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RANDOM DESIGN ANALYSIS OF RIDGE REGRESSION

DANIEL HSU, SHAM M. KAKADE, AND TONG ZHANG

ABSTRACT. This work gives a simultaneous analysis of both the ordinary least squares estimator and the
ridge regression estimator in the random design setting under mild assumptions on the covariate/response
distributions. In particular, the analysis provides sharp results on the “out-of-sample” prediction error, as
opposed to the “in-sample” (fixed design) error. The analysis also reveals the effect of errors in the estimated
covariance structure, as well as the effect of modeling errors, neither of which effects are present in the fixed
design setting. The proofs of the main results are based on a simple decomposition lemma combined with
concentration inequalities for random vectors and matrices.

1. INTRODUCTION

In the random design setting for linear regression, we are provided with samples of covariates and re-
sponses, (21,91), (2,Y2); - - -, (Tn,Yn), which are sampled independently from a population, where the z; are
random vectors and the y; are random variables. Typically, these pairs are hypothesized to have the linear
relationship

yi = (B, wi) + &
for some linear function 8 (though this hypothesis need not be true). Here, the ¢, are error terms, typically
assumed to be normally distributed as A'(0,62). The goal of estimation in this setting is to find coefficients /3
based on these (z;,y;) pairs such that the expected prediction error on a new draw (z,y) from the population,
measured as E[((3,z) — y)2], is as small as possible. This goal can also be interpreted as estimating 3 with
accuracy measured under a particular norm.

The random design setting stands in contrast to the fixed design setting, where the covariates x1, xa, ..., T,
are fixed (i.e., deterministic), and only the responses y1,ya,. .., Y, treated as random. Thus, the covariance
structure of the design points is completely known and need not be estimated, which simplifies the analysis
of standard estimators. However, the fixed design setting does not directly address out-of-sample prediction,
which is of primary concern in many applications; for instance, in prediction problems, the estimator B is
computed from an initial sample from the population, and the end-goal is to use B as a predictor of y given
2 where (x,y) is a new draw from the population. A fixed design analysis only assesses the accuracy of B on
data already seen, while a random design analysis is concerned with the predictive performance on unseen
data.

This work gives a detailed analysis of both the ordinary least squares and ridge estimators [9] in the random
design setting that quantifies the essential differences between random and fixed design. In particular, the
analysis reveals, through a simple decomposition:

e the effect of errors in the estimated covariance structure;

e the effect of errors in the estimated covariance structure, as well as the effect of approximating the
true regression function by a linear function in the case the model is misspecified;

e the effect of errors due to noise in the response.

Neither of the first two effects is present in the fixed design analysis of ridge regression, and the random
design analysis shows that the effect of errors in the estimated covariance structure is minimal—essentially
a second-order effect as soon as the sample size is large enough. The analysis also isolates the effect of
approximation error in the main terms of the estimation error bound so that the bound reduces to one that
scales only with the noise variance when the approximation error vanishes.
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Another important feature of the analysis that distinguishes it from that of previous work is that it
applies to the ridge estimator with an arbitrary setting of A > 0. The estimation error is given in terms
of the spectrum of the second moment of z and the particular choice of A—the dimension of the covariate
space does not enter explicitly except when A = 0. When A = 0, we immediately obtain an analysis of
ordinary least squares; we are not aware of any other random design analysis of the ridge estimator with
this characteristic. More generally, the convergence rate can be optimized by appropriately setting A based
on assumptions about the spectrum.

Finally, while our analysis is based on an operator-theoretical approach similar to that of [I9] and [4], it
relies on probabilistic tail inequalities in a modular way that gives explicit dependencies without additional
boundedness assumptions other than those assumed by the probabilistic bounds.

Outline. Section[2ldiscusses the model, preliminaries, and related work. Section [3] presents the main results
on the excess mean squared error of the ordinary least squares and ridge estimators under random design
and discusses the relationship to the standard fixed design analysis. Section Ml discusses an application to
accelerating least squares computations on large data sets. The proofs of the main results are given in
Section

2. PRELIMINARIES

2.1. Notation. Unless otherwise specified, all vectors in this work are assumed to live in a finite dimensional
inner product space with inner product (-,-). The restriction to finite-dimensions is due to the probabilistic
bounds used in the proofs; the main results of this work can be extended to (possibly infinite-dimensional)
separable Hilbert spaces under mild assumptions by using suitable infinite-dimensional generalizations of
these probabilistic bounds. We denote the dimensionality of this space by d, but stress that our results will
not explicitly depend on d except when considering the special case of A = 0. Let || - ||as for a self-adjoint
positive definite linear operator M > 0 denote the vector norm given by ||v||a := +/(v, Mv). When M is
omitted, it is assumed to be the identity I, so ||v]| = y/(v,v). Let ©® u denote the outer product of a vector
u, which acts as the rank-one linear operator v — (u ® u)v = (v,u)u. For a linear operator M, let || M||
denote its spectral (operator) norm, i.e., || M|| = sup,,, [[Mv||/||v]|, and let || M ||r denote its Frobenius norm,

e, | M|l = y/tr(M*M). If M is self-adjoint, | M||r = y/tr(M?). Let Amax[M] and Apin[M], respectively,
denote the largest and smallest eigenvalue of a self-adjoint linear operator M.

2.2. Linear regression. Let x be a random vector, and let y be a random variable. Throughout, it
is assumed that z and y have finite second moments (E[||z|?] < oo and E[y?] < oo). Let {v;} be the
eigenvectors of

(1) Y :=E[lz ®x],
so that they form an orthonormal basis. The corresponding eigenvalues are
Aj = (vg, Dug) = El{vy, 2)?].

It is without loss of generality that we assume all eigenvalues \; are strictly positive, since otherwise we may
restrict attention of all vectors to a subspace in which the assumption holds. Let 8 achieve the minimum
mean squared error over all linear functions, i.e.,

E[((8,) — )] = min {E[((w,) — )?]},
so that

@ pi= Zﬁjvj where B; := E[(vj, z)y]

E[(vj,2)?]
We also have that the excess mean squared error of w over the minimum is

E[((w, 2) —y)°] = E[((8,2) —)*] = |w - BII%
(see Proposition ().



2.3. The ridge and ordinary least squares estimators. Let (z1,y1), (22,y2), .., (Zn,yn) be indepen-
dent copies of (z,y), and let E denote the empirical expectation with respect to these n copies, i.e.,

n

(3) E[f] ::%Zf(:vi,yi) f‘:zl@[w@x]:%z:@@)xi.
i=1

=1

Let B,\ denote the ridge estimator with parameter A > 0, defined as the minimizer of the A-regularized
empirical mean squared error, i.e.,

(4) B = argmin {Bl((w, @) = )% + Aw]?} .

The special case with A = 0 is the ordinary least squares estimator, which minimizes the empirical mean
squared error. These estimators are uniquely defined if and only if X' 4+ AI > 0 (a sufficient condition is
A > 0), in which case

Br = (2 + M)~ 'E[zy).
2.4. Data model. We now specify the conditions on the random pair (x,y) under which the analysis applies.

2.4.1. Covariate model. We first define the following effective dimensions of the covariate x based on the
second moment operator X and the regularization level A:

) do=3 (325)  petn

J

It will become apparent in the analysis that these dimensions govern the sample size needed to ensure that
X is estimated with sufficient accuracy. For technical reasons, we also use the quantity

(6) CZL)\ := max{dy x, 1}

merely to simplify certain probability tail inequalities in the main result in the peculiar case that A — oo
(upon which dy » — 0). We remark that da » appears naturally arises in the standard fixed design analysis
of ridge regression (see Proposition [Il), and that di » was also used by [23] and [4] in their random design
analyses of (kernel) ridge regression. It is easy to see that da » < di x, and that d,,  is at most the dimension
d of the inner product space (with equality iff A = 0).

Our main condition requires that the squared length of (X + A\ )’1/ 22 is never more than a constant
factor greater than its expectation (hence the name bounded statistical leverage). The linear mapping z +—
(X +AI)~/2z is sometimes called whitening when A = 0. The reason for considering A > 0, in which case we
call the mapping A-whitening, is that the expectation E[||(£ + AI)~/2z||?] may only be small for sufficiently
large A, as

A LA

E[|(2 + A0 22]?] = (S + AD TR+ AN T2 =) | 2

Condition 1 (Bounded statistical leverage at ). There exists finite p) > 1 such that, almost surely,
(2 + A1)~/ 2z I(Z+ A0~ 2a _

NG YR R e

The hard “almost sure” bound in Condition [[l may be relaxed to moment conditions simply by using
different probability tail inequalities in the analysis. We do not consider this relaxation for sake of simplicity.
We also remark that it is possible to replace Condition [I] with a subgaussian condition (specifically, a
requirement that every projection of (X 4+ AT )_1/ 22 be subgaussian), which can lead to a sharper deviation
bound in certain cases.

Remark 1 (Ordinary least squares). If A = 0, then Condition [Tlreduces to the requirement that there exists
a finite pg > 1 such that, almost surely,

|12l |22

Bl Ve




Remark 2 (Bounded covariates). If ||z|| < r almost surely, then
(X + )~ 2| < r
\/dl)\ - \/(mf{)\J} +)\)d17)\

in which case Condition [I] holds with p, satisfying

r

< .
12N ,—/\dl)\

2.4.2. Response model. The response model considered in this work is a relaxation of the typical Gaussian
model; the model specifically allows for approximation error and general subgaussian noise. Define the
random variables

(7) noise(z) := y — E[ylz] and approx(z) := E[y|z] — (5, x)

where noise(z) corresponds to the response noise, and approx(x) corresponds to the approximation error of
B. This gives the following modeling equation:

y = (B, x) + approx(z) + noise(z).

Conditioned on z, noise(z) is random, while approx(z) is deterministic.
The noise is assumed to satisfy the following subgaussian moment condition:

Condition 2 (Subgaussian noise). There exists finite o > 0 such that, almost surely,
IE [exp(n noise(x))|x] < exp(n®0?/2) Vn e R.
Condition P is satisfied, for instance, if noise(z) is normally distributed with mean zero and variance 2.
For the next condition, define 8y to be the minimizer of the regularized mean squared error, i.e.,

(8) B = argmin {E[((w, z) — )*] + A|w[|*} = (2 + X)) "' Elay],
and also define
(9) appro, (z) := Elyla] — (B, ).
The final condition requires a bound on the size of approx, ().
Condition 3 (Bounded approximation error at A). There exist finite by > 0 such that, almost surely,
[(Z + AL~ Y2z approx, (@) [|(Z + AL)~V/2z approx, ()
VEZ -+~ Vi

The hard “almost sure” bound in Condition [3] can easily be relaxed to moment conditions, but we do not
consider it here for sake of simplicity. We also remark that by only appears in lower-order terms in the main
bounds.

(.

Remark 3 (Ordinary least squares). If A = 0 and the dimension of the covariate space is d, then Condition [B]
reduces to the requirement that there exists a finite by > 0 such that, almost surely,

HE‘V% approx(z)|| HE‘V% approx(z)
E[|| Z-1/22]?] Vd

Remark 4 (Bounded approximation error). If | approx(x)| < a almost surely and Condition[I] (with parameter
px) holds, then

[

(X + AI)~/2z approx, (=)
di,a

< palapprox, ()]

< pala+ (B — Bx,2)|)
<pala+ 18 = Ballstarllzll sy ar-1)
< pala+ pa/diallB — Balls+ar)

where the first and last inequalities use Condition[I] the second inequality uses the definition of approx, (z)
in (@) and the triangle inequality, and the third inequality follows from Cauchy-Schwarz. The quantity
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13 = Balls+ar can be bounded by v/A||S|| using the arguments in the proof of Proposition[Zl In this case,

Condition B is satisfied with
bx < pala+ pay/Adi x| B]).
If in addition ||z|| < r almost surely, then Condition [I] and Condition B] are satisfied with

oa < and by < pa(a+7]8]))

1A
as per Remark

2.5. Related work. The ridge and ordinary least squares estimators are classically studied in the fixed
design setting: the covariates xi,xs,...,x, are fixed vectors in R%, and the responses yi,%s,...,Yyn are
independent random variables, each with mean E[y;] = (3, z;) and variance var(y;) < o [16]. The analysis
reviewed in Section Bl reveals the expected prediction error E[[|3x — 8]|%] is controlled by the sum of a
bias term, which is zero when A = 0, and a variance term, which is bounded by 02d27 a/n. As discussed in
the introduction, our random design analysis of the ridge estimator reveals the essential differences between
fixed and random design by comparing with this classical analysis.

Many classical analyses of the ridge and ordinary least squares estimators in the random design setting
(e.g., in the context of nonparametric estimators) do not actually show nonasymptotic O(d/n) convergence
of the mean squared error to that of the best linear predictor, where d is the dimension of the covariate
space. Rather, the error relative to the Bayes error is bounded by some multiple ¢ > 1 of the error of the
optimal linear predictor relative to the Bayes error, plus a O(d/n) term [g]:

E[((3,2) - E[y|z])’] < c-E[({8, ) — E[y|2])*] + O(d/n).
Such bounds are appropriate in non-parametric settings where the error of the optimal linear predictor
also approaches the Bayes error at an O(d/n) rate. Beyond these classical results, analyses of ordinary
least squares often come with nonstandard restrictions on applicability or additional dependencies on the
spectrum of the second moment operator (see the recent work of [2] for a comprehensive survey of these
results); for instance, a result of [5] gives a bound on the excess mean squared error of the form

d+ log(det(ﬁ)/ det(E))>

n

15 = BII% §O<

but the bound is only shown to hold when every linear predictor with low empirical mean squared error
satisfies certain boundedness conditions.

This work provides ridge regression bounds explicitly in terms of the vector 3 (as a sequence) and in terms
of the eigenspectrum of the second moment operator Y. While the essential setting we study is not new,
previous analyses make unnecessarily strong boundedness assumptions or fail to give a bound in the case
A = 0. Here we review the analyses of [23], [19], [4], and [20]. [23] assumes ||z|| < b, and [(5, ) —y| < bapprox
almost surely, and gives the bound

: (bapprox + bm”é)\ - BH)Q

n

. N d
18y — Bl1% < AllBy — B* + ¢ 222

for some ¢ > 0, where dj  is the effective dimension at scale A as defined in (B). The quantity 18y — B is
then bounded by assuming || 3| < co. Thus, the dominant terms of the final bound have explicit dependences
on bapprox and by. [19] assume that |y| < b, and ||z|| < by almost surely, and prove the bound

272

A B2
1B = Ballx < ¢ - n)\g

for some ¢ > 0 (and note that the bound becomes trivial when A = 0); this is then used to bound || 5 — 8]|%
under explicit assumptions on . [4] assume ||z|| < b, almost surely, and prove the bound (in their Theorem

1)

R bm _ 2 2d
I3 = 01 < " (1 - ol + P o T oy ).

Here, we also note that, if one desires the bound to hold with probability > 1 — e~ for some ¢ > 0, then
the leading factor ¢’ > 1 depends quadratically on ¢. Finally, [20] explicitly require |y| < b, and their main
5



bound on |3y — B]|% (specialized for the ridge estimator) depends on b, in a dominant term. Moreover, this
main bound contains ¢” - (A||8x]|? + [|8x — B]|%) as a dominant term for some ¢’ > 1, and it is only given
under explicit decay conditions on the eigenspectrum (their Equation 6). The bound is also trivial when
A = 0. Our result for ridge regression is given explicitly in terms of |3y — §]|3 (and therefore explicitly in
terms of 8 as a sequence, the eigenspectrum of X, and A); this quantity vanishes when A = 0 and can be
small even when ||3|| itself is large. We note that |3y — f3||3 is precisely the bias term from the classical
fixed design analysis of ridge regression, and therefore is natural to expect in a random design analysis.

Recently, [3] derived sharp risk bounds for the ordinary least squares and ridge estimators (in addition to
specially developed PAC-Bayesian estimators) in a random design setting under very mild moment assump-
tions using PAC-Bayesian techniques. Their nonasymptotic bound for ordinary least squares holds with
probability at least 1 — e~* but only for ¢ < Inn; this is essentially due to their weak moment assumptions.
By relying on stronger moment assumptions, we allow the probability tail parameter ¢ to be as large as
Q(n/d). Our analysis is also arguably more transparent and yields more reasonable quantitative bounds.
The analysis of [3] for the ridge estimator is established only in an asymptotic sense and therefore are not
directly comparable to those provided here.

Finally, although the focus of our present work is on understanding the ordinary least squares and ridge
estimators, it should also be mentioned that a number of other estimators have been considered in the
literature with nonasymptotic prediction error bounds [14} [3, 13]. Indeed, the works of [3] and [I3] propose
estimators that require considerably weaker moment conditions on x and y to obtain optimal rates.

3. RANDOM DESIGN REGRESSION

This section presents the main results of the paper on the excess mean squared error of the ridge estimator
under random design (and its specialization to the ordinary least squares estimator). First, we review the
standard fixed design analysis.

3.1. Review of fixed design analysis. It is informative to first review the fixed design analysis of the ridge
estimator. Recall that, in this setting, the design points x1, 2, ..., 2, are fixed (deterministic) vectors, and
the responses y1, ¥2, - . ., Yn are independent random variables. Therefore, we define X := S=n! Sr i wi®
x; (which is nonrandom), and assume it has eigenvectors {v;} and corresponding eigenvalues A; := (v;, Xv;).
As in the random design setting, the linear function 8 := 3 B;jv; where j; := (nAj) 1300 (v, ) Elyi]
minimizes the expected mean squared error, i.e.,

1 n
B := argmin — > El(w, ) — )]
=1

Similar to the random design setup, define noise(x;) := y; — E[y;] and approx(x;) := E[y;] — (8, z;) for
i1=1,2,...,n, so the following modeling equation holds:

yi = (B, ) + approx(z;) + noise(x;)

fori =1,2,...,n. Because X = f, the ridge estimator BA in the fixed design setting is an unbiased estimator
of the minimizer of the regularized mean squared error, i.e.,

Elfy] = (5 4+ A1) (% Zmﬂw]) = argmin {% S El({w, ) )7 + Aan}.

This unbiasedness implies that the expected mean squared error of BAA has the bias-variance decomposition

(10) E[|Bx — BII3] = IE[Bx] — 8113 + E[ll8x — EIBA]II3].
The following bound on the expected excess mean squared error easily follows from this decomposition and
the definition of 5 (see, e.g., Proposition [7).

Proposition 1 (Ridge regression: fixed design). Fiz A > 0, and assume X + X is invertible. If there exists
o >0 such that var(y?) < o? for alli =1,2,...,n, then

2
E[| B - BII3] < E : X 4 B ~ Z < E >
- (3 +1)2 n < Aj+A
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with equality iff var(y;) = o2 for all i =1,2,...,n.

Remark 5 (Effect of approximation error in fixed design). Observe that approx(z;) has no effect on the
expected excess mean squared error.

Remark 6 (Effective dimension). The second sum in the bound is equal to da », a notion of effective dimension
at regularization level \.

Remark 7 (Ordinary least squares in fixed design). Setting A = 0 gives the following bound for the ordinary
least squares estimator [y:
- 9 o%d
E[l30 — 83 < Z°
where, as before, equality holds iff var(y;) = o2 for alli = 1,2,...,n.

3.2. Ordinary least squares. Our analysis of the ordinary least squares estimator (under random design)
is based on a simple decomposition of the excess mean squared error, similar to the one from the fixed design
analysis. To state the decomposition, first let By denote the conditional expectation of the least squares
estimator BO conditioned on 1,9, ..., Ty, i€,

Bo :=E[Bo|z1, 22, ..., 2] = L E[zE[y|a]].
Also, define the bias and variance as:
Eps 1= HBO - ﬂ”QE ) Evr = ||B0 - BO“QE
Proposition 2 (Random design decomposition). We have
||BO - ﬁ”zz S Ebs 2\/ €bsEvr + Evr
S 2(Ebs + Evr)
Proof. The claim follows from the triangle inequality and the fact (a + b)? < 2(a? + b?). O

Remark 8. Note that, in general, IE[BQ] # [ (unlike in the fixed design setting where IE[BQ] = (). Hence, our
decomposition differs from that in the fixed design analysis (see (I0)).

Our first main result characterizes the excess loss of the ordinary least squares estimator.

Theorem 1 (Ordinary least squares regression). Pick any t > max{0,2.6 — logd}. Assume Condition [1
(with parameter po), Condition[d (with o), and Condition [3 (with by) hold and that

n > 6pad(logd +t).
With probability at least 1 — 3e~¢, the following holds:

(1) Relative spectral norm error in 23 is invertible, and

H21/22—121/2H < (1 _ 55)_17
where X' is defined in (), S is defined in @), and

5 e [4p3d(logd +t) n 2p3d(logd + t)
T n 3n

(note that the lower bound on n ensures ds < 0.93 < 1).
(2) Effect of bias due to random design:

2 E[||x-1/2 2 16b3dt?
e < 122z approx(@)IP) ) | gpye , 1608 )

~(1-6) n 9n?

2 (p%dE[approx(:z:)Q] (14 VBD?2 + 16bgdt2>
n 3

<
T (1=6)? 9In?

and approx(z) is defined in ([@).



(3) Effect of noise:

__ 1 cd+2vdt+2n)

v = 1—6 n '

Remark 9 (Simplified form). Suppressing the terms that are o(1/n), the overall bound from Theorem [ is

2K[|| X~/ 2z approx(z)]|?] 2, o?(d + 2V/dt + 2t)
n

n

1Bo — BII% < (14 V8t) +o(1/n)

(so by appears only in the o(1/n) terms). If the linear model is correct (i.e., Ely|z] = (8, z) almost surely),
then

(11) 160 = BII%; <

One can show that the constants in the first-order term in (II]) are the same as those that one would obtain
for a fixed design tail bound.

o?(d+ 2;/E+ 2t) o(L/n),

Remark 10 (Tightness of the bound). Since
1Bo = BlI% = II(ZY/22 - £Y*)E[2 ™Yz approx(a)] ||

and
|25 182 1| =0

—1/2

as n — oo (Lemma[), ||y — f||% is within constant factors of |[E[X~/2z approx(x)]||? for sufficiently large

n. Moreover,

= —-1/2 2
E[|[B[5 /%0 approx(z)]|2] = —d=—PProx(D)[]
n

which is the main term that appears in the bound for ens. Similarly, || Bo — Bol|% is within constant factors
of ||Bo — BOHQE for sufficiently large n, and

. 24
E[ll5o — BollE] < -
2

with equality iff var(y) = o° (this comes from the fixed design risk bound in Remark [7). Therefore, in
this case where var(y) = o2, we conclude that the bound Theorem [ is tight up to constant factors and
lower-order terms.

3.3. Random design ridge regression. The analysis of the ridge estimator under random design is again
based on a simple decomposition of the excess mean squared error. Here, let 3 denote the conditional
expectation of 8y given x1,xo,..., Ty, i.€.,

(12) B)\ = E[B)\'*/I;lu Z2,... 7x’ﬂ] = (E + AI)_1E[$E[y|$]]

Define the bias from regularization, the bias from the random design, and the variance as:
Erg = ”6)\ - ﬁ”%‘u Ebs = HBX - ﬁ>\|‘227 Evr = ||B)\ - B)x||227

where ) is the minimizer of the regularized mean squared error (see (J)).

Proposition 3 (General random design decomposition).

”B)\ - Bsz S Erg + €bs + Evr + 2(\/€rg€bs + \/Erggvr + \/Ebsgvr)
< 3(5rg + €bs + Evr)

Proof. The claim follows from the triangle inequality and the fact (a + b)? < 2(a? + b?). O

Remark 11. Again, note that E[BA] # B in general, so the bias-variance decomposition in ([I0) from the
fixed design analysis is not directly applicable in the random design setting.

The following theorem is the main result of the paper:
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Theorem 2 (Ridge regression). Fiz some X\ > 0, and pick any t > max{0,2.6 — log Jl,,\}. Assume Condi-
tion [l (with parameter py ), Condition[d (with parameter o), and Condition[3 (with parameter by ) hold; and
that

n > 6p3di(logdy » +1),

where dy,  for p € {1,2} is defined in (5), and dy y is defined in (G).
With probability at least 1 — 4e~t, the following holds:

(1) Relative spectral norm error in S+ M: X+ M s invertible, and

[(Z+ADY2E + M) Y Z +AD)V?| < (1—6)7",
where X is defined in (@), X is defined in @), and

5. — \/4p§d17)\(10g JL,\ + t) 4 2p§d17)\(10g Czl,)\ + t)
S n 3n

(note that the lower bound on n ensures s < 0.93 < 1).
(2) Frobenius norm error in X':

[(Z+ADY2(Z = £)(Z +ADY2 e < /di 0,

where

2din — dox/d 4+/ptd da.x/dy At
Of := \/p/\ LA 22/dx 1+ \/Q) + \/pA 1A+ d2n/di .
n 3n
(3) Effect of regularization:

Aj 9
srggg ~ 32,
7 (F

If A\ =0, then e,z = 0.
(4) Effect of bias due to random design:

-1/ _ 2,2
s < _255)2 (E[”(EJFM) Y asproxA(:v) ML 4 anye + 16(b>\\/dlé);l;|‘ JE) t )
S(yf@zcﬂhﬁhwﬁM@P“f@u+¢§ﬁ+(m¢a§;%%fﬁ>

and approx, (z) is defined in [@). If A = 0, then approx,(z) = approx(z) as defined in ().
(5) Effect of noise:

o? (d“ + /dly)\dQ_’)\(sf) 202\/(d2,,\ ++/ dl,Adz,A5f)t 9021
< .
= (1= 0.)? i n(1= 0.2 LTy

We now discuss various aspects of Theorem

5‘VI‘

Remark 12 (Simplified form). Ignoring the terms that are o(1/n) and treating ¢ as a constant, the overall
bound from Theorem [2] is

. -1/ —
1~ 81 < s i+ 0 (BN 2approny o) = W) 0%

n

2dy \E[approx, (z)?] + — BlIZ + o2d
S|m—mg+o(mlA[m>A<>1nm 8113 u)

n

Qd E 2 + 2d +1 _ 2 + 2d
S Hﬂ)\ _ﬁ”QE +O (p)\ 1, [approx(a:) ] (p)\ nly)\ )”ﬂ)\ B“E g 2=>\>

where the last inequality follows from the fact \/E[approx, (z)2] < \/E[approx(z)2] + ||8x — 8 5.
9



Remark 13 (Effect of errors in b5 ). The accuracy of S has a relatively mild effect on the bound—it appears
essentially through multiplicative factors (1—d5) ™! = 14+0(ds) and 1+ 6¢, where both ds and J; are decreasing
with n (as n~1/2), and therefore only contribute to lower-order terms overall.

Remark 14 (Effect of approximation error). The effect of approximation error is isolated in the term || 3y —
Ball%. The bound eps scales with a fourth-moment quantity E[||(X + AI)~'/2(z approx, (z) — A3 |?]; when
using the looser bound O(p3d; zElapprox(z)?] + (pdix + 1)||8x — B|%), the overall simplified bound from
Remark [[2] can be viewed as

E[(Br, 2) — Elyla])?|s]
< E[({8,2) — Elyla])?] (1 n

+ terms due to stochastic noise

Clpidl,k) (P?\dl,x + 1))
n

(B - pap) (14 2O

for some positive constants ¢; and ca. Therefore, the (bound on the) mean squared error of B,\ is the sum
of two contributions (up to lower-order terms): the first is a scaling of the approximation errors E[({8, z) —
Ely|z])?] + E[(8x — 8, x)?], where the scaling 1+ O((p3d1,x +1)/n) tends to one as n — oo; and the second is
the stochastic noise contribution. The approximation error contribution is unique to random design, while
the stochastic noise appears in both random and fixed design.

Remark 15 (Bounded covariates). Suppose approx(z) = 0 and that there exists » > 0 such that ||z| < r
almost surely. This is the setting of a well-specified model with bounded covariates; the minimax risk over
the class of models 3 with ||3]| < B for some B > 0 is at least Q(y/02r2B2/n) [17]. In this case, using the
inequalities ||8x — 8% < A||B]1?/2 and da \ < tr(X)/(2)), the simplified bound from Remark [[2] reduces to

. 5 1+72/) AMIBIZ  o? tr(X)

Choosing A > 0 to minimize the bound and using the fact tr(¥) < r? gives

2 p2
18— Bl < \/UQT;BQ (1+0am)+o(=F),

which matches the lower bound up to constant factors and lower-order terms.

Remark 16 (Application to smoothing splines). The applications of ridge regression considered by [23] can
also be analyzed using Theorem [2 (although technically our result is only proved in the finite-dimensional
setting). We specifically consider the problem of approximating a periodic function with smoothing splines,
which are functions f: R — R whose s-th derivatives f(*), for some s > 1 /2, satisfy

/ (f<5) (t))2 dt < co.

The one-dimensional covariate t € R can be mapped to the infinite-dimensional representation x := ¢(t) €
R where

Toj = % and  Zopy1 = %, ke{0,1,2,...}.
Assume that the regression function is
Elyla] = (8.)
so approx(z) = 0 almost surely. Observe that [|lz[|* < 522, so Condition [ is satisfied with

25 \% 1
px =
<25_ 1) VAdy

10



as per Remark 2l Therefore, the simplified bound from Remark [[2] becomes in this case

A 25 |18y = BlI% | 18x = BlI% + 0Pdax
— BlZ4 < — B2 . . x x )
I = 815 < 19— Bl + - (522 - L Pl :

B2 o?dy,\ I W L1
< C- Ao 4 2 D
-2 * n * 2s—1 * 2 n
for some constant C' > 0, where we have used the inequality ||8x — B||% < A||B]|?/2. [23] shows that
. 2/
< —_— 7.
dix < Juf {Qk T s s DRt }
Since do x < dy y, it follows that setting A := k=2° where k = | ((25 — 1)n/(2s))Y/ 25+ | gives the bound

N 2 25 — 1 —zit
[8x = B3 < (@ + 2002) . ( 825 n) + lower-order terms

which has the optimal data-dependent rate of n~ i1 [22].

Remark 17 (Comparison with fixed design). As already discussed, the ridge estimator behaves similarly
under fixed and random designs, with the main differences being the lack of errors in Y under fixed design,
and the influence of approximation error under random design. These are revealed through the quantities py
and dq,» (and by in lower-order terms), which are needed to apply the probability tail inequalities. Therefore,
the scaling of p3dy \ with X crucially controls the effect of random design compared with fixed design.

4. APPLICATION TO ACCELERATING LEAST SQUARES COMPUTATIONS

Our results for the ordinary least squares estimator can be used to analyze a randomized approxima-
tion scheme for overcomplete least squares problems [7] [I8]. The goal of these randomized methods is to
approximately solve the least squares problem

1
min — || Aw — b||?
weRT M
for some large, full-rank design matrix A € R™*? (m > d) and vector b € R™. Note that using a standard
method to exactly solve the least squares problem requires Q(md?) operations, which can be prohibitive
for large-scale problems. However, when an approximate solution is satisfactory, significant computational
savings can be achieved through the use of randomization.

4.1. A randomized approximation scheme for least squares. The approximation scheme is as follows:

(1) The columns of A and the vector b are first subjected to a randomly chosen rotation matrix (i.e., an
orthogonal transformation) © € R"™*™. The distribution over rotation matrices that may be used
is discussed below.

(2) A sample of n rows of [© A4, @] € R™*(4+1) are then selected uniformly at random with replacement;
let {[z],y:]:i=1,2,...,n} (where z; € R? and y; € R) be the n selected rows of [© A, Ob].

(3) Finally, the least squares problem

1 n
. 2
min, ;(@v, zi) = i)

is solved by computing the ordinary least squares estimator By on the sample {(zi,y:) i =

1,2,...,n}.
The motivation for the random rotation © is captured in Lemmal[I] which shows that, if © is chosen randomly
from certain distributions over rotation matrices, then applying © to A and b creates an equivalent least
squares problem for which the statistical leverage parameter (the quantity po in Condition [) is small.
Consequently, the new least squares problem can be approximately solved with a small random sample, as
per Theorems 2] and [[I Without the random rotation, the statistical leverage parameter could be so large
that small random sample of the rows will likely miss a row crucial for obtaining an accurate approximation.
The role of statistical leverage in this setting was also pointed out by [6], although Lemma [I makes the

11



connection more direct. We note that Lemma [Il and the analysis below can be generalized to the case where
© is only approximately orthogonal; for most standard distributions over rotation matrices, the additional
error terms that arise do not affect the overall analysis.

The running time of the approximation scheme is given by (i) the time required to apply the m xm random
rotation operator O to the original m x (d + 1) matrix [A, b] and randomly sample n rows, plus (ii) the time
to solve the least squares problem on the smaller design matrix of size n x d. For (i), naively applying an
arbitrary m x m rotation matrix requires Q(m?2d) operations; however, there are (distributions over) rotation
matrices for which this running time can be reduced to O(mdlogm) (see Example 2 in Section below),
which is a considerable speed-up when m is large. In fact, because only n out of m rows are to be retained
anyway, this computation can be reduced to O(mdlogn) [1I]. For (ii), standard methods can produce the
ordinary least squares estimator or the ridge regression estimator with O(nd?) operations. Therefore, we are
interested in the sample size n that suffices to yield an accurate approximation.

4.2. Analysis of the approximation scheme. Our approach to analyzing the above approximation
scheme is to treat it as a random design regression problem. We apply Theorem [I] in this setting to give
error bounds for the solution produced by the approximation scheme.

Let (z,y) € R? x R be a random pair distributed uniformly over the rows of [© A, Ob], where we assume
that © is randomly chosen from a suitable distribution over rotation matrices such as those described in
Example[Jland Example2l Lemmal[ll (below) implies that there exists a constant ¢y > 0 such that Condition[I]
is satisfied with

logm + 7
d

p%gco-(1+

with probability at least 1 — e™" over the choice of the random rotation matrix ©. Henceforth, we condition
on the event that this holds.

Let 3 € R be the solution to the original least squares problem (i.e., 3 := argmin,, ||Aw — b||2/m), and
let Bo € R? be the ordinary least squares estimator computed on the random sample of the rows of [© A, ©b].
Note that, for any w € R?,

1 1
B[((w, ) - 5)?] = —||©4w — 6> = — || 4w — b|]*

Moreover, we may assume for simplicity that y — (8, z) = approx(z) (i.e., there is no stochastic noise), so
Elapprox(x)?] = E[((8,z) — y)*] = | AB — b||*/m.
By Theorem [T if at least

n > 6(d + co(logm + 7)) (logd + t)

rows of [©A, ©b] are sampled, then the ordinary least squares estimator Bo satisfies the following approxi-
mation error guarantee (with probability at least 1 — 3e™* over the random sample of rows):

1 A 1 d—+logm + 7)t
L4 o2 < 2148 -2 (1 +c1M> T o(1/n)
m m n

for some constant ¢; > 0. We note that the o(1/n) terms can be removed if one only requires constant
probability of success (i.e., 7 and t treated as constants), as is considered by [7]. In this case, we achieve an
error bound of

1 A 1
—[|Afo = B> < —[|AB = b|*- (1 +¢)
m m

for € > 0 provided that the number of rows sampled is

1
n > co(d +logm) (— + logd)
€

for some constant ¢y > 0.
12



4.3. Random rotations and bounding statistical leverage. The following lemma gives a simple con-
dition on the distribution of the random orthogonal matrix © € R™*™ used to preprocess a data matrix A
so that Condition [Ilis applicable to a random vector z drawn uniformly from the rows of ©A. Its proof is a
straightforward application of Lemma [8

Lemma 1. Fiz any 7 > 0 and A > 0. Suppose © € R™*™ s a random orthogonal matriz and k > 0 is a
constant such that

(13) E [exp (a7 (vmOTe;))] <exp (klal?/2), VaeR™Vi=1,2,...,m

where e; is the i-th coordinate vector in R™. Let A € R™%9 be any matriz of rank d, and let ¥ :=
(1/m)(©A)T(©A) = (1/m)AT A. There exists

2 <nl142 10gm—|—7'+ 2(logm + 7)
di,x di,x

Pr {{nﬁx [(Z 4+ A1) "Y2(04)7 ¢ > Pidl)\} <e

such that

where dy » = Z;l:l )\A—j_)\ and {\1, A2, ..., \q} are the eigenvalues of X.
J

Proof. Let z; := /mOTe; for each i = 1, 2 ...,n. Let U € R™*? be a matrix of left orthonormal singular
vectors of (1/y/m)A, and let Dy := dlag( Note that Dy = I if A = 0. We have

Ao
)\1+>\’ Ao+ Ag +>\)
(£ + A1) "V2(04) ;|| = |[VmDY*UTO e = | DY *UT 2.
Since tr(UD)\U ") = dj », tr(UDiUT) < dj x, and Apax[UDNU "] < 1, Lemma [§ implies

Pr [|Di/2UTzi|2 > K (dl)\ +24/diA(logm + 1) + 2(logm + T)):| <e "/m.

Therefore, by a union bound,

Pr {{%ax [(Z 4+ M) "Y2(04)7e|? > & <d17)\ + 24/dy x(logm + 7) + 2(logm + 7'))} <e . O

Below, we give two simple examples under which the condition (I3]) in Lemma [ holds.

Example 1. Let © be distributed uniformly over all m x m orthogonal matrices. Fix any i = 1,2,...,m.
The random vector v := ©7e, is distributed uniformly on the unit sphere §™~!. Let [ be a y random variable
with m degrees of freedom, so z := [v follows an isotropic multivariate Gaussian distribution. By Jensen’s
inequality and the fact that E[exp(q"2)] < exp(||¢||?/2) for any vector ¢ € R™,

E[exp (a7 (vim®Te:))] = E [exp (o (vino))]

=EE [exp (?E/a T(E[l]v)) ‘ v”

<k o (@)

)
<ow ()

g [lel? (1T
=GP T Am  360m3

where the last inequality is due to the following lower estimate for x random variables:




Therefore, the condition ([I3)) is satisfied with k =1+ O(1/m).

Example 2. Let m be a power of two, and let © := H diag(s)//m, where H € {£1}™*™ is the
m x m Hadamard matrix, and s := (81, S2,...,5,) € {£1}™ is a vector of m Rademacher variables (i.e.,
81,82, ..., 8m are L.i.d. with Pr[s; = 1] = Pr[s; = —1] = 1/2). It is easy to check that © is an orthogonal
matrix. The random rotation © is a key component of the fast Johnson-Lindenstrauss transform of [I], also
used by [7]. Tt is especially important for the present application because it can be applied to vectors with
O(mlogm) operations, which is significantly faster than the Q(m?) running time of naive matrix-vector
multiplication.
For each i = 1,2,...,m, the distribution of /m©"e; is the same as that of s, and therefore

E [exp (a" (VmOTe;))| =E[exp (a's)] < exp(||lel|?/2)

where the last step follows by Hoeffding’s inequality. Therefore, the condition (I3]) is satisfied with x = 1.

5. PROOFS OoF THEOREM [I] AND THEOREM

The proof of Theorem ] uses the decomposition of |3y — B]|% in Proposition B, and then bounds each
term using the lemmas proved in this section.

The proof of Theorem [I] omits one term from the decomposition in Proposition 3] due to the fact that
B = Bx when A = 0; and it uses a slightly simpler argument to handle the effect of noise (Lemma [ rather
than Lemma [7]), which reduces the number of lower-order terms. Other than these differences, the proof is
the same as that for Theorem Pl in the special case of A = 0.

Define
(14) Iy = X4 A,
(15) Syi=Y 4\, and
(16) Ay =28 - o)e e

S N 07 N Dol

Recall the basic decomposition from Proposition [3

183~ 813 < (18— Bl + 1> — Bz + 13— Bals)

Section [5.1] first establishes basic properties of 3 and 35, which are then used to bound |3\ — 3||3; this part
is exactly the same as the standard fixed design analysis of ridge regression. Section employs probability
tail inequalities for the spectral and Frobenius norms of random matrices to bound the matrix errors in
estimating X' with )5 Finally, Section and Section [5.4] bound the contributions of approximation error
(in ||Bx — Ba]|%) and noise (in || By — Ba]|%), respectively, using probability tail inequalities for random vectors
as well as the matrix error bounds for £.

5.1. Basic properties of § and (), and the effect of regularization. The following propositions are
well known in the study of inverse problems:

Proposition 4 (Normal equations). E[(w,z)y] = E[{w, z){(5,x)] for any w.

Proof. Tt suffices to prove the claim for w = wv;. Since E[{v;,z)(vj,z)] = 0 for j° # j, it follows that
Ef(vj, x)(B,2)] = >, By El(vj, x){vjr, x)] = BE[(vj, z)?] = E[(v}, z)y], where the last equality follows from
the definition of 5 in (2)). O

Proposition 5 (Excess mean squared error). E[((w,z) —y)?] — E[({3,z) — y)?] = E[(w — 3,2)?] for any w.
14



Proof. Directly expanding the squares in the expectations reveals that

E[((w,z) — y)*] - E[((8,z) — y)°]

= E[(w, 2)*] — 2E[(w, x)y] + 2E[(B, 2)y] — E[(8, 2)’]
(w, 2)*] = 2E[{w, 2)(8, 2)] + 2E[(B, z)(8, z)] — E[(8, z)]
(w,

E[
E[(w, 2)* — 2(w, 2)(B,z) + (8,)*]
E[

(w - B,2)%
where the third equality follows from Proposition [l g
Proposition 6 (Shrinkage). For any j,
Aj
<’UJ7B>\> - )\_]'i‘)\ﬂj
Proof. Since (X + M)~ = >N+ Al @ vy,
Ao El{vy, )yl A
j = (v;,(Z+A)7'E ; = L J
<vjaﬂ)\> <v35( + ) [Iy]> )\ A [<’UJ5I>y] )‘j DY <’Uj,$>2 )\ + )\ﬂﬂ

O

Proposition 7 (Effect of regularization).
s
1B=B\% =) =05
¥ ZJ: (3 +1)2
Proof. By Proposition [G],
Aj A
<vj5/8_ﬂ>\>_ﬂj )\ +)\ﬂj )\j+)\ﬂj-
Therefore,
2
s
13- = (c9) - % i
)\ + A ; (TJ + 1)2 J
O

5.2. Effect of errors in 5.

Lemma 2 (Spectral norm error in f]) Assume Conditiond (with parameter py ) holds. Pickt > max{0,2.6—
logdy }. With probability at least 1 —e™ ",

1AL < \/4P§d1,A(1ff dix+1) n QPg\dl,A(l?(:icZL,\ +1)
where Ay is defined in (10]).
Proof. The claim is a consequence of the tail inequality from Lemma First, define
=5,z and ¥:=x'Pxy '
(where Xy is defined in (I4)), and let
Z=i®i- X
=2 e — 052
so Ay = E[Z]. Observe that E[Z] = 0 and
121 = max{Amax[Z], Amax[= 2]} < max{||]|*, 1} < pidi.»
where the second inequality follows from Condition Il Moreover,

E[2°] = E[(# ®7)*] - £* = E[|#*(# © &)] - £*
15



S0
/\maX[E[ZQH < >‘rna><[IE[(3~j ® 33) ]] < pAdl AAmaX[ ] < pAdl A
tr(E[2%]) < w(E[|Z]*(Z © 2)]) < pRdu tx(F) = p3d] 5
The claim now follows from Lemma [0 (recall that d; » = max{1,d; \}). O

Lemma 3 (Relative spectral norm error in £3). If [|Ay|| < 1 where Ay is defined in (), then
=~ 1
e e T
oA L—[[Ax]l
where Xy is defined in () and £y is defined in (I5).
Proof. Observe that
2/\—1/22)\2;1/2 _ 2/\—1/2(2)\ L5 - 2}\)2—1/2

— I+ 525 - m)e P
=1+ Ay,
and that
Amin[l +Ax] = 1= [|[A]| >0
by the assumption ||Ay|| < 1 and Weyl’s theorem [I0]. Therefore,
1 1

SV2E S = A (1250 Z0 YD) Y = A (T 4+ A0) 71 = < :
153285 (S W+ AT = v Ay S T-7a]

O

Lemma 4 (Frobenius norm error in X). Assume Condition [ (with parameter py) holds. Pick any t > 0.
With probability at least 1 — e™t,

N 17
1A]|F < \/IE[HEA Y2041 “da e 4\/mt
B n

3n
2 72 4,/p% da At
p3d dax 1A+ 2,
< %14_\/

where Ay is defined in ([16).

Proof. The claim is a consequence of the tail inequality in Lemma [@ As in the proof of Lemma [2] define
z = 2;1/2:1: and ¥ := 2;1/222;1/2, and let Z == F® % — X so Ay = IE[Z] Now endow the space of
self-adjoint linear operators with the inner product given by (A, B)r := tr(AB), and note that this inner
product induces the Frobenius norm ||M||p = (M, M)r. Observe that E[Z] = 0 and

1Z| =(Z0F—X,i®i— )
= (i®FIQir —2F0 L X)r + (2, X
= [|&]* - 2]|#]% + tr(Z?)
— 7] = 20071 + dan
< AT+ day,
where the inequality follows from Condition [I] Moreover,
E[|Z|I3] = E[(Z ® &,& © &)r] — (¥, Z)p
= E[||2]|"] — da,x
< PR dLAE[[Z]%] — da2,
= Pid%,A —dax,
where the inequality again uses Condition Il The claim now follows from Lemma O
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5.3. Effect of approximation error.

Lemma 5 (Effect of approximation error). Assume Condition [l (with parameter py) and Condition[3 (with
parameter by ) hold. Pick any t > 0. If ||Ax|| < 1 where Ay is defined in (I6), then

|‘ﬁ>\ 6)\"2 =71_ HA H HE[.’IJ&ppI’OX)\(l’) - )‘6)\]”2;17

where By is defined in (), By is defined in (), approx,(x) is defined in @), and Xy is defined in (I2).
Moreover, with probability at least 1 —e™¢

7

||E[:v approx, (z) — A8 ] ||2;1

< \/E[”E;l/Q(I approx, (z) — ABx)||?] 1+ \/— bxy/dix + Hﬁ Ball=)t

n

N R TN G IR TN T s 3= Azt

n

Proof. By the definitions of 3y and Sy,
Br— By = £ (BleElyla]) - £18:)
= 2;1/2(2;/22‘;121/2)2;1/2 (]E[x(approx(x) +{(B,x))] — S8y — )\B,\)
= 5 A ) 0 (Blaapprox(e) + (8,3) — (B 2))] — A8 )
—1/2, ¢ 11/2 S—1 ;21/2y sa—1/2 (7

=X, / (Ek/ BN 1E>\/ )2 / (E[xapproxk(x) — )\ﬂA]) .

Therefore, using the submultiplicative property of the spectral norm,
18x = Ballz < 112225 21232 257 232 | Ele approxs (x) — AB] |

1 ~
< ————||E[x approx, (z) — A\ 1
< Ty VBl sppron () = Al

where the second inequality follows from Lemma [3] and because

|ZV25 722 = Apax | 25 22802 = max <1.

/\/\_

The second part of the claim is a consequence of the tail inequality in Lemmal[@ Observe that E[z approx(z)] =
E[z(Ely|z] — (8, x))] = 0 by Proposition[] and that E[z(8— Sx,z)] — ABx = X8 — (X +AI)5x = 0. Therefore,

E[Z5 " (@ approx, (z) — ABy)] = T3 Ele(approx(z) + (8 — Bx,x)) = ABx] = 0.
Moreover, by Proposition [6] and Proposition [7,

—1/2 2 )\2 ) 2
[AZ\ 7Bl —zj:m@gaﬁﬂ
)\2
:%:AJJFA ()\ +/\BJ)

A2 Aj
ﬁ2
Ay P ()\ +/\)

2

(17) =18 = Bxl3-
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Combining the inequality from (7)) with Condition Bland the triangle inequality, it follows that
125 2 (@ approx, () = ABAI| < |22z approx, (@) + [AZ} /28]
<ba/dix+ |8 = Ball=-
Finally, by the triangle inequality, the fact (a + b)? < 2(a? + b?), the inequality from (IT7), and Condition [
E[|| 2} 2 (z approx, (z) — AB))|2] < 2(E[| Z5 V/z approx, (2)||2] + 81 — BI1%)
< 2(pida \Elapprox, (2)%] + [ Bx — B]1%)-
The claim now follows from Lemma O
5.4. Effect of noise.

Lemma 6 (Effect of noise, A = 0). Assume A = 0. Assume Condition[d (with parameter o) holds. Pick any
t > 0. With probability at least 1 —e™t, either || Aol > 1, or

1 o?(d + 2V/dt + 2t)
1Al n ’

18]l <1 and 1B~ foll% < —

where Ag is defined in (L6]).
Proof. Observe that
180 = Boll3; < 152272213y — Boll% = 1 ZV/2 271 5V2|)]|Bo — Bolls

and if |Ag < 1, then || ZY/25-15Y2|| < 1/(1 — ||A¢||) by Lemma Bl
Let & := (noise(z1 ), noise(xs), ..., noise(x,)) be the random vector whose i-th component is noise(z;) =
yi — Elyi|x;]. By the definition of 3y and S,

180 = Boll%: = £~ Ela(y — Elyla])]||* = ¢ K¢,

where K € R"*" is the symmetric matrix whose (i, j)-th entry is IA(” =n2(E 2, §_1/2:Ej>. Note that
the nonzero eigenvalues of K are the same as those of

| N PN =~ 14 aa 1

“E [(2—1/2:5) ® (2—1/%)} R N> L §

n n n

By Lemma B with probability at least 1 — e~ (conditioned on x1, 2, ..., %,),

K¢ < o (tr(K) +2\/@+2)\max(ﬁ)t) _ 02(d+2\/ﬁ+2t)_

n

The claim follows. O

Lemma 7 (Effect of noise, A > 0). Assume Condition [2 (with parameter o) holds. Pick any t > 0. Let K
be the n x n symmetric matriz whose (i, j)-th entry is

1 ~ ~
Ki,j = ﬁ<21/22§1$i7 EI/QEXIIJ'%
where 2‘,\ is defined in (I5). With probability at least 1 — e~ ¢,

1Bx = Ball% < o (tr(K) + 2¢/tr(K) Amax (K)t + 2Amax (K)t).
Moreover, if |Ax|| < 1 where Ay is defined in ([IG]), then

dox + /Ao D2
A (K) € ———— and (k) < 22T 2 ;”F.
n(1—[|Ax]) n(1—[|Ax])

18



Proof. Let £ := (noise(x1), noise(x2), . . ., noise(z,)) be the random vector whose i-th component is noise(z; ) =

yi — E[y;|z;]. By the definition of Sy, By, and K,

18y — Ballt = | E5 Ele(y — Elyl2])]|3 = €T K¢.

By Lemma B with probability at least 1 — e™? (conditioned on z1, 2, ..., Z,),

ETKE < o?(tr(K) 4 24/tr(K2)t + 2\ max (K1)
< o2 (tr(K) 4+ 24/tr(K) Apax (Kt + 2 max (K1),

where the second inequality follows from von Neumann’s theorem [10].
Note that the nonzero eigenvalues of K are the same as that of

1 - - L e
~E (2255 ) @ (51255 1) = 2SS D,

n

To bound Ayax(K), observe that by the submultiplicative property of the spectral norm and Lemma B]

NAmax(K) = || S22 222
S PR H e Rk
< |IZV2ETER
1/2 56— 1/2
= 12227127
1

< —.

L—[lAx]l

To bound tr(K), first define the A-whitened versions of X, b5 , and b5 \ as

Sy = X Pex 2
Sy =X PR
S =220 22

Using these definitions with the cycle property of the trace,

ntr(K) = tr(ZV2E 180102
= (DI EELY)
S-1 5 -1
= tr(Z L DS ).

Let {\;[M]} denote the eigenvalues of a linear operator M. By von Neumann’s theorem [10],

~

tr(T5 S Sy o Tw) < N[ Ern T s N[ D]

and by Ostrowski’s theorem [10],



Therefore

~

tr(25 L Awfﬁui’w) < Amax[E5 )] Z)\j ()N [ 2]

yw

1 o~
TTEE 2 M Eel il

= e 3 (VB B - A B (4])

(1—||A,\|| ZA Dl 4 D Eu] = MZR)? [N (B2

J

J

! 5 2 /T o
N m d2”\ T \/Z()‘j [Ew] - )‘j [Ew]) dz,,\

1

< oA (150 = Sl /23)

1

= T (e 18l V3).

where the second inequality follows from Lemma Bl the third inequality follows from Cauchy-Schwarz, and
the fourth inequality follows from Mirsky’s theorem [21]. O
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APPENDIX A. PROBABILITY TAIL INEQUALITIES

The following probability tail inequalities are used in our analysis. These specific inequalities were chosen
in order to satisfy the general conditions set up in Section 2.4t however, our analysis can specialize or
generalize with the availability of other tail inequalities of these sorts.

The first tail inequality is for positive semidefinite quadratic forms of a subgaussian random vector. It
generalizes a standard tail inequality for Gaussian random vectors based on linear combinations of x? random
variables [15].

Lemma 8 (Quadratic forms of a subgaussian random vector; [11]). Let £ be a random vector taking values
i R™ such that for some ¢ > 0,

Elexp({u, €))] < explcllul?/2), Vu € R™.

For all symmetric positive semidefinite matrices K > 0, and all t > 0,
Pr {gTKg > c(tr(K) + 2¢/tr(K2)t + 2||K||t)] <e
The next lemma is a tail inequality for sums of bounded random vectors; it is a standard application of
Bernstein’s inequality.

Lemma 9 (Vector Bernstein bound; see, e.g., [11]). Let x1, o, ..., x, be independent random vectors such
that

n
Y Bzl v and ol <
foralli=1,2,... ,n, almost surely. };; s=x1+x9+ - +x,. Forallt>0,
Pr [||s|| > Vol +V8t) + (4/3)7“4 <et
The last tail inequality concerns the spectral accuracy of an empirical second moment matrix.

Lemma 10 (Matrix Bernstein bound; [12]). Let X be a random matriz, and r > 0, v > 0, and k > 0 be
such that, almost surely,

EX] =0, Amax[X] <7, Amax[E[X?]] <wv, tr(E[X?]) < vk.
If X1, Xs,...,X,, are independent copies of X, then for anyt > 0,

1 — [ 2vt rt
P )\max - Xz > - - <I€t t—t—lil.
' n; n +3n < kt(e )
Ift > 2.6, then t(e! —t — 1)~ < e71/2,
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