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Abstract

In this work we study the problem of actively learning binary classifiers from
a given concept class, i.e., learning by utilizing unlabeled data and submitting
targeted queries about their labels to a domain expert. We evaluate the quality
of our solutions by considering the learning curves they induce, i.e., the rate of
decrease of the misclassification probability as the number of label queries increases.
The majority of the literature on active learning has focused on obtaining uniform
guarantees on the error rate which are only able to explain the upper envelope of the
learning curves over families of different data-generating distributions. We diverge
from this line of work and we focus on the distribution-dependent framework
of universal learning whose goal is to obtain guarantees that hold for any fixed
distribution, but do not apply uniformly over all the distributions. We provide
a complete characterization of the optimal learning rates that are achievable by
algorithms that have to specify the number of unlabeled examples they use ahead
of their execution. Moreover, we identify combinatorial complexity measures that
give rise to each case of our tetrachotomic characterization. This resolves an open
question that was posed by Balcan et al.|(2010). As a byproduct of our main result,
we develop an active learning algorithm for partial concept classes that achieves
exponential learning rates in the uniform setting.

1 Introduction

The most prototypical type of learning is that of supervised learning, where an algorithm is given as
input n labeled data points sampled i.i.d. from some unknown distribution and the goal is to output a
function that has low probability of misclassifying new data from the same distribution. One caveat
with this passive model of learning is that it fails to capture the settings in which unlabeled data is
easily accessible, but obtaining their labels is costly. A natural example that fits this description is
that of webpage classification. It is easy for any web crawler to collect information about billions of
different webpages in a very short amount of time, however understanding which category a webpage
belongs to usually requires human feedback. Perhaps the most commonly used way to model this
problem is through the active learning framework in which the learner is given access to a large
stream of unlabeled data and a budget of n queries that it can submit to a domain expert in order
to obtain the label of some datapoint. The learner’s goal is to submit queries for the labels of the
most informative examples, and, as a result, eliminate some redundancy in the information content of
labeled data.

In this paper we study the optimal learning rates that are achievable by an active learning algorithm. In
the passive learning setting, it is common to measure the quality of an algorithm by its learning curve,
i.e., plotting the decay of its error rate as the number of training examples increases. In contrast, in the
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active learning setting, the resource we are interested in is the number of label queries the algorithm
requests, so it is natural to consider the rate of decay of the misclassification probability as the
number of queries n increases. Most of the prior works on active learning have focused on obtaining
uniform guarantees on the error rate, i.e., guarantees that hold uniformly over the data-generating
distributions. In this work we follow a different path and we view the problem through the lens of
universal rates that was recently introduced by [Bousquet et al.| (2021). In this framework we are
aiming for guarantees that hold for all distributions, but they do not hold uniformly over them. In
other words, we allow for distribution-dependent constants in the error rate. To make the distinction
between uniform and universal rates clear, we first recall what uniform learnability of a hypothesis

class H means. We say that H is uniformly learnable at rate R(n) if there exists a learning rule h,,
such that

(3C, ¢ > 0) (VP € RE(H)) it holds that Elerp(h,,)] < C- R(c-n),Vn € N.

The above expression states that there exists a learning rule h., and distribution-independent constants
such that for all realizable distributions the expected error rate of the classifier is at most C' - R(c - n).
The difference in the definition of universal learnability is that we swap the order of the quantifiers.
To be more precise, we say that a class H is universally learnable at rate R(n) if there exists a learning

rule fzn such that
(VP € RE(H)) (3C, ¢ > 0) such that Elerp(h,)] < C - R(c-n),¥n € N.

Note that in the above definition the constants ¢, C' are distribution-dependent. As is evident from
our main result and from prior results in universal learning (Bousquet et al., [2021; Hanneke et al.,
2022} Kalavasis et al., [2022; [Bousquet et al., 2022} Hanneke et al.,|2023)) this change in the definition
affects the landscape of the optimal learning rates significantly.

1.1 Related Work

Active Learning. There has been a very long line of work deriving theoretical guarantees for active
learning, both in the realizable and the agnostic setting (Cohn et al.,|1994; Dasguptal |2005} Balcan
et al., 2006; [Hannekel |2007blaj; [Dasgupta et al., 2007; Hanneke, 2009; Balcan et al., 2009, [2010;
Hanneke}, 2012} 2014; Wiener et al., 2015 [Hanneke and Yang| 2015; Beygelzimer et al., 2016). As
we alluded to before, most of these works focus on obtaining minmax guarantees, i.e., the bounds
they provide hold in the worst case over a family of distributions. To be more precise, while many of
these results have distribution-dependent guarantees, they are typically expressed in a way that aims
to match a lower bound on the minmax performance over a family o distributions, with respect to
some parameter, like the disagreement coefficient. For these reasons the results in these works do not
capture the full spectrum of universal rates. We also remark that there are a few works that do study
universal rates, e.g. [Balcan et al.|(2010); [Hanneke| (2012); Yang and Hanneke| (2013)), but none of
them have derived a complete characterization of the optimal rates.

Universal Rates. The study of universal learning rates was put forth in the seminal work of Bousquet
et al.| (2021) who derived a complete characterization of the optimal rates in the supervised learning
setting. Later, Kalavasis et al.|(2022)) extended these result to the multiclass setting, with a bounded
number of classes, and Hanneke et al.|(2023)) improved upon this result by characterizing multiclass
classification with an infinite number of labels. Subsequently, the work of |Bousquet et al.| (2022)
derived more fine-grained results for binary classification compared to |Bousquet et al.| (2021]).
The work that is most closely related to ours is [Hanneke et al.| (2022) which derives a complete
characterization of the optimal learning rates in a very general interactive learning setting. In that
setting, the learner is allowed to submit arbitrary binary valued queries about the unlabeled data. We
provide a detailed comparison between our results and theirs in Section[I.5] Very recently, Attias
et al.|(2024) studied universal rates in the context of regression.

Partial Concept Classes. The vast majority of the literature in learning theory has focused on total
concept classes, i.e., classes that consist of functions that are defined everywhere on the instance
domain. Recently, Alon et al.|(2021)) proposed a learning theory of partial concept classes, i.e., classes
that consist of functions that can be undefined on some parts of the instance domain. Later, |Kalavasis
et al.| (2022) extended some of the results to the multiclass setting, with a finite number of labels.
Recently, Cheung et al.|(2023)) studied partial concept classes in the context of online learning and
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they showed that there are such classes that are online learnable but none of their “extensions” to
total concept classes is online learnable. The advantage of partial concepts is that they provide a
convenient way to express data-dependent constraints. En route of obtaining our main result, we
design active learning algorithms for partial concept classes. For a more detailed discussion about
partial concepts we refer the reader to Appendix [A.2]

1.2 Formal Setting

Learning Model. We now present formally the learning setting that we consider in this work.
There is a domain X', which we assume to be a Polish space, and a concept class H C {0, 1}X s
which satisfies standard measurability assumptions (see Definition [A.T). We define a classifier
h: X — {0, 1} to be a universally measurable function and its error rate is defined as erp(h) :=
P(x,y) : h(x) # y], where P is the data-generating distribution over X x {0, 1}. When P is clear
from the context we might drop the subscript P in erp (k). We call P realizable with respect to the
hypothesis class H if inf ¢y erp(h) = 0. We denote by Py be the marginal distribution of P on X.

Active Learning Model. We define an active learning algorithm to be a sequence of universally
measurable functions which, given access to a stream of unlabeled data points from X that are drawn

i.i.d. from Py and a label query budget n, output a classifier h,, : X x {0,1}. In this work we
consider a non-adaptive active learning model, with respect to the unlabeled data. In particular, the
learning algorithm needs to specify a function u : N — N so that u(n) is the number of unlabeled
points it observes and 7 is the number of points for which it can request the label. The number u(n)
is specified before the execution of the algorithm and cannot be modified based on the realization of
the unlabeled sequence or the answers that it gets for the labels of the points it queries. We place no
bound whatsoever on the function u(+). Also, the algorithm can only request the labels of points it
has observed and not arbitrary points from X. We emphasize that the label requests that the algorithm
makes can be adaptive, and can depend on answers to previous label queries. To the best of our
knowledge, the active learning algorithms that have been proposed in the literature either fit into this
model or they can be modified to satisfy the non-adaptivity restriction with negligible performance
loss.

Learning Rates. We now define formally what it means for an algorithm to achieve a learning rate
R(n) in the universal learning model. We adopt the definition of Bousquet et al.[(2021).
Definition 1.1 (Learning Rates (Bousquet et al., [2021))). Fix a concept class H, and let R : N —

n—,oo

[0,1], R(n) — 0 be a rate function, where n is the label query budget of the learner.

* H is learnable at rate R if there is a learning algorithm hy, such that for every realizable

distribution P, there exist ¢, C for which Eler(h,,)] < CR(cn),Vn € N.

» H is not learnable at rate faster than R if for all learning algorithms h., there exists a

realizable distribution P and ¢, C for which Eler(hy)] > CR(cn), for infinitely many
ncN.

» M is learnable with optimal rate R if it is learnable at rate R and it is not learnable at rate
faster than R.

* H admits arbitrarily fast rates if for all rate functions R, it is learnable at rate R.

* H requires arbitrarily slow rates if for all rate functions R, it is not learnable at rate faster

than R.

Combinatorial Measures. We now define some combinatorial complexity measures that our
characterization relies on. To make the presentation easier to follow, we provide informal definitions.
For the formal ones, we refer the reader to Appendix We first describe the Littlestone tree that
was introduced by Bousquet et al.|(2021).

Definition 1.2 (Littlestone Tree, Informal (see Definition [A.8)) (Bousquet et al., 2021)). A Littlestone
tree for H C {0, 1} is a complete binary tree of depth d < 0o whose nodes are labeled by elements
of X and the edges to the left, right child are labeled by 0, 1. We require that for every level 0 < n < d
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and every path from the root to a node at level n there is some h € H that realizes this path. We say
that H has an infinite Littlestone tree if it has a Littlestone tree of depth d = co.

We underline that this notion can be thought of as an infinite extension of the Littlestone dimen-
sion (Littlestone, |1988)) of H. Recall that the Littlestone dimension is defined to be the largest d € N
for which H has a Littlestone tree of such depth and it is oo if one can construct Littlestone trees of
arbitrary depth. Crucially, this is not the same as having a single tree whose depth is infinite, so one
can see that infinite Littlestone dimension is not the same as having an infinite Littlestone tree.

We next give the definition of the Vapnik-Chervonenkis-Littlestone tree (VCL) that was introduced
by |Bousquet et al.[(2021).

Definition 1.3 (VCL Tree, Informal (see Definition [A.10) (Bousquet et al.l 2021)). A VCL tree for
H C {0,1}* is a complete tree of depth d < oo such that every level 0 < n < d has nodes that are
labeled by X"t with branching factor 2" and whose 2" edges connecting a node to its children
are labeled by the elements of {0, 1}" 1. We require that for every node at any level 0 < n < d, the
path from the root to this node is realized by some h € H. We say that H has an infinite VCL tree if it
has a VCL tree of depth d = oo.

Intuitively, the VCL tree combines the notions of the Littlestone tree and the VC dimension (Vapnik
and Chervonenkis, [1971; |Blumer et al., [1989). The differences between the Littlestone tree and the
VCL tree are that in the latter the size of the nodes increases linearly with the level and the branching
factor increases exponentially, whereas in the former all the nodes are singletons and the branching
factor is always two.

We are now ready to introduce a new combinatorial measure which we call the star tree.

Definition 1.4 (Star Tree, Informal (see Definition |A.9). A star tree for H C {0,1}* is a complete

tree of depth d < oo such that every level 0 < n < d has nodes that are labeled by (X x {0,1})"""
with branching factor n + 1 and whose n + 1 edges connecting a node to its children are labeled
by {0,...,n}. The label of the edge indicates the element of the node whose label along the path
is flipped. We require that for every node at level 0 < n < d, the path from the root to this node is
realized by H. We say that H has an infinite star star tree if it has a star tree of depth d = .

Essentially, this definition combines the structure of a Littlestone tree with the notion of the star
number (Hanneke and Yang| |2015). Every node at level n consists of n + 1 labeled points and there
are n + 1 edges attached to it. Each edge indicates which of the n + 1 points of the labeled node has
its label flipped along every path that this edge is part of.

1.3 Main Results

We are now ready to state the main results of this work. Our first main result is a complete characteri-
zation of the optimal learning rates that a class H admits in the active learning setting.

Theorem 1.5. For every concept class H exactly one of the following cases holds.

» H is actively learnable at arbitrarily fast rates.
» H is actively learnable at an optimal rate e™ ™.

» His actively learnable at o(1/n) rates, but requires rates arbitrarily close to 1/n.
o H requires arbitrarily slow rates for active learning.

Our next result characterizes exactly when these rates occur by specifying combinatorial complexity
measures of H that determine which case of the tetrachotomy it falls into.

Theorem 1.6. For every concept class H the following hold.
o If H does not have an infinite Littlestone tree, then it is learnable at arbitrarily fast rates.

o If H has an infinite Littlestone tree but does not have an infinite star tree, then it is learnable

at optimal rate e~ ™.

o If H has an infinite star tree but does not have an infinite VCL tree, then it is learnable at
optimal rate o(1/n), but requires rates arbitrarily close to 1/n.
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o If H has an infinite VCL tree, then it requires arbitrarily slow rates.

We remark that the landscape of the optimal rates looks significantly different compared to the passive
setting (Bousquet et al.,2021)) and the general interactive learning setting (Hanneke et al.| [2022)). Our
main result answers an open question that was posed in Balcan et al.[(2010), which asks for necessary
and sufficient conditions for learnability at an exponential rate in the active learning setting.

1.4 Examples

We now present examples of classes that witness each case of our tetrachotomic characterization.

Arbitrarily-fast rates: [Bousquet et al| (2021) give examples with no infinite Littlestone tree (e.g.,
thresholds on the integers, and positive halfspaces on N%), hence learnable at arbitrarily fast rates.

Exponential rates: Famously, threshold classifiers [a, 00) over R have an infinite Littlestone tree and
are actively learnable at exponential rate (even uniformly). A more interesting example is the class
of interval classifiers [a, b] on R, which (also famously) has uniform rate 1/n for active learning (it
has infinite star number), and has an infinite Littlestone tree, but it has no infinite star tree: for any
choice of z in the root node, the edge labeling x as 1 has a version space with star number equal 4 (it
is effectively 2 disjoint threshold problems), so the depth of that subtree is bounded. Therefore, by
our theory, it is actively learnable at e~" universal rate (in stark contrast to the uniform rate 1/n).

Sublinear rates: Halfspaces on R? have an infinite star tree but no infinite VCL tree. To construct that
star tree, the key observation is that any set in convex position is a star set (Balcan et al.,[2010)).

Arbitrarily slow rates: Bousquet et al.|(2021)) provide examples of classes with an infinite VCL tree,
such as the class of all claffisifiers, so these require arbitrarily slow rates in our setting as well.

1.5 Comparison to Supervised Learning and General Interactive Learning Setting

We now compare our characterization to the results of Bousquet et al.| (2021) that prove an analogous
result in the supervised learning setting. Let us first recall their main result which shows that in this
learning model a class is universally learnable at:

* Exponential rate e~ " if and only if it does not have an infinite Littlestone tree.

* Linear rate 1/n if and only if it has an infinite Littlestone tree but does not have an infinite
VCL tree.

* Arbitrarily slow rates if and only if it has an infinite VCL tree.

As one can see, our results illustrate the advantage that active learning algorithms have over their
supervised counterparts. We underline that the only case where active learning does not offer an
improvement compared to the passive setting is when H has an infinite VCL tree.

Let us now discuss the interactive learning model that was considered by Hanneke et al.|(2022). In
this general model of interaction, the learner is allowed to ask arbitrary binary queries about any
subset of the unlabeled data. In particular, these queries include, but are not limited to, label queries,
comparison queries, and general membership queries. They show that the optimal rates that any class
H admits are the following:

* Arbitrarily fast if and only if it does not have an infinite Littlestone tree.
» Exponential if and only if it has an infinite Littlestone tree but not an infinite VCL tree.
* Arbitrarily slow if and only if it has an infinite VCL tree.

We underline that the algorithm by |[Hanneke et al.| (2022)) that achieves arbitrarily fast rates uses only
label queries and the number of unlabeled data u(n) that it uses can be chosen statically prior to
the execution of the algorithm. Therefore, this result applies to the setting we consider in our work.
Moreover, the lower bounds they provide also apply to our setting since (i) the queries that|Hanneke
et al.| (2022)) consider are more general, and (ii) their lower bounds hold even when the learner knows
the marginal distribution P . As is evident from our main result, the active learning setting provides
a richer landscape of optimal rates compared to the general interactive learning setting of [Hanneke
et al.[(2022). In particular, just the absence of an infinite VCL tree for H does not necessarily imply
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that we can achieve (at least) exponential rates. To get this result,[Hanneke et al.|(2022) make strong
use of these general queries in order to provide an algorithm that has a binary-search flavor and can
learn partial concept classes with finite VC dimension at an exponential rate. Our main result shows
that such guarantees are not achievable by using only label queries.

1.6 Technical Challenges

The most technically innovative part of our work is the o(1/n) algorithm. Let us set up some
terminology to facilitate our discussion. The version space of a concept class, given a labeled dataset
S, is the set of concepts that classify all the elements of S correctly. Moreover, the VCL game
is a Gale-Stewart game defined by |[Bousquet et al.| (2021) that was used in their passive learning
algorithm that achieves 1/n universal rate. The original (passive) learner from Bousquet et al.|(2021)
partitions a portion of the data into some number B(n) of batches, from which they construct partial
concept classes of finite VC dimension by using the batches to play the VCL game against the
player’s winning strategy, and for each resulting partial concept class they run a separate learner
on another portion of data and return a majority vote of their resulting classifiers. The latter part
of this strategy could never work in the active learning setting, since the number of batches B(n)
must be an increasing function of n, and applying an active learner for each partial concept class
separately would require each to use (nearly) €2(n) queries (to get the o(1/n) guarantee there), so
the total number of queries would be (nearly) 2(B(n)n) > n, violating the label budget n. To
resolve this, we ended up completely re-imagining how to use these partial concept classes. Rather
than running a separate algorithm for each class, we run a single active learning algorithm, where
individual decisions of whether to query involve voting over the partial concept classes. We first
extend an algorithm of [Hanneke| (2012)) (for total concepts) to achieve o(1/n) rate for partial concept
VC classes (this required completely re-formulating Hanneke’s analysis). The resulting algorithm
involves estimating the probability that a random k-tuple is VC shattered by certain constrained
version spaces. We replace this with an estimated average (over a select subset of partial concept
classes) of this shattering probability, which we show composes appropriately with the analysis of the
algorithm to obtain the o(1/n) rate. Comparing our work to the general interactive learning setting
considered by [Hanneke et al.| (2022), the main differences are (i) we design a new algorithm that
uses only label queries and achieves exponential rates when H does not have an infinite star tree, a
combinatorial measure we introduce in our work, (ii) we prove a o(1/n) lower bound in the setting
where H has an infinite star tree, and (iii) we propose a novel active learning algorithm that achieves
sublinear rates when H does not have an infinite VCL tree.

2 Arbitrarily Fast Rates

As we explained before, the first case of the tetrachotomy in our characterization is a direct implication
of the results by [Hanneke et al.| (2022)). To be more precise, they design an algorithm which achieves
arbitrarily fast rates using only label queries. In order to do that, they need the number of unlabeled
points u(n) to be an arbitrarily fast increasing function, that, nevertheless, can be specified in a
non-adaptive manner prior to the execution of the algorithm. The result is summarized in Theorem[2.1]

Theorem 2.1 (Hanneke et al.| (2022)). If H does not have an infinite Littlestone tree it is actively
learnable with arbitrarily fast rates.

For completeness, we present their algorithm in Figure[I] Similary with the upper bound, the lower
bound is an immediate consequence of a result from |Hanneke et al.| (2022), since the learner can
submit more informative queries in their model.

Theorem 2.2 (Hanneke et al.| (2022)). IfH has an infinite Littlestone tree, then H is not actively
learnable at rate faster than exponential e~"™. This holds even if P x is known to the learner.

3 Exponentially Fast Rates

In this section, we prove the second case in the tetrachotomy we have stated, i.e., that H is learnable
at an exponential rate if and only if it has an infinite Littlestone tree and it does not have an infinite
star tree. Our proof consists of two parts. First, we show that if H does not have an infinite star tree it
is learnable at an exponentially fast rate. Then, we show that whenever H has an infinite star tree, the
best achievable rate cannot exceed o(1/n). The omitted details can be found in Appendix
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3.1 Exponential Rates Algorithm: High-Level Overview

The high-level approach to get the exponential rates algorithm follows the same spirit of the ap-
proaches from Bousquet et al.| (2021)); Hanneke et al.| (2022). First, we design an appropriate
Gale-Stewart game (cf. Appendix [A.2), i.e., a game between a learner and an adversary, that is
associated with H in which the learner has a winning strategy if and only if H does not have an
infinite star tree. The next step is to show that, in the limit, the winning strategy of the learner gives
rise to a partial concept class F that has finite star number (see Definition[A.7). Since this result
is asymptotic, our approach is to consider several instances of this game, execute them for a finite
number of steps, and obtain a partial concept class from each one. Then, we aggregate these classes
into a majority class. The intuition is that, with high probability, most of the games will have induced
classes whose star number is bounded by a distribution-dependent constant, so then we can show
that the majority class will also have bounded star number, and this bound is distribution-dependent.
Thus, our task boils down to actively learning a partial concept class whose star number is finite. In
order to do that, we extend the approach that Hanneke and Yang (2015) used for total concept classes
to the regime of partial classes. We believe that this result could be of independent interest.

3.2 The Star Tree Game

We first outline the Gale-Stewart game we use. Recall that every node of a star tree at depth n consists
of n + 1 points along with their labels. There are n + 1 edges that connect the node with its children
and the label of every edge indicates the point whose label is flipped along any path that uses this
edge. Let us now describe the game & that we use in this setting. In every round 7 > 1 we have the
following interaction between the learner Py and the adversary Py:

« Player P, chooses points (&,,C.) = (€9,...,&771,¢0,...,¢7 1) € X7 x {0,1}".
* Player P, chooses 0 € {0,...,7 —1}.
* Player P, wins the game in round 7 if

._ o h(E) =, ifn, #1 . _
.—{hEH. hE) =1 ¢, ifnszi’lgng’O§Z<S = 0.
(D

It is easy to see that the winning condition for Py, is finitely decidable (cf. Appendix[A.2)), hence &
is a Gale-Stewart game. Recall that this means exactly one player between the adversary and the
learner has a winning strategy. Using a result regarding the measurability of winning strategies in
Gale-Stewart games that was shown by [Bousquet et al| (2021)) (see Theorem[A.3) we can prove the
following connection between & and the existence of infinite star trees ( see Appendix [C.I|for the
proof).

Lemma 3.1. The class H does not have an infinite star tree if and only if Py has a universally
measurable winning strategy in ®.

He & o

The first step in our approach, is to make use of some O(n) label queries in order to obtain the labels
of ©(n) many points. The idea these labeled points in order to simulate the Gale-Stewart game we
described above (see Appendix [C.3|for the details). The main technical issue we need to handle is that
we have no control over the number of rounds the game needs in order to terminate. Using ideas that
have appeared in the universal learning literature, we use a portion of these labeled points to estimate
some number %, so that, with at least some constant probability over the dataset, the game will
terminate within ,, many rounds. Then, we split the remaining of the labeled dataset into batches of
size t,, and we run the game on each batch. The outcome of each game gives us a pattern-avoidance
function, i.e., a function that takes an input tuples of arbitrarily labeled points and changes the
label of one of them so that the resulting labeled tuple is not consistent with the data-generating
distribution P. In other words, the output of this function could not have been generated by the P. A
technical complication we need to handle is that we obtain multiple such pattern avoidance functions,
some of which are incorrect, but to make the presentation cleaner we explain the idea using a single
pattern avoidance function g~ that produces inconsistent labels. The formal setting is handled in
Appendix One way to think about this function is that it provides data-dependent constraints.
Thus, it is natural to express such a constraint through a partial concept class. We define

F= {f X = {0,1,x} : (21, f(21)), (T2, f(x2)), ..., (@« f(apr)) ¢ image(ge+), Ve, ..., 24+ € Xt*} .
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Notice that the constraint we have placed on F is satisfied if f(x;) = , for some i € [t*]. We
consider the natural extension of the notion of star sets to the case of partial concept classes, i.e., we
say that a labeled set S with labels in {0, 1} is a star set if S and its adjacent sets S’, whose labels
are still restricted to be in {0, 1}, are obtainable using functions from F (see Definition . A key
observation is that the star number of F is bounded by t* — 1. Another difficulty we need to overcome
is that we do not know ¢*, since it is a random variable that depends on the realized sequence and its
distribution might have heavy tails. To make our approach easier to follow, let us first assume that we
do know t* Then, our task boils down to actively learning a partial concept class.

3.3 Active Learning of Partial Concept Classes with Finite Star Number

We now present an algorithm that achieves exponential rates when actively learning a partial concept
class F that star number s < oco. The idea of our approach is to reduce the problem of actively
learning a partial concept to the well-studied problem of actively learning a total concept class. The
algorithm is presented in Figure|[2| Let us explain the high-level ideas of the algorithm. First, we
consider a large enough set of unlabeled data. Our goal is to find their labels using logarithmically
many queries. To do that, we consider the uniform distribution over these unlabeled examples. Then,
we use an algorithm from Hanneke and Yang|(2015) (see Theorem@ which guarantees exponential
rates when applied to a class with finite star number. Because the underlying distribution on the
sample is uniform, with high probability, the algorithm will find the correct labels of all the points.
Finally, we feed these labeled examples to the one-inclusion graph algorithm (Theorem [A.5) to get
the desired result. We are now ready to state our theorem. The proof is postponed to Appendix [C.2}

Theorem 3.2. There exists an active learning algorithm A for a partial concept class F which given
a label budget n and access to unlabeled samples from a realizable distribution P* returns a classifier
h,, such that Ep- [er(ﬁn)] < c1de™2"/S ywhere 1, ¢y are absolute numerical constants, and s, d is
the star number, VC dimension of F.

3.4 Slower than Exponential is Sublinear

The next step in the characterization is to show that if H has an infinite star tree, then it does not
admit rates faster than sublinear. The proof starts by picking a random path on the infinite star tree.
The target distribution is supported only on nodes of the selected path. Then, given some algorithm

hy, we distribute the mass of the target probability distribution across the path, potentially skipping
some nodes of it, in a way that creates an infinite sequence n;, , 7;,, . . ., S0 that when the learner has
label budget n;,, with some constant probability, it will only observe unlabeled points up to level k;; .
Moreover, with at least some constant probability, it will not query the point of that level whose label
is flipped along the target path. On that event, it makes a mistake with probability at least C - p;; /k;
where C' is some absolute constant. Our choice of i, k;i; guarantees that R(nj) > i, / k;;, where
R(-) is the target sublinear rate function. Finally, we apply Fatou’s lemma to get the desired result.
For the full proof and the formal theorem statement, we refer the reader to Appendix [C.3|

4 Sublinear Rates

Our approach to achieve sublinear rates in the setting where H does not have an infinite VCL tree
shares some high-level ideas with the one in Section [3] but many technical challenges make it
significantly more involved. The main obstacle is that there is no active learning algorithm that
achieves sublinear rates for VC classes uniformly over all realizable distributions. Recall that in
the exponential rates setting, such an algorithm does exist (Hanneke and Yang| 2015). Instead, the
sublinear rates algorithm for VC classes from Hanneke, (2012)) depends on distribution-dependent
constants in the sample complexity. The omitted details from this section can be found in Appendix [D]

Instead of the star tree Gale-Stewart game that was used to get the exponential rates guarantee, we
use the VCL Gale-Stewart game [Bousquet et al| (2021)) (cf. Figure[6). To be more precise, we use
[n/5] of the label budget to get the labels of |n/5 | unlabeled points that come i.i.d. from P . Then,
we execute the VCL game on O(y/n) different batches of size ©(y/n). Each of these games induces
a partial concept class. We show how to obtain a P-dependent bound on the VC dimension that

"In Appendix we show how to obtain an etimate.
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holds for most of these classes. Moreover, we show that for most of these classes the data-generating
distribution P is realizable. Finally, we design a single active learning algorithm that combines
information from all these classes and achieves sublinear learning rates. This algorithm builds upon
Hanneke| (2012)) but is modified to work with partial concept classes instead of total concept classes.
This requires a very different analysis and is the most technically involved part of our work.

Let us now explain the main ideas of this algorithm and the challenges behind it. As we mentioned
before, the number of queries that the algorithm from |Hanneke|(2012) needs to achieve the sublinear
error rate depends on the underlying data-generating distribution. Thus, we cannot just get a large
enough number of unlabeled samples, consider the uniform distribution over them and use the
algorithm on this distribution. This is because the learning rate for H would depend on the uniform
distribution Ug over the sample .S and not on the data-generating distribution P. To illustrate the ideas
of the algorithm, we consider five different streams of i.i.d. (unlabeled) data Sy, So, S3,S4, S5. For
the purposes of the subsequent discussion, we can imagine that these streams have infinite size, but as
explained in description of the algorithm, we only need poly(n) unlabeled points. Let us first explain
the use of S5. We use n/5 of our query budget to obtain the labels of the first n/5 points and then we
use them to train a supervised learning algorithm from Bousquet et al.|(2021) that achieves linear rate
O(1/n). This is used for technical reasons in our analysis and in order to ensure that the classifier we
output has, at most, linear error rate no matter how the active learning component of our algorithm
behaves. Next, we use n/5 of the query budget to obtain the labels of the first n/5 points from S .
Then, we run the VCL game on these labeled datasets of size y/n/5 and obtain /n different pattern
avoidance functions ﬂ"ﬁ /5 that take as input Ei/ﬁ /5 points (cf. Appendix , where i € [/n]. Let

Firps = {112 5 {015 (F@)oos o ) # Topsan,oosme ) }ie Vil

Zypi
s
First, we show that for a (1 — o(1))-fraction of these partial concept classes P is a realizable
distribution. Intuitively, this means that the partial concept class we obtain by running the VCL game
on /n many points is the same as the class we would have obtained if we were to run the game on
infinitely many points (cf. Lemma . Next, we need to estimate some number d,, € N which, as
n — oo, converges to the 9/10-quantile d* of the distribution of the VC dimension of the partial
concept classes that are obtained by running the VCL game on infinitely many samples. We let

~

d, = ggg{ail,ig,...,ig/w,ﬁ elVnl i <iz<...< ig/w_ﬁ,d(fy%) <d,Vje [9/10\/51} ,

where d(F) denotes the VC dimension of class F. Lemma shows that, for large enough n,
Hn = d*, with high probability, where d* € N is such that with probability at least 9/10 over
the random drawﬂ of the partial class, its VC dimension is at most d*. One technical complication
we need to handle is that the concept classes we have obtained are estimated from a game on
\/n many points instead of infinitely many points, so a o(1)-fraction of them do not correspond
to samples from the correct distribution. To do that we use a robust version of the well-known
Dvoretzky—Kiefer—Wolfowitz (DKW) inequality (cf. Theorem D.T) for estimating the CDF.

Next, we use another n/5 of the query budget to obtain the labels of the first n/5 points of Sy. We
will make two distinctions regarding this stream. For the purposes of the analysis, we consider a fixed
stream of infinitely many i.i.d. samples from P and we denote it by S5°, but in the actual algorithm
we use a dataset of size ©(n) and we denote it by S7. We define

g {f € ]-"\"/5/5 : f(x) = y for the first n/5 points in 5200} :

to be the version space of ]:\i/ﬁ /5 defined on the first n/5 examples of S5°. Moreover, we let V- ,, /5

be a random version space that is sampled from the following process: we run the VCL game on an
infinite stream of labeled data from P to get a pattern avoidance function y and then we define the par-

tial concept class F in the same way as before. If the VC dimension of this class is greater than d* we
discard it and restart the process. Otherwise, we let V- ,, /5 be the version space of F on the first n,/5
labeled points of S$°. We take d* to be the 9/10—quantile of P as described before (cf. Lemma .

Given some k € N, let p,, ; := E[P*(21,..., 2 VC shattered by Vg« ,,/5)|55°] where the expecta-
tion is over the draw of Vj- ,, /5, given the fixed S5°. Let k* € N be the largest number such that

>This random draw is induced by an execution of the VCL game on infinitely many i.i.d. points from P.
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limy, o0 Pn,k+ 7 0. Notice that since, by definition, the VC dimension is bounded by d* such a num-
ber k* exists. From here on, we will only consider the version spaces V! /5 that are obtained from some

partial class with VC dimension at most an Let pp ki = P’“(xl, ..., xx VC shattered by Vi /5)

Notice that for every k < an and every i € [\/n] we can estimate this quantity to arbitrary precision
using only unlabeled examples. We denote by py, 1 these estimates.

We now consider the first n? unlabeled points of the third data stream S3. For each such point X, let
pffk := E[P*(z1, ..., 71, X VC shattered by Vi n/5)|95°, X]. Moreover, for each y € {0, 1} let

X,y X1
Vd(* s = ={f € Va5 f(X) =y}, p;’k”) := E[P*(z1, ...,z VC shattered by v n/5)|52 ,X],ye{0,1}.
We define the quantities pn ko pfl ky) in the same way for the realized version spaces. Again,
by Hoeffding’s bound, we can estimate these quantities to arbitrary precision using unlabeled data.

Similarly as before, we denote these estimates by ;Bfi ki ﬁt)(kyl) . The idea is to make use of Lemma
and show that the classes which have been obtained by a VCL game that has not converged wi

only affect our estimates by some o(1). This is formalized in Proposition - ID.6| Thus, we can use

Dn ki ﬁfk i,]’)flxk’z), in order to estimate py, ., p;, k,pgl ky) We denote these estimates by D, ., pn k>

f)ﬁLXk’y). These are the key quantities we use to infer the labels of unlabeled points.

Our algorithm tries to infer the label of each unlabeled point X € S3 (cf. Figure[J/) in the fol-
lowing way: if pX > p 2k then we query the label of X, otherwise we infer the label to be

arg maxye (0,1} pm i ) Lemma shows that the inferences are correct, when n is large enough.

The main ingredient of the proof that remains to be handled is to show that the number of label
queries we submit is sublinear in n. For that, it is sufficient to show that the probability that we query
the label of a point is o(1). Lemma shows that when k = k™, this is indeed the case.

Finally, since we do not know the true value of £*, we run the algorithm for every k& < an The active
learning component of the algorithm gives us d,, + 1 different labeled datasets, which we use to train

d,, + 1 instances of a supervised learning algorithm, such as the one from |Bousquet et al.| (2021). Our
analysis so far has shown that for sufficiently large n, at least one of these datasets will be correctly
labeled with size w(n). Thus, since the supervised learning algorithm has error linear in the size of its
training set, at least one of these executions will give a classifier that has error o(1/n). The last step
is to run a tournament among the d,, 4+ 2 different classiﬁersﬂ to choose the best one. This is handled
by Lemma [D.9| (Hannekel [2012). The main result of this section (cf. Theorem [D.10), follows as a
corollary of the results we have discussed. All the steps are summarized in Figure [/}

Lastly, a lower bound from |[Hanneke et al.|(2022) completes our characterization (cf. Theorem m

5 Conclusion

In this work we have provided a complete characterization of the optimal learning rates in active
learning. It is an open question if it also holds when the learner knows the distribution P » .
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A Omitted Details from Section 1]

A.1 Formal Definition of Learning Setting

We recall some basic notions of measures and probabilities on Polish spaces. For a detailed treatment
the reader is referred to [Kechris| (2012)); [Cohnl (2013)). Our presentation follows Bousquet et al.
(2021)).

Polish Spaces. A Polish space is a separable topological space that admits a complete metric. For
example, this category includes R"”, any compact metric space, any separable Banach space, etc.

Universally Measurable Functions. Let § be the Borel o-field on some Polish space X" and let 1
be a probability measure. We denote by §,, the completion of § under (i, i.e., the collections of all
subsets of A that differ from a Borel set on a set of zero measure. A set B C X is called universally
measurable if B € §,, for every probability measure . Moreover, a function f : X — Y is called
universally measurable if f~!(B) is universally measurable, for any universally measurable set B.
An important property is that universally measurable sets and functions on Polish spaces are the same
as Borel sets, from a probabilistic point of view.

We are now ready to provide the definition of measurability of a concept class H.

Definition A.1 (Measurability of H). Let X’ be a Polish space. We say that a concept class H C
{0,1}%, is measurable if there is a Polish space © and a Borel-measurable map h : X x © — {0,1}
sothatH = {h(0,-) : 6 € ©}.

We underline that Definition[A.T]is very general and its only requirement is that H can be parameter-
ized in some reasonable way.

A.2 Omitted Preliminaries

Gale-Stewart Games. We briefly discuss some basic and useful facts about Gale-Stewart games, a
concept that was recently introduced to the learning theory community by Bousquet et al.[(2021)).
Our discussion follows |Bousquet et al.|(2021); Hanneke et al.| (2022)). We refer to |Bousquet et al.
(2021)) and references therein for a more detailed presentation. Let us fix sequences of sets X}, V; for
t > 1. We consider infinite games between two players, a learner Pi. and an adversary P, , where
in each round ¢ > 1, P4 selects an element x; € A}, and then Py selects an element y; € ;. The
rules of the game are defined by a set W C [],-, (& x );) of winning sequences for Pp. This
means that after an infinite sequence of consecutive plays 1, y1, T2, %2, . . ., we say that P, wins if
(21,91, T2, Y2, ...) € W; otherwise the winner is Px.

A strategy is a rule used by each of the players to determine their next move, given the current
state and the history of the game. Formally, a strategy for P, is a sequence of functions f; :
[Ioci(Xs x Vs) = &, for t > 1, so that Pa plays z; = fy(x1,y1,...,24-1,%1) in round ¢.
Similarly, a strategy for P is a sequence of g; : HS <t(XS X Vs) x & — Yy fort > 1, so that
Py plays y: = g:(z1, 91, ..., Tt—1,Yt—1, T¢) in round ¢. We say that a strategy for P, is winning if
playing that strategy always makes P, win the game no matter what Py, plays; a winning strategy
for Pp is defined similarly. The main question in these infinite games is determine conditions under
which one of the two players has a winning strategy in the game. We remark that when the game is
finite it is not hard to easy that exactly one of the two players has such a strategy. In the context of
infinite games, such a condition was introduced by |Gale and Stewart| (1953): a W is finitely decidable
if for every sequence of plays (z1,y1, T2, Yo, ...) € W, there exists some n < 0o so that

’ ’ ’ ’
(xlvyla e Ty Yny Ty 15 Ynt 10 Tt 20 Yoo - ) ew

for all choices of x 115 Yr1s Tryos Ynias - - - In words, the condition that “)V is finitely decidable”
means that if P, wins the game, then she knows that after playing a finite number of rounds.
Conversely, P5 wins the game when Py, does not win after any finite number of rounds.

Such a game whose set WV is finitely decidable is called a Gale-Stewart game. We use the following
important result about Gale-Stewart games.

Remark A.2 (Gale and Stewart| (1953)); [Hodges et al.|(1993); |[Kechris| (2012)). In any Gale-Stewart

game exactly one between P4 and Py has a winning strategy.

74782 https://doi.org/10.52202/079017-2378



The above result is purely existential and provides no information about the complexity of the winning
strategies. Importantly, it is unclear whether winning strategies can be chosen to be measurable. The
next result from |[Bousquet et al.|(2021) addresses this concern.

Theorem A.3 (Theorem B.1 from Bousquet et al.| (2021)). Let {X;}:>1 be Polish spaces and
{Yi}i>1 be countable sets. Consider a Gale-Stewart game whose set W C [[,~,(X; x Yy) of
winning strategies for Py is finitely decidable and coanalytic. Then there is a universally measurable
winning strategy.

The following remark shows that we can, equivalently, let the strategy of the the learner Py, and the
adversary P, depend only on the choices of their opponent in the previous rounds.

Remark A.4 (Bousquet et al.[(2021). The strategy of Py is defined to be a sequence of functions
ye = fe(x1,91, ..., @1—1,Yi—1) Of the history of the game, where y1, . .., y;—1 are defined similarly.
Thus, we can equivalently let y, = fi(x1,...,2¢_1). The same holds for the strategy of Pa.

Partial Concept Classes. The traditional PAC learning framework studies (mainly) fotal concept
classes, i.e., classes of functions h : X — {0, 1} that are defined on every point 2z € X'. The caveat
with total functions is that they do not provide a direct way to express data-dependent constraints.
For example, if the space X is high-dimensional but the data that the leaner has to classify lie in a
low-dimensional space, it is not clear how to encode this restriction through total concepts. This
is very relevant to practical application of machine learning such as classification of images; the
space X is the set of all possible values of the pixels of the image but most of these configurations of
the pixels do not even correspond to an image of an object of interest.|Alon et al.[(2021) proposed
and studied an extension of the PAC framework that allows one to capture such assumptions using
partial concept classes, i.e., sets of functions f : X — {0, 1, x}, where f(z) = x means that f is
undefined at x. In the context of classification of images, when a classifier returns it means that
z does not belong to the space of valid images. |Alon et al| (2021)) extend a lot of notions, such
as PAC learnability and the VC dimension, from the setting of total concept classes to the setting
of partial concept classes (see, e.g., Definition . To show how one can use partial classes, to
express data-dependent constraints, we remark that|Alon et al.|(2021) illustrated how the class of
d-dimensional linear classifiers with margin v > 0 can be formulated as a partial class: we say that a
sample (21,91), - - -, (Tn,yn) € R? x {0, 1} is (R, 7)-separable if all the points x1, ..., z, lie in a
(euclidean) ball of radius R, the 0-labeled examples and the 1-labeled examples are linearly separable,
and the (euclidean) distance between the 0-labeled examples and 1-labeled examples is at least 2.
Then, the class

Fry={f:R* = {0,1%} :(Va1,...,2,) € supp(f) :
(331, (f(xl)), ceey (xna (f('rn)) is (R7 ’Y) - separable},

where supp(f) is the set of all points where f(x) # x, expresses the set of functions that satisfy these
constraints. Remarkably, the VC dimension of F is bounded by O (5—22) (Alon et al.| [2021)). Perhaps

surprisingly, even though the PAC learnability of partial classes is characterized by the VC dimension
(as it is the case with total classes), the ERM algorithm provably fails to learn partial classes. Thus,
the algorithmic landscape is much richer and complicated compared to total classes. Moreover, there
is no algorithmic way to extend a partial concept class to a total concept class without significantly
increasing its VC dimension. For details, we refer to (Alon et al.| 2021)).

One-Inclusion Graph Algorithm. We state formally the guarantees of the one-inclusion graph
algorithm (Haussler et al., [1994).

Theorem A.5 (One-Inclusion Graph Algorithm (Haussler et al., [1994)). For any (total) concept class
H whose VC dimension is bounded by d < oo, there is an algorithm A : (X x {0,1})* x X — {0,1}
such that for any n. € N and any sequence {(x1,y1), ..., (Tn,yn)} € (X x{0,1})™ that is realizable

w.rt. H,
1 d
o Z HA(®o(1): Yo(1)s - - + > To(n—1) Yo(n—1)s Ta(n)) 7 Yo(n)} < —
o€Sym(n)
where Sym(n) denotes the symmetric group of permutations of {1,... ,n}.
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In particular, Theorem [A.5|implies immediately that if (z1, 1), ..., (¥n, yn) are i.i.d. from P then

the classifier hy,(-) := A(21,Y1, ..., 2Zn, Yn, ) has Eler(h,)] < nil. We remark that |Alon et al.

(2021) showed that this result also holds for partial concept classes.

A.3 Omitted Definitions

Definition A.6 (VC Dimension of Partial Concept Classes (Alon et al.,[2021)). For a partial concept
class F C {0,1,x}%, the VC dimension of F is defined to be the largest number d € N such
that I(x1,...,xq) € XY such that {(f(z1),...,f(za)) : f € F} = {0,1}%. Such a sequence
(z1,...,2a) is said to be shattered by F. If there is no bound on d we say that the VC dimension is
0.

The following definition of the star number is an adaptation of the definition in (Hanneke and Yang]
2015).

Definition A.7 (Star Number of Partial Concept Classes). For a partial concept class F C {0,1,%}%,
the star number of F is defined to be the largest number s € N such that (x4, ...,xs) € X*° such

that 3fy € F and Vi € [s],3f; € F : fi(xs) =1 — fo(x:), fi(z;) = folxy) # *, V5 € [s] \ {i}. If

there is no bound on s we say that the star number is co.

Definition A.8 (Littlestone Tree (Bousquet et al., 2021)). A Littlestone tree for H C {0,1}¥ is a
complete binary tree of depth d < oo whose internal nodes are labeled by X, and whose two edges
connecting a node to its children are labeled by {0, 1}, such that every path of length at most d
emanating from the root is consistent with a concept h € H. Formally, a Littlestone tree is a collection

U {Zﬁ c U S {0, 1}[} = {l'q)} @] {.’£0,£L'1} U {l‘oo, SUOl,ZL'lQ,LL'll} U...
0<t<d

such that for every path § € {0,1}% and n < d, there exists h € H so that h(zj_,) = ye41 for
0 < ¢ < n. We say that H has an infinite Littlestone tree if there is a Littlestone tree for H of depth
d= oc.

Definition A.9 (Star Tree). A Star tree for H C {0, 1} of consists of a collection
U {(a za) € ({0,131 i€ {0} x {0,1} x ... x {0,1,...,}}

0<t<d

such that for every level n < d, and ij € {0} x {0,1} x ... x {0,1,...,n — 1}, there exists some
h € H such that h(xékk) = f(25<k7yk+1)f0r all0 <1 < kand 0 < k < n, where we denote

— 0 k Y x
ygk:(ylay%“'?yk)? %79 :(xﬂik""’x?jgk)’ Zﬁgk :(Zﬂgk""’z,@;k)’
] 2t if Y1 #1
i — Y<k’ .
f( ygk’y’f“) {1 —z% ., otherwise

We say that H has an infinite star tree if it has a star tree of depth d = oc.

Definition A.10 (VCL Tree Bousquet et al.|(2021)). A Vapnik-Chervonenkis-Littlestone (VCL) tree
for H C {0, 1} of depth d < oo consists of a collection

U {zae ™ ae{0,1} x {0,1}* x ... x {0,1}}
0<t<d

such that for every level n < d, and § € {0,1} x {0,1}? x {0,1}" ", there exists some h € H such
that h(a:zgkk) =Y forall 0 <i < kand 0 < k < n, where we denote

Gk = (0 (U)o (W), gy = (@),

We say that H has an infinite VCL tree if it has a VCL tree of depth d = .
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Figure 1: Arbitrarily Fast Rates Algorithm (Hanneke et al., [2022)

Arbitrarily Fast Rates (Hanneke et al., 2022): Input is a label budget N and a rate function
R(n).

1. my < [2In(1/R(n))].

n(m; 22V TI+2 Ry,
2. My F (ma2 e /R( ))—‘
3. Create sets S1 = Z1,...,Tm; ;92 = Tmy+1s- - Tmy-
4. Split Sy into |/m7 | batches of size |/m | and consider all the labeled prefixes of

the batches in lexicographical order: b; ; denotes the i-th batch with the labeled prefix
4,1 < j <2lvmiltt

5. Let Ag(+; b; ;) be the output of the ordinal SOA trained on b; ; and denote
9ij(x) = Ao(z; b5 5). See (Bousquet et al., [2021).

6. Evaluate the classifiers g; j(-) on the points in .S5.

7. Define a set IF of equivalence classes: g; ; and g;/ j+ are in the same class iff they
classify Sy the same.

8. Foreach F' € T, define
rank(F) —min{r 31 < <ig... < ZL\/WJ/?) < L"mlJaklw'-vkl_\/ﬂTlJ/B S [2T+1]

such that g;, », € F,1 < j < L\/mlJ/3}a

or rank(F") = oo if no such r exists.

9. Enumerate F = {F7, Fo, ...} so that rank(F;) is non-decreasing in ¢, and pick any
fe € F, for each /£.

10. For each distinct ¢, j < |/n] query the label of any point in Sy on which f;, f;
disagree.

11. If there is some f; which is correct on all the points we queried, return f.
12. Otherwise, return any fj.

B Omitted Details from Section 2]

C Onmitted Details from Section

C.1 Proof of Lemma[3.1]

Before we prove our main result of this section, we present an omitted proof from the main body.

Proof. Assume that H has an infinite star tree. Then, the adversary can start from the root of the tree

and play (51, G) = (T, Z) and for every strategy {7, },>1 of the learner, P4 can follow the path
Y<r = (1m1,72,-..,7m-) and play (ZF5__, Z;_ ) in round 7 + 1. Since the tree is infinite, there is no

* o o o o —
7 € NsuchthatH, ) ¢ ¢, =9

For the other direction, assume that the adversary has a winning strategy. Then, we can define the tree

T= U {@ 2z e @ {0,137 1 €{0,1,...,i = 1},1 <i <}

0<l<o0

where (Zy, 1> Znnseme ) = (57(7]1, . ,777_1),(_;(7]1, ...yMr—1)). The tree T is infinite by
the definition of the winning strategy in & for PA. To prove the universal measurability of the winning
strategy of Pp, using LemmalA_.3]it suffices to show that the set of winning strategies JV of the learner
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is coanalytic. To this end, we consider its complement

W = {(éaﬁ) IS U (Xt X {O,I}t X {0,...,t— 1}) :Héfhfh,m,@fmnt #* @}
t=1

—.
)

! .h(Q,f):z, ifns #£1i
LEJO{ D hod)=1-¢ osi<s)

s) ifn, =1

Il
1D

n =

? — Z

Notice that the set { h(®, é:> s ifns 7 ,0<i< s} is Borel by the measurability as-
h’(oags)zl_ ER 1f775—2

sumption. Also, the intersection in the above expression are countable and the union is a projection

of a Borel set. Hence, V¢ is analytic, so we have proven the claim. O

C.2 Active Learning of Partial Classes with Finite Star Number: Exponential Uniform Rate

We now explain the approach to actively learn a partial concept class with finite star number at a
uniform exponential rate. We first state a result from |[Hanneke and Yang|(2015) about active learning
of total concept classes with finite star dimension that we utilize in our construction.

Theorem C.1 (Hanneke and Yang| (2015)). There exists an active learning algorithm A for a total
concept class H which given a label budget n = c - slog(1/e), where ¢ is an absolute numerical
constant and s is the star number of the class, and access to samples from a reallzable distribution

P* returns a classifier hy, such that, with probability arbitrarily close to one, P*[ n(z) £yl <e

We underline that the success probability of this algorithm does not depend on the query budget.

Our algorithm for partial classes can be found in Figure 2] We now prove the main result in this
setting that we described in Theorem[3.2]

Proof of Theorem[3.2] Let F be a partial concept class whose star number s is finite. Notice that
since d < s, its VC dimension is also finite. Let S = (X7, ..., X, ) be m samples of the stream that
A has access to, where m is some value to be determined. We also let

H={h:5—{0,1}:3f € Fst. h(X;) = f(X;),Vi € [m]} .
Now notice that is, by definition, a total concept class and its star number, VC dimension is also at

most s, d, respectively. Moreover, since P* is realizable with respect to F we have that, except for a

measure-zero event, H # (). This can be seen as follows. Since the distribution P* is realizable, there
exists a sequence of functions f € F so that

P*[fi(x) #y] < o

Let us fix m > 1. We have that

S PiBs <m fule) £ ud < m > P fula) £y) < o0,

where the first inequality is due to union bound. By Borel-Cantelli, with probability one, there exists
for every m > 1 a hypothesis f € F so that f(z,) = y, for all s < m. For the rest of the proof,

we condition on this probability one event . We definite P* to be the uniform distribution on the

(labeled) sample. Our previous discussion shows that P* is realizable with respect to M. Now let
us run algorithm A" from Theorem|C.1|with € = 1/(2m) and success probability 1/(2m). Let E;

be the event that the error of the output & of A’ is at most 1/(2m). We condition on this event for
the rest of the proof. Notice that in this case, the algorithm will have figured out the correct label

of every X;,1 < i < m. Indeed, if for some i € [m] we have that h(X;) # Y;, then er(h) > 1/m.
Notice that, by the definition of H, we have that s(H) < s(F). Moreover, the number of labels that
A’ requests is at most ¢ - 51og(2m), where ¢ is some absolute numerical constant.

Since we have m labeled samples, we can use them as input to the one-inclusion graph algorithm
(see Theorem[A.5)). This algorithm guarantees that

d(F)

m+1"

Eler(m)| Eo, B1] <
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Thus, we get that

| —
p=
o
+
—_

AF)

)] <
Eler(hm)] < -7 + -
It follows immediately from the definitions that d(F) < s(F). The result follows by picking

eon/ﬁ

m:T' D

Exponential Rates for Partial Classes

cn/s . .
1. m « CT, where c is the constant in Theorem
2. Take a sample of unlabeled data S = {X7,..., X, }.

3. Define ]ﬁl to be the total class of the concepts in F that are not undefined on .5, i.e.,
H={h:8—{0,1}:3f € Fst. h(X;) = f(X;),Vi € [m]} .

4. Let P be the uniform distribution over the sample {(X1,Y1),..., (Xm,Ym)}, where
Y; is the true label of X;, i € [m).

5. Use the active learning algorithm from |[Hanneke and Yang| (2015) on the distribution p
(see Theorem [C.I).

6. The aforementioned algorithm can find the labels of these m points after making at
most O(s(]ﬁl) log m) queries, where 5(]1711) is the star number of H.

7. Use these m labeled points as input to the one-inclusion graph algorithm (Haussler
et al.l|[1994)) and get h (see Theorem .

8. This algorithm guarantees linear error in mn, i.e., Eler(h)] < dm(—ﬂ, where d(F) is the
VC dimension of F.
9. Return h,,.

Figure 2: Exponential Rates Algorithm for Partial Classes.

Star Tree Gale-Stewart Game with Finite Sequence and Estimation: Input is a labeled
sequence {(mla y1)7 ) (xNa ?JN)}

1. Use | N/2] of the data to estimate 7 (cf. Lemma). Let N = | N/2iy]|.
2. Use the remaining | N/2] of the data to run the star tree game (cf. Figure[5) and obtain
g 1<i<N.

3. Estimate for 1 <7 < N
F; = {f:X—>{0, 1, %} : V(xq,. .. ,foN) € X7in, (xl,f(ah), .. "mTfN’f(th"N)) ¢ image (g;N) }
4. Estimate the 9/16—majority class
.7:712 = {f X = {0,1,x} : VL e N,V(2q,...,24) € X*, 3 at least (9/16)N classes F;,1 <j < N sit.
3 € £ with (701). ... @) = (F(ar)o.. Sl .

5. Return {Gy : (X x {0,1})" — {0,1}},_, where
Gf(xlaylw"axbyf) = 1{3f € ‘Frjr\z : (f(xl)vaf(xf)) = (yla"'vyZ)} .

Figure 3: Majority Class Estimation Through Star Games.
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Figure 4: Exponential Rates Algorithm.

Exponential Rates: Input is an unlabeled data stream {1, 22, ..., } and query budget n.

1. Set number of unlabeled examples u,, = |n/2] + e“™, where c is the absolute
constant in Theorem [C.T]

2. Use |n/2] label queries to get the labels of the first /2] unlabeled points.

3. Call the Gale-Stewart subroutine (Figure [3) with points
{(iL’l, yl)v te (x\_n/2j yY|n/2] ) }

4. Create the partial concept class

Fa = {f X = {0,1,x} Ve N,V(ay,...,2¢) € XZ,Gg(an,f(ml), ooz, fme)) = 1}.

5. Run Figure [2on the partial class F¢ with budget |n/2] and return its output.

C.3 The Online Setting

To build some intuition, we first show how to use the game between the learner and the adversary
discussed in Section[3|to get an asymptotic result. We call this the online setting. Assume that there
is an infinite labeled sequence S = (x1, Y1, Z2, Y2, . . .) that is consistent with H, i.e., for any ¢ < oo,
there exists h € H : h(z;) = y;. We use S to simulate the game & between P and P, which gives
rise to a partial concept class F with finite star number. This approach is shown in Figure[3}

Star Gale-Stewart Game with Infinite Sequence
1. Let gy : X x {0,1} — {0, 1} be the function that corresponds to the strategy of P in
the first round of &.
2. Initialize 75 < 1.
Let g1 (z,y) = (z,1 —y) # In the first round the learner just flips the label.
4. Foreveryt > 1:
o I (T¢ry 41, Yt—ri 1415+, Te, Ys) € image(gy,_, ), witnessed by & :
# proceed to the next round in &.
- T 11+ 1.
- 9r,() =07,(C,. .., C,,_ ), where ., (&), ..., C,, -, is the strategy
of Pp in round 7, of &, given its history.
- g‘rt (x07y07 cee 71"rt71,y‘rt71) = (l’o,go, cee 71"&71,&7}71) :
Yi = Yi, if g7, (20,40, -+ Try 1, Yr 1) #1 <i< Tt}

b

vi=1—yi, ifgr(xo,y0, - Tr,—1,Yr,—1) =1’
e Else: 74 < 74_1.

Figure 5: Star Gale-Stewart Game on Infinite Sequences.

We first show as ¢ — oo the game converges, i.e., there are no more realizable 7;~-tuples
(1,91, s, Yr. ) that belong to the image of g,., for some finite number ¢*. To simplify
the notation, we define g; = g-,... Recall that this function is defined in Figure

Lemma C.2. If H does not have an infinite star tree, for any sequence x1,Yy1,T2,Y2, - .., that is
consistent with H, there exists some finite number t* € N, such that for all t > t*

(xt*Tt—1+17yt*Tt_1+1 sy Ty e 7yt) ¢ image(gtfl)v’rt = thlaﬂgt = gtfl .

Proof. Suppose that (Ti—r,_y4+1y-- Tt Yt—ry_1+1---,Yt) € image(g:—1) happens an infinite
sequence of times t1, to, . ... Since 7)., is a winning strategy for the learner in &, we have that for
some finite ¢* it holds that Hé R A Tt (see Equation ), where &;, (;, n; are defined
in Figure[5] Hence, we have arrived in a contradiction. O
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Similarly as in (Bousquet et al.| [2021]), we remark the following about the measurability of the
functions.

Remark C.3 (Adapted from [Bousquet et al.| (2021)). The strategy T, depends in a universally
measurable way on x<¢,y<¢. Moreover, the functions g; are universally measurable with respect to
T<t,Y<¢ and the arguments of their input. To be more precise, for all t > 0, there exist the following
universally measurable functions

Ty : (X x {0,1)" = {1,...,t+1}, Gy: (X x {0,1})"x (U(X X {0,1})S> — (X x {0,1})",
so that

Tt = Tt(l’hyh .. axhyt)) gt(w17zl7 .. 7th7ZTt) = Gt(xlayla ey Ty Y, W1, 21y e e )th7ZTt) .
C.4 From the Online to the Statistical Setting

In this section we show how to utilize our results in the online setting to design an algorithm that
achieves exponential rates in the statistical setting. Our approach is similar in spirit as in Bousquet
et al.| (2021); Hanneke et al.| (2022). In particular, we adapt the approach of Hanneke et al.| (2022)
from the VCL game to the star tree game. The key steps are outlined in Figure 3]

Let P be a realizable distribution with respect to H and X, Y7, X2, Y5, ..., be an i.i.d. sequence
from P. For the remaining of the section, we assume that H does not have an infinite star tree. Let us
now set up the notation that we use in our proof. We denote

=Ty X1, Y1,.. ., X, Ys), Ge(wi,z1,...,we 20 ) = ét(Xl, X, Y w2, w2 )
where these functions are defined in Remark [C.3] For any integer k& > 1, we define a “flipping”

function gy, : (X x {0,1})¥ — (X x {0,1})* to be a function that flips one of the labels of its input
from 0 to 1 or vice versa. We also define the probability of error of this function as follows:

per(gr) = per®(gy) = p®* (@1, 915+ T yk) = (21,91, -+, Tk, Yi) € image(ge))
i.e., the probability that a k-tuple drawn i.i.d. from P belongs to the image of g;,. When there is no
confusion about the domain of g;, we will omit its dependence on k. Our first observation is that we
get an algorithm that is consistent in the statistical setting. Our proof is an adaptation of Lemma 5.7
in|Bousquet et al.| (2021)).

Lemma C.4. It holds that P[per(g;) > 0] — 0 ast — oc.

Proof. We know that P is realizable so we can pick a sequence of hypotheses hj;, € H such that
er(hy) < 2% Lk eN. Taking a union bound over all ¢ > 1, we have that

ZP[hk(Xs) # Y, for some s < 5] < tZer(hk) < 0.
keN keN

Thus, by the Borel-Cantelli lemma, it holds that h(X) = Y;,Vs < t for some h € H (with
probability one). Let

T = sup {s >1: (Xs—ry 41, Ys—ro 1415+, X5, Ys) € image (ﬁs_l)} )
Then, we know from Lemma|[C.2|that T is finite with probability one. Recall the law of large numbers

for m-dependent sequences: if Z1, Z5 ..., is an i.i.d. sequence of random variables, then
1 1 & m
Jim - Z f(Ziv1, s Zigm) = — angrolo o Z f(Zmjrvis - s Zm(j+1)+)Ho(1) = E[f(Z1, ..., Zm)] -
i=1 i=1 Jj=0

Thus, we have that

t+S
P[perT‘ (gt) = 0] =P [ lim g Z 1(Xs,Ys,~U,Xs+7—t717Ys+rt71)€image(§t) = O]

S—o0
s=t+1
t+5
2 P SIL)H;C g Z 1(XsaYs7---7Xs+-rt—17Ys+7t71)eirnage(§t) = 07T S t
s=t+1
=P[T <.
We know that 7" is finite with probability one, so we have that P[per™ (g;) > 0] < P[T' > t] — 0, as
t — oo. O
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Lemma|[C.4] guarantees that for some t* € N, the Gale-Stewart game played on a set of ¢* points will
have converged with probability at least 7/8, i.e., Pr [per(g¢~) > 0] < 1/8 . This number ¢* depends
on the distribution and is unknown to the learner. We first show how the learner can estimate a similar
t,, from the data. Our approach is an adaptation of Lemma 5.10 in Bousquet et al.| (2021)), but we
present the proof for completeness.

Lemma C.5 (Adaptation of Lemma 5.10 in (Bousquet et al.,2021)). For any N € N, there exists a
universally measurable ty = tN(X1, Y1, ., X ny2), Y ny2)) whose definition does not depend on
P so that the following holds. Set the critical time t* € N be such that

Pr [per(g;-) > 0] <1/8,

where the probability is over the training set of the algorithm. There exist C, ¢ > 0 that depend on
P, t* but not N so that .
Prliy € T*] > 1— Ce N,

where the probability is over the training of the estimator t y and T* is the set

T ={1<t<t":Prper(q) > 0] <3/8}.

Proof. We split this labeled set into two parts. The idea is to use the first one to run the Gale-Stewart

game and the other one to estimate whether it has converged or not. Foreach 1 < ¢ < L%j and

1< < |5, welet
Ty = Tt(X(ifl)H»la Y(ifl)t+17 ooy Xit, Yie)
g;(wl, Zlyee- ,wﬁ-,zﬁ') = Gt(X(ifl)t«l»lv}/(ifl)t#»la ce ,Xit, Y;*t,wl, 21y« ,’LU,,_ti,ZTti) .

be the estimated quantities when we run Figure [5]on the i-th batch of the data. Next, for each ¢ we
estimate Pr[per(g:) > 0] by the fraction of the g; for which there is a tuple on the second quarter of
the data that belongs to the image of gi. For every fixed ¢, the data that the functions {ﬁz }Z. <|N/2t)
are trained on are independent of each other and of the second half of the training set. This means
that we can view every {5}/ }l <|N/2t) 33 a0 independent draw of the distribution of g;. To estimate

the error of the algorithm we use the second quarter of the training set. We let

) 1 LV/4t)

€t = 7LN/415J ; 1{35;LN/4J+1gsgLN/2J—Tg?,(XSH,YSH,...,XHTz,Ysﬁt,;)eimage(gz)} .

Now observe that
1 [IV/4t]

ey < = TN a0 liper@ )

€t = € | N/4t] ; {per(g:)>0}
with probability one. We define

tn =inf{t < [N/4| :é; < 1/4},
where we assume that inf () = oo.
We now want to bound the probability that £y > ¢*. Using Hoeffding’s inequality we get that
. 1 1 1 1 1 *
Pr [tN >t*] <Pr|éyw>-| <Prles >—-|=Pr|es —=>=| =Pr|em —Elew] > = SeiLN/“ 1732
4 4 8~ 8 8

This implies that £y < t* except for an event with exponentially small probability. Moreover, for all
1 <t < t* that Pr [per(g;) > 0] > 2, there is some & > 0 such that Pr [per(g;) > €] > § + 1= (this

holds by continuity). Now fix some 1 < ¢ < ¢* such that Pr [per(g;) > 0] > % (if it exists). Then,
using Hoeffding’s inequality again we get that

1 [ N/4t] )
TN/A+| ~ 2| < e~ LN/AtT)/128
] 2 ooy <3| <°

Whenever ¢ is a function such that per(g) > ¢, then

Pr{3s: |N/4] +1<s < [N/2] — 7 (Xoi1,Yer1, .. Xoir, Yorr) € image(g)}] > 1—(1 — ) lV=/471
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since there are | (N — 4)/47] disjoint intervals of length 7. As we mentioned before, {g;} }i<| /4t
are independent of (X, Y) s~ |n/4]. Thus, applying a union bound we get that the probability that

all g that have per™ (§!) > ¢ make at least one error on the second half of the training set is

P i < ) )
T |:1{per"'t (g;)>s} = 1{35;\_N/4J+1§s§|_N/2J77—;,(X5+1,YS+17...,X5+TZ ,3’3+T;:)Eimage(§;§)}

N .
>1— | 22| (1 = g)L(V=4)/4t7 ]
> [ 4tJ (1-2) 7
where the last inequality holds since 7/ < ¢*. Thus, we get that

Pr[iy =t] < Pr {ét < 411] = VZJ (1 —g)lN=D/ae"] 4 e L#x]/128
Using the previous estimates and applying a union bound, we get that
Prliy ¢ T*] < e~ LN/4°1/32 | VZJ (1 — o) L(N=/46"] | yr o= IN/4° 1128 < crpen
for some constants C, ¢ > 0. O

Essentially, Lemrna tells us that we can estimate a batch size #,,, using only information from
the data, so that, with probability 1 — C'e™“", the star tree game will have converged when we
run it on £ labeled points. Following the approach of Hanneke et al|(2022), the idea is to run the
game multiple times, then create the partial concept classes that are induced by each execution, and,
finally, aggregate them into a majority class (see Figure[3). We show that if most of the games have
converged, then the majority class has bounded star number. This is made formal in Lemma[C.6] We
remark that{Hanneke et al.|(2022) showed a similar result regarding the VC dimension of the majority
class.

Lemma C.6. The majority class .7-'7]7\’; defined in Figure|3|has star nm:nber that is bounded by some

distribution-dependent constant 5, with probability at least 1 — e =Y, for some absolute constant
c> 0.

Proof. We know that there exists some s* such that, with probability at least 9/10, the star of any
partial concept class F; is at most 5*. We let X; = Ly, number of 7; > 5+}- Notice the all the X;’s are
i.i.d. Bernoulli random variables with p < 1/10, since the data that induce the classes F; are i.i.d..
Thus, we can use Hoeffding’s inequality to bound the probability that more than 2/10 of them have
star number greater than s* as follows

N N
Pr Y X > (210N | =Pr | Y X; — (1/10)N > (15/72)N | < e ¥/,

We let £ be the complement of the event above and we condition on it for the rest of the proof. So, we
know that at least 8/ 10N of the partial concept classes J; have star number bounded by s*. We will
bound the size ¢ of the star set of]-'ﬂn(’. For any star sequence S = (21,91, - -, 2¢,yr) € (X x{0,1})*
of .F,J,Y it holds that

£ N
§210 DB € R ) = 1w ) = W €A\ 1) > 9/16f =1

Using Markov’s inequality, we get that

N

0
Z%Zl{ﬂfef Flag) = 1=y S ) = vy, W0 € [0\ (1) >

(\\»—t
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Swapping the summation gives us

N ¢
%Z%Zl{afefiIf(l'j)zl—yj,f(xp):yp’vpe [6]\{j}}> % —
i=1" j=1
) . f . 7
NE_;Z _ll{ﬂfé}_i:f(fﬂj)zl—yj,f(xp):yp,vpe [Z]\{J}}SE

Using Markov’s inequality again, we get that

N

‘
%21 %Zl{ﬂfe]—}:f(mj)zl—ijf(xp):ypavpem\{j}}>9/16 <
9 Ni:lgjzl

This implies that

14

N
Z ZZ (Bf € Fi: f(z)) = 1= y;, f(wp) = yp, VP € [\ {5}} > 9/16 p < T/9 =

—_

2| =
|'M

H
~| =

4
D LBFE T fla) =1 =5 flay) = yp,¥p € A\ {5}} = 7/16 ¢ > 2/9.

Thus, we have shown that at least 2/9 of the partial concept classes witness at least 7/16 of the star
patterns. By the definition of the star number, this means that all these classes have star number at
least 7/16 - m — 1. This is because we can drop all the points from .S that correspond to star patterns
that the class does not realize and the remaining set of labeled points is a star set. Since at least
one these classes’ star number is at most s* we have that 7/16 - m — 1 < s*, which means that

m < 16/7(s* 4 1). Thus, we have shown that the star number of ]—",,IY isatmost 16/7(s* + 1) = §,
with probability at least 1 — e~V O

Similarly as in [Hanneke et al.| (2022)), we define a sequence of universally measurable functions
{Ge: (X x{0,1})" = {0, 1}}ZEN where

G, 1, - - T2, ye) = 1{3f e FN L (f(@),..., fla) = (yl,...,yg)} .

An equivalent interpretation of the previous lemma is that the star number of the partial class on
which {G/}sen returns 1 has a distribution-dependent bound, with high probability. Lemmais an
important component in the derivation of our result and it shows that { Gy} e return 1 on all finite
subsets of the correctly labeled data sequence, with high probability. This result follows similarly as
Lemma 7 in /Hanneke et al.| (2022)).

Lemma C.7. The {Gy} . as defined above are universally measurable functions, and with proba-
bility at least 1 — Ce™N,C, ¢ > 0, the following hold:

* The star number of the class
Fa = {f:X—){O, 1,%x} : VLeN,V(aq,... ,xg)eXé s Go(xy, f(x1), ..o e, fa)) = 1}
has a finite distribution-dependent upper bound 5.

o V0 EN, for (x1,y1,...,Te,ye) ~ P, Ge(x1,y1,...,7¢0,9y0) = 1 with conditional proba-
bility one (given Gy).

Proof. We condition on the event &, described in Lemma@ Notice that, by definition, a labeled
sequence S = (21,41 ..., x0,y¢) € (X x {0,1})" is a star set of the class F¢; if and only if S is a
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star set of F,J,Y . Hence, the bound on the star number follows immediately from Lemma We
also condition on the event £; described in Lemmal|C.5] We now bound the probability that at least

(13/32)N of the functions §§N have per (EZN> > 0. For any t € T, using Hoeffding’s inequality

we get that
N N
1 . 13 1 . 3 1 .
Pr|— 1{ (”: )>O}>— =Pr|—= 1{ (”: )>0}—7>— < (—N 512),
r N; per (g7 3 r N; per (g7 5753 < exp /

Since we know that £, < ¢*, taking a union bound over all 1 < ¢ < ¢* we get that

1 l 13 1 al 13
Pr EZl{per (gi»N) > O} > 3—2,75” eT| < Z Pr ﬁ21{per (ggN) > 0} > 32

=1 teT* i=1
< t*exp (4\7/512) .

Thus, except for an event with exponentially small probability, at least 19/32 of the functions ﬁzﬁN have

per (E%N), with probability one. Notice that, by definition, if the partial class F; that corresponds

to such a function cannot produce a labeling i, € {0, 1}* of some tuple 7, € X'* where &, ~ P%,
we can infer that this 7y is not the correct labeling, and this inference will be valid with probability
one over the draw of Z,. Thus, with probability one, if the 9/16-majority cannot produce some

labeling we have that at least one such partial class F; that corresponds to a correct §t3N cannot

produce this labeling, so it is not the correct one. As a result, with probability one, if ]_-713 cannot
produce g, for &y we know that this is not the correct labeling. The measurability of {G/}sen

follows by the measurability of all the {ﬁzN } _ . The proof of the lemma follows by noticing that
ieN

the probability of all the events we have conditioned on can be bounded by 1 — C’ e~V and that
N = |N/2tx] > | N/2t*]. O

We are now ready to prove the result about active learning at exponential universal rates. Our approach
is summarized in Figure ]

Theorem C.8. Assume that H C {0, 1}X does not have an infinite star tree. Then, H admits an
active learning algorithm that achieves exponential rates.

Proof. First, notice that the Gale-Stewart subroutine Figure 3|uses |n/2] points and the exponential
rates algorithm for partial classes uses at most | e“™| points. This is because we define a uniform
distribution over these points during its execution. To prove the learning rate guarantees, we first
condition on the event & described in Lemma|C.7} Then, we have some partial concept class F¢
whose star number is finite by some distribution-dependent number 5 and has the property that
V¢ € N, for (x1,91,...,%e,y¢) ~ P, f(x1) = y1,..., f(xe) = y, for some f € Fg. Thus, the
conditions of Theorem[C.1]are satisfied and the conditional error rate of the output of our algorithm
is Eler(hy)|&] < erde2"/3. Since &) happens with probability at least 1 — C'e =", we see that
the unconditional error of the output is Eler(h,)] < ¢;de=C2"/% 4 Ce= < Ce ", for some
distribution-dependent constants ¢, C' > 0. O

C.5 Sublinear Rates Lower Bound

Theorem C.9. Assume that H C {0,1}% has an infinite star tree and let R(n) be a rate function
with R(n) = o(1/n). Then, H requires rate R(n).

Proof. Let

i= U {(@aza) € (A {0,13FY) s @ € {0} x {0,1} x ... x {0,1,...,0}}
0<t<o0
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be an infinite star tree. We also fix the learning algorithm h. Recall that {u(n)} denotes the

neN
number of unlabeled samples that h,, uses.

We first pick a path on the tree uniformly at random. To be more precise, let ¥ = (y1,y2,...) be a
sequence of independent random variables where y; is uniformly distributed in {0, ...,7 — 1}. The
idea is that 7 specifies a random path on the tree. We define the target distribution P in an inductive
way by specifying sequences {k;, p;,n;};>1 and putting mass p; on the node of the random path
at level k;. Conditional on the given node, we distribute the mass among its points uniformly. Let
us now be formal. For the base of the induction, we let po = 1/2 and k; = 1. We will specify the
value of p; later. For the inductive step, for any ¢ > 2, given the value of p;, k;_1, we will specify
ki, piy1. We let k; be the smallest integer so that k; > k;_1 and R(|k;/8]) < p;/k;. Notice that
since R(n) = o(1/n), k; < co. Weletn; = | k;/8] and

Pi4+1 = min L pi
i+1 4uni, 4 .

Notice that since {p; > 0};>2, Zizg pi < lﬂ by setting p; = 1 — ZiZQ p; the sequence {p; }i>1
can be used as a probability distribution. We are now ready to define Py on & x {0, 1}. To make the
notation simpler, for any ¢ and for £ > 1

J — {1_ ST VRS

wh_, o
y<k—1 Zgj}'<k'—1’ otherwise

For: > 1, let
j j bi .
Pg‘ (xij'gki—l’wzjjgki—1> = ]Z—’ 1 S ] S k‘l —1.

Notice that, by the definition of p;, this is indeed a probability distribution. We now show that Py is
realizable. Since £ is a star tree, there exists some h € H such that

J — o
h (%gk) = Wy<k-1>
forall0 < j < k,and 1 < k < n. Thus, for the probability of error of i we have that
ery(h) := Py [(x,y) € X x {0,1} : hz) £ y] < >,
k>n
so by taking n — oo we see that Py is realizable for every . Moreover, we note that the mapping
if — Py is measurable.
We now let (X,Y), (X1,Y1), (X2,Y2),... beiid. samples drawn from P;. We can draw them as

_.J _J J; J;
X =x5cp_1, Y =wjcr_q, XJ_xg‘<T71’ Y—]_wy“<T71’

where (T, J), (T1, J1), (T2, J2), . . . are i.i.d. random variables, independent of the path ¢, with
Di
PriT =k;,J =
[r =%
forall: >1,0< 5 <k; —1.
For all i € N, let us define the event B} = {Ty < k;, T, < k;, ... Tu,, < ki } under which the
algorithm has not received any unlabeled points from any level k;, j > 1. Let us also call £ the event
that hnl does not query the point whose label is flipped, i.e., the point :v~< k,_1- Also, we denote Ej
the event that the learner classifies at least one point of level k; 1ncorrectly Then, we have that
Pr[ELY|El, B > (1 - 1 ).6
2 1> +~0] — (7/8]{31) —77

since there are at least (7/8) - k; points on this level that the learner has not queried, and under the
events we have conditioned on the flipped point along the path is chosen uniformly at random among
these points. We now bound Pr[FE}]. Notice that

> msgnn sl <y
P < gPin1 < 3 S o
j>i+1 i

“This is because pit1 < pi/4.
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Thus,

U,

1 \" _ 9

PrE] > [1- >(1- >

ol 2 P —( 12-un) =10
j>i+1 K

Finally, we need to bound Pr[E}|E}]. Notice that
Pr{E} Y] > ¢,
since the learner has n label queries and there are at least 8n points. Putting it together, we can bound
Pr[E3] = Pr[E3| Y, Eq) - Pr[Ej| Eg) - Pr[Ej]

6 7 9
> .-
=7 8 10
27
407

which using reverse Markov’s inequality implies that
: 9 18
Pr |Pr[Ei|y] > — | > —.
zfr[ By 2 40} < 31
Moreover, notice that
7 P i i
Prlhn, (X) # Y1g] 2 7= - Pr{E3|g] 2 R(ng) - Pr(E3|g].-
(3
Thus, we can see that

R 9 18
_ > 2 Rn)| > =2,
P?jr {Pr[hm Y|y > 10 R(nl)} 2 o7

Using Fatou’s lemma, we have that

Prlfin, (X >¢Yl§ﬂ 2 E {hiiitip R(lm)

E [min { Pr{h,, (X) # Y171,9/40 - R(n:)

E |lim sup

msu ﬁ min { Prlfn, (X) # Y171,9/40 R(m)}]

1
> limsup ——
= e R(m)

> limsup ——
9 18

> 202

40 31

81

- 6207
where the first inequality is by the definition of min, the second inequality follows from Fatou’s
lemma, and the third inequality follows from Markov’s inequality. We remark that Fatou’s lemma
can be applied here since

Pr [Pr[ W (X) £ Y] > 9/40 - R(m)} 3

10 R

1
Ty i {Pr [, (X0 # Y13 ,9/40- R(w) } < 9/40,
Thus, there must exist a realization of g such that

Elery(hn)|7] > C - R(n),
infinitely often, where C' is some absolute constant. Choosing P = Py for this realization of ¥
concludes the proof. O

D Omitted Details from Section 4|

D.1 Useful Tools

Theorem D.1 (Dvoretzky—Kiefer—Wolfowitz (DKW) Inequality). Let F' be the CDF of some distri-
bution D supported on R, n € N and F,, be the empirical CDF obtained from n i.i.d. samples from
D. Then, Ve > 0 we have that

Pr |sup|F,(z) — F(x)| > | < 2e2"¢
z€R
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Figure 6: The VCL Game (Bousquet et al., [2021]).

VCL Game Subroutine (Bousquet et al.,[2021): Input is a labeled sequence
{@1,91), -, (N, yn) )
1. Let 9 < 0.
2. Ineverystept > 1:
s I (s 1 Tt 11y 5 ) = (Ytor 155 Yt)
- Let&,, | <+ (Tt—r_y415---,2¢) and 74 <~ 741 + L.
e Else, 74 < 71_1.

D.2 The VCL Game

For completeness, we provide various algorithms and results that appeared in [Bousquet et al.[(2021);
Hanneke et al.|(2022), which we utilize in our approach to get sublinear learning rates. It is instructive
to start with an informal description of a pattern avoidance function g : X* — {0, 1}*. Intuitively,
this function takes as input a k-tuple of unlabeled data generated by a realizable distribution P » and
it returns a labeling of these data that is not the true labeling by P. They define

per(g) = PFlzy, .. a9y, .. me) = (Y1, - )]
Bousquet et al.|(2021)) provide a way to obtain such a éattern avoidance function for any realizable

distribution. This is obtained by a VCL game in Figure|6|which returns a function y:}t . Their following
result shows that as the number of points N used in the VCL game grows, the probability that we
obtain a pattern avoidance function that is incorrect goes to zero.

Lemma D.2 (Correct Pattern Avoidance Function (Restatement of Lemma 5.7 (Bousquet et al.,
2021))). Consider the VCL game in Figure@ Then, Priper(y,,) > 0] — 0, as N — oc.

Finally, we remark that Bousquet et al.|(2021)) showed the following result.

Theorem D.3 (Supervised Learning Linear Rates (Bousquet et al., [2021)). If H does not have an
infinite VCL tree there exists a supervised learning algorithm that can learn H at linear rate.

D.3 Onmitted Details of the Sublinear Rates Algorithm

Lemma D.4. Let ]:if /5, € [\/n] be the partial concept classes that are obtained by playing
the VCL game on \/n/5 examples that are generated i.i.d. from P. Then, with probability at

_ O/ . . . L
least 1 — e ™ , where C' > 0 is some absolute constant, P is a realizable distribution for a

(1 — o(1))—fraction of these classes.

Proof. Let ﬁz\/ﬁ /5 be the pattern avoidance function that is obtained from the i—th batch of Vn/5
i.i.d. samples from P. Since we know that Pr[per@’i/ﬁ/g,) > 0] = 0asn — oo (cf. Lemma, for

any € > 0 there is some b, such that if the batch size b = /n/5 is at least b, then Pr[per@l\m /5) >
0] <e. Hence, for every n there is some €,, = o(1) so that when the batch size is v/n/5 we have that

Pr[per@l\/ﬁ /5) > 0] < &,. Notice that whenever per@{/ﬁ /5) = 0 the distribution P is realizable

n-1/8

with respect to the corresponding class }—\Zf /5 Let us set 6, . Using Hoeffding’s inequality

we have that with probability at least 1 — e’c VO Where C'is some absolute constant,
at least (1 — &, — 0,,)—fraction of the ¢/ y\f/5 will have per(yf/g,) = 0. Since 6, + €, = o(1) we
have shown the claim. O
Lemma D.5. Let P be the distribution of the VC dimension of the partial concept classes that are
obtained by playing the VCL game on infinitely many i.i.d. samples from P. Let d* be the 9/10-
quantile of P. Then, forn > np, where np is some P-dependent constant we have that dn = d*,

with probability at least 1 — 3¢~ € m' , " where Chp is a constant the depends on the data-generating
distribution P.
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Proof. Consider the following experiment. We sample an infinite sequence of labeled points from P
and we run the VCL game (cf. Figure @) on this sequence. Let  be the pattern avoidance function

that is obtained from that game defined over £ many points and let

Fo={f:2={0,1,%}: (f(@1),..., f(2p) # G(@1,. . a)}

Let d* € N be the smallest number such that

Pr[d(F) < d*] > 9/10.
Let F' be the CDF of the distribution of the VC dimension of F, let d; < d* < ds be the largest, small-
est numbelﬂ such that F'(dy) # F(d*), F(d2) # F(d*) and let Cp = min{F(d*) — F(dy), F(d2) —
F(d*)}/4. Let F s; be the empirical CDF of the distribution obtained on /7 i.i.d. samples. Notice
that whenever we estimate F’ with accuracy Cp the empirical 9/10-quantile will the same as the
true 9/10-quantile. The DKW inequality (Theorem shows that this happens with probability

1 — 2¢—2C%k Y et us call this even F; and condition on it.

Next, we need to handle the fact that we do not obtain samples from partial concept classes that are
generated from VCL games on infinitely many i.i.d. samples from P but merely on y/n many such
samples. Let us consider the following experiment. We run the VCL game on k streams of infinitely
many i.i.d. samples from P and if the game has not terminated within the first /7 rounds, we rewind
the pattern avoidance function to the one that is obtained in that round. Then, Lemma [D.4] shows
that, with probability at least 1 — e‘c'"M, we will only rewind the pattern avoidance function of a
o(1)—fraction of these games will have converged. We call this event E and we condition on it. Let

us denote by ﬁk the empirical CDF of the VC dimension of the partial concept classes obtained by
this experiment. Under Es, we have that sup,.cy | F(z) — Fi.()| = o(1). Thus, by taking n large

o~

enough so that the o(1) << Cp, we see that the estimation of d,, using the samples that are obtained
from the truncated VCL game also converges to d*. The bound on the probability of error follows
from a union bound over E7, E>. O

Proposition D.6. For n > np, where np is some distribution-dependent constant, given m = O(n?)

unlabeled samples we can estimate pnyk,pik,pfbxk’y) with accuracy o(1), with probability at least

_ 1/4 L .
1—Cp-eCpn , where Cp, Cp > 0, are distribution-dependent constants.

Proof. As we alluded to before, using O(n?) unlabeled samples in total we can estimate the quan-

tities pr, ki, pff_ k.i» pﬁf,;? with accuracy 1/n for each version space Vrf /50 with probability at least

1 — Cy/ne= V" where Cy,Cy > 0, are absolute constants. Let us denote these estimates
P~ =X Xy
pn,k»%pn,k,i’f?\fz,k,i)
Assume that n is large enough and condition on the events of Lemma Lemma[D.5] Let us
denote by i1, ..., 7 the indices of the partial concept classes whose VC dimension is bounded by

d,, = d*. By definition, k¥ > 9/104/n. Consider the following statistical experiment. We run the
VCL game on infinitely many i.i.d. samples from P, we define the partial concept class obtained
from the pattern avoidance function of the game, if the class has VC dimension at most d* we keep
the sample, otherwise we discard it. Then, we define its version space on the first n/5 samples

of S5°. Let us call V' the version space obtained by the i-th sample of this experiment. Then,

Pk(xq,. .., x5, VC shattered by 171) is an unbiased sample from the distribution whose expected
value p,, j, we are trying to estimate. Similarly for the rest of the quantities we have defined. Let us
)

We condition on this event for the rest of the proof.

call these samples Dy, s, ﬁn){ ki ﬁflxkyi and denote by gn, gff , §,(LX Y) their empirical estimates over
9/10+/n many samples. Hoeffding’s inequality gives us that |S,, — p,.x| = o(1),]SX — gl =
o(1), |§,(LX’y) — pil)fk’y)| = o(1), with probability at least 1 — Ce=C" """ for some absolute constants
C,C" > 0. We condition on this event.

Notice that, under the events we have conditioned on, the samples p, 1., P2 ;. ;, pglxkyl) we obtain

from running the VCL game on O(y/n) many samples, differ from the samples p, x ;, ﬁf ko ﬁfiyz)

3If only one these number exists, then we ignore the one that does not exist in the definition of Cp. If none
of these numbers exist then the estimation task is trivial.

https://doi.org/10.52202/079017-2378 74797



on a sublinear number of terms. Moreover, the absolute difference on the terms they disagree on
is bounded by 1. Thus, if we denote by S,,, S, ST(LX’y) the average of these values we have that
1S — Sp| = 0(1), 8% — 8X| = o(1), |§§lX’y) — SX| = o(1). Finally, let §n,§ff, S%Y) be the
averages of f,u,is B i+ Pt - SINCE [P = Pl = 0(L): |51 = Pl = 0L 1Y —
prXkyZ)| = 0o(1), using the triangle inequality on all the previous estimations we see that |§n — Pkl =

0(1), 18X — pX | = 0(1), [85Y — p'%¥)| = o(1), with probability at least 1 — Cp - e~ %7, [

Lemma D.7. Let n > Cggo, where Csge is some constant that depends on S3°, P. Then, with proba-

bility at least 1 — Cp -e’c§"1/4,f0r every k < k*, tfﬁffk < ﬁg’“ then y = argmax, ¢ 1} I/)ixky) is
the correct label of X.

Proof. Letn > Cgge be large enough so that for all & < k™ we have that:

Pk < 100/99 - 1131 Dnk s

* the guarantee from Proposition[D.6] gives us that

~

. Dn.k 3
Pr)f,k<7g :>P§,k<1'l?n,k,

e and

(xp) 5 99 xS
P =2 100pn,k P =2 100pn,k
Xy _ 80 ~(xy) _ 90

pn,k < mp"vk - pn,k; < TOOPTL,k .

We condition on these events for the rest of the proof. Since py, ,; < 100/99 - lim,,_, o pp, . for the

correct label y* we have that pfffk’y*) > 99/100- py, . Moreover, since pfi w < 3/4-py, i for the other
label ¥ = 1 — y* it holds that pg(k’?) < 80/100 - py, k. Thus, under the event we have conditioned
on we have that argmax, ¢ ¢ 13 ﬁngky) will indeed be the correct label. The correctness probability
follows directly from Proposition [D.6| O

Lemma D.8. For k = k* we have that Pr [ﬁfk > ZA)"T’“*} = o(1).

Proof. Essentially, the proof of this result follows by Markov’s inequality. Let us consider some
bs

large enough n and condition on the event described in Proposition Then, p2X,. > ka ==

pX,. >t =E 50 it suffices to bound

Pr [pfk > M} .

4

Using Markov’s inequality, we have that

P[5 > 2] < 250
’ 4 Dk
_ Apn k41
B Pn,k*
=o(1).
where we have used the fact that ]E[pff &) = Pn.k++1 and that p, - is bounded below by a constant.

O
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We now state the guarantees of ActiveSelect (Hannekel 2012). We note that the original statement of
the result did not specify the size of the unlabeled dataset that the algorithm uses, but a straightforward
adaptation of it shows that with O(n?) many unlabeled data its error guarantee changes increases by
O(1/n?).

Lemma D.9 (Hanneke|(2012)). A call to ActiveSelect (cf Figure ES’I) with N classifiers {h1,...,hn},
a query budget of m, and O(N? /n3) unlabeled points makes at most m label queries and if hs

is the classifier it returns, then with probability at least 1 — C - Ne~=Cam/(N? 10g(N)) " we have
er(hg) < 2mingeny er(hy) + O(1/n?).
We are now ready to prove the main result in this section. The algorithm is summarized in Figure[7]

Theorem D.10. Assume that H C {0, 1}* does not have an infinite VCL tree. Then, H admits an
active learning algorithm that achieves sublinear rates.

Proof. We have all the main ingredients we need to prove our result. Let us fix some S5° whose
elements are i.i.d. from P. Conditioning on the results of Lemma[D.7] Lemma[D.§| we have that
for large enough n, which depends on S5°, we can obtain a labeled dataset L,, whose size is w(n).
Feeding this dataset into the supervised learning algorithm from Bousquet et al.| (2021)) gives as a

classifier ﬁn that, conditioned on S5° and the events F we have described, has error
Eler(hn)|S5°, E] = o(1/n).
Moreover, the probability of E is also o(1/n), so we get
Eler(h,)|S3°] = o(1/n).
Similarly, for the output /f;n of ActiveSelect, we have that

Eler(h,)|S5°] = o(1/n)

Eler(hn)] = O(1/n),

where the second bound comes from the fact that we feed into ActiveSelect the output of the passive
learning algorithm hA? from [Bousquet et al. (2021)) (cf. Theorem , whose bound does not not
depend on S5°.

Let us call R(n) the error rate of our algorithm. To show that E[R(n)] = o(1/n) it suffices to prove
that lim sup,, , . E[n - R(n)] = 0. Fatou’s lemma gives us that

limsupn - E[-R(n)] = limsupn - E[-R(n)]

n— oo n—roo

= limsup E [E[n - R(n)|S5°]]

n—oo S5°
< E [limsupn - E[R(n)|S5°]]
S3° n—oo

:O,

where Fatou’s lemma applies since E[n - R(n)|S5°] < Cp where Cp is some P—dependent constant.
This is because, almost surely over S5°, the expected error of h?, is bounded by C}, /n.

O

D.4 Arbitrarily Slow Rates Lower Bound

Theorem D.11 (Hanneke et al.| (2022)). If H has an infinite VCL tree, no active learning algorithm
can achieve rates that are faster than arbitrarily slow.

D.5 Omitted Figures

https://doi.org/10.52202/079017-2378 74799



Figure 7: Sublinear Rates Algorithm.

Sublinear Rates Algorithm [Adaptation from [Hanneke, (2012)] Input is a label budget NV and
a passive learning algorithm A4,

1. Let Sy, S2, S3, S4, S5, U be sets of O(N?) unlabeled points that are i.i.d. from P x.

2. Request the labels of the first N/5 points of S5 and run A,, on this set. Let ﬁ?\/ be its
output.

3. Request the labels of the first N/5 points of S, split them into batches of size
O(v/N) and run the VCL game on them (cf. Figure EI)

4. Let ﬂi/ﬁ /0 i € [V/N], be the pattern avoidance functions from the previous step and
for every i € [v/N| define
f/ﬁ/f):: {f:X_>{071,*}:(f(xl),-..,f(l’gi ))#

VN/5

j/\l\/ﬁm(xl,...,m%ﬁ/&_’)}.

5. Let

dy = gqeig{ail,@,...,z‘g/m,m e [VN]:

i1<i2<...<i&q0¢N¢Mf3Nm)<cLVje[9ﬂ0v6ﬂ}.

6. Request the labels of the first N/5 points of Sy and let
V]f,/g) = {f € ]:\i/ﬁ/5 : f(z) =y for these N/5 point} .

7. Fork = 0,...,HN:
(a) Let S5 be the next n? examples in S5 and 7y = N/(5(c/l\N + 1)) be the label
budget.
(b) Let § = {}
(c) For each point X € S5,y € {0,1}:

i. Estimate p g, ﬁﬁy k> f){]f ,;y) using VJ{', /5 and fresh unlabeled points from U as

described in Proposition [D.6]

ii. If ﬁfvfk < Pn,k/2 infer y* = argmax,¢c o1} f)ﬁf,’fy), otherwise request the
label y* of X.

iii. Append (X, y*) to S and update the label budget iy . If fivy = 0 jump to
Step (d).

(d) Run 4, on S and let /i\zk be its output.
8. Return ActiveSelect({ﬁo7 oo b, ﬁfv} ,N/5, 54) (cf. Figure.
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Figure 8: ActiveSelect Algorithm (Hanneke, [2012)).

ActiveSelect (Hannekel [2012) Input is a set of classifiers {hq, ..., hy}, label budget m,
sequence of unlabeled examples /.

1. Foreach j,k e {1,...,N}s.t. j<k:

(a) Let 12y, be the first L
value exists).

(b) Request the labels for R;;, and let Q) ;1 be the set of labeled examples.

(c) Let Mij = eI'ij(hk-).

2. Return h, where k=max{ke{l,...,L}: max;< mg; < 7/12}.

WJ points in U N {z : h;(z) # hg(z)} (f such
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for all the claims.

Guidelines:

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

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

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

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

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: We formally define the mathematical model our results hold for.
Guidelines:

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

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

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

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

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

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

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

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

3. Theory Assumptions and Proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
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Justification: We present full proofs in the main body and the supplementary material.
Guidelines:

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

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

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

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

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

e Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental Result Reproducibility

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

Answer: [NA]
Justification:
Guidelines:

* The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(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?
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Answer: [NA]
Justification:
Guidelines:

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

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

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

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

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

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

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.
6. Experimental Setting/Details

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

Answer: [NA]
Justification:
Guidelines:

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

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

¢ The full details can be provided either with the code, in appendix, or as supplemental
material.
7. Experiment Statistical Significance

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

Answer: [NA]
Justification:
Guidelines:

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

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

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

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

* It should be clear whether the error bar is the standard deviation or the standard error
of the mean.
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It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CIL, if the hypothesis
of Normality of errors is not verified.

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

o If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
8. Experiments Compute Resources

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

Answer: [NA]
Justification:
Guidelines:

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

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

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

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

9. Code Of Ethics

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

Answer: [Yes]
Justification:
Guidelines:

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

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

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

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

Answer: [NA]

Justification: The work is primarily theoretical and does not have any immediate sociatal
impact.

Guidelines:

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

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

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

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

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

11. Safeguards

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

Answer: [NA]
Justification:
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:
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.
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* 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:
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)?

Answer: [NA]
Justification:
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:
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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