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Abstract

We study computational aspects of algorithmic replicability, a notion of stability
introduced by Impagliazzo, Lei, Pitassi, and Sorrell [2022]. Motivated by a recent
line of work that established strong statistical connections between replicability
and other notions of learnability such as online learning, private learning, and
SQ learning, we aim to understand better the computational connections between
replicability and these learning paradigms. Our first result shows that there is
a concept class that is efficiently replicably PAC learnable, but, under standard
cryptographic assumptions, no efficient online learner exists for this class. Subse-
quently, we design an efficient replicable learner for PAC learning parities when
the marginal distribution is far from uniform, making progress on a question posed
by Impagliazzo et al. [2022]. To obtain this result, we design a replicable lifting
framework inspired by Blanc, Lange, Malik, and Tan [2023] that transforms in a
black-box manner efficient replicable PAC learners under the uniform marginal
distribution over the Boolean hypercube to replicable PAC learners under any
marginal distribution, with sample and time complexity that depends on a certain
measure of the complexity of the distribution. Finally, we show that any pure DP
learner can be transformed to a replicable one in time polynomial in the accuracy,
confidence parameters and exponential in the representation dimension of the
underlying hypothesis class.

1 Introduction

The replicability crisis is omnipresent in many scientific disciplines including biology, chemistry,
and, importantly, Al [Baker, 2016, Pineau et al., 2019]. A recent article that appeared in Nature
[Ball, 2023] explains how the reproducibility crisis witnessed in Al has a cascading effect across
many other scientific areas due to its widespread applications in other fields, like medicine. Thus, a
pressing task is to design a formal framework through which we can argue about the replicability of
experiments in ML. Such an attempt was initiated recently by the pioneering work of Impagliazzo
et al. [2022], who proposed a definition of replicability as a property of learning algorithms.

Definition 1.1 (Replicable Algorithm; Impagliazzo et al., 2022). Let R be a distribution over random
strings. A learning algorithm A is n-sample p-replicable under distribution D if for two independent
sets S, S’ ~ D™ it holds that Prg g/pn rr[A(S, 1) # A(S',7)] < p. We will say that A is
replicable if the above holds uniformly over all distributions D.

We emphasize that the random string r is shared across the two executions and this aspect of the
definition is crucial in designing algorithms that have the same output under two different i.i.d. inputs.
Indeed, both Dixon et al. [2023] and Chase et al. [2023b] demonstrated learning tasks for which there
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are no algorithms that satisfy this strong notion of replicability when the randomness is not shared
across executions. This shared random string models the random seed of a learning algorithm in
practice, and sharing internal randomness can be easily implemented by sharing said random seed.

Closer to our work, Impagliazzo et al. [2022], Ghazi et al. [2021b], Bun et al. [2023], Kalavasis
et al. [2023] established strong statistical connections between replicability and other notions of
algorithmic stability and learning paradigms such as differential privacy (DP), statistical queries (SQ),
and online learning. Although several of these works provided various computational results, these
connections are not as well understood as the statistical ones.

1.1 Our Contributions

In this work, we aim to shed further light on the aforementioned computational connections. In
particular, we provide both negative and positive results. Negative results are manifested through com-
putational separations while positive results are presented through computational transformations,
as we will see shortly. We emphasize that whenever we work within the PAC learning framework we
consider the realizable setting.

Replicability & Online Learning. The results of Ghazi et al. [2021b], Bun et al. [2023], Kalavasis
et al. [2023] established a statistical connection between replicability and online learning. In particular,
in the context of PAC learning, these works essentially show that replicable PAC learning is statistically
equivalent to online learning since learnability in both settings is characterized by the finiteness of
the Littlestone dimension of the underlying concept class. From the above, the first natural question
is the following:

Q1. How does replicability computationally relate to online learning?

We show that under standard cryptographic assumptions, efficient replicability is separated from
efficient online learning.

Theorem 1.2 (Informal, see Theorem 2.1). Assuming the existence of one-way functions, there is
a concept class that is replicably PAC learnable in polynomial time, but is not efficiently online
learnable by any no-regret algorithm.

In order to prove the above result, we provide an efficient replicable PAC learner for the concept
class of One-Way Sequences OWS over {0, 1}, introduced by Blum [1994]. This algorithm, which
relies on a novel replicable subroutine for quantile estimation (cf. Theorem B.6), combined with the
cryptographic hardness result of Bun [2020] for online learnability, gives the desired computational
separation. For further details, we refer to Section 2.

Replicability & SQ. The Statistical Query (SQ) framework is an expressive model of statistical
learning introduced by Kearns [1998]. This model of learning is a restricted class of algorithms
that is only permitted indirect access to samples through approximations of certain carefully chosen
functions of the data (statistical queries). The motivation behind the introduction of the SQ framework
was to capture a large class of noise-resistant learning algorithms. As such, any SQ algorithm enjoys
some inherent stability properties. Since replicability also captures some notion of algorithmic
stability, it is meaningful to ask:

Q2. How does replicability computationally relate to SQ learning?

For some background about the SQ framework, we refer the reader to Appendix C.2. A manifestation
of the intuitive connection between SQ and replicability can be found in one of the main results
of Impagliazzo et al. [2022], which states that any efficient SQ algorithm can be efficiently made
replicable. In this paper, we investigate the other direction of this connection.

A particularly interesting computational separation between (distribution-specific) replicability and
SQ learning was noticed by Impagliazzo et al. [2022], in the context of realizable binary classification:
if we consider the uniform distribution ¢/ over the Boolean hypercube {0, 1}¢, then the concept
class of parities is SQ-hard to learn under I/ [Kearns, 1998] but admits an efficient PAC learner that
is replicable under ¢/. Indeed, with high probability over the random draw of the data, Gaussian
elimination, which is the standard algorithm for PAC learning parities under I/, gives a unigue solution
and, as a result, is replicable.
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Based on this observation, Impagliazzo et al. [2022] posed as an interesting question whether parities
are efficiently learnable by a replicable learner under other marginal distributions, for which Gaussian
elimination is “unstable”, i.e., it fails to give a unique solution (see e.g., Proposition C.4).

Transforming Distribution-Specific Replicable Learners. Inspired by the question of Impagli-
azzo et al. [2022], we ask the following more general question for realizable binary classification:

Q3. Foraclass ¢ C {0,1}* and marginal distributions Dy, Do over X, how does
replicable PAC learnability of € under D1 and under Dy, relate to one another computationally?

Our main result is a general black-box transformation from a replicable PAC learner under the uniform
distribution over X = {0, 1} to a replicable PAC learner under some unknown marginal distribution
D. The runtime of the transformation depends on the decision tree complexity of the distribution D, a
complexity measure that comes from the recent work of Blanc et al. [2023] and is defined as follows:

Definition 1.3 (Decision Tree Complexity; Blanc et al., 2023). The decision tree complexity of a
distribution D over {0, 1}¢ is the smallest integer { such that its probability mass function (pmf) can
be computed by a depth-{ decision tree (cf. Definition D.1).

A decision tree (cf. Definition D.1) T : {0,1}% — R is a binary tree whose internal nodes query a
particular coordinate x;,¢ € [d] (descending left if x; = 0 and right otherwise) and whose leaves are
labelled by real values. Each 2 € {0, 1} follows a unique root-to-leaf path based on the queried
coordinate of internal nodes, and its value T'(z) is the value stored at the root. For some D over the
Boolean hypercube, we say D is computed by a decision tree T of depth { if, for any = € {0, 1}, it
holds that D(z) = T'(x).

As an example, note that the uniform distribution requires depth ¢ = 1 since its pmf is constant while
a distribution whose pmf takes 2¢ different values requires depth ¢ = d. However, various natural
(structured) distributions have tree complexity much smaller than d. Importantly, the running time
overhead of our lifting approach scales proportionally to the decision tree complexity of D and hence
can be used to obtain novel efficient replicable PAC learners.

Our replicable lifting framework informally states the following:

Theorem 1.4 (Informal, see Theorem 3.2). Let X = {0,1}% and m = poly(d). Consider a concept
class € C {0,1}* and assume that A is a PAC learner for € that is m-sample replicable under the
uniform distribution and runs in time poly(m). Then, for some (unknown) monotone" distribution
D with decision tree complexity ¢, there exists an algorithm A’ that is a PAC learner for € that is
(md)*-sample replicable under D and runs in time poly((mf)*).

This implies for instance that for £ = O(1), the blowup is polynomial in the runtime of the uniform
learner while if £ = O(log d), the running time is quasi-polynomial in d. We note that our result
can also be extended to general (non-monotone) distributions D if we assume access to a (subcube)
conditional sampling oracle. For formal details, we refer the reader to Section 3.

As an application of this framework, we show how to black-box transform replicable learners for
parities that work under the uniform distribution to replicable learners that work under some other
unknown distribution D, where the sample complexity and running time of the transformation depends
on the decision tree complexity of D. This result is hence related to the question of Impagliazzo
et al. [2022] since we can design distributions D over {0, 1}¢ with small decision tree complexity for
which Gaussian elimination fails to be replicable. We refer to Section 4 for the formal statement.

Corollary 1.5 (Informal, see Corollary 4.3 and Theorem C.5). Let X = {0,1}? and m = poly(d).
Then, for any (unknown) monotone distribution D with decision tree complexity {, there exists a PAC
learner for parities that is (m/)‘-sample replicable under D and runs in time poly((mf)*).

Moreover, for any m' = m®@W) there exists some monotone distribution D over {0, l}d with decision
tree complexity £ = O(1) so that Gaussian elimination, with input m’ labeled examples, fails to PAC
learn parities replicably under D with constant probability.

'Recall that D over {0, 1}d is monotone if whenever x > y in the partial order of the poset, we have
D(z) > D(y).
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Replicability & Privacy. Returning to the works of Ghazi et al. [2021b], Bun et al. [2023], Kalavasis
et al. [2023], it is known that replicable PAC learning is statistically equivalent to approximate
differentially private PAC learning. We hence ask:

Q4. How does replicability computationally relate to private learning?

The recent work of Bun et al. [2023] provided a computational separation between approximate
differential privacy and replicability. In particular, they showed that a replicable learner can be
efficiently transformed into an approximately differentially private one, but the other direction is hard
under standard cryptographic assumptions. To be more specific, they provided a concept class that
is efficiently learnable by an approximate DP learner, but not efficiently learnable by a replicable
learner, assuming the existence of one-way functions. Based on this hardness result, we ask whether
we can transform a pure DP algorithm into a replicable one. We show the following result.

Theorem 1.6 (Informal; see Theorem 5.2). Let Dxy be a distribution on X x {0, 1} that is realizable
with respect to some concept class €. Let A be an efficient pure DP learner for €. Then, there is a
replicable learner A’ for € that runs in time polynomial with respect to the error, confidence, and
replicability parameters but exponential in the representation dimension® of €.

We reiterate that this transformation is efficient with respect to the correctness, confidence and
replicability parameters «, 3, p, but it could be inefficient with respect to some parameter that
captures the complexity of the underlying concept class € (such as the representation dimension
of the class, e.g., the margin parameter in the case of large-margin halfspaces). To the best of our
knowledge, the same holds for the transformation of a pure DP learner to an online learner of Gonen
et al. [2019] and it would be interesting to show that this is unavoidable.

The Computational Landscape of Stability. Our work studies several computational aspects of
replicability and its connections with other stability notions such as online learning, SQ learning,
and differential privacy. Combining our results with the prior works of Blum et al. [2005], Gonen
et al. [2019], Ghazi et al. [2021b], Impagliazzo et al. [2022], Bun et al. [2023], Kalavasis et al. [2023]
yields the current computational landscape of stability depicted below.

This work, Theorem 5.2
e-DP

[Gonen et al., 2019]

— Replicability —— This work ?heorem = Onlme

[Impagliazzo et al., 2022] [Gha21 etal., 2021b;
Bunetal., 2023
Kalavasis et al 2()23] [Bun et dl 2024]
K [Bun, 2020]

[Impagliazzo et al., 2022],
This work, Corollary 1.5 [Bun et al., 2023]

\ (Blum et al., 2005] /

By definition

’The representation dimension is a combinatorial dimension, similar to VC dimension, that characterizes
which classes are PAC learnable by pure DP algorithms [Beimel et al., 2013].
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Figure 1.1: The computational landscape of stability. A green double arrow (=-) from tail to head
indicates that an efficient learner for a task in the setting of the arrow tail can be black-box transformed
into an efficient learner for the same task in the setting of the arrow head. Meanwhile, an orange
dashed double arrow (==3) from tail to head indicates that an efficient learner for a task in the tail
setting can be black-box transformed into an efficient learner for the same task in the head setting,
under some additional assumptions. Finally, a red slashed single arrow (—) from tail to head indicates
that there is a learning task for which an efficient learner exists in the setting of the arrow tail but
no efficient learner can exist in the setting of the arrow head, possibly under some cryptographic
assumptions.

The computational landscape of “stable” learning depicted in Figure 1.1 is a byproduct of the
following results connecting (i) replicability, (ii) approximate DP, (iii) pure DP, (iv) online learning,
and, (v) statistical queries.

Black-Box Transformations.

1. Pure DP can be efﬁciently3 transformed to Online [Gonen et al., 2019].

2. Replicability can be efficiently transformed to Approximate DP [Ghazi et al., 2021b, Bun et al.,
2023, Kalavasis et al., 2023].

3. SQ can be efficiently transformed to Approximate DP [Blum et al., 2005].*

4. SQ can be efficiently transformed to Replicable [Impagliazzo et al., 2022].

5. Pure DP can be efficiently’ transformed to Replicable (this work, Theorem 5.2).

Caveats of Transformations. The transformations from pure £-DP learners to replicable and online
learners may incur exponential computation time in the representation dimension [Beimel et al.,
2013] of the underlying hypothesis class.

Regarding the approximate DP reduction to replicability: The transformation provided by Bun et al.
[2023] uses correlation, which necessitates that the output space of the algorithm is finite. To be
more precise, based on [Bun et al., 2023], there is an efficient transformation from approximate DP
to perfectly generalizing algorithms. Next, the authors use correlated sampling to obtain a replicable
learner as follows. Given a perfectly generalizing algorithm A and sample S, the correlated sampling
strategy is applied to the distribution of outputs of A(S). Hence, the output space of A should be
finite. In the PAC learning setting, to ensure that the algorithm has finite output space, one sufficient
condition is that the domain X is finite. The correlated sampling step can be explicitly implemented
via rejection sampling from the output space of A. The acceptance probability is controlled by the
probability mass function of A(S). As a result, in general, it is not computationally efficient. For
instance, if the finite input space to the correlated sampling strategy is {0, 1}¢, then the runtime of the
algorithm could be exp(d), since the acceptance probability is exponentially small in the dimension
in the worst case.

For the specific case of PAC learning, there is another transformation from approximate DP to
replicability that holds for countable domains X that was proposed by Kalavasis et al. [2023], but
this approach goes through the Littlestone dimension of the class and might not even be computable
in its general form.

Separations. There is a concept class that can be learned efficiently

1. by areplicable PAC learner (this work, Theorem 2.1), but not an efficient online one under OWF
[Blum, 1994];

2. by an approximate DP PAC learner, but not an efficient online one under OWF [Bun, 2020];

3. by an online learner, but not an efficient approximate DP PAC one under cryptographic assump-
tions® [Bun et al., 2024];

4. by areplicable PAC learner under uniform marginals (Impagliazzo et al. [2022]) or more general
marginals (this work, Corollary 1.5), but not an efficient SQ one;

3The transformation is efficient with respect to the correctness and confidence parameters but could be
inefficient with respect to other parameters of the class such as the representation dimension.

*The reduction is efficient as it simply requires adding Gaussian noise to each statistical query. However, it is
impractical for most tasks of interest as the resulting privacy guarantees are relatively weak.

SThe transformation is efficient with respect to the correctness and confidence parameters but could be
inefficient with respect to other parameters of the class.

SThe specific assumptions are technical and we omit the specific statements. Roughly, the assumptions lead
to the possibility to build indistinguishability obfuscation for all circuits.
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5. by an approximate DP PAC learner, but not an efficient replicable one under OWF [Bun et al.,
2023].

1.2 Related Work

Replicability. Pioneered by Impagliazzo et al. [2022], there has been a growing interest from the
learning theory community in studying replicability as an algorithmic property. Esfandiari et al.
[2023a,b] studied replicable algorithms in the context of multi-armed bandits and clustering. Later,
Eaton et al. [2023], Karbasi et al. [2023] studied replicability in the context of Reinforcement
Learning (RL) and designed algorithms that achieve various notions of replicability. Recently, Bun
et al. [2023] established statistical equivalences and separations between replicability and other
notions of algorithmic stability such as differential privacy when the domain of the learning problem
is finite and provided some computational and statistical hardness results to obtain these equivalences,
under cryptographic assumptions. Subsequently, Kalavasis et al. [2023] proposed a relaxation of
the replicability definition of Impagliazzo et al. [2022], showed its statistical equivalence to the
notion of replicability for countable domains’ and extended some of the equivalences from Bun
et al. [2023] to countable domains. Chase et al. [2023b], Dixon et al. [2023] proposed a notion of
list-replicability, where the randomness is not shared across the executions of the algorithm, but the
outputs are required to belong to a list of small cardinality instead of being identical. Both of these
works developed algorithms that work in the realizable setting, and later Chase et al. [2023a] showed
that, surprisingly, it is impossible to design list-replicable learning algorithms for infinite classes
in the agnostic setting. Recently, Moran et al. [2023] established even more statistical connections
between replicability and other notions of stability, by dividing them into two categories consisting
of distribution-dependent and distribution-independent definitions. Recent work by Kalavasis et al.
[2024] studies replicable algorithms for large-margin halfspaces.

Computational Separations & Transformations in Stability. The seminal result of Blum [1994]
illustrated a computational separation between PAC and online learning. Later, Bun [2020] obtained a
similar separation between private PAC and online learning. More recently, Bun et al. [2023] showed
that there exists a concept class that admits an efficient approximate DP learner but not an efficient
replicable one, assuming the existence of OWFs. Contributing to this line of work, our Theorem 2.1
is of similar flavor.

Shifting our attention to SQ learning, there is an intuitive similarity between learning from noisy
examples and private learning: algorithms for both problems must be robust to small variations in
the data (see also Blum et al. [2005]). Parities are a canonical SQ-hard problem, meaning that no
efficient SQ algorithm for this class exists. Kasiviswanathan et al. [2011] designed an efficient private
learner for learning parities, which dispels the similarity between learning with noise and private
learning. Georgiev and Hopkins [2022] showed that while polynomial-time private algorithms for
learning parities are known, the failure probability of any such algorithm must be larger than what
can be achieved in exponential time, or else NP = RP. Finally, recent work by Bun et al. [2024]
gives a concept class that admits an online learner running in polynomial time with a polynomial
mistake bound, but for which there is no computationally efficient approximate differentially private
PAC learner, under cryptographic assumptions.

Moving on to transformations, our Theorem 1.4 builds upon the result of Blanc et al. [2023]
who designed a framework that transforms computationally efficient algorithms under uniform
marginal distributions, to algorithms that work under some other distribution, where the complexity
of the transformation scales with some particular notion of distance between the two distributions.
Essentially, our result can be viewed as a replicable framework of the same flavor, with a small
additional computational and statistical overhead that scales with the replicability parameter. Finally,
our approach to transform a pure DP learner into a replicable learner (cf. Theorem 1.6) is inspired by
Gonen et al. [2019], who provided a transformation from pure DP learners to online learners.

1.3 Notation

In general, we use A to denote an algorithm. For unsupervised problems, we usually denote by D the
distribution over input examples. In the case of supervised problems, we use % to denote the concept
class in question, D to denote the marginal distribution of the feature domain &X', and Dy to refer to
the joint distribution over labeled examples (x,y) € X x ). Throughout our work, we use «, 3 to
refer to the error and failure probability parameters of the algorithm, &, d to denote the approximate

"We remark that this equivalence for finite domains can also be obtained, implicitly, from the results of Bun
et al. [2023]. Connections between replicability and the Littlestone dimension go back to Ghazi et al. [2021b].
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DP parameters, and p for the replicability parameter. In most cases, the feature domain X is a subset
of a high-dimensional space and we use d to denote the dimension of that space.

2 Efficient Replicability and Online Learning

Our first main result shows that replicability and online learning are not computationally equivalent, as-
suming the existence of one-way functions. This hardness result is based on a construction from Blum
[1994], who defined a concept class denoted by OWS, which is efficiently PAC learnable but not on-
line learnable in polynomial time, assuming the existence of one-way functions. Blum’s construction
builds upon the Goldreich-Goldwasser-Micali pseudorandom function generator [Goldreich et al.,
1986] to define families of “one-way” labeled sequences (o1, b1), ..., (o, b,) € {0,1}¢ x {0,1}, for
some r = w(poly(d)). These string-label pairs can be efficiently computed in the forward direction,
but are hard to compute in the reverse direction. Specifically, for any ¢ < j, it is easy to compute
0;,b; given o;. On the other hand, it is hard to compute o;, b; given o;.

The essence of the difficulty in the online setting is that an adversary can present to the learner
the sequence in reverse order, i.e., 0,,0._1,...,01. Then, the labels b; are not predictable by
a polynomial time learner. However, in the PAC setting, for any distribution over the sequence
{(04,b4) }ie[r> a learner which is given n labeled examples can identify the string o~ with smallest
index ¢* in the sample. Then, it can perfectly and efficiently predict the label of any string that comes
after it. This approximately amounts to a (1 — 1/») fraction of the underlying population.

It is not hard to see that the PAC learner for OWS is not replicable, since the minimum index of
a sample can vary wildly between samples. The high-level idea of our approach to making the
algorithm replicable is to show that we can replicably identify an approximate minimum index and
output the hypothesis that (efficiently) forward computes from that index. Our main result, proven in
Appendix B, is as follows.

Theorem 2.1. Let d € N. The following hold:

(a) [Bun, 2020] Assuming the existence of one-way functions, the concept class OWS with input
domain {0,1}¢ cannot be learned by an efficient no-regret algorithm, i.e., an algorithm that for
some 1 > 0 achieves expected regret E[Ry] < poly(d) - T'~" using time poly(d, T) in every
iteration.®

(b) (Theorem B.7) The concept class OWS with input domain {0, 1}d can be learned by a p-
replicable (., 8)-PAC learner with sample complexity m = poly(d,/a,/p,log(1/8)) and
poly(m) running time.

3 Lifting Replicable Uniform Learners

In this section, we present our replicable lifting framework in further detail. First, we will need the
following technical definition.

Definition 3.1 (Closed under Restrictions). A concept class € of functions f : {0,1}% — {0,1} is
closed under restrictions if, for any f € €,i € [d] and b € {0, 1}, the restriction f;—, remains in €,

where fi:b(m) = f(xla 'H,miflvbaxi#*la ...,CCd)fOV any x € {07 1}d

Our replicable lifting result works for concept classes that satisfy the closedness under restrictions
property. Also, recall that a distribution D over {0, 1}? is monotone (Definition D.4) if whenever
x = y (x is greater than y in the partial ordering of the poset), it holds D(z) > D(y). Our algorithm
for lifting replicable uniform learners to replicable learners under some unknown distribution D is
presented in Theorem 3.2. This lifting approach is inspired by the work of Blanc et al. [2023], who
designed the non-replicable variant of this transformation. We note that our algorithm, similar to the
algorithm of Blanc et al. [2023], only requires sample access to D for monotone distributions, while,
for arbitrary non-monotone probability measures, our algorithm requires access to a conditional
sampling oracle (cf. Definition D.5). Our replicable lifting theorem reads as follows.

Theorem 3.2 (Lifting Replicable Uniform Learners). Consider a concept class € of functions
f {0,134 — {0,1} closed under restrictions. Suppose we are given black-box access to an
algorithm such that for any o/, p', 8" € (0, 1), given poly(d, /o', /o', log(1/8")) samples from U,
(i) is p'-replicable with respect to the uniform distribution U,
(ii) PAC learns € under the uniform distribution to accuracy o and confidence (', and,
(iii) terminates in time poly(d, /o', /o', log(1/8")).

8We remark that this stronger requirement in regret is necessary since the trivial random guessing algorithm
achieves o(T') regret in finite domains (cf. Appendix A.3).
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Let a,p € (0,1) and 8 € (0,7/3). For m = poly(d, o, /p,log(/8)) and M =
poly(d, Ya, 1/p,log(1/5))°Y), the following cases hold:

(a) If D is a monotone distribution over {0,1}? representable by a depth-{ decision tree, there is an
algorithm that draws M samples from D, is p-replicable with respect to D, PAC learns € under
D with accuracy « and confidence (3, and terminates in poly (M) time.

(b) If D is an arbitrary distribution over {0, 1}% representable by a depth-{ decision tree, there is an
algorithm that draws M labeled examples as well as M conditional samples (cf. Definition D.5)
from D, is p-replicable with respect to D, PAC learns € with respect to D with accuracy o and
confidence B, and terminates in poly (M) time.

The high-level idea of the reduction proceeds as follows. Let us consider the realizable PAC setting,
i.e., the labels are consistent with some f* € %. Let us assume black-box access to a replicable
uniform learner AY for ¢’ and access to i.i.d. samples of the form (z, f*(x)), where  ~ D. Our
goal is to (efficiently) obtain an algorithm Ag that achieves small misclassification error with respect
to the unknown distribution D and target f* and is also replicable under D. The promise is that D
has a decision tree representation of depth £.°

The first step is to draw enough samples (x, f*(z)), 2 ~ D, and compute the decision tree represen-
tation of D. This is an unsupervised learning task and it only uses the feature vectors of the training
set. We design a replicable algorithm for this step (cf. Theorem E.7), which could be of independent
interest. The next observation is crucial: any discrete distribution on {0, 1}% can be expressed as
a mixture of uniform distributions conditioned on non-overlapping sub-cubes. To see this, notice
that any root-to-leaf path in the estimated decision tree representation corresponds to a sub-cube
of {0,1}¢ and, conditioned on this path, the remaining coordinates follow a uniform law. Hence,
after an appropriate re-sampling procedure, one can employ the black-box replicable learner A% to
any one of the leaves ¢ of the tree decomposition of D and obtain a classifier f;. For this step, the
fact that ¥ is closed under restrictions is crucial. Intuitively, if we wish to implement this idea in a
replicable manner and need overall replicability parameter p, it suffices to use the uniform replicable
algorithm in each leaf with parameter O(r/2*) since we make at most 2¢ calls to the uniform PAC
learner (the decision tree complexity of the target is £). Finally, given a test example = ~ D, one
computes the leaf ¢ that corresponds to the sub-cube that x falls into and uses the (replicable) output
ft of the associated uniform PAC learner to guess the correct label.

For the formal analysis, we refer to Appendix D and Appendix E.

4 Efficient Replicability and SQ Learning: Parities

In this section, we provide an application of the general lifting framework we described in Section 3.
One of the main results of the seminal work of Impagliazzo et al. [2022] is that any SQ algorithm can
be made replicable. This result allows a great collection of tasks to be solved replicably since the SQ
framework is known to be highly expressive [Kearns, 1998].

The primary motivation of this section comes from the question of Impagliazzo et al. [2022] on
whether the class of parities can be PAC learned by an efficient replicable algorithm when the marginal
distribution D is not uniform over {0, 1}%. Let us define our concept class of interest.'?

Definition 4.1 (Affine Parities). Let S C [d] be some subset of [d] and b € {0, 1} a bias term. Define
fsp 1 {0,134 — {0,1} 10 be the biased parity of the bits in S, namely fs;(z) = b+ >, g Ti.
The concept class of affine parities over {0,1}% is the set € = {fsyp : S C [d],b € {0,1}}. For
any distribution D over {0, 1}, we consider the supervised learning problem AffParity, where the
learner observes i.i.d. samples of the form (x, f*(x)), where x ~ D and f* € €.

As observed by Impagliazzo et al. [2022], there is a replicable algorithm for PAC learning parities
(i.e., the subclass Parity obtained by setting b = 0 in AffParity) under the uniform distribution: draw
roughly O(d) samples so that with high probability the dataset will contain a basis. Then, in two
distinct executions, the sets that standard Gaussian elimination outputs will be the same. A similar
approach works for the class of affine parities and is described below.

By performing an iterated doubling if necessary, we may assume without loss of generality that £ is known.
%We consider a superset of parities which we call affine parities as we would like our concept class to be
closed under restrictions (cf. Definition 3.1).
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Lemma 4.2. The concept class of affine parities AffParity over {0,1}? admits a p-replicable
algorithm that perfectly learns any concept with respect to the uniform distribution U with probability
of success at least 1 — 3. The algorithm has O(poly(d,log1/pp)) sample and time complexity.

The algorithm that attains the guarantees of Lemma 4.2 is a simple adaptation of the Gaussian
elimination for learning standard parities. We provide the pseudocode in Algorithm C.1 and defer the
proof of correctness to Appendix C.1.

Application of Theorem 3.2 Since the class of affine parities over {0, 1}¢ is closed under re-

strictions (cf. Lemma C.8) and there is a learner for this class under uniform marginals that is

replicable and efficient (cf. Lemma 4.2), we can obtain an algorithm that replicably PAC learns the

class AffParity under more general distributions. In particular, the following result is an immediate

application of our lifting framework.

Corollary 4.3. Let a,p € (0,1) and B € (0,r/3). Let X = {0,1}%. For M =

poly(d, Ya,/p,1/5)CO), the following cases hold:

(a) For any (unknown) monotone distribution D over X with decision tree complexity {, there exists
an algorithm that is a p-replicable learner for the concept class AffParity under D, and requires
M samples and running time poly (M) to get accuracy o and confidence f5.

(a) For any distribution D over X with decision tree complexity £, there exists an algorithm that is a
p-replicable learner for the concept class AffParity under D, and requires M labeled examples,
M conditional samples from D and running time poly (M) to get accuracy « and confidence f3.

Back to the Question of Impagliazzo et al. [2022]. Impagliazzo et al. [2022] raised the question
of when parities over {0, 1}% can be efficiently PAC learned by a replicable algorithm under some
marginal distribution D that is not uniform or, more broadly, that causes Gaussian elimination to be
non-replicable. Our Corollary 4.3 makes progress on this question. First, we note that in our setting,
we do not require knowledge of D. Second, one can design examples of (monotone) distributions for
which our lifting framework produces a replicable polynomial time PAC learner but naive Gaussian
elimination'! fails to be replicable with constant probability (cf. Theorem C.5). Note that even PAC
learning parities for the distribution described in Theorem C.5 is SQ-hard. We believe that our lifting
framework can be seen as a systematic way of bypassing some instabilities arising from the algebraic
structure of standard Gaussian elimination.

As a final remark, we note that one could potentially design much more complicated (still monotone)
distributions than the one of Theorem C.5, where even various adaptations of Gaussian elimination
(e.g., pre-processing of the dataset, data deletion) would fail to be replicable but our lifting framework
would guarantee replicability (and efficiency, provided small decision tree complexity). On the other
hand, it is not evident whether parity learning remains SQ-hard under these “harder” distributions.

5 Efficient Replicability and Private Learning

In this section, we study connections between efficient DP learnability and efficient replicable learn-
ability of a concept class. As we mentioned in the introduction, Bun et al. [2023] and subsequently
Kalavasis et al. [2023] established a statistical equivalence between approximate DP learnability and
replicable learnability of a concept class when the domain is finite [Bun et al., 2023] or countable
[Kalavasis et al., 2023]. Moreover, Bun et al. [2023] showed that this equivalence does not hold when
one takes into account the computational complexity of these tasks.

Proposition 5.1 (Section 4.1 in Bun et al. [2023]). There exists a class that is efficiently PAC
learnable by an approximate DP algorithm but, assuming one-way functions exist, it cannot be
learned efficiently by a replicable algorithm.

We remark that there is an efficient converse transformation, i.e., a computationally efficient transfor-
mation from a replicable learner to an approximate DP learner [Bun et al., 2023]. Inspired by Gonen
et al. [2019], we ask whether one can transform a pure DP learner to a replicable one. Our main
result, proven in Appendix F, is the following.

Theorem 5.2 (From Pure DP Learner to Replicable Learner). Let X be some input domain,
Y = {0,1}, and Dxy be a distribution on X x ) that is realizable with respect to some con-
cept class €. Let A be a pure DP learner that, for any a, e, € (0,1), needs m(a,e,8,%) =

'"We note that the examples we design are difficult instances for the standard Gaussian elimination algorithm
but some pre-processing of the dataset (e.g., deleting some constant fraction of samples) could potentially make
Gaussian elimination replicable.
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poly(Y/a, 1/=,1log(1/8),dim(%)) i.i.d. samples from Dxy and poly(m) running time to output
a hypothesis that has error at most o, with probability 1 — [ in an e-DP way. Then, for any
o, p, B € (0,1) there is a p-replicable learner A’ that outputs a hypothesis with error at most o'
with probability at least 1 — 3" and requires poly(Y/a’, 1/p,10g(1/8"),dim(%¥)) i.i.d. samples from
Dxy and poly(Y/a’,1/p,log(1/p")) - exp(dim(€)) running time.

In the above, we denote by dim(%’) some dimension that describes the complexity of the concept
class € that arises in the sample complexity of our pure DP learner. A natural candidate is the
representation dimension [Kasiviswanathan et al., 2011]. As we alluded to before, this transformation
is efficient with respect to the parameters «, 3, p. On the other side, the sample complexity is
polynomial in the representation dimension but the running time is exponential. We leave as an open
question if it is possible to avoid this dependence.

We remark that in principle, one could use the reduction from Bun et al. [2023]. The catch is that
this reduction is based on correlated sampling so it requires i) the output space of the algorithm to be
finite and ii) even under finite output spaces, it needs exponential time in the size of that space.

6 Conclusion

In this work, we have studied the computational aspects of replicability and several connections
to other important notions in learning theory including online learning, SQ learning, and DP PAC
learning. We believe that there are several interesting questions left open from our work. First, it
would be interesting to see if there is a computationally efficient transformation from online learners
to replicable learners. Then, it would be important to derive replicable learners from pure DP learners
which are efficient with respect to the complexity of the underlying concept class. Regarding parities,
it is still open whether we can design efficient replicable algorithms for every distribution D.
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A Notation and Preliminaries
For standard PAC learning definitions, we refer to the book of Kearns and Vazirani [1994].

A.1 Replicable Learning

Following the pioneering work of Impagliazzo et al. [2022], we consider the definition of a replicable
learning algorithm.

Definition 1.1 (Replicable Algorithm; Impagliazzo et al., 2022). Let R be a distribution over random
strings. A learning algorithm A is n-sample p-replicable under distribution D if for two independent
sets S, S’ ~ D™ it holds that Prg g/pn rr[A(S, 1) # A(S',7)] < p. We will say that A is
replicable if the above holds uniformly over all distributions D.

In words, A is replicable if sharing the randomness across two executions on different i.i.d. datasets
yields the exact same output with high probability. We can think of A as a training algorithm which
is replicable if by fixing the random seed, it outputs the exact same model with high probability.
One of the most elementary statistical operations we may wish to make replicable is mean estimation.
This operation can be phrased more broadly using the language of statistical queries.

Definition A.1 (Statistical Query Oracle; Kearns, 1998). Let D be a distribution over the domain
X and ¢ : X — R be a statistical query with true value v* := lim, o, ¢(X1,...,X,) € R. Here
X; ~ii.q. D and the convergence is understood in probability or distribution. Let o, 8 € (0, 1)2. A
statistical query (SQ) oracle outputs a value v such that |v — v*| < « with probability at least 1 — f5.

The SQ framework appears in various learning theory contexts (see e.g., Blum et al. [2003], Gupta
et al. [2011], Goel et al. [2020], Fotakis et al. [2021] and the references therein). In the SQ model,
the learner interacts with an oracle in the following way: the learner submits a statistical query to the
oracle and the oracle returns its true value, after adding some noise to it.

The simplest example of a statistical query is the sample mean ¢(X1,...,X,) = %Z?:l X;.
Impagliazzo et al. [2022] designed a replicable SQ-query oracle for sample mean queries with
bounded co-domain. Esfandiari et al. [2023b] generalized the result to simultaneously estimate the
means of multiple random variables with unbounded co-domain under some regularity conditions on
their distributions (cf. Theorem B.4). The idea behind both results is to use a replicable rounding
technique introduced in Impagliazzo et al. [2022] which allows one to sacrifice some accuracy of the
estimator in exchange for the replicability property.

A.2 Private Learning

Differential Privacy. A foundational notion of algorithmic stability is that of Differential Privacy
(DP) [Dwork et al., 2006]. For a,b,c,d € (0,1), let a =~ 5 b denote the statement a < e°b + ¢
and b < e®a + 6. We say that two probability distributions P, Q are (e, §)-indistinguishable if
P(E) ~. s Q(FE) for any measurable event E.

Definition A.2 (Approximate DP Algorithm; Kasiviswanathan et al., 2011). A learning algorithm A is
an n-sample (e, 0)-differentially private if for any pair of samples S, S’ € (X x{0,1})™ that disagree
on a single example, the induced posterior distributions A(S) and A(S") are (e, 6)-indistinguishable.

In the previous definition, when the parameter § = 0, we say that the algorithm satisfies (pure) e-DP.
We remind the reader that, in the context of PAC learning, any hypothesis class % can be PAC-learned
by an approximate differentially private algorithm if and only if it has finite Littlestone dimension,
i.e., there is a qualitative equivalence between online learnability and private PAC learnability [Alon
et al., 2019, Bun et al., 2020, Ghazi et al., 2021a, Alon et al., 2022].

A.3 Online Learning

We consider the no-regret model of online learning. Recall Littlestone’s model of (realizable) online
learning [Littlestone, 1988] defined via a two-player game between a learner and an adversary. Let ¢
be a given concept class.

In each round of the game ¢t = 1,...,7T where T is a time horizon known to a (randomized) learner,
the interaction is the following:

1) The adversary selects some features z; € {0, 1},

2) The learner predicts a label b, € {0, 1}, potentially using randomization,

3) The adversary, who observes the distribution of the choice of the learner but not its realization,
chooses the correct label b, = ¢(x;) under the constraint that there exists some ¢; € % such
that ¢ (z,) = b,, forall 7 < ¢t.
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The goal of the learner is to minimize its regret, defined by

T
Ry = r}?ea%( {Z ]l{l;t # c(xe)} — H{h(zy) # C(It)}}
T
Z 1{b; # c(x¢)} — 0 h=c

T
Z {be # c(a0)}

Thus the learner aims to compete with the best concept in hindsight from the class 4. However,
realizability ensures that the best such concept makes no mistakes so the regret is defined only in
terms of the number of mistakes of the learner.

We now introduce the definition of an efficient no-regret learning algorithm used by Bun [2020]. In
the definition below, we write |c| to denote the length of a minimal description of the concept c.

Definition A.3 (Efficient No-Regret Learning; [Bun, 2020]). We say that a learner efficiently

no-regret learns & if there is some 1) > 0 such that for every adversary, it achieves expected regret
E[Ry] = poly(d, |¢|)T"~"

using time poly(d, ||, T') in every round.

There are two non-standard features of this definition. First, no-regret algorithms are typically only
required to achieve sublinear regret o(7T') in T', whereas we require it to be strongly sublinear 71 ~".
A stronger condition like this is needed to make the definition nontrivial since the sample space is
finite. Indeed, suppose T' = 2¢, then the trivial random guessing algorithm attains a regret bound of

T dT
2 2
drT
- 2logT
— poly(d)o(T).

Many no-regret algorithms such as the multiplicative weights update algorithm achieve strongly
sublinear regret.

Second, it would be more natural to require the learner to run in poly(log T") time, the description
length of the time horizon, rather than the value of T itself. The relaxed formulation only makes the
separation stronger.

B Efficient Replicability and Online Learning

B.1 One-Way Sequences

Our exposition follows that of Bun [2020]. For every dimension d € N, Blum [1994] defines a
concept class OWS ; consisting of functions over the domain {0, 1} that can be represented using
poly(d) bits and evaluated in poly(d) time. The concepts of OWS, are indexed by bit strings

s € {0,1}*, where k = |Vd| — 1
OWSy = {c,:5€{0,1}"}.

We will usually omit the index d when it is clear from the context. Each ¢, : {0,1}¢ — {0,1} is
defined using two efficiently representable and computable functions

G: {Ov 1}k X {07 1}k — {0’ 1}d7k7
f:{0,1}F x {0,1}% — {0,1}

that are based on the Goldreich-Goldwasser-Micali pseudorandom function family [Goldreich et al.,
1986]. We omit the definition of these functions since it does not impede us towards our goal and
refer the reader to Blum [1994] for details. Intuitively, G(i, s) computes the string o; described in
the introduction and f(, s) computes its label b;. We can think of s as the random seed which is
generated from some source of true randomness which is then used to construct G, f.
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For convenience, we identify {0, 1}* = [2¥]. Then c, is defined as

) 1, G(i,s) =0, f(i,s) =1,
cs(z,a):{o els(e.) 70

We see that ¢, (i, 0) encodes both the string o; as well as its label b;, for every random seed s €

{0,1}*.
The two relevant properties of the strings o; are summarized below.

Proposition B.1 (Forward is Easy; Blum, 1994). There is an efficiently computable function
ComputeForward : {0,1}* x {0,1}* x {0,1}47% — {0,1}¢7% x {0,1}
such that for every j > 1,
ComputeForward(j,, G(i, s)) = (G(J, s), (4, 9)).

Proposition B.2 (Reverse is Hard; Blum, 1994). Assuming the existence of one-way functions, there
exist functions G : {0, 1}* x {0,1}* — {0,1}4"% and f : {0,1}* x {0,1}* — {0,1} satisfying
the following. Let O be an oracle that on input (j,1, G(i, s)), outputs (G (34, s), f(4, s)) for any j > 1.
Let A be any polynomial time randomized algorithm and let AC denote the algorithm with access to
the oracle O. For every i € {0,1}F,

Pr [A%(, G(i,5)) = f(i,5)] < § + negl(d)

where the probability is taken over the internal randomness of A and uniformly random s ~
U ({0,1}%).

The above proposition states that no efficient algorithm can outperform random guessing when trying
determinew the label of a string, even given access to a “compute-forward” oracle.

B.2 Hardness of Efficiently Online Learning OWWS

Blum [1994] used Proposition B.2 to show that OWS cannot be learned in the mistake bound model,
a more stringent model of online learning compared to the no-regret setting. Later, Bun [2020]
adapted the argument to the no-regret setting, making the separation stronger.

Theorem B.3 ([Bun, 2020]). Assuming the existence of one-way functions, OWWS cannot be learned
by an efficient no-regret algorithm.

Let |c| denote the length of a minimal description of the concept c. Recall that a learner efficiently
no-regret learns a class € if there exists 7 > 0 such that for every adversary and any ¢ € %, it
achieves E[Rt] = poly(d, |c|) - T1~" (strongly sublinear) using time poly(d, |c|, T) in every round.
As mentioned in Appendix A.3, this requirement of strongly sublinear regret is necessary to make the
definition non-trivial as the random guessing algorithm attains o(7') regret in finite domains.

B.3 Replicable Query Rounding

Impagliazzo et al. [2022] designed replicable statistical query oracles (cf. Definition A.1) for bounded
co-domains and Esfandiari et al. [2023b] generalized their results to multiple general queries with
unbounded co-domain (cf. Theorem B.4), assuming some regularity conditions on the queries.

We illustrate the idea behind the rounding procedure applied to the task of mean estimation. An initial
observation is that across two executions, the empirical mean concentrates about the true mean with
high probability. Next, we discretize the real line into equal-length intervals with a random shift. It
can be shown that both points fall into the same random interval with high probability and outputting
the midpoint of said interval yields the replicability guarantee.

For completeness, we include the pseudocode and a proof of the replicable rounding procedure.

Theorem B.4 (Replicable Rounding; Impagliazzo et al., 2022, Esfandiari et al., 2023b). Let D be a
distribution over some domain X. Let o, p € (0,1) and 8 € (0, #/3). Suppose we have a sequence
of statistical queries g1, ...,97 : X — R with true values 1, . .., i and sampling n independent
points from D ensures that
ce - <
ggfglgt(wh s Tn) — | <

with probability at least 1 — .
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Then there is a polynomial-time time postprocessing procedure rRound (cf. Algorithm B.1)
such that each composition rRound(g:, o, p) is p-replicable. Moreover, the outputs i, =
rRound(g: (21, . .., %), @, p) satisfy

4o

max|f; — < —
temlut pe] <

with probability at least 1 — [3.

Note that if we wish for the sequence of rounding steps to be p-replicable overall, we can simply run
each rounding step with parameter #/7.

Algorithm B.1 Replicable Rounding

1: rRound(query values g1, ..., gr, accuracy «, replicability p):

2: L« 60‘/;)

3: Sample Ly ~ U0, L)

4: Discretize the real line ...,[Lo — L, Lo), [Lo, Lo + L), [Lo + L, Lo + 2L), ... into disjoint

intervals
fort=1,...,T do
Round g; to the midpoint of the interval, fi;
end for
return o € RT,

Proof (Theorem B.4). Discretize the real line as disjoint intervals.
.., [-L,0),[0,L),[L,2L),....

We will choose the value of L later. Consider adding a uniformly random offset Ly ~ U[0, L) so the
discretization becomes

...,[LO—L,Lo),[L07L0+L),[L0+L7L0+2L),....

For each t € T, we round the estimate g;(x1.,) := g¢(21, ..., 2y) to the midpoint of the interval it
falls into. Let zi; be the rounded estimate that we output. From hereonforth, we condition on the
event maxy| g (1.,) — pe| < .

Replicability of Algorithm B.1. Fix ¢t € T. Consider the output across two runs fi¢, fi;. As long as
the raw estimates g¢(z1.,), g:(2].,,) fall in the same interval, the outputs will be exactly the same.
This occurs with probability
90(1) — g1(h)| _ 20
L - L
Choosing L = 6a/, ensures this value is at most /3. Accounting for the 23 < 2¢/3 probability of the
estimates g;(x1.,,) failing to concentrate, the output fi; is p-replicable.

Correctness of Algorithm B.1. The rounding incurs an additive error of at most Z/2. The choice of
L = 6o/, means the total error is at most

3o 4o
a+— < —.

p P
O

B.4 Replicable Quantile Estimation

In this section we provide an algorithm that replicably estimates quantiles of a distribution. This
will be useful in providing the computational separation between replicable PAC learning and online
learning. We believe that it can have applications beyond the scope of our work.

We first present a well-known concentration inequality regarding CDFs of random variables due to

Dvoretzky, Kiefer, and Wolfowitz.

Theorem B.5 (Dvoretzky—Kiefer—Wolfowitz Inequality; Dvoretzky et al., 1956, Massart, 1990).
Let X4,..., X, beiid. random variables with CDF F'. Let F}, denote the empirical distribution
function given by F,,(z) :== 1 Y"1 1{X; < z}. Forany a > 0,

T on

Pr [sup|F,(z) — F(z)| > a| < 2exp(—2na?).
z€R

105903 https://doi.org/10.52202/079017-3359



In other words, we require at most n = (1/2a2) In(2/8) samples to ensure that with probability at least
1 — B3, the empirical CDF uniformly estimates the true CDF with error at most c.

The replicable quantile estimation algorithm for discrete and bounded distributions can be found in
Algorithm B.2. The high-level idea is to perform a (replicable) binary search over the support of the
distribution and to check whether the empirical CDF evaluated at some point x is above or below the
target quantile gq.

Algorithm B.2 Replicable Quantile Estimation

rQuantileEst(samples z1, ..., z,, quantile g, accuracy «, replicability p, confidence [3):
F (i) = 3°7_) 1{x; < i} // Tmplicitly for all i € [R]
{+—0;h«< R
while / < h — 1 do
m « (t+h)/2
F,(m) + rRound(F, (m), ®r/4l0g,(R), P/logs(R))
if F,,(m) > g then
h+m
else
10: {+—m
11:  endif
12: end while
13: return h.

AN A i e

o

Theorem B.6 (Replicable Quantile Estimation). Let o, p € (0,1) and 8 € (0, #/3). Suppose we have

access to ) )
161 2 1 1
m = 10108a(R) | 2 (log" ) 1
202p? B a?p? B
i.i.d. samples from some distribution over [R] with CDF F and q € [0, 1] is the desired quantile level.
Algorithm B.2 terminates in O(poly(n)) time, is p-replicable, and with probability at least 1 — 3,
outputs some x € [R] such that
F(z) > q— «, Flz—1)<g+a.
Our replicable quantile estimation differs from the replicable median algorithm of [Impagliazzo et al.,
2022] in at least two ways. Firstly, the replicable median algorithm of [Impagliazzo et al., 2022]
seems to rely heavily on properties of (approximate) medians in order to satisfy the approximation
guarantees. On the other hand, our algorithm works regardless of the desired quantile. Secondly, their
median algorithm relies on a non-trivial recursive procedure while our replicable quantile algorithm
is considerably simpler and is based on a concentration of the CDF through the DKW inequality.

Proof (Theorem B.6). By the DKW inequality (Theorem B.5), sampling
1 2

m=_————>1n

2(ep/alogy(R)2 B

points from our distribution ensures that

ap
sup |Fn(z) — F(z)| < —————
xE[R]| (=) = Flo)l 4log,y(R)

with probability at least 1 — 3. The proof is divided into two steps. We first show the correctness of
our algorithm and then argue about its replicability.
Correctness of Algorithm B.2. The loop invariant we wish to maintain is that

F(h)>q—a, F) < q+a.

This is certainly initially true since our distribution is over [R] = {1, ..., R} and hence there is no
mass at or below £ = 0 while all the mass is at or below h = R.

Let myq, ..., mr denote the midpoints chosen by binary search with 7' = log, (R). By Theorem B 4,
if we condition on the success of all executions of rRound(F;, (m;), ®°/41log,(R), #/10g,(R)), then their

outputs F}, (m;) estimate F(m,) with additive error at most
4ap/atog,(R)
Pf1085(R)
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We update h <— m; only if

q < Fu(my) < F(my) + 0 = q—a < F(m).
Similarly, we update £ < m, only if

q> Fy(my) > F(my) —a = q+a> F(m,).

Hence the loop invariant is maintained.
At termination, £ = h — 1 with

Fh)>q¢—«a
Fh-1)<qg+a«
by the loop invariant as desired.

Replicability of Algorithm B.2. By Theorem B.4, assuming all prior branching decisions are
identical, each new branching decision in Algorithm B.2 is (#/1og,(R))-replicable. Since we make at
most log, (R) decisions, the entire algorithm is p-replicable. [

B.5 An Efficient Replicable Learner for OWS

Equipped with the replicable quantile estimator from Theorem B.6, we are ready to present our
efficient replicable OWS 4 PAC learner. We outline below a high-level description of our algorithm
which can be found in Algorithm B.3.

1) We first replicably estimate the mass of all the elements that have positive labels. If it is
much smaller than some threshold O(«), then we output the zero hypothesis.

2) Then we take sufficiently many samples to get enough data points with positive label and we
run the replicable quantile estimation on the marginal distribution of features with positive
label to get some z € [2*].

3) Next, we take sufficiently many samples to get a positive point at or below x and then we
forward compute the label of x.

4) The hypothesis we return is the following: If its input (¢, o) has index less than 7*, it outputs
0. If its input is exactly (i*,0*), it outputs the previously computed label. Otherwise, it
forward computes the label using 7, o.

Algorithm B.3 Replicable Learner for OWS,

: rLearner0WSd(samples (i1,01), ..., (in, om), accuracy a, replicability p, confidence §):
: Let 84 = (i5,,04,),...,(ij,,0j,) be the subsequence of positive samples, where i;, < ij, ..
D < rRound("/m, ro/a8, r/3)
if p < @/2 then
return All-zero hypothesis.
end if
i* < rQuantileEst({i;,,..., %, }, /2, 9/4,0/3,8/3)
: ifi;, > ¢* then
9: return “FAILURE”
10: end if
11: (o*,b*) < ComputeForward(i*,i;,,0;,)
12: return hypothesis h(i, o) :=
If i < ¢*, output 0.
If 1 = ¢, output b* if ™ = ¢ and 0 otherwise.

If i > i*, get (6, b) < ComputeForward(i,*,o*) and output b if ¢ = & and 0 otherwise.”

RN AR

Theorem B.7. Let p,« € (0,1) and 5 € (0,#/3). Algorithm B.3 is an efficient p-replicable («, [3)-
PAC learner for OWS 4 with sample complexity
392 . 6 9216k% 6 32 6) B ( d? 1)

D92 g2 TR 2 e 2
22 "B a3 B a2 B

m:max( a3p21n5

and time complexity
O(poly(m)).
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Proof (Theorem B.7). The indicator random variable I; := 1{c; = 1} is a bounded random variable
and its sample mean is precisely ?/m. Let p € [0, 1] denote the probability mass of the positively
labeled elements. By an Hoeffding inequality, |»/m — p| < a with probability at least

2 exp (meozz) .

Since we have
S 392 6

22
then |m/n — p| < ro/48 with probability at least #/6. By Theorem B.4, the rounded estimate p is
r/3-replicable and satisfies

[P —pl </
with probability at least /6. From hereonforth, we condition on the success of this event.
Correctness of Algorithm B.3. First suppose p < /2. Then
p<p+s<a.

Then Algorithm B.3 always returns the all-zero hypothesis. In this case, the returned hypothesis only
makes mistakes on at most « fraction of the population and we are content.
Otherwise, suppose that p > /2. Thus

Y
)

«
> —
4
>

v
32

a
16 — 8

s 3l 5
D

Y

p—
o
-m
8
1152k 6
2, ng
a®p B
Let F' denote the CDF of the conditional distribution over the positively labeled samples. By
Theorem B.6, the output of rQuantileEst is an index i* € [2¥] such that with probability at least

5/6,
[0 @] @]
i) >2_%5¢
) z5-727
[0 @]
Fir -1 <2+ %<
© )<2+4_a

We proceed conditioning on the success of the call to rQuantileEst.
Since F(i*) > o/s, the probability that i;, > * is at most

(1—§)n§€%1§W&

The last inequality is due to n > am/s > (4/a)In(6/3). We proceed conditioning on the event
iy, <i*.

So either i;, = ¢* and we know its string ¢* and label b*, or 7;, < i* and Proposition B.1 assures
that we can obtain the string ¢* and label b* through forward computation

(0*,b") < ComputeForward(i*,i;,, 05, ).

Now, consider the hypothesis i we output and its action on an input (i, 0): If ¢ < ¢*, then h always
answers 0 so it is incorrect only on the positive labels. But this happens at most F/(i* — 1) < « of
the time. If ¢ > ¢, h is always correct. Hence the total population error is at most « as desired.

We conditioned on three events, each of which has failure probability at most /6. Hence the total
probability of failure is at most /2.

Replicability of Algorithm B.3. By Theorem B.4, the output p is #/3 replicable. By Theorem B.6,
the output * is »/3 replicable. From our analysis above, ¢;, < ¢* with probability at most £/6 in each
of two executions. Thus the total probability of outputting different classifiers is at most

p P, 28 _2p

P
PPy 22 2P P,
5T3T g =3 Tg=r
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B.6 Proof of Theorem 2.1
‘We now restate and prove Theorem 2.1.

Theorem 2.1. Let d € N. The following hold:

(a) [Bun, 2020] Assuming the existence of one-way functions, the concept class OWS with input
domain {0,1}¢ cannot be learned by an efficient no-regret algorithm, i.e., an algorithm that for
some 1 > 0 achieves expected regret E[Ry] < poly(d) - T'~" using time poly(d, T) in every
iteration."?

(b) (Theorem B.7) The concept class OWS with input domain {0, 1}d can be learned by a p-
replicable («, 8)-PAC learner with sample complexity m = poly(d, Y/a,1/p,log(1/8)) and
poly(m) running time.

Proof (Theorem 2.1). Combining the hardness of efficiently online learning OWS (cf. Theorem B.3)
with the efficient replicable learner of Theorem B.7 completes the the proof of Theorem 2.1. [

C Efficient Replicability and SQ Learning: Parities
C.1 The Proof of Lemma 4.2

Algorithm C.1 Replicable Learner for Affine Parities f(2) = w " 2+b under the Uniform Distribution

1: rAffParity(accuracy a, replicability p, confidence [3):

2: Draw a single sample (z(9), f(2(?))) where zq ~ U.

3: Draw O(dlog(1/p8)) samples (z, f(x)) so that with probability at least 1 — 3, we obtain d linearly
independent offsets (z,y) := (z + (), f(x) + f(z(?)), say (z(1),yM), ... (z(D), y(d).

4: Run Gaussian elimination to obtain the unique solution w such that w ' z; = y; for each i € [d).

Compute b = f((©) +w Tz,

6: Return (w, b).

bl

We now repeat and prove Lemma 4.2, which states the correctness of Algorithm C.1.

Lemma 4.2. The concept class of affine parities AffParity over {0,1}? admits a p-replicable
algorithm that perfectly learns any concept with respect to the uniform distribution U with probability
of success at least 1 — 3. The algorithm has O(poly(d,log1/pp)) sample and time complexity.

Proof (Lemma 4.2). For any i € [d], observe that
y D= fa) 4 @) =0 D o+ w 2O o =w" (2@ +2O) = w 2D

Thus the dataset of offsets {(z(*), y(9))} uniquely determines the linear function w. Having learned
w, we can recover the value of b by evaluating at any point in the original dataset, say at the first
point. O

C.2 Background on Parities and SQ
Statistical Queries We start with some background on the SQ model.

Definition C.1 (SQ Learning). A concept class € with input space {0, 1} is learnable from statistical
queries with respect to distribution D if there is a learning algorithm A such that for any ¢ € € and
any a > 0, A produces an a-approximation of c from statistical queries, furthermore, the running
time, the number of queries asked, and the inverse of the smallest tolerance used must be polynomial
in d and Y/a.

Definition C.2 (SQ Hardness). Consider a concept class € with input space {0, 1}d. Fix a tolerance
7 = poly(1/a) and accuracy o = O(1). We say that € is SQ-hard under distribution D if any SQ
algorithm requires w(poly(d)) queries of tolerance at least T to a-learn €.

The standard way to show SQ hardness is by showing lower bounds on the so-called SQ dimension
[Feldman et al., 2017] of the corresponding problems (we omit the formal definition of SQ dimension
as it is beyond the scope of the present work). Such lower bounds on this dimension establish lower
bounds on the running time of any SQ algorithm for the problem — not on its sample complexity.

We remark that this stronger requirement in regret is necessary since the trivial random guessing algorithm
achieves o(T') regret in finite domains (cf. Appendix A.3).
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PAC and SQ Learning Parities The standard class of parities Parity is given by the subset
{fs0:S C [d]} of AffParity. The standard algorithm for learning parity functions works by viewing
a set of n labelled examples as a set of n linear equations over the finite field with two elements [F5.
Then, Gaussian elimination is used to solve the system and thus find a consistent parity function.
This algorithm is extremely brittle to noise: even for the uniform marginal distribution D = U/, the
problem of learning parities over {0, 1} does not belong to SQ. In particular, a standard result is the
following:

Fact C.3 ([Kearns, 1998]). Even learning parities Parity C AffParity with input space {0,1}¢ is
SQ-hard under the uniform distribution U.

C.3 Gaussian Elimination is not Replicable
In this section, we give a simple example where Gaussian elimination fails to be replicable.

Proposition C.4. Forany d > 3 and S C [d] with2 ¢ S C [d], the following holds: There is some
ng > 1, such that for any n > ng, there exists a distribution D such that the n-sample Gaussian
elimination algorithm for PAC-learning parities f(x) = . g x; in the realizable setting fails to be
1/17-replicable.

Proof (Proposition C.4). Let ey, ..., eq be the standard basis of Z¢, p € (0,2/3], and consider the
distribution D such that
2 1

D(e1)=p, Dlea)=5-p, Dle)=

>3
3

-2 ="

The probability of not observing any e;’s after n samples is (1 — p)”. We set p := 1 — 3/1/2 < 1/>
so that (1 — p)" = 1/2.

For sufficiently large ny € N, we observe all e;, 4 > 3 with probability at least 3/4 after n samples.
Thus with probability at least 1, we observe 1, es, ..., eq4, and with probability at least 1/1, we
observe e, . .., eq but not e;. In the first case, we fully recover S since we are promised that 2 ¢ S.
In the second case, our algorithm is unable to determine if 1 € .S since we do not observe e; and
the best it can do is randomly guess. Thus the probability we output different classifiers is at least
2-14-1/4-1/2 =1/16. O

Proposition C.4 shows that Gaussian elimination fails in general to be replicable regardless of the
number of samples requested.

C.4 Replicably Learning Affine Parities Beyond the Uniform Distribution
We restate our main result.

Theorem C.5. For any dimension d, accuracy «, confidence 3 and replicability p, there exists some
n = poly(d, 1/a,1/p,10g(1/8)) such that there exists a monotone distribution D over {0,1}% which

(a) Gaussian elimination is not n-sample replicable with probability Q(1) under D for the class
AffParity,

(b) there exists an n-sample p-replicable algorithm for («, 3)-PAC learning the class AffParity
with respect to D with poly(n) runtime, and

(c) even learning the class Parity is SQ-hard under the distribution D.

Before proving Theorem C.5, we derive three useful lemmas. Fix a dataset size n to be defined later.
We pick the distribution D to be a Boolean product distribution (py, ..., pg) € [0, 1]% such that the
first d — 1 coordinates are unbiased (p; = 1/2) for ¢ € [d — 1] and the last coordinate to be highly
biased towards 1. In particular, pick pq = Dg({1}) = {/1/2 > 1/2. This distribution is monotone by
construction.

Lemma C.6. The naive n-sample Gaussian elimination algorithm fails to be replicable with constant
probability over the distribution D = (p1, ..., pd)-

Proof. Consider two independent draws S7 and Sz from D of size n. With constant probability
1/2-1/2 = 1/4, S; will contain vectors that have only 1’s in the last coordinate while Sz will contain
at least one vector with a zero in the last direction. Then there are exactly two hypotheses that satisfy
51, one that contains the last coordinate and one that does not. This can be seen by reducing to an
instance of the (d — 1)-dimensional parities problem obtained by ignoring the last coordinate and
flipping the bits of the labels.
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On the other hand, for n sufficiently large, the subset of vectors Sél) C S5 that have 1’s in the last
direction is satisfied by the same hypotheses as .S;. However, only one of the two hypotheses also
satisfies the other subset Séo) C S5 consisting of entries with a 0 in the last direction.

Thus the candidate hypotheses that satisfy .Sy, S differ and the algorithm can at best output a random

guess for S7, which will be inconsistent with the output on S; with overall probability at least
g . 1/4 =1/, O

Lemma C.7. The decision tree complexity of D is ©(1).

Proof. Since D is a product distribution, the pmf only takes on 2 different values and thus has depth
O(1). O

Lemma C.8. The class of affine parities AffParity with input space {0, 1} is closed under restriction.

Proof. Let f be an arbitrary affine parity function, i.e., f(z) = b+, g x; for some b € {0,1} and
S C [d]. We remark that the operator + is in Zo. Consider an arbitrary direction ¢ € [d] and arbitrary
bit b € {0,1}. We will verify that f;—; remains in the class of affine parities. If i ¢ S, then f;—p =
f € AffParity. Now, if ¢ € S and ¢ = 0, it holds that f;— (x) = b+ Zies\{i} x; € AffParity and if
b =1, itholds that fi—y (z) = (b+1) + }_;cq\ (s Ti € AffParity. Hence, affine parities are closed
under restriction. O

We are now ready to prove Theorem C.5.

Proof (Theorem C.5).
(a) By Lemma C.6.

(b) We can employ the lifting algorithm of Theorem 3.2 to replicably and efficiently learn affine
parities since (i) the decision tree complexity is constant, (ii) the distribution is monotone, (iii) affine
parities are closed under restriction and (iv) we have an efficient replicable algorithm for affine
parities with respect to the uniform distribution (cf. Lemma 4.2).

(c) If we consider the subclass 6" = {fso : S C [d — 1]}, we have that E;.p[f(z)g(z)] = 0
for any pair of distinct functions f,g € ¢’ due to the product structure and the unbiasedness of
the first d — 1 coordinates of D. This implies the SQ-dimension of the class of parities is at least
24=1 = (2) and so learning parities is SQ-hard under D. O

D Lifting Replicable Uniform Learners

In this section, we will provide our general lifting framework for replicable learning algorithms that
is needed in order to show Theorem C.5.

D.1 Preliminaries for Replicable Uniform Lifting

We start this section with some definitions which are necessary to formally state our main result of
Theorem 3.2.

Definition D.1 (Decision Tree (DT)). A decision tree T : {0,1}¢ — R is a binary tree whose
internal nodes query a particular coordinate, and whose leaves are labelled by values. Each instance
x € {0, 1} follows a unique root-to-leaf path in T': at any internal node, it follows either the left or
right branch depending on the value of the queried coordinate, until a leaf is reached and its value
T (x) is returned.

Definition D.2 (Decision tree distribution). We say that a distribution D over {0,1}% is representable
by a depth-{ decision tree, if its pmf is computable by a depth-{ decision tree T'. Specifically, each
leaf t is labelled by a value py, so that D(x) = py for all x € t. This means that the conditional
distribution of all points that reach a leaf is uniform.

Let us consider a distribution D over {0, 1}%. The definitions above suggest a natural measure of the
complexity of D: The decision tree complexity.

Definition D.3 (Decision Tree Complexity). The decision tree complexity of a distribution D over
{0,1}% is the smallest integer { such that its probability mass function (pmf) can be represented by a
depth-{ decision tree.
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Next, we define a useful structured family of distributions. Let the binary relation >~ denote pointwise
comparison.

Definition D.4 (Monotone Distribution). A probability distribution D over {0,1}% is called monotone
if for any x * vy it holds that D(x) > D(y).

Just as in Blanc et al. [2023], for arbitrary non-monotone probability measures, our algorithm requires
access to a conditional sampling oracle (cf. Definition D.5) defined below.

Definition D.5 (Conditional Sampling Oracle; Blanc et al., 2023). A conditional sampling oracle for
a distribution D over {0,1}? proceeds as follows: suppose we condition on some subset I of the d
variables having a fixed value b € {0, 1}!. In that case, the oracle generates a sample from the true
conditional distribution, i.e., draws a sample x 1 ~ D(- | x; = b).

Definition D.6. For a tree T and leaves £ € T, Eger f(€) ==Y cp 211 £(£), where |{| is the depth
of the path to reach leaf {.

As an example of this notation, note that

Erer [Egnya[f(2)|z € f]] = Eer

)

f(@)U(x)
2 u(e)

zel

where U(¢) is the uniform mass of the leaf £, i.e., U(f) = 27" - 2""1l. This implies that
Ever[Egysa[f(z)|x € £]] = Eyeya f(2), since the set of leaves partitions the set {0, 1}

D.2 Main Result: Lifting Replicable Uniform Learners

We now restate our main result Theorem 3.2. For the sake of presentation, we defer its proof to
Appendix E.

Theorem 3.2 (Lifting Replicable Uniform Learners). Consider a concept class € of functions
f {0,134 — {0,1} closed under restrictions. Suppose we are given black-box access to an
algorithm such that for any o', p', 3’ € (0,1), given poly(d, /o', 1/p",1og(1/8")) samples from U,
(i) is p'-replicable with respect to the uniform distribution U,

(ii) PAC learns & under the uniform distribution to accuracy o' and confidence (', and,

(iii) terminates in time poly(d, /o', /o' log(1/8")).
Let a,p € (0,1) and B € (0,p/3). For m = poly(d,/a,1/p,log(1/s)) and M =
poly(d, Yo, 1/p, log(1/8))°Y, the following cases hold:

(a) If D is a monotone distribution over {0, 1}? representable by a depth-{ decision tree, there is an
algorithm that draws M samples from D, is p-replicable with respect to D, PAC learns € under
D with accuracy « and confidence (3, and terminates in poly (M) time.

(b) If D is an arbitrary distribution over {0, 1}% representable by a depth-{ decision tree, there is an
algorithm that draws M labeled examples as well as M conditional samples (cf. Definition D.5)
from D, is p-replicable with respect to D, PAC learns € with respect to D with accuracy o and
confidence 3, and terminates in poly (M) time.

We emphasize that our result for monotone distributions D only requires sample access to D. For
arbitrary non-monotone probability measures, our algorithm requires access to a conditional sampling
oracle (cf. Definition D.5)

E Proof of Theorem 3.2

E.1 Preliminaries
We start this section with some useful definitions, coming from the work of Blanc et al. [2023].
Definition E.1 (Weighting function of distribution). Let D be an arbitrary distribution over {0, 1}
We define the weighting function fp(x) = 29D(z).
Remark that the scaled pmf satisfies
Eeu(fp(z)] = Z 274.29D(z) = 1.
z€{0,1}4

For z € {0,1}? and i € [d], we write 2™ to denote the binary vector obtained from z by flipping its
i-th bit.
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Definition E.2 (Influence of Variables on Distributions). Let D be a distribution over {0,1}? and
fp(x) = 2% - D(x) be its pmf scaled up by the domain size. The influence of a coordinate i € [d] on
a distribution D over {0,1}% is the quantity

Infly(fp) = Eans [|fo(2) = fo(a™)]]
We also define the total influence Infl( fp) = Zie[ d Infl;(fp).

Intuitively, the influence of a variable measures how far that variable is from the uniform distribution.
Suppose fp is computable by a depth-¢ decision tree 7. Then we can write for any = € {0, 1}¢

D(x) = pr Ma et}
LeT
where the sum is taken over the leaves of T" and p, := D(y) is the (same) mass D assigns to every
y € £. Then we have

Infl;(fp) := Eenul fo() — o (™))
= > |D(z) - D™

z€{0,1}4

=Y S p iz ey -1~ e 1})|.

z |LeT

If i is not queried by any internal node of 7T, then x, ™% always belongs to the same leaf and this
value is 0. Otherwise, we can trivially bound this value by 2 using the triangle inequality. This
discussion leads to the following observation.

Fact E.3. If fp is computable by a depth-{ decision tree, then its total influence is at most
Infl(fp) < 2¢.

For monotone distributions over the Boolean hypercube, influences have a convenient form:
Proposition E.4 (Lemma 6.2 in Blanc et al. [2023]). If the distribution D over {0, l}d is monotone,
then for any i € [d]

Infl;(fp) = Eplzy].
Definition E.5 (Restrictions). Given a sequence of (coordinate, value) pairs ™ =
{(i1,b1), .., (ik, bk )}, we use x to represent x with the coordinates in w overwritten/inserted
with their respective values. For a function f : {0,1}¢ — R, we let f, be the function that maps x to
f(@x).
Definition E.6 (Everywhere 7-influential; Definition 4 in Blanc et al. [2022b]). For any function
f:{0,1}¢ — R, influence threshold T > 0 and decision tree T : {0,1}% — R, we say that T is
everywhere T-influential with respect to some f if for every internal node v of T, we have

Inﬂz(v)(fv) >T.

Here i(v) denotes the variable queried at v and f,, denotes the restriction of | by the root-to-v path
inT, i.e. the variables in the path are fixed to the corresponding internal vertex values.

E.2 Replicable Proper Learner for Decision Tree distributions

Our algorithm that achieves the bounds of Theorem 3.2 proceeds in a two-stage manner: we first
replicably learn the decision tree structure of D and then use the replicable uniform-distribution
learner to learn f restricted to each of the leaves of the tree. To carry out the first stage, we give an
algorithm that replicably learns the optimal decision tree decomposition of a distribution D:

Theorem E.7 (Replicably Learning DT distributions). Fix a, p € (0,1) and 8 € (0,7/3). Let D be a
distribution over {0, 1}¢ that is representable by a depth-{ decision tree. There is an algorithm that

(a) is p-replicable with respect to D,

(b) returns a depth-{ tree representing a distribution D' such that TV (D, D’) < a with proba-
bility at least 1 — (3 over the draw of samples,

(c) and has running time and sample complexity

N = poly(d, Ya, Y/p, log(1/8)) - (2¢/a) .
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For monotone distributions, the algorithm only uses random samples from D, and for general
distributions, it uses subcube conditional samples (cf. Definition E.12).

Proof (Theorem E.7). The proof of this result follows directly by applying either Lemma E.11 (for
monotone distributions) or Lemma E.13 (for general distributions with subcube conditional sample
access) to Theorem E.8, which are provided right after. O

Essentially, making the decision tree learning routine replicable boils down to estimating influences
on D in a replicable manner. This is the content of the upcoming results.

Theorem E.8 (Replicable Influence = Replicable Decision Tree). Let D be a distribution that is rep-
resentable by a depth-{ decision tree. For any p' € (0,1) assume access to a p’-replicable algorithm
rInflEst for estimating influences of distributions over {0,1}¢ using poly(d,1/a,1/,',10g(1/8))
samples and runtime. Then, for any p € (0, 1), there is an algorithm rBuildDT (cf. Algorithm E.I)
that

(a) is p-replicable with respect to D,

(b) returns a depth-{ tree representing a distribution D' such that TV(D,D’) < «, with
probability at least 1 — (8 over the draw of samples,

(c) and has running time and sample complexity

M = poly (d, l’ d(2¢/a)°0) og d(ze/a)o(e)) - (2a)00
e p B
20/,)00) 20/,)00)
+0 (( éz)pQ log ( /5) ) : (%/G)O(E)

= poly(d, Ya,1/p,log(1/s)) - (2¢/a)°D.

Algorithm E.1 Replicably Building Decision Tree for D

l: rBuildDT:

2: Input: Access to D and fp as in Definition E.1, restriction 7 (cf. Definition E.5), access to
rInflEst, depth /, influence threshold 7, accuracy «, confidence 3, replicability p.

3: Output: A decision tree 7' that minimizes E¢cr [Infl((fp):)], where ¢ € T is the collection of
leaves (each corresponding to some restriction) of 7" among all depth-/, everywhere 7-influential
(cf. Definition E.6) trees.

: fori € [d] do

4
5. rInflEst((fp)r, ] « rInflEst ((fp)r, i min(7/4,9/24), stsomm saalyom )
6: end for
7
8

: Let S C [d] be the set of variables ¢ so that rInf1Est[(fp)x, ] > 37/4.

. if S =0 or £ =0 then
9:  // replicably estimate p, := 2/™ Pr,p[z is consistent with 7] (cf. Theorem B.4)
10:  pr + «/2-accurate, p/[2(2¢/a)O©]-replicable, 3/[2(2¢/a)°¥)]-confident estimate of p,
11:  return anew leaf node with value p,

12: else

13: forie Sdo

14: construct the tree T; with

15: root(T;) « x;

16: leftSubtree(T;) + rBuildDT(D, 7 U {z; = —1},{ — 1,7, ¢, 3, p)
17: rightSubtree(T;) < rBuildDT(D, 7 U {x; = 1},£ — 1,7, , 3, p)
18:  end for

19:  // Among {T;},cs, return the one that minimizes the estimated total influence

200 Bier, [y TInE1ESE](fo)rs 1] where (fp) = (f)x()
21:  // for the restriction 7 (¢) corresponding to path from the root the leaf ¢
22: Il Letg(t) == 3 ;c(q TInE1ESE[(fD)¢, J]

230" argminges Brer,[9(t)] = e, 27119(1) = 013427 9(0)1{z € t}
24:  return T;-
25: end if

https://doi.org/10.52202/079017-3359 105912



Before proving Theorem E.8, we state Theorem 3 of Blanc et al. [2023], from which the correctness of
Algorithm E.1 follows. Let BuiltDT be the algorithm obtained from rBuildDT (cf. Algorithm E.1)
with the following adjustments.

(i) Replace the replicable influence estimator rInf1Est with any (possibly non-replicable)
influence estimator and
(ii) replace the replicable mean estimator of p, with a simple (non-replicable) sample mean.

Proposition E.9 (Theorem 3 and Claim 5.5 in Blanc et al. [2023]). Fix o, 3 € (0,1). Let D be a
distribution that is representable by a depth-{ decision tree. Given oracle access to an estimator for
influences, the algorithm BuildDT with the choice of T = @/8¢* returns a depth-{ tree representing a
distribution D' such that TV (D, D) < « with probability at least 1 — (3. If the oracle terminates in

unit time, the running time of the algorithm is d - (£/a)°®).
Remark E.10. A few remarks are in order regarding Algorithm E. 1.

1. Blanc et al. [2023] identify the task of learning of a decision tree for a distribution D
with learning its scaled pmf f = 2%D. In order to remain consistent with their convention,
the values at the tree leaves produced by our replicable decision tree algorithm (cf. Algo-
rithm E.1) also correspond to the scaled pmf. Note that we do not directly use the values at
the leaves and hence this convention is immaterial to our application.

2. Estimating the influences to an accuracy of 7/4 ensures that any variables in S has influence
at least 7/2 and every variable with influence at least T is captured in S. Estimating the
influences to an accuracy of ©/2d ensures that the estimated total influences are accurate up
to error at most .. Note that the computation for Eicr,[g(t)] (¢f. Definition D.6) does not
incur additional error since the weights of the sum are appropriately chosen.

3. Dx is the mean of a [0, 2‘”‘}—b0unded random variable. By an Hoeffding bound and Theo-
rem B.4, consuming poly(2°,1/a,1/p' log(1/p')) samples from D suffices to estimate this
quantity up to o/[2 - 2171]-accuracy, o -replicability, and ('-confidence.

4. Taking into account the estimation error of influences, each variable in S has influence at
least 7/2. For any depth-{ decision tree, the sum of all variable influences is at most 2¢
(cf. Fact E.3). For any restriction 7, ( fp)r is a depth-£ decision tree and thus has at most
4/ variables of influence at least 7/2. For the choice of T = «/s¢?, there can be at most
(4¢/2)t = (2¢/a)OO) recursive calls within Algorithm E.1.

Each recursive call estimates d influences and at most 1 mean of a bounded random variable.
All in all, we need to replicably estimate d - (2¢/a)°") variable influences and at most
(2¢/0)°© bounded means.

We are now ready to prove Theorem E.8.

Proof (Theorem E.8). By assumption, for any p’ € (0,1), rInflEst is p/-replicable and returns
a-accurate estimates for influences with confidence 5 using poly(d, !/«,log(1/8), 1/s') samples and
runtime.
The replicability of Algorithm E.1 follows directly from the replicability of the influence estimators
and the replicability of the standard rounding scheme (cf. Theorem B.4). By Remark E. 10, it suffices
to call the replicable influence estimator and the replicable mean estimator for p,. with replicability
parameter p = p/[2d(2¢/a)?®)] for the union bound and similarly for the confidence parameter. The
sample complexity follows from our remark above.
Let us now condition on the event that each call of rInflEst and estimation of expected total
influence is successful. Conditioned on this event, the correctness of the algorithm rBuildDT directly
follows from Proposition E.9. In particular, if we condition on the event that each call to rInf1Est
and each replicable estimate of p, is successful, our algorithm reduces to the Bui1ldDT algorithm of
Blanc et al. [2023].

O

E.3 Replicable Influence Estimator for Monotone Marginals

In this section, we provide the main subroutine of our replicable DT distribution learning algorithm.
We begin with a replicable influence estimator for monotone distributions.

Lemma E.11 (Replicable Influence Estimator for Monotone Marginals). Fix ¢ € [d]. For any
a, B, p € (0,1)3, there is an efficient p-replicable algorithm rInf1Est(D, i, o, 3, p) such that given

105913 https://doi.org/10.52202/079017-3359



an unknown monotone distribution D over {0, 1}¢, computes an estimate of Infl;(fp) up to accuracy
« with probability at least 1 — 3 using O(a=2p~210g(1/8)) time and random samples from D.

Proof (Lemma E.11). By Proposition E.4, since D is monotone, we know that Infl; (fp) = Ep[z;].
Thus we can replicably estimate this expectation with O(a~2p~21og(1/s)) samples and sample-
polynomial runtime through replicable query rounding (cf. Theorem B.4). O

E.4 Replicable Influence Estimator for Arbitrary Distributions
We further design a replicable influence estimator for arbitrary distributions D over {0, 1}% using
subcube conditional sampling.
Definition E.12. A (subcube) conditional sampling oracle for distribution D over {0,1}% receives
as input a subset (subcube) S C {0, 1}? and generates a sample from the conditional distribution
D(x)1{x € S}

D(S5)
This conditional distribution is essentially the truncated distribution Dg with truncation set S. The

subcube conditioning oracle is well studied by prior work in distribution testing and learning [Canonne
etal., 2015, 2021, Fotakis et al., 2022, 2020, Gouleakis et al., 2017].

Ds(z):=D(x | S) =

Algorithm E.2 Replicable Influence Estimation for Arbitrary Distributions via Conditional Sampling

1: rInflEst:
2: Input: Distribution D over {0,1}¢ and fp as in Definition E.1, coordinate i € [d], access to
conditional sampling oracle for D, desired accuracy «, desired confidence 3, desired replicability

3: pOutput: A estimate v of Infl; (fp) such that |[v — Infl;(fp)| < a with probability 1 — 3.
4: n <« O(a™2p~?log(1/s))

5. forj < 1,...ndo

6:  Draw a fresh random sample z\/) ~ D

7. SW « {2} U {(z1))~}, where (2(9))™~" is () with its i-th coordinate flipped

8:  Draw O(a~?) independent samples from the conditional on S/) distribution D(-|S¢))
9:  Let p¥) € [0,1] be the fraction that we observe z(/)

10: ¢« |p(j) -(1 _p(j))‘

11: end for _

12: q + %Zje[n] q\9)

13: return v < rRound(q, O(ap), p) (see Theorem B.4 with T = 1)

An adaptation of the proof of Proposition 6.5 in Blanc et al. [2023] combined with the replicability
properties of Theorem B.4 gives the following result, which we provide for completeness but do not
use in our applications. The algorithm is presented Algorithm E.2.

Lemma E.13 (Replicable Influence Estimator for Arbitrary Marginals). Let D be a distribution
over {0, 1}d, fp as in Definition E.1, and, assume sample access to a subcube conditional oracle
as in Definition E.12. For any o, B, p € (0,1) and i € [d], Algorithm E.2 is p-replicable and, given
O(a=*p~2log(1/8)) subcube conditional samples from D, it computes in sample-polynomial time
an estimate v that satisfies |v — Infl;(fp)| < « with probability at least 1 — 5.

As a proof sketch, let us call the above algorithm ReplInfEst(D,4,«). The correctness of the
algorithm follows from the observation that for any distribution D, coordinate ¢ and « € (0, 1), for
any execution j € [n], it holds that |[EqY) — Infl;(fp)| < a. Hence to obtain a high probability
estimator, it suffices to obtain O (a2 1log(1/s)) copies of ¢(7) and take the average ¢. Finally, to make
the algorithm replicable, it suffices to estimate the average ¢ replicably. This can be accomplished
at an extra cost of order 1/p? using the standard rounding routines (cf. Theorem B.4). Since each
iteration requires /o2 subcube samples, the sample complexity of our algorithm follows.

E.5 Useful Subroutines & Results

In this section, we provide a set of useful results that we will use in our proofs.

Proposition E.14 (Corollary D.21 in Esfandiari et al. [2023b]). Let o, p € (0,1) and 8 € (0, /3).
There is a p-replicable algorithm rFiniteDistrEst(D, a, B, p) that outputs parameter estimates p
for a finite distribution D of support size N such that
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(a) [P — p| < o for every i € [N] with probability at least 1 — .
(b) 99 > 0 foralli € [N].
(c) Y, 0 =1

Moreover, the algorithm has sample complexity

(Yt NN _ (N1
m=0 (az(pﬁ)z) =0 <a2p2 bgﬂ)

and poly(m) time complexity.

Proposition E.15 ([Janson, 2018]). Let Y; be a geometric variable with success rate q. Then
Y :=>""" Y, is the number of draws until we obtain m successes. Then

]P’{Y > /\m} <exp(l —A).
q

In other words, it suffices to perform O(™/qlog(1/s)) Poisson trials before succeeding m times with
probability at least 1 — /3.

Proposition E.16 (Replicable Boosting of Success Probability). Let o, p € (0,1), 8 € (0,#/3), and
A > 0. Suppose A is a p'-replicable (o + A, 1/2)-PAC learner for the concept class € under a
fixed distribution D over {0,1}? that uses m(«, p') = poly(d, 1/a,/p’) samples for any p' € (0,1).
There is a p-replicable (2a + A, 3)-PAC learner rBoost (D, «, 8, p) for € under D for any
a, B, p € (0,1) that has sample complexity

p 1 log®(Y/p) ,  log(1/5) _
m (d, 210g(1/ﬁ)> -0 (log ﬂ) +0 ( oZ)? log 5 ) = poly (d, Y/«, 1/p,log(1/s)) .

and sample-polynomial running time.

Proof. Let rBoost 4 be the algorithm that runs A for n = O(log1/g) times (each with m =
m(1/a, P/2n) samples), replicably estimates the population error of each hypothesis, and outputs the
hypothesis which has the lowest estimated error.

Running A for n = O(log1/8) times with m samples per run guarantees that each execution is
r/2n-replicable so the first step is #/2-replicable. Moreover, at least one of the hypotheses we output
is (o + A)-close to the optimal hypothesis with probability at least 1 — /2.

By an Hoeffding bound on the empirical error of a hypothesis, we can estimate the population error
of a hypothesis to an accuracy of @r/4.2n and confidence 8/2n using O(n?a=2p~2 log(/3)) samples.
By Theorem B.4, we can make this estimate »/2n-replicable at the cost of reducing the accuracy to «
while maintaining the confidence parameter #/2n.

It follows that the output hypothesis is p-replicable and with probability at least 1 — /3, its population
error is at most 2 + A. O

E.6 Proof of Theorem 3.2

In this section, we show how to lift replicable algorithms that learn over the uniform distribution to
replicable algorithms that learn with respect to arbitrary distributions, where the sample complexity
and running time depend on the decision tree complexity of the target distribution. Let D(- | T')
denote the conditional distribution on leaves, i.e., D(t | T) := > ., D(x).

Now, our learning algorithm is designed for an exact tree distribution. However, we can only estimate
the tree representation of the actual distribution, i.e., the conditional distribution at a leaf subcube is
uniform in the tree representation but not necessarily uniform in the input distribution. To show that
our learning algorithm can accommodate slight errors in the tree distribution estimation, we introduce
the following definition.

Definition E.17 (Robust Learning). For any concept class € and algorithm A, we say that A
(a, B, ¢)-robustly learns € using m samples under the uniform distribution if for any 1 > 0 and class
D,y = {distribution D over {0,1}¢ : TV(U,D) < n},

it holds that A(o + cn, 8)-learns € using m samples with respect to the distributions in 7.

Proposition E.18 (Proposition 7.2 from [Blanc et al., 2022b]). For any concept class € and algorithm
A, if A («a, 8)-PAC learns € using m samples under the uniform distribution, then the exact same
algorithm A also (a, B + 1/3,3m)-robustly learns € using m samples.
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Algorithm E.3 Replicable Lifting

1: rLift

2: Input: decision tree T (from rBuildDT), algorithm A for p’-replicable (¢, 8’)-learning under
the uniform distribution using m(c/, p’, 8’) samples, distribution D, accuracy «, confidence /3,
replicability p.

Output: A hypothesis h : {0,1}¢ — {0,1}

My < poly(2°, /a,1/p,log(1/5))

My <= m(/s,#/2*,1/s) - poly(d, 2, /a, 1/p, 10g(1/5))

// Estimate leaf distribution (cf. Proposition E.14)

D(- | T) + rFiniteDistrEst(D(- | T),o/12.2¢, 8/2, o/3) using M, samples
9: Draw a dataset S ~ DMz of size M.

10: for each leaf ¢t € T' do

11:  ifD(t|T) > «/4.2° then

A A

12: Let S; be the subset of samples in .S that reach ¢.

13: Create a set S consisting of points in .S; but where all coordinates queried on the root-to-leaf
path for ¢ are re-randomized independently, making the marginal distribution uniform.

14: For p/ € (0,1), choose its parameters so that A = A(/s, p’,1/6) is p'-replicable and
(2/6,1/6 + 1/3,¢/)-robustly learns €.

15: Get h; by calling rBoost 4 (.5}, @/6, p/3-2¢, B/2.2¢) (cf. Proposition E.16).

16:  else

17: Get h; that outputs a random guess according to shared randomness.

18:  end if

19: end for

20: Return the hypothesis i such that given input x, finds the leaf ¢ € T that x follows and outputs

ht (LU) .

We are now ready to state the main result of this section, from which the proof of Theorem 3.2 closely
follows.
Theorem E.19. Consider a concept class € of functions f : {0,1}* — {0,1} closed under
restrictions. Fix o, B,c,p > 0 and m,{ € N. Suppose we are provided black-box access to an
algorithm A that
(i) is p'-replicable with respect to the uniform distribution for any p’ € (0, 1),
(ii) (o, "+ 1/3,c)-robustly learns € for any o/, 3’ € (0,1), and
(iii) consumes m(c/, p', ") = poly(d, /o', 1/, log(1/8")) samples and computation time under
the uniform distribution.

Let Ml = pOIY(Qev l/aa 1/f)a log(l/ﬂ))’ M2 = m(a/ﬁa ,0/24) 1/6) . pOly(d7 267 1/0‘) 1//7) log(l/ﬁ))’ and
M = M1 + M2 < pOly(d, 24, 1/047 1/p, 1Og(1/ﬁ))

For any function f* € €, distribution D over {0,1}¢, depth-{ decision tree T computing the pmf of
a distribution D where TV (D, Dr) < a/ec, the following holds.

The algorithm rLift(T, A, D, o, B, p) (cf. Algorithm E.3) is p-replicable, has O(M) sample com-
plexity, terminates in poly (M) time, and its output is c-close to f* with respect to D with probability
at least 1 — 3.

Before we prove Theorem E.19, we state two useful lemmas.

Lemma E.20. Fix «a,p,p/,8 € (0,1), A > 0, and { € N.  Let Mypoost
poly(d, 2¢,1/a,1/p,1og(1/3)) be the number of samples that rBoost (cf. Proposition E.16) requires
to boost a p'-replicable (%/6 + A, 1/2)-correct learner (that uses poly(d,/a,1/p") samples and run-
ning time) to a p/3.2¢-replicable learner with accuracy ¢/6 + A + @/¢ = o/3 + A and confidence
B/2.2¢. Condition on the success of rFiniteDistrEst in Algorithm E.3. Then with probability at
least 1 — B/2, for every t € T with f)(t | T') > /-2, we observe at least Mypoost Samples reaching t
from S.

Proof. Condition on the success of the call to rFiniteDistrEst. Then for every ¢ € T with
D(t | T) > «/a2°, we have D(t | T)) > «/6-2¢. The probability of not observing such a ¢ in a dataset
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of size n is at most (1 — @/6.2¢)" < exp(—ne/6.2*). By a union bound over the at most 6-2°/a such ¢,
the probability of failing to collect each such ¢ is at most

6-2¢

exp(—na/e.2¢).

To drive this below the constant 1/2, it suffices to take . = O(£2°/alog 1/a). By Proposition E.15, it
suffices to take a sample of size

.2t 1 1
O(nmrBoost log 1//3) =0 (W (log ) <lOg )) S MQ
o o B

to collect m copies of each such ¢ with probability at least 1 — 8/2. O

Lemma E.21 (Lemma B.4 from [Blanc et al., 2022a], Fact 7.4 from [Blanc et al., 2023]). For any
distribution D and decision tree T' computing the pmf of another distribution Dr,

> Pr [z reaches t| - TV(D;, (Dr):) < 2TV(D, Dr),

teT
where (Dr); (resp. Dy) is the conditional of Dr (resp. D) on the subcube induced by the leaf't.
Note that in the statement of the lemma above, Pr,p [x reaches t] = D(t | T) and (Dr); is

the uniform distribution on the subcube represented by the leaf ¢. We are finally ready to prove
Theorem E.19.

Proof (Theorem E.19). We first note that the sample complexity of the call to the routine
rFiniteDistrEst is M; = poly(2%,1/a,1/p,log(1/s)) (cf. Proposition E.14). Throughout this
proof, we condition on the 1 — 8/2 probability of rFiniteDistrEst succeeding.

Let h be the output of rLift(T, A, S). We now argue separately about the accuracy and replicability
of the algorithm.

Accuracy. The accuracy of the learner h = rLift (7, A, S) is analyzed as follows. For any leaf ¢
of the tree T, let h; be the associated predictor. We have that

Pr(a(e) # f7(@)] =Y Prlwreachest] Pr [hi(z) # f*(x)].
teT
Each hypothesis h; is obtained either by running rBoost 4 (cf. Proposition E.16) on the sample S;

given that D(t | T') > @/4-2¢ or corresponds to a random guess otherwise.

On the other hand, from the choice of estimation error to the call for rFiniteDistrEst, each leaf
t on which we output the random guess hypothesis must satisfy Pr,..p[z reaches t] < «/3.2°. The
overall error contribution of such leaves is thus at most /3. It follows that total error is at most

IBI'DUL(Z‘) # [*(z)] < Z zfir [x reaches z~Pzr>t [he(z) # f*(2)] + % _

teT:D(t|T)>/a.2¢

Fix at € T on which we run rBoost 4. Recall that D; and (D7), denotes the conditional distribution
on the leaf subcube over the coordinates not fixed by 7 = 7(t) where 7 is the restriction corresponding
to t. Here the underlying distributions are the input distribution D and tree distribution Dp. Let
D,, (Dr); denote the distributions over {0,1}% obtained from D;, (D7) by re-randomizing the
coordinates from 7. Then (D7)} is precisely the uniform distribution &/ over {0, 1}¢ and D satisfies
TV(D},U)
= TV(D;, (Dr)t)

::% S D) — (Dr)i(2)]

z€{0,1}¢

= & 2D () — (D))

zet

= % Y _IDi(@) — (Dr)e(x)] Dj(x) = 27"WIDy(x), (Dr)j(z) = 271" ON(Dr)4(x)

= TV<Dt7 (DT)t)'
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Based on the re-sampling step of the algorithm, we know that any point in S} is an i.i.d. sample from
D; and labeled by the function f;, which lies in ¢’ thanks to closedness under restrictions.

By (%/6,1/6 4+ 1/3, ¢)-robust learnability, A in fact (¢/6 + ¢TV(D;,U), 1/2)-PAC learns € under
the distribution D;. We now apply Lemma E.20 with A = ¢TV(D;,U): the leaves on which we
run rBoost 4 have at least M poos; Samples where M poost = poly(d, 2¢,1/a, 1/p,1og(1/s)) is the
number of samples that rBoost requires to boost a p’-replicable (¢/¢ + ¢TV(D;},U), 1/2)-correct
learner (that uses poly(d,1/a,1/,’) samples and running time) to a £/3.2-replicable learner with
accuracy @/6 + ¢TV(D},U) + /6 = @/3 + ¢TV(D},U) and confidence 8/2.2°.

Then by Proposition E.16, with probability at least 1 — 8/2.2¢ over the data S}, the hypothesis h;
output by rBoost 4 satisfies

Pr [ule) £ @) < ofs + TV(DLU) = s+ c TV(D1, (Dr)y).

All in all, Combined with the expression of total error above, this means that with probability at least
1-5,

P%[h(x) # f*(x)] <23+ CZ PrD[a: reaches t]| TV(D;, (Dr)t) .

o ter ™™

We finish by applying Lemma E.21, which ensures that the sum over leaves above is upper bounded
by 2TV(D, Dr) < @/3¢ and so the total misclassification error is at most o with probability at least

Replicability. We assume we are given the same decision tree in both executions. Next, we note
that rFiniteDistrEst is »/3-replicable and succeeds in two executions with probability at least
1—2-8/2 > 1 — r/3. Conditional on the events above, it suffices to show that for any leaf of the tree,
the algorithm rBoost 4 replicably outputs a hypothesis. Since there are at most 2¢ leaves and each
call of rBoost 4 has replicability parameter »/3.2%, the entire procedure is p-replicable. O

Before moving on to the proof of Theorem 3.2, we state one final lemma.

Lemma E.22. For any concept class € and algorithm A, if A p-replicably («, B)-learns € using
m samples under the uniform distribution, then the exact same algorithm A also p-replicably
(v, B+ 1/3,3m)-robustly learns € using m samples under the uniform distribution.

Proof (Lemma E.22). The proof follows directly from the analysis of Proposition 7.2 in Blanc et al.
[2023] (cf. Proposition E.18). The replicability of the algorithm is trivially preserved since the
algorithm does not change. O

We restate the statement of Theorem 3.2 below for convenience before its formal proof.

Theorem 3.2 (Lifting Replicable Uniform Learners). Consider a concept class € of functions
f :{0,1}% — {0,1} closed under restrictions. Suppose we are given black-box access to an
algorithm such that for any o', p', 8" € (0, 1), given poly(d, /o', /o', log(1/s")) samples from U,
(i) is p'-replicable with respect to the uniform distribution U,

(ii) PAC learns € under the uniform distribution to accuracy o and confidence (', and,

(iii) terminates in time poly(d, /o, /o', log(1/8")).
Let a,p € (0,1) and B € (0,7/3). For m = poly(d,/a,1/p log(1/s)) and M =
poly(d, /a, 1/p, log(1/5))°Y), the following cases hold:

(a) If D is a monotone distribution over {0, 1}? representable by a depth-{ decision tree, there is an
algorithm that draws M samples from D, is p-replicable with respect to D, PAC learns € under
D with accuracy o and confidence 3, and terminates in poly (M) time.

(b) If D is an arbitrary distribution over {0, 1}? representable by a depth-{ decision tree, there is an
algorithm that draws M labeled examples as well as M conditional samples (cf. Definition D.5)
from D, is p-replicable with respect to D, PAC learns € with respect to D with accuracy « and
confidence B, and terminates in poly(M) time.

Proof (Theorem 3.2). Using Theorem E.19, we can prove Theorem 3.2 as follows. First, we use
Theorem E.7 to replicably learn the input distribution to total variation distance ¢/6.3m with a decision
tree. Next, Lemma E.22 asserts that A is p-replicable and («v, 5 + 1/3, 3m)-robustly learns 4" under
the uniform distribution. The result follows by applying Theorem E.19. O
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F Efficient Replicability and Private Learning

F.1 Replicably Learning Finite Classes

We first state a useful result which we later leverage as a subroutine appears in Bun et al. [2023].

Theorem F.1 (Replicable Learner for Finite Classes; Theorem 5.13 in [Bun et al., 2023]). Let
a, p, B € (0,1)3. Then, any finite concept class € is replicably learnable in the agnostic setting with

log? |¢| +log L .1
B 3
m(a,p,8) =0 | —————log” - | ,
( ( a?p? p
many samples. Moreover, the running time of the algorithm is polynomial in the number of samples
and the cardinality of € .

F.2 A Transformation from Pure DP to Replicability

Our approach borrows some high level ideas from Gonen et al. [2019] who showed a transformation
from a pure DP PAC learner to an online learner. In a nutshell, our algorithm works as follows:

1) First, we create a “dummy” input dataset S which has some constant size'> and we run the
~ 3 —
algorithm for © (logp#) times on S, resampling its internal randomness every time.

2) With probability 1 — 3, one of the hypotheses will have error at most 3/s [Beimel et al.,
2013, Gonen et al., 2019].

3) We run the replicable agnostic learner for finite classes from Bun et al. [2023].

4) We boost the weak replicable learner using Impagliazzo et al. [2022], Kalavasis et al. [2023].

We begin by presenting an adaptation of a result that appeared in Beimel et al. [2013], Gonen et al.
[2019]. Essentially, it states that when a class is learnable by a pure DP learner, one can fix an
arbitrary input .S that has constant size, execute the learner on this dataset a constant number of times
by resampling its infernal randomness, and then with some constant probability, e.g., 15/16, the output
will contain one hypothesis whose error is bounded away from !/2 by some constant, e.g., 1/4. This
result might seem counter-intuitive at first glance, but learnability by a pure DP learner is a very
strong property for a class and the result crucially depends on this property. Below, we present an
adaptation of this result which states that the weak learner can be p-replicable and has a probability
of success of 1 — 4. An important element of our derivation is a result from Bun et al. [2023] about
the sample and computational complexity of agnostically learning a concept class using a replicable
algorithm (cf. Theorem F.1).

We are now ready to state a key lemma for our transformation.

Lemma F.2 (From Pure DP Learner to Replicable Weak Learner). Let X be some input domain,
Y ={0,1}, and Dxvy be a distribution on X x ) that is realizable with respect to some concept
class €. Let A be a pure DP learner such that for any o, ¢, 3 € (0,1)3, A needs m(a, e, 3,%) i.i.d.
samples from Dxy to output with probability at least 1 — 3 a hypothesis with error at most « in an
e-DP way. Let us set mo = m(1/4,1/10,1/2, ).

Then, for any p, 3’ € (0,1)? there is a p-replicable learner A’ that outputs a hypothesis with error
at most 3/8 with probability at least 1 — 3" and requires 19) (poly(mo)logiE#) i.i.d. samples from
Dxy and O(exp(myg) log(1/s")) oracle calls to A (and hence runtime).

Proof (Lemma F.2). We argue about the correctness and replicability of the algorithm separately.

Correctness. Since Dxy is realizable, there exists some ¢* € € such that lossp,, (¢*) = 0. Let
range(A) = {¢: X — {0,1} : 35 € Upen(X x {0,1})",Ir € Upen{0,1}", s.t. A(S;7) =c}.
Let also mo = m(1/4,1/10,1/2, %) be the number of samples A needs to achieve a« = /4,6 =
1/10, 8 = 1/2 for the class €. Notice that my is a constant with respect to «, 3, p, €. Let also

% (Dxy) = {c € range(A) : lossp,, (¢) < 1/4}.
By definition, with probability at least 1/2 over the random draw of an i.i.d. sample of size m from

Dxy and the internal randomness of A, the output of the algorithm belongs to ¢’ (Dxy ). Thus, there
exists a sample Sy € (X x {0,1})™o such that

TE%[A(S();T) € ¢(Dxvy)] > 1/2.

13As in Gonen et al. [2019], the size is constant w.r.t. the accuracy, confidence parameters, but it might not be
constant w.r.t. some parameter the describes the complexity of the concept class.
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Although it is unclear how to identify such a S, notice that any sample S € (X x {0,1})™0 is an
mg-neighbor of Sy. Since A is pure DP, it holds that

P%[A(S; r) € €(Dxy)] > 1/2-e 1m0

In particular, this holds for the dummy dataset S we fix before observing any data. Then if we sample

N =2 ¢0%1mo . 1og(3/8") = O(exp(my) - log(1/s’)) i.i.d. random strings 71, ..., 7y from R i.i.d.
the probability that none of the hypotheses {A(S; ;) }ic[n is in € (Dxy ) is at most

/8/

(1~ 1/2exp(—0.1mp))? POt o0/ < o

We denote the event that one of the outputs is in ¥ (Dxy) by £ and we condition on it for the

rest of the correctness proof. The next step is to replicably learn the finite concept class € =
{A(S;r1),..., A(S;rNn)} we have constructed using Theorem F.1 with accuracy 1/s, confidence

og? og A+ ~ ((m2lo !
8'/3, and replicability p. Thus, we can see that O (lgN;gB” log® [1)) =0 <°1i§”ﬁ))

samples suffice for this task. Let £’ be the event that this estimation is correct, which happens with
probability at least 8’/3. Conditioned on that event, outputting the hypothesis generated by the learner
gives a solution with error at most 1/4+1/8 = 3/8. Notice that the good events happen with probability
atleast 1 — 28'/3 > 1 — (3, so the correctness condition is satisfied.

Replicability. Notice that the first step of the algorithm where we fix a dummy dataset S of size
myo and run the algorithm on i.i.d. strings of its internal randomness is trivially replicable, since
the dataset and the randomness are the same across the two executions. Then, by the guarantees of
Theorem F.1, we know that the output of the algorithm will be the same across two executions with
probability at least 1 — p. Thus, overall we see that with probability at least 1 — p, the output of our
algorithm is the same across the two executions. O

We emphasize that the number of oracle calls to the DP algorithm is constant with respect to the
confidence and the correctness parameter, but could, potentially, be exponential with respect to some
parameter that depends on the representation of the underlying concept class X'

Equipped with the weak learner from Lemma F.2 we can boost its error parameter using the boosting
algorithm that appears in Impagliazzo et al. [2022]. For completeness, we state the result below.

Theorem F.3 (Replicable Boosting Algorithm [Impagliazzo et al., 2022]). Let Dxy be the joint
distribution over labeled examples as in Lemma F2. Fix o, p, 8’ > 0. Let A be a p-replicable (v, 3)-
weak learner with sample complexity m(~, p, ), i.e., its error is at most /2 — ~y, with probability
at least 1 — B. Then, there exists an efficient p-replicable boosting algorithm A’ such that with
probability at least 1 — 3 it outputs a hypothesis h with lossp,. (h) < «. The algorithm runs

for T = O(log(Y/8)/(ap?)) rounds and requires T oracle calls to the weak learner. Moreover, it

requires
A m(77 P/6T7 5) 1 1
X (( a7 T pai )%

many samples, where m(v, r/eT, 3) is the sample complexity needed for the weak learner to be
r/eT-replicable and (1/2 — v, B)-accurate.

Combining the discussion above, we see that for any «, p, 3 € (0,1)? we can transform a pure DP
learner to a p-replicable («, 3)-correct (strong) learner where the transformation is efficient with
respect to the accuracy «, confidence /3, and replicability p. This proves Theorem 5.2, which we
restate below for convenience.

Theorem 5.2 (From Pure DP Learner to Replicable Learner). Let X be some input domain,
Y = {0,1}, and Dxy be a distribution on X x ) that is realizable with respect to some con-
cept class €. Let A be a pure DP learner that, for any a, e, € (0,1), needs m(a,e,8,¢) =
poly(Y/a, 1/=,1log(1/8),dim(%)) i.i.d. samples from Dxy and poly(m) running time to output
a hypothesis that has error at most o, with probability 1 — [ in an e-DP way. Then, for any
o p, B € (0,1) there is a p-replicable learner A’ that outputs a hypothesis with error at most o'
with probability at least 1 — 8’ and requires poly(1/«’,1/p,log(1/s"),dim(%)) i.i.d. samples from
Dxy and poly(/a’,1/p,log(1/p")) - exp(dim(€)) running time.
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We reiterate that even though our transformation is efficient with respect to the input parameters
«, 3, p, it might not be efficient with respect to some parameter that depends on the representation
of the concept class. This is because the size of the “dummy” dataset mg could depend on the size
of that representation and our transformation requires poly (mg) samples but exp(mg) running time.
This is also the case for transformation from a DP learner to an online learner [Gonen et al., 2019].
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Justification: The main body and appendix of the submission provide proofs for all the
claims.
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¢ 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
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violations of these assumptions (e.g., independence assumptions, noiseless settings,
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https://doi.org/10.52202/079017-3359 105922



* 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.
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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: [NA|
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» 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
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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
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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-
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(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

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

(c) 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).

(d) 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
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: [NA|
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* 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.
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(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* 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).

11. Safeguards
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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: [NA|

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.

12. 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: [NA]
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.

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

13. New Assets
Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?
Answer: [NA]
Justification: [NA|
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.

14. 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)?

https://doi.org/10.52202/079017-3359 105926


paperswithcode.com/datasets

Answer: [NA]
Justification: [NA|
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.

15. 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: [NA|
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.
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