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Abstract

We prove the first generalization bound for large-margin halfspaces that is asymptotically tight in the tradeoff
between the margin, the fraction of training points with the given margin, the failure probability and the number of
training points.

1 Introduction

Halfspaces are arguably among the simplest and most fundamental classic learning models. Given a normal vector
w € R? and a bias b € R defining a hyperplane, the corresponding halfspace classifier predicts the label of a data
point z € R? by returning sign((w, z) + b), corresponding to a +1 label on points inside the halfspace above the
hyperplane, and —1 on points below.

Classic examples of learning algorithms for obtaining a halfspace classifier from a training set of points S =
{(zs, i)}, with (z;,y;) € R? x {—1,1}, includes the Perceptron Learning Algorithm (PLA) (Mcculloch and Pitts
[1943]) and Support Vector Machines (SVM) (Cortes and Vapnik [1995]). A key intuition underlying SVM, is the
empirical observation that halfspaces with a large margin to the training data tend to generalize well. Ignoring the
bias variable b (which may be handled by adding a special feature) and assuming w € S%~! (i.e. w has unit length),
the margin of the halfspace with normal vector w on a labeled point (z,y) is y{w, x). Observe that (w, z) gives the
signed distance of  from the hyperplane, and the margin is positive when sign({w, z}) correctly predicts the label y.
With this definition, hard-margin SVM computes the normal vector w of the hyperplane with the largest minimum
margin. There are also margin variants of the Perceptron (Freund and Schapire [1999]) that computes a halfspace with
minimum margin approaching the optimal, as in hard-margin SVM.

To handle data that is not linearly separable, and to add robustness to outliers, the soft-margin SVM relaxes the
optimization problem to the following

Tfuli?Hw”%‘f‘)\Zfi, s.toyi(w, z) > 1— &, & >0.
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Here A\ > 0 is a regularization parameter. The soft-margin SVM thus allows for smaller margins on some training
points at the cost of a penalty \¢;.

To theoretically justify and explain the empirical success of focusing on large margins, Bartlett and Shawe-Taylor
[1999] proved the first generalization bounds upper bounding the probability Lp(w) := P« y)~p[sign({w, x)) # y]
of misclassifying the label of a new data point. Concretely they first studied the hard-margin case and proved that for
any distribution D over B¢ x {—1,1} and any 0 < § < 1, it holds with probability at least 1 — § over a training set
S ~ D" that for every w € S9! and every margin 0 < v < 1, if y{w, x) > + for all (z,y) € S then

Lp(w) <c- (h12(71)+1r1(e/<5))7
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for a constant ¢ > 0. The restriction to z € BY can be relaxed by multiplying the first term by R? for x € R - BS.
A dependency on the scaling of input points is inevitable as margins scale with ||z||2. Throughout the paper, we state
bounds for R = 1 and remark that all bounds generalize to arbitrary R by replacing v by /R.



Defining £ (w) as the fraction of data points in a training set S where w has margin at most ~, Bartlett and
Shawe-Taylor [1999] also prove a more general result, saying that with probability 1 — é over S ~ D", it holds for
every w € S~ ! that

In?(n) N ln(e/é). )
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Lp(w) < L(w)+c- \/

This was later improved by Bartlett and Mendelson [2002] using Rademacher complexity arguments, replacing the
In?(n) term in (2) by 1. Here, and throughout the paper, we refer to £ (w) as the (empirical) margin loss.

First-Order Bounds. The first work to interpolate between the hard-margin and soft-margin bounds was due to
McAllester [2003], who gave a general tradeoff of
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Notice how the £J(w) term is multiplied onto Inn/(v*n) inside the first square-root. Since the hard-margin case
corresponds to this term being 0, this gives a way of interpolating between the cases. Such bounds are often refered
to as first-order bounds. Unfortunately, (3) still has the seemingly superfluous /(Inn + In(e/§)) /n term even when
L4 (w) = 0 and thus falls short of even matching (1) in the hard-margin case.

The current state-of-the-art generalization bound is due to Grgnlund et al. [2020] and states that with probability
1 — 6 over S ~ D", it holds for every w € S9! that

Lo(w) < LY(w) +c- <\/,cg(w). (m”+h1("75>>+1n"+1n(675)>_ @
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This improves previous hard-margin bounds by a logarithmic factor and gives a cleaner interpolation between the hard-
and soft-margin cases. Furthermore, the bound is close to optimal. Concretely, the dependency on ¢ is optimal by
tweaking standard results for agnostic PAC learning, see e.g. Devroye et al. [1996] [Chapter 11]. Moreover, Grgnlund
et al. [2020] complemented their upper bound by the following lower bound

Theorem 1 (Grgnlund et al. [2020]). There is a constant ¢ > 0 such that for any cn™"/? < ~ < ¢=1, any parameter
0 <7 <1, and any n > ¢, there is a distribution D such that it holds with constant probability over S ~ D™ that
there is a w € S such that L (w) < T and

zD<w>zzg<w>+c.< . 2 +1“fy§n”>> > L3(w) + o %%(w)'m(e/,yfi(w)) o

Notice how the parameter 7 allows for showing that the upper bound (4) is nearly tight across the range of £ (w).
Let us also remark that Grgnlund et al. [2020] states their lower bound with a In n rather than ln(eWQn), but require
that v > n~9499 A careful examination of their proof however reveals the more general lower bound stated here.

Unfortunately there still remains a discrepancy between the lower bound and (4). Concretely there is a gap of
v/Inn/In(e/LE(w)). Moreover, for constant £g(w), the Rademacher complexity based bound in (2) improves over
both of the first-order bounds (3) and (4), and matches the lower bound in Theorem 1. This seem to suggest that a
better upper bound might be possible.

Our Contribution. In this work, we settle the generalization performance of large-margin halfspaces by proving a
new upper bound matching the lower bound in Theorem 1 across the entire tradeoff between v, £ (w) and n (and is
also tight in terms of §). Our result is stated in the following theorem



Theorem 2. There is a constant ¢ > 0 such that for any distribution D over BS x {—1,1}, it holds with probability
at least 1 — § over S ~ D" that for every w € S*=' and every margin n=/? < ~ < 1, we have

Co(w) < £2(w) + ¢ ( \/ 2w). (m(e/cg(w)) R ln(e/5)) L In(ey’n) ln(e/5)>.
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While one might argue that our improvement is small in magnitude, this finally pins down the exact generalization
performance of a classic learning model. Furthermore, our proof of Theorem 2 brings several novel ideas that we hope
may find further applications in generalization bounds.

We next proceed to give an overview of our proof and new ideas in Section 2, before giving the full details of the
proof in Section 3.

2 Proof Overview

In this section, we present the main ideas in our proof of Theorem 2. As our proof builds on, and greatly extends, the
work of Grgnlund et al. [2020] establishing the previous state-of-the-art in (4), we first present their overall proof strat-
egy and the barriers we need to overcome to obtain our tight generalization bound. Throughout this proof overview,
we use the notation x < y to denote that there is an absolute constant ¢ > 0 so that x < cy.

2.1 Previous Proof

The proof of Grgnlund et al. [2020] follows a framework proposed by Schapire et al. [1998] for proving generalization
of large-margin voting classifiers (i.e. boosting). The main idea is to randomly discretize the infinite hypothesis set
891 to obtain a finite set G C RY — {-=1,1}. If G is small enough, then a standard union bound over all h € G
suffices to bound the difference between the empirical error and the true error Lp(h) for every h € G. The key trick
is to exploit large margins to allow for a discretization to a smaller G.

To elaborate on the above, let us first generalize our notation £p(w) and £} (w) a bit. For a distribution D over
Bg x {—1,1},let L}(w) := P y)up[y{w,x) < 7], thatis, £}, (w) is the probability over a fresh sample (x,y) from
D, of w having margin no more than -y on (x, y). For a training set S, we slightly abuse notation and write (x,y) ~ S
to denote a uniform random sample from S. We thus have

LY(w) 1= Pieyyosly(w,x) <] = {(z,y) €S |:;J|(w,];> <

When writing £ (w) we implicitly mean £, (w) and note that this coincides with our previous definition of Lp(w) =
P(xy)~p[sign({w, x)) # y] (defining sign(0) = 0).

Random Discretization. With this notation, the main idea in the proof of Grgnlund et al. [2020], is to apply a
Johnson-Lindenstrauss transform (Johnson and Lindenstrauss [1984]), followed by a random snapping to a grid, in
order to map each w € S~ to a point on a grid G of size exp(ck) in R¥, with ¢ > 0 a sufficiently large constant.
In more detail, let A be a k x d matrix with i.i.d. N'(0,1/k) normal distributed entries. Such a matrix is a classic
implementation of the Johnson-Lindenstrauss transform and has the property that [(Aw, Az) — (w, x)| is greater
than ¢ with probability at most exp(—c2k/c) when |[w]|2, ||zl < 1 (Dasgupta and Gupta [2003]). Note that this
also preserves the norm of a vector w by considering # = w and noting (w,w) = ||w||3. Secondly, following an
idea of Alon and Klartag [2017] in a lower bound proof for the Johnson-Lindenstrauss transform, Grgnlund et al.
[2020] randomly round Aw to a point ha +(w) with coordinates integer multiples of k—1/2 while guaranteeing that
|(ha t(w), Az) — (Aw, Az)| is less than e, except with probability exp(—e2k/c). Here we use t to denote the
randomness involved in the rounding.

Now choosing ¢ = /4 gives, by the triangle inequality, that [(ha ¢(w), Az) — (w,z)| < ~/2, except with
probability 2 exp(—>2k/(16c)). Furthermore, by plugging in * = w and setting ¢ = 1, we can also deduce that
[lha t(w)|l2 < 2 except with probability exp(—k/c). Simple counting arguments show that there are only exp(ck)
many vectors of norm at most 2 with all coordinates integer multiples of k~'/2. That is, except with probability
exp(—k/c), ha ¢(w) belongs to a finite set G of exp(ck) many points.



Framework. With the above random discretization, the proof of Grgnlund et al. [2020] now follows the framework
of Schapire et al. [1998] by relating L (w) to Lx/é(hA,t (w)) and L (w) to LWA/S2 (hat(w)). Here AD is the distribu-
tion obtained by sampling (x,y) ~ D and returning (Ax,y). Similarly, AS is the training set obtained by replacing
each (z,y) € S by (Ax,y). The intuition is that the random discretization changes margins by no more than /2
for most data points and hence points with margin at most 0 under D often have margin at most /2 under AD and
similarly for S and AS. Let us make this more formal. We have for any A, ¢ in the support of At that

Lp(w) < LY (hai(w)) + Prey)uply(w,x) < 0Ay(hay(w), Ax) > 7/2] (5)
Similarly, we have
LY(w) > LYZ(has(w)) = Pieyyusly (w,x) > 7 Ay(ha(w), Ax) < 7/2). (6)
Taking expectation we see that
Lp(w) = L(w) = Ea¢[Lp(w) — Lg(w)]
< Ea L3 (ha e(w)) — L35 (hat(w)) )
+Eat[Pxy)~ply(w,x) <OAy(hat(w), Ax) > v/2]] (8)
T Eat[Pry)~nsy(w, x) > 7 Ay (ha(w), Ax) <v/2]]. ©)

To bound (7), we exploit that ha ¢(w) belongs to the grid G, except with probability exp(—k/c). Using Bernstein’s
inequality (and a careful partitioning of hypotheses w depending on £},(w)), it is possible to union bound over the
entire grid and conclude

EaclCip(has(w) = L33 (has(w))] <
Eaulsup £X5(h) — LXS0)] + Paslhac(w) ¢ 9] S
€

¢ £3w) - PAL0) | 1n(Hal/D)

n
\/ £y(w)- B 12(6/ 0 kbt 12(6/ 9 | exp(—k/c). (10)
To bound (9), we use the guarantees of the random discretization to conclude that
Eat[Pxy)~sly(w, x) >y Ay(hat(w), Ax) < v/2]]
E(x,y)~s[Pacly(w,x) > v Ay(ha(w), Ax) <v/2]] <
Exy)nsPaely(hae(w), Ax) <v/2 | y(w,x) > 1] <
2 exp(—72k/(16¢)).

We can bound (8) in a similar fashion (even with slightly better guarantees scaled by L£p(w), but this does not help
for (9)). The final generalization error thus becomes

+exp(—k/e) S

FIn(e/s) | k+In(e/o)

Lp(w) < L(w)+ ¢ - (\/L'S’(w) . + eXp('yzk/cl)> , (11)

where ¢’ > 0 is a sufficiently large constant. Comparing this expression with the desired bound from Theorem 2, we
see that we have to choose k large enough that ¢ exp(—~2k/c’) is no larger than

\/ ey (m(e/.cg(w)) . 1n(e/6)) | In(ey*n) | In(e/s)
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This basically solves to

2
- yn -2 2
kZy 21n< >Z’y In (v*n) .
L3(w) m(e/Z5(w)) (")
Inserting this & in (11) recovers the bound by Grgnlund et al. [2020] stated in (4).



Barriers. In light of the above discussion, we identify some key barriers for the previous proof technique. Con-
cretely, if we examine (11), the term /L (w)k/n requires us to choose & no larger than ¢y =2 In(e/ £ (w)) to match
the optimal bound we get in Theorem 2. Unfortunately, the additive exp(—v2k/c’) term originating from handling (8)
and (9) then becomes poly (L& (w)), which is too expensive. In fact, even the additive exp(—k/c) term from han-
dling (7) is too expensive for e.g. constant . Nonetheless, we will in fact choose such k and identify a tighter strategy
for analysing Lp(w) — LI (w).

2.2 Our Key Improvements

Our first main observation is that the two upper bounds in (5) and (6) are not completely tight, i.e. they are inequalities,
not equalities. In (5) we for instance ignore points (z, y) that had a margin greater than 0 for w, but where the margin
of (Ax,y) is less than ~y/2 for h 4 +(w). Taking these into accounts, we get the tighter bounds

Lo(w) = LY (har(w)) +Blxy)nply(w. %) < 0 Ay{ha(w), Ax) > 7/2]
- IF)(x,y)N'D [y<w7 X> >0A y<hA,t (’LU), AX> < 7/2]3
and
'Cg'(w) = Cl/;(hA,t(w)) - ]P)(x,y)NS[y<wv X> >y A y<hA,t (w)a AX> < 7/2}
+ P(x,y)wS[Y<wa X> <A y<hA,t(w)7 AX> > 7/2]
With these refined bounds, we can now split Lp(w) — L (w) into a sum of three terms:
ol (has(w)) = L5 (hay(w))

+ Pply(w,x) <0Ay(ha(w), Ax) > 7/2] = Ps[y(w,x) <y Ay(ha(w), Ax) > v/2] (12)
+Psly(w,x) >y Aylha(w), Ax) < v/2] — Pply(w,x) > 0 A y(ha(w), Ax) < v/2]. (13)

The first line is the same as (7) from before, but (12) and (13) improves over (8) and (9) by subtracting off a term.
Intuitively, our more refined bounds allow us to argue that if the randomized rounding creates a big difference between

Lp(w) and E%/ *(h a,t(w)), then it creates a comparably large difference between £ (w) and [,g/ *(h At(w)), thereby
canceling out. We will carefully exploit this in the following. Let us focus on (12) and remark that (13) is handled
symmetrically. For (12), we see that

Pacyy~s[y(w, x) <y Ay(ha(w), Ax) > 7/2] > P y)nsly(w, x) < 0Ay(hat(w), Ax) > /2],
and thus (12) is at most
Pay)on[y(w,x) S OAy(has(w), Ax) > 7/2] = P y) sy (w,x) < 0 A y(ha(w), Ax) > v/2].

Now introducing the expectation over the randomized rounding A and t as in the previous proof, and using linearity
of expectation, we want to bound the following expression with probability 1 — § over S ~ D"

sup (B slFray)ply(0:x) < 0A ¥ s(1), %) > 7/2]-
weSd—1

Eat[Pocgysly (%) < 0 A y(has(w), Ax) > 7/2]]> -

sup (E<X,y>~p[m,t[y<w, X) <0 A y(hac(w), Ax) > 7/2]]—
weSd—1

Ex,y)~s[Patly(w,x) <0Ay(hat(w), Ax) > 7/2]]) (14)



This now has a form that looks familiar. Concretely, we have a function
Yu(2,y) = H{y(w,z) <0} - Pa t[y(ha.c(w), Az) > v/2] (15)

for each w € S9!, and wish to bound sup,, E(x y)~p[tw(X,¥)] — E(xy)~s[tw(x,y)] with high probability over
S ~ D™. Rademacher complexity (see e.g. Shalev-Shwartz and Ben-David [2014]) is one key tool for bounding such
differences. In particular, the contraction principle from Ledoux and Talagrand [1991] allows us to bound such a supre-
mum when the functions ,, are composite functions ,, = fog,, with f : R — R having bounded Lipschitz constant.
Indeed margin generalization bounds for halfspaces have previously been proved via Rademacher complexity (Bartlett
and Mendelson [2002]) by composing the two functions g, (z,y) = y(w,z) and f(u) = min{1, max{0, 7==}} be-
ing the ramp loss. Since the ramp loss f is y~!-Lipschitz, one can thus reduce bounding the Rademacher complexity
of 1, to bounding the Rademacher complexity of the simpler g,,(z,y) = y{w, ). When using this g,,(x, y) and an
L-Lipschitz f, the resulting bound on (14) becomes cL/+/n, i.e. \/1/(v?>n) when using the ramp loss.

We wish to take a similar approach for our v, in (15). We thus want to argue that 1),,(x,y) can be written
as a composite function f(y(w,x)) of the margin of (x,y) on w. Examining (15), we thus need to argue that the
probability over At is a function solely of the original margin y{(w, z). The matrix A was k x d with i.i.d. V/(0,1/k)
entries. Now if we make the assumption that x is unit length (and not just ||z||2 < 1), then by the rotational invariance
of Gaussians, the joint distribution of Aw,yAx can be shown to be completely determined from y(w, x). Since
the random rounding considers only the vector Aw (and not the original w), it follows that the joint distribution of
ha t(w),yAx is also completely determined from y(w, x). This implies that ¢),,(z,y) indeed can be written as a
function f of y(w, =) alone.

We thus proceed to bound the Lipschitz constant of the function f in (15). To avoid discontinuities, we have to alter
Yy (2, y) somewhat to not include the discontinuous indicator function (similarly to using the ramp loss in previous
works), and we eventually bound the Lipschitz constant L by roughly

L S 'Paglylhac(w), Az) > ~/2 | y(w,z) = 0].
With a slight abuse of notation, we write Pa ¢[y(ha t(w), Ax) > v/2 | y(w,xz) = 0] to denote the probability
Pat[y(hat(w), Ax) > ~/2] for an arbitrary z,w € S~ andy € {—1,1} with y(w,z) = 0 as y(w, x) completely
determines this probability as argued above.

Since our randomized rounding preserves inner products to within /2 except with probability exp(—v2k/c), we
get L <~y Lexp(—~2k/c). This finally bounds (14) by

exp(—7%k/c)
7’n

This should be compared to proof by Grgnlund et al. [2020] that got a bound of cexp(—~%k/c). This improvement
is precisely enough to derive our tight Theorem 2. Indeed, as mentioned in (10), we can bound ﬁXg (ha t(w)) —

Lg(ha(w)) by

k+1 0)  k+1 4]

\/Eg(w) K+ In(e/o) it n(e/o) +exp(—k/c).

n n

If we ignore the exp(—k/c) term and set k = ¢/y~? In(e/L(w)), this gives the tight bound in Theorem 2.
Unfortunately, we cannot afford to ignore the exp(—k/c) term and we need additional ideas for dealing with it.

Recall that in the previous proof by Grgnlund et al. [2020], it originates from bounding
Eac[LXp (haa(w)) = L35 (haa(w))] < Ealsup L3p () = LX)+ Palhasw) ¢ G
€

and upper bounding Pa ¢[ha ¢(w) ¢ G] by exp(—k/c). Here we instead consider an infinite sequence of discretiza-
tions/grids Gg, G1, . . ., and argue that the random rounding A, t and training set S is simultaneously good (for some
appropriate definition) for all grids with high probability. Here the grids G; correspond to increasingly large norms of
ha.t(w), i.e. G; contains all vectors of norm at most QiHIB%g and all coordinates integer multiples of k172, Multiple
careful applications of Cauchy-Schwartz, Jensen’s inequality and upper bounds on the probability that ha ¢(w) ¢ G;
allows us to finally get rid of the exp(—k/c) factor.



3 Main Proof

‘We now set out to prove Theorem 2 following the proof outline sketched in Section 2. We start by a series of reductions
that allow us to focus on a simpler task of establishing Theorem 2 only for a small range of v and £ (w). We describe
these reductions in Section 3.1 and then proceed to the main arguments in Section 3.2.

3.1 Setup

When eventually bounding the Lipschitz constant, as discussed in Section 2, the task turns out to be simpler if ||z|2 = 1
(and not just ||z||2 < 1) for all z in the support of D and if |(w, x)| is sufficiently smaller than 1 for all hypotheses w
and data points (x, y) in the support of D. We thus start by reducing to this case.

Consider the following distribution D’ obtained by sampling an (x,y) ~ D and replacing x by x’ = (cyx) X

{{/1—|Ix|3} € S for a sufficiently small constant 0 < ¢, < 1. That is, scale down all coordinates of x by
¢y and append a (d + 1)’st coordinate taking the value /1 — ¢2||x[|3. Then the norm of the resulting point X’ is

\/c%||x||§ +1—c2|x[|3 = 1. Similarly, for any w € S9=1, consider instead the hypothesis w’ = w x {0}. We

observe that for any x, w, we have that (w’, 2’) = (w, ¢yx) = ¢ (w, ) and thus lies in the range [—c,,, ¢,] by Cauchy-
Schwartz. This also implies that sign({w’, 2'}) = sign({w, x)) and thus the generalization error of w’ under D’ and w
under D are the same.

With this in mind, we define H := S9~! x {0} and X as the set of all vectors z in S¢ where the norm of 2 without
its (d + 1)’st coordinate is at most c.,.

From hereon, we let D be an arbitrary distribution over X x {—1,1}, and set out to prove that there is a constant
¢ > 1, such that with probability at least 1 — & over S ~ D", it holds for all margins v € (n~1/2, cy)andallw € H

that
Lo(w) < L3(w) + <\/c;,<w> - (1“(6/ £s(w)) , In(e/ 5)) | In(ey®n) | In(e/ 5’) . a6
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Note that Theorem 2 follows as an immediate corollary since margins change by a c, factor in our transformation
of the input distribution. Since c is a constant, this disappears in the constant factor ¢ in Theorem 2 (note that for
margins y € [n~1/2, c; 1n=1/2) in Theorem 2, we cannot use the reduction, but here Theorem 2 follows trivially as
cln(ey?n)/(v*n) > 1 for sufficiently large c).

Smaller Tasks. We now break the task of establishing (16) into smaller tasks, where we consider margins 7y in a
small range (-y;, v;+1] and only vectors w € H with E(D?’M)% (w) in a small range (¢;,¢,41]. The purpose here is, that
for one sub-task, we can treat margins and margin losses as the same to within constant factors. A union bound over
all the sub-tasks then suffices to establish (16).

For a given distribution D, partition the range of values of the margin v € (n~'/%, ¢,] into intervals I'; =
(202 20712 for i = 1,...,lgy(cynt/?). Similarly, partition the possible values of £},(w) € [0,1] into
intervals Lo = [0,n" ! and L; = (2" tn~1,2in" ] withi = 1,...1gy n.

For a pair (I';, L;) with T'; = (74, Yi+1], define

1/2

H(Ty, L) = {w e H: L5 (w) € L;}.

For each pair (I';, L;) we now prove an equivalent of (16), but tailored to the sub-task. The result is stated in the
following lemma

Lemma 3. There is a constant ¢ > 1, such that for any 0 < 6 < 1 and any pair (I';, L;) = (s, Vit1], (¢5,€;41]), it
holds with probability at least 1 — & over a random sample S ~ D™ that

sup )cp<w)—,cg(w>|sc<wj+l (ln(e/@“)+1“<e/‘5))+1“(6/57‘+1>+1“(Z/5)> a7

2 2
weH(T;,L; Yig1™ n Vi1 ™
yel'y




Observe that while (16) depends on v and (17) depends on +;41, this is fine since v < ;41 for all v € T;.
However, recall that H(T';, L;) refers to w € H with C(D?’Mm (w) € Lj = (£;,¢;41). But the £;, terms in (17) need
to be replaced by £ (w) to obtain (16). Thus we relate the two via the following lemma

Lemma 4. There is a constant ¢ > 1, such that for any 0 < 6 < 1 and any T'; = (i, Yi+1), it holds with probability
at least 1 — 6 over a random sample S ~ D" that

(18)

. _
Vw e H: L& (w) > 1 c< 2 -

We combine the sub-tasks and conclude

Claim 1. Forany 0 < § < 1, it holds with probability 1 — 6 over S ~ D™ that (17) and (18) simultaneously hold for
all (T;, L;) and T;, with slightly different constants c.

Since Claim 1 follows by a simple union bound, exploiting that for different values of £; 1 and ;11, we can afford
to use different &; ; ~ § exp(—v7,; In(e/¢;41)) and &; ~ §exp(—v;,% In(ev?, 1n)), we have deferred the proof to
Appendix A.

A simple combination of (17) and (18) now gives

Claim 2. Forany 0 < 6 < 1 and training set S, if (17) and (18) hold simultaneously for all (T';, L;) and T';, then (16)
holds for all v € (n='/2, ¢y] and all w € H for large enough constant ¢ > 1 in (16).

Claim 2 follows by using that v < ;41 for v € I';, and by using Lemma 4 to relate all occurrences of ;1 in (17)
to L} (w). As this is rather straight forward calculations, we have deferred the proof to Appendix A.
What remains is thus to establish Lemma 3 and Lemma 4, where we may now focus on a small range of v and

Eg’ /4 (w). While both require substantial work and non-trivial arguments, the proof of Lemma 4 follows mostly the
previous work by Grgnlund et al. [2020] and has thus been deferred to Section 6.

3.2 Random Discretization

We now set out to prove Lemma 3. Solet 0 < ¢ < 1, and fix a pair (I';, L;). Following the proof outline in Section 2,
we now consider the following random discretization of hypotheses in H(I';, L;): Let k = k(¢,j) be an integer
parameter to be determined. Sample a random k x d matrix A with each entry A/(0,1/k) distributed as well as k
random offsets t = (t1,. .., tx) all independent and uniformly distributed in [0, 1].

Let G be the set of all vectors in R* with coordinates in

{(1/2)10VE) "t + 2(10VE) ™ | z € Z}.

For w € A and an outcome (A,¢) of (A, t), define ha,(w) € G as the vector obtained as follows: Consider each
coordinate (Aw); and let z; denote the integer such that

(1/2)(10VE) ™" + 2 (10VE) ™' < (Aw); < (1/2)(A10VE) ! + (2 4+ 1)(10VE) L.

Let (ha+(w)); equal (1/2)(10vVk) ™' + 2;(10vE) "1 if t; < p(2;) ((Aw); rounded down) and otherwise let it equal
(1/2)(10vk) ™ + (2; + 1)(10v/k) 1. We choose p(z;) € [0, 1] such that

_ ) 1 Zi . 1 zi+1
(Aw); = () <2~10\/E+ m\/g) (1= p(=) (2.1m+ uw) (19)

i.e. for fixed A, the expected value of the coordinates satisfy E¢[(hat(w)):] = (Aw);.

Remark 5. The value p(z;) satisfying (19) has p(z;) € [0, 1].

We thus have that p(z;) is a well-defined probability. We prove Remark 5 in Appendix A. The random discretiza-
tion has the desirable property that it approximately preserves margins/inner products as stated in the following



Lemma 6. There is a constant ¢ > 0, such that for any integer k > 1, w € H,x € X and any v € (0, 1], it holds that
Pa t[|(hat(w), Az) — (w,z)| > 7] < cexp(—y2k/c).

The proof of Lemma 6 follows the work by Alon and Klartag [2017] in their work on lower bounds for the
Johnson-Lindenstrauss transform, and has thus been deferred to Appendix A. We now observe that

Lo(w) = LXF (has(w)) + Piyyuply(has(w), Ax) > 7:/2 Ay (w,x) < 0]
— Py)~nly(ha t(w), Ax) <7i/2 Ay(w,x) > 0].

Similarly, we have for v € I'; and any training set .S that

LL(w) = LXE (has(w)) + Piyysly (has(w), Ax) > 7,/2 Ay (w,x) <]
- IEI)(x,y)NS[YULA,t (’LU), AX> < ’7%/2 A Y<w7 X> > ’Y]

We now have for any v € I'; that

sup Lp(w) — Eg(w) =
weH(T;,Lj)

sup  (EalLRp (hat(w)) — LXE (hae(w))]+
weH(Ty,L;)
Ea t[Pply(hat(w), Ax) > 7i/2 Ay(w,x) < 0] = Ps[y(ha t(w), Ax) > 7:/2 Ay (w,x) < 9]]+
Ea¢[Psly(has(w),Ax) <7;/2 ANy(w,x) > 7] — Pply(hat(w), Ax) <7;/2 Ay(w,x) > 0]]). (20

A critical observation is that the distribution of y(ha (w), Az) depends only on y(w, x).

Claim 3. Forany (x,y) € X x{—1,1} and any w € H, the distribution of y{ha ¢(w), Ax) is completely determined
Sfrom y(w, ).

We prove Claim 3 in Section 4.1 by exploiting that the entries of A are i.i.d. A'(0,1/k) distributed and using the
rotational invariance of the Gaussian distribution.

As outlined in the proof overview in Section 2, we can now use Claim 3 together with the contraction inequality of
Rademacher complexity to bound several of the terms in (20). Similarly to the introduction of the ramp loss in classic
proofs of generalization for large-margin halfspaces, we need to introduce a continuous function upper bounding the
probabilities above. With this in mind, we now define the following functions ¢ and p:

Patlythac(w), Az) > 7/2 | y(w,z) = ] if —c, <a<0
o) = § C=DPy y[y(has(w), Az) > %/2 | ylw,z) = 0] if0<a <7
0 ify;, <a<c,

Patly(ha t(w), Ax) <~;/2 | y(w,x) = o] ify;, <a<c,
pla) = § SPa ely(hae(w), Az) < 7:/2 [ y(w,z) =] if0<a <
0 if —c, <a<0
Here we slightly abuse notation and write Pa ¢[y(ha t+(w), Az) > v;/2 | y(w,z) = «] to denote the probability
Pa t[y(ha ¢(w), Az) > ~,;/2] for an arbitrary w € H, (z,y) € X x {—1,1} with y(w, z) = « and remark that this
probability is the same for all such w, z, y by Claim 3.
We now observe that ¢ and p upper and lower bounds the terms in (20)

Remark 7. For any training set S and distribution D over X x {—1, 1}, we have

Eat[Pxy)~py(hat(w), Ax) > /2 Ny(w,x) < 0]] < Ex y)oplo(y(w,x))]
Ea t[Pxy)~sly(has(w), Ax) > 7i/2 ANy(w,x) <] > Ex y)~s[o(y(w, x))]
Eat[Pixy)~sly(has(w), Ax) <7;/2 Ay(w,x) > 9]] < Exy)os[p(y(w, x))]
Eat[Pxy)~ply(hat(w), Ax) <7i/2 ANy(w,x) > 0]] > Ex y)~p[p(y(w, x))]



The proof of Remark 7 follows from the definition of ¢ and p, along with monotonicity of Pa ¢[y(ha ¢(w), Az) >
vi | y{w,x) = «a] as a function of «. The proofs have been deferred to Appendix A. Continuing from (20) using
Remark 7, linearity of expectation and the triangle inequality, we have for any v € T'; that

swp  Lop(w) = L{(w) £ sup  |Baclh*(has(w) — L5 (has(w))] @
weH(T'y,L;) weH(I'y,Lj)
+ sup |E(x,y)~D [(b(y(wv X>>] - IE(x,y)NS [Qb(y (w, X>)] ‘ (22)
weH(I'y,L;)
+ sup |E(x,y)~D [p(Y<w7 X>)] - E(X,y)NS[p(Y<w7 X>)] ’ . (23)
weH(T'y,Lj)

In Section 5, we carefully use Bernstein’s plus a (highly non-trivial) union bound over infinitely many grids of increas-
ing size to bound (21) as follows

Lemma 8. There is a constant ¢ > O such that with probability at least 1 — § over S ~ D™ we have

eh<e \/(Ej-i-l +exp(—77,,k/c))(k +1In(e/d)) N (k+In(e/8))

n n

In Section 4, we then use Rademacher complexity and a bound on the Lipschitz constants of ¢ and p to bound (22)
and (23) as follows

Lemma 9. There are constants c,c’ > 0 such that with probability at least 1 — § over S ~ D™ we have

max{(22), (23)} < cexp(—21k/e) -/ (k + 74 +1In(e/d))/n.

provided that k > ¢ ’yi__fl.

To balance the expressions in Lemma 8 and Lemma 9, we now set k = cyifl In(e/¢;41) for a sufficiently large

constant ¢ > 0 so that exp(—72, k/c) < €;11/e and k > ¢’y; ;4. Combining Lemma 8 and Lemma 9 via a union
bound with ' = §/2 and inserting into (21), (22) and (23) gives

sup  Lp(w) — L(w) <
weH(Ti,Ly)

¢ GG e/t )+ Ine/8)) i In(e/ty 1) + Infe/o)

n n

e (£ e/ ) + e/ )

for a constant ¢ > 0. This completes the proof of Lemma 3, which together with Lemma 4 completes the proof of our
main result, Theorem 2.

4 Rademacher Bounds
In this section, we use Rademacher complexity and the contraction inequality to prove Lemma 9. We focus on

bounding (22) and note that (23) is handled symmetrically.
For a training set S € (X x {—1,1})™, consider the empirical Rademacher complexity (for o = (01,...,0,) a

10



vector of independent and uniform variables in {—1,1}):

-E, sup Z oip(yi{w, v;))

weH(I';,Lj) (2i,y:)ES

S|

R, (S) =

-E, | sup Z oid(yi(w, z;))

| €M (@i pi)es

<

S|

If ¢ is L4-Lipschitz, then the contraction inequality from Ledoux and Talagrand [1991] gives that

N L
Ren(S) < 22 K, |sup E oy (w, ;)
n weH ,
(zi,y4)ES

Using Cauchy-Schwartz, this is bounded by

. L¢
< -E, , iYiTs
Ry u(S) < " sup <w ( E YT >

weH Ti,Yi)ES
L
<=2 (sup ||w2) ‘Es Z TiYiTi
n weH
(zi,yi)€S 2
2
L
< n¢ - | Es > o
(ari’yi)GS 2

j@%. SN Eolowoglyi(wi )

(Ii,yi)es (a:j,yj)es
_Le
=T
Since this inequality holds for all S with each (x,y) € S satisfying ||z||2 = 1, we have for the distribution D that the
Rademacher complexity

Rp,5,1(n) = Eswpn [Ru(S)]
satisfies Rp 4 (n) < Lg/+/n. By Lemma 6 and 7; = +y;11/2, we have that ¢ is bounded by

0<¢(a) < ma§<OPA,t[y<hA,t(w)7A$> > 7i/2 | y(w,z) = o] < CeXP(—k%QH/C%

—cy <

for a constant ¢ > 0. We conclude from standard results on Rademacher complexity (see e.g. Shalev-Shwartz and
Ben-David [2014]), that with probability 1 — ¢ over a sample S ~ D™ it holds that

IN

sup ’E(X,y)ND [¢(Y<w7 X>)] - E(X,y)~8[¢(Y<w7 X>)”
weH Ty, L)

n

2o e (Cexp(—k%zﬂ/C) 1n(711/5)> '

2Rp,¢.n(n) + cr <CeXp(k7732+1/C) 111(1/5)> <

N
where cr > 0 is a constant. Symmetric arguments bounds p by the same, with the Lipschitz constant L, of p in place
of L¢.
‘We now use the following bound on the Lipschitz constants of ¢ and p

11



Lemma 10. There are constants cr,,c > 0 such that the Lipschitz constants Ly and L, of ¢ and p are bounded by
cr exp(—'yi2+1k/cL) . (\/E + 'y;rll) ,

when k > C’Y¢_+21-

We prove this lemma in the next section. We thus conclude that with probability at least 1 — § over S ~ D", we
have

Sup ’E(X,y)ND[¢(y<w7 X>)] - IE(x,y)wS [¢(Y<w7 X>)] ’ <

weM(Ti,Ly)
. cropatb/e) (Beoih) (7
Jn CR | cexp Yi+1/€ n .

The same bound holds for p via Lemma 10, which completes the proof of Lemma 9.

4.1 Bounding the Lipschitz Constants

In this section, we proceed to bound the Lipschitz constants of ¢ and p and thereby prove Lemma 10. We split it into
two tasks depending on the value of «. The simplest case is the following

Lemma 11. There is a constant ¢ > 0 such that the Lipschitz constants of ¢ and p, when 0 < o < vy;, are less than:
cexp(—kv2,,/c)
Yi+1 -
Proof. Since ¢ is linear when 0 < « < ~;, its Lipschitz constant equals the slope of the line, i.e.
1
— Pagly(has(w), Az) >7;/2 | y(w,z) = 0].
(]
By Lemma 6 and using v; = 7;+1/2, this is bounded by
cexp(—7y1k/c)
Yi+1 ’
for a constant ¢ > 0. The same arguments applies immediately to p. O

The trickier case is when a € [—c,, 0] for ¢ and when a € (v, ¢,] for p. If we set ¢, < 1//2, then we have

Lemma 12. There is a constant ¢ > 0 such that the Lipschitz constant of ¢ when o € [—~1/+/2,0] and p when
o€ (%-, 1/\/ﬂ is less than
cexp (=77 1k/c) VE,

fork > C’yi__,fl.

Combining this result with Lemma 11 completes the proof of Lemma 10.

To prove Lemma 12, we need to bound the Lipschitz constants of ¢ when a € [—~1//2,0] and p when o €
(’yi7 1\/5] . We will go through the details for ¢, and comment how the argument for p differs along the way.

First recall the following claim

Restatement of Claim 3. For any (z,y) € X x {—1,1} and any w € H, the distribution of y(ha ¢(w), Ax) is
completely determined from y{w, x).

As we need to understand the distribution of the random variable y(ha (w), Az) to bound the Lipschitz constants
of ¢ and p, we proceed to give the proof of Claim 3 while introducing convenient notation for establishing Lemma 12.

12



Proof. Firstly, write ha t(w) = Aw + v with v = (hat(w) — Aw). Then observe that (Aw); = (a;,w) ~

N(0, [[w]|?/k) i/\/(O7 1/k) where a; denotes the i’th row of A. Here £ denotes equality in distribution. Now write
x = (w,x)w + u where (u,w) = 0 and ||ul|? = ||z||* — (w,z)? =1 — (w, x)? (i.e. a Gram-Schmidt step). We have
(Az); = (a;, w){w, z) + (a;, u). By rotational invariance of the Gaussian distribution and orthogonality of w and u,
we have that (a;, u) ~ N(0, (1 — (w, x)?)/k) and that this is independent of (a;, w). Using the independence, we also
conclude that if we condition on any fixed outcome of ¢; = (Aw);, we have that ¢;{a;, u) is N'(0, cZ (1 — (w, z)?) /k)
distributed.

We now argue that we can sample from the distribution of y(ha +(w), Az) = (ha t(w), yAz) knowing only
y(w, x) as follows: Sample independent A/(0,1/k) distributed random variables X, ..., X. Next sample indepen-
dent N(0, (1 —y2%(w, z)2)/k) distributed random variables Y7, ..., Y} and let Z; = y(w, 2)X; +Y; < y(w, 2)X; +
1Y ;, where the last step follows from independence of X; and Y; and symmetry in the distribution of Y. Let X be
the vector with the X;’s as entries and Z similarly. Then the joint distribution of (X, Z) is equal to the joint distribution

of (Aw,yAxz). Finally draw offsets t/,. .., t} uniformly and independently in [0, 1] and round X; to a number of

the form (1/2)(10v/k)~" + 2(10vk)~! for z € Z as in the definition of . ¢. The resulting variables X/ satisfy that
d

ylhat(w), Ax) = (X', Z). O

With Claim 3 established, we will use the notation in the proof as we proceed with bounding the Lipschitz constants
of ¢ and p.

Let @ = y(w,z) for some w € H and (z,y) € X x {~1,1} and € [~1//2,0] (for p, let o € (7;,1/v/2)).
Let X; ~ N(0,1/k), Y; ~ N(0, (1 — a?)/k) and let X/ be the random rounding of X;. We argued, in the proof of
Claim 3, that y(ha +(w), Ax) 4 (X’,aX +Y). Let additionally E; be the event that X}, is rounded up. For notational
convenience, let M; = v/kX; and observe that M; ~ A (0, 1). With this notation, we have that X/, has the form

X! = ﬁ QlOMi — MIMOJ +1{E;} + ;) )

7

Recall that the variables t; and M; determine X;, F; and thus also X}. If we condition on an outcome t; = ¢; and
M,; = M;, only Y, remains random. We may thus write

Hence,

ylhao(w), Az) L (X' aX +Y) = —=(X',M) + (X', Y).

Ply(ha t(w), Az) > ~;/2] =

P [%(X’,M> +(XY) > %/2} =

/Rk - Fas(M, )P [\;%o(/, M) + (X', Y) > 7i/2 ‘ M, = M, t; — tl} d(M,t) =
—

where far,.(M,t) is the joint probability density function of M and t.
Let us now define N; such that Y, = 4/ 1’;‘2 N; andlet N = (Ny,...,Ny). Then N; ~ A (0, 1) and the event

ﬁ<X/ﬂM> + <X/7Y> > '72’/27

13



may be rewritten as

%(X’,M) F (X Y) > 7i/2 = (X Y) > /2 — %(X’,M} —
1—a?2, _, a o,
o (XN) > 0/2 = (X M) =

1—a? o
XX NX 2, NY > 73 /2 = —=(X', M) —
\V T XA /X 2, N) > e/ \/E< )
VEy/2 = a(X', M)
VI—a?|X|ly

Observe that (X'/||X"[|2, N) ~ N (0,1). If we let ® denote the cumulative density function of a standard normal
distribution, then we have established

(X/IIX" |2, N) >

Ply(ha t(w), Ax) > v;/2] = /ka[o " far (M, 1) <1 - ® (ﬂyl/?_i;gohg/ﬁjﬁ)) d(M,t)

_ _ \/E’Yi/Q—Oz<XI7M>
/ka[o,uka(M) (1 (I)< VI-a?| X' ))d(M’t)' ey

In the last equality, we use that M and t are independent and that the probability density function of t is 1 since each
t; is uniform in [0, 1]. This reduces fys (M, ) to the probability density function fyg(M) of M alone.

The same arguments for p also gives the integral (24), with the small difference that (1 — ®(-)) is replaced by ®(+).
This difference is irrelevant, since to bound the Lipschitz constant, we will differentiate and bound the differential’s
absolute value.

Let g(M,t, «) be the integrant above, we want to differentiate kax[o,u v g(M,t, ) d(M,t) by differentiating
under the integral. Standard measure theory results (Theorem 6.28, Klenke [2020]) allows us to do this if we satisfy
three conditions. These conditions are, in this case, equivalent to the following

i) for all constant « , the integral kaX[O 1k g(M,t,«) d(M,t) is finite.

ii) for all constant M, t, the partial differential of g(M, ¢, o) with respect to « exists.

iii) There exists a function h(M,t), where kax[o 1 h(M,t) d(M,t) is finite and such that |2 g(M, ¢, )| <
h(M,t) for all a.

The first two conditions are straightforward: The integral is equal to a probability, which is finite. And g is a combi-
nation of differentiable functions making it differentiable itself. The last condition is more cumbersome, but the goal
of this proof is to upperbound the integral by a constant, which clearly dosn’t depend on «. Hence the last condition
will be satisfied during the proof.

Hence we can continue with our differentiation by differentiating under the integral.

%P[y(hA,t(w),A@ > /2] =

i _ \/E'Vi/Q_O‘<X/7M> _
/ka[o,l]k aan(M) (1 ® ( V1—a?|| X2 >> A1) =

2 aVky; ’
19— ! =L (X' M
: / Jai(M) exp -1 Vir/2— o X', M) 2 2 3<2 =i d(M,t)
27 RE % [0,1]+ 2 V1—a2|| X2 (1—a?)3/ X7 |2

1 (VEy/2 — (X', M)\ | 252 — (X', M)
27 RF % [0,1]* 2(1 - 042)||X'||%

IN

d(M,t).

Ja(M) exp (- 1 — 22X
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Forboth a € [-1/v/2,0] and a € (v;,1/v/2], we have that 1 > (1 —a?) > 1/2 and thus, for both ¢ and p, the above
is upper bounded by

23/2 (VEvi/2 — (X', M))? \ VEv; + (X', M)
e M)exp | — d(M
27 ka[o,l]ka( )ep< 2/ X113 X7 |2 (M )
(VEvi/2 — a(X', M))? N
M)exp | — M d(M, ).
</R’“><[0,1]ka( e p( 2(| X113 )(IIX’||2+|| |2> (M)

We now use that | X!| > (1/2)(10v/k)~" for all i. This implies || X’||2 > 1/k(1/4)(10v/k)=2 = 1/20. We may thus
further upper bound the above by

Vi /2 — (X', M))?
20./ (M) exp [ — WR/2 — ol M) (VEv +11Mlz) d(M,¢). (25)
RF x[0,1]% 21 X713
We will bound (25), by splitting it into 3 cases:
. 9 .9 4 4
i) M3 < 15k ii) 1ok < IIM)3 < Sk iii) | M5 > k.

The arguments for cases i) and iii) do not depend on «, and hence are identical for p and ¢. In those cases, we simply
exploit that || M]3 ~ x? and thus these cases are very unlikely. This implies that the integral over fy; (M) is so small
that we can afford to upper bound the exponential term in (25) by 1. For case ii), we can use the assumptions on || M |3
to show that the exponential term is no more than c exp(—v2k/c) for a constant ¢ > 0. We proceed to the three cases.

case i). We simply upper bound the exponential term in (25) by 1 and use the assumption that || M3 < %k to
conclude

. (_ (Vo2 et ) ) (Ve + [1M]12) < 2VE

Now since M is multivariate standard normal, ||M]||3 is x? distributed. Let Z ~ x? with probability density function
fz(2). Then the integral in (25) in is bounded by:

9k/10
40\/E/ (M) dM = 40\/E/ fz(2) dz = 40vk - P|Z < 9k/10],
(\/9k/10)BE 0
which by Theorem 17 is less than
80Vk exp (—k~?/800) .
case ii). We use the assumption that 5k < |[M||3 < 3k together with the following observations
Remark 13. If|| X |3 < 4/3, then | X'||3 < 2.
Remark 14. If | X |3 > 9/10, then (8/9)|| X |13 < (X, X") < (10/9)|| X ||2.

We prove Remark 13 and Remark 14 in Appendix A. Since vkX = M, Remark 14 gives (X', M) > (8/10)Vk
and hence

2

Vv 3VE; VEy; 9k~?

. L X!, My < Y o - Loax, My < -2

o>y = 5 a(X', M) < 10 <0= 5 (X' M)y | < 100
2

a<0= f; —a<X',M>zf2v >0 = —(Q—a(X’,M)) < — Z

15



Hence for both ¢ and p, the last two factors of the integral in (25) are bounded by:

(VE%/2 — a(X', M) 5 9l?
— . < = _ .

Which gives the following:

ky?
50

2
50vk exp (— Gl

) / (M) dM < 50Vk exp (-
50/ J(\/ok/10-BE)C N (y/4k/3-BE)

case iii). We bound the last two factors of the integral (25) under the assumption that || M||3 > 3 k. Here we simply

upper bound the exponential by 1 and get

. — 12 2
op <(\/E%/22X’<|)§( M) > (\/E%- + ||M||2) < 2| M|z,

hence the integral (25) is bounded by:

w0/ Pt (M) M|z dM.
(V/Ak/3.BE)C

(26)

Recall that || M3 ~ X7 and let Z ~ x? with probability density function fz(z). Then the integral (26) is equal to

40 h fz(2)Vz dz.

4k/3

Letalso L; = [3k - 2, 3k - 2'1) for i € Z>(. By definition, the L;’s partition [4k, 00), and we upper bound with:

402/ fZ(z),/gk 2L dz <TOVEY PIZ € Li]2Y/2 <T0VEY P {z > %k . Qi] 20/2
i=0 7 Li i=0

i=0
Using the following remark:

Remark 15 (Laurent and Massart [2000], equation 4.3, page 1326).
LetZ ~ X%: y > 0 then:

P[Z > 2+/ky + 2y + k] < exp(—y).

With y = c3k, where ¢ = g;2°. We have:

4 4 1 Co4
2Vky +2y+ k= (\/E+c8+1>k§ <\/§++1>k-21§3k-2’.

V3 3 24 24

Hence we can finish the bound for this case, using the assumption that k& > -y, 2721n(2)

0VEY P {z > 2k 21] 2/2 <70VE Y exp (48k : 2%) 2/2
1=0 1=0

1\ = 1\,
< 70Vk exp (48k> Zexp (48k> 2i/2

=0

1
< 140Vk exp <48k%2> .
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Collecting the three cases. Hence in total |2 ¢| for a € [—1/v/2,0] and |;Z p| for a € (v;,11/2] are bounded by:

k2 1
80Vk exp (—ky2/800) + 50Vk exp (— i ) + 140Vk exp (—kﬁ)

50 48
< 140 exp (—k~7/800) .

Using that ;11 = 2+;, this completes the proof of Lemma 12.

5 Meet in the Middle Bound

The goal of this section is to prove the following

Restatement of Lemma 8. There is a constant ¢ > 0 such that with probability at least 1 — § over S ~ D™ we have

sup B[y (hae(w)) — L35 (ha(w))]] <
weH(Ts,Lj)

Wejﬂ +exp(=nZ,/0))(k+Ine/8))  (k+n(e/?)

n n

Notice here that the two losses [X{f(hA,t(w)) and EXéQ(hA,t(w)) refer to the same margin 7; /2 and ha ¢(w)
has been discretized to have all coordinates of the form (1/2)(10v/k)™" + 2z(10v/k)~"! for integer z. Intuitively,
we will try to exploit this discretization to union bound over a grid of finitely many hypotheses. Unfortunately, the
random matrix A may increase the norm of w arbitrarily much, and thus a single grid is insufficient. Instead, we
need an infinite sequence of grids. For this, let Gy denote the set of all vectors in 4B whose coordinates are of the
form (1/2)(10v/k)~" + 2(10v/k)~* for integer z. More generally, let G; for i > 0 denote the set of all vectors in
(2° - 4B%) whose coordinates are of this form. Since ||z||; < v/k||z|2 for any x € R¥, we have that G; C (2° - 4BE) C
VE(2' - 4B%). For a vector x € G;, let i(z) = (i1,...,ix) denote the integers so that z = (10vk)Yi(x) +
(1/2)(10v/k)~'1 with 1 € RF the all-1’s vector. Then by the triangle inequality, we have (10v/k)~!|i(x)|]2 <
lzll2 + (1/2)(10vE) =112 < 2° - 4 + 1/20. This implies ||i(z)|[; < (10vVE)VE(2" -4 +1/20) < (5-23 +1)E.
Since each coordinate of i(z) is an integer, there are thus at most 2* choices for the signs and Zgigwsﬂ)k (’H‘;_l)
choices for the absolute values of the integers. That is, we have

(5-2F3 4 1)k
G| < ok . Z <k‘ —|—;f — 1) < o(5:27T3 4 3)k < 92Tk 27)
t=0

We now start by considering a fixed outcome A of the random matrix A. For such a fixed A, the training set S
behaves well in the sense that £ (w) and £, g(w) are close with high probability for any w. This is formalized in
the following remark

Remark 16. For any distribution D over X x {—1,1}, fixed w € H, margin v and any A € R**9, it holds with
probability at least 1 — § over S ~ D" that

8Lp(w)n(1/3) | 2In(1/3)

o) — Ch(u)] <
The proof of Remark 16 is a simple application of Bernstein’s and can be found in Appendix A.

In Lemma 8, the matrix A is not fixed but random. Thus we need to find a formal property of the training set S
under which Ekg(h A t(w)) and Ekg(h A.t(w)) are close in expectation over the random choice of A. With this
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goal in mind, we now say that a matrix A in the support of A and a training set .S has distortion at least 3, if there is a
grid G, and a vector w € G, such that

i/2 a a
|/3:ff7é2(w) —£X§2(w)| > 3. \/8519 (w)(2 ;7k+1n(1/6)) n 2(2 +71@—11;11[1(1/6))

For a training set S, we use D3(.5) to denote the set of matrices A with distortion at least 3 for S.

We observe that for a fixed matrix A, grid G, and 3 > 1, we have by Remark 16 with §/, = (5/22u+7k)5 and a
union bound over all w € G,,, that with probability at least 1 — |G, |0/, it holds for all w € G, that

. . T (w)In(1/8,)  2In(1/8!

_ \/ 8LULY (w) (820 Tk + BIn(1/5)) L 2B2 Tk + BIn(1/))

n n

s \/ 8L (w) (204 7k + In(1/5)) | 2027k + In(1/5))

Thus for 8 > 2, we have
Ps[A € Dg(S)] <> [Gald),
a=0

(oo}

< Z(gﬁ L9 (B=1)2°*Tk
a=0

<2.6°. 9—(B-1)2Tk_

By Markov’s inequality, we have

8/2 o—(p—1)2°k . Es[PA[A € Dy
Ps[Pa[A € Dg(S)] > 2-6°/2. 27 (B2 < s

. EA[]Ps[A € Dﬁ
= 9. 582 9-(-1
< §8/2 . 9= (B-1)2%

2

— o~ =]~

-2

Now call a training set S representative if it holds for every 3 = 2" with integer h > 1 that
PalA € Dg(S)] <2-6°/%. 9—(8-1)-2%

A union bound implies that S is representative with probability at least

R 210

1 _ Z 2 . 62h—1 . 2—(2}L—1)26k Z 1 .
h=1
Now define for integer h > 1 the set

Kn(S) = Do (5) \ (UpZp11D2(5)) -

Let K((S) be defined as
Ko(S5) = supp(A) \ (UpZ; Dos (5)) -

18



For any w € H, we may use the triangle inequality to conclude

[EaclLhF (hae(w) = L35 (has(w))]| <

> Eae

h=0

LR (has(w)) = £3E (has(w)| | A € Kn(S)] PalA € Kn(S)].

Now consider an A € K},(S). Then A has distortion no more than 21 by definition of K} (). This implies that if
ha(w)isin G, but not Gy, for b < a, then ||ha ¢(w)]|2 > 22! by definition of G, and we get

L35 (hau(w)) — L3547 (ha(w))] <

it ( \/ SLHL () 24Tk +In(1/0)) | 22Tk +In(1 /5))) .

n n

n n

21 +8 |y (w)]o - (\/SEX#(w)(k—i-ln(l/é)) N 2(k +ln(1/§))) .

Using Cauchy-Schwartz, we thus get for any w € H that

[Easl£35 (has(w) — L35 (has())]] <

iQthS]EAt |:|hAt(w)||2 ' <\/8£Xé2(w)(/€ —1—11{1(1/6))+

h=0 n
AL DAY | &€ Kus)|pala e H(s)] <
S 2" B [lhac(w)]3 | A € Ki(S)]-
h=0
2
¥i/2
- (\/MAD(w)(an(l/a))+2<k+12<1/6>>) N

By Cauchy-Schwartz, this is at most

J Z22h+16]EA,t[||hA,t(w)H% | A € Ki(S)|PalA € Ki(9)] -
h=0

2

o0 ¥i/2
S Ea, (\/%AD (w)(k +1n(1/6)) N 2(k + 1n(1/5))> | A € Kp(S)| PalA € Ki(S)].
h=0

n n
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Using Cauchy-Schwartz again and Jensen’s inequality, the first sum is bounded by

o0

Z22h+16EA,t[||hA,t(w)Hg | A € Ki(S)|PalA € Ki(S)] <
h=0

> 2U0PA[A € K (S)] | D Easllhac(w)l3 | A € Ki(S)PPalA € Ki(S)] <

h=0 h=0
> 2MhH6IPA[A € Don ()] - J Y Eaclllhias(w)i| A € Kn(S)PalA € Kn(S)] <
h=0 h=0

J > 240i2(a/ 2 k)02 [l e(w)lf] <
h=0

25\ B el () 4]

Using Jensen’s inequality on the second sum, we find that

2

| A€ Kh(S) PA[A S Kh(S)] =

n n

i o \/&cj;{f(w)(k +1n(1/6)) N 2(k +1n(1/6))
h=0

’ n n

2
-~ \/8£X£2(w)(k +1n(1/8) | 2(k +In(1/6))

For positive constants cg, c1, co, we have that the function f(t) = (y/cot + ¢ + c2)? is concave for ¢ > 0. To see this,
we compute its derivative

CoC2

(1) = 2(Veol T a1 + ) - ——2  — o
fo=svatraral e = F Varra

and its second derivative

_C(Q)CQ

() = 2cot +¢1)3/2

This is a negative function for ¢ > 0. We thus use Jensen’s inequality to conclude

B, \/8£X1/32(w)(k +1In(1/6)) | 2(k+1n(1/9))

’ n n

2
$ 8Ea ¢ [ﬁ'X{f(w)} (k+1n(1/9)) | 2k +In(1/9))

n n
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Combining it all, we have thus shown

EadlCRp (hae(w) = L3 (har(w))]| <

2

SEa [CX5 (w)] (k +1n(1/6)) | 20+ 1n(1/5))

n n

9233 .

w)l3] -

IN

SEa [CX5 (w)] (k +1n(1/6)) | 20+ n(1/5))

217 B ulllha e (w4 n -

We now bound Ea ¢[||ha +(w)]|3] as follows

Ea t[lha.¢(w)ll3]
Eatll[Aw + (hat(w) — Aw)|3] <
Eat[(|Awlz + [|hat(w) — Awll2)]

(||Aw2 + \/k(lO\/E)—Q)4]

Eas [(||Aw||2 + 1/10)4} —

IN

Ea ¢

4

4
5 () Eacllavlzio 0.

b=0

Recalling that || Aw||3 ~ (1/k)x%, we have from the moments of the chi-square distribution that for even k > 4:

- 9,22+ K/2)!
Hence
4
IEA t[HhAt Z ( >4 . 10*(4*5) < (4+ 1/10)4 < 54'
b=0
‘We thus have

EaslCRp (has(w) = L3 (has(w))]| <

o \I8EM [ﬁ”’/"’( )} (k +1n(1/6)) | 2k +In(1/8))

Finally, we exploit that for any w € #H(I';, L;), we have by definition that £, (3/4)y: (w)

we have

< ¢j41. Thus for any such w,

Ea ¢ [LX5 (w)] = Ea t[Pay)~nly(hat(w), Ax) < v;/2]]
= Ex, y)ND[]PA t[y(hat(w), Ax) < 7;/2]]
< P y)~ply(w, x) < (3/4)7i]
+ Exy)~p[Pat[y(hat(w), Ax) <v;/2] | y(w,x) > (3/4)vi]

< L (w)+ sup  [Pa[(ha(w), Az) < 7:/2 | y(w,z) = p].
w>(3/4)7:
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Using Lemma 6 and that Eg/@% (w) € L; by definition of H(I';, L;), there is a constant ¢ > 0 such that this is
bounded by

< L% (w) + cexp(—k(v:/4)?/c)
< i1 + cexp(—ky?1/(16¢)).

We have thus reached the conclusion that there is a constant ¢ > 0, such that with probability at least 1 — § over
S ~ D™, it holds that

sup  |EaclLap (has(w) — L35 (ha(w))]] <
weH(T;,Lj)

N \/ (b1 -+ exp(—kr, /) (k + In(1/8) | k-+In(1/6)

n n

This completes the proof of Lemma 8.

6 Within Constant Factors

In this section we prove

Restatement of Lemma 4. There is a constant ¢ > 1, such that for any 0 < § < 1 and any T'; = (74, vi+1], it holds
with probability at least 1 — 0 over a random sample S ~ D" that

£&/ w) o (In(erian)  In(e/d)
4 Vin K .

Vw e H : L& (w) >

The proof follows mostly the ideas in Grgnlund et al. [2020] that were outlined in the proof overview in Section 2.

Proof. Let k > 1 be a parameter to be determined and consider the random construction of A and t as defined in
Section 3.2. Let G, be defined as in Section 5, i.e. G, contains all vectors in 2% - 415%’5. We say that a matrix A in the
support of A and a training set S is a-unusual, if there is a vector w € Gy such that

(7/8)% LIS (w) 2"k + In(1/a)
Lys " (w) < 3 - - .

For a fixed matrix A and vector w € W, we have by Bernstein’s inequality and Eg [Egég)% (w)] = Egl/js)% (w) that

142
P [| 477 () = £35 ()| > t/n] < exp [ - 2 .

Setting

(7/8)%
t=n- (5,4@2 (w) +Z>
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with Z = 161In(1/a) /n gives

Ps

_ _ £7/8)vi
Cf:és)%(w) _ngg)%(w)‘ > ( AD2 (w) ny

2
(7/8);
5 (25742

< _
o (/8% n [ £55 w)
nLyp "(w)+ 3 | A25——+ 2

3 2

2 ma{ £ (w), 2}
2n max{ﬁgi/)s)% (w), Z}

<ep( nZ>
o [ -2
- 16

A union bound over all w € Gy witha' = o/ 2’k gives that a fixed matrix A is c-unusual for S ~ D" with probability
at most

«
‘90‘6277]“ < Q.

Now call a training set S a-representative if A is «-unusual for S with probability less than 1/4. By Markov’s
inequality, we have

Es[PA[(S, A) is a-unusual]]

Ps[Pa[(S, A) is a-unusual] > 1/4] <

1/4
=4-Ea[Ps[(S, A) is a-unusual]]
< 4a.
Thus
Pg[S is a-representative] > 1 — 4a. (28)

We claim that if the training set S is d-representative, then it holds for all w € H that

L% () 21k + In(4/5)
Y > D _
£S(w) - 4 n

— 30 exp(—kyfi, /2').

To see this, consider an arbitrary such .S and a w € H. Sample A and t as in the previous section. Call At good
for w if it satisfies both || ¢(w)]]2 < 4 and LYY (ha ¢ (w)) > L5 (w) — 25 exp(—kvy2,,/2"). For ease of
notation, let G,, denote the set of (A, ¢) that are good for w. Similarly, let Ug denote the set of A where A is j-unusual
for S.

Forall w € H, v € I';, A and ¢, we have that

LE(w) > LY (hag(w)) = Preyymsly (w,x) > 7 Ay (hag(w), Ax) < (7/8)7i).
Thus

LY(w) > Ea o[£ (hao(w) = Preyymsly (w,x) > 7 Ay (has(w), Ax) < (7/8)7,]]

> Ea o [L5P7 (hac(w)) | (A,t) € Gy AA & UsPa[(At) € Gy AA ¢ Us) (29)
- EA,t[P(x,y)NS[y<w7 X> > A y<hA,t (U}), AX> < (7/8)71]] (30)
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For the term (29), we observe that conditioned on (A, t) € G, we have that ha ¢(w) € Gy since [|ha¢(w)|2 < 4.

Secondly, when A ¢ Ug, this implies by the definition of d-unusual that

LUBY% (ha ((w)) 2k +1In(1/6
»Cgés)%(hA,t('w)) > ZAD (2 At(w)) _ - (1/9)

Hence

Ea L0 (hat(w)) | (A t) € Gy A A ¢ UsPa [(A,t) € Gy AA ¢ Us] >

1
Pas[(A,t) € Gy NA & Us] — M+ln(1/5)

(7/8)vi
h
Ea [ﬁf”’ (2 A+(w)) |(A,t) € Gy AA ¢ Ug

Using again that (A, t) € G,,, we have that (31) is at least

‘C,(D?’/‘l)"h(
2

w)

Pasl(At) € Gy AA ¢ Us| —

2k 4+ In(1/6
T(/) — 25 exp(—krfi1/2').

€2y

(32)

We now bound P[(A,t) € G,,] and P[A ¢ Ug]. For this, we recall that ||Aw]||3 ~ (1/k)x5. Thus E[||Aw]|3] = 1
and by Markov’s, we get P[||Aw||3 > 9] < 1/9. Conditioned on [|[Aw||3 < 9, we have ||ha ¢(w)|2 < ||Aw]|2 +

lhat(w) — Aw|s < V9 + 1/k(10vE) =2 < 4. Next observe that

LI (haw(w)) = L5/ (w) = Pryyonly (w,x) < (3/4)7; A y(hae(w), Ax) > (7/8)7].

)

We have by Lemma 6 that there is a constant ¢ > 0 so that

Ea Py ply(w,x) < (3/4)7 Ay(has(w), Ax) > (7/8)v]] =
Exy)~pPasly(w,x) < (3/4)% Ay (hat(w), Ax) > (7/8)7i]

sup Pac[(hat(w), Az) > (7/8)7i]
2€X:(w,2)<(3/0)%

<
< <
<

coxp(—k(v/8)*/¢) <
cexp(~knfi/(2°0).

Thus by Markov’s inequality, we conclude

PaslL4p) (has(w)) < L9 (w) — 5eexp(—ky? 1 /(2%0))] <
Pa [Py oy (w, %) < (3/4)7; Ay(hae(w), Ax) > (7/8)7] > Seexp(—ky2,, /(25¢))]

A

1/5.

Finally, since we assumed S is §-representative, we have Po[A € Ug] < 1/4 by definition of -representative. We

conclude by a union bound that
Pat[(A,t) eGu,NA¢Us]| >1-1/9-1/5—-1/4>1/2.
In summary, we have shown that (32) is at least

LY w) 1 2%k +In(1/9)
2 2 n
Recalling that (29) > (32) gives

— 5eexp(—kyi ., /(2%)).

Ea (L5707 (hat(w)) | (A t) € Guw A A ¢ Us|Pa+[(A,t) € Gy AA ¢ Us] >

L5 (w) 2k +1In(1/0)
4 n

— 5cexp(—k"yi2+1/(280)).
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The term (30) can be bounded using Lemma 6 by

]EA,t []P(x,y)NS[y<w7 X> > A y<hA,t(w)7 AX> < (7/8)71]] -
E(xy)~s[Paely(w, x) > v Ay(hat(w), Ax) < (7/8)]] <
sup  Pa[(hat(w), Az) < (7/8)7i] <

CEX: (w,z) >
cexp(—k(y — (7/8)7:)?/¢) <
cexp(—kv}/(64¢)) <
cexp(—kriy,/(2%¢)).

In summary, we have shown that for (6/4)-representative .S, it holds for all w € H that

LY (w) 2k +In(4/6)

£y > o .

— GCeXp(—k"ny/(ZSc)).

We finally conclude from (28) that with probability at least 1 — & over S, it holds for all w € H that

L5 (w) 2k +1In(4/0)
4 n

Lg(w) > — GCexp(—k%‘2+1/(280))-

Picking k = 28¢y; 2 In(y2,,n) finally results in

LY(w) > ﬁ(g/él)"/i (w) B 22‘)0111(72»2“71) B 21n(e/d)

2
4 Vin n

This completes the proof. O
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A Auxiliary Results

In this section, we prove a number of auxiliary results used throughout the paper. For this, we need the following
concentration inequality:

Theorem 17 (Wainwright [2019], example 2.11). Let Y ~ X2, then for any x € (0, 1) it holds that
Y 2
P E_l > x| < 2exp(—kxz*/8).

Restatement of Claim 1. For any 0 < § < 1, it holds with probability 1 — § over S ~ D™ that (17) and (18)
simultaneously hold for all (T';, L;) and T';, with slightly different constants c.
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Proof. Let (;,7i+1] be such that v;11 := 2in~1/2. Similarly, let (¢;,¢;41] be such that £;,1 := 2/n~'. Do a union
bound over all (I';, L;) fori = 1,...,1gy(cyn!/?) and j = 0,...,1lg, n with §; ; := (5/e)® exp(—v;3% In(e/¢;4+1))
in (17). We see that

lgg(cwnl/z)lgzn lg2(cwn1/2)lg2n

SO as= Y Y6 esp(—riA (/b))
i=1 7=0 i=1 j

lg, (cﬂ,nl/Q) 1
= (6/e)? exp(—2"%'n1n(en277))

<
Il
=3

o]

2N

-
I

—
<
I

o

S

lgg(cwnl/Q) lg,

= (8/e)>(en2™7)~2"'n

o]

-
I
—
<.
I
o

Doing the substitutions j < lg, n — j and i < lg,(c,n'/?) + 1 — 4, this equals

lgy (Cwnl/z) lgyn

S0 Y /e ey T
i=1 =0

lgo(cynt/?)1g, n

< Y S fepPe® o
i=1 j=0

1g2(0w”1/2) s

< ) 2(8/e)e
i=1

<4/2.

Similarly, do a union bound over all I'; with &; := (§/e)? exp(—v,;5 In(ev?,1n)) in (18). We have

1g2(ca,n1/2) 132(07”1/2)
0; = (6/€)* exp(—7i33 n(eviyin))
i=1 i=1
lgz(c,ynl/2)
< (6/e)? exp(—In(ev?,  n))
=1
lgz(cyn'/?) 1
= (6/e)°
= ey
152(C~r"1/2) n
= 5/e)d——
> 6 g
< (0/e)?
<5/2
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We thus have that with probability at least 1 — § that for all (I';, L), we have
sup Lo (w) = Lg(w)] <

weH(T;,L;),v€ET;

. (\/ngrl <1n(62/€j+1) N ln(e/ém)> N 1n(e2/€j+1) N ln(e/ém)> _

Vi n Vi1 n
e[ [t <1n(€2/€.j+1) 4 1D(€/5i,j)) oy 1n(€2/€.j+1) ey In(e/d) |
Vit n Vit n

and for all I';, we have

inf L3 (w) > Eg’ﬂl)w (w) . (ln(e*yza_ln) B ln(e/Si))

wEH - 4 fyi2+1n n
_EMw) () Weatan) g dne/d)
4 %‘2+1n n ’

O

Restatement of Claim 2. For any 0 < ¢ < 1 and training set S, if (17) and (18) hold simultaneously for all (T';, L)
and 1';, then (16) holds for all v € (n’1/2, ¢y and all w € H for large enough constant ¢ > 1 in (16).
Proof. Let 0 < § < 1 and assume as in the claim that (17) and (18) holds for all (I';, L;) and I';. Now consider an

arbitrary 4 € (n~'/2,¢,] and w € . Let i and j be such that v € (v;,7i41] and L5/ (w) € (£;,0;41] with
Yit1 = 2'n" Y% and £, 41 = 29n~". We consider two cases. Let ¢, > 1 be the constant in Lemma 4. First, if

2
Eg/4)w (w) < 16 - ¢4 (ln(e;yl-ﬂn) N ln(e/5)> ’
Vi1 n

then since Lp(w) < L5/ (w) and v < 7,41 (using that In(ey2n)/(v2n) is decreasing in 7 for v > n=1/2), we
have already shown (16) for sufficiently large constant c in (16). So assume this is not the case. Our goal is to show
that £, and L} (w) are within constant factors of each other so that we may replace occurrences of £;1 by L% (w)
in (17). We first see that our assumption implies

. 1 2 1 ) 1
Gor = L5/ (w) > 16+ ¢, - ( plerian) | Ine/ )> > — >0l (33)
Vi1 n Vi1

This also implies j # 0 and hence ;1 = 2¢; and therefore £;,; < ZEg’/ i (w). Letting c5 be the constant in
Lemma 3, we get from (17) and (33), that

LL(w) < Lp(w) +cs - (\/€j+1 (ln(e2/€j+1) n ln(e/é)) N In(e/lj11) N ln(e/§)>

Vi n 'yi2+1n n
. , 1 2 1 ) | 2 1 1)
Sﬁg/4)7’(w)+63- 25(93/4)%(71)) ( n(62%+1”) i n(e/ )) i Il(e;nﬂn) n n(e/d)
Yig1 M n Yiga M n

< Eg’/4)’)’z‘ (w) + 3 - <\/2£(g/4)%' (w)ﬁgﬂ)’n (w) +£(§>/4)% (’LU)>
<3.c3- 5(3/4)% (w).

We thus also have £;41 > L) (3/4)7: (w) > (3-¢3) " LE(w). Inserting this and (33) in (17) gives

Lo(w) < LL(w) + cs <\/ i1 hl (Beca/Ls(w)) | Ine/ ‘”) | lerdam) | Infe/ ‘;)). (34)

2
ryz+1n n V’H»ln n
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Finally from (18) and v > ~;, we have
Ly(w) > L (w)
- Eg’/zl)%(w) . In(er?n)  In(e/d)
= 4 4 YEan n
N iy c In(ey?,n) _In(e/0)
- 8 * Vian n ’
From (33), this is at least £;+1 /16 and thus ¢, < 16L(w). Inserting this in (34) finally gives us

In(2ecs/L3(w)) ln(e/5)> . In(ey2,,n) . ln(e/5)> |

2 2
")/i_i_l’fl n ’}/i+1n n

Lp(w) < LE(w) +c3 <\/16£g(w) (

Since v < ,41, this completes the proof of Claim 2 for sufficiently large ¢ > 0 in (16). O

Restatement of Lemma 6. There is a constant ¢ > 0, such that for any integer k > 1, w € H,x € X and any
€ (0,1), it holds that Pa 4[|(ha t(w), Az) — (w,z)| > 7] < cexp(—~?k/c).

Proof. We start by observing that || Aw||3, ||Az||3 and ||A(w — z)||3/||w — x||3 are all (1/k)x} distributed. Using

Theorem 17 with z = /3, we have with probability at least 1 — 6 exp(—k~?/72) that ||Aw||3 € 1 ++/3, ||Az|3 €

1+v/3and ||[A(w — 2)||3 € ||w — x||3(1 & v/3). By the polar identity, this implies

1
(Aw, Aw) = 7 (lAw(3 + [[Az]3 - [|A(w —2)]3)

1 v
€7 w3 + [l2]3 = llw —23) £ T (lwllz + [l + flw — =[|3)
C <w,x>i%(1+1+4)

v

- + 7

<w7x> 2

Let us condition on an outcome A of A satisfying the above. We then observe that
(hat(w), Az) = (has(w) — Aw, Az) + (Aw, Az).

By the randomized rounding procedure, we have that each coordinate 7 satisfies E¢, [(ha t(w));] = (Aw);. Moreover,
these coordinates are independent. Letting A; = (hat(w)); — (Aw);, we then have that E[A,] = 0 and that A; lies
in an interval of length (10v/k) . Hoeffding’s inequality implies

k

> Ai(Aw);

B 2(v/2)*

502k
= 2 —_——
eXp( ||Ax||3)

< 2exp (—2572,%)

>'y/2]

Pe[[(hat(w) — Aw, Az)| > v/2] = Pa, ,...a, l

In summary, it holds with probability at least 1 — 6 exp(—kv?/72) — 2 exp(—25v2k) > 1 — Texp(—kv?/72) that

[(hat(w), Az) — (w, z)| < [(hat(w), Az) — (Aw, Az)| + [(Aw, Az) — (w, )]
< [(ha.t(w) — Aw, Az)| +7/2
<.
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Restatement of Remark 5. The value p(z;) satisfying (19) has p(z;) € [0, 1].

Proof. Recall that (19) states that p(z;) satisfies

(dw)s = plz) (2 : 110\/E - 102\i/E) (1= p(z) <2 : 110\/E - ioﬁ)
where z; is such that
(1/2)(10VE) ™Y + 2;(10VE) ™ < (Aw); < (1/2)(A0VE) L + (2 4+ 1)(10VE) L.
This implies

(1/2)A0VE) ™ + 2 (10VE) ™) 4+ (1 — p(2:))10VE) ™! = (Aw); =
(Aw); — ((1/2)(10VE) ™ + 2(10VE) 1) = (1 — p(z:))(10VE) .

By definition of z;, we have that the left hand side is a number in [0, (10v/k) '] and thus we conclude

(1 _p(zi)) € [07 1] = p(zz) € [O’ 1]

Restatement of Remark 7. For any training set S and distribution D over X x {—1,1}, we have

Ea t[Pxy)~ply(hat(w), Ax) > 7i/2 Ny (w,x) < 0]] < B yyn[p(y(w,x))]
Eat[Pxy)~sy(hat(w), Ax) > 7i/2 Ny(w,x) <] > Ex y)ns[d(y(w, x))]
Ea t[Px,y)~sy (hat(w), Ax) < 7i/2 Ny(w,x) > 7]] < B y)nslply(w,x))]
Eat[Pixy)~ply(hat(w), Ax) < v;/2 Ay(w,x) > 0] > Eq yy~nlp(y{w,x))]

In the proof, we will need the following monotonicity properties

Claim 4. We have Pa +[y(ha t(w), Az) > v;/2 | y{w,z) = a1] < Pa ¢[y(ha c(w), Az) > /2 | y(w,z) = o]
forany 0 < oy < ag < ;.

Claim 5. We have Pa +[y(ha t(w), Az) < v;/2 | y{w,z) = as] < Pa ¢[y(ha ¢(w), Az) < /2 | y(w,z) = o]
Jorany 0 < a1 < ag < ;.

First we will prove Remark 7 using the two claims. Afterward, we will prove Claim 4 and Claim 5.

Proof of Remark 7. For convenience, let us recall the definitions of ¢ and p:

Pasly(has(w), Az) > 7i/2 | y(w,z) = a] if —¢y<a<0
$(e) = § =Py ([y(hac(w), Az) > %:/2 | yw,z) = 0] if0<a <y
0 ify, <a<e,

Patly(has(w), Ar) <vi/2 | y(w,z) =a]  ify <a<c,
pla) = § SPaely(hae(w), Az) < 7i/2 [ y(w,z) =] if0<a <
0 if —c, <a<0

We handle each of the inequalities in turn. First we see that

]EA,t []P)(x,y)N'D [y<hA,t (w)7 AX> > 77/2 A y<w7 X>
E(x,y)N’D [PA,t [Y<hA,t (’UJ), AX> > 71/2 A y(wa X>
E(x,y)~D[¢(y<w7 X>
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Here the inequality follows from the observations that ¢(y(w, z)) > 0for y(w, z) > 0, whereas Pa ¢[y(ha t(w), Ax) >
~i/2Ay {w,x) < 0] = 0 for such y(w, z). Similarly for y(w, ) = a < 0, we have ¢(y(w, z)) = Pa ¢[y(ha t(w), Az) >
vi/2 | y(w, z) = o] =Pa ¢[ylha (w), Az) > vi/2 ANy(w,z) < 0| y(w,z) = al.

Similarly, we have

Ea t[Pxy)~sy(has(w), Ax) > 7i/2 ANy(w,x) <] =
E(xy)~s[Patly(has(w), Az) > 7;/2 ANy (w,x) <7]] >
Ex.y)~s[Pat[y(ha c(w), Ax) > 7i/2 Ay (w, x) < 5] >
E (x,y)~s[6(y (w, x))].

The last inequality follows by observing that if y(w, ) > ~;, we have ¢(y(w, z)) = 0 and Pa ¢[y(ha t(w), Az) >
%i/2 Ny{w, z) < ;] = 0. For v = y(w, x) with 0 < o < 3, we have ¢(a) = 2P ¢[y(ha ¢(w), Az) > 7;/2 |
y(w,z) = 0] < Pagly(has(w), Ar) > 7i/2 | y(w,z) = o] = Pacly(hac(w), Az) > /2 Ay(w,x) < 7 |
y{w, z) = «]. This uses the monotonicity in Claim 4. Finally for y(w, z) = a < 0, the two coincide as in the above
argument.

Symmetric arguments for p gives

<
<

Ea t[Pxy)~sy(has(w), Ax) <7i/2 Ny(w,x) > 7] =

E(x.y)~s[Pa sy (hac(w), Ax) <7i/2 Ay(w,x) > 7]

E(xy)~s[Pa sy (hat(w), Ax) < v;/2 ANy(w,x) > i
Ex y)~s[p(y{w,x))].

<
<

Here the last inequality follows from the following considerations. For y(w,z) = a with a < ~;, we have that
Pa t[y(ha s(w), Az) < v;/2 ANy{w,z) > ;] = 0 and p is always non-negative. For o« > ~;, we have p(a) =
Patly(hac(w), Az) < 7i/2 | y(w, z) = o] = Paly(has(w), Az) < 7i/2 Ay(w,x) > v | y(w,2) = o] and
the two coincide.

Finally, we have

Ea t[Pxy)~ply{hat(w), Ax) <v;/2 Ny(w,x) > 0] =
Exy)~p[Patly(hac(w), Ax) < v;/2 Ny(w,x) > 0] >
E(x y)~p[o(y(w,x))].

(w
(w

Here the inequality follows by observing that for y(w, z) = a with o < 0, both p(«) and Pa ¢[y(ha +(w), Az) <
vi/2 A y{w,z) > 0] are 0. For 0 < a < ~; we have by definition that p(a) = %PAyt[mhA’t(w),Ax) < /2 |
y(w,z) = ] < Paglylhac(w), Az) < 7/2 | y(w,z) = o] = Paly(hat(w), Az) < 7/2 Ay(w,z) > 0 |
y(w,x) = a], where we used that Pa ¢[y(ha t(w), Ax) < v;/2 | y(w,x) = a] is decreasing in « (as stated in
Claim 5). Finally, for o > +;, the two coincide as above. O

Proof of Claim 4. Letwy, x1,y1 be such that oy := y; (wy, x1) and let wa, x2, yo be such that g := yo(ws, z2). Con-
sider sampling X;,Y; ~ N (0,1/k) independently. Also sample offsets t,...,t, uniformly and independently in
[0, 1] and let X!, be X; rounded based on t as above. LetZ; =Y = a1 X++/1 — a?Y and Zy = aeX++/1 — a3Y.
Then the marginal distribution of (X', Z ;) equals the distribution of (ha +(w;),y;Az;) = y;(ha¢(w;), Ax;).
Consider now an arbitrary outcome X', X of X, X’. We have (Z;, X') > ~,;/2 if and only if o; (X, X’) +

\/1—a3(Y, X") > /2. We also have that (Y, X) ~ NV(0,[|X"||5/k) and thus

P[(Zg, X') > /2] = P[(Z1, X") > /2] =

(l_@ (@ vi/z—a2<X,X’>>> ) <l_q) (@ %/z—a1<X7X'>>> _
1—a3 1—a?

q,<\/gm/2—a1<Xz,X’>>_@<¢E.7i/2%*’"’>>. (35)

1—-aof
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Here ®(-) denotes the cumulative density function of the normal distribution with mean 0 and variance 1. Now let

VR /2 (X XY)

V1-a?

0= \/E Vi/2—a2<X,X’>

2
1—-oa3

u =

and

Consider now the derivative

B /2 — alX, X' 2 — (X, X'

O g 2= alXX) g /22 (XX

O V1= a2 (1 _ a2)3/2
Assume first that [ X||3 > 9/10. Then (X, X’) > 8/9 by Remark 14. Now since ay;/2 < 77 /2 < ¢2 /8 < 1/9 for
¢, small enough. Thus the derivative when || X || > 9/10 is no more than

VE-(1/9-8/9) < —7Vk/9.
This implies u — £ > 7(ap — a1)vk/9 > 0 and therefore
P[(Zs, X') > 7i/2] > P[(Z1, X") > 7:/2].

If we in addition have that || X||3 < 4/3, then we may even show that the difference in probabilities is large as a
function of as — 7 as follows

1 “ 2
P[(Z2, X') > /2] = P[(Z1, X") > /2] = Wor / ee‘“ 12dy
r=
> ¢ Ma¥Xae(tu) az/Qm_
- 9v2r
Observing that
e o < =g - max{f /291X, X))

~
we use Remark 14 to conclude (X, X’) < (10/9)[|X |2 and thus u? < 2k+v2(10/9)? < 3k~2 for ¢, < 1/4/2. This
gives us that for any X with 9/10 < || X||3 < 4/3, it holds that

e 3k7 /2 7\/E(042 —ai) '
V2

For || X |3 < 9/10, we have || X'[j2 = | X' — X + X2 < | X' = X |2 + || X |2 < \/E(10vVE)~2 + /9/10 < 11/10.
It follows by Cauchy-Schwartz that [(X, X")| < [| X2 - |X'|l2 < 4/9/10-11/10 < 11/10. For 0 < o < ; <

¢, /2 < 1//8 for ¢, < 1/+/2, this upper bounds the derivative by

v2/2+11/10

B[(Zo, X') > /2] = P(Zy, X') > 7:/2] >

If u > ¢, we already have that
P[(Z? X') > ~:/2] = P[(Z", X") > ~:/2] > 0

So assume u < ¢. The bound on the derivative gives us that £ — u < 2\/%(0@ — 1) and we conclude

1 ¢ >
P(Z%, X' > ~;/2] — P[(Z', X") > iz:f—./ e /2q
[ ) = 7:/2] = P[( ) > /2] N T
> —e minae[u,@] a2/2 . M
o V2T
>72\/%(0427041)
o V2T '
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We finally conclude

P[(Z% X') > 7:/2] = P[(Z', X") > 7:/2] >

TVk(ag — k(oo —
P[9/10 < [|X[|2 < 4/3] - e 37072 Whias —a1) P[||X 12 < 9/10] M. (36)
9v2m V2

Using Theorem 17, we get

P[9/10 < [[X|[5 < 4/3] = 1 — 2exp(—k/800), (37)
and

P[||X||5 < 9/10] < 2exp(—k/800).
For k at least a sufficiently large constant, we have that (37) is at least 1/2 and we get that (36) is at least
oakazsz TVE(@ — o) pge0 AVE(az —on)
18v/2m V2T

For the constant c,, sufficiently small, this is positive as y; < c,. O

Proof of Claim 5. Similarly to the proof of Claim 4, let wq, 21, y1 by such that &y = y; (w1, 21) and let way, 22, y2 be
such that as = yo(ws, 22). Draw X, X’ and Z;, Z, as above. Consider again an arbitrary outcome X', X of X, X',

We have (Z;, X') < ~;/2if and only if o; (X, X') + /1 — aF(Y, X’) < /2. Hence

PUZ1, X') < 7i/2] = P[(Z2, X') < /2] =
q)<\/g.%/2—a1<X,X/>> <\f /2 — as(X, X))

V1-—af V1—a3

This has the exact same constraints 0 < a3 < ag < «; and exact same form as (35). The conclusion thus follows
from the proof of Claim 4. O

Restatement of Remark 13. [f || X |3 < 4/3, then | X'||3 < 2.

Proof. By the triangle inequality, and using that all coordinates of X — X’ are bounded by (10v/k)~" in absolute
value, we have

IX7)3 = 1X" - X + X3
2
< (1X" = X2 + [[X]]2)

)
— (1/10 4 /4/3)?

< 2.

Restatement of Remark 14. If || X3 > 9/10, then (8/9)]| X |3 < (X, X’) < (10/9)||X |3

Proof. We have:

<X/5X> = <X/7X+X7X>
= (X' - X, X) + | X]3.
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Since each coordinate of X’ — X is bounded by (10v/k)~" in absolute value, it follows by Cauchy-Schwartz that

(X' = X, X)| < [IX" = X2 [|X]2

1 X113
< \/k(QO0VE)-2- |
[ X |2
X
= 10,/9/10
< [1X13/9.
The conclusion follows. O

Restatement of Remark 16. For any distribution D over X x {—1,1}, fixed w € H, margin v and any A € R¥*4,
it holds with probability at least 1 — § over S ~ D" that

8L p(w)In(1/9) N 21n(1/6) '

o) — Ligw)] </

Proof. Since L) g(w) is an average of n i.i.d. 0/1 random variables with mean £’ ,(w), we get from Bernstein’s
inequality that

Pa | 1Ckm(w) - Cglw)] > /2220 00/0) 21n511/5)] .
3 (VSﬂlp(w)nln(l/é) + 21n(1/5))2
exp | —

nLp(w) + - (VELLp (@) In(1/8)n +21n(1/5) )

e ( L max {8£7p (w)n, 41n(1/6)} In(2/5) ) |
fmax{nL)y(w),4In(1/86)} + 5 - /2 max{8L} 1 (w),41In(1/8)} - In(1/0)

Using that In(1/8) < 1 max{8L£%,(w),41n(1/6)}, this is at most

exp __zn{1/d) <exp(—1In(1/§)) = 6.

1 1
+§'\/;

D=

o[
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