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Abstract

Binary classification in the classic PAC model exhibits a curious phenomenon:
Empirical Risk Minimization (ERM) learners are suboptimal in the realizable
case yet optimal in the agnostic case. Roughly speaking, this owes itself to the
fact that non-realizable distributions D are more difficult to learn than realizable
distributions — even when one discounts a learner’s error by err(h’;)), i.e., the error
of the best hypothesis in H. Thus, optimal agnostic learners are permitted to incur
excess error on (easier-to-learn) distributions D for which 7 = err(h},) is small.
Recent work of Hanneke, Larsen, and Zhivotovskiy (FOCS ’24) addresses this
shortcoming by including 7 itself as a parameter in the agnostic error term. In
this more fine-grained model, they demonstrate tightness of the error lower bound
T + Q(y/7(d+10g(1/8)) /m 4 d+log(1/8)/m) in a regime where 7 > d/m, and leave
open the question of whether there may be a higher lower bound when 7 = d/m,
with d denoting VC(#). In this work, we resolve this question by exhibiting a
learner which achieves error ¢ - 7 + O(/7(d+10g(1/8))/m + d+log(1/6)/m) for a
constant ¢ < 2.1, matching the lower bound and demonstrating optimality when
T = O(d/m). Further, our learner is computationally efficient and is based upon
careful aggregations of ERM classifiers, making progress on two other questions
of Hanneke, Larsen, and Zhivotovskiy (FOCS ’24). We leave open the interesting
question of whether our approach can be refined to lower the constant from 2.1 to
1, which would completely settle the complexity of agnostic learning.

1 Introduction

Binary classification stands as perhaps the most fundamental setting in supervised learning, and one
of its best-understood. In Valiant’s celebrated Probably Approximately Correct (PAC) framework,
learning is formalized using a domain & in which unlabeled data points reside, the label space
Y = {£1}, and a probability distribution D over X x ). The purpose of a learner A is to receive a
training set S' = (x;, y;)", of points drawn i.i.d. from D and then emit a hypothesis A(S) : X — Y
which is unlikely to mispredict the label of a new data point (x, y) drawn from D.

At the center of a learning problem is a hypothesis class of functions # C Y, with which the
learner A must compete. More precisely, A is tasked with emitting a hypothesis f whose error,
denoted Lp(f) := Py y)~p (f(x) # y), is nearly as small as that of the best hypothesis in H. We
assume for simplicity such a best hypothesis exists and denote it as h}, := argminy, ¢4 Lp(h) or
when D is clear from context with A*. Of course, the distribution D is unknown to A, and A is
judged on its performance across a broad family of allowable distributions D. In realizable learning,
D = {D : infpey Lp(h) = 0}, meaning A is promised that there always exists a ground truth
hypothesis h* € H attaining zero error. In this case, for A to compete with the performance of h},
simply requires that it attains error < € for all realizable distributions D (with high probability over
the training set S' ~ D™, and using the smallest amount of data m possible). In agnostic learning, D
is defined as the set of all probability distributions over X x ), meaning any data-generating process
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is allowed. Thus, A is not equipped with any information concerning D € D at the outset, but in turn
it is only required to emit a hypothesis f with Lp(f) < Lp(h3) + €.

Perhaps the most fundamental questions in PAC learning ask: What is the minimum number of
samples required to achieve error at most €? And which learners attain these rates? For realizable
binary classification, the optimal sample complexity of learning remained a foremost open question
for decades, and was finally resolved by breakthrough work of Hanneke (2016) which built upon
that of Simon (2015). Notably, optimal binary classification requires the use of learners which emit
hypotheses f outside of the underlying hypothesis class . Such learners are referred to as being
improper. This has the effect of excluding Empirical Risk Minimization (ERM) from contention as
an optimal learner for the realizable case. Recall that ERM learners proceed by selecting a hypothesis
hs € H incurring the fewest errors on the training set .S. (For realizable learning, note that hg will
then incur zero error on S.) ERM, then, is an example of a proper learner, which always emits a
hypothesis in the underlying class H. Agnostic learning, however, exhibits no such properness barrier
for optimal learning. In fact, ERM algorithms are themselves optimal agnostic learners, despite their
shortcomings on realizable distributions. This somewhat counter-intuitive behavior owes itself to
the fact that agnostic learners are judged on a worst-case basis across all possible distributions D.
Simply put, non-realizable distributions are more difficult to learn than realizable distributions —
even when one discounts the error term by £p(h},) — and thus ERM learners are permitted to incur
some unnecessary error on realizable distributions, so long as they remain within the optimal rates
induced by the more difficult (non-realizable) distributions.

In light of this behavior, it is natural to ask for a more refined perspective on agnostic learning,
in which the error incurred beyond 7 := Lp(h},) is itself studied as a function of 7. Note that
this formalism addresses the previously-described issue by demanding that learners attain superior
performance on distributions with smaller values of 7 (such as realizable distributions, for which
7 = 0). Precisely this perspective was recently studied by Hanneke et al. (2024), who established that
all proper learners, including ERM, are sub-optimal for 7 € [Q(In'" (m/d)(d + In (1/6))/m), o(1)],
by establishing a new lower bound and an optimal learner in this regime. While settling the sample
complexity for a wide range of 7, Hanneke et al. (2024) leave open several interesting questions.

Problem 1.1. Let d = VC(H) and m = |S|. What is the optimal sample complexity of learning in
the regime where T /= d/m?

Problem 1.2. Are learners based upon majority voting, such as bagging, optimal in the
T-based agnostic learning framework?

Problem 1.3. Can one design a computationally efficient learner which is optimal in the
T-based agnostic learning framework?

The primary focus of our work is to resolve Open Problem 1.1, thereby extending the understanding
of optimal error rates across a broader range of 7. As part of our efforts, we also make progress on
Open Problems 1.2 and 1.3, as we now describe.

1.1 Overview of Main Results

We now present our primary result and a brief overview of our approach.

Theorem 1.4. For any domain X, hypothesis class H of VC dimension d, number of samples m,
parameter 6 € (0, 1), there is an algorithm such that for any distribution D over X x {—1,1} it
returns a classifier hg : X — {—1, 1} that, with probability at least 1 — ¢, has error bounded by

min {2.1 ) (\/ T/ d“rif,,l/‘s)) T+O0 <, [rmars) | 1n5<m/d>~5j+1n<1/6>>> } ’

where T is the error of the best hypothesis in H.

Notably, Theorem 1.4 settles the sample complexity of agnostic learning in the regime 7 = O(d/m),
by exhibiting an optimal learner which attains existing lower bounds. Furthermore, it improves
upon the learner of Hanneke et al. (2024) when 7 = o(In®(m/d) - d/m). In light of Theorem 1.4,
only the polylog range 7 € [w(1), o(In'%(m/d))] - %ﬂ/é) remains to have its optimal error rates
characterized.

Let us briefly describe our approach. Hanneke et al. (2024), building upon Devroye et al. (1996),
states that any learner, upon receiving m i.i.d. samples from D, must produce with probability at least



§ a hypothesis incurring error 7 + Q(+/7(d + In(1/6))/m + (d + In(1/8))/m) for worst-case D.
Our first elementary observation is that, due to this lower bound, by designing a learner whose error is
bounded by ¢+ 7+ O(y/7(d + In(1/5))/m + (d+1n(1/8))/m) for some numerical constant ¢ > 1,
we can get a tight bound in the regime 7 = O(d4/m), thus resolving Open Problem 1.1. Furthermore,
to make progress across the full regime 7 € [0, /2], it is crucial to obtain a constant ¢ whose value
is close to 1. Motivated by this observation, our primary result gives an algorithm that proceeds by
taking majority votes over ERMs trained on carefully crafted subsamples of the training set S, and
which achieves error 2.1 - 7 + O(y/7(d + In(1/8))/m + (d + In(1/8)) /m). Notably, this brings us
within striking distance of the constant c = 1 — we leave open the intriguing question of whether our
technique can be refined to lower c to 1, which would completely settle the complexity of agnostic
learning.

Our approach is inspired by Hanneke (2016), but introduces several new algorithmic components
and ideas in the analysis. More concretely, we first modify Hanneke’s sample splitting scheme, and
then randomly select a small fraction of the resulting subsamples on which to run ERM, rather than
running ERM on all such subsamples. This improves the ERM-oracle efficiency of the algorithm. In
order to decrease the value of the constant multiplying 7, our main insight is to run two independent
copies of the above classifier, as well as one ERM that is trained on elements coming from a certain
“region of disagreement” of the previous two classifiers. For any test point z, if both of the voting
classifiers agree on a label y and have “confidence” in their vote, we output y; otherwise we output
the prediction of the ERM. We hope that this idea of breaking ties between voting classifiers using
ERMs that are trained on their region of disagreement can find further applications. Our resulting
algorithm employs a voting scheme at its center, making progress on Open Problem 1.2, and is
computationally efficient with respect to ERM oracle calls, making considerable progress on Open
Problem 1.3. Finally, we combine this algorithm with the learner of Hanneke et al. (2024) to obtain a
“best-of-both-worlds” result. An overview of all the steps is presented in the start of Section 3.2.

1.2 Related Work

The PAC learning framework for statistical learning theory dates to the seminal work of Valiant
(1984), with roots in prior work of Vapnik and Chervonenkis (Vapnik and Chervonenkis, 1964, 1974).
In binary classification, finiteness of the VC dimension was first shown to characterize learnability
by Blumer et al. (1989). Tight lower bounds on the sample complexity of learning VC classes in
the realizable case were established by Ehrenfeucht et al. (1989) and matched by upper bounds of
Hanneke (2016), building upon work of Simon (2015). Subsequent works have established different
optimal PAC learners for the realizable setting (Aden-Ali et al., 2023, 2024; Hggsgaard, 2025; Larsen,
2023). For agnostic learning in the standard PAC framework, ERM is known to achieve sample
complexity matching existing lower bounds (Anthony and Bartlett, 2009; Boucheron et al., 2005;
Haussler, 1992). As described, we direct our attention to a more fine-grained view of agnostic
learning, in which the error incurred by a learner above the best-in-class hypothesis 7, is itself
studied as a function of 7 = Lp(h},). Bounds employing 7 in the error term are sometimes referred
to as first-order bounds and have been previously analyzed in fields such as online learning (Maurer
and Pontil, 2009; Wagenmaker et al., 2022). Hanneke et al. (2024) appear to be the first to consider
T-optimal-dependence for upper bounds in PAC learning; we adopt their perspective in this work.

2 Preliminaries

Notation For a natural number m € N, [m] denotes the set {1,...,m}. Random variables are
written in bold face (e.g., x) and their realizations in non-bold type face (e.g., x). For a set Z, Z*
denotes the set of all finite sequences in Z, i.e., Z* = UZ.GN 7. For a sequence S of length m and
indices ¢ < j € [m], S[i : j] denotes the smallest contiguous subsequence of .S which includes
both its isth and jth entries. Furthermore, we employ 1-indexing for sequences. For S = (a, b, ¢),
for instance, S[1 : 2] = (a,b). The symbol L! is used to denote concatenation of sequences, as in
(a,b) U (c,d) = (a,b,c,d). When S, 5" € Z* are sequences in Z and each element s € .S appears
in S’ no less frequently than in .S, we write S C S’. For a sequence S and a set A we denote by
S 1 A the longest subsequence of .S that consists solely of elements of A. If S is a finite set, then
E.~s [f(z)] denotes the expected value of f over a uniformly random draw of z € S.

Learning Theory Let us briefly recall the standard language of supervised learning. Unlabeled
data points are drawn from a domain X', which we permit to be arbitrary throughout the paper. We



study binary classification, in which data points are labeled by one of two labels in the label set
Y = {£1}. A function h : X — Y is referred to as a hypothesis or classifier, and a collection of
such functions % C V¥ is a hypothesis class. Throughout the paper, we employ the 0-1 loss function
lo—1 : YxY — Ry defined by £o_1(y,y’) = L[y # v']. A training set is a sequence of labeled data
points S = ((z1,41),-- -, (Tm,Ym)) € (X x V)*. Alearner is a function which receives training
sets and emits hypotheses, e.g., A : (X x Y)* — Y*. The purpose of a learner is to emit a hypothesis
h which attains low error, or true error, with respect to an unknown probability distribution D over
X x Y. Thatis, Lp(h) = E )~p [1[h(x) # y]]. A natural proxy for the true error of A is its
empirical error on a training set S' = (24, ¥i)ic[m]» denoted Lg(h) = E(, )~s [1[h(z) # y]]. If A
is a learner for 7{ with the property that A(S) € argmin, 4, Lg(h) for all training sets .S, then A is
said to be an empirical risk minimization (ERM) learner for . Throughout the paper we will use
A to denote an arbitrary ERM learner.

3 Proof Sketch

We now provide a detailed explanation of our approach and a comprehensive sketch of the proof. We
divide our discussion into two parts. In the first, we present a simple approach that achieves an error
bound of 157 + O(y/7(d+n(1/8))/m + (d+In(1/9))/m). Recall that this resolves the optimal sample
complexity for the regime 7 &~ d/m. In the second part, we describe several modifications to the

algorithm and new ideas in its analysis which drive the error down to 2.17 4+ O(/7(d+In(1/8))/m 4
(d+In(1/8))/m).

3.1 First Approach: Multiplicative Constant 15

A crucial component of our algorithm is a scheme S’ for recursively splitting the input training
sequence S into subsequences, which adapts Hanneke’s recursive splitting algorithm (Hanneke,
2016) and is formalized in Algorithm 1 and depicted in Figure 1. The algorithm takes two training
sequences as input: S, the active set, and 7', the union of elements chosen in previous recursive calls.

Algorithm 1: Splitting algorithm S’

Input: Training sequences S, T € (X x ))*, where |S| = 3% for k € N.
Output: Family of training sequences.
if £ > 6 then
Partition S into Sy, S, S3, with .S; being the (i — 1)[S|/3 + 1 to the ¢|S|/3 training
examples of S. Set for each ¢
Si = Si[1: 3k, Sim = Si[3F 4 +1:3F1),
return [S/(Sl,l_l; Sl,m L T), S,(SQ,U; SQ,H (] T), 8/(S37\_1; S&m (] T)]

else
L return SUT

S < Active set S History 7" >
| Il Il 1 '
1/3 1/3 1/3
4 4 4
’ “ o } 5 ‘ [0 Active set

L L L .
1/27 26/27  1/27 26/27  1/27 . 26/27 "1 New active set

/ \1 \ [ History
Sl( St . SunuT D Sl< ST D $/< S0 | [SSEEE > [ New history

S2,u
,

Figure 1: The splitting process of algorithm S’. The active set S is split into three disjoint sets
S1,S52,S5. Each of these is then split into a new active set (green) and a set of previously recursed-on
samples (grey), which are passed down to subsequent recursive calls.



In comparison to Hanneke’s scheme, we have made two modifications which allow us to control
the constant multiplying 7, as we will explain shortly. First, we create disjoint splits of the data, in
contrast to the overlapping subsets employed by Hanneke. Second, we include more elements in the
sets S; n, which are included in all subsequent training subsequences, than in .S; |, the set on which
we make a recursive call.

Let us introduce additional notation. We denote s{, := I5I/|s, 4|, for S1n as defined in Algo-
rithm 1. For A an ERM learner and S’(S;T) the splitting scheme of Algorithm 1, we set
A'(S;T) = (A(5"))sres (s;T). thought of as a multiset. For an example (z,y), we define
avg (A'(S; 1)) (z,y) = Ppea(sr Hh(x) # y}/IA(S;T)], ie., the fraction of incorrect
hypotheses in A’(S;T) for (z,y). For a natural number ¢ € N, we let A} (S;T), be the ran-
dom multiset of ¢ hypotheses drawn independently and uniformly at random from A’(S;T). In
a slight overload of notation, we use t (i.e., ¢ in bold face) to denote the randomness used to
draw the ¢ hypotheses from A’(S;T'). Intuitively, one can think of A} as a bagging algorithm
where the subsampled training sequences are restricted to subsets of S’(S;7T’). Similarly, we de-
fine avg_, (AL (S;T))(2,y) = Yopei (s @) # y}/[AL(S;T)|. For a distribution D over
X x {—1,1}, training sequences S, T € (X x {—1,1})",and a € [0, 1], we let L (A'(S;T)) =
Py~ [avg . (A'(S;T))(x,y) > o], i.e., the probability that at least an a-fraction of the hypothe-
ses in A’(S; T) err on a new example drawn from D. We will overload the notation £ when consid-
ering majorities and write Lp(A’(S;T)) = L% (A’(S; T))— the probability of an equal-weighted
majority vote fails. Similarly, we define L7 (A;(S;T)) = Prx,y)~plave . (A (S;T))(x,y) > o]
and Lp(AL(S;T)) = L5P(A}L(S;T)). Finally, we let A,(S) = A;(S;0), and A}(S)(x) =
sign(} e 4y (sir) P(@))

We now describe our first approach, which we break into three steps. The first step relates the error of
Lp(AL(S)) to L% (A'(S,0)), while the second and third steps bound the error of L% (A'(S, 0)).
The first step borrows ideas from Larsen (2023) and the last step from Hanneke (2016), but there are
several technical bottlenecks in the analysis that do not appear in these works, as they consider the
realizable setting, for which 7 = 0.

Relating the error of AL(S) to A'(S,0): We will demonstrate how to bound the error of the
random classifier A{ (S) using the error of A’(S, §)). First, let S ~ D™ and assume we have shown

LED(A(S;0)) < 157+ O ( r(d+In(1/9)) + d+ln(1/5)> (1)

m m

with probability at least 1 — 0 /2. Consider the event ' = {(z,y) : avg_.(A'(S; 0))(x,y) > 49/100}.
By the law of total expectation, we bound the error of A{(S) as Lp(AL(S)) < Pix,y)~p (E) +
E(x.y)~p[L1{A;(S)(x) # y} | E]. We see that the first term on the right-hand side is £3*°(A(S;0)),
which we have assumed for the moment can be bounded by Equation (1). We now argue that the
second term can be bounded by O((d + In (1/4))/m). Note that under the event £ = {(x,y) :
avg . (A(S;0))(z, y) < 49/100}, strictly more than half of the hypotheses in .A(S; ) — from which
the hypotheses of A{(S) are drawn — are correct. Using this, combined with Hoeffding’s in-
equality and switching the order of expectation (as t and (x,y) are independent), we get that
Ee[Eey)~p[1{AL(S)(x) # y} | E]] < exp(—61(t)) . Setting ¢ — O(In (m/(3(1n (1/6) + d)))
then gives E¢[E(x yyp[1{A(S)(x) # ¥} | E]] = O ((6(In(1/9) + d))/m) . By an application of
Markov’s inequality, this implies with probability at least 1 — 6/2 over the draws of hypotheses in
AL (S) that E(y y)~p [1{AL(S)(x) # y} | E] = O((d+1n(1/6))/m). This bounds the second term
in the error decomposition of Lp (AL (S;?)) and gives the claimed bound on A;(S).

Bounding the error of £%*?(A'(S,0)): We now give the proof sketch of Equation (1). To this
end, for a training sequence 5" and hypothesis i we define } -, (h, S) = 32, cs L{h(z) # y}.
Assume for the moment that for h* € arg min £ (h) we have demonstrated that with probability at
least 1 — §/4 over S, and for some numerical constants ¢y, ¢,

145 (R%,S7)

— cp(d+1n (4/0)) —Z—F—
EERAS) < max g SOOI | st g




In order to exploit Equation (2), we first observe that for each ¢ € {1, 2, 3}, we have that

.. 143 (B S") < 14|S; |24 (75 S;)
57€8'(Si,u:Sinl®)  m/sh T |Si|lm/sh

< 15 Lg, (1), 3)

as S’ T S; and [S;|sh/m = [S;|/|Sin| = 1/(1 — 3=). We briefly remark that the multiplica-
tion with |S;|/|S; | is a source of a multiplicative factor on 7. However, it can be made arbi-
trarily close to 1 by making the split between S; |, and S; n more imbalanced in the direction
of Si m, at the cost of larger constants ¢, c.. Now, by an application of Bernstein’s inequality
on the hypothesis /i (Lemma B.3) for each i € {1,2,3}, we have that 15 Lg, (/") is at most
15(t + O(y/TIn (1/6)/m 4+ 1n (1/5)/m)), with probability at least 1 — §/4 over S;. Invoking the
union bound and using that max g cs/(s,) = MaX;e(1,2 3} MaAXs/cs/(S, ,,,S; L), We then have that
maxg s/ (s,p) 145 (1, 8")/(m/st) = 15(7+O(y/71In (1/9)/m+1n (1/6)/m)) with probability
at least 1 — 3§/4 over S. Finally, union bounding with the event in Equation (2) yields that both
events hold with probability at least 1 — § over S, from which the error bound of Equation (1) follows
by inserting the bound of maxg ¢ s/(s,0) 14X (15 S")/(m/sf;) into Equation (2).

Relating the error of £%°(A’(S, ())) to the empirical error of #*: Here we draw inspiration from
the seminal ideas of Hanneke (2016) by analyzing the learner’s loss recursively. However, certain
aspects of our analysis will diverge from Hanneke’s approach, which is tailored to the realizable
setting. As in Hanneke (2016), we have the splitting scheme S’( -, - ) receive two arguments, the
second of which can be thought of as the concatenation of all previous training sequences created by
the recursive calls of Algorithm 1. As we are in the agnostic case, this second argument can be any
training sequence T" € (X x {—1,1})*. We will first demonstrate that with probability at least 1 — §
over S,

1454 (k+,S’)

‘ 145 (5" co(d+In (1/0)) =757 5— ¢ (d+1n (1/6

Setting T' = () and rescaling ¢ then yields Equation (2).

The first step of our analysis is to relate the error of £%5?(A’(S;T)) to that of the previous calls

A'(Si 15 S; nUT). First note that for any (z, y) such that avg_, (A'(S; T'))(x,y) > 49/100, at least one

of the calls A'(S; 1,; S; n UT) for i € {1,2,3} must have avg_, (A'(S; u; Sin UT))(z,y) > 49/100.
49 1y3 _ 47

Further, there must be at least (755 — 5)5 = 555 of the hypotheses in U1 2,33\:A'(S;,05S;,nUT)

that also fail on (x,y). Using theserbservations, we have that if we draw a random index
I € {1,2,3} and a random hypothesis h € Uj;c(1,2.33\1.A"(S;,1; Sj,n U T), then for (x,y) such that
avg . (A'(S; T))(z,y) > 49/100 it holds that Py g [ave_ (A(St,u; St,n U T))(x, y) > 49/100, h(z) #
y] > %% > % Hence, we have that 13EI,B[P(XJ)ND[avg;é(A(SL._,;SL|—| UT)xy) >
19/100,h(x) # y]] > L%*°(A(S;T)). Furthermore, by the definition of I € {1,2,3} and h
being a random hypothesis from Uj¢ 1 2 33\1.4"(S;,05 S5,n U T), we conclude that

LHOA(S:T) <13 E [(x E_ [ave . (A'(S1.0: S UT))(x,y) = 19/100, F(x) # yH

<13 P [ A(Si ;i n LT (X, y) > 49/100, h } 5
<13 max P v, (ASisSin UT)(xy) 2 W) £y] )
hE.A/(SJ;\_,;Sj,mI_IT)

We will demonstrate Equation (4) by induction on |S| = 3*. By setting ¢; and c. sufficiently
large, we can assume the claim holds for £ < 9. By Equation (5) and a union bound, it suffices
to bound each of the six terms for different combinations of i, j by Equation (4) with probabil-
ity at least 1 — §/6. Using symmetry, we can consider the case j = 1 and ¢ = 2. Note that

13maxpear(s, 1:8:.0uT) Prxy)~p [@VEL (A’ (S2,05 S2.n UT))(x,y) > 49/100, h(x) # y] equals

max{1(3 e [A(x) # y [avg . (A'(S2,u; S2n UT)) (x,y) 2 0.49)] L (A (S2,0; 82,1 U T))}‘ (6)
X, y)~
heA’(S1,u;81,nUT)



Supposing that £3*?(A’(Sz,.5; S2,n U T)) is upper bound by

145 (7,8’
1 US, (1,8 e (d+In(1/8) MEEEE (g 4 1n(1/6))
— max + L + , (D
13\ sres(s;im)y m/sh m m

then Equation (6) is bounded as in Equation (4) and we are done. Using that |Sa | = m/3%, the

inductive hypothesis gives that with probability at least 1 — §/16 over Sy that £%5 (A’(Sa,11; So.n U
T)) is at most

4S8 | o (d+In(16/6)) “EERS (g 10 (16/5))
max —+ .
sres(s;Ty m/(34sh) m/3% m/3*

®)

Where we have used that S(Sz,,;S82 U T) C S(S;T). Thus, it suffices to consider the case in
which £5%(A’(S2,1,;S2.n U T)) lies between the expressions in Equation (7) and Equation (8).

Let A = {(v,y)|avg (A'(S2,u;S2n UT))(x,y) > 49/100} and N = [Sy - 1N A|. Using a Chernoff
bound, one has that N > 13m/(14s,) L3 (A’ (S2,.; S2,n U T)) with probability at least 1 — §/16.
AsSinMA~D(|avg (A (S2,u;S2,n UT))(%,y) > 49/100), uniform convergence over H (see
Lemma B.6) yields that with probability 1 — §,/16 over S; 1 M A, Equation (6) is bounded by

C(d+2In(48/0)) \ .09, 4 .
hlgA/(sTf;}él,muT) ('CSl‘”HA(h) * \/ N Lo (A (S20iSen UT)) - O)

Where C' > 0 is a universal constant. We now bound each term in Equation (9), considered after
multiplying by 5%49. Notably, this component of the analysis diverges considerably from that of
Hanneke (2016) for the realizable case, in which one is assured that Lg, n4(h) = 0. For the first,
we use the definitions of N and Ls, 4 (and abbreviate h € A’(S1 ;81 UT) as h € A') to
observe that

13 max Ls, na(h) L35 (A'(S2,0: 821 UT)) < 14 max Uhiw) £y} (10)

he A’ ~  heA m/ st
' (z,y)€S1 . AMA /s

Further, using that for any S’ € §'(S1,,;S1,7nUT) wehave S; 1A C S, and h = A(S) is a
minimizer of Z(w)y)es, 1{h(z) # y}, combined with that S(S1 ,;S1,n UT) C S(S;T), one can
invoke Equation (10) to conclude that

* !
Loy na(h) L5 (A (Sy.03Son UT)) < 14 max 205

13 max ;
h€A’(S1,u;81,nUT) s'es(sit)y  m/sh

Y

We note that the above step introduces a factor of % on 7, which can be brought arbitrarily close
to 1 by using a tighter Chernoff bound for the size of N, at the cost of larger constants c. and

¢y in Equation (4). For the second term /C(d + 21n (48/6))/N L5* (A'(S2,4;S2.n U T)) of
Equation (9), we again use that N > (13m)/(14s5) £35" (A’ (S2,4;S2.1 U T)) to bound it from
above by \/(14C(d +21n (48/6)) L (A/(S2,1;S2.n UT)))/(13m/sh). As we are considering

the case in which 5%49 is bounded by the expression of Equation (8), one can show that the following
upper bound holds for sufficiently large ¢, and c.:

\/cb (@ (/9) “EIE | eoldt n(1/9)
m m ’

Combining these bounds on each term of Equation (9) yields an upper bound of the form

, ey (d+ In (1/8)) =251
x| 1D 57) +\/ b ( (1/8)) —Gi7sr L Celd+n(1/9))

12
Ses/(sym)y m/sh ’ (12)

m m

completing the inductive step and establishing Equation (4), as desired.



3.2 Improved Approach: Multiplicative Constant 2.1

Roughly speaking, we apply two modifications to the previous approach in order to achieve a
considerably smaller constant factor on 7. First, we use a different splitting scheme (Algorithm 2)
which recursively splits the dataset into 27 subsamples, rather than 3. Second, rather than taking a
majority vote over ERM learners on a single instance of the splitting algorithm, we split the training
set into three parts, run two independent instances of the voting classifier on the first two parts, and
one instance of ERM on a subsample of the third part. The subsample we train the ERM on is
carefully chosen and depends on a certain “region of disagreement” of the two voting classifiers. The
final prediction at a given datapoint is as follows: If both voting classifiers agree on the predicted label
with a certain notion of “margin,” then we output that label, otherwise we output the prediction of the
tiebreaker ERM. Lastly, we combine our approach with that of Hanneke et al. (2024) to achieve a
best-of-both-worlds bound. We summarize our approach in the following point form and Figure 2.

1. Split the training set S into three equally-sized parts S, S, S3.
2. Split S; into three equally-sized parts, Sq 1, S1,2, S1,3.

2.1 Run the splitting scheme of Algorithm 2 on (S7 1,0) and (572, 0). Let S1, S be the
resulting sets of training subsequences.

2.2 Sample t = O(In(m/(6(d+1n(1/6))))) sequences from each of S; and S uni-
formly at random. Let Sl, S, be the resulting collections of sequences.

2.3 Train ERM learners on each sequence appearing in S1,S,. Denote by At 1 fltz the
resulting collections of classifiers produced by these ERMs, respectively.

2.4 Define the set S? as follows: for any (z,y) € Si 3 if at least an 11/243-fraction of the
classifiers in fltl do not predict the label y for z, or likewise for .,thQ ,then (z,y) € S?.
Train an ERM on S?f, producing the classifier Ay;e.

2.5 Let A, be the classifier which acts as follows on any given z: if a 232/243-fraction

of the classifiers of both fltl and /(tQ agree on a label y for z, then A predicts y.
Otherwise, it predicts hio ().

3. Use S, to train the algorithm of Hanneke et al. (2024). Let As; be the resulting classifier.

4. Output the classifier among A; and A, which attains superior performance on Ss.

Split — Split f=n) Algorithm 2 —  Sample ; ) Train Majority
@ S Si1 S S Ag,
[ty " U ©y Aggregate
Algorithm 2 —  Sample ¢ e Train Majority _
Si2 S S A Ay

2 02 to
Filter Trai
rain
Si13 s7 htie
Train Hanneke et al. (2024) — . . 5
L (S, /D jTest oS, Best on Test ijal
U Classifier

t

L»(S3

Figure 2: A flowchart of the final algorithm. The initial sample S is split into three parts. Sy is used
1o construct our tie-breaking classifier Ay. So is used to train the algorithm of Hanneke et al. (2024),
yielding As. Finally, S5 is used as a hold-out set to select the better of the two classifiers.

Remark 3.1. Intuitively, hy;o can be seen as “stabilizing” the predictions produced by the classifiers
in the collections fltl and /lt2 when at least one collection is judged to have low confidence. However,
strictly speaking, we cannot demonstrate that the learner Ay described by Step (2.) is stable in the
sense of Bousquet and Elisseeff (2002). In particular, the classifiers in each of Atl and fth are
trained on overlapping samples, meaning that many classifiers could change by altering even one
example in S1 1 or S o, thereby altering S; as well.

We now derive the generalization error for the steps under points 2.1 —2.5. The derivation is presented
in a bottom-up fashion, starting by examining the failure modes of the approach in Section 3.1 (which
leads to the bound with 157), and amending these to obtain the approach of 2.1 —2.5 bounded by 2.17.
To this end, let us recall the three sources leading to multiplicative factors on 7 in Section 3.1. First is



the balance between the splits of S; in Algorithm 1, i.e. |S;|/|S;,n| = 1/(1 — Y/27) in Equation (3).
Recall that this constant can be driven down to 1 by considering even more imbalanced splits of the
dataset, at the expense of larger constants multiplying the remaining terms of the bound. Second is
the error arising from Equation (11), which controls the size of IN via a Chernoff bound. This can
similarly be driven arbitrarily close to 1. Hence, the primary multiplicative overhead results from the
third source: the argument in Equation (5) relating the error of A’(S, T') to that of its recursive calls.

The constant arises from relating £%*?(A’(S;T)) to one of its previous iterates erring on a
49/100-fraction of its classifiers, and one hypothesis from the remaining iterates also erring. Re-
call that to get this bound we first observe that, with probability at least 1/3 over a randomly
drawn index T ~ {1,2,3}, avg_, (A'(S1,u;St,n M T))(x,y) > 0.49 and a random hypothesis
h € Ujeqr,2.300A'(S),u; Sj,n UT), would, with probability at least 3/2(49/100 — 1/3), make an error.
Thus, we get the inequality in Equation (5), which multiplies 7 by ~ 13. To decrease this constant we
first make the following observation: assume that we have two voting classifiers A’(S1; 0), A’ (S2; 0)
and an (z,y) such that avg_,(A'(S1;0))(z,y) > 232/243 and avg_, (A’ (S2;0))(w,y) > 232/243.
Using a similar analysis as in Equation (5), we have

B e (A (S 0)(x,y) > 2o, avg (A (S 0)(xy) > 23fas]  (13)
xX,y)~

243
— P [r , A’ (Sa; ,y) > 232 . 14

— 232 heg’l?sxl;ﬂ) (x,y)~D [h(x) 7y, ave . (A'(S2:0)) (x,y) 2 23%/245] 14
Following a similar approach to that used to obtain Equation (1), we can bound Equation (14) by

117+ O(\/7(d+In(1/5))/m + (d +In(1/8))/m). Thus, if we could bound the error using the
event in Equation (13), we could obtain a better bound for the overall error of our algorithm.

To this end, consider a third independent training sequence S3 and let S;f be the training examples
(z,y) in S3 such that avg_, (A'(S1;0))(x,y) > /243 or avg . (A’ (S2; 0))(z,y) > 11/243. Let hyje =
A(S?), i.e. hyje is the output of ERM-learner trained on S?f. We now introduce our tie-breaking idea.
For a point = we let Tie'/*** (A'(S1;0), A'(S2; 0); huie) (z) = y, where y € {41} is the unique
number for which 37, 4(s,.9) L{(z) = y}/|A'(S1;0)] = 23%/243 and 37, 4(s,.9) L{(2) =
y}/| A’ (Sa; 0)| > 232/243. If such a number does not exist, we set y = hyio(x). Thus, this classifier
errs on (x,y) if 1) avg,(A'(S1;0))(w,y) > 232/243 and avg_, (A'(S2;0))(x,y) > 232/243, or 2)
forall y' € {£1}, 3 ) ca(s,0 HA@) = ¥}/ A (S130)| < 232243 0r 35 a1(s,.0) L{R(2) =
y'}/| A (S2;0)] < 232/243 and hyie () # y. Using the definition of condition 2), we have that
Lp (Tiell/243 (A'(S1;0), A'(S1;0); hiie) )

< HaveL (A (S 0))(x,y) > 232/243, avg . (A'(S2;0)) (x,y) = 23%/24]
X,y )~

oy V82 (A(S130))(x,y) = 1/243 or ave , (A'(S2; 0)) (x,y) = 11/243 and hie(x) 7 ¥
X,y )~

As observed below Equation (13), the first term can be bounded by 1.17 + O(y/7(d + In (1/6)) /m +
(d +1In(1/8))/m). Thus, if we could bound the second term by 7 + O(+/7(d + In (1/8))/m +
(d+1n(1/6))/m), we would be done. Proceeding as in Equation (6), let D be the conditional
distribution given avg_, (A’(S1;0))(x,y) > 11/243 or avg_, (A’ (S2;0))(x,y) > 11/243. Then,

P lave,(A'(S1;0))(x,y) = 11/243 or avg , (A'(S2: 0)) (x, y) = 11/243 and huse(x) # y] =

(x,y)~

s Bl ] P fave, (A/(S1:0))(ey) > o or ave, (A (S2:0)(x.y) > Vasi].

We notice that hy;e is the output of an ERM learner trained on S;é ~ D, thus, by standard guarantees
on ERM learners (Theorem C.2), it holds with high probability that

d+In(1/6

AU/ & ) +
%

where the second inequality follows from that i € H. Thus, we have that

( IF;’ L [ave(A(S150))(x,y) = 11/203 or avg L (A(S230)) (x,y) = 11/243 and huse (x) # ] <
X,y )~

d+1n (1/5)

P Rtie < inf h )
[htie(X) # ¥ }}gﬁﬁm( )+ 7

(x,y)~Dx

N \/ (d+1n(1/6)) Py [ave, (A (S1:0))(x,y) > 11/213 or avg,, (A'(S2; 0)) (x,y) > 11/2a3]
87|



Using a similar argument as in Equation (9), a Chernoff bound yields that |S§f| =
O(m Py yp [avg . (A'(S1;0))(x,y) > 11/243 or avg . (A’(S2;0))(x,y) > 11/243]) with high prob-
ability. Thus, if the probability term were at most ¢(7 + (d + In (1/6))/m), the above argument
would be complete. However, the analysis from Section 3.1 only bounds the probability term when it
is 49/100, instead of 11/243, which is not sufficient. Thus, we will now remedy this using a different
splitting algorithm that allows for showing the more fine-grained error is small.

An approach with more than 3 splits: We have seen that the above argument requires that
Plavg . (A'(S;0))(x,y) > 11/243] < (7 + (d + In(1/))/m) with high probability. However,
attempting to prove this by induction, as in Section 3.1, breaks down in the step at which we derived
Equation (5). Recall that this is where we relate the condition avg . (A'(S; T))(z,y) > 11/243 to
a previous recursive call also erring on an 11/243-fraction of its voters and one of the hypotheses
in the remaining recursive calls erring on (z,y). To see why this argument fails, now consider
(z,y) such that avg . (A'(S; T))(z,y) > 11/243. Picking an index I ~ {1,2, 3} with probability at
least 1/3 still returns avg_, (A’(St,u; 7 U S1,n))(x,y) > 11/243. However, when picking a random
hypothesis h € Ujeq1,2,30\14'(S1,5,03 Sj,n U T), the probability of h erring can only be lower
bounded by 3/2(11/243 — 1/3), which is negative! (all the errors might be in the recursive call I).
Thus, we cannot guarantee a lower bound on this probability when making only 3 recursive calls
in Algorithm 1. However, if we make more recursive calls, e.g., 27 (chosen large enough to make
the argument work), we get that with probability at least 1/27 over I ~ {1,...,27}, it holds that
A(S1,u;S1,n UT) > 11/243 and with probability at least 27/26(11/243 — 1/27) ~ 0.009 over

h € Ujeqr,.. 271 A(S1,5,05S;,nUT), we have that h(z) # y. By 27-(1/0.009) < 3160, this gives

11 11
LE3(A(S;T)) <3160 max P |h(x)#y,avg (A(Siu; Sin UT))(Xy) > = |-
i,G€{1,..,27} i%j  (x,y)~D ’ ’ 243
hleA(Sjyu;Sj,n\_lT)

This is precisely the scheme we propose in Algorithm 2, with A(S; T') = {A(S")} s es(s;T)- Now,
defining A (S) as ¢ voters drawn from A(S; ) with ¢t = ©(In (m/(8(d + In (1/5))))), and mim-
icking the analysis of Section 3.1 yields that Eg/zu(ﬁt) < et + (d+1n(1/5)))/m. Finally,
roughly following the above arguments for £p(Tie' />* (A, (S1), AL, (S2); htic)), but now with
Lp(Tie"/* (A, (S1), Ay, (S2): htie)), we obtain, for the latter, the claimed generalization error of
2.17 + O(\/7(d +1In(1/6))/m + (d + In (1/8))/m).

Algorithm 2: Splitting algorithm S

Input: Training sequences S, T € (X x ))*, where |S| = 3% for k € N.
Output: Family of training sequences.
if £ > 6 then
Partition S into Sy, . . ., So7, with S; being the (¢ — 1)|S|/27 + 1 to the ¢|S|/27 training
examples of S. Set for each i
S@U = Sz[l : 3k76], Si7|—| = S, [3k76 +1: 3k73],
return [S(Sl’u; Sl,l‘l (] T), AN 78(527’u; 527’|—| (] T)]
else
L return SUT

With the above classifier in hand, we can now, on two new independent training sequences, obtain the
classifier of Hanneke et al. (2024) using the first sequences, and then on the second sequences choose
the best of our classifier and the classifier of Hanneke et al. (2024) as the final classifier.

4 Conclusion

We study the fundamental problem of agnostic PAC learning and provide improved sample complexity
bounds parametrized by 7, the error of the best-in-class hypothesis. Our results resolve the question
of Hanneke et al. (2024) asking for optimal error rates in the regime 7 & 4/m, and make progress on
their questions regarding optimal learners for the full range of 7 and efficient learners based upon
majority votes of ERMs. The most interesting future direction is whether an improved analysis of
our voting scheme or a modification of it can lead to optimal algorithms for the full range of 7.
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A Preliminaries for Proof

In this section we give the preliminaries for the proof. For the reader’s convenience, we restate
Algorithm 2.

Algorithm 2: Splitting algorithm S

Input: Training sequences S, T € (X x )))*, where |S| = 3% for k € N.
Output: Family of training sequences.
if £ > 6 then
Partition S into Sy, . . ., So7, with S; being the (¢ — 1)|S]/27 + 1 to the 4|S|/27 training
examples of S. Set for each ¢
Si,u = Sl[l : 3k76}, Si7|—| = Sz [3]676 + 1: 3k73],
return [S(Slyu; SLI‘I (] T), AN 78(527’u; 5277|—| (] T)]
else
L return SUT

We first observe that for an input training sequence m = |S| = 3*, the above algorithm makes /
recursive calls where [ € N satisfies k — 6(l — 1) > 6 and k — 61 < 6, that is, [ is the largest number
such that k/6 > I. As [ is a natural number, we get that [ = | k/6]. Furthermore, since k = logs(m)
we get that [ = |logs(m)/6]. For each of the [ recursive calls 27 recursions are made. Thus, the
total number of training sequences created in S is 27! < 331083(m)/(2:6) — y1/(4In(3)) > 1022 1p

what follows, we will use the quantity sn, which we define as ; S‘f‘n\ when running S(S; T) with

S;T € (X x Y)* such that |S| = 3% and k > 6. We notice that
IS| Rl 3* 27
S = = - = - = .
T Syml 3k 3 —3k6 T gk-3(1— Ly 1 L

15)

This ratio s will later in the proof show up as a constant, |.S;|/(|S|sn) = (|Siul + [Sinl)/|Sin] =
1/(1 — 1/27), multiplied onto 7. Thus, from this relation we see that if the split of S; is imbalanced

so that |\S; | is larger than |S; ;| the constant multiplied on to 7 become smaller.

Furthermore, in what follows, for the set of training sequences generated by S(5;T") and a ERM-
algorithm A, we write A(S; T) for the set of classifiers the ERM-algorithm outputs when run on
the training sequences in S(S;T), i.e., A(S;T) = {A(S")}sres(s;1). Where this is understood as a
multiset if the output of the ERM-algorithm is the same for different training sequences in S(.S;T).
Furthermore for an example (z,y) , we define avg (A(S;T))(z,y) = > peacsr) HA(@) #
y}/IA(S;T)|, i.e., the average number of incorrect hypotheses in A(S; 7). We notice that by the
above comment about S(.S; T') having size at least m°-22, we have that .A(.S; T') contains just as many
hypothesis, each of which is the output of an ERM run on a training sequence of S(.5;T"). Thus as
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allotted to earlier our algorithm do not run on all the sub training sequences created by S(.S;T), as it
calls the A algorithm O(In (m/(6(d 4 In (1/0)))))-times. Which leads us considering the following
classifier.

For a natural number ¢, we let le\t (S;T), be the random collection of ¢ hypotheses drawn uniformly

with replacement from A(S;T'), with the draws being independent, where we see .,Zl\t(S ;T) as a
multiset so allowing for repetitions. We remark here that we will overload notation and use t (so ¢ in
bold font) to denote the randomness used to draw the ¢ hypotheses from A(S; T) in the following

analysis of A (S; 7). Intuitively one can think of .4 as a bagging algorithm where the subsampled
training sequences are restricted to subsets of S(.S; T') rather than sampling with replacement from
the training examples of S and 7. In what follows we will consider this algorithm parametrized
byt =O(n(m/(6(d+1n(1/9))))) leading to a classifier with the same order of call to the ERM

as stated in. Similarly to A(S;T") we also define avg;é(ﬁt(S; ) (@,y) = X he s Hh(@) #
y}/[Ac(S; T)

Now, for a distribution D over X x {—1,1}, training sequences S;T € (X x {—1,1})", and
a € [0,1] we will use L3 (A(S;T)) = P(x,y)~p [avg . (A(S; T))(x,y) > a] , i.e., the probability
of at least a a-fraction of the hypotheses in .A(S; T') erroring on a new example drawn according to D.
As above we also define £3(A¢(S;T)) = Pxy)~D [avg;é(ﬁt(S; ) (x,y) > oz} , for A¢(S;T).

In the following we will for the case where 7' is the empty training sequence 0 us A (S) = Ay (S; 0).

A.1 Difficulties of the Proof

Let us take the opportunity to briefly describe the challenges associated with settling the sample
complexity of agnostic learning in the regime 7 = O(d/m). In particular, we will demonstrate that a
straightforward multiplicative Chernoff argument can not yield a result as general as Theorem 1.4.

To begin, notice that the true errors of N hypotheses can indeed be confidently estimated to
within error 7 using O(log(N/§)/7) samples, due to multiplicative Chernoff. However, if
7 = O(log(N/J)/m), then the above yields a vacuous bound. An additive Chernoff bound would
also in this case imply an additive O(log(IN/d)/m) error term. In the paper, we consider classes
of finite VC dimension d but arbitrary, possibly infinite cardinality N, thereby preventing us from
employing this bound. Even if one were to bound N as O((m/d)?) using Sauer-Shelah, this would
imply that multiplicative Chernoff is unhelpful when 7 = O((d log(m/d) + log(1/8))/m). This is
a wide regime containing, for instance, 7 = O(d/m), a setting in which we demonstrate that our
algorithm is optimal. Furthermore, an additive Chernoff bound would incur a suboptimal additive
O(dlog(m/d)/m) term.

However, let us assume that a Chernoff bound argument for infinite hypothesis classes could yield
Theorem B.2 for all 7 (e.g., using an e-covering argument). In this case, one would have demonstrated

that an empirical risk minimizer A’ has error 2.17 4+ O(4/ T(dH:;(l/ Dy 4 d+l“n(Ll/ 9 Then, taking
7 = 0 (i.e, considering the realizable case), would demonstrate that ERM results in an error of

O(M). However, this is not generally true, owing to the worst-case lower bound on ERM

learners of O(%f;ln(l/é)), due to (Bousquet et al., 2020, Theorem 11). This strongly suggests

that a Chernoff bound argument using a union bound over each function in the hypothesis class (or a
discretization of it) cannot yield a result as general as Theorem 1.1, which holds across all .

Finally, we remark that our learner for Theorem B.2 is agnostic to 7 (i.e., is oblivious to the value of
T), whereas the previous Chernoff procedure requires knowledge of 7. This is a notable distinction,
as precise knowledge of 7 will typically be unavailable to the learner. In particular, ERM-based
estimates of 7 will be uninformative in the regime 7 = o(d/m).

A Preliminaries for Proof

In this section we give the preliminaries for the proof. For the reader’s convenience, we restate
Algorithm 2.
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Algorithm 2: Splitting algorithm S

Input: Training sequences S, T € (X x ))*, where |S| = 3* for k € N.
Output: Family of training sequences.
if £ > 6 then
Partition S into Sy, . . ., So7, with S; being the (¢ — 1)|S|/27 + 1 to the ¢|S|/27 training
examples of S. Set for each ¢
Si = S;[1:3F6], Sin=S;[3k64+1:3~3],
return [S(Sl,l_l; Sly|—| (] T), ce 78(5277[_,; S27’|—| (] T)]

else
L return SUT

We first observe that for an input training sequence m = |S| = 3%, the above algorithm makes
recursive calls where [ € N satisfies k — 6(l — 1) > 6 and k — 61 < 6, that is, [ is the largest number
such that k/6 > I. As [ is a natural number, we get that [ = | k/6|. Furthermore, since k = logs(m)
we get that [ = |logs(m)/6]. For each of the [ recursive calls 27 recursions are made. Thus, the
total number of training sequences created in S is 27¢ < 331083(m)/(2:6) — yp1/(41n(3)) > 1022

what follows, we will use the quantity s, which we define as ISL_ \when running S(S; T') with

[S1,m]
S;T € (X x Y)* such that |S| = 3* and k > 6. We notice that
19| 3k 3k 27
S = = = = . (16)
TSyl 33 —3k6 331 - Ly 1 L

This ratio s will later in the proof show up as a constant, |S;|/(|S|sn) = (|Si,u| + |Sinl)/1Sin] =
1/(1 — 1/27), multiplied onto 7. Thus, from this relation we see that if the split of .S; is imbalanced

so that |.S; | is larger than |S; | the constant multiplied on to 7 become smaller.

Furthermore, in what follows, for the set of training sequences generated by S(5;T') and a ERM-
algorithm A, we write A(S; T) for the set of classifiers the ERM-algorithm outputs when run on
the training sequences in S(S;T), i.e., A(S;T) = {A(S") }sres(s;1)» Where this is understood as a
multiset if the output of the ERM-algorithm is the same for different training sequences in S(5;T).
Furthermore for an example (z,y) , we define avg(A(S;T))(z,y) = > pecacsr) LH{A(2) #
y}/|A(S;T)|, i.e., the average number of incorrect hypotheses in A(S;T). We notice that by the
above comment about S(.S; T') having size at least m%->2, we have that A(S; T') contains just as many
hypothesis, each of which is the output of an ERM run on a training sequence of S(.5;T). Thus as
allotted to earlier our algorithm do not run on all the sub training sequences created by S(.5;T), as it
calls the A algorithm O(In (m/(6(d 4 In (1/6)))))-times. Which leads us considering the following
classifier.

For a natural number ¢, we let /Tt (S;T), be the random collection of ¢ hypotheses drawn uniformly

with replacement from A(S;T), with the draws being independent, where we see .Zt(S ;T)asa
multiset so allowing for repetitions. We remark here that we will overload notation and use t (so ¢ in
bold font) to denote the randomness used to draw the ¢ hypotheses from A(S; T') in the following

analysis of .ﬁt (S;T). Intuitively one can think of .Zt as a bagging algorithm where the subsampled
training sequences are restricted to subsets of S(S;T") rather than sampling with replacement from
the training examples of S and 7. In what follows we will consider this algorithm parametrized
byt =O(In(m/(6(d+1n(1/§))))) leading to a classifier with the same order of call to the ERM

as stated in. Similarly to A(S;T) we also define avgi(ﬁt(S; ) (x,y) = Zheﬁt(S;T) 1{h(x) #
Y}/ Ac(S; )

Now, for a distribution D over X x {—1,1}, training sequences S;T € (X x {—1,1})", and
a € [0,1] we will use L5 (A(S;T)) = Pk y)~p [avg . (A(S; T))(x,y) > a] , i.e., the probability
of at least a a-fraction of the hypotheses in A(S; T') erroring on a new example drawn according to D.

As above we also define £3(Ay(S;T)) = Pix,y)~p [avgi(ﬁt(S; ) (x,y) > a} , for A¢(S;T).
In the following we will for the case where 7 is the empty training sequence () us Ay (S) = Ay (S;0).
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A.1 Difficulties of the Proof

Let us take the opportunity to briefly describe the challenges associated with settling the sample
complexity of agnostic learning in the regime 7 = O(d/m). In particular, we will demonstrate that a
straightforward multiplicative Chernoff argument can not yield a result as general as Theorem 1.4.

To begin, notice that the true errors of N hypotheses can indeed be confidently estimated to
within error 7 using O(log(N/§)/7) samples, due to multiplicative Chernoff. However, if
7 = O(log(N/J)/m), then the above yields a vacuous bound. An additive Chernoff bound would
also in this case imply an additive O(log(NN/d)/m) error term. In the paper, we consider classes
of finite VC dimension d but arbitrary, possibly infinite cardinality N, thereby preventing us from
employing this bound. Even if one were to bound N as O((m/d)¢) using Sauer-Shelah, this would
imply that multiplicative Chernoff is unhelpful when 7 = O((dlog(m/d) + log(1/8))/m). This is
a wide regime containing, for instance, 7 = O(d/m), a setting in which we demonstrate that our
algorithm is optimal. Furthermore, an additive Chernoff bound would incur a suboptimal additive
O(dlog(m/d)/m) term.

However, let us assume that a Chernoff bound argument for infinite hypothesis classes could yield
Theorem B.2 for all 7 (e.g., using an e-covering argument). In this case, one would have demonstrated
that an empirical risk minimizer A’ has error 2.17 4+ O(4/ T(dan(l/ 5))) + dHHW(Ll/ 9 Then, taking
7 = 0 (i.e, considering the realizable case), would demonstrate that ERM results in an error of
O(M). However, this is not generally true, owing to the worst-case lower bound on ERM

learners of O(W), due to (Bousquet et al., 2020, Theorem 11). This strongly suggests
that a Chernoff bound argument using a union bound over each function in the hypothesis class (or a
discretization of it) cannot yield a result as general as Theorem 1.1, which holds across all 7.

Finally, we remark that our learner for Theorem B.2 is agnostic to 7 (i.e., is oblivious to the value of
T), whereas the previous Chernoff procedure requires knowledge of 7. This is a notable distinction,
as precise knowledge of 7 will typically be unavailable to the learner. In particular, ERM-based
estimates of 7 will be uninformative in the regime 7 = o(d/m).

B Analysis of Ay

As described in the proof sketch, we require a bound on Eg) /243 A(S;0) in order to upper bound

E1D1 /243 (.Zt) Thus, we now present our error bound for Algorithm 2 when running .4 on each dataset
generated on S(S, (). (We assume that S| = 3% for k € N, at the cost of discarding a constant
fraction of training points.)

Lemma B.1. There exists a universal constant ¢ > 1 such that: For any hypothesis class H of
VC dimension d, distribution D over X x Y, failure parameter 0 < § < 1, training sequence size
m = 3* for k > 6, and training sequence S ~ D™, with probability at least 1 — & over S one has
that

c(d+1n(e/d))

LR (A(S;0)) < er + ——=

Let us defer the proof of Lemma B.1 for the moment, and proceed with presenting the main theorem
of this section, assuming the claim of Lemma B.1.

Theorem B.2. There exists a universal constant ¢ > 1 such that: For any hypothesis class H of VC
dimension d, distribution D over X x Y, failure parameter 0 < § < 1, training sequence size m = 3k
for k > 6, training sequence S ~ D™, and sampling size t > 4 - 2432 1In (2m/(6(d + In (1/4)))),
we have with probability at least 1 — § over S and the randomness t used to draw A¢(S) that:

LUPB(4(8)) < or + S0 (d+ ;1: (e/9))

Proof. Let Ay(S;0) = {hy,..., I}, considered as a multiset, and recall that the h; are drawn
uniformly at random from A(S;0) = {A(S")} s'es(s:0), Which is likewise treated as a multiset. Let
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FEs denote the event

Es = (z,y)‘ Z Uh@) #y} , 10

heA(S:0) |A(S;0)]  — 243
and
F L{h(z) #y} _ 10
Bs={(z,y)| Y o2l Al o
‘ heA(S;0) |A(S; 0)] 243

its complement. Now fix a realization S of S. Using the fact that P [A] = P[AN B] + P [AN B,
we have that

t
11/243, 7 /oo vy »
Ly RS = B [g 1hy(x) £y} /1 > 5o Fs
sop YU Avbiez LB
(x,y)~D Pt = 243’

a7

S ICSEOS ) S IE PRV

(x,y)~D (x,y)~D | “=
i=1

‘We now bound each term in the above, i.e., in Equation (17).

In pursuit of bounding the second term, consider a labeled example (z,y) € Es. We may assume that
Es is non-empty, as otherwise the term is simply 0. Now, for any such labeled example (z,y) € Eg

we have that >>°_ | 1{h,(z) = y} has expectation

t
- 1{h(z) =y}
H(z,y) ::ItE Z]l{hz(x) :y}‘| =t Z W > (1 —10/243-¢t) > /2,
i=1 heA(S;0) ’
where the final inequality follows from the fact that (z,y) € Es. (Recall that we use the boldface

symbol t to denote the randomness underlying the random variables fll, . ,flt.) Now, since
1{h;(z) # y} is a collection of i.i.d. {0, 1} —random variables, we have by the Chernoff inequality

that
t ~
1{h;(r) =y} 1 —H(ay)
S-S S (F I < )
P [Z ¢ S\ o) e | S o {553

=1
_ 0(d+In(1/8)

)

- 2m
where the final inequality follows from the fact that s, ;) > */2 and
2
t>4.243%I [ ——— )
(5(d +In (1/6))
The above implies that with probability at least 1 — W, we have

o
1{h;(z) = y} 1 1 10 11
) s G 1) L Ut vy L Ut v vy

i=1
This further implies that Y¢_; 1{h;(x) # y}/t < 11/243 with probability at most 24+ U/ A
we demonstrated this fact for any pair (z,y) € Eg, an application of Markov’s inequality yields that

Pl N N (d+ln(1/5))]
t | (x,y)~D

S ufhx) £}/ > 5, ] > T
(d-+10(1/6)) Epeyyp [Py [ Siny 1{hu(x) # y}/t = 45| 1{Es}]
<

=1

m

<

NSRS

(18)
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Note that the first inequality follows from an application of Markov’s inequality and the observation
that E's depends only upon (x,y) and t, which are independent from one another, meaning we can
swap the order of expectation. The final inequality follows from the bound on the probability of

Z§=1 1{h,(x) # y}/t > 225 happening over t, for z,y € E.
Thus, we conclude that with probability at least 1 — §/2 over t, the random draw of the hypothesis in
At (S; D) is such that
‘ N
p [ Ee0Zy) 1L o] deinss)
(x,y)~D t 243 2m

i=1

Furthermore, as we showed this for any realization S of S (and t and S are independent), we conclude
that, with probability at least 1 — §/2 over both t and S,

p liﬂ{ww}ﬂ%

< d+1n(1/6)
3D | t =243 '

m

Furthermore, by Lemma B.1, we have that with probability at least 1 — §/2 over S,

P [E) < or 4 410 (26/0) (19)
(x,y)~D m
Furthermore, as this event does not depend on the randomness t employed in drawing hypotheses for
Ay( S), we conclude that the above also holds with probability at least 1 — 6/2 over both S and t.
Now, applying a union bound over the event in Equation (18) and Equation (19), combined with the
bound on Ep(ﬁt(S)) in Equation (17), we get that, with probability at least 1 — § over S and t, it
holds that

53/243(2&(8)) <ert \/CT (d+:(2e/5)) n (I+¢) (d:}—lln(Qe/é))

As cis permitted by any absolute constant, this concludes the proof. O

We now proceed to give the proof of Lemma B.1. Doing so will require two additional results, the
first of which relates the empirical error of a hypothesis h to its true error.

Lemma B.3 (Shalev-Shwartz and Ben-David (2014) Lemma B.10). Let D be a distribution over
X x {=1,1}, h € {—1,1}* be a hypothesis, § € (0, 1) a failure parameter, and m € N a natural
number. Then,

2Lp(R)n(1/) , 2In(1/9)

S~Dm 3m m

Ls(h) < Lp(h) + ] >1-34,

and

9 Ls(h)In(1/5)  4ln(1/6)
S~Dm - m + m

ﬁD(h) < ﬁs(h) +

1215.

The second result we require is one which bounds the error of A(S; T') for arbitrary training sets 7'
(i.e., not merely T' = (J, as we have previously considered).

Theorem B.4. There exists, universal constant ¢ > 1 such that: For any a hypothesis class H of VC
dimension d, any distribution D over X x {—1, 1}, any failure parameter 6 € (0,1), any training

sequence size m = 3F, any training sequence T € (X x {—1,1})*, and a random training sequence
S ~ D™, it holds with probability at least 1 — § over S that:

!
L9 A(S:T)) < max Xy (11, 8') | eld+n(1/9)
S’eS(8;T)  m/sn m

b
where

L8 = Y i (z) #yh

(z,y)€S’
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Let us first give the proof of Lemma B.1 assuming Theorem B.4, and subsequently offer the proof of
Theorem B.4.

Proof of Lemma B.1. First note that for each i € {1,...,27},

Y (kS 1{n
T 71 N {1t (@) # 4}
5'€8(Si,u;Sen)  M/sn S'€S(84,138i,n) (z.9)eS! (m/sm)
< [Sin US; Z {n(x) # vy}
(m/Srl) |Sz‘,m u Si,l_l|

(zvy)esi,ﬂl—lsi,u
=2Lg, ().

The inequality follows from the fact that any S” € S(S; ;S; ) satisfies S’ C S; 7 U S; 1, and

the final equality uses the facts that |[S; 1 U'S; | = |S;| = m/3? and sn = 33/(1 — 1/27). Thus,

invoking Lemma B.3 over S; for ¢ € {1,...,27} with failure parameter §/28, we have by a union
bound that with probability at least 1 — 275 /28 over S, each i € {1,...,27} satisfies

e Z208S) <T+< _61n(28/9) +6111(28/5))) §4(T+61n(28/5)) 20)

5'€8(Si,u;8an)  M/Sn 3m m

where we have used that vab < a + b. Furthermore, by Theorem B.4 we have that with probability
atleast 1 — /28 over S,

* /!
Eg)/243(A(S;®)) < max X (R S) N c(d+1n(28/9))
s’es(S;T) m/sn m

Again invoking a union bound, we have with probability at least 1 — § over S that
Y (S d+1n(28/6
5;30/243(A(S;®))§ max C # (1, )+C( +1n (28/9))
Ses(s;T) m/sn m

< 4e <T+ 61n(28/5)> N C(d+1nm(28/6))

< e Tl 1;;(28/6))7

where the first inequality follows from Equation (20). This concludes the proof. O

We now direct our attention to proving Theorem B.4. We will make use of another set of two
lemmas, the first of which permits us to make a recursive argument over .A-calls based on sub-training
sequences created in Algorithm 2.

Lemma B.5. Ler S,T € (X x Y)* with |S| = 3% for k > 6, and let D be a distribution over X x ).
Then,

EI;/MB (8(S;T)) < 5687 max max P h'(x) #y,avg,(A(Siu; Sin UT))(x,y) >

ije{l,....27} b €A(S;,u;8;,nUT) (x,y)~D

Proof. Let (z,y) be an example such that

Lh) £y} 10
he;(;m |A(S;T)| = 243

As k > 6, Algorithm 2 calls itself when called with (S; 7). Furthermore, as each of the 27 calls
produce an equal number of subtraining sequences, it must be the case that

10 Sk 1{h(z) # y}
oz Savgs(AST))(w,y) = Y o > : .
243 ] 2 hEA(Sr 065 nUIT) ‘.A(Si’u, Sz',l‘l U T)|
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This in turn implies that there exists an = [27] satisfying the above inequality, i.e., such that

10 1{h(x) #y}
555 < AVEA (A, 35 7 UT))(a.y) = h Z A, & uT)]
€A(S; ,35; AUT)

We further observe that for any i € [27],
27

10 1 1{h(z) # y}
< il Z
243 = 27 WEA(S, 0:8;.0UT) |.A(Sj7|_|, Sj,n L T)|
1 14{h 1
< Z 1 Z {h(z) # y} L L

jefl,...,2T\i 27 heA(S;.0:5;.UT) IS5 Sn UT)| - 27

This implies, again for any arbitrary choice of ¢ € [27], that

1 1 1 {h(z) # y}
213 = 2w 2 [A(S503 55,0 U T

, 27
GELL,.., 2T\~ REA(S),1;S;,nUT)

Simply multiplying both sides by 27/26, we have that

1o Z 1 Z 1{h(z) # y} . @1

234 je{l, 2T 26 hEA(S;1:5;,AUT) [A(S50385,n UT)|

Using the above, we can conclude that when (z, y) is such that avg_ (A(S; T))(z,y) > 5% then

there exists an ¢ € [27] with avg, (.A(SZ U Sen UT))(x,y) > %. Then by Equation (21), at
least a 1/234—fraction of hypotheses in{ |jerr, o A(S; 0850 UT) erron (z,y). Thus, if we

let I be drawn uniformly at random from {1, ...,27} and h be drawn uniformly at random from
Wjeqr,.. oma A(Sju3 S,n U T), then by the law of total probability we have that

R 10
I}?l; |:h(33) # Z/,an;é(-A(SI,u; SI,rl U T))(ﬂc,y) > m:|

-r [ﬁm # ylave, (A(St: S UT)) (2, y) > 10] P [avg¢<A<sl,u; St UT))(2y) > 10]

— 243 — 243
RS
T 234 243
1
> —.
— 5687

This implies in turn that
10 10
5687 B [fa) # vy (A1 St U T ) 2 50] > 1 {wvgaAsi @) 2 g @)
Taking expectations with respect to (x,y) ~ D, we have

N 10 20
5687 II?E [(&}]};’ND [h(x) * y,avg¢(A(SL|_,, StnUT)(x,y) > MS” > L2 (A(S;T)).

Ashe Wjeqr,... .o A(Sj,03 85,0 U T), it follows that
N 10
E P h Stu;SinuT > — 23
B | B [B60 2 yave (At Sin Ty > g @3
<E max P (I (x)#y,avg.(A(S1u; S1nUT))(x )>£
T T | Wel e, ampna AGS50:85,nUT) (x,y)~D Y, aves L oL Y= oa3 |
AndasI € {1,...,27}, then clearly
10
E P W , A(St L Sin UT))(x,y) > —
om0 £ v (AL S LT 0 2 g |
10
P B , A(S;u; S;nuT , > — .
{m}%m[ ) vt A iU T)) > |
(24)
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By combining Equations (22) to (24), we conclude that

L35 (A(S;T))

10
< 5687 P I , A(S;u; SinuT , > —
= O e Welse, . am e A5 585,0UT) (uy)n D [ 0) #3892 (AlBss Sin U T)) (0, y) 2 243}
10
= 5687 P 1% S; ;Si urT R > —,
i,_fer{r_};?.(,zﬂ h’eA(SI;lf;)éj,muT) (x,y)~D { (x) # y,avggé(A( e NEy) = 243]
i#]
which completes the proof. O

The second lemma employed in the proof of Theorem B.4 is the standard uniform convergence
property for VC classes.

Lemma B.6 (Shalev-Shwartz and Ben-David (2014), Theorem 6.8). There exists a universal constant
C > 1 such that for any distribution D over X x {—1,1} and any hypothesis class H C {—1,1}*
with finite VC-dimension d, it holds with probability at least 1 — § over S ~ D™ that for all h € H.:

Lo(h) < Ls(h) + C(d+n(e/5”

We now present the proof of Theorem B.4, which concludes the section.
Proof of Theorem B.4. We induct on k > 1. In particular, we will demonstrate that for each k > 1

and S ~ D™ with m = 3, and for any 6 € (0, 1), T € (X x Y)*, one has with probability at least
1 — 6 over S that

12000 - £ (1%, 5) C(d+1n(e/6)) 22225 o1 10 (/)
+ Cp m + Ce m 9

(25)

10/243
S:T)) <
Lp 7 (A(S; ))fs/erg?gm oy

19| 27

where s = Bl = i is the previously defined constant, C > 1 is the constant from

Lemma B.6, and ¢; and ¢, are the following constants:

cp = (56872 - 4-3%1n (24e)sr)”
ce = 3'21n (24e)*\/Cp 5 .

Note that applying vab < a + b to Equation (25) would in fact suffice to complete the proof of
Theorem B.4.

Thus it remains only to justify Equation (25). For any choice of § € (0,1) and T € (X x V)", first
observe observe that if £ < 12, the claim follows immediately from the fact that the right hand side
of Equation (25) is at least 1. (Owing to the fact that ¢, > 3'2.)

We now proceed to the inductive step. For the sake of brevity, we will often suppress the distribution
from which random variables are drawn when writing expectations and probabilities, e.g., Pg rather
than Pg..pn. Now fix a choice of T € (X x V)", § € (0,1), and k > 12. Let as equal the
right-hand side of Equation (25), i.e.,

12000 - S, (I, 5') \/C(dﬂn(e/é))mo‘f/ﬁ(f’sl) C (d+1n(e/8))
+ 1\ c + c. .

m m

as = max
S'eS(S;T) m/sn

(26)
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Then invoking Lemma B.5 and a union bound, we have that

P [11;0/243(,4(5; 7)) > as} 27)
<P |5687 ma ma P |ave, (AS: L SinUT)(x,y) > —2 h(x) £y| > a
~s i,je{lﬂ--)-(m} hE-A(Sj,ul,}é(jﬂ'—’T)x’y Ve R ¥ = 243’ Y S
i
< Z P | 5687 max P |avg, (A(S;,u;SinUT))(x,y) > EJz(x) #y| >as|.
- T S hEA(S;,u;S;,nUT) X,y 7 T — 243
A
(28)
Thus it suffices to show that for i # j € [27],
P|5687  ma P |ave, (A(S:i 1 Sin UT)(x,y) > —2 h(x) £y| > as| < —°
X V. i,L5 94 ) Z Saa° = 55 o)
S hEA(S;,u;S;,nUT) X,y B oL S y 243 Y S 26 - 27
(29)

as one can immediately apply this inequality with Equation (27). Then it remains to establish
Equation (29). As the pairs (S1,,,S11), ..., (Sa7,u, S27,n) are all i.i.d., it suffices to demonstrate
the inequality for, say, j = 1 and ¢ = 2. To this end, fix arbitrary realizations (Sj)s<k<27 Of the
random variables (Sj)s<r<27; we will demonstrate the claim for any such realization.

First note that if we happen to have realizations Sy |, S2, 1 of Sz 1, S2 1 such that

10/243 . _ ) S 10 < C(d+1n(e/d)) . g8
Ly (A(S2,u; S2,nUT)) x]?y {an;é(A(SQ,u, SonuT))(x,y) > 243] c 5687m S 7

then we are done by monotonicity of measures, as

10
: < .
5687 neas™E xIE”y [avg?g(A(Sz,u, SonUT))(x,y) > BYER h(x) # Y} <as. (30

Furthermore, consider any realization S; 1 of Sy 1. We note that by m = |S| = 3k for k > 12, and
by Algorithm 2, it holds that [Sy ;| = 3*=¢ = m/3%. Thus, we may invoke the inductive hypothesis

with A(S3,1; So,n U T) and failure parameter §/24 in order to conclude that with probability at least
1—46/24 over Sy,

120003 (1, ')

L2728 408, 8y LT
p T (A(S2,u5 92,0 ) < S’ES(SQE»)§2HUT) m/(3%sm)

C (d + In (24e/6)) 22002 r57)  Cld+1n(24e/9)

T\ m,/ 36 ¢ m,/36
€29)
Furthermore, for any a, b, ¢, d > 0, we have that
a+Vabc+cd<a+avb+evb+ed=(1+Vb) -a+ (d+Vb)-c, (32)

where the inequality follows from the fact that vabe < max(vba2,vVbc?) < avb + c¢v/b. Now,
combining Equation (31) and Equation (32) (with b = ¢, d = ¢.), we obtain

120003 (H, S")
S’GS(S2 Us 52 Aur)  m/(3%sp)

T (et v 2U ﬁ;gi‘*e/ 0)

120005 (7 S”)
max
5'€8(S3,u58:,n0T)  m/(35sm)

LR (A8, Son UT)) < (14 /cp)

C (d +In (24¢/6))
m/36 '

< 2\/& + 2c.

(33)
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Note that the second inequality makes use of the fact that ¢; > 1 and ¢, < ¢.. We thus conclude that
for any realization S5 1 of Sg 1, the above inequality holds with probability at least 1 — 6/24 over
So,u. Further, as Sy and Sy |, are independent, the inequality also holds with probability at least
1—4/24 over Som, Sa .

We now let
12000Z4 (R, S")
5’68(82 u,s2 aur)  m/(3%sm)

C (d + In (24¢/6))
(m/3°)

=2/c + 2c

and consider the following three events over Sy = (S2.q, S21):

C(d+1 o
b :{W < L (A(S05 82 UT)) < s}

C(d+1 )
b= {06(568?7516/)) > L3/ (A(S,0 Son U T))} ;

Fy — {/:;;)/243(,4(527u; Sy UT)) > asz} .

By Equation (30), we have that for So 1, S|, € E», the bound in Equation (25) holds. Furthermore,
from the comment below Equation (33), we have that Sy 1, S» |, € E'3 happens with probability at
most 6/24 over Sa n, Sa,,. For brevity, let ag denote the right-hand side of Equation (25). Then,
using the law of total probability along with independence of S; and S2, we can conclude that

. [56§€7A o [avg¢<A<s2,u; SonUT))(x,Y) > gt h(x) # y} > as} (34)

L8 |:56hSE7A(S?1ﬁ}S(1,nuT) & {avg#(A(SQ’u;SQ’” UT))xy) = 21403 X) 7y } ~ as} Er| PLEA]

B | [P0, 5, B [ i San U 2 00 %3] > 0 2| PIE

* éE; épl [56}§gA(Sfi%)S(1,muT) xI?y [avg#(A(SQ’U; S2nUT)(xy) 2 243 x) # y} ~ as} P1Es]
<EIP {56}§€7A(Sﬁ§§mum P |:3Vg¢(A(SQ,u; SonUT))(x,y) > % h(x) # y} > as} Ei| +0+6/24.

Note that the second inequality follows from Equation (30), Equation (33) and P [E] < 1. Thus, if
we can bound the first term of the final line by 26/24, it will follow that Equation (29) holds with
probability at least 1 — 6/(26 - 27), as claimed.

To this end, consider a realization S5 of So € F;. For such an S», we have that

10
ﬁlDO/MB(A(Sz,u; SonT)) = xPy [an;é(A(Sz,u; SenUT))(x,y) > 243} =0
Then, again invoking the law of total probability, we have that
5687 P So.u; SonUT >__ h
hGA(Sﬁa;J)S(Lml_lT) X,y |:avg7é(A( 2,1y 02,1 ))(X7 y) = 943’ (X) 7& y:|
10
= 5687 P |h So 3 SeqnUT >
heA(s?f)s{mL,T) Xy (x) # y|avg¢(,4( 2,U5 02,1 N(x,y) > 243}
x L3/ (A(S2,05 82,0 UT)). )

Now let A = {(z,y) € (X x ) | avg;é(A(SQ,u;ng UT)(z,y) > 243} and Ny = |S; Al
As S, € E4, we have that

_ 10/243 ) > ccC(d+1n(e/d))
x]I,Dy[A] ‘CD (A(SQJ_“ SZ,I‘I ] T)) > 5637 .
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Then, owing to the fact that S; o ~ D"™/57) — note that m/sr = [S|/(|S|/|Sn|) = |Sn| — this
implies that

B B c.C(d+1n(e/))
sIIE,H[Nl] = b Al (m/sn) = = s

Thus, by a multiplicative Chernoff bound, we have

c.C(d+1n(e/d))
N E Ny]/2 > 11— —
S1,n~D(m/sm) 1> SI’HND(m/Sm)[ 1]/ :| - exp ( 8- 5687Sm

>1—(5/e)'. (36)

Note that the second inequality uses the fact that ¢, = 3'21n (246)2\/53,1. Now let N; be any
realization of N7 such that

1 _ 1 10/243 )
N oo BN = 5 £ (A2 San UT)) (m/sn).

Notice that Sy 7 1A ~ DV (- |avg_, (A(S2,0; S2,n UT))(X,y) > 35%)-

Now, combining Equation (35) and Lemma B.6, we have that with probability at least 1 — 6/24 over
Sl,l_l r As

5687 P |:an75(./4(52’|_|; SonUT))(x,y)

max
h€A(S1,u;81,nUT) Xy

< 5687

1
> 10 hx) £ y] 37

10/243
e s™S (.csmm(h) + /O (d 1 In (24e)9)) /N1> L2293 4(Sy. 15 So.n LIT))

We now bound each of the two terms on the right hand side of Equation (37), considered after

multiplying out the term associated with Eg) /243 Beginning with the first term, and recalling that

N1 = |S1 1 M A[, we have

Ls, pna(h) - L3 (A(S2,0: 80,0 UT))

1{h(x :
Z { (]\; 7 2/} £g/243(A(S27U; Sz,m L T))
(z,y)€S1,AMA 1

3 21{h(z) # y}

m/sn

max
hEA(S1,,;81,AUT)

IN

max
heA(S1,u;81,nUT
(S1.u3S1n )(Ly)ESl,ml—\A

T 21{A(S")(x) # y}

m/sn

< max
S’eS(S ;S1.qUT
(S1,u381,m )(z,y)eslwr‘l—lA

T 21{A(S") (x) # y}

m/sn

IN

Sressis

! 1,038, nUT

€8 E1 LS (e
25 (1 S")

_ 38
—s'es(srlr,lu;sl,nuT) m/sn .

Note that the first inequality uses the fact that Ny > ﬁg) /243 (A(S2,u; 82,7 UT))(m/sn)/2 and the
second inequality uses that b € A(S; ,;S1,7 UT'), meaning there exists an 5" € S(S1,,;S1,~UT)
such that h = A(S’). The third inequality follows from the fact that S; o M A T S for any

Ses (S1,u5;81,n UT) (and especially for S”) and the final inequality from both the ERM-property
of A on S and the definition of 3 (7 S”).
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We now bound the second term of Equation (37). In what follows, let 5 = C (d + In (24¢/6)). We

will in the first inequality use that Ny > 1 - L‘g)/243(.,4(52’u; So.nUT))(m/sn):

L3 (A(S2,05 820 UT)) VO (d + I (24¢/5)) /Ny )
= [28LE P (A(Sa0: 820 U T))
- m/Sr\

4 1200085 (1,5") |, C(d:+In (24e/6))
_ ﬁ <\/@S’€S(SI;1|?;}§27HHT) m/3%sn +ec m/36
- m/sn
(by definition of E; and Equation (33))
4 120005 4 (1%,5")

- Bﬁ&es(s?ﬁémun m/(3%n) N 452007777’}36
- m/sn m/sn

(by Va+ b < y/a + /b and definition of /3)

Cld+In(e/s) |, may  10005005)
! wso2,nU n
< (/435 In (24e)sr C8 (i n )
m

+ /4 3%, (In (24¢))? S“M’

where the last inequality follows from § = C(d + In(24e/J)) < In(24e)C(d + In(e/d)) and
rearrangement. We now bound each of the constant terms under the square roots. Beginning with the
first term, we have

V4352 In (24e)sn = \ /56872 - 430,/ In (24¢)s /5687 < \/@/5687,  (40)

where the inequality follows from ¢, = (56872 - 4 - 36 In (246)8|—|)2 . For the second term, we have
that

\/ 4.36¢, (In (24e))” s = \/ 56872 - 4 - 36¢, (In (24¢))? 51 /5687 < c., (41)

where the inequality follows by ¢, = 3'2In (24e)?\/cpsr and ¢, = (56872 -4 - 3%In (24e)sm)2 .
Then we conclude from Equation (39) that

C (d+1n (24e/6
¢ : ;1( L0 10725 A(S, 5 Sp UIT)) 42)
120005 (h%,S")
) 1 C(d+ln(e/5))S'es(srgr,lf;}éz,muT) m/sn N C (d+1n(e/d))
= 5687 | N ™ Ce m :

Thus, by applying Equation (38) and Equation (42) to Equation (37), we obtain that for any realization
N; of Ny > % . Eg)/243 (A(S2,u; S2,nUT))(m/sn), it holds with probability at least 1 — 6/24 over
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SL|—| MmA~ DNl( . |A(Sg’u; SQ’H (] T)(il?) 7é y)Z that

10
5687 P So ;3 SenUT > _— h 43
heA(sﬁa;)silﬂuT) X,y [an75(‘A( 2,05 02,1 ))(X7 Y) = 913’ (x)#y 43)
C(d+1 5 120005 (M,5")
12000275(}1*, S/) ( =+ H(e/ ))S/GS(S?ﬁéz,muT) m/sn
< max " i\l
S'€8(S1,u;81,nUT) m/sn m
 Cld+n(e/s))
C m
(hS")
120005 ' C (d +In (e/8)) Z20222U55) !
gy ZOOSAS) | O B | cvinge)
S'eS(S;T) m/sn m m
= das. (44)

Note that the second inequality follows from the fact that S’ € S(S;;S;n UT) for i = 1,2,
meaning S’ € §(S; T). The equality follows simply from the definition of ag in Equation (26).

Now, combining the above observations, we can conclude that for any realization Ss € E; of So,

10

> PYEE
— 243

P |5687 P A(S2 ;8 1 UT ,
S1 [ heA(S?La;gl,nuT) (%,y) [an?f( (52,05 S2,m ) (x,y)

hx) # y] < as]

h(x) # Y] <as

10
> P | 5687 P Sy ;S UT > —
=8 [ HEA(ST L iS1.0UT) (xy) [avg#(A( 201520 UT))(xy) 2 243’

‘Nl > L3P (A(Sg05 So.n UT))(m)sn) /2] x P [N1 > L3 (A(Sg05 Sa.n UT))(m)sn) /2}
5 5 19
>@‘m)@‘(9 )

(Note that the first term on the right side of the first inequality is distributed across two lines of
text.) In particular, the first inequality follows from the law of total expectation, and the second from
Equation (36) (see the comment below the equations) and Equation (43). Thus, the above implies
that the term in Equation (34) which conditions upon S, € E is bounded by 6/2'1. Altogether, we
can conclude that

10
P P Sy :Son UT > 0 <2
5080 |20 ™ U ey Ve (AS2ui82n UT)(x,¥) 2 53, hix) 7éy] ~ as] - 210

As 9/21° < 4/96.27, we arrive at Equation (29), which as previously argued concludes the proof due to
the fact that (S, S1,), - - -, (S27,u, S27,n) are i.i.d. O

C Augmentation of .,Zl\t Through Tie-breaking

Let us assume we are given a training sequence S of size m = 3* for k > 1. We then take S and split
it into three disjoint, equal-sized training sequences Si, So, and S3. We denote the sizes of S1, So

and S3 as m’/ = m/3. On S; and Sy, we train A, (S1) and A, (Ss), where we recall that t; and
to denote the randomness used to draw the hypothesis in .Ztl (S1) and .th (S2) from, respectively,
A(S1;0) and A(S2; ().

We now evaluate Ay, (S;) and Ay, (S2) on S3 and consider all the examples (z,y) € S3, where
avg¢(ﬁt1(51))(:c, y) > 11/243 or avgi(,zl\b(sg))(m,y) > 11/243. Denote the set of all such
examples as S7 . We now run the ERM-algorithm .4 on S? to obtain e = A(S]).

*Ie., the restriction of D to those (z, ) pairs satisfying the given condition.
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For a point z, let Tie!!/243 (.Ztl (S1), Ag, (S2); htic) (x) be equal to the label y if both

ST 1{h(z) = y}/| A, (S1)] > 232/243
heAg, (S1)

and

ST 1{h(@) = y}/1 e, (S2)] > 232/243.

}LE.ZtZ (S2)

Otherwise, we set it to Ao (). In other words, if both .Zt] (S1) and ﬁtz (S2) have at least 232/243
of their hypotheses agreeing on the same label y, we output that label; otherwise, we output the label
of htie (ZE ) .

Notice that if there were a true label y and point z, such that we ended up outputting the answer
of hye(z), then at least one of Ay, (Sy) and Ay, (S5) has more than 11/243 incorrect answers, not
equal to y on z, which we know by Lemma B.1 is unlikely. Furthermore, in the former case and
the tie erring on (, %), then both Ag, (S1) and A, (S5) err with at least a 232/243 fraction of their
hypotheses, which again is unlikely by Lemma B.1. Thus, both cases of possible error are unlikely,
which we exploit in order to demonstrate the following theorem.

Theorem C.1. There exists a universal constant ¢ > 1 such that for any hypothesis class H
of VC dimension d, distribution D over X x Y, failure parameter 0 < & < 1, training se-
quence size m = 3F for k > 5, training sequence S ~ D™, and sampling size ti,ty >

4-243%1In (2m/(6(d + 1n (86/0)))), we have, with probability at least 1 — & over S1, S, S5 ~ D™/3
and the randomness t1, ty used to draw Ay, (S1;0) and A, (Sa;0), that:
et (d+1In(e/d))  c(d+1n(e/d))

Lo (Tie/24 (A, (81), Auy (S2), hue ) ) < 2.08887 + - + e,

In the proof of Theorem C.1 we will need the following ERM-theorem. Recall that we take A to be
an ERM-algorithm, meaning A is proper (i.e., it always emits hypotheses in #), and for any training
sequence S that Lg(A(S)) = minpey Ls(h).

Theorem C.2. [Shalev-Shwartz and Ben-David (2014) Theorem 6.8] There exists a universal constant
C' > 1 such that for any distribution D over X x {—1, 1}, any hypothesis class H C {—1,1}* with
VC dimension d, and any ERM-algorithm A, it holds with probability at least 1 — § over S ~ D™
that for all h € H.:

Lp(A(S)) < inf Lp(h) + M

T heH m

Proof of Theorem C.1. First note that by the definition of Tiell/243, for
Tietl/243 (ﬁtl(Sl),ﬁtZ(Sg),htie) to err on a fixed example (x,y), it must be the case
that either there exists y’' # y € {—1, 1} such that

S k() =}/ A, (S0)] > 232/243and Y 1{h(x) = y'}/| e (S2)] > 232/243

heAg, (S1) heAg, (Sa)
~ 232 ~ 232
& avg (A (81)(29) > 5 o ave (A (S2))(w9) > 5

or the case that for all y’ € {—1,1},

( > ifh(x) =y} <232/2430r Y 1{h(z) =y} < 232/243) and hyie () # ¥

heA:, (S1) hedy, (S2)

~ 11 ~ 11
= (avg;é(Atl(Sl))(%y) > 545 O V8 (At (S2))(z,y) 2 243> and hyie(7) # y
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Thus, we have that
Lo (Tie! /24 (A4, (S1), Aua(S2), huse ) (X) £ )

232}

<P ey 2 S e (R (82)y) > S

(x,y)~D

b B o A v (A 00y 2 S orave (A 800 2 7.

(xy)~ 243 — 243
(45)
We now bound each of these terms separately. The first term we will soon bound by
—~ 232 -~ 232
W [ 0100 2 S v RS2 ) 2 S|
1 d+21 w0 d+1 w/0
- 1.0888”\/ 6cC( —|—m/n(3c /9) , 6eC( +n3(ec /8)) )

with probability at least 1 — 824 /¢,,, over S1, S, t; and to. Likewise, the second term we will soon
bound by

P [huie(0) £ 3, e, (S1)(x) £ A, (82)(0] <

(x,y)~D !

m m

(47)
with probability 1 — 45 /¢, at least over Sy, Sa, S3,t; and to, where ¢, C,C’ > 1 are universal

constants and ¢,, = 86. Applying a union bound over the above two events establishes the claim of
the theorem.

Let us begin by pursuing Equation (46). To this end, consider any realizations of S1, S5, 1 and ¢,
of S1, 83, t1 and t2. We note that for an example (z,y) with avg., (A, (S 1))(z,y) > 232/243 and
avg, (A, (S2))(z,y) > 232/243, it must be the case that both Ay, (S1) and A, (S2) have at least a
232/243-fraction of hypotheses which err at (x, y) Now let h be a random hypothesis drawn from

Ay, (S1). Then with probability at least 232/243, h(z) # . Thus, for any such example (,y), we
conclude that

P |f(o) # 1, (R (52).0) = | 2 51 { v (510)(0.0) = v (s (52,

Multiplying both sides of the above equation by 243/232 and taking expectation with respect to
(x,y) ~ D on both sides, we obtain

~ 232 -~ 232
(x,£~D [an;&(Atl(Sl))(XaY) 2 %aan;é(AtQ (S2))(x,y) = %3} (43)
243 N -~ 232
<20n] P lhe) Ay Ausxn) 2 o) |. )

Now by h being drawn from .,Ztl (S1), which in turn is drawn from A(S1; ), we conclude that h is
contained in A(S7; (). Thus,

B| P [ £ v U (52)(xy) > 227213

h [(x,y)~D

can be upper bounded by maxj,c 4(s,;0) P(x,y)~p [h(x) # y,avg;é(ﬁtz (S2))(x,y) > 232/243}.

Using this observation and substituting it into Equation (48), we obtain that

n 232 ~ 232
(D [avg?ﬁ(“““(&))("’” > 2 avg (A (S2) () 2 243]

243 —~
< — P h S >
< T P60 £y v (Au(82)(x,y) >

243 ~ 11
< — P h >—.
<2 P9 £ v, (A (S)x0y) > o

232
243

27

. \/4700’((1 +1n (¢, /0)) n 5¢C"1n (cye/d)

y) >

232
— 243

}_



As we demonstrated the above inequality for any realizations of S1, S5, and t5 of S1, So,t; and
to, the inequality also holds for the random variables. We now demonstrate that the right-hand side
of the above expression can be bounded by

243

11
~—  max P
232 heA(S1;0) (x,y)~D

{h(x) £ y,avg¢(ﬁt2(s2))(XaY) = 243

16¢CT(d 4 21n (3¢, /0)) n 6¢C(d + In(ec,/9))

/!

< 1.08887 + \/ (50)

m m

with probability at least 1 — 82§ /¢, over Sy, So, and to. We denote the above event over S, So, and
to as Eg. In pursuit of Equation (50), we now consider the following events over Sy and t5:

5= { B A sy < D)

ml

B, = {cln(cue/é) < Eg/Mg(.ZtQ(Sz)) <ert c(d+1n (cue/é))}

! m/

By = { L3/ (82)) > or 4 LRl

m/

where c is at least the constant of Theorem B.2 and also greater than ¢ > 2 - 10%s. We first notice
that if S5 and t- are realizations of S, and t5 in F7, then by monotonicity of measures, we have that

243 11 } < 2¢ln (cyue/d)

2 P > - 51
232 hed(Sr:0) (x.y)~D =243 w0 O

[h<x> £y, v (A (52)(x.¥)

which would imply the event E in Equation (50).

We now consider realizations Sy and to of Sy and t, in Ey. Let S1 ; 1 denote (S1); 1 and Sy, =
(S1);,u fori € {1,...,27}. Using this notation, we have that

243 ~ 11
— P h > —
s B[00 £ y,ave (A (S)x0y) 2 o]

243
= — max max
232 ie{1,...,27} h€ A(S1,i,1;S1,i,n) (X,y)~D

~ 11

1060 7 v, s (52)003) 2 5|

We now bound the max term associated to each ¢ € [27]. To this end, fix such an ¢ and let
A= {(z,y) | avg (A, (S2))(z,y) > 11/243}. Also, let N; denote the number of examples in
S landing in A4, i.e., N; = |S1 ;1 M A|. Now by Sy and ¢, being realizations of Sy and t, in
By, we have that P [4] = Py p[A] = Lp(Ay, (S2)) > 0 Ths, as S50 ~ D™/,
we have that E [V;] = P[A]m//sn. Furthermore, this implies by Chernoff that with probability at
least 1 — /¢, over Sy ; .,

P [N; > (1 —1/1000) P[A]m//sr] > 1 — exp (— P[A]m'/(2 - 1000%s1)) > 1 —6/c,,

where the last inequality follows by P[A] > % and ¢ > 2 - 10%sn. Let now D(- | A) be
the conditional distribution of A, i.e., for an event E over X x ), we have that D(E | A) =
Pixy)~p [(X,¥) € ENA] /P yyop [(X,y) € A]. Since Sy ;7 ~ D, it follows that S; M A ~
D(- | A)Ni. Consider now a realization N; of N; with

N; > (1 —1/1000) P[A]m/ /s1 = (1 — 1/1000) Lp( Ay, (S2))m’ /sn.
Then by the law of total probability and definition of D( - |A), we have that

- 1
P |h >
BEA(ST n0sS1,6.m) (xiy)~D [ (@) # 3 avg2 (A (52)) (%, y) 2 243}

~ 11
= P h S > — P
ILEA(S??:?,\JX;SLLH) (x,y)~D |: (l’) # Y ‘ an¢(At2( 2))(X7y) - 243:| (x,y)~D

_ ma P [h(x) # y] Lp(A,(S2)),

= X
h€A(S1,:,u3;81,i,m) (x,y)~D(-|A)

28

[avg¢ (./Zl\tZ (S2))(x,y)

11
>
— 243



where the last equality follows by the definition of D(-|A). Furthermore, by Lemma B.6, we have
with probability at least 1 — &/c,, over Sy ;1 1M A ~ D(- | A)Ni that

max P [h(x) # y] Lo( Ay (S2))

heA(S1,4,u;81,i,n) (x,y)~D(-|A)

C(d+1n(ecy/9))
N; ’

< A, .
< Lp(A,(S2)) hGA(Sﬁéjfslm)Csl,z,mA(h) + \/ (52)

where C' > 1 is the universal constant of Lemma B.6. We now bound each term, starting with the first.
Now, maxpec (s, ;. :S1...1) £81...nna(h) is equal to maxyec (s, , 8, 1.0) 2 (R, S1,i0 11 A)/N;.
And as any h € A(S1;,;S1,;,n) is equal to h = A(S") for some S" € S(S1,;,u;S1,,n), we get that
MaXpe AS, ; 0581..n) 24 (R, 81,60 M A) is equal to maxges(s, , ;8,.,) Bz (AWS), S0 M A).
Furthermore, since any S” € S(S1,;,1; S1,4,n) contains the training sequence Sy ; 1 M A, we get that
MaxXs/eS(Sy,4,u;81,i,n) E#(A(S/)’ Sl,iﬂ M A) < MaXs/eS(Sy,4,u581,i,n) E#(A(S/)’ S/)

Now we have that A(S’) is a ERM-algorithm run on S’ thus A(S’) € H and any other hy-
pothesis in H has a larger empirical error on S’ than A(S’), including 7. We thus have that
MaXg es(S, , ;81.,.n) 2#£(A(S), S") < maxgres(s, , uis1.,.n) D, S"), which, since S’ is con-
tained in S;; = (S1);, can further be upper bounded by (7, S; ;). We can thus conclude
that
Ls, h) < Y.(K,S1,)/N; =m' Ls, ,(K)/(32N;).

G Lsionalh) € 408 S1)/N = i L, ()N
Note we have used that |S; ;| = m//33. Now, using the fact that we have crystallized an event N;
with V; > (1 — 1/1000) Lp (A, (S2))m’/sn, we have that the first term of Equation (52) (after
factoring out the multiplication) can be bounded as follows:

!

—~ -~ m
‘C’D(Atz (52)) heA(S{E,an{;SI,i,m)Esl‘i’r‘mA(h) < ‘CD(Atz (‘92))37]\[2 ‘Csl,i (h‘*)

1000sn .
< Jagg9 L1: 1)
1000 - 27
- (R 53
= 7999. 26 ‘CSl,l( ) ( )
where we, in the last inequality, have used that sp = T fsl . This concludes the bound on the first

27

term in Equation (52).

Now, using that N; > (1—1/1000) Lp (/Tt2 (S2))m’/sn, we get that the second term in Equation (52)
can be bound as follows:

C(d+1n(ec, /) .  ~ 1000C(d 4 In (ecy /8)) L (A, (S2))sm
<
\/ N, £o(An(S2)) < 999m/
_ [3%-27-1000C(d + In (ecu/9)) L (A, (S5))
- 26 - 999m/’
_ [29C(d +1n (ecu/9)) Lp (A, (S2))
—_— m/ .
In the second inequality we have used that sn = ; fl . We now use the assumption that we had

realizations S5 and to of S, and t9 in Es, i.e., such that /.ZD(.th (S2)) <er+ w This
allows us to conclude that

\/4C(d+ln(ecu/é))ﬁp(&(sz)) _ 10U+ n(ecu/5)) (cr—i— w)

m’ - m/ (54)

< \/4CCT(d+ In (ec, /9)) n 4eC(d + ln/(ecu/é))

/

, (55

m m
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where we have used the inequality v/a + b < v/a + v/b for a,b > 0 in the last step.

Then, to summarize, we have seen that the event N; > (1 — 1/1000) P[A]m//sn = (1 —

1/1000) Lp(Ay, (S2))m’/sn occurs with probability at least 1 — §/c,. and that conditioned on
this event, Equation (52) holds with probability at least 1 — §/c,,. Consequently, we have that with
probability at least 1 — 20/c¢,, over Sy ; each of Equation (52), Equation (53) and Equation (54) hold.
Then, with probability at least 1 — 25 /¢,, over S ; we have that

243

~ 11
— P h S >
S e B [ (1) # v v 4 (A (52))(x,¥) > 5

2431000 - 27 N 4cCt(d +In(ec, /0))  4cC(d+1n(ec,/9))
= 232 999 - 26 LS“(hH\/ / " /

4cCT(d + 1In (ec, /9)) N 4cC(d +1n (ec, /9)) .

/

< 1.0888Ls, ,(H) + \/

/

m m

Now, invoking a union bound over i € {1,...,27}, we have that with probability at least 1 — 545 /¢,
over Sy, it holds that

243 ~
— P
iy B |nw) 2 v, (A (52).)

11
>
— 243

4c¢Ct(d + In (ec, /9)) n 4¢C(d +1n (ecu/é)).

!

; (56)

m

< 1.0888 max ﬁs“(h*)Jr\/
) , m

ief{l,...,27
Furthermore, by Lemma B.3 and another union bound over S 1,...,S1 27, we have that with
probability at least 1 — 276 /c,, over Sy ~ D™ it holds that

271n (¢, /0) n 21n (cu/é).

max Lg, ,(B) <71+
{1,213 "

; (57)

3Im m

Thus, by applying the union bound over the events in Equation (56) and Equation (57), we get that
with probability at least 1 — 816 /¢,, over Sy, it holds that

243 ~ 11
/= P > =
iy B LhGe) v (5)00y) >
<1.0888 [ 7 + 27 1In (e, /9) n 21n (¢, /9) n \/4CCT(d+ In (ec,/d)) N 4¢C(d +1n (ec, /0))
3m/ m/ m’ m/
108887 + \/ 16¢C7(d + Tz/ln (3cu/9)) | 6cC(d+ :Ll (ccu/8)) 58)

Note that this suffices to give the event F in Equation (50). We remark that we demonstrated the
above for any realizations S; and ¢5 of S, and t5 in Fs.

We now notice that by Theorem B.2, the fact that ¢; > 4 - 2432 In (2m/(6(d + In (86/6)))), and the
choice of ¢, = 86), we have that Pg, +,[F3] < 6/c,. Combining this with the conclusion below
Equation (51) and Equation (58), and with the fact that S;, S, to are independent, we have that

o, Bl = & [P EcluE] + E [PiEaiE| + B | Bclue)]
> Pt [Er] 4+ (1 —816/cy) S]P’t [Es]
>(1—=81/cy)(1 — S]P’t [Es5])
> 1 - 828/c,.

Note that first equality follows from F7, Fy, E3 partitioning the outcomes of S; and t, and the first
inequality follows from the conclusions below Equation (51) and Equation (58), which state that
E¢ holds with probability 1 on E; and with probability at least 1 — 815 /¢,, on Es5. The second
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p |71

3

inequality again follows from E;, F», E'5 partitioning the outcomes of Sy and t, and the bound
Ps, ¢,[E3] < d/c,, which shows Equation (46).

We now proceed to show Equation (47), i.e., that with probability at least 1 — 44/¢, over
Sl, SQ, 837 tl, t2, it holds that

~ 11 11
B e £y (R 860y 2 g oraves (A S2)x.y) >

<r4 \/47'00’(d +1n (e, /0)) n 5¢C’ In (cue/(S)-

; (59)
m m

We denote this event E'r. Towards proving the claim, we consider the following event over S1,So, t1
and to,

~ 11 11 cln (cye/d)
B ={ B [ B $0)6x0) 2 g or oA S0)xy) > | < S0,
As previously mentioned, we take c to be at least the constant of Theorem B.2 and to also satisfy
c>2-100sn.

Now, if we have realizations S1, So, 1 and to of S1, So, t1 and to in E4, then by monotonicity of
measures, we obtain that

P | # iavea (B (S0)003) 2 5 or v (A (S2) (xv) 2

(x,y)~ — 243 m/ ’

which would imply the event E in Equation (59). Now consider a realization of S1, S, t; and t5 of
S1, So, t1 and t, on the complement E, of E4. We then have that

11 } _ cln(euc/d)

cln (cue/é).

ml

( IE;’ D {avg;é(ﬁtl(sl))(x,y) > 11/243 or avg;é(ﬁtz(Sg))(x,y) > 11/243} >
X,y )~

We recall that S7, are the examples in (z, y) € S3 for which

—~ 11 ~ 11
avg (A, (51))(z,y) > 213 " avg s (A, (52)) (2, y) > 243"

In the following, let D( - | #) be the conditional distribution of D given that avg;é(ﬁtl (S1))(z,y) >
335 or avg_ (A, (S2))(z,y) > 555. That is, for an event B over (X x )), we have

Py |[(6,Y) € Bravg o(Ai, (S1)(x.¥) = 35 or ave . (A (S2))(x.)
Py |avg2(As, (S1))(x,¥) = 3 oravg 1 (A, (S2))(x.y) = 3]

Thus we have that S? ~ D(B| #). We now notice by S3 ~ D that

D(B| #) =

(x,y)~D

E[Is7] = P [oveaA(50)x,y) > g oraves (A (S2)063) 2 5]

Using a Chernoff bound, this implies

~ 11 1
W [R50y > g orave, (Au(59)xv) > 35| /2

~ 11 11
> 1o (| B v (B (s0)0y) 2 g oroveAa(S)e) = 5] /5)
>1—106/cy.

Note that we are also using the facts that

P e sy 2

1
ol s or avg, (Ar, (52))(x,y) >

1 11 > cln (cue/d)
243

= 243 m/
and that ¢ > 2 - 1000?s. Now consider an outcome of Nx = S7 | where

m’ ~ 11 ~ 11

Nez'h P fave, (A (S1))60y) 2 5 orave, (An(S2))(xy) 2 5o .

31



Now, by Theorem C.2 we have that since hy;. = A(S7 ) and S7 ~ D(-| #), then with probability at
least 1 — /¢, over Sf,

C'(d+1n (¢, /9))
Ny

P i < 1nf L h) +
B e £ 5] < nf Lo () V

< Lo () + \/O/(d +JI\Z£(CU/6))'

Note that the first inequality uses Theorem C.2 (and C” > 1 is the universal constant of Theorem C.2),
and the second inequality uses that i* € H so it has error greater than the infimum. Now, using the
law of total expectation, we have that

~ 11 11
B ) # v (A (50)(x¥) 2 5 or v (A (52)(6) = 5

"o o " ol [avg#(j“(sl))( ) 2 g orave, (i, (52)(x.y) > 21413]
= <5D<~|¢>(h*) + \/C'<d +Ji/r';<%/6))>
8 (XJF)DND |:avg;é(~/zl\t1 (Sl))( y) 21413 or avg;ﬁ(Atz (52))( y) > 21413:|

‘We now bound each term in the above. First,

Loz (H) W [avgi(.;l\tl(sl))(x,y) > 11/243 or avg, (A, (S2)) (x,y) > 11/243

- P [mx)#yﬁh(sl)(x)#ﬁtz(&)(x)

x,y~D

which is less than 7. Furthermore, for the second term, we have by

/

N> % o {avg;é(ﬁtl(sl))(x, y) > 11/243 or avg_, (Ay, (52)) (x, y) > 11/243]
that
\/ Ol oA (510)00) > g orave (A () xy) > 5]
J 20"(d+1n (cu/8)) (L5 (Ar, (51) + £57* (A, (52))
< :

where the first inequality follows from plugging in that

m/

Ny > P {avgi(ﬁtl(sl))(x, y) > 11/243 or avg . (Ay, (S2)) (x,y) > 11/243}

7 (x,y)~D
in the denominator, and the second inequality follows from a union bound over the event

avg, (A, (S1))(x,y) > 11/243 or avg., (A, (S2))(x, y) > 11/243.
Thus, we have shown that with probability at least 1 — 25 /¢,, over S, it holds that

11

L or av, (A (52))(x, ) > ]

P |:htie(x)#Y7an¢(A\t1(Sl))(X7) 143 243

(x,y)~D

J 20"(d +1n (¢ /9)) (£(As, (1)) + Lo(As (52) )
<7+

ml
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which, in particular, also implies that with probability at least 1 — 26/¢,, over S

) 2 3. (A (51)(x9) 2 g or v (Au(Sa)xv) 2 5

>
(x,y)~D 243

2C"(d + 1n (e, /9)) (»CD(JZ(tl (S1)) + »C'D(vzl\tz (52))) N cln (cye/d)

m/ m

<7+

Thus, since the above also upper bounds

~ ~ 11
B [0 v v R (50)03) 2 S or e (A (52)00y) > |
for any realization S, S2,t1 and ¢ of S1, Ss, t1, and to, on E4, (with probability 1), we conclude
that for any realization S7,Ss,%1, and ¢ of S1,So,t1, and to, it holds with probability at least
1 —26/¢, over S3 that

P [hm<x>#y,avgmgl(sl))(x,y)z H

~ 11
bepp 13 O (A (S x0y) = 5|

> -
— 243

2C"(d+In (cu/9)) (£o( A (S1)) + £0(A1,(52)) ) , eln(ewc/s)

m’ m '

Let this event be denoted E5. Now, let Eg be the event that
~ ~ c(d+In(cye/d
Eg = {LD(Atl(Sl)) + Lp(A,(S2)) <2 (CT + ( m(’ / >))}
which, by Theorem B.2, the fact that t;,t, > 4 - 243%1In(2m/(5(d +1n (86/6)))), and a union
bound, holds with probability at least 1 — 26/¢,,. (We let ¢ > 1 be a universal constant at least as large
as the universal constant of Theorem B.2, and with ¢ > 2 - 10%sn.) Now, notice that for realizations
S1, S92, t1 and t2 of S1, So, t1 and to, on E, it holds with probability at least 1 — 25 /c¢,, over S3 that

<7+

A N 11
(x,};’ND [htie(x) #y,avg (A, (S1))(x,y) > 513 O avg (A, (S2))(x,y) > 243}
2C"(d+ I (eu/9)) (£p(An (1)) + £0(Ai(52))) el (ee/0)
=T+ / +
m m
40/ (d+ I (e /8) (e + AEBLD) o)
<rT + y + U
m m
<74 \/47'00 (d—l—}n (cu/9)) n 5¢C’ In (cue/é)-
m m

where the first inequality follows by Es, the second inequality by Ejg, and the third inequality by

Va+b < a+ v/b. We notice that the above event is E 7 in Equation (59). Thus, by the above
holding with probability at least 1 — 2§/¢,, for any outcome of Sy, S, ¢1 and ¢5 of Sy, So, t1 and to
on Eg, and by S, S, and S3 being independent we conclude that

[EF] 2 E [

S1,82,83,t1,t2 T 81,82,83,t1,t2

2 (Br, B 1(Ex)]

51 1
S1,SQ,ISE3,t17t2 |:£P; [Eo] {EG}:|

1—26/c,)1{E

S1,52,83,t1,t2 [( /C ) { 6}]

> (1—26/cy)?

>1—46/cy.
Note that the equality follows from our previous reasoning, i.e., that for outcomes of S, S5, ¢; and ¢,
of S1,S2, t; and t5 on Fg, and outcomes S35 of S on E5, Er holds. The second inequality follows
from the fact that E5 holds with probability at least 1 — 24 /¢,, over S3 for any realizations Sy, Sa, t1
and t9 of S1,So, t; and to. The third inequality follows from the fact that E holds with probability
atleast 1 — 26/¢, for Sy, So, t1 and to, which concludes the proof of Equation (47), as desired. [J

v
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D Best-of-both-worlds Learner

In this section we demonstrate that splitting a training sample S ~ D™ into {S; ~ D™/ S}ie[g]
followed by running the algorithm of Hanneke et al. (2024) on S;, running the algorithm of Theo-
rem B.2 on So, and selecting the one h,,;, with smallest empirical error on S3 gives the following
error bound:

m m

LD (hmin) = min (2.1 T4+ 0 ( 7(d+In(1/9)) N (d+1In (1/5))>

m m

o ( r(d+mn(1/5)) , In® (m/d) (d+ln(1/6))> )

In pursuit of the above, recqll the error bound of (Hanneke et al., 2024, Theorem 3), which establishes
the existence of a learner .A which with probability at least 1 — § over S ~ D™ incurs error at most

c7(d+1n(1/0)) N ¢ In® (m/d) (d +1n (1/6))

)

Lp(AS)) <7+ \/

for a universal constant ¢’ > 1. We will in the following use .Zt to denote the algorithm of
Theorem C.1. In what follows let m’ = m/3.

By invoking the previous bounds on ./zl\t and A with § = § /4, and further employing a union bound,

we have that with probability at least 1 — 0/2 over S; and So, both A and .Zt will emit hypotheses
satisfying:

Lp(A(S)) <7+ \/ClT(d t:/l (4/3) , ¢/In’ (m'/d) (d +1n (4/3))

p— (60)
Lo(Au(Sa:0)) < 2.1 -7+ T ﬂl; (4/9))  e(d+ 712}4/5))’ o)

where c is the universal constant of Theorem C.1. Let G denote the event that S satisfies the previous
condition, which, as we have noted, has probability at least 1 — §/2.

Now consider realizations S; and S, of S; and Sy with (S1,S2) € G. Further, let hy,, =
argming, . 1(s,), A(s,:0)} (£ (') We now invoke Lemma B.3 on S3 with the classifiers .A(S1)
and ./Zl\t(Sg; () (and failure probability 6 /8) along with a union bound to see that with probability at
least 1 — 6/2 over S3, we have that both choices of h € {A(S7), A(S2;0)} satisty

Lo(h) < Ls, (h) + \/ 2553(’2 In (8/9) | 41“77(5/ i 62)
and
Lo, (h) < Lp(n) + 1 22O ZOR0) o pp gy AR g3

34



Note that the final inequality follows from the fact that vab < a + b for a, b > 0. Then, using the
previous inequalities along with the definition of h,;,, we have that:

2 Ls, (hmin) 10 (8/0) , 41n(8/)

/ /

["D(hmin) S ESg (hmin) + \/ m (64)

§ - ) (ﬁsg(h)+\/2£33(h 1n(8/6)+41n(8//(5)> ©5)

m

/

T he{A(S1),A(S;0 m m
- (LD(h)+ 2£D(h)1/n(8/5) +61ﬂ(§/5)
he{A(S1),A(S2;0)} m m
!
. \/2<2cp<h>+41n<§/6>/m>1n<8/5>> 66)
m
< min (LD(hHS Lo mB/F) | Oln (§/5)>- ©7)
he{A(S1),A(S2:0)} m m

In particular, the first inequality follows from Equation (62) applied to iy, the second from the

definition of Ay, the third from Equation (63), and the fourth from the fact that v/a + b < \/a + Vb
for a,b > 0. Now using the equations in Equation (60) we have that

2¢/ In° (m//d) (d 4 In (4/6))

Co(AS) <7+ : : ) <ory

/

. \/C’T(d +1n (4/6)) N ¢ In® (m’ /d) (d + 1n (4/6)
©8)

m m

since vVab < a + b for a,b > 0. (We are further assuming that m = Q(d), a standard condition.)
Then, using Equation (68) and the fact that v/a + b < \/a + Vb for a,b > 0, we have

~ ¢’ In® (m’/d)(d+In (4/6
\/259(,4(81))111(8/5) <\IQ(QT+? (Ot ‘”))m(s/a)

/ !

m m

< /47 In (18/5) n 2¢' In° (m' /d) /d+1n (8/5))

Using the previous inequality along with Equation (60), we have that

2 Lp(A(S1))1n (8/6) L9 (8/6)

!

Lo(A(S1) + 3\/ .

<r4 \/C'T(d t;/l (4/9)) N d In® (m’/d)ﬂgl+ In (4/6))
N 6¢/ In® (m//d) /d—&-ln (8/0)) n 91n (8/6)

!

m/

471n (8/0)

!/

+3
m

m m

§T+7\/C’T(d+ln (8/0)) , 16¢'In° (m'/d) (d + In (8/9))

m’ m/

Similarly, using Equation (61) and v/ab < a + b we have that
2¢(d+1n(4/9))

m/

ED(A\t(SQ;Q])) S 317+

Again using the fact that v/a 4 b < \/a + /b for a,b > 0, we have that

6.271n(8/9) n 2¢(d+1n(8/9))

<
= /

\/ 2 Lp(A(S230)) In (8/0)

m/ /

m m
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Applying Equation (61) then yields

(At(Sz, 0)+3

W@(ﬁt(sg, 0)) In (8/9) 91n<8/6>

<217+ d—|—1n (4/9)) d—Hn (4/9)) 6.27 In ( 8/5 d—|—1n 8/5)) n 91n(8//5)
m

(d+ In (3/9)) 16c(d+1n(8/5

/! /

<2174+9

m m

Now plugging in the above expressions into Equation (64) which is exactly the minimum of /I(Sl)
and Ay (S2; ) we arrive at

er(d+1n(1/9)) n 16¢(d +1n(1/6))

m’ m’

)

Lp(hmin) = min <2.17’ +9

m’ m/

T+7\/c’7’(d+ln(1/5)) L 16¢/ I (m'/d) (d+1n<1/5))> (69)

with probability at least 1 — 0/2 over S3 for any realizations S and Se of S; and S, in G, now let T’
denote the event of Equation (69), then we have by independence of S1, S5, S3 that

s o2 g S E s L P LJUHTHHGH = B (1= 6/2)1{G)]

where the first inequality follows by independence of S1,S2, S3 and G only depending upon S1, S»
and the second inequality by Equation (69) holding (the event of T ) with probability at least 1 — §,/2
over S3 for any S1, So in G,. Lastly, note that

E_[(1-3/21{G} > (1-5/2)(1—5/2) > 13,

Sl,Sgw'D"‘/S

due to G having probability at least 1 — §/2 over Sy, Ss by Equation (60), which concludes the
proof.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The error bound of theorem 1.4, presented in the introduction, is the main
contribution of the paper.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: We discuss how there is still a small gap in the known lower bounds and upper
bounds after our new result.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

 The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?
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Answer: [Yes]
Justification: Each statement in the paper is proven.
Guidelines:

» The answer NA means that the paper does not include theoretical results.

 All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

* Theorems and Lemmas that the proof relies upon should be properly referenced.
4. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [NA]
Justification: No experiments are included in the paper.
Guidelines:

* The answer NA means that the paper does not include experiments.

* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

* Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

* While NeurIPS does not require releasing code, the conference does require all submis-
sions to provide some reasonable avenue for reproducibility, which may depend on the
nature of the contribution. For example

4.1 If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

4.2 If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

4.3 If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

4.4 We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code
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Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [NA]
Justification: No experiments are included in the paper.
Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized

versions (if applicable).

Providing as much information as possible in supplemental material (appended to the

paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [NA]
Justification: No experiments are included in the paper.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [NA]
Justification: No experiments are included in the paper.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)
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* The assumptions made should be given (e.g., Normally distributed errors).

e It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

e It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

» For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [NA]
Justification: No experiments are included in the paper.
Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]
Justification: We have no concerns about our work violating the NeurIPS code of ethics.
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).
Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]
Justification: The work is theoretical and the results hold under a mathematical model.
Guidelines:

* The answer NA means that there is no societal impact of the work performed.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.
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» The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: We do not release any model or datasets.
Guidelines:

» The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA]
Justification: We do not have any code or dataset.
Guidelines:

* The answer NA means that the paper does not use existing assets.

* The authors should cite the original paper that produced the code package or dataset.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

 For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

 If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

41


paperswithcode.com/datasets

13.

14.

15.

16.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]
Justification: We do not release any code or dataset.
Guidelines:

* The answer NA means that the paper does not release new assets.

» Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.
Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: We do not have any experiments.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: We have not experiments, so it does not apply.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.

Declaration of LLM usage
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Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

Justification: We do not employ LLMs for any important or original components of the
paper.

Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

¢ Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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