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Abstract

We study the performance of empirical risk minimization on the p-norm linear
regression problem for p € (1, 00). We show that, in the realizable case, under no
moment assumptions, and up to a distribution-dependent constant, O(d) samples
are enough to exactly recover the target. Otherwise, for p € [2, 00), and under weak
moment assumptions on the target and the covariates, we prove a high probability
excess risk bound on the empirical risk minimizer whose leading term matches, up
to a constant that depends only on p, the asymptotically exact rate. We extend this
result to the case p € (1, 2) under mild assumptions that guarantee the existence of
the Hessian of the risk at its minimizer.

1 Introduction

Real-valued linear prediction is a fundamental problem in machine learning. Traditionally, the square
loss has been the default choice for this problem. The performance of empirical risk minimization
(ERM) on linear regression under the square loss, as measured by the excess risk, has been studied
extensively both from an asymptotic [Whi82; LC83; Vaa98] and a non-asymptotic point of view
[AC11; HKZ12; Olil6; LM16; Saul8; Mou22]. An achievement of the last decade has been the
development of non-asymptotic excess risk bounds for ERM on this problem under weak assumptions,
and which match, up to constant factors, the asymptotically exact rate.

In this paper, we consider the more general family of p-th power losses ¢ — |¢|? for a user-chosen
p € (1,00). Under mild assumptions, the classical asymptotic theory can still be applied to ERM
under these losses, yielding the asymptotic distribution of the excess risk. However, to the best of our
knowledge, the problem of deriving non-asymptotic excess risk bounds for ERM for p € (1, 00) \ {2}
remains open, and, as we discuss below, resists the application of standard tools from the literature.

Our motivation for extending the case p = 2 to p € (1, 00) is twofold. Firstly, the freedom in the
choice of p allows us to better capture our prediction goals. For example, we might only care about
how accurate our prediction is on average, in which case, the choice p = 1 is appropriate. At the other
extreme, we might insist that we do as well as possible on a subset of inputs of probability 1, in which
case the choice p = oo is best. A choice of p € (1, 00) therefore allows us to interpolate between
these two extremes, with the case p = 2 offering a balanced choice. Secondly, different choices of
p have complementary qualities. On the one hand, small values of p allow us to operate with weak
moment assumptions, making them applicable in more general cases. On the other, larger values of
p yield predictions whose optimality is less sensitive to changes in the underlying distribution: for
p = o0, the best predictor depends only on the support of this distribution.

To sharpen our discussion, let us briefly formalize our problem. There is an input random vector
X € R% and output random variable Y € R, and we are provided with n i.i.d. samples (X;, Y;)™ ;.
We select our set of predictors to be the class of linear functions {a: — (w,z) |w € Rd}, and choose
a value p € (1, co) with the corresponding loss ¢,,(t) := [¢t|?/[p(p — 1)]. Using this loss, we define
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the associated risk and empirical risk, respectively, by
1 n
Rp(w) = E[fp((w, X) = Y)], Ry (w) =~ > b((w, X;) = Y5).
i=1

We perform empirical risk minimization w0, € argmin,, s Rp »(w), and our goal is to derive high
probability bounds on the excess risk R, (1,) — R, (w,,), where wy; is the risk minimizer. For efficient
algorithms for computing an empirical risk minimizer ,, we refer the reader to the rich recent
literature dealing with this problem [BCLL18; AKPS19; APS19; JLS22].

To see why the problem we are considering is difficult, let us briefly review some of the recent
literature. Most closely related to our problem are the results of [AC11; HKZ12; Oli16; LM16], who
derive high probability non-asymptotic excess risk bounds for the case p = 2. The best such bounds
are found in Oliveira [Oli16] and Lecué and Mendelson [LM16], who both operate under weak
assumptions on (X, Y"), requiring at most the existence of fourth moments of Y and the components
X7 of X for j € [d]. Unfortunately, the analysis in Oliveira [Oli16] relies on the closed form
expression of the empirical risk minimizer ws, and therefore cannot be extended to other values of
p. Similarly, the analysis in Lecué and Mendelson [LM16] relies on an exact decomposition of the
excess loss £o((w, X) —Y') — Lo ({wy, X) —Y') in terms of “quadratic” and “multiplier” components,
which also does not extend to other values of p.

To address these limitations, the work of Mendelson [Men18] extends the ideas of Mendelson
[Men14] and Lecué and Mendelson [LM16] to work for loss functions more general than the square
loss. Roughly speaking, the main result of Mendelson [Men18] states that as long as the loss is
strongly convex and smooth in a neighbourhood of 0, the techniques developed by Mendelson
[Men14] can still be applied to obtain high probability excess risk bounds. Unfortunately, the loss
functions ¢,,(t) are particularly ill-behaved in precisely this sense, as £;(t) — 0 when ¢ — 0 for
p>2,and |£;(t)] — oo ast — 0 for p € (1,2). This makes the analysis of the excess risk of ERM
in the case p € (1,00) \ {2} particularly challenging using well-established methods.

Contrary to the non-asymptotic regime, the asymptotic properties of the excess risk of ERM under
the losses £, (t) are better understood [Ron84; BRW92; Nie92; Arc96; HS96; LLO5], and can be
derived from the more general classical asymptotic theory of M -estimators [LC83; VW96; Vaa98]
under mild regularity conditions. In particular, these asymptotic results imply that the excess risk of
ERM with n samples satisfies

. Ve (s X) =2 L] /1 1
[Ry (w0p)] — I)(wp) = on +o - as n — oo, (1)
where H,, := V2R, (w}) is the Hessian of the risk at its minimizer. We refer the reader to the

discussions in Ostrovskii and Bach [OB21] and Mourtada and Gaiffas [MG22] for more details.
As we demonstrate in Theorem 1, the rate of convergence of ERM for the square loss derived in
Oliveira [Oli16] and Lecué and Mendelson [LM16] matches the asymptotic rate (1) up to a constant
factor. Ideally, we would like our excess risk bounds for the cases p € (1,00) \ {2} to also match the
asymptotic rate (1), although it is not yet clear how to derive any meaningful such bounds.

In this paper, we prove the first high probability non-asymptotic excess risk bounds for ERM under
the p-th power losses ¢, (t) for any p € (1, 00) \ {2}. Our assumptions on (X,Y") are weak, arise
naturally from the analysis, and reduce to the standard ones for the case p = 2. Furthermore, the rate
we derive matches, up to a constant that depends only on p, the asymptotically exact rate (1).

We split the analysis in three cases. The first is when the problem is realizable, i.e. Y = (w*, X)
for some w* € RY. This edge case is not problematic for the analysis of the case p = 2, but as
discussed above, the £,,(t) losses are ill-behaved around 0 for p € (1,00) \ {2}, requiring us to treat
this case separately. The second case is when the problem is not realizable and p € (2, c0). The final
case is when the problem is not realizable and p € (1, 2), which turns out to be the most technically
challenging. In Section 2, we present our main results and in Section 3, we provide their proofs.

Notation. We denote the components of the random vector X € R? by X7 for j € [d]. We assume
the support of X is not contained in any hyperplane, i.e. P({w,X) = 0) = 1 only if w = 0.
This is without loss of generality as discussed in Oliveira [Oli16] and Mourtada [Mou22]. For a
positive semi-definite matrix A, we denote the bilinear form it induces on R4 by (-, )4, and define

[-[la == /() a. We define H,,,, := V>R, »(w).
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2 Main results

In this section, we state our main results. We start in Section 2.1 where we introduce constants that
help us formulate our theorems. In Section 2.2, we state the best known results for both the case
p = 2 and the realizable case where Y = (w*, X). Finally, in Section 2.3, we state our theorems.

2.1 Norm equivalence and small ball constants

To state our results, we will need to define two types of quantities first. The first kind are related to
norms and their equivalence constants, which we will use in the analysis of the non-realizable case.
The second are small ball probabilities, which we will use in the analysis of the realizable case.

We start by introducing the following functions on our space of coefficients R?. For p, ¢ € [1, 00),
define, with the convention co!/? := oo for all p € [1, 00),

Jeollzo 2= Ellw, X7, el =Bl s -] @

As suggested by the notation, under appropriate moment assumptions on X, these functions are
indeed norms on R¢. In that case, we will be interested in norm equivalence constants between them

w
Ll 5 = Clia pys(r2 ) (€)

Comp = sup ;
weRa\ {0} [[w]lo

where a and b stand for one of L? or (L4, p). Let us note that since we work in a finite dimensional
vector space, all norms are equivalent, so that as soon as the quantities defined in (2) are indeed
norms, the constants defined in (3) are finite. Furthermore, as suggested by the notation, ag may be

viewed as the maximum second moment of the random variables ||w||3, ((ws, X)) Over the unit
p({Wp

sphere of |-/ .2 ,,. Finally, we record the following identities for future use
lwlizzp = l[wll,, [w]|La2 = [[wl]|La, 03 = Cla 1. Q)
The first identity holds by linearity, and the second by noticing that V2/y((w, X) —Y) = X X T

We now turn to small ball probabilities. We define the following functions on RY, for ¢ € [1, c0),
po(w) = P({w, X) = 0), paltw, k) = P(|(w, X)| > rllul|z): s)

Assumptions on the functions pg and ps have been used extensively in the recent literature, see e.g.
[Menl4; KM15; LM17a; LM17b; Men18; LM18; Mou22]. In particular, a standard assumption
postulates the existence of strictly positive constants Sy, and (2, k) such that po(w) < 1 — Sy and
p2(w, Kg) > B2 forallw € RY. Conditions of this type are usually referred to as small ball conditions.
Efforts have been made to understand when these conditions hold [Men14; RV15; LM17b] as well
as reveal the dimension dependence of the constants with which they do [Saul8]. Here we prove
that such conditions always hold for finite dimensional spaces. We leave the proof of Lemma 1 to
Appendix B to not distract from our main development.

Lemma 1. py is upper semi-continuous. Furthermore, if for some q € [1,00), E[|X?|?] < oo for all
j € [d), then py(-, k) is lower semi-continuous for any > 0. Moreover, for all k € [0, 1)
p:= sup po(w) <1, inf  pg(w,r) > 0.
weRI\ {0} weRI\{0} a

2.2 Background

To better contextualize our results, we start by stating the best known high probability bound on ERM
for the square loss, which we deduce from Oliveira [Oli16] and Lecué and Mendelson [LM16].

Theorem 1 (Theorem 4.2, Oliveira [Oli16]; Theorem 1.3, Lecué and Mendelson [LM16]). Assume
that E[Y?] < oo and E[(X7)1] < oo forall j € [d], and let § € (0,1]. If

n > 19603 (d + 2log(4/9)),
then, with probability at least 1 — §

16E[Vea( (w3, X) = V)2, ]

Ra(t2) — Ra(w3) < -

2
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Up to a constant factor and the dependence on §, Theorem 1 recovers the asymptotically exact rate
(1). Let us briefly comment on the differences between Theorem | and the comparable statements in
the original papers. First, the finiteness of o3 is deduced from the finiteness of the fourth moments of
the components of X, instead of being assumed as in Oliveira [Oli16] (see the discussion in Section
3.1 in Oliveira [Oli16]). Second we combine Theorem 3.1 from [Oli16] with the proof technique of
Lecué and Mendelson [LM16] to achieve a slightly better bound that the one achieved by the proof
technique used in the proof of Theorem 4.2 in Oliveira [Oli16], while avoiding the dependence on the
small ball-constant present in the bound of Theorem 1.3 in Lecué and Mendelson [LM16], which is
known to incur additional dimension dependence in some cases [Saul§].

We now move to the realizable case, where Y = (w*, X) so that w); = w* forall p € (1,00). We
immediately note that Theorem 1 is still applicable in this case, and ensures that we recover w*
exactly with no more than n = O(o3d) samples. However, we can do much better, while getting
rid of all the moment assumptions in Theorem 1. Indeed, it is not hard to see that @, # w* only
if for some w € R?\ {0}, (w, X;) = 0 for all i € [n] (taking w = @, — w}; works). The implicit
argument in Theorem 1 then uses the pointwise bound (see Lemma B.2 in Oliveira [Oli16])

P00 = 0D < exp( 51 ),
03
and uniformizes it over the L? unit sphere in R<, where the L? norm is as defined in (2). However, we
can use the much tighter bound p™ where p is as defined in Lemma 1. To the best of our knowledge,
the realizable case has not been studied explicitly before in the literature. However, with the above
considerations in mind, we can deduce the following result from Lecué and Mendelson [LM17b],
which uniformizes the pointwise bound we just discussed using a VC dimension argument.

Theorem 2 (Corollary 2.5, Lecué and Mendelson [LM17b]). Assume that there exists w* € R< such
thatY = (w*, X). Let 6 € (0,1]. If

n> O(d + 1og(1£5)>
(1-p)
then for any p € (1, 00), W, = w* with probability at least 1 — 4.

2.3 Results

We are now in position to state our main results. As discussed in Section 1, the £, () losses have
degenerate second derivatives as ¢ — 0. When the problem is realizable, the risk is not twice
differentiable at its minimizer for the cases p € (1,2), and is degenerate for the cases p € (2, c0). If
we want bounds of the form (1), we must exclude this case from our analysis. Our first main result is
a strengthening of Theorem 2, and relies on a combinatorial argument to uniformize the pointwise
estimate discussed in Section 2.2.

Theorem 3. Assume that there exists w* € R? such that (w*, X) =Y. Then for all n > d, and for
all p € (1,00), we have

. . no\ -
P(w, # w*) < (d1>P i,

where p is as defined in Lemma 1. Furthermore, if

O (d +log(1/6)/ Tog(1/p)) f0<p<et
0
o (Ut Hul/9) ey,

then with probability at least 1 — 6, W, = w*.

Comparing Theorem 2 and Theorem 3, we see that the bound on the number of samples required to
reach a confidence level § in Theorem 3 is uniformly smaller than the one in Theorem 2. The proof
of Theorem 3 can be found in Appendix C.

We now move to the more common non-realizable case. Our first theorem here gives a non-asymptotic
bound for the excess risk of ERM under a p-th power loss for p € (2,00). To the best of our
knowledge, no such result is known in the literature.

il
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Theorem 4. Let p € (2,00) and & € (0, 1]. Assume that no w € R? satisfies Y = (w, X). Further,
assume that E[|Y'|P] < oo, E[|X7[P] < oo, and E[|(w;, X) — Y2~ (X9)4] < oo forall j € [d).
If

n > 19607 (d + 2log(4/9)),
then with probability at least 1 —

2048p° B [[| V(5. X) = V)|, . ]

L nd

512p4c2E[||w ((w*, X) — Y)||2 ] o
P P P H;l

+ né ’

where we used c,, to denote Crp_, (12 p as defined in (3).

Up to a constant factor that depends only on p and the dependence on ¢, the bound of Theorem 4 is
precisely of the form of the optimal bound (1). Indeed, as p > 2, the second term is o(1/n). At the
level of assumptions, the finiteness of the p-th moment of Y and the components of X is necessary to
ensure that the risk R, is finite for all w € R. The last assumption E[|Y — (w3, X) |2(p=2)(X7)4] <
oo is a natural extension of the fourth moment assumption in Theorem 1. In fact, all three assumptions
in Theorem 4 reduce to those of Theorem 1 as p — 2. It is worth noting that the constant c,, has the
alternative expression sup,,cga\ (o} {/|wl| > /[[w| , } by (4), i.e. it is the norm equivalence constant
between the L? norm and the norm induced by H,,. Using again (4), we see that ¢, — 1 asp — 2.
As p — 00, ¢, grows, and we suspect in a dimension dependent way. However, this does not affect
the asymptotic optimality of our rate as ¢, only enters an o(1/n) term in our bound.

We now turn to the case of p € (1,2) where we need a slightly stronger version of non-realizability.
Theorem 5. Let p € (1,2) and § € (0,1]. Assume that P(|(w};, X) — Y[*? > 0) = 1 and
E[[(wy;, X) — Y|2(P=2)] < oco. Further, assume that E[|Y'|P] < oo, E[(X7)?] < oo, E[[(w;, X) —
Y|2(P=2)(X9)1] < oo forall j € [d]. If

n > 19607 (d + 2log(4/5)),
then, with probability at least 1 — §

B[IV6 (w5, X) = V)|, 1]
) . _ 32768 { Wy H;
Ry (i) — Rp(wy) < -1 o

1/(p—1)
1 2097152E[||V€p(<w;,X> _Y)H?qgl}tfg_zpc%_pc;

p—1 nd

where we used c;, to denote E[|Y — (wy, X)|?®=2)] and c, := Tr(H,'X) where %2 := B[ X XT].

Just like the bounds of Theorems 1 and 4, the bound of Theorem 5 is asymptotically optimal up to a
constant factor that depends only on p. Indeed, since 1 < p < 2,1/(p — 1) > 1, and the second term
is o(1/n). At the level of assumptions, we have two additional conditions compared to Theorem
4. First, we require the existence of the second moment of the covariates instead of just the p-th
moment. Second, we require a stronger version of non-realizability by assuming the existence of the
2(2 — p) negative moment of [(wy, X) — Y. In the majority of applications, an intercept variable
is included as a covariate, i.e. X' = 1, so that this negative moment assumption is already implied
by the standard assumption E[|Y" — (w?, X)[*P=2)(X7)4] < cc. In the rare case where an intercept
variable is not included, any negative moment assumption on |(w;,, X') — Y| can be used instead, at
the cost of a larger factor in the o(1/n) term.

Finally, it is worth noting that for the cases p € [1, 2), there are situations where the asymptotic bound
(1) does not hold, as the limiting distribution of the coefficients w0, as n — 0o does not necessarily
converge to a Gaussian, and depends heavily on the distribution of <w;, X) —Y, seee.g. Lai and
Lee [LLO5] and Knight [Kni98]. Overall, we suspect that perhaps a slightly weaker version of our
assumptions is necessary for a fast rate like (1) to hold.

q
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3 Proofs

3.1 Proof of Theorem 1

Here we give a detailed proof of Theorem 1. While the core technical result can be deduced by
combining results from Oliveira [Oli16] and Lecué and Mendelson [LM16], here we frame the proof
in a way that makes it easy to extend to the cases p € (1, 00), and differently from either paper. We
split the proof in three steps. First notice that since the loss is a quadratic function of w, we can
express it exactly using a second order Taylor expansion around the minimizer w3

* * * 1 *
lao((w, X) =Y) = o (w3, X) = Y) = (Vo (w3, X) = V), w = wg) + 5w = w3320, (g, x) v

Taking empirical averages and expectations of both sides respectively shows that the excess empirical
risk and excess risk also admit such an expansion

* * * 1 *
Ron(w) = Ron(w3) = (VR (w3),w = w3) + 3 [lw = w3,
* 1 *
Ry(w) = Ra(w3) = 5 [lw — w3, (©)

where in the second equality we used that the gradient of the risk vanishes at the minimizer w3.
Therefore, to bound the excess risk, it is sufficient to bound the norm ||w — w3 || gz, . This is the goal
of the second step, where we use two ideas. First, by definition, the excess empirical risk of the
empirical risk minimizer satisfies the upper bound

Ry (W2) — Rop(ws) < 0. 7

Second, we use the Cauchy-Schwartz inequality to lower bound the excess empirical risk by
~ * * ~ * 1 - *
Ron(th2) = Ron(w3) > =V Ron(w3) b2 = w3 e, + 5o = w3, . ()

and we further lower bound it by deriving high probability bounds on the two random terms
|\VR27n(w’2")HH;1 and ||y — wﬁ”%{z‘n. The first can easily be bounded using Chebyshev’s in-
equality and the elementary fact that the variance of the average of n i.i.d. random variables is the
variance of their common distribution divided by n. Here we state the result for all p € (1, 00); the
straightforward proof can be found in the Appendix D.

Lemma 2. Let p € (1,00). If p € (1,2), let the assumptions of Theorem 5 hold. Then with
probability at least 1 — 0/2

uv&Awmmls¢ﬂMvmmgm—Y>;1mm.

For the second random term ||y — wi||%;, , we use Theorem 3.1 of Oliveira [Oli16], which we

restate here, emphasizing that the existence of fourth moments of the components of the random
vector is enough to ensure the existence of the needed norm equivalence constant.

Proposition 1 (Theorem 3.1, Oliveira [Oli16]). Let Z € R® be a random vector satisfying E[Z;»l] <

oo for all j € [d] and assume that P((v,Z) = 0) = 1 only ifv = 0. Forp € [1,00) and v € RY,
define

veER\{0}

4
vl = El({0, 2))71V, ”“:<Sw thwm>'
Let (Z;)"_ be i.i.d. samples of Z. Then, with probability at least 1 — 6, for all v € R,

1 & d+2log(2/6
Zmzfzo—w n“”)w%

n <
i=1

Using this result we can immediately deduce the required high probability lower bound on the second
random term ||y — w3 |7, . ; we leave the obvious proof to Appendix D.

A
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Corollary 1. Under the assumptions of Theorem I, if n > 19603(d + 2log(4/6)), then with
probability at least 1 — §/2, for all w € R?,

lw — w3 |7,

DN =

lw — w3, , >

Combining Lemma 2, Corollary 1, and (8) yields that with probability at least 1 — ¢

A, * - * 1 ~ *
Ra i (102) = R (w5) > —¢2E[||wp<<w;;,X> — V)12 /(n0) [iba—ews |y o = |,

©))
Finally, combining (7) and (9) gives that with probability at least 1 — §
2 — w3, < 4¢2E[|wp<<w;7X> =~ V)2, /(o).
Replacing in (6) finishes the proof. O

3.2 Proof Sketch of Theorem 4

The main challenge in moving from the case p = 2 to the case p € (2, 00) is that the second order
Taylor expansion of the loss is no longer exact. The standard way to deal with this problem is to
assume that the loss is upper and lower bounded by quadratic functions, i.e. that it is smooth and
strongly convex. Unfortunately, as discussed in Section 1, the £, loss is not strongly convex for
any p > 2, so we need to find another way to deal with this issue. Once this has been resolved
however, the strategy we used in the proof of Theorem 1 can be applied almost verbatim to yield the
result. Remarkably, a result of [AKPS22] allows us to upper and lower bound the p-th power loss
for p € (2, 00) by its second order Taylor expansion around a point, up to some residual terms. An
application of this result yields the following Lemma.

Lemma 3. Letp € (2,00). Then:

* 1 * * *
van(w) - Rpﬂ’t(wp) 2 8(p _ 1) ”w - wp”?{pm + <VRp,n(wp)v w— wp>a (10)
Rp(w)_Rp(wp) S (p_l)”w_prin+pp‘|w_wp||]£:0 (11)

Up to constant factors that depend only on p and an L? norm residual term, Lemma 3 gives matching
upper and lower bounds on the excess risk and excess empirical risk in terms of their second order
Taylor expansions around the minimizer. We can thus use the approach taken in the proof of Theorem
1 to obtain the result. The only additional challenge is the control of the term [|@0,, — wy; || z», which
we achieve by reducing it to an ||@, — w;||,, term using norm equivalence. A detailed proof of
Theorem 4, including the proof of Lemma 3, can be found in Appendix E.

3.3 Proof Sketch of Theorem 5

The most technically challenging case is when p € (1, 2). Indeed as seen in the proof of Theorem 1,
the most involved step is lower bounding the excess empirical risk with high probability. For the case
p € [2,00), we achieved this by having access to a pointwise quadratic lower bound, which is not too
surprising. Indeed, at small scales, we expect the second order Taylor expansion to be accurate, while
at large scales, we expect the p-th power loss to grow at least quadratically for p € [2, 00).

In the case of p € (1,2), we are faced with a harder problem. Indeed, as p — 1, the £, losses behave
almost linearly at large scales. This means that we cannot expect to obtain a global quadratic lower
bound as for the case p € [2,00), so we will need a different proof technique. Motivated by related
concerns, Bubeck, Cohen, Lee, and Li [BCLL18] introduced the following approximation to the p-th
power function

gﬁ*%ﬁ if <t

p(t, ) = p
xp—<1—§>tp if x>t

7
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for ¢,z € [0, 00) and with 7, (0,0) = 0. This function was further studied by Adil, Kyng, Peng, and
Sachdeva [AKPS19], who showed in particular that for any ¢ € R, the function z — ~,(|t|, |z|) is,
up to constants that depend only on p, equal to the gap between the function z — £,(t + x) and its
linearization around 0; see Lemma 4.5 in [AKPS19] for the precise statement. We use this result to
derive the following Lemma.

Lemma 4. Lerp € (1,2). Under the assumptions of Theorem 5, we have

Rpn(w) — Ry n(wy) _4p nZ'Yp Yi|a|<w*w;aXi>|) (VRpn(w )w wp>
(12)

4
Ry(w) = Ry(wy) < muwfwzllﬁfp- (13)

As expected, while we do have the desired quadratic upper bound, the lower bound is much more
cumbersome, and is only comparable to the second order Taylor expansion when |(w — wj, X;)| <

|(wy,, Xi) — Y;|. What we need for the proof to go through is a high probability lower bound of
order Q(||w — w* ”%1,)) on the first term in the lower bound (12). We obtain this in the following
Proposition.

Proposition 2. Let § € (0,1]. Under the assumptions of Theorem 5, if n. > 19607 (d + 2log(4/9)),
then with probability at least 1 — 6 /2, for all w € R?,

min{ lw — wy |, , 27w — w5, b,

%Z%(|<w;,Xi> = Y|, [{w —wp, X; >|)

00\%

p—2 ._ 3—p (2—p)/2 * * .
where eP™% := 8a, " Pcy, \/Cp, and ¢, and c;, are as defined in Theorem 5.

Proof. Lete > 0andletT € (0,00) be a truncation parameter we will set later. Define
X=X 1[0,T](||XHH,;1),

and the constant § := Te. By Lemma 3.3 in [AKPS19], we have that (¢, \x) >
min{\? AP}y, (¢, z) for all A > 0. Furthermore, it is straightforward to verify that 7, (¢, z) is
decreasing in ¢ and increasing in x. Therefore, we have, for all w € R4,

1« . i}
E Z’YP(|<wp?X7,> - }/l|a |<’U} - wp7Xz>|)
=1

L _ 1< . w — wy)
e e {0 ()
i=1

P” P
- - : 1 .
> min{e 2w — wyllf, e o —wply, } - inf — 7 (1w, Xi) = Vil (e, X)),

(14)

The key idea to control the infimum in (14) is to truncate (w, X;) from above by using the truncated
vector X, and [(wj, X;) — Y;| from below by forcing it to be greater than 3. By the monotonicity
properties of v, discussed above, we get that

_EEZ’YP }/z|’|<w’Xz>|)

IwHH,,

va max{|(w}, X;) — Yil, 8}, [(w, X,))

HwHHp—é‘ n

_ér e e
2 ||wHH —lnzmax{| Y;|’B} |<’LU,X1>| , (15)

R
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where the equality follows by the fact that with the chosen truncations, the second argument of ,, is
less than or equal to the first. It remains to lower bound the infimum in (15). Define

Z = max{|(w}, X) — v|,8} P X,
Removing the truncations and using our assumptions, we see that the components of Z have finite
fourth moment. By Proposition 1 and the condition on n, we get that with probability at least 1 — /2,

. 1 « . —2 -
nt 5 D max{l g, X0) = ¥l )" s o
P i=1

n

. 1 1,
= mf,lﬁz<w’zi>2z§ inf E[(w,Z}Q]

lwll, =11 = i, =1
1 _ -
=~ inf E[max{|<w;,X> —v|, 8% 2)<w,X>2}
2 |Jwlla,=1
1 * p—2 2 *
>5(1- o B[l X) = Y1, X0 (R0, (o3, X) = V1) 4+ Loy (1K ) |
w sz

(16)
We now bound the supremum in (16). We have

sup E[[(wp, X) = Y2, X)* (10,5 (1), X) = YI) + Loy (1X 1) )|

llw|l my, =1

< sup {E[(w;,X>_Y|2(P2)<w,X>4r/2}(P(|(w;,X>—Y|<ﬂ)+P<||X||Hp_1>T>)1/2

llwllzrp, =1

- ( sup ||w%4,p> (P (1w )~ Y < B) + P(IX[ o > 7))

[wllz, =1

= o (P (16, %) = Y1 < 8) + (X0 > 7)) a7

where the first inequality follows from Cauchy-Schwartz inequality, and the subsequent equalities by
definitions of ||-|| 4 ;, and o2. It remains to bound the tail probabilities. Recall that § = T, so

P(|(w?, X) — Y| < 8) = P(|(w}, X) — Y| < T¢)
=P(|(w;, X) —Y[" > (Te)™")
- P(\(w;,X> _YPRe-2) 5 (Ts)z(”_2)>
< E[|(w), X) - Y[PE2](Te)*»)
= c;(TE)Q(Q_p),

where we applied Markov’s inequality in the fourth line, and the last follows by definition of ¢}, in
Theorem 5. Moreover by the finiteness of the second moment of the coordinates X7 of X, we have

2 T -1 1y T ~1
B[IX1, ] = BX7H, X] = B[Tx(H, ' XXT)] = Tr(H, ') = ¢,
where & = E[X X T, and the last equality by definition of ¢, in Theorem 5. By Markov’s inequality
P(|(w!, X) — Y| < Te) + P(||X\|H;1 > T) < grAen 2o 4 2

T2"
Choosing
1/(6—2
T:= ( ; ) : p)’ e = : :
(2—p) 80;?’71) cp - 61(72_’))/2
ensures that
1/2
ap(P(|<w;;,X> —Y| < T + P(HXHH;l > T)) <1/2. (18)
Combining the inequalities (18), (17), (16), (15), and (14) yields the result. O

A detailed proof of Theorem 5, including the proof of Lemma 4, can be found in Appendix F.
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A Differentiability of the risk

In this section, we rigorously establish the twice differentiability the risk under our assumptions. We
start by showing that under a subset of our assumptions, the risk is differentiable everywhere on R

Lemma 5. Let p € (1,00) and assume that E[|Y |P] < oo and E[|X;|P] < oo for all j € [d]. Then
R, is differentiable on R%, and

VR,(w) =E[V{,((w, X) —Y)].

Proof. Let w € R%. We want to show that

o 1By + ) = Ry(w) — B(VE, (w, X) = ¥), A)]
A0 [|A]|

:O’

where, for convenience, we take the norm ||-|| to be the Euclidean norm. Define the function
d(w, X,Y) := £,({w, X) — Y) and note that by the chain rule ¢ is differentiable as a function of w
on all of R%. Now let (Ay)?_, be a sequence in R? such that lim,_, | Ax|| = 0. Then

m ‘Rp(w + Ak) - Rp(w) — E[<V¢(w7X7 Y)? Ak>”

k—oc0 [|Ag]l

i [E[¢(w + Ap, X,Y) — ¢p(w, X, Y) — (Vo(w, X, Y), Ay)]|

= XY

< klim E |(;5(’LU + AkvX? Y) - ¢(w|7|i<7)|/) — <V¢(w7X, Y)7Ak>‘ . (19)
—00 k

Our goal is to interchange the limit and expectation. For that, we will use the dominated convergence
theorem. We construct our dominating function as follows. Let R := sup, /|| A||, and note that
R < oo since ||Ag|| — 0 as k — oo. Then we have

|¢(w + Ak7X7Y) B d)(waXvY) — <V¢(va7Y)vAk>|

1Al
< lp(w+ Ak, X,Y) — p(w, X,Y)|  |(Vo(w, X,Y), Ag)|
- 1A%l 1Al
<f01 Vo(w + tAy, X,Y)dt, Ak>

< +[IVo(w, X, Y
([ Akl

S ’

1
/ Vo(w + tAy, X, Y)dtH + Vo (w, X,Y)|
0

1

< [ I10lw -+ 180, X, ¥)d1 + [Vo(w, X, V)|
0

<2 swp [Vo(w+AXY)]

A€EB(0,R)
2 _
< ——|IX| sup [(w+A X)-Y[P!
p—1 A€B(0,R)
2 _ _
< X s max{2 1 (Iw, X) = VP A, X))
p—1 A€B(0,R)
2P —1 _
= 2 {1, X) Y PX  RXIPY =5 ),

where the second line follows by triangle inequality, the third from the fundamental theorem of calcu-
lus applied component-wise, the fourth by Cauchy-Schwartz inequality, the fifth by Jensen’s inequality
and the convexity of the norm, and the eighth by the inequality |a + b|? < max{2971,1}(|a|? + |b|?)
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valid for ¢ > 0. It remains to show that g(X,Y") is integrable. We have

2p _ _
Elg(X, V)] = —— E[|(w, X) = V""" X]| + R X 7]
d d P
op b1l . )
- ZE[\(w,X)—YV’ \Xﬂ@ +RE| [ S
p—1 =1 j=1
2p d p—1 d .
< =8> Bllw, X) = YP)T EXP 4 Rty B[|X0)]
p— =1 j=1
< 00,

where in the second line we used that the Euclidean norm is bounded by the 1-norm, in the third we
used Holder’s inequality, and the last line follows from our assumptions. Applying the dominated
convergence theorem, we interchange the limit and the expectation in (19). Recalling that ¢ is
differentiable finishes the proof.

We now turn to the twice differentiability of the risk. We start with the easy case p € [2,00). The
proof is very similar to that of Lemma 5 and we omit it here.

Lemma 6. Let p € [2,00) and assume that E[|Y |P] < oo and E[|X;|P] < oo forall j € [d]. Then
R, is twice differentiable on R?, and

V2R, (w) = E[V2,((w, X) — Y)].

The case p € (1,2) is more complicated. The following lemma establishes the twice differentiability
of the risk at its minimizer under a subset of the assumptions of Theorem 5.

Lemma 7. Let p € (1,2). Assume that P(|(w}, X)—Y|=0) = 0 and E[|(w},X) —
Y[P=2(X7)?] < oo forall j € [d]. Then Ry, is twice differentiable at w} and

V2R (wy) = B[V, ((wy, X) = Y)]

Proof. The difficulty in the proof compared to Lemma 5 and Lemma 6 stems from the fact that the
loss is not twice differentiable at zero. We still rely on the dominated convergence theorem, but the
construction of the dominating function is slightly more intricate. Using the setup of the proof of
Lemma 5, and following the same line of arguments, we arrive at

IV R, (w} + Ay) — VRy(w}) — E[V2¢(w?, X, V)AL

lim
k=00 1ALl
Vo(w?: + Ay, X,Y) — Vo(w?, X,Y) — V2e(w?, X,Y)A
k—o0 1AL

where we have used the fact that since P (|(w}, X) — Y| =0) = 0, ¢(w, X,Y’) is almost surely
twice differentiable at wy. To finish the proof, it remains to construct a dominating function for the
above sequence to justify the interchange of the limit and expectation. We consider two cases.

17
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Case 1: || Ag|| > |(w}, X) — Y|/(2 X]]) =t R(X,Y). Then we have
[Vo(ws + Ag, X,Y) = Vo(ws, X,Y) — V2(w), X, V) Al

A
_ 196wy + Ak X,Y) | + Vo (wp, X, V)| + [ V20(wp, X, V) A
= Al
N -1 N -1
(Iwp +a,%) =Y~ g, X) =YX .
= @ — DA TIVE oy, X ¥)lor
2| (wy, X) - Y["|X| p=2 s [(Bk/l AL X)X
+ [(w*, X) - Y X2+ ’
&= DIA (g, X) =YX (b~ DA
Al (wy, X) = Y|"7)|X |2 s I1X|P
< L + s, XY =YX |E A — e —
o) [, X0 =YX + A s
* —2
7| wr, Xy — Y|P3 X )2
(p—1)

where the second line follows by triangle inequality, the third by definition of the operator norm,

the fourth by |a + b|? < |a|? 4 |b|? valid for ¢ € (0, 1), and the fifth and sixth by Cauchy-Schwartz
inequality and the assumed lower bound on ||Ag]|.

Case 2: ||Ax] < R(X,Y). We start by noting that, for all A € B(0,R(X,Y)) :=
{z e R?|||z| < R(X,Y)}, we have

[(wy + A, X) = Y| > [(wy, X) = YV|-[(A, X)| > [{wy, X) = V[-[|A[IX]| > [(w;, X) - Y|/2 > 0.
Therefore ¢p(w, X,Y) is twice differentiable on B(0, R(X,Y)). Now
||V(b(w;§ + Ak7X7 Y) - V¢(w;7X7Y) - v2¢(w;a X7 Y)Akr“

Ak
- 1Akl
| (Jo V20uwy + tar, X, ¥)dt) A
<

+ V2o (wy, X, Y)lop

1Ak

1
< ‘/ V2p(w + tAg, X, Y)dt
0

+IIV2o(wy, X, Y)op

op
1

< [ 1T 00+ 60 XY gt + 965 XY oy
0

<2 sup IV2p(w) + A, XY ) |lop
A€B(0,R(X,Y))

<2|X|3  sup w4 A X) Y[
A€EB(0,R(X,Y))

< 4w, X) = Y["7X3

where the second line follows from the triangle inequality, the third follows from the twice differen-
tiability of ¢ on B(0, R(X,Y)) and the fundamental theorem of calculus applied component-wise,

the fifth by Jensen’s inequality, and the last by definition of R(X,Y") and the above lower bound. We
therefore define our dominating function by

% -2
9(X,Y) = 8w}, X) — Y|" 7| X3

It is then immediate from our assumptions that g(X,Y") is integrable. Interchanging the limit and the
expectation in (20) and recalling that ¢ is almost surely twice differentiable at wy, finishes the proof.

O
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B Proof of Lemma 1

We start with the claim that pg is upper-semicontinuous. We want to show that for any w € R? and
any sequence (wy )52, converging to w (in the norm topology)

lim sup po(wx) < po(w).

k—o0

Fix a w € R? and let (wy)$2; be a sequence in RY satisfying limy_,o ||w — wy|| = 0, where for
convenience we take ||-|| to be the Euclidean norm on R%. Then we have by (reverse) Fatou’s Lemma

lim sup po(wx) = limsup E[L{oy ((wi, X))| < E|limsup 1oy ((wy, X)) | 1)
k—o00 k—o00 k—o00

Now we bound the inner limsup pointwise. We split this task in two cases. If (w, X) = 0, then

fim sup Loy ({wr, X)) < 1= 103 ({w, X)). (22)

Otherwise we have ¢ := |(w, X)| > 0. But then, by the convergence of (wy)32 ; to w, there exists a
K € N such that for all £ > K we have ||w, — w| < 6/(2]|X]|). This implies that for all & > K

[(wg, X)| = [(w, X) —(w—wg, X)| > [(w, X)| = {w—wk, X)| > 6—[Jwg —wl2[| X]|| > /2 > 0.
We conclude that

1ikmsup l{(]}((wk,)Q) = klim ]1{0}(<wk,X>) =0= ]1{0}(<w, X>> (23)
—00 o

Combining (21), (22), and (23) proves the upper-semicontinuity of py. Essentially the same proof
shows the lower-semicontinuity of p, (-, k) for any £ > 0; we omit it here.

For the remaining claims, first notice that the function py is scale invariant, i.e. for all w € R< and all
¢ € R, we have pg(cw) = po(w). Therefore

sup  po(w) = sup po(w),
weRI\{0} weSd—1

where S?1 is the Euclidean unit sphere. By assumption on the random vector X, we know that
po(w) < 1 forall w € S?~!. Furthermore since py is upper semicontinuous, and S~! is compact,
po attains its supremum on S~ ! at some point wy € S?~!. From this we conclude that

p= sup po(w) = po(wo) < 1.
weRI\ {0}

Finally, we turn to the claim about p,. Since E[|X7|?] < oo, the function |-|| 4 is a norm on R,
from which it follows that p, (w, k) is also scale invariant for any «. Therefore

weﬂg“l{{o} plI(w7 K) = wlggq pq(w7 ’%>7

where S, is the unit sphere of the norm ||-|| . Now fix x € [0,1). We claim that p,(w, k) > 0 for
all w € S,. Suppose not. Then there exists a w € S, such that [(w, X)| < x with probability 1, but
then we get the contradiction

1= [lwllzs = B[ (e, )|/ < x < 1.

therefore py(w, k) > 0 for all w € S,;. Now since pq(-, x) is lower-semicontinuous, and S, is
compact, p,(-, ) attains its infimum on S, at some point w, € S,. From this we conclude

wEHiEE{{O} pq(w7 K) = pq(wq» "i) > 0.
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C Proof of Theorem 3

Fix p € (1,00), and let @ := ;. Our goal will be to upper bound the probability P (@ # w*). B
assumption, we have that Y = (w*, X), so that Y; = (w*, X;) for all ¢ € [n]. Since & minimizes the
empirical risk, we must also have (1, X;) = Y; = (w*, X;) for all i € [n]. Let A € R"*? denote
the matrix whose i-th row is X;. Then we have the following implications.

WA w* = (0 —w*, X;) =0Vi € [n] = Jwe R\ {0} | Aw = 0 & rowrank(A) < d. (24)
Let r := rowrank(A). We claim the following equivalence

rowrank(A) <d <3S Cn]||S|=d—1AVie [n]\ S X; € span({X; | k € S}). (25)

Indeed the implication (<) follows by definition of the rowrank of A. For the implication (=), by
definition, {X; | i € [n]} is a spanning set for the row space of A, therefore it can be reduced to a
basis of it { X}, | k € S1} for some indices S; C [n] with |S1| = r. If r = d — 1, then the choice
S = S satisfies the right side of (25). Otherwise, let Sy C [n] \ Sy with |S3] =d —1—r. Sucha
subset exists since by assumption n > d > d — 1. Then the set S := S; U S satisfies the right side
of (25). Combining (24) and (25) we arrive at:

P(w #w*) <P U {Vie [n]\S X; e span({Xy | k€ S})}
|S\

< Z P(Vie [n]\ S X; € span({Xy | k € S})) (26)

SC[n]
|S|=d—1

where the second inequality follows from the union bound. We now bound each of the terms of the
sum. Fix S = {i1,...,iq-1} C [n] with |S| = d — 1. Let Zg = n((X, )J 1) be a non-zero vector
orthogonal to span({ Xy, | & € S}). Such a vector must exist since dim(span({ Xy | k € S})) < d;
see Lemma 8 below for an explicit construction of the function n. Denote by Py the distribution

of Zs and P(x,), s = 17" Px the distribution of (Xi)iem)\s» Where Py is the distribution
of X. Note that since Zg is a function of (Xl-].)?:1 only, it is independent of (X;);c[n)\ 5. In
particular, the joint distribution of (Zs, (X;)ic[n)\s) is given by the product Pz X P(x,), . s- NOW
if X; € span({X}, | k € S}), then by definition of Zg, (Zg, X;) = 0. Therefore

P(Vi e [n]\ S X; € span({Xy | k € S})) <P(Vie [n]\ S (Zs,X;) = 0)

=E H L0y ((Zs, Xi))

i€[n]\S

2/ H Lioy((ys, 1)) ¢ Pzs(dzs)Px.),c s (ATi)icin)\s)
i€[n]\S

— [ Pactan){ TT [ 1iop(Gus.zPx ()

1€[n]\S
= H P Zs, —0) st(dys)
i€[n]\S
:/ H pO(yS) PZs(dyS)
i€[n]\S
< pTit, (27)

where in the third line we used the independence of Zs and (X;);e[n]\s» in the fourth we used the
independence of the (X;);e\ g, in the sixth we used the definition of pg in 5, and in the last line we
used the fact that zg # 0 and the definition of p in Lemma 1. Combining the inequalities (26) and
(27) yields the result. O
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Lemma 8. Let m € {1,...,d — 1} and let (x;)7", be a sequence of points in RY. Denote by
A € R™*4 the matrix whose j-th row is x; and let A* be its pseudo-inverse. Let (b;)?_; be an
ordered basis of R?, and define

k:=min{i € [n] | (I — ATA)b; #0}

n((a,)j) == (I - A* Al

Jj=1

Then n((x;)72,) is non-zero and is orthogonal to span({z; | j € [m]}).

Proof. We start by showing that k is well defined. First note that I — A" A is the orthogonal projector
onto the kernel of A, which is non-trivial since dim(ker(A4)) = d — dim(Im(A)) > d —m > 1.
Now we claim that there exists an ¢ € [d] such that (I — AT A)b; # 0. Suppose not, then for
any w € R% we have (I — AT A)w = (I — AYA)(XL, eibi) = 4, ei(I — AT A)b; = 0,
implying that I — AT A = 0, but this contradicts the non-triviality of ker(A). This proves that & is
well-defined, which in turn proves that n((z;)},) # 0. It remains to prove the orthogonality claim.

Letv € span({z; | j € [m]}). Then there exists coefficients ¢ € R™ such that v = A7 c. Therefore
(v,n((25)711)) = (ATe,n((2))1Ly)) = " A — AAT )b = 0,

j=1 j=1
where the last equality holds since (I — AAT)by, € ker(A). O

D Missing proofs for Theorem 1

This section contains the proofs of Lemma 2 and Corollary | we used in the proof of Theorem 1.

D.1 Proof of Lemma 2
We compute the expectation:

B[V By (@))% 2] = E[lln™ Ve (g, Xi) = Vi) ]

=023 B[V ((wy, Xs) ~ Vo)l
=1

n i1—1

+2072 Y Y (EVG((wp, X0) = YL EIVG,(w), X;) = V)

i=1 j=1
—1 2
=0 B[V ((wy, X) = V)|
p
where in the second line we expanded the inner product of the sums into its n? terms, used linearity
of expectation, and used the independence of the samples to take the expectation inside the inner
product. In the last line, we used the fact that the samples are identically distributed to simplify the

first term. For the second term, we used the fact that the expectation of the gradient of the loss at the
risk minimizer vanishes. Applying Markov’s inequality finishes the proof. O

D.2 Proof of Corollary 1

We have

lw = w3lZ, , = (w—w3)" Hap(w — w})

=S - )TV (w5, X) Vi) — )
i=1

1 n
= - Z<w - w;aXi>2'
n i=1

Now by assumption, the components of the vector X have finite fourth moment so that applying
Proposition 1 and using the condition on n yields the result. O
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E Detailed proof of Theorem 4

This section contains the proof of Lemma 3 as well as that of Theorem 4.

E.1 Proof of Lemma 3

By Lemma 2.5 in [AKPS22], we have for all ¢, s € R

Cp(t) = Lp(s) = £,(s)(t — 5) = o (s)(t = ).

8(p—1)
Recall that by the chain rule

Vi ((w, X) = Y) = 0,((w, X) =Y)X  V2,((w, X) = Y) = ((w,X) - YV)XX".
Replacing ¢ and s by (w, X;) — Y; and (w;;, X;) — Y] respectively, and using the formulas for the

gradient and Hessian we arrive at

0w, Xi) = Vi) — Ly(wy Xi) = i) > ——

> m(w — w;) VL, ((wyy, Xi) — Yi)(w — wy)

+ (Vb ((wy, Xi) = Yi), w — wy)

Averaging over i € [n] yields the first inequality. The proof of the second inequality proceeds in the
same way and uses instead the upper bound of Lemma 2.5 in [AKPS22]. We omit it here. O

E.2 Proof of Theorem 4

We proceed similarly to the proof of Theorem 1. By definition of the empirical risk minimizer, we
have the upper bound
Ry (p) — Rp,n(w;) <0. (28)

Using (10) from Lemma 3 and the Cauchy-Schwarz inequality, we obtain the pointwise lower bound
- * * - * 1 - *
Ry n(p) — Rp,n(wp) > *HVRp,n(wp)”Hp—l [0y — 'prHp + S(T_l)”wp - wp”%{p,n' (29)

Using Lemma 2 we have that, with probability at least 1 — §/2,

IV By iy < 2BV (5, ) - VIR, 00), 30
It remains to control |[w, — wy, ||%,pm from below. Define the random vector
Z =|(ws, X) —Y|P=2/2x
Then, for any w € R?, we have

||w — w;||%{pm/ =(w-— w;)THpﬁn(w —w})

P
1 « . . .
= Z(w — wp)TVZKP(<wp,Xi> —Yi)(w —wy)
=1
1 « .
== > (w—wp, Z;)?
=1

By assumption, the components of the random vector Z have finite fourth moment. Applying
Proposition 1, and using the condition on n assumed in the statement of Theorem 4, we get that, with
probability at least 1 — §/2, for all w € R?,

1
lw —will, = Sllw —wp|F,- 31)
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Combining (30) and (31) with (29) gives that with probability at least 1 — 6,

Rypn(iy) — Rpn(u]) ¢2E[nwp<<w;;,x> V)2 ]/ 08) iy —

Further combining (32) with (28) and rearranging yields that with probability at least 1 — §

512% B[V, (w5, X) = V)|I?, |

no (33)

i, — w7, <

The last step is to bound the excess risk of the empirical risk minimizer using the bound (33) and (11)
from Lemma 3. For that, we control the L? norm term in (11) as follows

N p/2
R [y —wpllZs
PPy — W;Hip = (pQMIpr - U’;H%{p
P

Jeoll3 "
<[p® sup 2 by — w3
( wE]Rd\{O}{ ”wH%Jp g Py

R . p/2
= (rPlly —wpl3, )" (34)

Combining (33), (11), and (34) yields the result. O]

F Detailed proof of Theorem 5

This section contains the proof of Lemma 4 as well as that of Theorem 5.

F.1 Proof of Lemma 4

Both inequalities follow from Lemma 4.5 in Adil, Kyng, Peng, and Sachdeva [AKPS19]. (12) follows
from a straightforward calculation using the lower bound of Lemma 4.5 in Adil, Kyng, Peng, and
Sachdeva [AKPS19]; we omit it here. The upper bound requires a bit more work. We have by the
quoted Lemma

lp(t) = &p(s) — £,(s)(t — s) < sl 1t = s1)-

4
plp—1
Now assume that |s| > 0. If |t — s| < |s|, we have

Py p— _
Wllsl, [t = sl) = SlslP72(t = 9)* < [s|P72(t = 5)* = €5 (5)(t = 9)*.
Otherwise, if |t — s| > |s|, then we have
Wollsl [t = s) = [t = s” — (1= p/2)[s|" < (t — )|t — s|P72 < [sP72(t — )" = £(5)(t — 5)*.

Therefore in both cases we have v, (|s|, [t — s|) < £;/(s)(t — 5)* as long as |s| > 0. Replacing ¢ and
sby (w, X) — Y and (wj,, X) — Y respectively we get, on the event that (w;, X) —Y # 0

* * * 4 *
p((w, X) =Y ) =L, ((wy,, X) =Y )= (Ve ((wy,, X) =Y ), w—wy) < mllw*wpllvzz,,uw;,m_m
Recalling that by assumption P((w;, X)-Y # O) = 1, taking expectation of both sides, and
bounding 1/p < 1 finishes the proof of (13). O
10
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F.2 Proof of Theorem 5

We follow the same proof strategy as the one used in the proofs of Theorems 1 and 4. By definition
of the empirical risk minimizer, we have

Ry n(p) — Rp,n(w;) <O0. (35)

Using (12) from Lemma 4 and the Cauchy-Schwarz inequality, we have the lower bound

Rp,n(wp) - Rp,n(w;) > _”VRp,n(w;)HH;1 pr - w;HHp
+—— > W(l(w), Xi) = Yil, [(w —wj, Xi)|)  (36)

Using Lemma 2 we have that, with probability at least 1 — §/2,

IV Ry () < \/2E[||wp<<w;,x> V)] /o). 37)
On the other hand, by Proposition 2, we have with probability 1 — §/2, for all w € R4,
1 - * * p . * — *
E va(l<wp7Xz> - sz|7 |<U) - wp7X1>|) > g mln{”w - u)p”%]pﬁc;2 p”w - U}p”%p}, (38)
i=1

where ¢ is as defined in Proposition 2. We now consider two cases. If ||, — w5, H%Ip < e 7P|y, —
w;§||p " then combining (35), (36), (37), and (38) gives

8192 E[1V, ((wp, X) = Y) 2, ]

~ * 12
iy = wi s, < - (39)
Otherwise, ||w, — wZH%ﬁ > 2P|y, — w|} _» then again combining (35), (36), (37), and (38)
gives
1/(p-1)
, 8192E[||V€p(<w;,X> fY)qu_l}s?(p*?)
pr _wp”Hp S TL5 (40)
In either case, we have, using (39) and (40), with probability at least 1 — 6,
L, BIRE[IVG () X) - V)|
Iy — w5, < -
1/(p—1)
8192 B[ V4, ((w, X) = V)|, ] 202
+ P
né
Combining this last inequality with (13) from Lemma 4 finishes the proof. O
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