticity” assumption above, where the noise variances are uniform, is made for simplicity
(and allows for the later bound o2?d/n bound to be an equality). Note that to prove upper-bounds in
performance, we could also only assume that E[¢?] < o for each i € {1,...,n}.

Denoting R* the minimum value of R(#) = E, [L|ly — ®6||3] over R?, the following proposition shows that
it is attained at 6, and that is is equal to o2,

Proposition 3 (Risk decomposition) Under the linear model and fized design assumptions above, for
any 0 € R, we have R* = 02 and
R(O) —R* = 0 - 0,2,

where 3 1= 19T ® is the input covariance matriz and HHH% := 0750, If now 6 is a random variable (such
as an estimator of 0, ), then

E[R(0)] - R* = [E[9) - 6.3 +E| 10 — E)I%)

—_—  —_——

Bias Variance
Proof We have, using y = ®0, + ¢, with E[¢] = 0 and E||¢||3] = no*:
%0) = B, |1y 003] =, |20, + = - o0l
= 28, (180, — 0)3 + <3+ 2200, — 0) <]
= o’ + %(9 —0,)Td D —0,).

Since & = %@TCP is invertible, this shows that 6, is the unique global minimizer of R(#), and that the
minimum value R* is equal to ¢2. This shows the first claim.

Now if # is random, we perform the usual bias/variance decomposition:
E[R(9)] - R* = E |16 - E[f] + EIf] - 0.]13]
= E[I10 — B3] + E[(@ - BO)TSEP] - 0.)] +E[ RG] - 0.2

—E |0 - EB)I] +0+ |EB] - 0.]1%.



NB: this is also a simple application of E|z — al|3; = |[Ez — a|j3; + E||z — E[z]||3; to a = 6., M = 5 and
z=0). [ |

e The quantity || - [|g is called the Mahalanobis distance norm (it is a “true” norm whenever S is
positive definite). It is the norm on the parameter space induced by the input data.

Statistical properties of the OLS estimator

We now analyze the properties of the OLS estimator.

Proposition 4 (Estimation properties of OLS) The OLS estimator 6 has the following properties:
1. it is unbiased, that is, E[é] =0,
2. its variance is var(f) = E[(é —0,)0-6,)"| = %zi_l; 51 s often called the precision matriz.
Proof

1. Since Ely] = ®0,, we have directly E[é] = (®T®)" DT ®Y, =0,.

2. Tt follows that § — 0, = (&' ®)"'®T (80, +¢) — 0, = (®'®)'® e. Thus, using that E[ee | = 021,
we get

var(f) = E[(@T@)_ICI)TEET(I)((I)T(I))_I] = o2(0T3) (@ 0)(3T D) = 02T d) L = Z5L.

n
|
We can put back the expression of the variance in the risk.
Proposition 5 (Risk of OLS) The excess risk of the OLS estimator is equal to
) 2
E [92(9)} S (3)
n

Proof Note here that the expectation is over ¢ only as we are in the fixed design setting. Using the risk

~

decomposition of Proposition 3 and the fact that E[f] = 6., we have
E|R(0)] - R =Bl - 0.]1%.

We have: E [R(6)] — R = trlvar(§)S] = L ta(1) = 24,



We can also give a direct proof. Using the identity 6—0, = (@T®) 1D e, we get
E[R()] - R* =E[|(®"®)"'d |}

1 -
. ET(I>(<I>T(I>)_1<I>T<I>(<I>T<I>)_1<I>TE}

n
- lE_eTé(qﬂcb)—lqﬂs]
n L
. 1 ] _ o2 o
= EE_E Ps} = nE[tr(Paa )] = tr(P) = ot

where we used that P = ®(®"®)"'® " is the orthogonal projection on im(®), which is d-dimensional. W

o /A In the fixed design setting, the expectation over £ appears twice: (1) in the definition of the risk
of some € in Eq. (2), and when taking expectation over the data in Eq. (3).

e Exercise: what is the expected empirical risk E[R(8)]? Solution: E[R(f)] = 1=d52  In particular,

. . . . - Y — 0|2
when n > d, an unbiased estimator of the noise variance o2 is given by %.
e Above, we have an expression of the expected training error, which is equal to "%%2 = 02—%02,

while the expected testing error is 0’2+%0’2. We thus see that in context of least-squares, the training
error underestimates (in expectation) the testing error by a factor of 202d/n, which characterizes
the amount of overfitting. This differerence can be used to perform model selection (see https:
//en.wikipedia.org/wiki/Mallows\%27s_Cp).

Discussion

e In the fixed design setting, OLS thus leads to unbiased estimation, with an excess risk of o2d/n.

e On the positive side, the math is very simple, and as we will show below, the obtained convergence
rate is optimal.

e On the negative side, for the excess risk being small compared to o2, we need d/n to be small, which
seems to exclude high-dimensional problems where d is closed to n (let alone problems where d > n
or d much larger than n). Regularization (ridge or ¢1) will come to the rescue (see below).

e This is only for the fixed design setting. We consider the random design setting below, which is a bit
more involved mathematically, mostly because of the presence of ¥~! which does not cancel anymore
(leading to a term XL ~1¥0).

Experiments

To illustrate the o?d/n bound, we consider polynomial regression in one dimension, with z € R, ¢(z) =
(1,z,22,...,2F)T € R¥1 so d = k + 1. The inputs are sampled from the uniform distribution in [—1, 1],
while the optimal regression function is a degree 2 polynomial (blue curve below). Gaussian noise is added
to generate the outputs (black crosses below). The ordinary least-squares estimator is plotted in red, for
various values of n, from n = 10 to n = 1000, for k = 5.



1 n =10, train = 0.02, test = 0.23 ’ n = 18, train = 0.05, test = 0.08 ’ n = 32, train = 0.04, test = 0.08

0.5

1 1

0.5\

We can now plot the expected excess risk as a function of n, estimated by 32 replications of the experiment,
together with the bound. In the right plot, we consider the random design setting (generalization error),
while in the left plot we consider the fixed design setting (in-sample error). Notice the closeness of the
bound for all n for the fixed design (as predicted by our bounds), while this is only true for n large enough
in the random design setting.

10



| Fixed design | Random design

4 4

—— excess risk —— excess risk
27 —2d/n 2] —s2d/n
0 L

log ] O(excess risk)
log, 0(excess risk)

l0g,,(n)

6 Ridge least-squares regression

e When d/n approaches 1, we are essentially memorizing the observations y;. Also when d > n, then
® " ® is not invertible and the normal equations admit a linear subspace of solutions. These behaviors
of OLS in high dimension (d large) are often undesirable.

e Several solutions exist to fix these issues. The most common is to regularize the least-squares ob-
jective, either by adding an ¢1-penalty |01 (leading to, “Lasso” regression, see Lecture 7) or 0|3
(leading to ridge regression, this lecture and also Lecture 6) to the empirical risk.

Definition 2 (Ridge least-squares regression) For a regularization parameter X > 0, we define the
ridge least-squares estimator 0y as the minimizer of

1
min —||y — ®0|2 + \||0]|2.
min [y 0] + X]0]3

Proposition 6 We recall that 5= %<I>T<I>. We have
. 1 ~
0= —(S+ D)oy
n

Proof Left as an exercise (similar to the proof of Proposition 1). |

As for the OLS, we can analyze the statistical properties of this estimator under the linear model and fixed

design assumptions. See Lecture 6 for an analysis for random design and potentially infinite-dimensional
features.

Proposition 7 Under the linear model assumption, the ridge least-squares estimator HAA = %E;ltﬁTY has
the following excess risk

A~ o~ 2 A~ A~
E [R(OA)} — R =220 (S + AD)7250, + % i [S2(5 + A2

11



Prpof We use the risk decomposition of Proposition 3 into a bias B and variance V' terms. Since we have
E[6)] = %(E +ANTIeT 00, = (4 AI)71E0, = 0, — A(Z + AI)714,, it follows
B = |E[f:] - 6.[13
= \20] (S 4 A\I)~250..

For the variance term, using the fact that E[ee '] = %I, we have

;] - E[% tr <€T<I>(§ FAD)TISE + )J)_1<I>Ts> }
~E [% tr (@T&:J@(i FA)TISE + )\I)‘l) } - %2 tr (i(i FAD)TISE + AI)—l) .

V= E[He} - E[MI%} = E[ H LS a0 taTe

n

The proposition follows by summing the bias and variance terms. |

We can make the following observations:

e The result above is also a bias / variance decomposition with the bias term equal to B = A\26, (i +
A )~2%0,, and the variance term equal to V = %2 tr [E3(X + AI)~2.

e The bias term is increasing in A and equal to zero for A = 0 if S s invertible, while when A goes to
infinity, the bias goes to ] ¥6,. It is independent of n and plays the role of the approximation error
in the risk decomposition.

e The variance term is decreasing in A, and equal to o2d/n for A = 0 is S is invertible, and converging
to zero when X goes to infinity. It depends on n and plays the role of the estimation error in the risk
decomposition.

The quantity tr [§2(§ +AI)?] is often called the “degrees of freedom”, and is often considered as an

o e A2 .
implicit number of parameters. It can be expressed as 2?21 W, where ();) are the eigenvalues

of £. This quantity will be very important in the analysis of kernel methods in Lecture 6.
e Observe how this converges to the OLS estimator (when it is defined) as A — 0.

e In most cases, A = 0 is not the optimal choice, that is biased estimation (with controlled bias) is
preferable to unbiased estimation.

Experiments
With the same polynomial regression set-up as above, with £ = 10, we can plot the various quantities

above as a function of A. We can see the monotonicity of bias and variance with respect to A as well as
the presence of an optimal choice of A.

12



polynomial regression (dim = 5) - Ridge
—estimated excess risk
theoretical bias

1—theoretical variance
— bias+variance

Iog1 O(excess risk)

-6 -4 -2 0 2
09,4
Choice of )\

Based on the expression for the risk, we can tune the parameter A\ to obtain a potentially better bound
than with the OLS (which corresponds to A = 0 and the excess risk o2d/n).

ops . . x« __ O tr(i)
Proposition 8 With the choice \* = B We have

R tr(3)]16,
]—IR*SU r(2)|| Hz'
NG

Proof We have, using the fact that the eigenvalues of (X 4+ AI)"2AS are less s than 1/2 (which is a simple
consequence of (p—+ A)72uX < 1/2 & (u+ A\)? = 2Au for all eigenvalues p of X):

A ~ ~ o A
B =X20] (X +X)7250, = M0, (Z + \I)72\%0, < 5\\9*\\3.

Similarly, we have

2 2 2.3
g /\2 = -2 g .88 -2 g tr 2
_ _ 7 < .
Vv - tr [E X+ ) ] )\ntr [EAZ(E—F)\I) ] < o
Plugging in A* (which was chosen to minimize the upper bound on B + V') gives the result. |

e Observe that if we write R = max;eqy,.ny [|(2;)]|2, then we have

w(®) = 385 = -3 e} = -3 elai)li < R
=1

i>1 i=1 j>1

13



Thus in the excess risk bound, the dimension d plays no role and it could even be infinite (given that
R and ||f.||2 remain finite). This type of bounds are called dimension-free bounds.

The number of parameters is not the only way to measure the generalization capabilities
of a learning method.

Comparing this bound with that of the OLS estimator, we see that it converges slower to 0 as a
function of n (from n~! to n~/2) but it has a milder dependence on the noise (from o2 to o). The
presence of a “fast” rate in O(n~') with a potentially large constant, and of “slow” rate O(n~/2)
with a smaller constant will appear several time in this course.

A Depending on n and the constant, the “fast” rate result is not always the best.

The value of A* involves quantities which we typically do not know in practice (such as o and ||0,]|2).
This is still useful to highlight the existence of some A\ with good predictions (which can be found by
cross-validation).

Note here that the choice of \* = ﬁ(;* ﬁ;(\% is optimizing the upper-bound %H@* 12+ U;f\;z, and is thus

typically not optimal for the true expected risk.

/\ Check homogeneity!

Choosing ) in practice. The regularization A is an example of a hyper-parameter. This term refers
broadly to any quantity that influences the behavior of a machine learning algorithm and that is left to
choose by the practitioner. While theory often offers guidelines and qualitative understanding on how
to best chose the hyper-parameters, their precise numerical value depends on quantities which are often
difficult to know or even guess. In practice, we typically resort to validation and cross-validation.

Exercise: Compute the expected risk of the estimator obtained by regularizing by 6T A6, where
A € R™? ig a positive definite matrix.

14



7 Lower-bound (4)

In order to show a lower bound in the fixed design setting, we will consider only Gaussian noise, that is, €
has a joint Gaussian distribution with mean zero and covariance matrix ¢2I (adding an extra assumption
can only make the lower bound smaller). We follow the elegant and simple proof technique outlined by [2].

The only uncertainty in the model is the location of .. In order to make the dependence on 6, explicit, we
denote by Ry, (6) the risk (in the previous lecture, we were using the notation Ry, to make the dependence
on the distribution explicit), which is equal to

Ro.(6) =110 — 0. 13

Our goal is to lower bound

sup EaNN(O,Uzl)RG* (‘A((IDH* + E))?

0€Rd
over all functions A from R™ to R? (these functions are allowed to dependent on the observed deterministic
quantities such as ®). Indeed, algorithms take y = ®0, + ¢ € R™ as an input and outputs a vector of
parameters in R,

The main idea, which is classical in the Bayesian analysis of learning algorithms, is to lower bound the
supremum by the expectation with respect to some probability on 6,, called the prior distribution in
Bayesian statistics. That is, we have, for any algorithm / estimator A:

sup Ecun,021Ro. (A(R0, +¢)) 2 E Eeon(0,021Ro. (A(P0s + €)).

2
prek 0.~N0540)

Here, we choose the normal distribution with mean 0 and covariance matrix $-I as a prior distribution.

Using the expression of the excess risk (and ignoring the additive constant 02 = R*), we thus get the lower
bound

E Esz(O,UQI)H‘A(q)H* + 5) - 0*”%7

0. ~N(0,221)
which we need to minimize with respect to A. By making 6, random, we now have a joint Gaussian
distribution for (4,e). The joint distribution of (0.,y) = (0., b, + ¢) is also Gaussian with mean zero

and covariance matrix
2 T T
(Fo comror)=5ala onvmr)
o TdbT 4021 /) A\ D DT 4 nAl

We need to perform a similar operation as for computing the Bayes predictor in Lecture 1. This will be
done by conditioning on y, by writing

E EcnoornA®0x +) = 0.3 = Eg, A1) — 0.3

- /R (/Rd 1A (y) —e*Hgdp(@*!y))dp(y).

Thus, for each y, the optimal A(y) has to minimize [pq [[A(y) — 6. H%dp(e* |y), which is exactly the posterior
mean of 0, given y. Indeed, the vector that minimizes the expected squared deviation is the expectation (ex-
actly like when we computed the Bayes predictor for regression), here applied to the distribution dp(6.|y).

0.~N(0,52T)

15



Since the joint distribution of (f,y) is Gaussian with known parameters, we could use classical results
about conditioning for Gaussian vectors?, but we can also use the property that for Gaussian variables, the
posterior mean given y is equal to the posterior mode given y, that is, it can be obtained by maximizing
the log-likelihood log p(f.,y) with respect to 6.. Up to constants and using independence of € and 6., this
log-likelihood is

1 5 An 9 1 5 AN 9
—5gallell” = o gllfellz = =55 lly — @07 — 511042,
which is exactly (up to a sign and a constant) the ridge regression cost function. Thus, we have:

A*(y) = (®T® 4+ nAI)~'® Ty, which is exactly the ridge regression estimator 0y, and we can compute
the corresponding optimal risk, to get:

inf sup E. n,02nRe. (A(P0s +¢)) — R
A 6, eRd

H‘/l{f EG*NN(Q%I)EENN(QO’ZI)RG* (.A(CI)H* + E)) - R*

Ee 021 Ro. (A* (20, + €)) — R*
Q*NN(Q%DEENN(O,UZI)H‘A*((I)H* + E) - H*H%
Q*NN(O7%I)E€~N(O,U2I) H((I)T(I) + n}\[)—lq)—l—(q)e* + E) — H*H%

G*NN(QK_i[)EENN(OvO'ZI) H((I)Tq> + n)\I)—lq)Tg-: — ’I’L)\((I)Tq) + ’I’L)\I)_IH*H%

WV

EG*NN(O,g—iI)

Il
5 B B &

0NO,221) | = nA(@ @ +nAL) T 0.2 + Beno,o2n|[(@7® + nAI) '@ Te||% by independence,

o2

2
_ 2 S —23 oS —2332
= ) tr [(+ M) 7°%] + - tr (4 A)7?%7]
0'2 ~ ~

This risk tends to d when A tends to zero. This such show that

2

d

inf sup E.xn(0,02r)Re, (A(PO +€)) > 74
A 0.CRd ’ n

This gives us a lower-bound on performance, which exactly matches the upper-bound obtained by OLS.
In the general non least-squares case, such results are significantly harder to show. See Lectures 3 and 6.

2See https://en.wikipedia.org/wiki/Multivariate_normal_distribution#Conditional_distributions.
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8 Random design analysis

In this section, we consider the regular random design setting, that is, both x and y are considered random,
and each pair (z;,y;) is assumed independent and identically distributed from a distribution dp(z,y). Our
goal is to show that the bound on the the excess risk that we have shown for the fixed design setting,
namely o2d/n, is still valid. We will make the following assumptions regarding the joint distribution
dp(z,y), transposed from the fixed design setting to the random design setting:

e there exists a vector 6, € R? such that the relationship between input and output is
y=o() 0, +e.

e ¢ is independent from z, and E[¢] = 0 and with variance E[¢?] = o2.

With the assumption above, E(y|z) = gp(x)TH*, and thus, we perform empirical risk minimization where
our class of functions includes the Bayes predictor, a situation that is often referred to as the well-specified
setting. The risk also has a simple expression:

Proposition 9 Under the linear model above, for any 6 € R?, the excess risk is equal to:

R(0) = R* =10 — 0.3

where X := E[p(x)p(z) "] is the (non-centered) covariance matriz, and R* = o2.

Proof We have:

R(O) = [( To(@))?]
(z )T9 +e—0"p(x))’]
()"0, — 0T p(x ))]+E[52]
= (9 0.)"2(0 - 0.) + o*
which leads to the desired result. |

Note that the only difference with the fixed design setting is the replacement of ) by 3. We can now
express the risk of the OLS estimator.

Proposition 10 Under the linear model above, assuming S s invertible, the expected excess risk of the

OLS estimator is equal to

2
ZE[te(5E7Y)].
n

Proof Since the OLS estimator is equal to § = %i_lqﬂy = %i_lbe((I)@* +e) =0+ %i_lqﬂe, we have:

E[R()] - R* — E[(%i—lﬂg)%(%i—wg)}
= B[ (S( 50T (58T )] = E[ur (S5 e e a5 )]
~ ~ 2 R . 2 .
= %E[tr (EET'@TE[ee )02 = %tr (zEleTox ) = %tr(zz—l)_
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Thus, to compute the expected risk of the OLS estimator, we need to compute E [tr(Ef‘,_l)] . One difficulty
here is the potential non-invertibility of £. Under simple assumptions (e.g., p(z) has a density on R%),
as soon as n > d, S is almost surely invertible, however its smallest eigenvalue can be very small. Extra
assumptions are then needed to control it (see, e.g., [2, Section 3]).

8.1 Gaussian designs

If we assume that ¢(z) is normally distributed with mean 0 and covariance matrix ¥, then we can directly
compute the desired expectation, by first considering z = =1/ 2p(z), which has a standard normal distri-
bution (that is, with mean zero and identity covariance matrix), with the corresponding normalized design
matrix Z € R"*¢, and compute E[tr(Z"Z)™1].

Note that E[Z T Z] = nl, and by convexity of the function M ~ tr(M~!') on the cone of positive definite
matrices, and using Jensen’s inequality, we see that E[tr(ZTZ)_l] P % (here we have not used the
Gaussian assumption). However, this bound is in the incorrect direction (this happens a lot with Jensen’s
inequality).

It turns out that for Gaussians, the matrix (Z ' Z)~! has a specific distribution, called the inverse Wishart
distribution®, with an expectation that can be computed exactly as E[(Z T Z)™'] = —4—=1. Thus, we have:

n—d+1
E[tr(Zz72)7] = # if n > d + 1, thus leading to the expected excess risk of

o?d _ﬂ 1
n—d—-1 n 1—(d+1)/n

See [3] for further details. Note here that for Gaussian designs, the expected risk is exactly equal to the
expression above, and that this will only be upper-bounds later in this course.

We see that we have an explicit non-asymptotic bound on the risk, which is equivalent to o?d/n when n
goes to infinity.

8.2 General designs (¢4)

In this last more technical section, we highlight how the Gaussian assumption can be avoided. The main

idea is to show that with high probability, tlzle lowest eigenvalue of ¥ ~1/255-1/2 ig larger than some 1 — ¢,

for some ¢ € (0,1). Since the excess risk is Z tr(XX 1), this immediately shows that with high probability,
o%d 1

the excess risk is less than S

In order to obtain such results, more refined concentration inequalities are needed, such as described in [4],
[5], [6], and [7]. The sharpest known results for least-squares regression can be found in [2].

Matrix concentration inequality. We will use the matrix Bernstein bound, adapted from [4, Theorem
1.4]. Note the similarity with the regular Bernstein bound for scalars when d = 1.

3See https://en.wikipedia.org/wiki/Inverse-Wishart_distribution.
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Proposition 11 (matrix Bernstein bound) Given n independent symmetric matrices M; € Rxd
such that for all i € {1,...,n}, E[M;] =0, Amax(M;) < b almost surely. Then for all t > 0,

() 20) < (22,
for % = /\max<% S MZ.2>.

Application to re-scaled covariance matrices. Given ¥ = E[p(z)p(z) ] € R we consider the
random vector z = ¥ ~1/2(x) € R%, which is such that E[zz"] = I and E[||z|]3] = d.

We make the extra assumption that Apax <E [||z\|2zzTD < pd, for p a constant. A sufficient condition is
that almost surely ||z[|3 < pd. For a Gaussian distribution with zero mean, one can check as an exercise
that p = (1 +2/d).

We consider the random symmetric matrix M; = I — ziziT , which is such that EM; = 0, Apax(M;) < 1

almost surely, and E[M?] = E[HzinziziT ] — I with largest eigenvalue less than pd. We thus have for any
t>0,
nt?/2 )
pd+1t/3/
> log %l, then, with probability greater than 1—4, we have [-y-128y-1/2 4

P(Amax(l - %ZTZ) > t) <d-exp < _

Thus, if ¢ is such that

_nt® _
2pd+2t/3
tl, that is R
S2ERTY2 o (101,

and thus the risk is less than # ﬁ, which is the desired result. We have used the order between symmetric

matrices, defined as A = B < B < A< A — B positive semi-definite.

This is possible when t > \/2%[ log%l + 3% log %l. The bound is non-vacuous only when ¢t < 1, that is,
it is sufficient to impose %log%l < 1/2 and 4/ %log% < 1/2, which is equivalent to n > %log%l, and
n = 8pdlog %. Without surprise, the bound is non vacuous only for n > d.
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