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Abstract

Modern machine learning systems are rarely trained on clean labels alone. Instead, supervision
often comes from imperfect teachers and takes an indirect form: pairwise preferences for aligning
language models, rules and heuristics from domain experts, or human explanations. This thesis
develops principled answers to two questions. The first is how these indirect signals teach a model.
We begin by developing a constraint-based view of weak labelers, interval targets and explanations,
with generalization guarantees for each. We then investigate the mechanism by which multiple
weak sources of information, such as weak labelers and unlabeled data, can be combined into a
stronger supervision signal. Finally, we look at pairwise preference data and characterize what
preference learning actually recovers from the data, even when the underlying preference model
is misspecified, and derive design principles for constructing more informative preference datasets.
Imperfect supervision at training time has a natural counterpart at test time: once deployed, a
model may face conditions that differ from those it was trained on. This leads to our second question,
what can we guarantee when the test environment is non-ideal, under adversarial perturbations or
distribution shift? In this line of work, we introduce robustly-reliable learners that certify when an
individual prediction is provably correct, and we analyze adversarial training as a two-player game.
Across all of these projects, we use learning theory as the main tool to clarify what can be learned,

under which assumptions, and what guarantees we can make.
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Chapter 1

Introduction

Modern machine learning systems are rarely trained on clean labels alone. Language models
are aligned using pairwise preferences from human annotators |1, 2|; domain experts supervise
models through rules and heuristics [3]; and users can communicate desired model behavior through
explanations [4]. In other applications, measurements may provide only intervals or other partial
information about a target. These signals are not merely substitutes used when labels are unavailable.
They are often the natural way that people, tools, and environments communicate knowledge to a
learning system.

We view each such source of supervision as an imperfect teacher. A teacher may abstain, make errors,
specify only a range of plausible targets, or compare two outputs without assigning either an absolute
score. Nevertheless, these signals contain useful structure. A central challenge in modern machine
learning is therefore to determine what information each teacher provides, which assumptions make
that information useful, and how it can be translated into a learning objective with meaningful
guarantees.

Classical supervised learning provides a useful baseline for this question. In supervised learning,
models learn from instance-label pairs that are assumed to be drawn independently and identically
distributed (i.i.d.) from an underlying distribution. A prominent strategy is Empirical Risk
Minimization (ERM), which finds a hypothesis that minimizes empirical risk on the training data.
This framework enjoys strong theoretical guarantees, and large-scale labeled datasets such as
ImageNet [5, 6] have helped drive major advances in computer vision [7, 8] and natural language
processing [9-11]. The perspective of imperfect teachers broadens this classical framework by
treating supervision itself as an object to be modeled and understood.

The first central question of this thesis is thus: how do imperfect teachers teach a model? We study
weak labelers, explanations, interval-valued targets, and pairwise preferences as distinct forms of
indirect supervision, together with unlabeled data as complementary side information. For each,
we ask what the observed signal reveals about the target, under which assumptions it can improve
learning, and how multiple sources of information can be combined.

Imperfect supervision at training time has a natural counterpart at test time: once deployed, a
model may encounter conditions that differ from those represented by its teachers. The mismatch
may arise from a natural distribution shift [12, 13]; for example, a model trained on data from one

hospital might underperform in another. In the worst case, an adversary may intentionally perturb



test points to alter the model’s predictions, a vulnerability that is well documented for deep learning
models [14-18]. This leads to the second central question of this thesis: what can we still guarantee
when the test environment differs from the training environment?

We organize the thesis into two main parts: Learning from Imperfect Teachers, which studies
how models learn from indirect and imperfect training signals, and Learning in Imperfect Test
Environments, which studies what we can still guarantee under distribution shifts and adversarial
perturbations. Throughout, we use learning theory to make precise what information is conveyed,
what can be learned from it, under which assumptions, and with what guarantees. The next chapter

summarizes the individual contributions and explains how they fit together.

Thesis Overview and Contributions

This chapter provides a self-contained overview of the thesis. Rather than reproducing the technical
development of the individual paper chapters, it explains the information available in each setting,
the assumptions that make learning possible, the main results, and the connections among the
projects. The organizing perspective is that modern machine learning systems learn from imperfect
teachers and must then operate in environments that may differ from those represented during
training.

The first part studies imperfect teachers directly: each project asks what an indirect supervision
signal communicates and how a learner can use it. The second part studies the natural test-time
counterpart: what can still be guaranteed when a learned model encounters distribution shifts or

adversarial perturbations.

1.1 Learning from Imperfect Teachers

Here, a “teacher” is interpreted broadly: it may be a domain expert who supplies a heuristic or
explanation, a measurement process that supplies an interval, or a data-collection process that
supplies preferences. The first two projects express a teacher’s knowledge as explicit constraints.
The next two use geometric or functional smoothness to resolve ambiguous labels and targets. The
final two study relative preference feedback and show how the process used to collect comparisons

affects what can be learned.

1.1.1 Learning from Weak Labelers

We examine the use of weak labelers, which are functions that either abstain from labeling or provide
noisy labels for inputs. These weak labelers can be derived from logical rules or heuristics provided
by domain experts [3, 19-26]. For example, labeling any email containing the phrase “subscribe
me” as spam is a heuristic that doesn’t apply to every instance (leading the weak labeler to abstain)

and might incorrectly label some non-spam emails (providing noisy labels). However, these weak



labelers can be useful under limited labeled data, where we may use them to provide noisy labels for
any unlabeled data points and leverage them to train a machine learning model accordingly.

To learn from weak labelers, most prior works draw from developments in related fields such as
crowdsourcing [27, 28|, employing latent generative models that model the joint distribution of
the weak labels and the latent “true” label. Conditional inference on the true label then provides a
natural approach to aggregate multiple noisy labels to less noisy “pseudo-labels” that provide an
estimate of the true label. However, this relies on the implicit inductive bias since non-parametric
mixture models are known to not be identifiable without any further assumptions [29, 30|. For
example, Snorkel [3, 20| imposes both (a) conditional independence assumptions among the weak
labelers and the true label, (b) parametric assumptions on the latent generative model. However,
these assumptions might not be applicable and are, in general, difficult to validate with domain
experts. In addition, the denoising step does not take advantage of modern hypothesis classes such
as deep neural networks. Instead, it is common to follow a two-staged approach: a denoising step to
estimate pseudo-labels and then train a neural network using these pseudo-labels.

We also note that learning from weak labelers is closely related to a subfield of learning with noisy
labels that also faces a denoising problem [31-33|. Here, we assume that a noisy label is obtained by
passing the unknown true label through a noise channel that is usually assumed to be independent
of the input [33]. There is also a general noise model that could depend on the input called Massart
noise [34] which is known to lead to a computationally hard learning problem [35, 36]. However, we
remark that results from learning with noisy labels are not directly applicable to our setting since
the levels of noise induced by our weak labelers do not satisfy the amount of structure needed by
these works. For example, the noise from weak labelers are deterministic.

Contribution: We explore how to learn from weak labelers from the first principle. With an
inspiration from recent works on constrained-based learning in the learning with noisy label literature
[37, 37-40], we consider a natural and explicit inductive bias that domain experts might provide, a
bound on the accuracy of each weak labeler (similar to a bound on the fraction of corrupted data
in the learning from noisy label setting). Our first contribution is to develop a constraint-based
approach to aggregate weak labelers by viewing the accuracy bound as a constraint and accordingly
impose this constraint on the model to be learned. If we know that a weak labeler has an error at
most 7, we constrain our classifier f to differ from the weak labeler with probability at most 7.
We propose to learn the simplest hypothesis f (with respect to a regularization functional R(f)) that
satisfies all of these constraints. We provide a rigorous analysis of our constrained estimator, provide
a scalable optimization algorithm, and demonstrate its effectiveness on a popular weak supervision
benchmark [41] in the paper. The paper is a joint work with Vishwajeet Agrawal, Nina Balcan and
Pradeep Ravikumar and is published at the International Conference on Learning Representations
2025.



1.1.2 Incorporating Human Explanations

We explore incorporating human explanations as side information. The key challenge here is to
translate the human explanations into a format that can be useful at the training time. One
approach is based on a growing literature on explainable Al. Explainable Al focuses on generating
explanations of complex black-box models so that humans may better understand their decisions.
These can take the form of feature importance [42, 43|, counterfactuals [42, 43|, influential training
samples [44, 45|, etc. By having the model’s explanations, domain experts can assess their validity,
potentially modifying the model or deciding whether to deploy it. For instance, if the model relies
on sensitive attributes like gender or race, we may need to revise it.

Since these tools are designed to be interpretable to humans, one may argue that we can use them to
encode a particular form of “human explanations” and leverage them as side information. This idea
has been studied in a recent line of work that incorporates explanations as a regularizer, ensuring
the model also exhibits the same explanations as the given explanations [4, 46-48]. For example,
Rieger et al. [46] penalize the feature importance of spurious patches on a skin-cancer classification
task. These methods lead to models that inherently satisfy “desirable” properties and, thus, are
more trustworthy. In addition, some of these empirical results suggest that constraining models via
explanations also leads to higher accuracy and robustness to changing test environments. However,
there was no prior work that provided a theoretical analysis to explain when and how explanations
can help.

Contribution: In this paper, we provide an analytical framework for learning from explanations
to reason when and how explanations can improve the model performance. We first provide
a mathematical framework for model constraints given explanations. Casting explanations as
functionals that take in a model A and input = (as is standard in explainable Al), we can represent
domain knowledge of how models should behave as constraints on the values of such explanations.
We can leverage these to then solve a constrained ERM problem where we additionally constrain
the model to satisfy these explanation constraints. We can capture the benefit of learning with
explanation constraints by analyzing the generalization capabilities of this class of model that satisfies
the explanation constraints in expectation. This analysis builds off of a learning theoretic framework
for semi-supervised learning of Balcan and Blum [49, 50]. Another key contribution of our work is
concretely analyzing this framework for a canonical class of explanation constraints given by gradient
information for linear models and two-layer neural networks. We focus on gradient constraints as
we can represent many different notions of explanations, such as feature importance and ignoring
spurious features. Our result clearly illustrates that restricting the hypothesis class via explanation
constraints can lead to fewer required labeled data. The paper is a joint work with Dylan Sam, Zico
Kolter, Nina Balcan and Pradeep Ravikumar and is published at the Advances in Neural Information
Processing Systems, 2023 [51].



1.1.3 Denoising Weak Labels via Label Propagation

In this section, we focus on the setting when we have unlabeled data as side information. This is a
classical setting, also known as semi-supervised learning [52-54]. In this setting, one key assumption
that was usually made is that the target function that we want to learn is “smooth” with respect to
the input x, that is, points that are close to each other should also have a similar label. With this
assumption, there have been various approaches to utilize the unlabeled data. One example is to
regularize the learned function to be smooth on the unlabeled data [55-57|. Another example is to
propagate information from labeled data points to unlabeled data points with a label propagation
algorithm [52, 58|. We consider a particular case when we have access to the unlabeled data and
weak labelers, as in the preceding weak-labeler project. Since weak labelers are not designed to be
smooth even though the underlying target function might be (weak labelers are commonly defined
as hard, binary predictions based on logical rules or heuristics), we ask a question of whether the
smoothness assumption can help denoise these weak labelers.

Contribution: In this paper, we focus on using a classical tool, the label propagation algorithm
[52, 58] (LPA), that propagates labels to combine two sources of side information: weak labelers
and unlabeled data. The intuition is that by encouraging smoothness, predictions near multiple
weak labeler abstentions can be made more uncertain, while abstentions can be converted into more
certain predictions with a large amount of nearby confident weak labeler predictions. We frame this
problem as a label propagation in the presence of side information. As a key contribution of this
paper, we provide a “fine-grained” theory of LPA when used with any general prior on the target
classes of the unlabeled samples. We provide a novel error bound for LPA, which depends on key
local geometric properties of the graph (over the inputs), such as the underlying smoothness of the
target predictor over the graph and the flow of edges from labeled points, as well as the accuracy
of our prior. Our bound provides an intuition as to when LPA should prioritize propagating label
information or when it should prioritize using prior information. We provide a comparison of our
error bound to an existing spectral bound [55| and demonstrate that our bound is preferable in some
examples. Finally, we provide experimental results on standard weakly supervised benchmark tasks
[41] where our experiments demonstrate that incorporating smoothness via LPA in the standard
weakly supervised pipeline leads to better performance, outperforming many existing algorithms.
The paper is a joint work with Dylan Sam, Nina Balcan and Pradeep Ravikumar and is published at

the International Conference on Learning Representations, 2023 [59].

1.1.4 Learning from Interval Targets

We consider regression problems where the exact real-valued targets are not directly available;
instead, supervision is provided in the form of intervals around the targets—that is, only lower and
upper bounds are known. In practice, this less straightforward setting may arise when there are
high labeling costs—for example, certain medical measurements are expensive or from practical
limitations, such as sensors that only record target values at discrete intervals (e.g., every hour),

leaving intermediate values unobserved. With interval targets, traditional regression loss functions,



which require exact target values, cannot be directly applied.

Our problem is closely related to partial-label learning, where each training point is associated
with a set of candidate labels instead of a single target label [60—64]. In classification with finite
label sets, a popular method is to minimize the average loss over the label set [65], leading to
various extensions [66—70|. On the theoretical side, prior work has studied learnability conditions
[60, 71] and developed statistically consistent estimators [72-74] based on the small ambiguity
degree assumption or specific label set generating distributions.

In regression, there has been less prior work. Cheng et al. [75] considers partial-label regression with
a finite label set, and Cheng et al. [76] later extends it to the interval setting with infinitely many
labels. Both works provide statistically consistent estimators, but their theoretical results heavily
depend on i) the realizability assumption and ii) the small ambiguity degree assumption. We note
that the ambiguity degree, which was first proposed for the classification tasks in Cour et al. [60],
may not be suitable for regression tasks. In classification, a hypothesis is either correct or incorrect,
and a small ambiguity degree ensures that, with enough observed label sets, we can recover the true
label. However, in regression, we are often satisfied with predictions that are sufficiently close to
the target—for example, within an error tolerance of e—making the concept of ambiguity degree
less applicable. Moreover, both assumptions considered in previous works are unlikely to hold in
practice. In particular, (ii) is often violated; for example, even in the simple case where the interval
is a ball of radius € around the target value y, the ambiguity degree equals 1. It is important to
understand whether this approach can be effective under more relaxed assumptions.
Contribution: Our first contribution is a novel theoretical analysis of learning a hypothesis that
lies within the target intervals. Our error bound, based on the Lipschitz constant of the hypothesis
class, is applicable even when the ambiguity degree is large and can be extended to the agnostic
setting where the target function may not belong to our hypothesis class. Unlike prior bounds
[76] that only consider the asymptotic case as the number of data points n — oo, our bound is
non-asymptotic. The key insight is that, when the hypothesis class is smooth, the outputs for two
close inputs cannot differ significantly. As a result, portions of the original intervals can be ruled
out, leading to much smaller valid intervals. In our second contribution, we explore an alternative
approach by learning a hypothesis that minimizes the loss with respect to the worst-case labels
within the given intervals. Since we assume that the true target values lie within these intervals,
the worst-case loss serves as an upper bound on the regression loss. We consider two variants of
the second approach: i) we allow the worst-case labels to be any points within the intervals, and ii)
we restrict the worst-case labels to be outputs of some hypothesis in our hypothesis class, thereby
incorporating the smoothness property. We show that there exists a distribution where the second
variant can perform arbitrarily better than the first, indicating that constraining the worst-case
labels to the hypothesis class is preferable in the worst-case scenario. Finally, we demonstrate the
effectiveness of both methods on real-world datasets. The paper is a joint work with Ziqi Ke and

Chirag Gupta and was published at the Advances in Neural Information Processing Systems, 2025.



1.1.5 Learning from Pairwise Preference Data

In many learning problems, supervision is available through pairwise comparisons rather than
numerical labels. A typical preference dataset consists of triplets (z,y™*, ™), indicating that response
y* is preferred over response y~ in context x. Such comparisons are often easier for humans to
provide than calibrated scores and have become central to reward learning and language-model
alignment [1, 2]. The standard approach is to fit a Bradley—Terry (BT) model [77, 78|, which
represents preference probabilities through differences between latent reward scores.

Most existing analyses assume that the observed preferences are generated according to the BT
model. In practice, however, preference triplets may arise from an arbitrary data-collection procedure
and need not satisfy this assumption. This raises several fundamental questions: What preference
information is actually encoded in a distribution over triplets? When can this information be
represented by a BT reward model? If BT is misspecified, what does fitting the BT objective recover?
Finally, which properties of the preference data determine how efficiently the reward can be learned?
Contribution: We first consider the problem of understanding what is learned from an arbitrary
pairwise preference distribution. We formalize the preference information encoded in the data through
the conditional preference distribution and provide conditions under which it can be represented by
a Bradley—Terry model. Roughly, this representation is possible when the preferred and rejected
responses are independent conditional on the context. When the Bradley—Terry model is misspecified,
we characterize what is nevertheless recovered by fitting the standard learning objective. We also
provide a finite-sample analysis and identify two factors that govern the difficulty of learning: the
preference margin and the connectivity of the observed comparisons. These results clarify which
pairwise preference distributions are well suited to Bradley—Terry modeling and how preference data
should be designed. The paper is a joint work with Nina Balcan and Pradeep Ravikumar and is

published at the International Conference on Machine Learning, 2026 [79].

1.1.6 Learning from Best-of-N Preference Data

A related challenge is that the distribution over preference triplets must itself be constructed. A
common procedure is Best-of-IV sampling: for a given context, N responses are drawn from a
base response distribution, an oracle selects the best response as the preferred response, and either
a random or the worst remaining response is used as the rejected response. The case N = 2
corresponds to standard pairwise comparison. Although increasing N tends to produce a better
preferred response, it also changes which response pairs are compared. Consequently, both N and
the base distribution can affect the reward target induced by the data and the sample complexity of
learning it.

In a follow-up work, we consider how pairwise preference distributions are constructed through
Best-of-N sampling. We apply the framework from the first paper to characterize the reward target
induced by a particular choice of N and base response distribution and to study how these choices
affect learning efficiency. We show that the appropriate choice of N depends on the available

data-collection budget. When many pairs can be collected, using a smaller N and collecting more



pairs can be preferable to using a larger N with fewer pairs; for example, 8,000 Best-of-2 pairs may
be more useful than 1,000 Best-of-8 pairs. When preference labels are scarce, however, a larger N
can be beneficial. We also show that learning can be improved by shaping the base distribution to
place more probability mass between response pairs whose distinction matters for the target task.
For example, when distinguishing benign responses from unsafe responses, the base distribution
should place substantial mass around this distinction. The paper is a joint work with Nina Balcan
and Pradeep Ravikumar and is available as an arXiv preprint [80].

Together, the preference-learning projects show that the teacher’s signal depends not only on
individual judgments but also on how the comparison dataset is constructed. Its statistical structure
and collection procedure determine both the target recovered by the learning objective and the
efficiency with which that target can be learned. This concludes the thesis’s study of imperfect
teachers and leads to the complementary question of what can be guaranteed once a model is

deployed.

1.2 Learning in Imperfect Test Environments

The first part asks what information imperfect teachers provide during training. The second part
asks how far the resulting guarantees extend beyond the training environment, considering natural
distribution shifts and adversarial perturbations. Its two projects address complementary levels
of the problem: where an already learned classifier can make reliable predictions, and whether a

standard robust-training procedure reaches a robust solution.

1.2.1 Reliable Learning in Challenging Test Environments

We investigate the question of providing reliability guarantees on the output of learned classifiers
(reliable learning). This question has been studied previously in the classical learning setting where
the training and test data are independent and identically distributed (i.i.d.) draws from the same
distribution [81-83]. Conceptually, a reliable learner outputs a prediction and outputs a correctness
certification or abstains from providing the certification, with the guarantee that whenever the
learner provides a certificate, the prediction is provably correct at that input, assuming some mild
conditions (e.g., realizability). This property can be helpful, especially in high-stakes applications
such as healthcare or legal systems where an incorrect prediction can lead to a significant consequence.
We remark that a trivial model that abstains from providing any certificate is also a reliable learner.
Therefore, we are interested in a reliable learner that provides the certificate on as many points
as possible where El-Yaniv and Wiener [82] have provided a characterization of optimal reliable
learners in this classical learning setting.

Regardless, the assumption that the training and test data are drawn from the same distribution is
often violated in practice. The mismatch may take the form of a ‘natural distribution shift’ when the
test distribution is different from the training distribution or ‘adversarial attacks’ when there is an
adversary that can perturb a test data point with the goal of changing the model prediction. This

is frequently accompanied by a significant performance drop, as well as the inability to guarantee



the usefulness of the algorithm. As a result, there is a significant interest in the study of test-time
attacks [15, 84, 85| and distribution shift [86-88] among the applied machine learning community.
Furthermore, recently there has been growing interest in the theoretical machine learning community
for designing approaches with provable guarantees under test time attacks [89-91] as well as renewed
interest in distribution shift [92-94].

All the prior theoretical work in the literature has mainly focused on the effect of attacks or
distribution shift on average error rate (e.g., [89, 92]). However, this neglects a major relevant
concern for users of machine learning algorithms, namely the ability to provide correctness guarantees
for individual predictions, i.e., reliability. In this work, we advance this line of work by developing
a general understanding of how to learn reliably in the presence of corruptions or changes to the
test set, specifically under adversarial test-time attacks as well as distribution shift between the
training (source) and test (target) data. We note that prior work on certified adversarial robustness
[95-97| also examined point-wise consistency guarantees which guarantee that a prediction does
not change with an adversarial perturbation. However, it does not guarantee that the prediction is
correct (neither for the original point nor the perturbation). In particular, a constant function is
always certified robust, but it may not be useful. In contrast, we aim to also provide a “correctness”
guarantee (robust loss zero) in a sense informed by which robust loss we are addressing.
Contribution: We consider algorithms that provide robustly-reliable predictions that are guaran-
teed to be correct under standard assumptions from statistical learning theory for both test-time
attacks and distribution shift. Our first main set of results tackles the challenging case of adversarial
test-time perturbations. For this setting, we introduce a novel, compelling reliability criterion on a
learner that particularly captures the challenge of reliability under the test-time attacks. Given a
test point z, a robustly-reliable classifier either abstains from prediction or outputs both a prediction
y and a reliability guarantee n with the guarantee that y is correct unless one of two bad events
has occurred: 1) The true target function does not belong to the given hypothesis set H, or 2) a
test point z is perturbed from its original point by adversarial strength of at least 1 (measured in
the relevant metric). In the case of distribution shift, we provide novel analysis and a complexity
measure that extend the classical notion of reliable learning to the setting when the test distribution
is allowed to be an arbitrary new distribution. The paper is a joint work with Dravy Sharma, Nina
Balcan and Steve Hanneke and is published at the Advances in Neural Information Processing
Systems, 2023 [98|.

This project characterizes where correctness can be guaranteed for a deployed classifier. The final
project asks a complementary question: whether a widely used training procedure reaches a robust

solution.

1.2.2 Dynamics of Adversarial Training

In this section, we focus on the dynamics of adversarial training [15], which is a popular method for
training models that are robust to test-time adversarial perturbations. Adversarial training generally

involves two steps:



1. For a given machine learning model, find adversarial examples that maximize the loss with

respect to that model.

2. Update the model to correctly classify these adversarial examples.

This process resembles an alternating best-response strategy in a two-player zero-sum game, where
the defender (the model) and the attacker (the adversary) each perform their best response to the
other’s strategy—the attacker generates the worst-case adversarial examples for the current model,
and the defender updates the model to withstand these examples. The utility of the adversary
is just the expected loss of the model on the perturbed data, while the utility of the defender
is the negative value of this expected loss. This zero-sum game is also known as an adversarial
robustness game [99-104|. We examine the dynamics of adversarial training from this game-theoretic
perspective (adversarial training as an alternating best-response strategy) and study whether the
Nash equilibrium of this game exists and whether adversarial training leads to a model that converges
to the Nash equilibrium (if it exists).

Contribution: We show that for the adversarial robustness game, even in a simple setting, the
alternating best-response strategy may not converge. We consider a general symmetric independent
distribution beyond the symmetric Gaussian distribution, which was typically assumed in the prior
works [105, 106]. We call this game the Symmetric Linear Adversarial Robustness (SLAR) game.
The challenge is that SLAR is not a convex-concave game, and so those known results on convex-
concave zero-sum games do not apply in our setting. One of our key contributions is to analyze the
dynamics of adversarial training in the SLAR game, which sheds light on the behavior of adversarial
training in general. On the other hand, we prove the existence of a pure Nash equilibrium and show
that any Nash equilibrium provably leads to a robust classifier, i.e., a classifier that puts zero weight
on the non-robust features. The Nash equilibrium is unique in that any two Nash equilibria select
the same classifier. Our finding motivates us to train a model that achieves a Nash equilibrium.
For linear models, there is a closed-form solution of adversarial examples for each data point
[101, 105]. Different from the alternating best-response strategy, we also study the procedure of
substituting the closed-form adversarial examples into the inner maximization problem and reducing
the problem to a standard minimization objective. We refer to this procedure as Optimal Adversarial
Training (OAT'). [105] has shown that OAT leads to a robust classifier under symmetric Gaussian
distributions. We extend their results by showing that the same conclusion also holds for the
SLAR game. We support our theoretical results with experiments, demonstrating that standard
adversarial training does not converge while a Nash equilibrium is robust. The paper is a joint work
with Hongyang Zhang, Nina Balcan and Pradeep Ravikumar and is published at the International
Conference on Artificial Intelligence and Statistics, 2023 [107].

1.3 Unifying Perspective

Across both parts, classical supervised learning captures only part of how modern systems are

taught and deployed. Modern machine learning systems are routinely taught through partial, noisy,
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or indirect sources of information. Learning theory provides a way to state what each source
communicates, understand how it restricts the possible targets or predictions, and match the learning
procedure and its guarantees to that structure. This perspective provides the common thread across

the imperfect teachers and imperfect test environments studied in this thesis.

Summary of Contributions

Modern machine learning systems are taught by many imperfect sources, including expert heuristics,
explanations, measurement processes, and human preferences. The first part of this thesis asks how
such indirect teaching signals can be used and under what assumptions they improve learning. In
programmatic weak supervision, we combine multiple noisy weak labelers by expressing their assumed
accuracy bounds as constraints on the target model. We further use unlabeled data to denoise weak
labels through label propagation, exploiting the geometry of the underlying data graph. In interval
regression, information from multiple intervals, together with appropriate smoothness assumptions,
can narrow the range of plausible target values. Explanations provide another form of indirect
supervision: by constraining how a model should behave, they can reduce the effective complexity of
the learning problem and improve sample efficiency. These benefits, however, depend on whether the
supplied information accurately reflects the target. Collectively, these results show how imperfect but
complementary teachers can reduce uncertainty when their information is combined with appropriate
structural assumptions.

Pairwise comparisons provide another form of imperfect teaching. When assigning an absolute rating
is difficult, a human may still be able to indicate which of two instances is preferred. However, each
comparison provides only relative information, raising the question of when a collection of such
comparisons is sufficient to learn a coherent preference. Our first project studies when preferences
can be learned from a distribution of pairwise comparisons using the Bradley—Terry model. We
characterize when the comparison distribution is compatible with this model and show how margin
and connectivity govern the sample complexity of learning the underlying preference. The score
function learned by the Bradley—Terry model is also commonly used as a reward model. Motivated
by this connection, our second project applies the framework to Best-of-N preference data and
characterizes the reward signal learned from this data-collection process. We then study how the
choice of N affects margin and connectivity, leading to practical principles for collecting preference
data.

The second part of this thesis turns from imperfect teachers during training to imperfect environments
at test time, including natural distribution shifts and adversarial perturbations. Our first project
introduces robustly reliable learning, a framework in which a learner either provides a prediction with
a pointwise correctness guarantee or abstains when such a guarantee cannot be established. This
framework characterizes where reliable predictions are possible under adversarial perturbations and
how reliability guarantees transfer across distributions. Our second project studies the dynamics of

adversarial training through a two-player zero-sum game in a linear setting. We show that alternating
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best-response training may fail to converge because repeatedly fitting the adversarial examples
generated against the current model can cause the learner to alternate its reliance on non-robust
features. Nevertheless, the game admits a unique equilibrium classifier that ignores these features
and is robust.

Across these projects, learning theory serves to clarify what modern learning systems can recover
from imperfect teachers, under which assumptions, and which guarantees remain valid when those

systems are deployed in imperfect environments.
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Chapter 2

Learning from Weak Labelers as
Constraints

Vishwajeet Agrawal”, Rattana Pukdee”, Maria-Florina Balcan, Pradeep Ravikumar

Abstract

We study programmatic weak supervision, where, in contrast to labeled data, we have access
to weak labelers, each of which either abstains or provides noisy labels corresponding to any
input. Most previous approaches typically employ latent generative models that model the joint
distribution of the weak labels and the latent “true” label. The caveats are that this relies on
assumptions that may not always hold in practice, such as conditional independence assumptions
over the joint distribution of the weak labelers and the latent true label, and more general implicit
inductive biases in the latent generative models. In this work, we consider a more explicit form
of side information that can be leveraged to denoise the weak labeler, namely the bounds on
the average error of the weak labelers. We then propose a novel but natural weak supervision
objective that minimizes a regularization functional subject to satisfying these bounds. This
turns out to be a difficult constrained optimization problem due to discontinuous accuracy bound
constraints. We provide a continuous optimization formulation for this objective through an
alternating minimization algorithm that iteratively computes soft pseudo labels on the unlabeled
data satisfying the constraints while being close to the model, and then updates the model on
these labels until all the constraints are satisfied. We follow this with a theoretical analysis of
this approach and provide insights into its denoising effects in training discriminative models
given multiple weak labelers. Finally, we demonstrate the superior performance and robustness

of our method on a popular weak supervision benchmark.

2.1 Introduction

Acquiring high-quality labeled data, which is critical for supervised learning, is often very expensive.
The burgeoning field of programmatic weak supervision addresses this caveat by training models
from “weak labelers,” which are functions that either abstain or provide noisy labels corresponding to

any input [26]. Such weak labelers could range from domain-expert-specified functions to rule-based

Equal contribution.
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systems, heuristics, or even pre-trained models. There are two main challenges in learning a predictor
using only weak labelers: each weak labeler covers only part of the input space (due to abstention)
and it is typically noisy. Thus, one has to generalize beyond the coverage regions, as well as denoise
within them.

To learn from weak labelers, most prior works draw from developments in related fields such as
crowdsourcing [27, 28], employing latent generative models that model the joint distribution of
the weak labels and the latent “true” label. Conditional inference on the true label then provides a
natural approach to aggregate multiple noisy labels into less noisy “pseudo-labels” which provide an
estimate of the true label. However, this relies on the implicit inductive bias since non-parametric
mixture models are known to not be identifiable without any further assumptions [29, 30|. For
example, Snorkel [3, 20| imposes both (a) conditional independence assumptions among the weak
labelers and the true label (b) parametric assumptions on the latent generative model. However,
these assumptions might not be applicable and are, in general, difficult to validate with domain
experts. In addition, the denoising step does not take advantage of modern hypothesis classes such
as deep neural networks. Instead, it is common to follow a two-staged approach: denoising step to
estimate pseudo-labels and then train a neural network using these pseudo-labels.

We also note that this learning from weak labelers is closely related to a subfield of learning with
noisy labels that also faces a denoising problem [31-33]. Here, we assume that a noisy label is
obtained by passing the unknown true label through a noise channel that is usually assumed to
be independent of the input [33]. There is also a general noise model that could depend on the
input called Massart noise [34| which is known to lead to a computationally hard learning problem
[35, 36]. A recent line of work shows that we can make headway in this difficult setting, provided we
have additional side information such as the marginal distribution is structured [108-110|. There
have been considerable recent advances in learning under such noise models and other difficult
noise models such as the malicious noise model [37, 37-40]. However, we remark that results from
learning with noisy labels are not directly applicable to our setting since the levels of noise induced
by our weak labelers do not satisfy the amount of structure needed by these works.

Regardless, we believe that programmatic weak supervision can considerably benefit from connections
with the field of learning from noisy labels and that it forms a rich area of research. As our first
step towards leveraging such a connection, we consider the following natural and explicit inductive
bias that domain experts might provide, a bound on the accuracy of each weak labeler (similar to a
bound on the fraction of corrupted data in the learning from noisy label setting), where accuracy
can either be with respect to the target Bayes optimal classifier or with respect to the underlying
stochastic label distribution. Our first contribution is to develop a constraint-based approach to
aggregate weak labelers by viewing the accuracy bound as a constraint, and accordingly impose this
constraint on the model to be learned. We pose the problem as learning the simplest model (with
respect to some regularization functional) that satisfies all of these constraints (Section 2.2). This
objective is however difficult along multiple facets: it is a constrained optimization problem, with

discontinuous accuracy bound constraints. While there is a rich literature on continuous convex
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surrogates of classification accuracy (or error), they are not immediately applicable in our setting
since a bound on the accuracy does not translate to a bound on any particular surrogate loss, and
recall that it is these accuracy bounds that form our domain-expert provided side information.
Our second contribution is a scalable optimization algorithm. This is based on a projection function
that projects the model onto the set of all functions that satisfy the constraints. First, we show that
the projection objective can be reduced to a linear program when the error bounds are given with
respect to the target Bayes optimal classifier (Section 2.3.1), and a convex optimization problem
when they are given with respect to the target label distribution (Section 2.3.2). The convex
optimization problem for the latter case results in an efficient and robust algorithm that can also be
used as an approximation when the constraints are given with respect to the target classifier.

Our third contribution is a rigorous analysis of our constrained estimator (Section 2.4). We note
that the traditional statistical learning theoretic tools are not applicable since we have no labeled
data. We provide two tools to bound the error of the learned classifier: i) an agreement region based
analysis i) corrected triangle inequality. Both approaches involve disparate denoising coefficients
that track the benefit of having multiple rather than a single weak labeler. We further refine this
to provide a tighter extension of the bounds from the limited support to the overall space using a
subtle Lipschitz notion that might be of independent interest even outside the context of this paper.
Lastly, we demonstrate the robustness and competitive performance of our method on a popular

weak supervision benchmark [41] in Section 2.5.

2.2 Learning from weak labeler constraints

Setup: We consider the general setting of multi-class classification, with input space X', output
space Y = {1,..., K}, joint distribution P over X x ), and marginal distribution over X" denoted
by Px which we assume to be continuous. We use uppercase letters (e.g., X) to represent random
variables and lowercase letters (e.g., x) for deterministic variables. For a vector 2 € R?, we denote
x, as the kth entry of 2. Let p*(z) = p(y|z) € R be the conditional distribution of y given x, and
let f*(x) = argmaxy p*(x); denote the Bayes optimal classifier. Our goal is to learn a classifier
f : X — Y that minimizes the expected misclassification error with respect to the Bayes optimal
classifier f*, i.e. minimizes Pr(f(X) # f*(X)), or the error with respect to the stochastic label itself:
Pr(f(X) #Y). In our setting, we assume that we only have access to unlabeled data drawn i.i.d.
from Py and weak labelers {g;} jc|m], Wwhere each weak labeler g; : X — ) U {0} maps any point in
the instance space to the label space or abstains from prediction (denoted by #)). We denote the
coverage set of the weak labeler by S; := {z € X' | g;(x) # 0}. We consider formulating a classifier
from a smooth real-valued function h : X — R¥ from some hypothesis class F e.g. neural networks.
This function induces a conditional distribution denoted by pj, which we obtain by applying the
softmax function, pp(z)r = exp(h(z)x)/ Zfil exp(h(x);). For any conditional distribution p such

that arg max, p(z), is unique for each x, we denote the corresponding classifier as clf(p) where

clf(p)(x) = arg maxy, p(z).
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Accuracy bounds and the corresponding constraints: We assume we have additional side
information about the average error of each weak labeler g; on its coverage set S;. First, this can be
an error bound with respect to the Bayes optimal classifier f* given by

par(9;, f7) = P, (g;(X) # (X)X € 55) <. (2.1)
Since our target Bayes optimal classifier f* only differs from g; by a fraction of at most n; on Sj, a
natural learning strategy is to encourage our hypothesis to also have the same behavior (differ from
gj at most ;). This leads to a constraint pe(g;, clf(pr)) < nj. We propose to learn the simplest
hypothesis f (with respect to a regularization functional R(f)) that satisfies all of these constraints

which can be formalized as the following objective with constraints on classifier outputs:

min R(f) s.t. pae(g5, U (py)) < nj, Vj € [m]. (22)

On the other hand, if we may instead have access to an error with respect to the stochastic labels
sampled from p*, the bound is given by

e OO # YIS < e

paist (95, P") :
Here g; is a classifier but Y is a random variable distributed according to p*(X), so the prob-
ability that g;(x) is not equal to y for each z is given by Zk;égj(a:) p*(2)k, thus pgst(g,p*) =
Ex~py [Zk?égj(x) p*(x)g]. Similar to before, we have the following objective with constraints on

classifier probabilistic labels:

min R(f) st paist(gj,pr) < myj, Vi € [m] (2.4)

2.3 Algorithms

In this section, we will first examine an algorithm for solving the learning objective with constraints
on classifiers ((2.2)) through an alternating minimization algorithm. This requires a projection
step that projects a conditional distribution into the set of conditional distributions that satisfy the
constraints. We will describe a method for estimating this projection and show that it can be reduced
to a linear program. Finally, we will extend our algorithm to solve the objective with constraints on

the distribution ((2.4)). We provide proofs for results in this section in Appendix A.2.

2.3.1 Learning objective with constraints on classifier

The key challenge in solving (2.2) is that it is a constrained optimization problem and these
constraints are not continuous. As a key initial step, we define a projection loss of a conditional
distribution p to a class of classifiers that satisfies the constraint. We denote a set of all conditional

distributions that satisfy the constraints as
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Qcif = ﬂ Qjar, where Qjar = {q: X — A% | pas(g5, clf (q)) < n;}. (2.5)
J

We consider a projection loss from any conditional distribution p to a set of conditional distributions

Q@ given by,

d(p,Q) = qigéEX[DKL(Q(X)Hp(X))] (2.6)
where Dxy, is the KL-divergence. We can show that d(p, Qi) is zero if and only if p € Q.

Lemma 2.1. For any p such that clf(p) is well defined, i.e. arg max, p(x), is unique for each x, we
have d(p, Qag) = 0 if and only if p € Qur.

From Lemma 2.1, we may replace the constraints in (2.2) with the projection loss instead. This
would still lead to the same optimal solution. We have an objective
min R(f) s.t. d(py¢, =0 2.7
i (f) (s, Qerr) (2.7)
We consider a relaxation of this objective into an unconstrained optimization problem,
minR(f) + a - d(py, 2.8
i (f) (s, Qair) (2.8)
where « trades off satisfying the constraints with a notion of simplicity of distribution specified
through the regularization. This relaxed objective is now more suitable for a gradient-based

optimization since it is continuous. We can rewrite this objective as

qEQrﬁfif}Efﬁ(f, q) := R(f) + aEx[Dxr(¢(X)|[ps(X))] (2.9)

This is a minimization problem in f € F,q € Qg for which we propose to use an alternating

minimization algorithm where we keep track of a sequence of (ft, g:) and update as follows:

L feyr = argmin R(f) + oEx[Dxw(q:(X)|lps(X))] (2.10)
2. qiy1 = arg qrémjf Ex[Dxkr(q(X)|lps,, (X))] (2.11)

We can show that this algorithm leads to a sequence of (f;, q) that is decreasing in L(ft, ¢:):

Lemma 2.2. A sequence (fi,qi) with an update in (2.10) and (2.11) satisfies L(fi+1,q+1) <
['(ftaQt)'
Proof. L(ft+1,q+1) < L(fi+1,q) from minimization in (2.11) and L£(fi+1,q) < L(f:,q) from

minimization in (2.10). O

Solving step 1 ((2.10)). It can be seen that the KL term in (2.10) is simply the cross-entropy loss
with respect to the pseudo soft labels given by g. Thus this first step of the alternating minimization
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algorithm simply fits a regularized classifier to these pseudo labels. Further, one does not need
to estimate the exact minima at each step, as long as the next iterate reduces the objective, i.e.
L(fr41,q+1) < L(ft,q:). Thus one can take a single or few steps of gradient descent in (2.10) to
get fiy1 from fy.

Solving step 2 ((2.11)).

This step of the alternating minimization algorithm computes the soft pseudo labels on the training
data so that the constraints are satisfied. This is a much more involved step, which we detail in the
following section, where we show that estimating the projection ¢; can be reduced to a linear program.
Before doing so, we first remark that the constraints on classifiers may not be robust to a small
perturbation. For example, if one has a uniform conditional distribution pynie = (1/K,...,1/K), we
can make a small perturbation Ap of size at most e such that clf (punir + Ap) = k for any label k.
This implies that there exists a conditional distribution p such that d(p, @) is small but clf(p) can
be arbitrary.

Lemma 2.3. Let Q = {g € X — AKX | clf(q) € H} for some set of classifiers H. For any € > 0 and
any classifier f, there exists a conditional distribution p such that clf(p) = f and d(p, Q) < €.

To alleviate this problem, we enforce an additional constraint by making sure that ¢ puts a higher

probability on one label than the rest,

Ac:={qg€ X — A¥ | for each x,3y : q(x), > (1 + €)q(x)y, for k # y} (2.12)
With this additional constraint, we can show that d(p, Q) bounds the error in satisfaction of the

classifier constraints, and further show that the projection problem can be solved efficiently.

Proposition 2.4. For any e,v > 0 there exists §(e,v) > 0 such that if d(p, Ae N Qeir) < (€, v) then
pat(g;, clf(p)) < nj +v/|S;|, where |S;| = Px(X € S;) is the size of coverage set S; of weak labeler

g; with respect to marginal distribution Px .

Proposition 2.5. Given Q = A. N Qi for Ac defined in (2.12) and Q¢ defined in (2.5), for any
conditional distribution p, the optimal projection ¢* = arg mingeq E[Dgr(q(X)||p(X))] can be found

as follows,

1. Solve for optimal clf(q*) as

clf(¢") = argmin Ex[Proj e, (p(X); A xy. )] : per(gy, ) <y (2.13)
heXxX—Y

where

All/(,f = {TGAK|Ty > (1+6)7‘k ,Vl{:;ﬁy},
Projes(u; S) = mig Dicr (rlw). (2.14)
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2. Solve for an optimal distribution ¢* given the optimal clf(¢*). For each z,

q*(z) = arg min Dk (r||p(x)) : r € Agfgq*)(z) (2.15)

K
y7€’

about the label y with some margin e. For any u € AKX, and label y € [K], Projky(u; A?ﬁ) is a

A key ingredient is the subset of the simplex A;*., comprising probabilities that are more confident
convex optimization problem since the objective Dkr,(r||u) is convex in r and the constraints in A{fe
are linear. While we can use a black box convex optimization solver, we solve this more efficiently
by reparameterizing into an unconstrained objective and using a fast heuristic approximation (see
Appendix A.4.2 for more details).

Given ¢(z,y) = Projgy (p(x); AK,) for cach 2, y, the optimization in step 1 can be framed as an integer
linear programming (ILP) problem by using a one-hot representation of the optimizing variable h as
p: X — {0, 1} with p(x), =1 for y = h(z) and u(x) = 0 otherwise. The objective then becomes
IEX[Z;(ZI p(X)yc(X,y)] and the constraint pe(gj, h) < n; becomes E[Zy;égj(x) pu(X)yl < nj. For
each =, we have an additional constraint Eff:l p(z)y = 1. Both the objective and constraints are
linear in p, resulting in an ILP. ILPs are usually inefficient to solve, however, we find empirically that
the LP relaxation works very well for this class of ILPs (see Appendix A.4.1 for more details). One
issue with solving the ILP is that it can still be slow even with LP relaxation since it involves one
constraint for each unlabeled data x. We also can’t take a small batch size when using a stochastic
gradient descent since the constraints involve the population means of the weak labeler accuracies.
Finally, this is not robust to misspecification of the error bounds, as the constraints might become
infeasible. In the next section, we propose our method for the learning objective with constraints on
distribution ((2.4)). Interestingly, we found that it can also be viewed as an approximation of the
algorithm presented in this section, yet it overcomes issues of efficiency and robustness, resulting in

a more practical solution that is effective in both settings.

2.3.2 Learning objective with constraints on distribution

Let Qgist be the set of conditional distributions that satisfy the constraints on distribution,

Quaist = [ | Qjaist: Where Qjaise = {g: X = A% | pae (g5, 9) < mj}- (2.16)

J
Now, with a similar proof, we would also have a version of Lemma 2.1 for the constraints on
distribution, and further d(p, Qqgist) bounds the error in satisfying the constraints without the need

of imposing any additional constraint.

Proposition 2.6. For Qs defined in (2.16), we have d(p, Qaist) = 0 if and only if p € Qgist-
Furthermore, for any v > 0 there exists 6(v) > 0 such that if d(p, Qaist) < 0(v) then paist(gj,p) <

n; + v/|S;|, where |S;| = Px(S;) is the size of coverage set S; of weak labeler g; with respect to

marginal distribution Px.
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This allows us to derive the same alternating minimization algorithm as in (2.10) and (2.11). While
the first step is identical, the main benefit of working with the constraints on distribution is that the
second projection step can be directly posed as a convex optimization problem.
Jnin  E[Dx(@(X)llp(X))] st Elg(X)g;c0le € 8j] 2 1=, Vi € [m]. (2.17)
q:A—

We can also derive the optimal solution of (2.17).

Proposition 2.7. Given Qgist as defined in (2.16), for any conditional distribution p, the optimal
projection ¢* = arg mingeq,,., E[Dkr(¢(X)||p(X))] is given by ¢* = pN where

p(2), = Zx(x) exp( Z A)p(z)y (2.18)
J:95(z)=y

Zx(x) is the normalization constant. The optimal A* is given by the following optimization:

m
A* = mi X st paist(gi,p™) <ni Vi€ 2.19
r)‘nzn(} ; j S pdlst(gj7p ) < ni vj [m] ( )

The optimization for A* can be solved by a coordinate-wise alternating minimization. Given the
current iterate A, pick some j, and update A; as

Aj =minA s.t. paist(9j, ) = 1 = E[Zx(z) exp(\)p* 7 (X) g, (x)] < i (2.20)
where A_j = (A1,...Xj=1,0,Aj41, ... Ap). Note that while optimizing for a particular coordinate
Aj, we only consider the constraint associated with g;. This can be seen as a relaxation of the true
constraint, which is an intersection of m constraints. While this does not ensure satisfaction of all of
the constraints as the alternating minimization proceeds, it lends us a simple method to solve this

by a Newton-Raphson root-finding method as follows:

Reset: A\; =0
Repeat until convergence: A; <— A; + log(1 + (1 — n; — 7(hs))+ /7 (hi(1 — hy))),
hi(z) = pM(@) g, ()
7i(h) = E[h(X)|X € Si]

(2.21)

For derivations and proofs, see appendix A.2. For computational efficiency, we also propose a single
parallel update for all A; instead of performing the alternating minimization sequentially by using
a single step of the above Newton-Raphson method parallelly across all ¢ given the starting point
A=0as:

Ai = log(L + (1= n; = 7i(pi))+/7i(pi(1 = pi))), (Pil2) = p(2)g,(a))- (2.22)

This does not give an exact projection of p on Qgist, but can be thought of as an approximate
projection that finds a g that is closer to Qqist than p is to @), on average. Overall, we summarize

our learning algorithm ((2.10), (2.11)) with our proposed projection step below,
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Summary of our learning algorithm. We have an alternating minimization algorithm where
we track the pair (f;,q;). Here, f; : X — R¥ is a real-valued function from our hypothesis class
(e.g., neural networks), and ¢; represents its projection onto the set of distributions that satisfy our

constraints. At each iteration t, we perform the following steps
1. Estimate ¢4 given f;.

(a) Calculate a conditional distribution given by f; with a softmax function o,

py,(x) = softmax(f;(x)) € A® (2.23)

(b) We use a one-step parallel Newton-Raphson update to calculate \; for each weak labeler j

((2.22)). For simplicity, for each unlabeled data z; for i = 1,...,n, we denote the g;(z;)""

coordinate of py, (%) as zij 1= pf, (i), (2;) then

N=log(l (- —— Y )/ Y G)-=))  (22)

7 irgy ()20 I irgj ()70
¢;j is the number of data points that g; does not abstain, ¢; = Y ;" 1[g;(z;) # 0].
(c¢) Finally, we use A to calculate g.y1(x). We first compute the unnormalized version of g1,
Gi+1(zi)k = Dy, (z4) 1 exp( Z Aj) (2.25)
J:g5(xi)=k
Then qui1(2:) = Gt (T0)) Sy Gt (@i

2. Estimate f;;1 given ¢;r1. This step is equivalent to fitting a f;1 with respect to the soft
pseudo labels given by g¢+1. Our loss of f; is given by

L(ft; qt+1) = R(fe) + o ZECE fe(@i), qr1(24)

where {cg is a cross-entropy loss. We then update f;y1 with a gradient descent; fi11 = fi —v-VL

where v is a learning rate.

We also provide a compact version of our algorithm in Algorithm 1 in Appendix A.3. Finally, we
remark that the sets Q;qist can also be viewed as a convex approximation of the constraint sets
Qj.qif (see Appendix A.5 for more details). Therefore, the method developed in this section is also
applicable (as an approximation) for the setting of constraints on classifiers but it is more efficient

and also robust to misspecification in error bounds 7; compared to the algorithm in Section 2.3.1.

2.4 Theoretical Analysis of the Objective

In this section, we provide some theoretical insights into the denoising effect of weak labeler constraints.

We focus on the setting of constraints on classifiers (estimation objective (2.2)). We learn a conditional
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distribution py and thus correspondingly a classifier clf(ps) that minimizes a regularization functional
R(f) subjected to weak labeler constraints. Minimizing R(f) implicitly defines a hypothesis class of
classifiers as F = {clf(py) : R(f) < 0} for some § > 0. Let H; = {h : X — [K] | par(gj, h) < n;}
(here H; is a set of classifiers that differ from @; which is a set of conditional distributions). We learn
a classifier f € F:=FnN ﬂj H;. The constraints lead to a smaller class F C F’, which implies that a
typical measure of complexity V of the function class F such as Rademacher complexity is also smaller
than F. Thus, we can quantify the benefit of the weak labeler constraints via the ratio V(F)/V(F).
However, such a function class statistical complexity analysis merely makes the natural qualitative
point that we require less labeled data to learn from F than F. It does not provide a bound per se

on the accuracy of our learned classifier, because we are not using any labeled data to select f.

2.4.1 Error Guarantee on Agreement Region

Recall that we minimize R(f) subject to satisfying constraints. We start with the observation that
the weak labeler constraint directly restricts the output of a classifier to be similar to that of the
weak labeler in its coverage set. For example, given a weak labeler that makes a constant prediction
in a small region, any linear separator that satisfies the accuracy bound constraint can only slice off
the coverage set by a fraction of at most 1 (Figure Figure 2.1 (left)). This leads to an area in the
middle where the decision boundary can’t pass through: otherwise, the classifier would differ too
much from the weak labeler. This resembles the classical notion of agreement regions [111, 112],

which we thus use to characterize the impact of weak labelers on F.

Definition 2.8. For a set of classifiers F', the agreement region is the set of all points where any
classifier in F' agrees, Agree(F) = {x € X | Vf1, fa € F, fi(z) = fa(x)}.

Under realizability, we can show that the error of any f € F in the agreement region is zero.
Furthermore, we can show that as multiple constraints are used, the resulting agreement region will
always be larger than or equal to the union of agreement regions for individual constraints. In Figure
Figure 2.1, we provide an example with linear classifiers where the agreement regions from multiple
constraints are larger than the union of the agreement region from each individual constraint. This
is a possible explanation of the implicit denoising effect of multiple weak labelers when learning

from a function class F. Formally, we denote an error of a classifier f within the set S as

errs(f) == Pr(f(X) # f*(X) | 9). (2.26)

Lemma 2.9. For any function class F, and corresponding constrained class ]?, so long as f* € ]-N",

for any f € F, errAgree(f)(f) =0.

Lemma 2.10. For a function class F and constraints Hi, Ha, we have

Agree(F NH1) U Agree(F NHa) C Agree(F NHy N Ha).
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Figure 2.1. The figure shows the agreement region of the class of linear separators given two weak
labeler constraints: one weak labeler labels red in the red circle, and the other labels blue in the
blue circle. A linear separator can only differ from each weak labeler by a fraction of n of its
support, and therefore the agreement region is given by the middle region of each coverage set (left).
The agreement regions from multiple constraints are larger than the union of the agreement region
from each individual constraint (right).

2.4.2 FError Guarantee on the Coverage Union

In the previous section, we used the geometry of constrained function classes in general. Here, we
note that the specific form of our constraints (weak labelers error bound) naturally leads to an error

guarantee via triangle inequality.

Lemma 2.11. Let H; = {h: X — [K] | pat(g;, h) <nj} then for any f € H;,

errs, (f) < mj + per(gy, ) (2.27)

We show that it is possible to have a better guarantee than the combination of the error bound from

the triangle inequality when we have multiple constraints with conflicting regions.

Theorem 2.12. Let Hi,...,Hy be constraints of the form H; = {h : X = [K]| | pat(gj, h) < nj},
each with different constant weak labels, g;(X) =7 —1 for all j =1,...,k, then for any f € ﬂj H;,

we have

k Pr(S; r(By
ems($) < D00+ palar )y - > -y 0 (2.28)
Jj= oC{1,....k},
jo]>2

when S = U§:1 Sj, Bo = (Mico 5) N (Nieqa,..kp\o S5) are minterms.

The first term on the RHS is the error guarantee from naively combining multiple error guarantees
based on the triangle inequality. The improvement is in the second term which is the region where
weak labelers have a conflict (B, ), more conflict leads to a better error bound. The main idea is
that whenever there is a conflict, a classifier can match with only one weak labeler. Therefore, to
be approximately close to all weak labelers, it must closely match the other weak labelers in areas
outside of the conflict. We note that while our result is applicable to when each weak labeler has a

different label if we have multiple weak labelers that predict the same label, we can merge them into
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a super weak labeler by combining the coverage region e.g. S7 U S2 and then derive the new 7 as a

PI‘(S1)+?72 PT(SQ)
Pr(S1)+Pr(S2)

linear combination of 71,1 e.g. n = X , before applying Theorem 2.12.

2.4.3 Extending Error Guarantees to Entire Input Space

The previous two sections provided error guarantees in subsets of the input space: the first over the
agreement region of the constrained function class, and the second on the union of the coverage sets
of the weak labelers. In this section, we provided a more nuanced analysis based on a smoothness
argument which can be used to generalize beyond the coverage set or the agreement region. Intuitively,
if f performs well on one region, and the underlying probability distribution is smooth then we

would expect it to perform well in a neighbor region as well.

Theorem 2.13. Let P be a joint distribution over X x Y such that Pr(Y =y | X = x) is L-Lipschitz

w.r.t. a metric d where for allk=1,..., K and x1,29 € X,

|Pr(Y =k | X =21) —Pr(Y =k | X = x9)| < Ld(x1,x2), (2.29)

then for any classifier f and a region S, we have

Pr(f(X) #Y) < Pr(f(X) £ Y | X € S)(1+££(S)) + Lug(S) (2.30)

The terms t¢(S),us(S) are distance between Px and Px condition on X € S,

Pr(f(X)=Fk|X €S) —Pr(f(X) =k)
Pr(f(X)=k| X € 8)

tr(9) = St;p! | (2.31)

up(S) = Pr(f(X) = k)Wa(Px|sn{a|f(2)=k}» Px |{a]f (2)=k}) (2.32)
k
and Wq 1s a Wasserstien distance and we denote Px|a for a distribution Px condition on X € A.

In this theorem, we analyze an error w.r.t. to y instead of f* since we require the smoothness of
the underlying data distribution. The generalization bound is small whenever Py is close to Px
condition on X € S. First, t;(5) is zero whenever Pr(f(X) =k | X € S) = Pr(f(X) = k) for all k,
that is, the proportion of label k£ predicted by f is the same in both original distribution and the
distribution conditional on S. Second, us(S) is a bit stronger where it is small when the Wasserstein
distance is small which is when S covers areas with high probability mass in X. The smoothness
of f is implicit in the term uy(S) in terms of the regions {« | f(x) = k}. We provide full proof
in Appendix A.9. We remark that ¢;(S), us(S) only depends on the marginal distribution and,

therefore, can be calculated solely from unlabeled data for any classifier f.

2.5 Experimental Evaluation

Experiment details: We show a comparison of our proposed method and baselines on 8 text
classification datasets from the WRENCH benchmark [41]. We provide the dataset statistics in
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Bio CDR  Chem IMDB Semeval TREC = Yelp Youtube Avg. rank

Sup (V) 64.21.1 59~90.6 35.91,4 64.31.3 59.63.0 52.13,7 73.41.4 80.91.2 6.8
MV 56.404 68404 52.695 75.797 65325 37.311 69.1p5 82.25 5.8
Snorkel 63.40,5 61.20.4 41.81,0 71-30.6 59.21.0 33.41,7 71.80.9 76813 7.8
LoL(S) 55.5098 67.404 51.6p04 75306 5H3.420 38.728 70.614 79.109 7
OHI‘S (C) 63.50.5 68.50_7 52-20.8 74.31.3 67.52.1 46.72.7 78.60_5 80.71.3 4.6
Ours (V) 62.60.8 67.90.5 53.30.5 72.51.1 79.42.4 63.12.1 75.30.7 90.21.4 4.1
Sup (T) 75-40.8 80.70.5 80.10.2 81.40.6 82.91.9 66.92‘3 87.00.3 89.70.6 1.1
Ours (T) 64.80.7 69.1g2 55.603 74.811 77314 66329 78393 88.004 2.8
OurSle (T) 60.90.9 66.00.4 49.80_7 73.31.0 81.01.9 57.21.2 75.80.5 87.30.3 5.1

Table 2.1. Average test accuracy and the corresponding standard error (over 5 random train-val-test
split of the data) of our proposed algorithm and the baselines. We bold methods that are within a
standard error of the best-performing method. Sup (T) and Sup (V) are supervised learning on the
training set and the validation set respectively. MV, Snorkel, and Lol(S) are Majority vote, Snorkel,
and Losses over labels (Simple) baselines. Ours is our proposed method (Algorithm 1) with different
ways to estimate the error bound 7;. Ours (V) is when we estimate n; from the labels from the
validation set, given a Beta(1,2) prior. Ours (C) is when we use a constant 7; and tune this on the
validation set. Ours (T) is when 7); is estimated from the labels from the training set. Finally,
Oursys is our algorithm with respect to constraints on the classifier (Section 2.3.1).

Appendix A.7.1. For all methods and datasets, we use a neural network with a single hidden layer
and a hidden size of 16 on top of the pre-trained BERT text embeddings. The neural network
is trained with a full batch gradient descent with an Adam optimizer with a learning rate in
[0.001,0.003,0.01], weight decay in [0.001,0.003,0.01] and a number of epochs in range(1, 500, 5).
We tune these hyperparameters on the validation set of size 100 for each dataset. For our proposed
method, we implement Algorithm 1 with an L2 regularization. Since the WRENCH benchmark
does not provide error bounds 7; for each weak labeler, we consider 3 strategies to estimate 7;; i)
we estimate 7; from the labels from the validation set, given a Beta(1,2) prior, ii) we treat n; as a
fixed constant n for all weak labelers and tune this 7 on the validation set, iii) we estimate n; from
the labels from the training set which we treat as a ground truth error of each weak labeler. See
Appendix A.6 for more details on estimating error bound from the vaildation set. Finally, we also
implement our algorithm with respect to constraints on the classifier (Section 2.3.1) with a linear
programming relaxation of the integer linear program (see Appendix A.7.3 for more details).

Baselines: We compare with three baselines: Majority Vote (MV), Snorkel Metal [3| and Losses
over Labels simple (LoL (S)) [113]. The majority vote and Snorkel are two-staged approaches
where we first aggregate weak labels and then train a neural network on the aggregated labels. The
Majority vote simply takes the majority vote between the non-abstain weak labels for each data
point while Snorkel deploys a latent generative model to estimate soft labels from the weak labels.
On the other hand, Losses over Labels (simple) is a one-staged approach that directly minimizes a
weighted linear combination of the loss with respect to each weak labeler. We also compare to a

baseline of simply performing supervised learning on labels from the validation set, to avoid concerns
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regarding possibly large validation sets as raised by [114].

Results: Our proposed method (Ours (V)) is the best performing approach compared to other
baselines (Table Table 2.1). This does not solely come from the fact that we have a large
number of labels in the validation set since supervised learning on the validation set (with the
best hyperparameters) still performs worse than ours on almost every dataset. Surprisingly, our
method with a constant 7; (Ours (C)), also performs competitively and is the second best performing
approach overall. On the other hand, having access to a more accurate error bound can lead to a
performance increase across the board (Ours (T)). In addition, we found that most constraints are
satisfied by the models trained by our algorithms (see Table A.7.2).

Ablation on noisy weak labeler error bounds: We assume that the error bound 7; is given as a
form of domain knowledge (or estimated from a small validation set). As such, we may have 7n; that
can be far from the ground truth error. In this section, we explore this impact on the performance
of our algorithm and we do so by adding noise to the “ground truth” 7); (estimated from the training
labels), given by 7; = n; + €,€ ~ Uniform(—a, a) and use 7; as inputs of our algorithm. We see
that our algorithm is quite robust and the performance drops graciously as the noise level increases

(Figure Figure 2.2).
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Figure 2.2. Impact of using noisy error bounds 7; = 1; + €, € ~ Uniform(—a, a) for a € [0,0.5]. The
accuracy is averaged over 5 random splits of data and the shaded area is the standard error.

2.6 Conclusion

In this paper we provided a principled approach to learn from weak labelers - weak classifiers that
label a subset of the input space, without making stringent assumptions about dependencies between
them, or about their noise model. Instead, we consider the expected error / accuracy as the only
source of information that characterizes the weakness of labelers. This information can either be
given by domain experts or can be estimated from a small amount of labeled data given only a
weak prior on the accuracy. We finally proposed a robust and scalable algorithm that can learn
from multiple noisy weak labelers even when only noisy estimates of expected errors are provided.

An interesting future direction could be to combine information about dependencies between weak
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labelers when such information is given along with the information about the expected error, as
well as developing alternative techniques based on mixed integer linear programming for solving our

constraint-based approach to aggregate weak labelers by viewing the accuracy bound as a constraint.
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Chapter 3

Learning with Explanation Constraints

Rattana Pukdee”, Dylan Sam”, J. Zico Kolter, Maria-Florina Balcan, Pradeep Ravikumar

Abstract

As larger deep learning models are hard to interpret, there has been a recent focus on
generating explanations of these black-box models. In contrast, we may have apriori explanations
of how models should behave. In this paper, we formalize this notion as learning from explanation
constraints and provide a learning theoretic framework to analyze how such explanations can
improve the learning of our models. One may naturally ask, “When would these explanations be
helpful?" Our first key contribution addresses this question via a class of models that satisfies
these explanation constraints in expectation over new data. We provide a characterization of
the benefits of these models (in terms of the reduction of their Rademacher complexities) for a
canonical class of explanations given by gradient information in the settings of both linear models
and two layer neural networks. In addition, we provide an algorithmic solution for our framework,
via a variational approximation that achieves better performance and satisfies these constraints
more frequently, when compared to simpler augmented Lagrangian methods to incorporate these
explanations. We demonstrate the benefits of our approach over a large array of synthetic and
real-world experiments.

3.1 Introduction

There has been a considerable recent focus on generating explanations of complex black-box models
so that humans may better understand their decisions. These can take the form of feature importance
[42, 43], counterfactuals [42, 43], influential training samples [44, 45], etc. But what if humans
were able to provide explanations for how these models should behave? We are interested in the
question of how to learn models given such apriori explanations. A recent line of work incorporates
explanations as a regularizer, penalizing models that do not exhibit apriori given explanations
[4, 46-48|. For example, Rieger et al. [46] penalize the feature importance of spurious patches on
a skin-cancer classification task. These methods lead to models that inherently satisfy “desirable”
properties and, thus, are more trustworthy. In addition, some of these empirical results suggest that
constraining models via explanations also leads to higher accuracy and robustness to changing test
environments. However, there is no theoretical analysis to explain this phenomenon.

We note that such explanations can arise from domain experts and domain knowledge, but also other
large “teacher” models that might have been developed for related tasks. An attractive facet of the

latter is that we can automatically generate model-based explanations given unlabeled data points.
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Figure 3.1. A restricted hypothesis class Hy o (left). Our algorithmic solution to solve a proposed
variational objective in Section 3.5 (right).

For instance, we can use segmentation models to select the background pixels of images solely on
unlabeled data, which we can use in our model training. We thus view incorporating explanation
constraints from such teacher models as a form of knowledge distillation into our student models [115].
In this paper, we provide an analytical framework for learning from explanations to reason when and
how explanations can improve the model performance. We first provide a mathematical framework
for model constraints given explanations. Casting explanations as functionals g that take in a model
h and input z (as is standard in explainable AI), we can represent domain knowledge of how models
should behave as constraints on the values of such explanations. We can leverage these to then solve
a constrained ERM problem where we additionally constrain the model to satisfy these explanation
constraints. Since the explanations and constraints are provided on randomly sampled inputs, these
constraints are random. Nevertheless, via standard statistical learning theoretic arguments [116],
any model that satisfies the set of explanation constraints on the finite sample can be shown to
satisfy the constraints in expectation up to some slack with high probability. In our work, we term a
model that satisfies explanations constraints in expectation, an CE model (see Definition 3.1). Then,
we can capture the benefit of learning with explanation constraints by analyzing the generalization
capabilities of this class of CE models (Theorem 3.19). This analysis builds off of a learning
theoretic framework for semi-supervised learning of Balcan and Blum [49, 50]. We remark that if the
explanation constraints are arbitrary, it is not possible to reason if a model satisfies the constraints
in expectation based on a finite sample. We provide a detailed discussion on when this argument is
possible in Appendix B.2,B.4. In addition, we note that our work also has a connection with classical
approaches in stochastic programming [117, 118| and is worth investigating this relationship further.
Another key contribution of our work is concretely analyzing this framework for a canonical class of
explanation constraints given by gradient information for linear models (Theorem 3.20) and two
layer neural networks (Theorem 3.21). We focus on gradient constraints as we can represent many
different notions of explanations, such as feature importance and ignoring spurious features. These
corollaries clearly illustrate that restricting the hypothesis class via explanation constraints can lead
to fewer required labeled data. Our results also provide a quantitative measure of the benefits of the

explanation constraints in terms of the number of labeled data. We also discuss when learning these
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explanation constraints makes sense or is possible (i.e., with a finite generalization bound). We note
that our framework allows for the explanations to be noisy, and not fully satisfied by even the Bayes
optimal classifier. Why then would incorporating explanation constraints help? As our analysis
shows, this is by reducing the estimation error (variance) by constraining the hypothesis class, at
the expense of approximation error (bias). We defer the question of how to explicitly denoise noisy
explanations to future work.

Now that we have provided a learning theoretic framework for these explanation constraints, we
next consider the algorithmic question: how do we solve for these explanation-constrained models?
In general, these constraints are not necessarily well-behaved and are difficult to optimize. One can
use augmented Lagrangian approaches [4, 119], or simply regularized versions of our constrained
problems [46] (which however do not in general solve the constrained problems for non-convex
parameterizations but is more computationally tractable). We draw from seminal work in posterior
regularization [120], which has also been studied in the capacity of model distillation [121], to
provide a variational objective. Our objective is composed of two terms; supervised empirical risk
and the discrepancy between the current model and the class of CE models. The optimal solution
of our objective is also the optimal solution of the constrained problem which is consistent with
our theoretical analysis. Our objective naturally incorporates unlabeled data and provides a simple
way to control the trade-off between explanation constraints and the supervised loss (Section 3.5).
We propose a tractable algorithm that iteratively trains a model on the supervised data, and then
approximately projects this learnt model onto the class of CE models. Finally, we provide an
extensive array of experiments that capture the benefits of learning from explanation constraints.
These experiments also demonstrate that the variational approach improves over simpler augmented

Lagrangian approaches and can lead to models that indeed satisfy explanations more frequently.

3.2 Related Work

Explainable AI. Recent advances in deep learning have led to models that achieve high performance
but which are also highly complex [122, 123|. Understanding these complex models is crucial
for safe and reliable deployments of these systems in the real-world. One approach to improve
our understanding of a model is through explanations. This can take many forms such as feature
importance [42, 43, 124, 125|, high level concepts [126, 127], counterfactual examples [128-130],
robustness of gradients [131], or influential training samples [44, 45].

In contrast to generating post-hoc explanations of a given model, we aim to learn models given apriori
explanations. There has been some recent work along such lines. Koh et al. [132], Zarlenga et al. [133]
incorporates explanations within the model architecture by requiring a conceptual bottleneck layer.
Ross et al. [4], Rieger et al. [46], Ismail et al. [47], Stacey et al. [48] use explanations to modify the
learning procedure for any class of models: they incorporate explanations as a regularizer, penalizing
models that do not exhibit apriori given explanations; Ross et al. [4] penalize input gradients, while
Rieger et al. [46| penalize a Contextual Decomposition score [134]|. Some of these suggest that

constraining models via explanations leads to higher accuracies and more robustness to spurious
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correlation, but do not provide analytical guarantees. On the theoretical front, Li et al. [135] show
that models that are easier to explain locally also generalize well. However, Bilodeau et al. [136] show
that common feature attribution methods without additional assumptions on the learning algorithm
or data distribution do no better than random guessing at inferring counterfactual model behavior.
Learning Theory. Our contribution is to provide an analytical framework for learning from
explanations that quantify the benefits of explanation constraints. Our analysis is closely related to
the framework of learning with side information. Balcan and Blum [50] shows how unlabeled data
can help in semi-supervised learning through a notion of compatibility between the data and the
target model. This work studies classical notions of side information (e.g., margin, smoothness, and
co-training). Subsequent papers have adapted this learning theoretic framework to study the benefits
of representation learning [137] and transformation invariance [138|. On the contrary, our paper
focuses on the more recent notion of explanations. Rather than focus on the benefits of unlabeled
data, we characterize the quality of different explanations. We highlight that constraints here are
stochastic, as they depend on data points which differs from deterministic constraints that have been
considered in existing literature, such as constraints on the norm of weights (i.e., L2 regularization).
Self-Training. Our work can also be connected to the self-training literature [139-142|, where we
could view our variational objective as comprising a regularized (potentially simpler) teacher model
that encodes these explanation constraints into a student model. Our variational objective (where
we use simpler teacher models) is also related to distillation, which has also been studied in terms of
gradients [143].

3.3 Learning from Explanation Constraints

Let X be the instance space and ) be the label space. We focus on binary classification where
Y = {—1,1}, but which can be naturally generalized. Let D be the joint data distribution over
(X,Y) and Dy the marginal distribution over X. For any classifier h : X — ), we are interested
in its classification error err(h) := Pr(, ,y.p(h(z) # y), though one could also use other losses to
define classification error. Our goal is to learn a classifier with small error from a family of functions
‘H. In this work, we use the words model and classifier interchangeably. Now, we formalize local

explanations as functionals that take in a model and a test input, and output a vector:

Definition 3.14 (Explanations). Given an instance space X', model hypothesis class H, and an
explanation functional g : H x X — R", we say g(h, x) is an explanation of h on point z induced by g.

For simplicity, we consider the setting when g takes a single data point and model as input, but this
can be naturally extended to multiple data points and models. We can combine these explanations

with prior knowledge on how explanations should look like at sample points in term of constraints.

Definition 3.15 (Explanation Constraint Set). For any instance space X, hypothesis class H, an
explanation functional g : H x X — R", and a family of constraint sets {C'(z) CR" | x € X'}, we
say that h € H satisfies the explanation constraints with respect to C' iff:

g(h,z) € C(z), Yz € X.
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In our definition, C'(z) represents values that we believe our explanations should take at a point z.
For example, “an input gradient of a feature 1 must be larger than feature 2” can be represented by
g(h,z) = Vi h(z) and C(x) = {(1,...,24) € R? | 21 > z2}. In practice, human annotators will be
able to provide the constraint set C'(z’) for a random sample k data points Sg = {z/,...,z}.} drawn
iid. from Dy. We then say that any h € H Spg-satisfies the explanation constraints with respect to
C iff g(h,z) € C(x), Vo € Sg. We note that the constraints depends on random samples z; and
therefore are random. To tackle this challenge, we can draw from the standard learning theoretic
arguments to reason about probably approximately satisfying the constraints in expectation. Before
doing so, we first consider the notion of explanation surrogate losses, which will allow us to generalize
the setup above to a form that is amenable to practical estimators.

Definition 3.16. (Explanation surrogate loss) An explanation surrogate loss ¢ : H x X — R

quantifies how well a model h satisfies the explanation constraint g(h,z) € C(z). For any h € H,x €
X:

1. ¢(h,z) > 0.
2. If g(h,x) € C(z) then ¢(h,z) = 0.

For example, we could define ¢(h,z) = 1{g(h,x) € C(z)}. Given such a surrogate loss, we can
substitute the explanation constraint that g(h,z) € C(z) with the surrogate ¢(h,z) < 0. We now
have the machinery to formalize how to reason about the random explanation constraints given a
random set of inputs. First, denote the expected explanation loss as ¢(h, D) := Eyp[o(h, z)]. We are
interested in models that satisfy the explanation constraints up to some slack 7 (i.e. approximately)
in expectation. We define a learnability condition of this explanation surrogate loss as EPAC
(Explanation Probably Approximately Correct ) learnability.

Definition 3.17 (EPAC learnability). For any ¢ € (0,1),7 > 0, the sample complexity of (d,7)
- EPAC learning of H with respect to a surrogate loss ¢, denoted m(7,d; H, ¢) is defined as the

smallest m € N for which there exists a learning rule A4 such that every data distribution Dy over
X, with probability at least 1 — § over S ~ D™,

¢(A(S),D) < jnf ¢(h, D) + 7.

If no such m exists, define m(7,0;H, ¢) = co. We say that H is EPAC learnable in the agnostic
setting with respect to a surrogate loss ¢ if Vo € (0,1),7 > 0, m(7,;H, ¢) is finite.

Furthermore, for a constant 7, we denote any model h € H with 7-Approximately Correct Explanation
where ¢(h,D) < 7, with a 7 - CE models. We define the class of 7 - CE models as

HepDr = {heHH : ¢(h,D) <71} (3.1)
We simply use Hy - to denote this class of CE models. From natural statistical learning theoretic
arguments, a model that satisfies the random constraints in Sp might also be a CE model.
Proposition 3.18. Suppose a model h Sg-satisfies the explanation constraints then

In(4/9)

¢(h,Dx) < 2Ri(G) + T
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with probability at least 1 — &, when k = |Sg| and G = {¢(h,-) | h € H}.

We use Ry (-) to denote Rademacher complexity; please see Appendix B.1 where we review this
and related concepts. Note that even when h satisfies the constraints exactly on S, we can only
guarantee a bound on the expected surrogate loss ¢(h, Dy).We can achieve a bound similar to that
in Proposition 3.18 via a single and simpler constraint on the empirical expectation ¢(h, Sg) =
ISilgl > zesy ¢(h, ). We can then extend the above proposition to show that if ¢(h, Sg) < 7, then

o(h,Dx) < 7+ 2Ri(9) + %, with probability at least 1 — d. Another advantage of such a

constraint is that the explanation constraints could be noisy, or it may be difficult to satisfy them
exactly, so 7 also serves as a slack. The class G contains all surrogate losses of any h € H. Depending
on the explanation constraints, G can be extremely large. We remark that the surrogate loss ¢ allows
us to reason about satisfying an explanation constraint on a new data point and in expectation.
However, for many constraints, ¢ does not have a closed-form or is unknown on an unseen data point.
The question of which types of explanation constraints are generalizable may be of independent
interest, and we further discuss this in Appendix B.2 and provide further examples of learnable
constraints in Appendix B.4.

EPAC-ERM Objective. Let us next discuss combining the two sources of information: the
explanation constraints that we set up in the previous section, together with the usual set of labeled
training samples S = {(z1,41), ..., (Tn,yn)} drawn i.i.d. from D that informs the empirical risk.
Combining these, we get what we call EPAC-ERM objective:

1 n
in — Llh,xi,y;) s.t.
ggﬁ n ; ( 7xl7yl) S

k
> (h,ai) < 7. (3.2)
=1

=

We provide a learnability condition for a model that achieve both low average error and surrogate

loss in Appendix B.6.

3.3.1 Generalization Bound

We assume that we are in a doubly agnostic setting. Firstly, we are agnostic in the usual sense that
there need be no classifier in the hypothesis class H that perfectly labels (z,y); instead, we hope
to achieve the best error rate in the hypothesis class, h* = argminpey errp(h). Secondly, we are
also agnostic with respect to the explanations, so that the optimal classifier h* may not satisfy the

explanation constraints exactly, so that it incurs nonzero surrogate explanation loss ¢(h*, D) > 0.

Theorem 3.19 (Generalization Bound for Agnostic Setting). Consider a hypothesis class H,
distribution D, and explanation loss ¢. Let S = {(x1,y1),.- ., (Tn,yn)} be drawn i.i.d. from D and
Sg={z),..., 2} drawn i.i.d. from Dx. With probability at least 1 —§, for h € H that minimizes
empirical risk errg(h) and has ¢(h, Sg) < T, we have

In(4/6
errp(h) <errp(h;_., ) + 2Ry (Hprie,) +2 n(27”{)’
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In(4/9)
2k
when G = {¢(h,x) | h € H,z € X} and h} = argminyeyy,  errp(h).

er = 2R,(G) +

Proof. The proof largely follows the arguments in Balcan and Blum [50], but we use Rademacher
complexity-based deviation bounds instead of VC-entropy. We defer the full proof to Appendix
B.5. O]

Our bound suggests that these constraints help with our learning by shrinking the hypothesis class
H to Hy r4e,, reducing the required sample complexity. However, there is also a trade-off between
reduction and accuracy. In our bound, we compare against the best classifier h7_. € Hgpr—e,
instead of h*. Since we may have ¢(h*, D) > 0, if 7 is too small, we may reduce H to a hypothesis
class that does not contain any good classifiers. Recall that the generalization bound for standard

supervised learning — in the absence of explanation constraints — is given by

errp(h) <errp(h™) + 2R, (H) + 24/ ln(22n/5)

We can see the difference between this upper bound and the upper bound in Theorem 3.19 here as a

possible notion of the goodness of an explanation constraint. We further discuss this in Appendix B.3.

3.4 Gradient Explanations for Particular Hypothesis Classes

In this section, we further quantify the usefulness of explanation constraints on different concrete
examples and characterize the Rademacher complexity of the restricted hypothesis classes. In
particular, we consider an explanation constraint of a constraint on the input gradient. For
example, we may want our model’s gradient to be close to that of some ' € H. This translates to
g(h,z) = Vh(z) and C(z) = {z € R? |||z — V h'(z)|| < 7} for some 7 > 0.

3.4.1 Gradient Explanations for Linear Models

We now consider the case of a uniform distribution on a sphere, and we use the symmetry of this

distribution to derive an upper bound on the Rademacher complexity (full proof to Appendix B.8).

Theorem 3.20 (Rademacher complexity of linear models with a gradient constraint, uniform
distribution on a sphere). Let Dy be a uniform distribution on a unit sphere in R?, let H = {h:
x> (wp, ) | wy, € R ||wp||2 < B} be a class of linear models with weights bounded by a constant
B. Let ¢(h,x) = 0(wp, wy) be a surrogate loss where 8(u,v) is an angle between u,v. We have

Ro(Hor) < S (sinr) -+ 257,

where p = erf (%) and erf(z) = % fox e~ dt is the standard error function.
The standard upper bound on the Rademacher complexity of linear models is %. Our bound has a

nice interpretation; we shrink our bound by a factor of (1_Tp + sin(7)p). We remark that d increases,
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we observe that p — 1, so the term sin(7)p dominates this factor. As a consequence, we get that our

bound is now scaled by sin(7) ~ 7 and the the Rademacher complexity scales down by a factor of 7.

This implies that given n labeled data, to achieve a fast rate O(:), we need 7 to be as good as O(ﬁ)

1
n

\ [
\ | (u')T:c>OJ \

\
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Figure 3.2. Visualization of the piecewise constant function of V,h(z) — V,h'(x) when h is a two
layer NNs with 1 node. Background colors represent regions with non-zero value.

3.4.2 Gradient Explanations for Two Layer Neural Networks

Theorem 3.21 (Rademacher complexity of two layer neural networks (m hidden nodes) with a
gradient constraint). Let X' be an instance space and Dy be a distribution over X with a large enough
support. Let H = {h:x— 37", wja(u;rxﬂwj eRu; € Rd72;n:1 lwj| < B, ||lujll2 =1} be a class
of two layer neural networks with a ReL U activation function and bounded weight. Assume that there
exists some constant C' > 0 such that Epp, [||z|3] < C%. Consider an explanation loss given by

¢(h, x) =||Vah(z) = Vah/(2)]l2 + 00 - H||Vah(z) = Vol (2)]| > 7}

for some T > 0. Then, we have that R, (He ) < 3rmC

Proof. (Sketch) The key ingredient is to identify the impact of the gradient constraint and the
form of class Hy,. We provide an idea when we have m = 1 node. We write h(z) = wo(u'x)

and h/(z) = w'o(u'Tx). Note that V,h(z) — V.1 (z) = wul{u'z > 0} — w'u'1{(v/) "z > 0} is a
piecewise constant function (Figure Figure 3.2). Assume that the probability mass of each region is
non-negative, our gradient constraint implies that the norm of each region cannot be larger than 7.

1. If u,u have different directions, we have 4 regions in V,h(z) — Vyh/(z) and can conclude that
lw| < 7, |w'| < 7.

2. If u = u/ have the same direction, we only have 2 regions in V,h(z) — V,h/(x) and can conclude
that ||lwu —w'v/|| = |w —W'| < 7.

The gradient constraint enforces a model to have the same node boundary (v = u') with a small
weight difference |w — w'| < 7 or that node would have a small weight |w| < 7. This finding allows
us to determine the restricted class Hy -, and we can use this to bound the Rademacher complexity
accordingly. For full details, see Appendix B.9. O
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We compare this with the standard Rademacher complexity of a two layer neural network [144],

2BC
Ra(H) < =

We can do better than this standard bound if 7 < %. One interpretation for this is that we
have a budget at most 7 to change the weight of each node and for total m nodes, we can change
the weight by at most 7m. We compare this to B which is an upper bound on the total weight
Z;n:1 |lwj| < B. Therefore, we can do better than a standard bound when we can change the weight
by at most two thirds of the average weight g—ﬁ for each node. We would like to point out that our
bound does not depend on the distribution D because we choose a specific explanation loss that
guarantees that the gradient constraint holds almost everywhere. Extending to a weaker loss such as
¢(h,z) = ||Vih(z) — ViR (x)] is a future research direction. In contrast, our result for linear models
uses a weaker explanation loss and depends on D (Theorem B.8.14). We also assume that there
exists « with a positive probability density at any partition created by V,h(z). This is not a strong

assumption, and it holds for any distribution where the support is the R?, e.g., Gaussian distributions.

3.5 Algorithms for Learning from Explanation Constraints

Although we have analyzed learning with explanation constraints, algorithms to solve this constrained
optimization problem are non-trivial. In this setting, we assume that we have access to n labeled data
{(xi,y:)}, m unlabeled data {z,+;}™,, and k data with explanations {(z,1m-+i, @(-s Tnrm+i)) ey
We argue that in many cases, n labeled data are the most expensive to annotate. The k data
points with explanations also have non-trivial cost; they require an expert to provide the annotated
explanation or provide a surrogate loss ¢. If the surrogate loss is specified then we can evaluate it
on any unlabeled data, otherwise these data points with explanations could be expensive. On the
other hand, the m data points can cheaply be obtained as they are completely unlabeled. We now
consider existing approaches to incorporate this explanation information.

EPAC-ERM: Recall our EPAC-ERM objective from (3.2):

1 n 1 n+m-+k
2‘2;3 - Z Hh(xi) #yi} st % Z ¢(h,x;) <7
in1 j=ntmtl

for some constant 7. This constraint in general requires more complex optimization techniques
(e.g., running multiple iterations and comparing values of 7) to solve algorithmically. We could also
consider the case where 7 = 0, which would entail the hypotheses satisfy the explanation constraints
exactly, which however is in general too strong a constraint with noisy explanations.

Augmented Lagrangian objectives:

1 n A n+m+k
}fgﬁ - Z 1h(z;) # yil + T Z o(h, zj)
=1 j=n+m+1
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As is done in prior work [46], we can consider an augmented Lagrangian objective. A crucial caveat
with this approach is that the explanation surrogate loss is in general a much more complicated
functional of the hypothesis than the empirical risk. For instance, it might involve the gradient
of the hypothesis when we use gradient-based explanations. Computing the gradients of such a
surrogate loss can be more expensive compared to the gradients of the empirical risk. For instance,
in our experiments, computing the gradients of the surrogate loss that involves input gradients is 2.5
times slower than that of the empirical risk. With the above objective, however, we need to compute
the same number of gradients of both the explanation surrogate loss and the empirical risk. These
computational difficulties have arguably made incorporating explanation constraints not as popular

as they could be.

3.5.1 Variational Method

To alleviate these aforementioned computational difficulties, we propose a new variational objective

min(1 =) B[] +A i B AAG). f@)],

where £ is some loss function and ¢ > 0 is some threshold. The first term is the standard expected risk
of h while the second term can be viewed as a projection distance between h and 7-CE models. It can
be seen that the optimal solution of EPAC-ERM would also be an optimal solution of our proposed
variational objective. The advantage of this formulation however is that it decouples the standard
expected risk component from the surrogate risk component. This allows us to solve this objective
with the following iterative technique, drawing inspiration from prior work in posterior regularization

[120, 121]. More specifically, let h; be the learned model at time ¢ and at each timestep ¢,

1. We project h; to the class of 7-CE models.

1 n+m 1 n+m-+k
== in — gh ivh % )\ 07 ' h? i) .
frons =argmin - 37 (b he(@)) +Amax (0,5 D olhm) -7

i=n+1 i=n+m+1
The first term is the difference between h; and f on unlabeled data. The second term is the

surrogate loss, which we want to be smaller than ¢. n is a regularization hyperparameter.

2. We calculate h;41 that minimizes the empirical risk of labeled data and matches pseudolabels

from fii1,6

1 n 1 n+m
h = in—» C(h(z;),y:) +— O(h(x;), i)
t4+1,6 afhgef?{mn; (h(z:) Z/)‘f'mi:;l (h(xi), fr1,6(xi))

n+

Here, the discrepancy between h and fi41 4 is evaluated on the unlabeled data {x;} 1
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The advantage of this decoupling is that we could use a differing number of gradient steps and
learning rates for the projection step that involves the complicated surrogate loss when compared to
the empirical risk minimization step. Secondly, we can simplify the projection iterate computation by
replacing Hy » with a simpler class of teacher models Fy  for greater efficiency. Thus, the decoupled
approach to solving the EPAC-ERM objective is in general more computationally convenient.

We initialize this procedure with some model hyg. We remark that could see this as a constraint
regularized self-training where h; is a student model and f; is a teacher model. At each timestep, we
project a student model to the closest teacher model that satisfies the constraint. The next student
model then learns from both labeled data and pseudo labels from the teacher model. In the standard

self-training, we do not have any constraint and we have f; = hy.

3.6 Experiments

We provide both synthetic and real-world experiments to support our theoretical results and clearly
illustrate interesting tradeoffs of incorporating explanations. In our experiments, we compare our
method against 3 baselines: (1) a standard supervised learning approach, (2) a simple Lagrangian-
regularized method (that directly penalizes the surrogate loss ¢), and (3) self-training, which
propagates the predictions of (1) and matches them on unlabeled data. We remark that (2) captures
the essence of the method in Ross et al. [4], except there is no ¢ regularization term.

Our experiments demonstrate that the proposed variational approach is preferable to simple La-
grangian methods and other supervised methods in many cases. In particular, the variational ap-
proach leads to a higher accuracy under limited labeled data settings. In addition, our method leads
to models that satisfy the explanation constraints much more frequently than other baselines. We
also compare to a Lagrangian-regularized + self-training baseline (first, we use the model (2) to
generate pseudolabels for unlabeled data and then train a new model on both labeled and unlabeled
data) in Appendix B.12. We remark that this baseline isn’t a standard method in practice and does
not fit nicely into a theoretical framework, although it seems to be the most natural approach to
using unlabeled data in this procedure. More extensive ablations are deferred to Appendix B.14,

and code to replicate our experiments will be released with the full paper.

3.6.1 Regression Task with Exact Gradient Information

In our synthetic experiments, we focus on a regression task where we try to learn some model
contained in our hypothesis class. Our data is given by X = R%, and we try to learn a target function
h* : X — R. Our data distribution is given by X ~ N(0,02I), where I is a d x d identity matrix.
We generate h* by randomly initializing a model in the specific hypothesis class H. We assume that
we have n labeled data, m unlabeled data, and k data with explanations.

We first present a synthetic experiment for learning with a perfect explanation, meaning that
o(h*,S) = 0. We consider the case where we have the exact gradient of h*. Here, let H be a linear

classifier and note that the exact gradient gives us the slope of the linear model, and we only need
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Figure 3.3. Comparison of MSE on regressing a linear model. Results are averaged over 5 seeds.
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Figure 3.4. Comparison of MSE on regressing a two layer neural network (left) and ¢y distance over
input gradients as we vary the amount of labeled data n (right). Left is task performance and right
is explanation constraint satisfcation. Results are averaged over 5 seeds. m = 1000, k = 20.

to learn the bias term. Incorporating these explanation indeed helps as both methods that include
explanation constraints (Lagrangian and ours) perform much better (Figure Figure 3.3).

We also demonstrate incorporating this information for two layer neural networks. We observe a
clear difference between the simpler Lagrangian approach and our variational objective (Figure
Figure 3.4 - left). Our method is clearly the best in the setting with limited labeled data and
matches the performance of the strong self-training baseline with sufficient labeled data. We note
that this is somewhat expected, as these constraints primarily help in the setting with limited labeled
data; with enough labeled data, standard PAC bounds suffice for strong performance.

We also analyze how strongly the approaches enforce these explanation constraints on new data
points that are seen at test time (Figure Figure 3.4 - right) for two layer NNs. We observe that
our variational objective approaches have input gradients that more closely match the ground-truth
target network’s input gradients. This demonstrates that, in the case of two layer NNs with gradient
explanations, our approach best achieves both good performance and satisfying the constraints.
Standard self-training achieves similar performance in terms of MSE but has no notion of satisfying
the explanation constraints. The Lagrangian method does not achieve the same level of satisfying

these explanations as it is unable to generalize and satisfy these constraints on new data.
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Figure 3.5. Comparison of accuracy on the YouTube (left) and the Yelp (right) datasets. Here, we
let m =500,k = 150,7 = 2,7 = 0.0. Results are averaged over 40 seeds.

3.6.2 Tasks with Imperfect Explanations

Assuming access to perfect explanations may be unrealistic in practice, so we present experiments
when our explanations are imperfect. We present classification tasks (Figure Figure 3.5) from a
weak supervision benchmark [41]. In this setting, we obtain explanations through the approximate
gradients of a single weak labeler, as is done in [113|. More explicitly, weak labelers are heuristics
designed by domain experts; one example is functions that check for the presence of particular
words in a sentence (e.g., checking for the word “delicious" in a Yelp comment, which would indicate
positive sentiment). We can then access gradient information from such weak labelers, which gives
us a notion of feature importance about particular features in our data. We note that these examples
of gradient information are rather easy to obtain, as we only need domain experts to specify simple
heuristic functions for a particular task. Once given these functions, we can apply them easily over
unlabeled data without requiring any example-level annotations.

We observe that our variational objective achieves better performance than all other baseline
approaches on the majority of settings defined by the number of labeled data. We remark that the
explanation in this dataset is a noisy gradient explanation along two feature dimensions, yet this still
improves upon methods that do not incorporate this explanation constraint. Indeed, our method
outperforms the Lagrangian approach, showing the benefits of iterative rounds of self-training over
the unlabeled data. In addition to our real-world experiments, we present synthetic experiments

with noisy gradients in Appendix B.11.1.

3.7 Discussion

Our work proposes a new learning theoretic framework that provides insight into how apriori
explanations of desired model behavior can benefit the standard machine learning pipeline. The
statistical benefits of explanations arise from constraining the hypothesis class: explanation samples
serve to better estimate the population explanation constraint, which constrains the hypothesis class.
This is to be contrasted with the statistical benefit of labeled samples, which serve to get a better
estimate of the population risk. We provide instantiations of our analysis for the canonical class of

gradient explanations, which captures many explanations in terms of feature importance. It would be
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of interest to provide corollaries for other types of explanations in future work. As mentioned before,
the generality of our framework has larger implications towards incorporating constraints that are
not considered as “standard” explanations. For example, this work can be leveraged to incorporate
more general notions of side information and inductive biases. We also discuss the societal impacts
of our approach in Appendix B.15. As a whole, our paper supports using further information (e.g.,

explanation constraints) in the standard learning setting.
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Chapter 4

Label Propagation with Weak Supervision

Rattana Pukdee*, Dylan Sam*, Maria-Florina Balcan, Pradeep Ravikumar

Abstract

Semi-supervised learning and weakly supervised learning are important paradigms that aim
to reduce the growing demand for labeled data in current machine learning applications. In this
paper, we introduce a novel analysis of the classical label propagation algorithm (LPA) [145]
that moreover takes advantage of useful prior information, specifically probabilistic hypothesized
labels on the unlabeled data. We provide an error bound that exploits both the local geometric
properties of the underlying graph and the quality of the prior information. We also propose a
framework to incorporate multiple sources of noisy information. In particular, we consider the
setting of weak supervision, where our sources of information are weak labelers. We demonstrate
the ability of our approach on multiple benchmark weakly supervised classification tasks, showing

improvements upon existing semi-supervised and weakly supervised methods.

4.1 Introduction

High-dimensional machine learning models require large labeled datasets for good performance and
generalization. In the paradigm of semi-supervised learning, we look to overcome the bottleneck
of labeled data by leveraging large amounts of unlabeled data and assumptions on how the target
predictor behaves over the unlabeled samples. In this work, we focus on the classical semi-supervised
approach of label propagation (LPA) [58, 145|. This method propagates labels from labeled to
unlabeled samples, under the assumption that the target predictor is smooth with respect to a graph
over the samples (that is frequently defined by a euclidean distance threshold or nearest neighbors).
However, in practice, to satisfy this strong assumption, the graph can be highly disconnected. In
these cases, LPA performs well locally on regions connected to labeled points, but has low overall
coverage as it cannot propagate to points beyond these connected regions.

In practice, we also have additional side-information beyond such smoothness of the target predictor.
One concrete example of side information comes from the field of weakly supervised learning (WSL)
[3, 19|, which considers learning predictors from domain knowledge that takes the form of hand-
engineered weak labelers. These weak labelers are heuristics that provide multiple weak labels

per unlabeled sample, and the focus in WSL is to aggregate these weak labels to produce noisy
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pseudolabels for each unlabeled sample. In practice, weak labelers are typically not designed to be
smooth with respect to a graph, even though the underlying target predictor might be. For example,
weak labelers are commonly defined as hard, binary predictions, with an ability to abstain from
predicting. We thus see that LPA and WSL have complementary sources of information, as smoothing
via LPA can improve the quality of weak labelers. By encouraging smoothness, predictions near
multiple abstentions can be made more uncertain, and abstentions can be converted into predictions
by confident nearby predictions.

In this paper, we first bolster the theoretical foundations of LPA in the presence of side information.
While LPA has a strong theoretical motivation of leveraging smoothness of the target predictor,
there is limited theory on how accurate the propagated labels actually are. As a key contribution of
this paper, we provide a “fine-grained” theory of LPA when used with any general prior on the target
classes of the unlabeled samples. We provide a novel error bound for LPA, which depends on key
local geometric properties of the graph, such as underlying smoothness of the target predictor over
the graph, and the flow of edges from labeled points, as well as the accuracy of our prior. Our bound
provides an intuition as to when LPA should prioritize propagating label information or when it
should prioritize using prior information. We provide a comparison of our error bound to an existing
spectral bound [55] and demonstrate that our bound is preferable in some examples.

Next, we propose a framework for incorporating multiple sources of noisy information to LPA
by extending a framework from Zhu et al. [146]. We construct additional “dongle" nodes in the
graph that correspond to individual noisy labels. With these additional nodes, we connect them to
unlabeled points that receive noisy predictions and perform label propagation on this new graph as
usual. We study multiple different techniques for determining the weight on these additional edges.
Finally, we focus on the specific case when our side information comes from WSL. We provide
experimental results on standard weakly supervised benchmark tasks [41] to support our theoretical
claims and to compare our methods to standard LPA, other semi-supervised methods, and existing
weakly supervised baselines. Our experiments demonstrate that incorporating smoothness via LPA
in the standard weakly supervised pipeline leads to better performance, outperforming many existing
WSL algorithms. This supports that there are significant benefits to combining LPA and WSL, and

we believe that this intersection is a fertile ground for future research.

4.1.1 Related Work

Label propagation Many papers have studied LPA from a theoretical standpoint. LPA has various
connections to random walks, spectral clustering [146], manifold learning |55, 56| and network
generative models [147], graph conductance [148|. Another line of research in LPA proposes using
prior information at the initialization of LPA [149, 150], with applications in image segmentation
[151], distant supervision [152], and domain adaptation [141, 153]. Finally, as the graph has a large
impact on the performance of LPA, another line of work studies how to optimize the construction of
the graph with linear-based [154]| methods, manifold-based [155] methods, or deep learning based
methods [156, 157|.
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Weakly supervised learning The field of (programmatic) weakly supervised learning provides a
framework for creating and combining hand-engineered weak labelers [3, 19, 21, 24| to pseudolabel
unlabeled data and train a downstream model. Recent advances in weakly supervised learning
extend the setting to include a small set of labeled data. One recent line of work has considered
constraining the space of possible pseudolabels via weak labeler accuracies [158-162]. Other works
improve the aggregation scheme [163] or the weak labelers [164|. We note that only one method
incorporates any notion of smoothness into the weakly supervised pipeline [165]. This work leverages
the smoothness of pretrained embeddings in clustering. While clustering and LPA have similar
intuitions, they result in fundamentally different notions of smoothness. We also remark that this
paper does not consider the semi-supervised setting.

Semi-supervised learning Many other methods in semi-supervised learning look to induce
smoothness in a learnt model. These include consistency regularization [166-169] and co-training
[170-173|. In addition, Graph Neural Networks (GNNs) [174-179] is a class of deep learning based
methods that also operate over graphs. Some recent works [180-182] have made connections between
graph neural networks and LPA. While the graph is assumed to be given, in practice it is often
constructed using a Gaussian kernel whose hyperparameters must be chosen by a domain expert.
Balcan and Sharma [183] instead studies how to select these hyperparameters in a data-driven
manner to construct effective graphs for semi-supervised learning. While all these methods focus on

a similar goal of learning a smooth function, they do not address the weakly supervised setting.

4.2 Preliminaries

We consider a binary classification setting where we want to learn a classifier f* : X — {0, 1}.
We observe a small set of labeled data L = {(x;,y;)};~; and a much larger set of unlabeled data
U={x; };‘;ﬁl LPA relies on the assumption that nearby data points have similar labels. This is
expressed in terms of smoothness with respect to an undirected graph G = (V, E), with |V| nodes
representing each point € LUU, and with an adjacency matrix W = (w);;. LPA then leverages the
assumption that adjacent points in this graph have similar labels, by propagating label information

from L to U. Specifically, it learns f : X — R by solving the following optimization problem:

n+m n+m

1 2 ,
i, 52 D wilh = )Y st fi=yifori <

where f € R"™ is the prediction vector and, abusing notation, f; = f(x;). The method generalizes
to the multi-class setting by replacing y; with a one-hot-encoding vector, and predicting a score

vector at each node. [146] provides a quick iterative method to solve this optimization problem.

4.3 Label Propagation with Prior Information

We analyze LPA with initial noisy predictions h(x) : X — [0, 1], by solving the following objective:
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Figure 4.1. A diagram of edges flow between neighborhoods of L. Color on each edge implies that
the edge contributes to which flows (In, Between, Out) (left). Examples of graphs with different
structure, where colored points represent labeled points (middle, right).

n+m n+m n+m
1 .
Jmin (30 D wlfi = £V ) = b)) st fi=pifori<n, (41)
i=1 j=1 i=1

where
1 € R determines how much the solution is regularized to be close to h. In the standard LPA, we
have no prior information on the unlabeled points, which can be seen as the case when h = 0.5 and

p — 0. In our theory, h can be any general prior.

4.3.1 Error Bound of LPA with Prior Information

Similar to the standard LPA, there exists a closed form optimal solution of Equation 4.1, which
is discussed in Appendix C.1. We know that, for the optimal solution of Equation 4.1, we can
bound the error of a point ¢ (| f* — y;|) by the error of its neighbors and terms corresponding to the
smoothness of the true labels and the prior information accuracy; we formally state this in Appendix
C.2 (Lemma C.2). Because the error on labeled points are zero, we can bound the error in terms of
the distance of a point to the nearest labeled point. For a set of labeled data L, let N'(L) be a set of
reachable points where there is at least one path from a point in L. Define a set of neighbors k-hops
away from L as Ni(L) (i.e, a set of points whose shortest path to a point in L is length k). Let [ be
the number of hops required to cover A/(L). Then, we have

l
N(L)=LU | JNe(L).

k=1

For simplicity, we denote N}, as N (L) and Ny as L. We now define terms that are fundamental to

our error bound. First, we introduce notions of In-flow, Between-flow, and Out-flow, which represent
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the fraction of edges that flow in, between, and out of N (L).

Definition 4.22. For a graph G with an adjacency matrix W = (w);; and a set of k-hop neighbors
N}, we define the In-flow, Between-flow and Out-flow of N, as

Cin(k) = Z Wiy, Chet (k) = Z Wig,

1€ENL,JENE 1 1€Ng,jENE

Cout (k) = Z Wij

1ENE,JEN K41

These terms are related to the notion of conductance, which measures the fraction of out-going edges
from any subset of nodes. We can write the Dirichlet conductance [184] of a neighborhood N}, as

follows

Cin(k) + Cout(k)
Cin(k) + Cbet(k) + Cout(k) .

Definition 4.23. (Ratio between Out-flow and In-flow)

P(Nx) =

’7 _ Cout(k)
M7 Cin(k) + NG|

vk is a proportion of the Out-flow and In-flow edges of a neighborhood (see Figure Figure 4.1 for
graphs with different flow). Next, we define the smoothness of N, prior information error, and

average error.

Definition 4.24. (Smoothness of neighborhood) For 1 < k <[, we define the smoothness of true
labels of points in A with respect to the graph as

se= > > wily; —yil-
iEN, J

Definition 4.25. (Prior information error) For 1 < k <, let the average error of the prior in Ny be
> ien; |hi = il

[N
Definition 4.26. (Average error) We define the average error at the N as

[N '
Theorem 4.27. (Informal version of Theorem C.2.13) Let f* be the optimal solution of the

optimization problem of Equation 4.1, under Assumption C.8 which assume that average error of a

. —

B, =

fraction of points that has "Out" connections from neighborhood Ny, is of a constant factor of the

average error in Ny, (refer to Appendiz C.2), the error of f* in each neighborhood Ny is given by
k
Ey <O (Z dz-) :
=1
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Figure 4.2. Example of graphs G1, G2, G3 (left, mid, right) to compare our bound to existing bounds.
The background color represents the true label class, and colored points represents labeled points.

where

d :ic,q—‘[ ) = sk + PNk ok

Proof. (Sketch) The key idea of our proof is to upper bound each E; for i € {1,...,l} by exploiting
the insight that we can bound the average error of a set N; (points that are i hops away from labeled
points) with the average errors of its neighbors N;_; and N;;1 by using Lemma C.2. We first
bound Fy with Ey = 0 and Fs, then we bound Ey with Fq and FEs3, and so on. See Appendix C.2

for the full version of our proof. O

¢y, is a combination of smoothness si and the prior accuracy ag, and u controls the trade-off between
using information from the graph or the initialization. When p = 0, we recover the standard LPA
without any prior. On the other hand, y — oo is equivalent to only using the initial predictions.
dy, is a linear combination of ¢; for k < ¢ < [ where the coeflicient of each ¢; is given by H;;}C Vi
representing the influence from N;. When v; < 1 ("In" > "Out"), the influence is exponentially
small while when v; > 1 ("Out" > "In") the influence can be exponentially large. This aligns with
our intuition that when we have more "In" than "Out", we will have a better guarantee. We remark
that if ¢y = 0, regardless of the product Hz;}g vj, ¢, will make no contribution to the bound.

To tighten this upper bound, we have to reduce both ¢; and ~;. In doing so, the value of p is
important; a larger value of u reduces both ¢ and ~; by increasing their denominators. Thus, given
similar levels of smoothness and prior accuracy (ﬁ’zk) ~ ), it is better to use a larger value of p,
that is we should rely more on the prior information.

The number of hops (k) from labeled points L also plays a key role in the bound. The upper bound
on E}, is given by a linear combination of k terms, so points that are closer to L will have a smaller k
and a better guarantee. This encourages us to have a more connected graph, requiring fewer hops to

reach all points. However, adding noisy edges may potentially decrease the smoothness of the graph.

4.3.2 Comparison with Prior (Spectral) Bounds

We compare our bound with an existing bound that relies on spectral analysis [55]. This bound is

for LPA with a soft constraint, given by the problem
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n+m n+m

min Y wi(fi— i) ) (Fi- ) (4.2)
TR i=1 j=1 i<n

We define the empirical error and generalization error as:

n n+m
i=1 =1

As we do not have a hard constraint (f; = y; for i < n), the empirical error is not necessary zero.

Theorem 4.28. (Generalization performance of graph regularization (simplified version)) Let f
be the optimal solution of Equation 4.2, n > 4 be the number of randomly sampled labeled points
from some graph G and A1 be the second smallest eigenvalue of the Laplacian matriz of G. With
probability 1 — &, we have

21og(2/96)

[Bn(f) = R < B+ (nB +4)

where
3n%\/n n 4n
(A—=m)?2  A—7

The original version of this bound as in [55] is in Appendix C.3. We consider graphs G, G2, G3 in

8=

Figure Figure 4.2 to compare the bounds. Here v(G) refers to the value of parameter v for a graph
G.

First, we note that this bounds the difference between the empirical error and the generalization
error, while our bound is for the generalization error itself. The spectral bound assumes that we have
randomly sampled initial labeled points, and thus the bound only depend on the number of labeled
points. For example, G2 and G3 have the same underlying graph and the same number of labeled
points, so they have the same spectral bound of generalization error, which relies on the empirical
error. In contrast, our bound takes the position of labeled points into account to provide an explicit
explanation why LPA performs better on G2 than G3. We can see this since G2 is smoother than
Gy (c2(Ga) = 0,02(Gs) = F2570 5 = 8 = 1).

The spectral bound depends on the second smallest eigenvalue A1. If the graph is not well clustered,
A1 will be small. For example, A\1(G1) = 2, \1(G2) = 0.53. [55] suggests that when A; is small, we
should cut the graph in two, using the eigenvector corresponding to A;, and optimize the objective
separately. Our bound works for any graph, in fact, our bound is also tight on G2 where LPA
achieves zero error (as ¢1(Gz) = c2(Ga) = 0). Also, as n — o0, the objective of Equation 4.2 is
equivalent to Equation 4.1. The, the spectral bound takes on value § — 3y/n — 4, which implies
that it does not depend on the geometry of the graph (A1) anymore. Finally, the spectral bound
does not use any prior information, while our bound captures the interplay between the quality of

graph and the quality of prior information.
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4.4 Label Propagation with multiple sources of information

Add dongle nodes
e

Figure 4.3. One can turn the label propagation with multiple sources of information into a standard
label propagation problem by augmenting the graph G (left) with dongle nodes (right). The colored
point represents a labeled point. The points without the shade are dongle nodes.

We now consider the setting where we observe multiple sources of prior information and provide a
framework to incorporate them into LPA. Assume that we have multiple initial noisy predictions
hi(z) : X = [0,1] for i = 1,2,..., k. A natural extension of the LPA objective is given by

n+m n+m n+m k
SO wi(fi= 1)+ D) (i = hy(@a) ey () (4.3)
=1 j=1 =1 j=1

such that f; = y; for ¢ < n. The first term encourages our prediction to be smooth with respect to a
graph while the second term encourage our prediction to also be close to the initial predictions. The
function o : X — [0, 00), which we need to learn, controls how close we want our final prediction to
be to each initial prediction h;. We can turn this into a standard label propagation problem for
which we have an efficient iterative method to solve by augmenting the graph G with dongle nodes
(Appendix C.4). Given a fixed «; for each j =1,...,k, we can also show that there exists an initial
prediction h where the solution of Equation 4.3 is equivalent to a solution of LPA with a single
initial prediction A for which our analysis applies (Appendix C.5).

A key question is for this framework is “how to choose «; ?" In the ideal setting, we set a;(x;) =0
when h; makes an incorrect prediction for point z; and set oj(x;) = 1 when h; makes a correct

prediction,

() = 11y (2;) > 0.5] = y.

However, this is not applicable in a practical setting as knowing when h; is correct or incorrect at a
point z; is equivalent to knowing the corresponding true label y; of that point. We now investigate

different approaches to select the function «;.

4.4.1 Estimated accuracy

Although we do not know whether h; will make a correct prediction at each point x;, we can

still approximate its accuracy over the entire dataset. We can use techniques from crowd-sourcing
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literature or weak supervision literature to approximate the accuracy of each noisy labeler. Then,

we can set a; as the estimated accuracy of a h;,

aj(zi) = P(1[h;(z) > 0.5] = y) = p;.

Pi_) as in the boosting literature (in Appendix C.6.1).

We also consider setting a; = ln(l_p
J

4.4.2 Probabilistic approach

We can also consider a probabilistic approach to select the function ;. Let each h; be sampled from

a Gaussian distribution

hi ~ Ny, 0i(2)")
and let f follow the Gaussian field as in [145], where

n+mn+m

1
pa(f) cexp(=BE(f)), BE(f)=5>_ > wifi—f)*
i=1 j=1
Then, the log-likelihood is given by
n+m k B n+m n+m
[(f) = constant — Z Z 20 — fi)? -3 Z Z wij (fi —
i=1 j=1 J i=1 j=1

This resembles the objective of Equation 4.3 and suggests that we should set our function a; as

1
)
where O‘j({L‘Z’)2 is the variance of h; at point x;. With access to a small set of labeled data points, we
can estimate o;(z;) through heteroscedastic regression [185], which is further discussed in Appendix
C.6.2. We note that this function «; changes over values of z as it is computed through regression,

while the accuracy-based weighting has a constant value for «;.

4.5 Experiments

We connect LPA and the field of weak supervision by using weak labelers as our source of prior
information. Formally, a set of weak labelers is given by A = {\1, ..., A\¢ }, where each \; : X — {0,1,0}
and () denotes an abstention. Here, we consider LPA with a single source of prior information
h(z) = hx(z) is an aggregation of weak labelers, which we refer to as LPA+WL. For this method,
we use Snorkel MeTaL [21] as our aggregation scheme. We also consider our extensions of LPA with
multiple sources of prior information when we set h; = \;, for each weak labeler. We refer to our
extensions of LPA that incorporate weak labelers through dongle nodes as LPAD (A) and LPAD
(P), where the last letter denotes our techniques to estimate the weighted edges of these dongle
nodes (accuracy, and probabilistic approach). For methods that require accuracies, we use accuracies
estimated via Snorkel MeTaL.. We note that LPAD (A) and LPA+WL are both using the Snorkel
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Method Youtube SMS Basketball CDR

LPA 82.00 £ 1.37 94.32 £ 045 7871 £2.41 67.41 £+ 0.82
GCN 84.16 £ 0.95 94.32 £ 1.02 61.34 £1.16 65.42 £ 1.00
Snorkel + L 87.44 + 047 96.24 + 0.32 82.08 + 0.83  68.03 + 0.28
FS + L 87.76 + 0.51 94.84 + 043 70.23 +1.20 67.70 + 0.29
CLL 88.56 + 0.80  94.56 + 0.73  77.02 + 3.96  68.52 + 0.58
Liger + L 88.72 + 0.58  96.08 + 0.38 80.98 + 1.71  67.33 + 0.18
LPA + WL | 88324+ 0.50 96.80 +£0.36 83.13 £1.43 67.61 &+ 0.19
LPAD (A) 90.32 £ 043  96.32 £0.52 83.06 £0.74 68.13 &+ 0.74
LPAD (P) 87.84 +£ 0.53 96.64 £ 0.39 82.01 £2.96 68.97 + 0.51

Table 4.1. We report accuracy (% s.e.) on a held-out test dataset for training an endmodel on
pseudolabeled training data, when averaged over 5 seeds. We highlight the best performing method
in red and the second best performing method in blue.

estimated accuracy, we provide a discussion on their difference in Appendix C.5.1. For LPA + WL,
we set 4 = 1. Further experimental details for our methods and the baselines are in Appendix C.7.
We compare our approaches to existing weak supervision methods, standard LPA, and other semi-
supervised baselines on 4 binary classification datasets from the WRENCH benchmark [41]. The
features from these text and image datasets are extracted from BERT [186]| and ResNet [187]
respectively. On each dataset, we balance the training data to have equal class proportions. To
generate a small set of labeled data, we randomly sample n = 100 points from the training data. The
remaining data serves as our unlabeled training data. For all graph-based methods, we construct a
graph G with average degree t, which is a hyperparameter of our method, and with edges that have
value 1. More information about ¢ and other hyperparameters of all approaches are in Appendix

C.7.2. Code to replicate our experiments can be found here!.

4.5.1 Baselines

We compare our methods against various semi-supervised and existing weakly supervised learning
approaches. We use ground truth labels instead of pseudolabels on the 100 labeled points in methods
denoted with (+L). In all these approaches, we train an inductive endmodel on the pseudolabeled
training data, as is standard in WSL literature.

Label Propagation (LPA): The standard label propagation baseline [145]| on graph G. This does
not take into account weak labeler information.

Graph Convolutional Network (GCN): We provide results for a standard graph convolutional

network [174]. This method also does not take into account weak labeler information.

'https://github.com/dsam99/label propagation weak supervision
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| YouTube SMS CDR

Method ‘ Accuracy Coverage Accuracy Coverage Accuracy Coverage
Snorkel + L 75.96 £ 0.13  89.75 £ 0.08 70.40 + 0.34 48.31 &£ 0.52 70.64 &+ 0.12  92.41 £+ 0.11
LPA 55.98 + 0.08 11.97 £ 0.16 54.71 £0.01 942 £0.03 50.79 £ 0.00 1.58 £+ 0.00
Liger + L 81.06 & 0.47 99.98 £ 0.01 78.62 £+ 0.23 96.01 + 0.20 50.56 = 0.13 81.79 £ 10.72
LPA + WL | 76.02 £ 0.12 89.81 £ 0.08 70.75 + 0.35 49.03 + 0.52 70.64 + 0.12  92.41 4+ 0.11
LPAD (A) 84.03 + 0.15 89.81 £0.08 70.80 £ 0.26 49.00 + 0.51 72.87 + 0.08 91.66 + 0.49
LPAD (P) 89.52 4+ 0.13 89.75 + 0.08 70.98 £ 0.27 49.03 & 0.52 71.91 £ 0.25 92.22 £+ 0.11

Table 4.2. We report accuracy and coverage (+ s.e.) of the various label propagation methods on

the full partially labeled training data (i.e, pseudolabel accuracies), when averaged over 5 seeds.

We also add Liger + L as it looks to improve coverage by extending weak labelers. We bold the best
performing method (in terms of Accuracy) on each dataset.

Snorkel + L: A weakly supervised learning aggregation scheme, Snorkel MeTaL [3, 21|, which
produces pseudolabels through a graphical model.

FlyingSquid + L (FS + L): Another weakly supervised method that estimates parameters of a
graphical model via a triplet method [24].

Constrained Label Learning (CLL): A method that produces an labeling contained within a
feasible space constrained by the error rates of weak labelers [161]. We use the small set of labeled
data to generate the error rates of the weak labelers.

Liger 4+ L: A method that extends weak labelers using the smoothness of pretrained models and

develops cluster-level aggregations [165]. This method uses FS [24] as a base aggregation scheme.

4.5.2 Results

We provide results for test accuracy of training an endmodel on pseudolabels generated by the
baselines and our methods in Table Table 4.1. Our results demonstrate that incorporating weak
labels into label propagation improves upon the performance of LPA across all datasets (LPA + WL
> LPA). In addition, in almost every dataset, using LPA to incorporate smoothness improves upon
the prior aggregation of weak labels (LPA + WL > Snorkel + L). Our methods also outperform other
weakly supervised aggregation methods, in most cases. The best performing baseline we compare to
is Liger or CLL, which each only marginally outperforms some of our methods on one dataset. We
note that there is not clear best weighting scheme between (A) and (P), although they outperform
most baselines on almost all tasks. In addition, one of our methods is the best performing approach
on all datasets.

We also report the accuracy of standard LPA and our methods on the labeled and unlabeled training
data in Table Table 4.2 (i.e, evaluating pseudolabel accuracies). We measure the accuracy of a
particular approach on abstained datapoints as 50% (i.e, random guessing on binary data) on all

abstained points as the method has no information on these points. Results for additional datasets
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are deferred to Appendix C.7.1; on these datasets, the weak labeler coverage is almost 100% of
the data, so coverage is roughly the same across our methods and the baselines. We observe that
coverage drastically increases when using our weakly supervised prior (Table Table 4.2) over the
standard LPA and slightly over that of Snorkel. We also observe that our method improves upon
the base aggregation method of Snorkel on almost all datasets, improving both overall accuracy
and coverage due to the propagation of information to nearby points. We note that Liger has much
higher coverage on YouTube and SMS, although the accuracy on this larger set is much worse (see
Table C.7.1 in the Appendix).

4.6 Discussion

We provide a novel theoretical perspective on LPA that takes advantage of useful prior information.
Our bound differs significantly from existing spectral bounds, and provides insight into how to best
incorporate priors into LPA. We note that our analysis is general and works with any initialization h.
We also provide a framework to handle multiple sources of side information and empirical results for
the setting of weak supervision. Further work can incorporate other types of prior information into
LPA, such as in the recent line of work of learning with past predictions [188, 189]. In addition, our
connections of LPA with weakly supervised learning illustrate (both theoretically and empirically)
that these methods benefit each other. As a whole, our results support adding smoothness to the
standard WSL pipeline and can encourage further connections between semi-supervised learning
algorithms and WSL. We note a few limitations of our method; our bound depends on several
parameters, smoothness sg, prior information accuracy ag; in general, we may need to approximate
these values through labeled data. It remains an open question of how to do this effectively. In
addition, we assume a uniformity assumption that the average error of points with "Out" connections
from N}, is of a constant factor of the average error in V. Relaxing the bound beyond this assumption
is also an open question.

We remark that our approach bridges the gap between classical label propagation and modern deep
learning by incorporating information from pretrained models to construct our graph G. Since
we construct G through Euclidean distance, our work uses notions of smoothness in the learnt
embeddings, which is also noted in [165]. As we gain access to more powerful pretrained models, our
approach will also benefit through a better graph GG. This method also provides a natural framework
to combine information from large pretrained models (via our graph G) and rules provided by domain

experts (through our prior predictions hy, ..., hg).
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Chapter 5

Learning from Interval Targets

Rattana Pukdee, Ziqi Ke, Chirag Gupta

Abstract

We study the problem of regression with interval targets, where only upper and lower bounds
on target values are available in the form of intervals. This problem arises when the exact target
label is expensive or impossible to obtain, due to inherent uncertainties. In the absence of exact
targets, traditional regression loss functions cannot be used. First, we study the methodology of
using a loss function compatible with interval targets, for which we establish non-asymptotic
generalization bounds based on smoothness of the hypothesis class that significantly relax prior
assumptions. Second, we propose a novel minmax learning formulation: minimize against the
worst-case (mazimized) target labels within the provided intervals. The maximization problem
in the latter is non-convex, but we show that good performance can be achieved by incorporating
smoothness constraints. Finally, we perform extensive experiments on real-world datasets and

show that our methods achieve state-of-the-art performance.

5.1 Introduction

Supervised learning has achieved significant empirical success, largely due to the availability of
extensive labeled datasets. However, in many real-world tasks, obtaining target labels is challenging,
which hampers the performance of these methods. This difficulty arises either from high labeling
costs—for example, certain medical measurements are expensive—or from practical limitations, such
as sensors that only record target values at discrete intervals (e.g., every hour), leaving intermediate
values unobserved. Prior work has addressed this issue by incorporating additional information into
the learning pipeline. For instance, some approaches encourage model outputs to be smooth over
unlabeled data [52, 53|, while others enforce models to satisfy constraints derived from domain
knowledge, such as physical laws [190, 191].

In this work, we focus on regression tasks where only the lower and upper bounds of the target
values (intervals) are available. Our setting relates to both weak supervision and learning with side
information. Learning with interval targets generalizes supervised learning, which corresponds to
the special case where the lower and upper bounds are equal. On the other hand, for many tasks, it

is easier and more practical for human labelers to provide interval targets instead of precise single
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values; thus, these intervals can be viewed as a form of weak supervision. Additionally, in various
settings, such intervals are readily available for unlabeled data, either from domain knowledge or
inherent properties of the data, serving as side information e.g., in bond pricing.

A natural strategy for learning from interval targets is to learn a hypothesis whose outputs always lie
within the provided intervals. Despite its simplicity, previous work [76] has shown that this method
leads to a hypothesis that converges to the optimal one under two assumptions: (i) the true target
function belongs to the hypothesis class, and (ii) the intervals have an ambiguity degree smaller than
1 (Section 5.2). However, these assumptions are unlikely to hold in practice. In particular, (ii) is
often violated; for example, even in the simple case where the interval is a ball of radius € around the
target value y, the ambiguity degree equals 1. It is important to understand whether this approach

can be effective under more relaxed assumptions.

5.1.1 Summary of contributions

e First, we study the approach of modifying the typical regression loss to make it compatible with
interval learning. This setup was first studied by Cheng et al. [76], and our result improves
upon theirs. We show that for any hypothesis class F with Rademacher complexity decaying as
O(1/+/n) such as for a class of two-layer neural networks with bounded weights, we prove that,
with high probability, the error decomposes into an irreducible term depending on the quality of
the intervals and the Lipschitz constant of the hypothesis class, plus terms that vanish at O(1/y/n)
(Theorem 5.38). Compared to the previous bound by [76], our result: (1) applies even when a
so-called “ambiguity degree" is large (this roughly corresponds to going from the well-specified
case to the agnostic case), (2) provides non-asymptotic guarantees, and (3) reveals how hypothesis
class structure affects the learning guarantee. The key insight is that, when the hypothesis class is
smooth, the outputs for two close inputs cannot differ significantly. As a result, portions of the
original intervals can be ruled out, leading to much smaller valid intervals (Theorem 5.36 and

Figure Figure 5.2).

e Second, we explore an alternative approach that learns a hypothesis minimizing the loss with
respect to the worst-case labels within the given intervals. Since we assume that the true target
values lie within these intervals, the worst-case loss serves as an upper bound on the regression
loss. We consider two variants of the second approach: i) we allow the worst-case labels to be any
points within the intervals, ii) we restrict the worst-case labels to be outputs of some hypothesis
in our hypothesis class, thereby incorporating the smoothness property. We show that there are
scenarios where the second variant performs arbitrarily better than the first (Proposition 5.43),
indicating that constraining the worst-case labels to the hypothesis class is preferable in the worst-

case scenario.

e We complement the theory with experiments that demonstrate the effectiveness of both methods

on real-world datasets.
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5.1.2 Related work

Our problem is closely related to partial-label learning, where each training point is associated with a
set of candidate labels instead of a single target label [60-64|. In classification with finite label sets,
common approaches include minimizing the average loss over the label set [65-70] and identifying
the true label from the candidate set |72, 192, 193|. Theoretical work has established learnability
conditions [60, 71] and statistically consistent estimators [72-74| based on the small ambiguity
degree assumption or specific label set generating distributions.

The regression setting has received less attention. While Cheng et al. [75] introduced partial-label
regression with finite label sets and Cheng et al. [76] extended it to intervals, both rely heavily on the
small ambiguity degree assumption. However, this assumption—originally proposed for classification
Cour et al. [60]—may not be suitable for regression tasks. In classification, a hypothesis is either
correct or incorrect, and a small ambiguity degree ensures that, with enough observed label sets,
we can recover the true label. However, in regression, we are often satisfied with predictions that
are sufficiently close to the target—for example, within an error tolerance of e—making the concept
of ambiguity degree less applicable. We explore a natural extension of the ambiguity degree to
ambiguity radius for the regression task in Section D.6 and argue that our theoretical analysis
not only is applicable to this extension but do also provide a stronger result. In our work, we
study a projection loss, which is equivalent to the partial-label learning loss (PLL loss) in Lv et al.
[72] for the classification, and generalizing the limiting method in Cheng et al. [76]. We provide a
non-asymptotic error bound that does not rely on the ambiguity degree and extend our analysis to

the agnostic setting. Additional related work appears in Appendix D.1.

v
v

X X
Figure 5.1. One dimension example of Figure 5.2. Smooth hypothesis leads to a
learning from interval targets smaller interval

Figure 5.3. (Figure 5.1) An example of learning from intervals where the input is one dimension.
The intervals are shown as gray boxes. A natural method is to learn a hypothesis that always lies
within these intervals. Here, we illustrate two such hypotheses that are both valid but have different
levels of smoothness. (Figure 5.2) When the hypothesis is smooth (blue line), it lies within
intervals much smaller than the original ones, depicted by the green region (Proposition 5.34). We
can extend this result to hypotheses that approximately lie within the intervals (Theorem 5.36).
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5.1.3 Preliminaries and notation

Let X be the feature space and ) be the label space. Let f*: X — ) denote the target function.
We use uppercase letters (e.g., X) to represent random variables and lowercase letters (e.g., x) for
deterministic variables. We consider a regression problem where our goal is to learn a function
f: & = Y from a hypothesis class F that approximates the target function f* in the deterministic
label setting. Let D be the distribution over X x ) where, for each x € X, the label y is
deterministically given by y = f*(z). Our goal is to learn a function f that minimizes the
expected loss err(f) :=Ex y)wp [¢(f(X),Y)] for some loss function ¢: Y x Y — R, satisfying
the following,

Assumption 5.29. The loss function £ : ) x ) — R can be written as £(y,y") = ¥(Jy — ¢/|) for

some non-decreasing function v, and satisfies ¢(y,y’) = 0 if and only if y = ¢/.

Interval targets. We assume that we have access only to interval samples of the form {(x;, {;, u;) }7- 4,
where [; and u; are the lower and upper bounds of y;, respectively. While we assume that the label
is fixed to f*(x;), we allow the intervals—that is, the bounds (l;,u;)—to be random and assume
that each tuple (z;,(;, u;) is sampled from some distribution D;. To deal with singular events of
measure zero, we assume that Dy is a nonatomic distribution i.e. it does not contain a point mass

(see Appendix D.4 for a full definition). We also use p to refer to the probability density function.

5.2 Learning from intervals using a projection loss

Since the target label y always lies within the interval [[, u], a natural strategy is to learn a hypothesis
f € F such that f(x) € [l,u] for all x € X (Figure Figure 5.1). In previous work, Cheng et al. [76]
analyzed the following strategy.

n
Learn f that minimizes the empirical risk of the 0-1 loss: ng,l(f(aji), liyui), (5.1)

i=1
where lo_1(f(x),l,u) ;== 1[f(x) <] + 1[f(x) > u]. Using ¢; loss as the surrogate (equation (12)),
they showed that f converges to f* as n — oo if two assumptions are satisfied, (i) Realizability, that
is, f* € F, (ii) Ambiguity degree is smaller than 1. Ambiguity degree is the maximum probability of

a specific incorrect target 3/, belonging to the same interval [I, u] as the true target y:

Ambiguity degree(D, Dy) := (;1;5/) { Pp’i(y’ €L,U|| X =2):pp(z,y) >0,y # y} <1l (5.2
These assumptions can be impractical and restrictive. First, our hypothesis class may not contain
f*. Second, an ambiguity degree smaller than 1 implies that for any fixed z, if we keep sampling
the interval [I,u], the intersection of such intervals (in the limit) would only be the set of the true
target {y}; that is, we can recover the true y given an infinite number of intervals. However, this
assumption is unlikely to hold in practice because there is usually a gap between the upper and

lower bounds and the target y. For example, in the simple case where [I,u] = [y — €,y + €] (a ball
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with radius € > 0 around the true target y), the assumption fails since y + €/2 always lies within the
interval at the same time with the true y.
We begin by defining a suitable learning objective. Since the 0-1 loss above is not continuous, it
is not suitable for gradient-based optimization techniques. To address this, we relax the loss by
considering a projection

me(f (), u) = yrélﬁri] ((f(x),9) (5.3)
for any general loss function ¢. The following proposition shows that 7, is a meaningful proxy for

the 0-1 loss, and can be evaluated efficiently by only considering the boundaries of the interval.

Proposition 5.30. Suppose that £:) x Y — R is a loss function that satisfies Assumption 5.29
then mo(f(x),l,u) =0 if and only if f(x) € [l,u], and we can write

me(f(x), 1, u) = 1[f (x) <E(f(2), 1) + 1[f () > ult(f(z),u). (5-4)

The proof is provided in Appendix D.3.1. In the rest of the paper, we refer to 7; as the projection

loss. Consequently, the informal goal given in (5.1) can be formalized as the following objective:

mfiﬂz Lf (@s) < Le(f (@), i) + 1[f (wi) > ul€(f (@3), ui). (5.5)
=1

5.3 Properties of a hypothesis that lie inside the interval targets

We will derive key properties of a hypothesis that lie inside the interval targets which will provide
an essential setup for our main theoretical results in the next section. We denote fn ={feF|
E[m(f(X),L,U)] < n} as a class of hypotheses with the expected projection loss is smaller than
n. This is an interesting hypothesis class to study because as we minimize the projection objective
(5.5), a uniform convergence argument (e.g. Mohri [194]) would guarantee that the result hypothesis
f belong to .7?,]. The value of n depends on the number of data points and the complexity of F. In
particular, with probability at least 1 — § over the draws (x;,l;, u;) ~ Dy, for all, f € F,

Blm(£(X), L,U)] €+ 3wl ) ) + 2R, () + /2D (s
i=1

Here, R, (II(F)) is the Rademacher complexity of the function class II(F) := {m/(f(x),l,u) — R |
f € F} and we assume that the 7y is uniformly bounded by M. Thus, given n, M, and the empirical
loss on observed data (first term in R.H.S.), we have an upper bound of 1 which f € .7-~'77 which
decreases with n. In the rest of this section, we will provide a property of a hypothesis f € ]?77 for any
fixed n > 0. In particular, we show that for any x, f(z) belongs to an interval that is smaller than
the original interval targets (Theorem 5.36) where the size of the reduced intervals depend on the
Lipschitz constant of F and 1. This leads to our main result: a generalization bound on the loss of

f w.r.t. actual labels y, thus showing that regression can be done using interval targets (Section 5.4).
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5.3.1 Effect of realizability and small ambiguity degree assumptions on .)"N:77

We begin by examining the implications of the assumptions made in prior work (Section 5.2). The
realizability assumption implies that f* € Fo since the projection loss of f* is always zero. Second,
the small ambiguity degree assumption implies that, for any x, the intersection of the intervals can
only be the singleton set {y}. As a result, we have Fy = {f € F | err(f) = 0} # 0.

With these assumptions, we can show that minimizing the projection objective will converge to a
hypothesis with zero error. The following informal argument summarizes the asymptotic analysis of
Cheng et al. [75]. Here is the high-level idea: let f,, be the hypothesis that minimizes the empirical
projection objective (5.5). Realizability implies that there exists f* € F with an expected loss of
zero. Since f,, achieves the empirical risk no larger than that of f*, it must achieve an empirical risk
of zero. From (5.6), we have f, € ‘%7771 with high probability, where 7, = 2R,,(II(F)) + M %.
In general, for a hypothesis class with the Rademacher complexity decays as O(1/y/n), we have
nn = O(1/y/n). Now as n — oo, we have 1, — 0 which means that ‘%7771, — Fp. Consequently,
err(f,) — 0 since any member of Fo has zero error.

However, when the realizability and ambiguity degree assumptions do not hold, there may be f € .7?0
with err(f) > 0. Additionally, with a finite amount of data, we can only learn a hypothesis f € .7?77
for some 1 > 0. In the next section, we will analyze .7?77 without relying on the small ambiguity

degree assumption and in finite samples.

5.3.2 Properties of ],:_n

Although our results extend to the probabilistic interval setting, where multiple intervals [[, u] are
drawn for each z, we focus on the deterministic interval setting in the main paper for simplicity. In
this case, each z is associated with a fixed interval [I,, u;]. A detailed discussion of the probabilistic
interval setting is in Appendix D.4. Now, we start with the following characterization of f(x) for
fe ]?0 and then later we will consider when f € ]?n. First, we can see that when the expected

projection loss is zero, f(x) must lie inside the given interval.
Proposition 5.31. For any f € Fo, we have f(z) € [ly, ug] for any x with p(z) > 0.

The proof is based on the Assumption D.1 and the fact that the expected projection loss is zero.
Next, we can further show that the interval in which f(z) must lie can be made smaller than [, u,])

if we assume that the class F contains only m-Lipschitz function.
Definition 5.32 (m-Lipschitz). A class F is m-Lipschitz when for any f € F and any z,2’ € X

() = f@)] < mllz — 2| (5.7)

We can rearrange the inequality into f(z') — m|lz — #'|| < f(z) < f(z') +m|z — 2| For f € Fo,
we can substitute f(z') with its lower and upper bound I, u,s, which implies I, — m|jz — 2'|| <

f(x) <uy +mlx —2||. We denote this as a lower and upper bound of f(x) induced by 2’.
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Definition 5.33 (A lower and upper bound induced by z’). For any z, 2’ € X, a lower and upper
bound of f(z) induced by 2’ is given by

(m)

x'—x

s =l —mllz — 2|, u = Uy +mljz — 2.

Furthermore, the intersection of such bound over all 2’ with p(2’) > 0 is denoted by
p(z’)>0
Following the argument above, we can derive a reduced interval for any f € Fo.

Proposition 5.34. Let F be a class of hypotheses that are m-Lipschitz and suppose that ¢ satisfies
Assumption 5.29. Then for any f € Fo and for each x with p(z) > 0,

fla) e i ulm . (5.9)
u Ugy—a
l Upper bound gap l Uzs—z
Uy —sz —_— Ug -z l
o ee——" [ mlle — '] P
lzl \\\\\ l l'D*).Z‘
f(wr) lw:x T _— T
l$ T
f() lzlﬁz "
Figure 5.4. An interval of x Figure 5.5. Upper and lower
induced by z’ bound gaps

Figure 5.6. (Figure 5.4) Based on the smoothness property, the difference between f(z) and f(x')
cannot exceed m||x — 2’||. As a result, the upper and lower bounds of f(z') imply the corresponding
bounds for f(x). (Figure 5.5) The lower bound gap of 2’ to z is defined as the difference between
the lower bound of f(x) induced by 2’ and the largest lower bound (lN(Dm_Z ,); similarly for the upper
bound gap. These gaps are crucial in bounding the size of 7, (x) and s, (z) (how much we have to

compensate when f € .7?77) where larger gaps lead to larger values (Theorem 5.36).

First, we observe that [lg)m_)m,u(pm_)m] is always smaller than [l,,u,] because when we set 2/ = =z,

lg,?z x,ug,nlm] = [lz,uy]. Second, if the hypothesis becomes more smooth, the interval

[lgﬁm, ugﬂw] gets smaller. This phenomenon can also be interpreted as implicitly “denoising” the

we have |

original intervals by leveraging the smoothness of the hypothesis class.

Next, we extend Proposition 5.34 to .7?,7. The key technical challenge is that for f € ]?n, f(z) may lie
outside the interval so we can’t simply use I/, u, as lower and upper bounds of f(z’) anymore. This
complicates the application of the Lipschitz property because f(x’) can now be arbitrarily large or
small for any 2/, as long as the expected projection loss is smaller than 7. The following result uses a
new notion of a bound gap of f(x) induced by x’ which is the difference between the lower and upper

bounds induced by a given 2’ and the best lower and upper bounds from all 2’ (Figure Figure 5.5).
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Definition 5.35 (A lower and upper bound gap induced by z’). We uses the notation,

(m) (m) (m) (m)

lgx’—m =Ipsz — lx —ax’ and UGyt Sq = Ugr S — UD—as

to respectively denote the lower bound gap and upper bound gap for f(z) induced by z’.

Theorem 5.36. Let F be a class of functions that are m-Lipschitz, and ((y,y') = |y — y'|P for any
p>1. Forany f € .7?,7 and for each x with p(x) > 0 we have,

(m) (m)

f(x) € [lp, —rp(x),up_, + sy(x)], where, (5.10)
rp(z) =7 st Ex[(r— lgkmlm)ﬁ} =1, and (5.11)
sp(z)=s st Ex|[(s— ugg(mlx)ﬁ’r] =1. (5.12)

Proof. (Sketch) The proof leverages the smoothness property of f to establish bounds on how far the

function values can deviate from their projected intervals. The key insight is that if f(z) significantly

l(Dm_)Wu(Dm_))x], then by Lipschitz continuity, f(z') must also

deviate from [l,/, u,] for nearby points ’. However, such deviations are constrained by the expected

deviates from the reduced interval [

projection loss being bounded by 1. The proof proceeds in three main steps: i) using the Lipschitz
(m)

D—x

points /: f(2') < Iy —(r—(i(m) —[&@x)), ii) the projection loss bound E[ry(f(X), L, U)] < n implies

D—x
that such deviations cannot be too large. iii) the maximum possible deviation r,(x) is characterized

property, we show that if f(x) deviates below its lower bound I by some amount r, then for all

by the equation: n = E[1[g(z, X, r) < L|¢(g(z, X, r), L)] where g(x, 2, r) represents the upper bound

on f(z') derived in step i). We can also apply a similar argument for the upper bound. O

We compensate for f € .7?77 by adding a buffer of size r and s to the interval derived in Proposition
5.34. If the average lower and upper bound gap is large, then we would have a larger compensation

r,s. When n = 0, we have r = s = 0. In general, we can bound the buffers r, s in terms of 7.

Proposition 5.37. Under the conditions of Theorem 5.36, we can bound ry(x) and sy(z), as

X—z —

ry(x) < infd + (n/ Pr(lg{™ < oNYP and s,(x) < inf 3 + (n/ Pr(ug{™ < &)Yr.  (5.13)

5.4 Main results

We present our main theoretical results on learning with interval targets. Our analysis proceeds into
three steps: first establishing a basic error bound for the realizable setting, then extending it to
provide explicit sample complexity guarantees and finally extending it to the agnostic setting. We
provide the sample complexity results and their interpretation here and provide the full analysis in
Appendix D.5. The following result is also applicable to L,, loss or a general loss function satisfying

Assumption 5.29 but we state the result for the [; loss for simplicity.
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Theorem 5.38 (Generalization bound, Realizable Setting). Let F be a hypothesis class satisfying i)
Realizability and m-Lipschitzness, i) Rademacher complexity decays as O(1/+/n), iii) support of the
distribution Dy is bounded, iv) loss function is L(y,y’) = |y —y'|. With probability at least 1 — 6, for
any f that minimize the objective (5.5), for any T > 0,

m m n )
err(f) < Bx[u)x ~ 18 [+ 7+ (fﬁ oy Y )> (), (5.14)
(

(a)

b)

where D, M are constants and I'(7) = E¢ [1/min(PrX(lg§(ml)? < T),PrX(ug;ml)} < 7'))} is decreas-

mg i T.
Interpretation: Our error bound is divided into two parts.

(a) The first term represents an irreducible error term which depends on the smoothness property
of our function class F and the quality of the given intervals (it does not decrease as n is larger).
However, this term can be small. For example, in the case when the ambiguity degree is small,

this error term would be zero, ensuring a perfect recovery of the true labels.

(b) The second and third term capture how well we can learn a hypothesis that belongs to the
intervals and these would decay as we have a larger sample size n. To see this, assume that we
have a fixed value of 7, if one set n — oo then the third term would converge to zero. That is, (b)
would converge to 7 as n — co. Since 7 is arbitrary, we can set 7 to be small so that (b) would
decay to zero as n — oo and we are left with the first term (a). In addition, the function I'(7)
depends on the distribution of intervals D;y. In particular, when D has small lower /upper bound

gaps, ['(7) would also be small which leads to a better generalization bound for any fixed n.

Theorem 5.39 (Generalization Bound, Agnostic Setting). Under the conditions of Theorem 5.38
apart from realizability, with probability at least 1 — 46, for any f that minimize the empirical projection

objective, for any T > 0,

m m D In(1/4)
err(f) < OPT—I—EX[\u%_))X — l(D—)>XH +27 + (errpwj(f) + 7 + M + OPT) (1),
(@) (®)
(o)
(5.15)
where D, M are constants and I'(1) = E5 [1/min(PrX(lg§(m_)>X < T),PrX(ug;le < T))] is a de-

creasing function of T, errpi(f) is an empirical projection error of f, and OPT is the expected error

of the optimal hypothesis in F.
Interpretation: Our error bound for the agnostic setting is divided into three parts.

(a) The first term represent an error term of the optimal hypothesis in F, given by OPT.
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(b) The second term represent an error term which depends on the smoothness property of our

function class F and the quality of the given intervals similar to the realizability setting.

(c¢) The third and the fourth term capture how well we can learn a hypothesis that belongs to the
intervals. The key difference between this agnostic setting and the realizability setting is that
this term would not decay to zero anymore as n — oo. In particular, for a fixed 7, we can
see that as n — oo, we would have errpoj(f) < OPT since we are minimizing the empirical

projection loss and as a result, this third part would converge to

27 + 20PT -T'(7). (5.16)

Since this hold for any 7, the optimal 7 would be the one such that 7 = OPT -I'(7) and this
value depends on the distribution Dj.

Overall, when n — oo, the upper bound would converge to

OPT +Ex[[ul”)  — 15" | + 2r + 20PT -I'(7). (5.17)

This can be small as long as the OPT is small, the expected lower/upper bound gaps are small and
when the noise in the given intervals are small. Overall, our theoretical insight suggests that we can
improve our error bound by (i) having a smoother hypothesis class (smaller m) which would reduce
the interval size ]u(pm_)> 5 — Z(Dm_)) | in the term (b) (ii) increasing the number of data points n which
leads to a smaller bound in the term (c). However, if m is too small (our hypothesis is too smooth),
F may not contain a good hypothesis, causing OPT to be large. Our theoretical results suggest
that selecting an appropriate level of smoothness to balance the two terms can lead to improved
performance in practice. In practice, we can find the right level of smoothness by treating m as a

hyperparameter and tuning it on a validation set.

5.5 Learning from intervals using a minmax objective

In this section, we explore a different learning strategy: we aim to learn a function f € F that
minimizes the maximum loss with respect to the worst-case § within the interval. We demonstrate
that this approach yields a point-wise solution that can be evaluated efficiently. First, we define the

worst-case loss as

pu(f (@), 1 u) == max €(f(x), 7). (5.18)

Proposition 5.40. Let £ be a loss function that satisfies Assumption 5.29, then

P2 1) = 11 (z) < 5 Y (@), 0) +115() > E e @), ). (5.19)

Since y € [l, u], this objective serves as an upper bound on the true loss: pg(f(x),l,u) > €(f(z),y).
Consequently, if we have a hypothesis with a small expected value E[p(f(x),,u)], then the error

err(f) will also be small. Based on Proposition 5.40, we define the Minmax objective as
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U+ u;

win Y1) < I ) ) + 115 G) >
i=1

Je(f (i), 1i).- (5.20)

In particular, when £(y,y’) = |y — ¢/|, we can show that minimizing p is equivalent to performing

supervised learning using the mid-point of each interval.

Corollary 5.41. Let {(y,y') = |y — | then pe(f(z),1,u) = |f(z) — 5| + %5 and the solution of
(5.20) is equivalent to

.n li + u;
F' = arg ;rggz |F(@i) = =51, (5.21)
=1

This corollary establishes a connection between the heuristic of using the midpoint as a target
and our approach of minimizing the maximum loss p. However, we note that p does not take
the smoothness of the hypothesis class F into account and may lead to the worst-case labels that
are overly conservative and not reflective of the target labels. Therefore, it would be beneficial to
incorporate knowledge about certain properties of the true labels. In particular, in the realizable
setting, f* € .7-"o, so we may consider the worst-case labels that can be generated by some f € j}o,
min max E[¢(f(X), f/(X)]. (5.22)
feF preF
In the realizable setting, this method also provides an upper bound for err(f), but it is stronger

than p because we are comparing against the worst-case f’ € .7?0 rather than any possible g € [I, u].

Proposition 5.42. In the realizable setting where f* € ]?0, for a bounded loss ¢, for any f € F,

err(f) < max E[£(f(X), f(X))] < Elpe(f(X), L, U)]. (5.23)

We can conclude that when a hypothesis has a small minmax objective, its expected loss would be
small as well. Moreover, we demonstrate that restricting the worst-case labels to those that could be
generated by some f € .71:0 can lead to better performance than using all possible worst-case labels.

This is due to worst-case labels being highly sensitive to the interval size.

Proposition 5.43. For any constant ¢ > 0 and £(y,y') = |y — /|, there exists a distribution Dy
and a hypothesis class F and f* € F such that for f; = argmingcr max . z El(f(X), f'(X)] and
fo=argminser Elp,(f(X),L,U)], err(f1) = 0 while err(fa2) > c.

The proof is in Appendix D.3.8. An empirical Minmax objective using labels from j':() is given by

n

%12 ;]/nea]% 2 0(f (), £ (z4)). (5.24)

However, there is no closed-form solution for the inner maximization of objective in 5.24, making

it less efficient to optimize than (5.20). To address this, we propose alternative approaches by

approximately learning f’ € Fo to solve this objective.
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5.5.1 Alternative approaches to solving a minmax objective with constraints

Recall that an empirical Minmax objective using labels from ]?0 is given by equation 5.24. However,
there is no closed-form solution for the inner maximization of objective in 5.24, making it less efficient
to optimize than (5.20). To address this, we propose alternative approaches by approximately
learning [’ € Fo to solve this objective.

1) Regularization. We keep track of two hypothesis f, f € F and introduce a regularization term

based on the projection loss to ensure that f’ is close Fo. We call this method Minmax (reg),

n n

minmax Y " O(f (), f'(@:) = XD w(f (@), liy ). (5.25)

!
fEF fleF 1 i1

Here the regularization term is always non-positive and depends only on f’. We can use a gradient
descent ascent [195-197| algorithm that updates f and f” with one gradient step at a time to solve
this objective.

2) Pseudo labels. We could replace a hypothesis class ]?0 with a finite set of hypotheses
{fi, f2s ..., f} where f; € fn for some small . We can get f; by minimizing the empirical projec-
tion loss. We then relax our objective by learning f that minimizes the maximum loss with respect
to fj. We call this method PL (Max),

n

min max 2 C(f (i), fi (i) (5.26)

Since f; are fixed, learning f becomes a minimization problem, which is more stable to solve compared
to the original minmax problem. Alternatively, to further stabilize the learning objective, we can

replace the max over f; with mean. We refer to this variant as PL (Mean),

k n
f}g;lzzf(f(:ci),fj(%))' (5.27)
=1 i=1

5.6 Experiments

We empirically validate our theoretical results with comprehensive experiments on five public
datasets from the UCI Machine Learning Repository and 18 additional tabular regression datasets
[198|, where we vary our proposed interval-generating algorithms to simulate different scenarios and
convert regression targets into interval targets (see Appendix D.7 for full details). To control the
smoothness of our hypothesis as required by our theoretical results, we utilize Lipschitz MLPs—MLPs
augmented with spectral normalization layers [199] that ensure the Lipschitz constant is less than
1, then scaled by a factor of m to control the hypothesis smoothness. We compare standard
MLPs against these Lipschitz MLPs, where both model types use projection losses, and we also
compare with the minmax loss and our proposed minmax loss variants PL(Mean) and PL(Max).
We summarize our findings as follows. In terms of learning methods, the projection objective and

our proposed PL methods generally perform best in the uniform interval setting (where interval
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Figure 5.7. Test MAE of the projection method with Lipschitz MLP using different values of the
Lipschitz constant. The vertical line is the Lipschitz constant approximated from the training set.
The dashed horizontal lines are the test MAE of PL (Mean) and Projection approach with a
standard MLP. Optimal smoothness level leads to a performance gain.

sizes and locations are uniformly sampled), while naive minmax excels when the target value is
known to be near the interval center (consistent with Corollary 5.41). More importantly, we
demonstrate that Lipschitz-constrained hypothesis classes indeed achieve smaller reduced intervals,
as predicted by Theorem 5.36, with average interval size decreasing as the Lipschitz constant
decreases. Our key theoretical insight about the relationship between smoothness and error bounds
is supported by experiments showing that the optimal Lipschitz constant balances constraining the
hypothesis class while maintaining enough capacity for low error. Finally, on 18 additional tabular
regression benchmarks, Lipschitz MLPs significantly outperform standard MLPs on 14 datasets
(Table Table 5.1), establishing smoothness as a simple yet effective method for enhancing learning
with interval targets. Additional results and ablation studies are provided in Appendix D.12. Our
code is available at https://github.com/bloomberg/interval_targets.

Table 5.1. Comparison of the test MAE of LipMLP and MLP results on datasets from the tabular
regression benchmark (with interval targets).

Dataset LipMLP MLP Dataset LipMLP MLP
Ailerons 3.278 +£0.034 4.323 £ 0.098  Airlines Delay 38.974 + 0.005 39.077 4+ 0.008
Allstate Claims 86.547 +£0.001 86.542 4= 0.002 Analcatdata Supreme 17.685 £ 0.041 17.856 + 0.072
CPU Activity 10.271 £+ 0.026 10.560 £+ 0.087 Elevators 59.663 + 0.167 59.926 £ 0.251
GPU 29.817 +£0.100 25.123 £+ 0.888 House 16H 5.728 + 0.031 5.837 £ 0.025
House Sales 76.607 = 0.116 76.716 + 0.073 Houses 30.689 + 0.152 31.515 4+ 0.332
Mercedes 8.791 +0.187 11.207 £0.218 Miami House 1.013 £+ 0.028 1.671 + 0.055
Sulfur 10.681 £ 0.082 14.421 +£0.279  Superconduct 0.540 4 0.021 1.459 4+ 0.099
Topo 21 1.305 £+ 0.013 2.192 £0.177 Visualizing Soil 15.803 & 0.311 17.898 + 0.640
Wine Quality 28.537 +£0.126 29.537+0.148 YProp 4 2.360 + 0.050 3.828 £0.435

5.7 Conclusion

We theoretically investigated the problem of learning from interval targets, analyzing hypotheses
that lie within these intervals and those minimizing the worst-case label loss. We derived a novel

theoretical bound, providing a crucial insight: understanding how smoothness can lead to benefits
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such as smaller predictive intervals and a regularized worst-case label. This connection makes our
theoretical findings directly applicable in practice. Future directions include more challenging settings
such as 'noisy’ settings where targets might have small projection loss even outside the interval, and

extend these methods to non-i.i.d. settings e.g. time-series.
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Chapter 6

What Does Preference Learning Recover
from Pairwise Comparison Data?”

Rattana Pukdee, Nina Balcan, Pradeep Ravikumar

Abstract

Pairwise preference learning is central to machine learning, with recent applications in aligning
language models with human preferences. A typical dataset consists of triplets (x,y™,y ™), where
response y is preferred over response y~ for context x. The Bradley—Terry (BT) model is the
predominant approach, modeling preference probabilities as a function of latent score differences.
Standard practice assumes data follows this model and learns the latent scores accordingly.
However, real data may violate this assumption, and it remains unclear what BT learning
recovers in such cases. Starting from triplet comparison data, we formalize the preference
information it encodes through the conditional preference distribution (CPRD). We give precise
conditions for when BT is appropriate for modeling the CPRD, and identify factors governing
sample efficiency—namely, margin and connectivity. Together, these results offer a data-centric

foundation for understanding what preference learning actually recovers.

6.1 Introduction

Learning from pairwise comparisons is a classical learning paradigm in machine learning. in this

setting, the supervision is usually in the form of triplet

(z, 9" y7), (6.1)

indicating that response y™ is preferred over y~ in context x. This mode of supervision is attractive
because it is often far easier for humans to express preferences than to assign calibrated scores. Our
goal is then to learn the preference information from this triplet data where when we observe a new
data point x and a pair of responses {y,y'}, we can accurately predict if y is more preferable than
1y or not. Due to the ease of data collection, this learning paradigm has various applications from
ranking [77, 200, 201]|, recommendation systems [202-204], psychology [78, 205, 206], learning
combinatorial valuations [207] and recently, large language models alignment to human preferences
(1, 2, 208-210].
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The dominant approach is to fit a Bradley—Terry model (BT) to the observed comparisons [77, 78|.
This model posits that each item has a latent quality score, and that pairwise preferences are
generated stochastically according to these scores. BT has been studied extensively from a statistical
perspective, with well-established results on consistency and sample complexity for recovering these
latent scores. Such analyses assume that true scores exist in the first place. However, comparison
data arises from diverse sources, from human annotators to Al labeling systems for which they may
not necessarily arise from the generative process that involves latent scores. Samples from the triplet
distribution are what we observe and this suggests the triplet distribution is the natural starting

point. Rather than assume BT, we begin with the data and ask:
e What preference information is actually encoded by a triplet distribution ?
e When can these preferences be represented by a BT model?
e What does BT learning recover when the model is misspecified?
e How do data collection choices affect learnability and sample efficiency?

Our main contribution is a clean foundation for preference learning from comparison data. With
precise answers to these questions, practitioners can reason about data collection, understand what

their models learn, and diagnose failures when assumptions do not hold.

Contributions. This paper develops a framework that makes these questions precise and provides

clear answers:

1. Conditional Preference Distribution (CPRD). We formalize the preference information
encoded in any triplet distribution P through the CPRD, the probability of preferring y over
y' given context x. This is the fundamental object encoded in comparison data, independent

of how it was generated.

2. BT Characterization. We characterize the relationship between BT representability and
positive-negative conditional independence (given the context, the winning and losing responses
are generated independently of each other) and we show that the two are equivalent up to
the choice of triplet distribution. This provides a precise condition for when BT modeling is

appropriate.

3. Learning Objective Interpretation. We prove that the BT learning objective is equivalent
to a KL projection of the CPRD to the BT family at the preference level. This clarifies what

BT learning optimizes and what it recovers when the model is misspecified.

4. Sample Complexity Analysis. We show that two factors govern learning efficiency: pairwise
margin and comparison connectivity. We provide estimation error bounds that make these de-

pendencies precise, offering guidance for data collection. We validate these findings empirically.

By starting from the data distribution, we unify known and new results — giving practitioners a

coherent framework for understanding what preference learning recovers and when to trust it.

69



6.2 Related Work

Bradley—Terry and representability. The Conditional Pairwise Preference Distribution (CPRD)
corresponds to what is referred to as a choice probability in classical paired-comparison models
[77, 78, 205, 211], ranking from pairwise comparisons [202, 212-215|, and dueling bandits [216—
219|. The Bradley—Terry model is a popular approach for learning preferences from such data;
see [220] for a comprehensive review. Prior work has characterized when a distribution can be
represented by the BT model |78, 221-225]|, with transitivity being a well-known limitation that
several methods attempt to address [226-229]. In contrast, we study BT representability starting

from a given triplet distribution rather than assuming data follows the BT model.

Statistical analysis. A large body of work has analyzed the consistency of maximum likelihood
estimation for the Bradley—Terry model, showing that MLE recovers the true parameters when data
follows the BT model [230-235]. Many works provide sample complexity bounds for parameter
recovery (213, 234, 236-239|, with extensions to parametric settings where scores are linear [240,
241]| or parameterized by neural networks [242]. We show that under positive—negative conditional
independence, BT recovers the log density ratio between the positive and negative distributions.
This quantity also appears in noise contrastive estimation (NCE), where one distinguishes data from
noise (243, 243, 244]; the related InfoNCE loss has become widely used in representation learning
[245-247]. Prior work has proposed metrics for evaluating preference dataset quality, including
information content based on embedding similarity [248] and truncated influence functions [249].
More broadly, choosing which comparisons to collect for efficient preference recovery relates to
experimental design [250, 251| and active learning [215, 252-255].

Preference learning for large language models. Preference learning from pairwise comparisons
is central to aligning language models with human preferences [1, 2, 208, 209|. The standard
approach learns a reward model from pairwise comparisons, then uses it to align the language model
via reinforcement learning. Recent work also aligns the language models directly from pairwise
comparisons [210, 240, 256-258]. This paper focuses on the reward learning step: characterizing
the reward learned from a given dataset. A separate question is what makes a good reward model:
ideally, high reward should correspond to good downstream performance. However, reward hacking,
where the model achieves high scores without improving on downstream tasks, remains a challenge
[259, 260|. Several benchmarks evaluate reward model quality [261-263|, and theoretical work has
sought to characterize what makes a good reward [264]|. Recent findings suggest that rewards with
high variance are more effective at teaching an LLM [264-266]. Our results provide a complementary

perspective: a target reward with large margin is also easier to learn.

6.3 Setup

Let X be a context space and ) be a set of outcomes. We are interested in learning which outcome
y is preferable for a given context x. We focus on learning this preference from pairwise comparisons.

Formally, we assume that there exists a joint distribution P over X x ) x ) where each triplet

70



(z,y",y~) ~ P represents that for a given context x, an outcome y™ is preferable to an outcome
y~. We use = to denote the preference relation, i.e., y = 3’ means that y is preferable to 3’. For
convenience, we write P(z,y,y’) := P(z,y" = y,y~ = y) for the probability (or density) of the
oriented triple (z,y,y’).

First, we observe that the distribution P over triplets induces a preference distribution over any
pairs of outcomes for a given context. We formalize this as the conditional preference distribution
(CPRD) which is defined as follows:

Definition 6.44 (Conditional Preference Distribution (CPRD)). For a distribution P over X x Y x ),
the conditional preference distribution (CPRD) of P is defined on any unordered pair {y, '} with
y # vy and x € X as follows:

wp(y =y lx) =P~y |z, {y,y}) (6.2)

In fact, by Bayes’ rule, we have

P(z,y,y)
P(z,y,y') + P(z,y,y)

CPRD directly captures the preference structure of the distribution P and is the target distribution

wp(y =y |z) = (6.3)

that we aim to learn.
Next, we introduce the Bradley—Terry model which is a popular model for preference learning from

pairwise comparisons.

Definition 6.45 (Bradley—Terry Model). Bradley—Terry model assumes that there exists a score
function r : X x Y — R such that for any context € X and any unordered pair {y,y'} € ), the
probability of preferring y over 3/ is given by:

Ply =y |2)=o(r(z,y) —r(z,y) (6.4)
1

where o(t) = 17— is the sigmoid function.

In practice, one often fits this Bradley—Terry model by minimizing the negative log-likelihood of
the observed triplets (z,y",y~) ~ P. Concretely, for a set of triplets S = {(z;,y;",y; )}, the

empirical risk is given by:

Ler(r) =Y logo(r(zi,y) — r(zi, ;). (6.5)
=1

and the learned score function is given by # € arg min, EBT(r). We can use 7 to predict the preference
between any two outcomes for a given context using equation (6.4). We remark that the score
function 7 is not unique and is determined up to a constant shift since adding any constant to r still
preserves the difference r(x,y) — r(z,y’) for any z and y # ¢/'.

While this gives us a convenient way to learn the preference, it is not clear whether the Bradley—

Terry model is able to recover the correct CPRD of the distribution P since the assumption on the
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structure of the preference (equation (6.4)) may not hold. Our first contribution is to identify when

a CPRD can be represented with a Bradley—Terry model.

6.4 When does a CPRD admit a Bradley—Terry model?

In this section, we characterize when a CPRD is representable by a BT model.

Definition 6.46. A CPRD wp is representable by a Bradley—Terry model if there exists a score
function r : X x ) — R such that for all  and all y # ¢/ with P(z,y,y") + P(z,vy',y) > 0,

wpy = y' [ z) = o(r(z,y) —r(z,y). (6.6)

We can show that a CPRD is representable by a BT model when the ratio of the probability has a

certain structure.

Proposition 6.47 (CPRD BT factorization). For a distribution P over X x Y x Y, the CPRD wp
1s representable by a BT model if and only if there exists a strictly positive function h : X x Y — R
such that for all x and all y # y' with P(x,y,y") + P(x,y',y) > 0,

P(w,y,y) _ hlz.y) (6.7)

P(z,y,y)  h(z,y)

Proof in Appendiz E. 1.

This proposition shows that not every P induces a CPRD that is representable by a BT model;
BT representability requires the probability ratios to have a specific structure. While the condition
involves the ratio of P(z,y,y") and P(z,y',y), which seems to be difficult to verify in practice, we
will show that data generating process does provide a nice alternative view. First, we introduce a

positive—negative conditional independence assumption.

Definition 6.48 (Positive-negative conditional independence). A distribution P is said to satisfy
positive—negative conditional independence if there exist a marginal Px on X and conditional

distributions p4 (- | ) and p_(- | ) on Y such that

P(z,y",y7) = Px(x)pr (y" | 2)p_(y~ | z). (6.8)

Equivalently, to generate a triplet (z,y",y~) ~ P, we first sample z ~ Px and then we sample

yT ~pi(yt | x) and y~ ~ p_(y~ | ) independently.

Theorem 6.49 (CPRD of conditionally independent distribution and BT model). Let P be a
distribution over X x Y x Y, then the following holds;

1. If P satisfies positive—negative conditional independence, then the CPRD wp is representable
by a BT model.

2. If the CPRD wp is representable by a BT model, then there ezists a positive—negative conditional

independence distribution @ such that wg = wp.
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In addition, the suitable score function r for a positive—negative conditional independence distribution

P is given by

r(z,y) =log——+=

10+(y | 93)
p—y|2) (6.9)

Proof in Appendiz E.1.

This generative perspective yields a clean sufficient route to BT: if P is generated by independently

sampling y™ ~ py (- | 2) and y~ ~ p_(- | ) given z, then wp is automatically representable by a BT
P+ (ylz)
p—(ylz)
framework [243] and also resembles the implicit reward function [210]. Importantly, this assumption

model, with score r(z,y) = log . This ratio has appeared in the noise contrastive estimation
is not merely descriptive, in many modern settings we can enforce it by design, e.g., when we control
data collection by synthesizing comparisons via separate “good” and “bad” generators. Nevertheless,
our goal is not only to verify if the CPRD is representable with a BT model but to learn the CPRD.

This motivates the next section where we analyze the learning objectives.

6.5 Learning CPRD

We now turn to a question of more immediate practical relevance: given i.i.d. triplets (z,y*,y7)
drawn from P, what objective should we optimize, and what does that objective actually recover and
when it matches the ground-truth CPRD? We study two canonical approaches, generative modeling
via MLE of the triplet distribution, and discriminative BT training via pairwise log-likelihood.

First, we will introduce the generative and discriminative learning objectives for learning the CPRD.
The generative learning objective. For a class of parametric distribution P4 over triplets

(x,yT,y7), the generative learning objective is

mq}nﬁgen((;ﬁ) =Ep [~ log Py(z,y",y7)]. (6.10)

where Py(z,y",y~) is the probability of the triplet (z,y",y~) under the distribution P,. Here,
we are trying to fit the full generative model for the triplet distribution P. Once we have f’¢, the
learned preference distribution for any unordered pair {y,y'} is given by
. Py(z,y,9/)
Doy =y |2) = ——— L2 (6.11)
P¢($7y;y)+P¢($vy 72/)

Since minimizing the generative learning objective is equivalent to minimizing the KL divergence

between the true distribution P and the generative model P, [267], the generative learning objective
have a CPRD recovery guarantee; the learned preference distribution would converge to the true
CPRD when the true CPRD belongs to the model space (realizable). On the other hand, the
discriminative objective works directly at the preference level without explicitly modelling the triplet
distribution P.

The discriminative BT learning objective. For a class of parametric score functions ry :

X x Y — R, the discriminative BT learning objective is
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min Ly (0) = Ep [—log Pry(y™ =y~ | 2)]. (6.12)

where P, (yT =y~ | z) = o(ro(z,y") — rg(x,y ™)) is the probability of preferring y™ over y~ given
x under the BT model with score function rg. Once we have 7y, the learned preference distribution

for any unordered pair {y,y'} is given by

Wely =y | ) = o(fe(z,y) — Po(z,y)). (6.13)

In contrast with the generative objective, it is not straightforward to see how this objective would
recover the true CPRD. In the next result, we show that this objective is also equivalent to minimizing
the KL divergence between the true distribution and the preference distribution induced by the BT

model but at the preference level instead of the triplet level.

Definition 6.50 (Comparison distribution). For any distribution P over X x ) x Y, the comparison

distribution P is a distribution over z and an unordered pair {y,y'} with y # ¢/ with density

Pz, {y.y'}) o« P(z,y.9) + P(z,y,y). (6.14)

This distribution essentially captures how often a pair of outcomes y and 3’ are compared together

given the context x in the data, regardless of the outcome.

Theorem 6.51 (Decomposition of the discriminative BT learning objective). The discriminative

BT learning objective (6.12) can be decomposed as

Lor®)=C+Z  E _|Dyu(Bem(wp(y -y | )
(z{y,y'})~P

| Bern(Pr, (y = o/ | 2))) ] (6.15)

where C' is independent of 0 and Bern(p) is the Bernoulli distribution with parameter p. Pisa
compairson distribution induced by P and Z is its normalizing constant. The CPRD wp in equation
(6.15) is well-defined whenever Pz, {y,y'}) > 0.

Proof in Appendiz E.2.

The KL divergence term in equation (6.15) is independent of the ordering of y and ' and therefore
it is well-defined for any (z, {y,y'}). As a direct consequence of this Theorem, whenever the CPRD
is BT model, the minimizer of the discriminative BT learning objective (6.12) would recover the
true CPRD almost surely.

Corollary 6.52. For any distribution P such that its CPRD is representable by a BT model, the

global minimizer 79 of the discriminative BT learning objective (6.12) satisfies

Pr(y =y |2) =wply =y | z) (6.16)

for P-almost every unordered comparison (z, {y,v'}).
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Proof in Appendiz E.2.
Combining with the previous result (Theorem 6.49), we have a recovery guarantee under the

conditional independence assumption.

Corollary 6.53 (Consistency under conditional independence). Assume that P satisfies positive—
negative conditional independence. If the BT model family contains a parameter 0% such that

Py =y |2) =wp(y =y | 2), then
1. 0* minimizes the discriminative BT learning objective (6.12)

2. Any global minimizer 0 of the discriminative BT learning objective (6.12) satisfies

Pry(y =y [2) =wp(y =y | 2) (6.17)
for P-almost every unordered comparison (z,{y,y'}).

Proof in Appendiz E.2.

To summarize, the generative and discriminative learning objectives both have a clean statistical
interpretation of minimizing the KL divergence between the true distribution and the preference
distribution induced by our model. The former is on the triplet level, while the latter is on the
preference level. Whenever the model space is realizable, both objectives would recover the true
CPRD almost surely. When the assumption fails, they converge to an explicit projection of the true
CPRD on to the model family. For discriminative objective, this is a positive-negative conditional

independent distribution.

6.6 Learning Score Functions from Pairwise Comparisons

We have established that the BT objective is a consistent learning objective for CPRD. However, in
practice, we only have access to a finite number of triplets, it is not clear how fast the learned score
function converges to the target score function (sample complexity).

In this section, we fix a score function 7* : X x Y — R as a target and study the impact of the
data distribution P on the sample complexity for recovering r*. The first natural question is how
to design a distribution of triplets to learn a desired score function. Recall from Theorem 6.49
that if a distribution P satisfies positive—negative conditional independence, then its CPRD is given
by a BT model with a score function r(x,y) = log %. We can reverse engineer this: for any
target score function r*(z,y), any positive—negative conditional independence distribution P that
satisfies py (v | ) = exp(r*(z,y))p—(y | ) would recover r* with the BT model. We call this pair of

conditional distributions BT-consistent (with respect to r*).

Definition 6.54. Let r* : X x ) — R be a target score function. A pair of conditional distributions
p+(- | ) and p_(- | z) is BT-consistent with respect to r* if

p+(y | 7) = exp(r*(z,y))p-(y | ®) (6.18)

for all x and y.
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The score function from fitting a BT model on any pair (p4,p—) that is BT-consistent would recover
r*(z,y). This answers our first question on how to design a distribution of triplets to learn a desired
score function. Since, p_ is not necessarily unique, do different choices of (p4,p—_) lead to different
sample complexity? We will address this question in the following subsections. We start by defining
the accuracy of a score function. Here, we measure the accuracy in terms of the agreement of the

ordering of scores.

Definition 6.55 (Margin). For any score function r and any context x and responses y,y’, the

pairwise margin of r is given by

Ar(@3y,y) =r(z,y) —r(2,y) (6.19)
Definition 6.56 (Accuracy of a score function). Let @ be a distribution over (z,y), we define Qpair
as a distribution over (x,7,7') where z ~ Q. and y,3’ ~ Qy(y | ). The accuracy of a score
function r with respect to the target score r* and @) is defined as

Accg(r) = Pr  [sign(A,) = sign(A,-)] (6.20)

/
Z,Y,Y NQpair

The margin function A, takes (z,y,vy’) as input but here we drop them for convenience. The
distribution ) controls the support and density of the responses where we want to evaluate the
accuracy. We also call it a test distribution. For example, @ could be a uniform distribution over
the response space or could be skewed toward the responses that we care about. Our goal is to learn
a score function that has high accuracy. Our first observation is that whenever the estimation error

of the margin is smaller than the margin then the ordering remains the same.

Proposition 6.57 (Accuracy Bound). For any score r,
Accq(r) = Pr ([(Ar — A )| < [Ap-]) (6.21)
pair

This is a direct consequence of the following lemma.

Lemma 6.58 (Order Preservation). For any real numbers a and b, if |b — a| < |a|, then a and b

have the same sign.

From this Proposition, there are two factors that influence the accuracy: the true margin |A, -]
and the estimation error of the margin |A, — A,«|. The margin is a function of the target score
which is fixed apriori. On the other hand, the estimation error depends on how well we are able
to learn the score function. We show that the connectivity of the data distribution controls this

estimation error. We first define the connectivity degree.

Definition 6.59 (Connectivity). For a distribution P and a hypothesis class H of score functions

and the test distribution @), the connectivity degree of P with respect to H and Q is defined as

Aconn (P, Q;H) = inf EEEAJC —Ag)’]
f,9€eH VarQ[(f o g)}

(6.22)
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when where P is the comparison distribution induced by P defined in Theorem 6.51 and \f/;rQ (r) is

the variance of r with respect to Q defined as

Varg(r) = Eznq, Varyq, ylz) [1(z,y)] (6.23)

The proposed connectivity degree is a general quantity that is inherent to the distribution of the
triplets and the hypothesis class. In particular,in the classical tabular BT that aims to recover the
ranking of m items and the hypothesis class H = {0 : 6 € R™} | Aconn i equivalent to the Fiedler
value of the Laplacian matrix of the comparison graph which appears in the bound from [213]. In
the linear BT where H = {r : r(x,y) = w' ¢(z,y),w € R} when ¢(z,y) € R? is a feature encoder,
Aconn 18 the smallest eigenvalue of a covariance matrix. This compliments the prior result for linear
BT in [240, 255]. We provide the full details of these results in the Appendix E.3. Another nice
property of this connectivity degree is that it is defined and is computable to any hypothesis class.
In the experiment section, we compute this for a class of two-layer neural networks.

Now, we are ready to present the result for the estimation error. We will present the result for the

realizable setting, and refer to Appendix E.3 for the proofs and agnostic setting.

Theorem 6.60 (Estimation error bound, realizable). Let r* be the target score function, H be
a hypothesis class such that v* € H and H is bounded by some constant B. Let P be a triplet
distribution that is BT-consistent with respect to r* and let S be a set of n samples drawn from P.
Let 7 be the empirical risk minimizer of the BT learning objective on S then there exists a constant

cg, Mp > 0 such that with probability at least 1 — § over S,

EQpair[(A"" - AT*)2]
Sl
™~ Aconn CB

(Q}S(Hpair) + MB log(j/(S)

) (6.24)
when Rg is an empirical Rademacher complexity of the class Hpair == {r(z,y) —r(z,y) :r € H}
and Aconn 18 the connectivity degree of P with respect to H and Q. We use X <Y as a shorthand

for X < cY for some constant c.

The estimation error is upper bounded by the product of a complexity term and ﬁ This suggest

that when the distribution has a larger connectivity degree, it would have a lower estimation error.

Finally, we combine with the previous result to provide the accuracy bound.

Theorem 6.61 (Accuracy bound, realizable case). Let 7 be the empirical risk minizer of the BT

learning objective, then there exists a constant D > 0 such that with probability at least 1 — 4,

C o
Accq(7) > sup | Pr(|Ap| > k) — D%} (6.25)
k>0 b @ k2 X conn
margin conn;gtivity

where the complexity term is defined as in right hand side of the Theorem 6.60.
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Summary. Our analysis reveals two fundamental factors that govern learning efficiency from

pairwise comparisons:

1. Pairwise Margin: Larger margins between response scores make pairs easier to rank correctly,

even with moderate estimation error.

2. Comparison Graph Connectivity: Higher connectivity reduces estimation error by ensuring

information propagates well across all response pairs.

These insights provide practitioners with a framework for understanding when pairwise preference
learning will succeed: design data collection processes that induce both large margins and well-

connected comparison graphs.

6.7 Experiments

We conduct experiments on synthetic data to validate our theoretical findings. With synthetic data,
we have access to the ground-truth score function r*, enabling us to precisely measure the effects of

margin and connectivity on learning efficiency.

6.7.1 Setup.

Context and Response Space. Let X = Y = {z1,22,...,2,} be a finite set of contexts and
responses where z; € R%. We use the same space for contexts and responses to simplify the synthetic
setting. One could interpret the score function as a similarity function between items. We set m = 16
and d = 128 for simplicity. To generate the dataset, we sample z; from N (0, I).

Ground-truth Score Function. The ground-truth score is defined via a two-layer neural network
f* : R* = R® with hidden dimension h = 32 and output embedding dimension e = 8, using ReLU

activations:

r*(x,y) = cosine-similarity (f*(x), f*(v)), (6.26)

ensuring scores lie in [—1, 1].

Triplet Generation. We generate n triplets S = {(z;,y;",y; )}?; by sampling z; uniformly from
X and drawing y;” and y;” from a negative distribution p~ (- | ;) and a positive distribution p* (- | z;)
that is BT-consistent with r*, i.e., log(p™(y | x)/p~ (y | *)) = r*(z,y). By default, we use a uniform
negative distribution p~(- | ) = L. The validation set is also generated in the same way.
Training and Evaluation. We train a two-layer neural network with the same architecture
as f* to minimize the empirical BT loss on S (equation (6.5)). We use Adam optimizer with
learning rate selected from {10~%,1073,1072}. We train for a fixed number of epochs 200 and select
hyperparameters via a validation set of 2048 triplets drawn from the same distribution based on
validation loss. We report accuracy with respect to the uniform distribution @ over all pairs (x;, x;)

with standard error over 5 random seeds.
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6.7.2 Larger Margin Leads to Higher Accuracy

Our theory suggests that larger score margins lead to higher accuracy, since moderate estimation

errors are less likely to flip the ordering of well-separated pairs. To isolate the effect of margin from

*

other factors, we compare learning from the original score r* against a rank-normalized version r},

that preserves the ordering but maximizes the minimum margin between any two responses.

Rank normalization. For each context z, we sort responses by 7*(x,y) and assign:

. 2 - rank(y
Trank(x7y) =—-1+ m ( )7 (627)
where rank(y) € {1,...,m} is the rank of y among all responses for context = (ascending). This

transformation preserves the ordering while maximizing the minimum pairwise margin to 2/m. We

construct BT-consistent distributions for both r* and r7, , using the same uniform p~.

Results. Asshown in Figure Figure 6.1, learning from 77, , achieves substantially higher accuracy
than learning from r*, particularly in the small-sample regime. As n increases, the gap narrows,
consistent with our theory: with sufficient data, estimation error becomes small enough that even
small margins suffice for correct ordering. To further validate our theory, we analyze accuracy on
pairs with the smallest margins (bottom 10% and 30%). The accuracy gap between 77, . and r* is
most pronounced on these pairs, confirming that margin amplification primarily benefits pairs that

are otherwise difficult to distinguish. See Appendix E.4 for more details.

6.7.3 Low Connectivity Predicts Poor Accuracy

Our theory suggests that higher connectivity leads to lower estimation error. In this experiment, we

fix the score function r* and vary the p~ to change the connectivity of the triplet distribution.

Varying the negative distribution. We fix r* and parameterize the negative distribution
as p~ (y | x) o< exp(a - r*(x,y)) for a € [—16,16]. Different values of « induce different sampling
strategies: 1) a < 0: Easy negatives, prefer sample with low scores ii) o = 0: Uniform sampling, iii)
« > 0: Hard negatives, prefer sample with high scores. For each «, we compute the corresponding

BT-consistent p™ and measure both accuracy and the connectivity degree Aconn(P%).

Results. As shown in Figure Figure 6.2, extreme values of « correspond to overly easy or
hard negatives which lead to low connectivity. Moreover, low connectivity reliably predicts poor
accuracy, though the converse does not hold: high connectivity does not guarantee high accuracy.
This asymmetry reflects the worst-case nature of our bound: low connectivity means some functions

in the hypothesis class are hard to learn, but the actual target may not be among them.

6.7.4 Optimizing Connectivity Helps When Connectivity is the Bottleneck

We investigate whether directly optimizing p~ to increase the connectivity degree improves learning.

Method. We scale the target reward by a factor of 3, TE = B -r*(z,y) for different values of 3.

This provides a way to control the difficulty of the task where smaller 8 corresponds to a task with
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Effect of margin on accuracy
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Figure 6.1. Effect of margin on learning efficiency. Learning from the rank-normalized score 77, ,

(which has larger minimum margin) achieves higher accuracy than learning from r*, especially when
the number of triplets is small. The gap diminishes as sample size increases.

small margin and large connectivity while a larger 8 corresponds to a task with large margin and

small connectivity. We compare two negative distributions

e Baseline: uniform negative distribution p~ (- | z) = %

e Optimized: we optimize p~ to maximize the connectivity degree Aconn(P?).

Results.

First, optimizing p~ leads to higher connectivity than uniform sampling across all values of 5.
However, higher connectivity only improves accuracy in the connectivity-dominated regime (large f3),
where the margin is sufficient but connectivity is the bottleneck. In the margin-dominated regime
(small ), the margin is too small for learning to succeed—mno amount of connectivity optimization
can compensate. This validates that connectivity can be a meaningful quantity to optimize in

practice when designing a data distribution.

6.7.5 BT Converges to the KL Projection

Our theory predicts that when the true CPRD is non-BT, BT training does not recover the true
CPRD itself, but rather its KL projection onto the BT family. To verify this mechanism, we
construct a synthetic non-BT CPRD by perturbing a ground-truth BT CPRD in a way that breaks
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Effect of connectivity on accuracy
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Figure 6.2. Effect of comparison graph connectivity on learning. High connectivity degress values
are associated with high accuracy, though the relationship is not strictly monotonic.

BT representability while preserving the same BT projection target r* (Appendix E.4.4). We then

train BT models on samples from both the original and perturbed distributions.

Results. As the sample size grows, the learned reward converges to the same BT target r* in both
settings, consistent with the KL projection view. At the same time, the pairwise-probability MAE

remains larger in the non-BT setting, reflecting the irreducible misspecification.

6.7.6 Connectivity on Real Preference Datasets

Our theory predicts that good reward-model generalization requires both large reward margins and
connectivity to the evaluation distribution. We test whether this trade-off appears on real preference
datasets, and whether connectivity can serve as a practical diagnostic rather than only a theoretical
quantity.

We train a linear reward head on frozen embeddings from Llama-3.1-8B-Instruct [268] with a
BT objective using 10K preference pairs from each training dataset: HH-RLHF [209]|, PKU-SafeRLHF
[269], SHP [270], and UltraFeedback [271]. All models are evaluated on the same UltraFeedback
test set, relabeled using Skywork-Reward-V2-Llama-3.1-8B [272]. This controlled setup allows us
to measure both the learned reward margins and a test-distribution variant of the connectivity
degree. Table Table 6.2 reports averages over five random seeds, with standard errors. Since the
test distribution is not uniform over a test distribution ) anymore, we discussed how we calculate

the connectivity degree for this setting in Appendix E.4.3.
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Effect of connectivity optimization
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Figure 6.3. Effect of connectivity optimization on learning. Optimizing p~ to increase the
connectivity can help with the accuracy when the task is hard where 3 is large.

Results. The results show that connectivity helps explain reward-model performance beyond what
is captured by margins alone. HH-RLHF and PKU-SafeRLHF achieve reasonably large margins,
but have substantially lower connectivity to the UltraFeedback test distribution and underperform
SHP. This is consistent with domain mismatch: HH-RLHF and PKU-SafeRLHF emphasize safety-
related comparisons, whereas UltraFeedback contains broader general-purpose instruction-following
comparisons. At the same time, connectivity alone is not sufficient. SHP has the highest connectivity,
but UltraFeedback achieves the best accuracy because it also induces substantially larger margins.
Overall, these results support our theory: strong generalization requires both adequate coverage of
the relevant test-distribution comparisons and sufficiently large reward margins. They also show
that connectivity is not merely a theoretical quantity; it can be computed on real preference datasets

and helps explain accuracy differences that margin alone misses.

6.8 Discussion

We provide a framework for understanding preference learning from pairwise comparisons through a
data-centric lens. The key object is the CPRD, which captures the preference information encoded in
the triplet data distribution. We establish precise conditions under which the CPRD is representable
by a BT model and analyze the learning efficiency of the BT objective. Our theoretical and empirical

results identify margin and connectivity as the governing factors of learning efficiency.
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Table 6.1. BT training under well-specified and misspecified CPRDs. Both settings converge toward
the same BT projection target r*, while the pairwise-probability error remains larger under the
non-BT CPRD, reflecting irreducible model misspecification.

n RMSE to r* (x1071) Pairwise MAE (x1072)
BT CPRD

128 2.422 + 0.302 6.909 & 0.843

512 2.450 4 0.267 6.917 4 0.761
2048 1.909 + 0.101 5.354 & 0.265

8192 1.520 £ 0.118 4.277 4+ 0.340
32768 1.019 £0.123 2.879 + 0.344
131072 0.983 4 0.138 2.754 £ 0.412

Non-BT CPRD

128 2.534 £ 0.300 10.234 + 0.402
512 2.446 £ 0.301 10.019 + 0.452
2048 2.098 £0.154 9.211 £0.179
8192 1.500 £ 0.091 8.082 £ 0.203
32768 1.033 £0.131 7.202 + 0.433
131072 0.727 £0.128 6.618 £0.314

Table 6.2. Margin, connectivity, and accuracy for reward models trained on different preference
datasets and evaluated on the UltraFeedback test distribution. Connectivity is reported at scale 1074,

Dataset Margin Conn. (x107%) Acc.

HH-RLHF 10.766 + 0.036 3.30 £ 0.05 74.020 £+ 0.339
PKU-SafeRLHF 10.527 4+ 0.017 0.85£0.05 74.790 £ 0.545
SHP 8.833 + 0.026 15.14 £0.29 78.380 £ 0.244
UltraFeedback 11.255 + 0.029 8.96 £ 0.16 82.170 £ 0.129

These results suggest two diagnostics for preference data. First, among data collection strategies
that are otherwise reasonable for the target task, one should prefer triplet distributions with better
connectivity relative to the intended evaluation distribution, since such distributions provide better
coverage of the pairwise variations that matter at test time. Second, our characterization of BT
representability gives a concrete way to reason about model misspecification. In particular, BT
is appropriate when the chosen and rejected responses satisfy the positive-negative conditional-
independence structure. Strong violations of this structure, for example when a positive response
is produced by editing a negative response, suggest that the BT model may be misspecified for
the resulting preference data. Thus, our framework does not only describe when BT learning is
statistically efficient, but also provides a diagnostic lens for deciding when BT is a reasonable
modeling assumption.

Several practical challenges remain. Since the target score function is implicit, it is unclear how
to evaluate or increase the margin directly in practice. Although connectivity is computable from
data, developing actionable strategies for improving it remains an open question. Similarly, while
our characterization reduces BT misspecification to a positive—negative conditional-independence

question, testing this condition in high-dimensional preference data may be difficult; in simpler
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parametric or nonparametric settings, one could apply standard conditional-independence tests, such
as Fisher’s z-test or kernel-based tests. Finally, our analysis assumes that the target score function
is known when designing the distribution, whereas in practice it is exactly what we want to learn.
One possible relaxation is to allow distribution changes that also shift the target, provided the new
target remains desirable. Developing practical data curation strategies that yield distributions which
are both easy to learn from and induce good target score functions is a promising direction for future

work.
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Chapter 7

Reward Learning from Best-of-/V
Preference Data: Targets, Tradeofls, and
Design Principles

Rattana Pukdee, Maria-Florina Balcan, Pradeep Ravikumar

Abstract

Best-of-N sampling is widely used to construct pairwise preference data: N candidates are
drawn from a base distribution, and the best is paired with a rejected response. Despite its
widespread use, what Bradley—Terry (BT) reward learning extracts from such data, and how to
choose N and the base distribution, remain unclear. We specialize a recent analysis of preference
data via its induced conditional distribution to Best-of-IN. For independent-reference variants,
we derive closed-form reward targets as explicit functions of N and the base distribution, and
show that they preserve the latent reward ranking. For the practical Best-vs-Random and Best-
vs-Worst variants, chosen and rejected responses are coupled through the same candidate set,
so exact BT representability generally fails; nevertheless, bounded-class minimizers approach
the reference targets as N grows. Although margin and connectivity are known to govern
sample efficiency in pairwise preference learning, Best-of-N couples them through N in opposing
directions: larger N widens pairwise margins but reduces connectivity. This trade-off yields
two design principles: use larger N when preference labels are the bottleneck, smaller N when
generation is the bottleneck; and shape the base distribution to place mass between the responses
whose comparison matters most at test time. Experiments on synthetic and real preference data

support the predicted dependence on sample size and base-distribution shape. !

7.1 Introduction

Pairwise preference data is a general and increasingly important supervision signal in machine
learning. It has been extensively studied in the literature on learning to rank [200, 273, 274| and
learning preference [202, 203|, learning combinatorial functions [207] and more recently has become

central to modern Al systems, especially in reward learning and post-training of large language

!Code available at: https://github.com/rattaoup/bon-preference
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models [1, 2|. This form of supervision is widely used because relative judgements are often easier
to obtain, from both human annotators and increasingly Al evaluators [275|, than calibrated scalar
scores.

In modern Al systems, pairwise preference data is often used to train reward models, typically with
a Bradley-Terry objective, and these reward models may then be used to further optimize a language
model through reinforcement learning |2, 276, 277|. Preference data is also used more directly in
fine-tuning the model as well [210, 278]. A common approach to construct the preference data is
through Best-of-N sampling. For a given context, IV responses are sampled from a base distribution,
and an oracle identifies the best response as the chosen one. The rejected response is then selected
either uniformly from the remaining N — 1 responses (Best-vs-Random) or as the worst response
(Best-vs-Worst). The special case N = 2 recovers the standard pairwise-comparison setting [1]. The
common intuition is that larger N improves this data, since the chosen response is better in absolute
terms. We show this intuition is incomplete: what matters is not only the quality of the chosen
response, but which comparisons the dataset makes available. We study reward learning as a clean

lens on the role of data with two fundamental questions.

1. When preference data is generated through Best-of-N sampling, what reward function is

induced by the resulting dataset under Bradley-Terry objective?

2. How should the candidate-set size N and the base distribution be chosen ?

Our analysis builds on a recent distribution-agnostic framework [79] that analyzes preference
data through the conditional preference distribution (CPRD), characterizing when it is Bradley-
Terry representable and showing that finite-sample learning is governed by margin and comparison
connectivity. That framework leaves the induced reward targets, margins, and connectivity abstract,
since they depend on the data-generation mechanism. We instantiate it for Best-of-N preference
data, where the order-statistic structure makes these quantities concrete and reveals how they scale
with N. Our contributions are summarized as follows:

Contributions.

1. Targets: We study a clean reference setting in which the rejected response is sampled indepen-
dently. In this setting, we characterize the reward targets induced by Best-of-IN preference data
in closed form and show that they preserve the ranking of an underlying ground-truth reward.
This identifies what signal reward learning is recovering from the data. For the practical Best-
vs-Random and Best-vs-Worst settings, we show that the corresponding population minimizers

do not admit the same clean characterization, but approach these reference targets as N grows.

2. Tradeoffs: We show that N controls a fundamental tradeoff between margin and comparison
connectivity. Increasing N pushes chosen responses toward the top of the reward distribution,
which amplifies pairwise margins and makes individual comparisons more informative. But

this same concentration narrows the range of responses being compared, reducing comparison
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connectivity and leaving intermediate comparisons underrepresented. These two effects pull in

opposite directions and govern sample efficiency.

3. Design principles: We derive two actionable guidelines. The candidate-set size N should be
chosen based on the resource bottleneck: larger N is more helpful when preference labels
are scarce, whereas smaller NV is often preferable when preference labels are cheap and data
is abundant. Beyond choosing N, the base distribution itself is also a design lever through
what we call the between-mass principle: the induced margin between two responses grows
with the amount of base-distribution mass placed between them in reward order. Shaping
the base distribution to put mass between the response pairs that matter under the target
evaluation distribution selectively amplifies those margins. We validate these predictions on

both synthetic and real preference data.

Taken together, our results provide a learning-theoretic foundation for reward learning from Best-of-

N preference data, while yielding concrete principles for data design in practice.

7.2 Related work

Best-of-N Sampling for Inference and Training. Best-of-N sampling (BoN) is an inference-time
method with strong empirical performance [277, 279-281]. The idea is to sample N responses from
a policy and select the one with the highest reward. Despite its simplicity, BoN is a strong baseline
for inference-time scaling [282|. Various works have studied the theoretical properties of the induced
BoN policy [283], including its distance from the reference policy and its win rate [284, 285|, and the
soft BoN variants [286, 287|. These results suggest that win rate increases with N. However, larger
N does not always improve performance in practice; when NN is too large, reward hacking can degrade
output quality [260, 288|. Given the effectiveness of BoN but its N-fold inference cost, several
works aim to train a policy that matches the BoN distribution while requiring only a single sample at
inference time. This can be done offline with a fixed BoN dataset [289-291] or iteratively [292-294].
Gui et al. [295] provide theoretical analysis for this training time setting, showing that the BoN
distribution is optimal in terms of win rate against the base model for a given KL distance budget.
While this literature clarifies the role of BoN in improving generation quality and policy training, it
leaves open the question of how BoN affects learning when it is used to construct preference data.

Learning from Best-of-N Preference Data. Understanding how preference data affects the
final model is an important question, since it can inform the design of better datasets. Recent work
suggests that better preference data leads to better downstream policies [296-298|. In this literature,
however, better preference data is often identified using external proxies such as reward-model
scores. While a higher score may indicate that a response is better in an absolute sense, it does not
necessarily mean that the resulting pairwise comparison is more informative for preference learning.
We study a related question from a different perspective: rather than analyzing the end-to-end policy
outcome, we stop at the reward-learning stage and ask how the preference data shapes the learned

reward function. This provides a cleaner view of the effect of the data itself, without conflating
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it with the base policy’s behavior. Razin et al. [264] study the complementary direction, linking
reward properties to downstream policy performance, closing the loop from data to policy.

In practice, preference data can be constructed in several ways, including by comparing responses
from language models of different capacities [299], using different prompts to produce chosen and
rejected responses [300], or, most commonly, by sampling multiple responses from the same base
model and using a human annotator, reward model, or model-based judge to identify preferred
and dispreferred responses from the candidate set [208, 294, 301|. In this paper, we focus on the
last setting, namely Best-of-N preference data. Prior work has studied this setting empirically for
reward learning: Pace et al. [302] show that selecting the best and worst candidates from a pool can
improve reward-model training, while Yuan et al. [303] study settings in which the language model
itself is also used to provide reward feedback. We ask a more foundational question: what reward

function is induced when pairwise comparisons are generated through Best-of-N sampling?

7.3 Problem Setup

In practice, Best-of-N (BoN) preference data pipelines may rely on human annotators, reward
models, or LLM judges to identify preferred responses. We study a clean theoretical abstraction
of this setting in which preferences are induced by an underlying latent reward function r*, even
though r* itself is never observed. This abstraction allows us to ask what reward function is learned
from the resulting comparison data.

Let X be a context space and ) be a set of outcomes. Assume that X and ) are finite but can be
exponentially large. Let r* : X x ) — R be a target latent reward function. The supervision signal is
in the form of pairwise comparison data where triplets (x,y ™,y ™) indicate that a chosen outcome y™
is preferred over a rejected outcome y~ given a context x i.e. the latent reward 7*(z,y™) > r*(z,y ™).
To construct the pairwise preference data, the chosen outcome y™ is sampled from the Best-of-
N mechanism. First, we sample N outcomes from a base distribution y1,...,yn ~ Phase(- | @),
the outcome with the highest reward score is the chosen outcome, y* = argmax,, r*(z,v;). This
procedure only requires access to an oracle that can identify the best outcome among N candidates,
rather than access to the reward scores 7*(z,y;) themselves. This is a common approach in practice

to construct pairwise preference data. For the rejected outcome y~, two dominant approaches are
e Best-vs-Random [296, 304]: we sample y~ from {y1,...,yn} \ {y*} uniformly at random.

e Best-vs-Worst [302, 303|: the outcome with the lowest reward score among {y1,...,yn} is
the rejected outcome, y~ = argminy, 7*(x, ;). This may require another oracle call to identify

the worst outcome.

Whenever we observe a collision y™ = y~, we discard the triplet. Best-vs-Random and Best-vs-
Worst guarantee that the latent reward score y* is always higher than yy~. Let P be the probability
distribution of the BoN preference data. Let H be a hypothesis class of reward functions. A common

learning objective for reward learning is Bradley-Terry (BT) objective given by
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Lp(r)=Ep [— log o (r(z,y™) — r(a:,y_))] (7.1)
1

when o(t) = 15— is the sigmoid function. Since the loss only depends on the difference between
the reward scores of the chosen and rejected outcomes, r(z,y™) — r(z,y ™), the reward is identifiable
only up to an additive constant. To fix this ambiguity, we restrict H to normalized reward functions
satisfying E(; )~ [r(7,y)] = 0 for a fixed reference distribution p over X' x ). For example, this can
be a uniform distribution. Finally, we define some notations that will be useful for our analysis. First,
score quantiles F'(x,y) capture the probability that a random outcome from the base distribution

Poase(+ | ) has a lower or strictly lower reward score than the reward of y.

Definition 7.62 (Strict and Inclusive Score Quantiles). For any outcome y € ), define the strict
quantile
Fo(z,y)=  Pr  [ri(z,y) <r'(z,y)] (7.2)
y,NPbasc('lfc)
as the probability that a randomly drawn outcome from the base distribution has strictly lower
reward than y. We also define the inclusive quantile
F(z,y)= Pr  [r"(z,y) <r"(2,y)] = F (2,y) + Pase(y | ). (7.3)
y,NPbase('lm)

We also define pairwise margin,

Definition 7.63 (Margin). For any reward function r and any context = and outcomes y,y’, the

pairwise margin of r is given by

Ar(iy,y') =r(2,y) —r(z,y) (7.4)

With these definitions in hand, we turn to our first question: what reward function does BoN

preference data induce?

7.4 Characterizing the Learned Reward

We begin with the infinite data setting and analyze the minimizer of the population risk ((7.1)). For
analysis, we first define reference variants Best-vs-Independent and Best-vs-Worst-Independent,
where the negative sample is drawn independently from the base distribution and the Worst-of-N
sampling respectively. These variants have a much cleaner analysis and we will later on connect
it back to the practical settings of Best-vs-Random and Best-vs-Worst. We will use subscript
BR, BW, BI, BWI to denote if the data distribution and the reward function corresponds to Best-

vs-Random, Best-vs-Worst, Best-vs-Independent and Best-vs-Worst-Independent respectively.

7.4.1 Independent Rejected Outcome

We start with the Best-vs-Independent scenario. The rejected outcome is independent of the chosen

one, we can factorize the probability mass of Pgy as
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Pi(z,y",y7) = P(2)Peon(y™ | 2) Poase(y™ | @) (7.5)

where Ppon(y | ) is the conditional distribution of the outcome sampled with the Best-of-N sampling.

We can derive Ppon(y | ) in terms of score quantiles.

Lemma 7.64. Assuming that there is no tie in reward score, for any contexrt x and outcome y, the

probability mass of Ppon is given by

Ppon(y | @) = F(z,y)" = F~(z,y)" (7.6)

Positive-negative conditional independence under Pp; is useful because Pukdee et al. [79] showed
that it is exactly the condition under which the induced pairwise preference admits a Bradley—Terry
representation. In other words, the BT form is not merely a modeling assumption here, but the true
functional form of Prgi(y = 3’ | z), the conditional probability of preferring y over 3’ given x:
PBI (.7), Y, y/)
Pr(y =4 | z) = = o(rg(z,y) — r(z,y 7.7
BI( | ) PBI(xayyy/) +PBI($7ylgy) ( BI( ’ ) BI( 9 )) ( )

when 7 is the population minimizer. Pukdee et al. [79] also showed that the minimizer is given by

the log ratio between the distribution of the chosen and rejected responses. These results allow us to

characterize the target reward function rg5; under Pgy.

Theorem 7.65 (Identification of ;). Let r}; € argmin, Lp,,(r) then there exists a function
c: X — R such that

Ppon(y )
Pbase(y | .73) * ( )

for almost every pair (z,y) with respect to Pgy. Furthermore, 15, preserves the ranking induced by
BI

rpi(z,y) = log (7.8)

r* that is for any x,y,y’ with non-zero probability mass,

T*(.CC,y) > T*(.T,y/) == T*Bl(xay) > T*Bl(x7y/) (79)

In other words, even though we never observe r*, minimizing the BT loss on BoN data recovers a
reward function that agrees with r* on every pairwise comparison. Similarly, for the Best-vs-Worst-

Independent, by conditional independence, we can also factorize the distribution Pgwr as
Pewi(z,y*,y7) = P(x)Peon(y™ | ) Pwon(y™ | @) (7.10)
and derive a similar characterization for riy.

Lemma 7.66. Assume that there is no tie in reward score, for any context x and outcome y, the

probability mass of Pw,n is given by

Pwonly | 2) = (1= F~(,9))" — (1 = F(a,y))" (7.11)
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Theorem 7.67 (Identification of riyy). Let 75y, € argmin, Lpy,,,(r) then there exists a function
c: X = R such that

Ppon(y | x) o(x)
PWoN(y | 33)

for almost every pair (x,y). Furthermore, 75y, preserves the ranking induced by r* that is for any

rpwi(T,y) = log (7.12)

x,y,y with non-zero probability mass,
r(@,y) > r*(@,y) = rpwi@,y) > rhwi(,y) (7.13)

7.4.2 Best-vs-Random and Best-vs-Worst

Next, we turn to the Best-vs-Random and Best-vs-Worst scenarios where the chosen outcome and
rejected outcome are no longer independent. Without independence, we show that the population
risk minimizer with respect to Pgr and Pgw does not have a closed-form minimizer anymore. We
introduce a notion of comparison distribution to help with the analysis. This captures how often a

pair of outcomes are compared together for a given context, regardless of which is preferred.

Definition 7.68 (Comparison distribution). For any distribution P over X x ) x Y, the comparison

distribution P is a distribution over z and an unordered pair {y,y'} with y # ¢/ with density
Pz, {y,y'}) < P(z,y.y) + P(z,y,y) (7.14)

Proposition 7.69 (Best-vs-Random and Best-vs-Worst perform pairwise margin maximization).
Assume that there is no tie in reward score. For each context and pair of outcomes (z,{y,y'}), define
Ymax € arg max 71 (z,u), Ymin € arg min ¥ (x, u)

ue{y,y'} ue{y,y'}

Then for any hypothesis class H, the population risk minimizer rp € argmingey Lpy, (1) satisfies

* : - _ _ .
rpR € arg Hél%il E(a:,{y,y’})NPBR[ loga(r(a:,ymax) r(x,ymm))}

The same result holds for ry, by replacing the comparison distribution ﬁBR with ]BBW. In particular,
both objectives are the same pairwise margin-maximization loss, differing only in the comparison

distribution.

The proposition shows that for any pair of outcomes ({y,y'}), the BT objective maximizes the
margin between the outcomes with higher and lower true reward scores. As a result, if H is
unbounded, then we can decrease the BT objective by increasing the margin on any pair indefinitely,
A (2, Ymax, Ymin) — 00, which leads to an unbounded minimizer. As such, we do not have a nice
closed-form minimizer for r5g and rgyy, and the minimizer depends on properties of H. Regardless,

we can still show that rp — rg; and 75w — rgw i margin semi-norm as N grows.

Definition 7.70 (Margin semi-norm). For a preference distribution P, the margin semi-norm

between two reward functions r; and ry is defined as
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Iy = r2llap = By yr [(Ar, = Ar,)?] (7.15)

Theorem 7.71 (riy is close to r5;). Let H be a convex hypothesis class that is bounded by some

constant B. Let g € argmin,cy Lpy,(r) then there exists a constant cg such that for any N > 2,

CB
IrBr — rBillaPer < N _1 (7.16)

Theorem 7.72 (rgy is close to riwy)- Let H be a convex hypothesis class that is bounded by some
constant B. Let r}y, € arg minyey Lpy,, (r) then there exists a constant cg and p < 1 such that for
any N > 2,

Irsw — rhwilla,pow < cpp™ (7.17)

The key step in the proof is to show that Pgr and Pgw are close in total variation distance to Pgy
and Pgwri, respectively. Establishing this requires deriving closed-form expressions for the probability
mass functions of these distributions and then carrying out careful algebraic comparisons; this is the
most technically involved part of the argument. The convexity of H is then used only to transfer
this distributional closeness to closeness of the corresponding population minimizers, via a standard
argument from learning theory. We defer the full proof to Appendix F.1.

These results imply that, as N grows, the margins induced by 5 and rgy become close to those
induced by r5; and rgy;, respectively. Since rg; and iy achieve perfect accuracy, and since the
ranking is determined by the sign of the margin, it follows that the Best-vs-Random and Best-
vs-Worst settings also approximately recover the ranking induced by r*. Having identified these
as sensible population targets, we turn to the finite-sample setting, where a fundamental tradeoff
emerges: increasing N helps in one way, but hurts in another.

Remark: Unlike the independent variants, the pairwise preferences induced by Pgr and Pgw do
not admit a BT form. However, the TV bounds above imply they approach those of the independent

variants as N grows, making BT an increasingly reasonable model.

7.5 Sample Complexity

In practice, we only have access to a finite number of triplets, so even if the population risk minimizer
is a good target, we must also ask how quickly we can learn it. We measure the performance of the
learned reward in terms of the consistency of ordering with respect to the target reward function.

We define the accuracy as follows.

Definition 7.73 (Accuracy). Let @ be a test distribution over X x )’ x ). The accuracy of a reward

function r with respect to (Q and r* is given by

Aceq(r) = b o en(Ar(@,y, y') = sign(A-(z,y,9))] (7.18)
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Here, we fix the test distribution () to represent the downstream quantity of interest, while varying
the training distribution P, which depends on N and the base distribution P} ,se. This lets us assess
the impact of the BoN preference distribution. We will focus on the Best-vs-Independent and Best-
vs-Worst-Independent scenarios since they have clean target reward functions under BoN preference
data (ry, rwy) Which preserve the ranking as 7*. With finite samples, the learned reward 7 deviates
from the target due to estimation error, and whether this error flips the ranking on a given pair
depends on whether it exceeds the margin between them. Pukdee et al. [79] formalized this intuition
and showed that sample complexity is governed by two quantities: the margin and the connectivity
of the comparison distribution. A larger margin between two pairs of outcomes implies that the
correct ordering can tolerate a larger estimation error, and a larger connectivity leads to a smaller

estimation error. We analyze how the BoN preference data shapes both quantities.

7.5.1 Margin

Between mass

Probability density

Yy
Fa,y) _ =+ 1-Flz,y) _ +m

Flz,y) - 1— Flz,y) -

Figure 7.1. Illustration of the terms that contribute to the margin of r; and 75y

First, we derive the margin of r5; and rgy; and show that they grow linearly with N.

Proposition 7.74 (Margin of ;). Assuming no ties in reward score, for any context x and pair of

outcomes y,y with non-zero probability mass, the margin of v, admits the decomposition

F(x,y)

—_— Bn(z;y,9 1
F(x,y’) + N(zay7y)a (7 9)

A (73y,y") = Nlog
where By (x;y,9y') is uniformly bounded in N.

Proposition 7.75 (Margin of riy;). Assume no ties in 7*(x,-). For any context x and pair of

outcomes y,y with non-zero probability mass, the margin of 75y, admits the decomposition

F(:an) 1—F_(l’,y,) . ,
F(z,y) +log 7— F(%y)) + By (39, 9) (7.20)

where By (x;y,y') is uniformly bounded in N .

Ape  (z39,y") =N <10g
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The most immediate implication is that increasing N amplifies all pairwise margins uniformly,
making it a straightforward way to make the target reward easier to learn. But the slope at which
the margin grows reveals a more informative and targeted lever. The slope increases when the base
distribution places more mass between the two outcomes in the reward ranking (Figure Figure 7.1).

We define this quantity as the between mass.

Definition 7.76 (Between Mass). For any context x and outcomes y,y’ where r*(z,y) > r*(x,y’),
the between mass between y and 3/ is given by

g~P£sre(~|x>(T*(x’ y) <r(z,9) <r’(z,y) = Fz,y) — F(z,y) (7.21)
The higher the between mass between a pair of outcomes, the faster the margin between them grows
with N.
So far, we have treated Pp,s as fixed and studied how N shapes the induced reward. The margin
decomposition reveals a complementary lever: the base distribution itself enters the margin through
the between-mass term. Unlike increasing N, which raises all margins indiscriminately, shaping
Pyase allows one to selectively increase margins on specific pairs. This lever is available whenever
the practitioner has some control over the generation distribution. For example, by choosing which
model to sample from or applying filtering before BoN. This selectivity is appealing because, in
practice, not all pairwise comparisons are equally important: in safety, comparisons that matter
most are between harmful and acceptable outputs, in reasoning, the crucial distinctions are between
correct solutions and plausible near-misses. Each setting induces a different test distribution, and
our result provides a principled guide for designing the base distribution to increase margins precisely
where they are needed. Concretely, we provide examples of how to design the base distribution to

increase margins for three different applications for reward learning.
Designing the Base Distribution to Increase Margins

Safety. The key comparisons are those that separate harmful responses from acceptable ones. To
enlarge these margins, the base distribution should place substantial mass in the mediocre region:
responses that are flawed or suboptimal, but not obviously dangerous. This creates more separation

between harmful and acceptable behavior.

Reasoning. The critical distinction is between plausible-but-incorrect solutions and fully correct
ones. If the base distribution produces too many clearly poor responses, then little mass lies between
plausible and correct solutions. On the other hand, if it almost always produces perfect solutions,
then this intermediate region again becomes small. Thus, the base distribution should be strong
enough to reliably generate decent responses, while still concentrating substantial mass on near-

correct but imperfect solutions.

General. These tasks require distinguishing among responses across a broad mid-to-high quality
range. Since the relevant comparisons are distributed over a wider band, the base distribution should
spread its mass throughout this region in order to preserve sufficient between-mass across many

comparisons.
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Figure 7.2. Comparison graph for Best-vs-Independent and Best-vs-Worst-Independent. It captures
how often each pair of outcomes are compared in the BoN preference data.

7.5.2 Connectivity

Recall from Pukdee et al. [79], the connectivity degree controls the estimation error of the reward
learned from a training preference data distribution P on a test distribution () in the worst-case

scenario. It is defined as follows,

Definition 7.77 (Connectivity). The connectivity degree of a comparison distribution P with

respect to a hypothesis class H and a test distribution @ is defined as

n . Epl(AF—Ag)F
Acomn(P Qi H) = Inf, G A = A9y

The original notion of connectivity degree corresponds to the case where the test distribution @) ranges

(7.22)

over all comparisons in the outcome space, so that it measures how well the training distribution P
captures the pairwise variation over the entire comparison space. Here, we generalize this notion by
allowing @ to be an arbitrary, possibly selective test distribution. In this sense, Aconn (P, @;H) can
also be interpreted as worst-case measure of how well P covers the pairwise variation that matters
under Q.

In contrast to the margin that grows linearly with N, we show that connectivity for Pg; operates on
an exponentially small scale in N. The intuition is that as N increases, BoN sampling concentrates
on outcomes with extremely high rewards while WoN sampling concentrates on outcomes with
extremely low rewards. As a result, the observed comparisons become increasingly concentrated on a
small subset of pairs, rather than covering a broad range of pairwise comparisons. Figure Figure 7.2
illustrates this in a simple finite-outcome setting, where edge thickness represents the probability

of observing each comparison. As N increases, the Best-vs-Independent graph converges to a star
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graph, while the Best-vs-Worst-Independent graph converges to a single edge between the best and
worst outcomes. This loss of comparison diversity leaves intermediate comparisons underrepresented,

which in turn degrades connectivity with respect to the test distribution Q.

Theorem 7.78 (Informal connectivity bounds for Pgr). Let Ppyse be a base distribution. For any
a € R and define Ay o ={y € Y : 17*(x,y) < a} as a set of outcomes which the reward is less than
a for a given context x. If H is expressive enough and @ satisfies coverage and nondegeneracy

conditions, there exist constants Cg, Dg o > 0 such that for any N,

N
CQ(%liyn Pbase(y | l’)) < )\COVLTL(PBfa QvH) < DQ,aExNPI [Pbase(Am,a | x)N -+ Pbase(Am,a ’ 33‘)] .

Thus, the connectivity degree for Ppr is controlled by an exponentially small term in N, together with

a residual term determined by the mass of the cut Ay .

Overall, large N can reduce connectivity by concentrating probability mass on a narrower set of
comparisons. The full formal statement and proof, along with a similar result for Pgwrt, are given in
Appendix F.2.

7.5.3 Accuracy Bound

From previous sections, N is a single knob that controls both margin and connectivity degree.
However, there is a trade-off, increasing N leads to a larger margin but decreases the connectivity
degree. To make this trade-off explicit, we combine the two results into an accuracy bound that

yields a practical guideline for choosing N as a function of the sample size n.

Theorem 7.79 (Accuracy Bound). Assume that H is convez, bounded by some constant B, and
realizable, 5, € H. Assume also that for every triplet (x,y,y') in the support of Q, both Pyese(y | )
and Pyase(y' | @) are non-zero. Let © be the empirical risk minimizer of the BT learning objective with
respect to Ppr. Then there exist constants D > 0 and Mg > 0 such that with probability at least 1 —0,

z,y)

lOg F( ) : >/{7+% - Dcomp(n7H75)
F(z,y)

N Comp(n, H,0)
Accg(7) > sup [%r ( > N ) NZREA }

k>0
where Xconn = Aconn(Pp1, Q; H).

(7.23)

The complexity term Comp(n,H,d) is a standard Rademacher-complexity quantity which we define
rigorously in Appendix F.2. The first term measures how often the absolute margin slope under
exceeds a threshold, up to a vanishing O(1/N) correction. In contrast, the second term captures the
estimation error and decays like 1/(IN 2 Aconn)- The bound therefore preserves the same interpretation:
increasing N helps by enlarging the target margin, but hurts through the connectivity degree. The
optimal choice of N depends on the sample size n, which in turn depends on the resource bottleneck

of preference label collection.

Principle for Selecting N Based on Resource Bottlenecks
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Preference Label-Limited Regime. In many practical settings, obtaining preference labels
requires human annotators, which severely limits the number of triplets n that can be collected.
In this small-n regime, the complexity term is large, so it is often advantageous to use a larger N.
Although a larger NV increases the cost of identifying the BoN sample, the overhead can be modest
in some applications: in visual tasks, selecting the best item from N images may be relatively easy.
In addition, selecting the best item among N candidates is substantially easier than producing a
full ranking, and can be done with at most [logy N'| pairwise comparisons via a simple tournament
procedure. Thus, when human annotation is the dominant bottleneck, it is often worthwhile to

spend more effort per comparison triplet in order to improve the quality of each comparison.

Generation-Limited Regime. When preference annotations are cheap or can be automated,
for example with LLM judges, it becomes possible to collect many triplets. In this large-n regime,
increasing N provides diminishing returns because the complexity term is already small. It is
therefore more compute-efficient to use a smaller N and spend the saved generation budget on

collecting more triplets, rather than on generating many candidates for each triplet.

( Y\

Design Principles.

1. When preference labels are scarce, choose a larger N.

2. When preference labels are abundant, choose a smaller N and use the saved generation

budget to collect more triplets.

3. When the base distribution is under the practitioner’s control, shape it to maximize

between mass on the comparisons that matter most under the target application.

7.6 Experiments

We validate our theoretical findings on synthetic data and real-world data. We provide a brief
overview of the experiment setup and results in the main text. For full details, please refer to the
Appendix F.3.

7.6.1 The optimal choice of N depends on the sample size n.

Our theory identifies N as a single knob that controls both margin and connectivity degree; a larger
N increases the margin but also hurts the connectivity. Our design principle suggests that we should
select N based on the sample size n. A larger N can help when n is small but when n is large, a

smaller N can become preferable.
7.6.1.1 Synthetic Data

Setup. We first validate this on a synthetic dataset following the setup in Pukdee et al. [79]. In

this setup, the ground-truth reward function is a cosine similarity between two embedding vectors
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Figure 7.3. Test accuracy for Best-vs-Independent on synthetic data over 20 random seeds.

where this embedding is an output of a two-layer neural network. We generate the training data by
sampling n triplets from the Best-vs-Independent setting and use it to train the reward model. Here,

both base distribution and test distribution are uniform over the outcome space.

Results. Figure Figure 7.3 confirms the predicted tradeoff between margin and connectivity.
When n is small, larger N achieves higher accuracy; as n increases, the optimal N decreases. For
sufficiently large n, smaller N not only catches up to larger N but can outperform it. In particular,
for n > 8192, N = 2 matches or exceeds larger N, with a gap of up to 10 percent over N = 8 at
n = 131072. This is the regime where the loss in connectivity from larger N outweighs its margin
benefit. We also plot the connectivity degree for each N, and additional Best-vs-Worst-Independent
results in Appendix F.3.5. The connectivity degree decreases as N increases and the Best-vs-Worst-

Independent setting shows the same pattern.
7.6.1.2 Real-world Data

Setup. We use prompts from UltraFeedback [271] as contexts z, and generate responses
with Llama-3.1-8B-Instruct [268] under Best-vs-Random and Best-vs-Worst sampling. We use
Skywork-Reward-V2 [272] as the target reward function, and evaluate on a binarized UltraFeedback
test set whose preference labels follow this reward. The learned reward model is a sequence classifier

built on a frozen Llama-3.1-8B-Instruct backbone with a linear reward head.

Results. Figure Figure 7.4 supports our design principle that the optimal choice of N depends
on the sample size n. When n is small, larger N yields higher accuracy. When n is large enough,
smaller N achieves similar accuracy, allowing the saved compute to be used for generating more
samples. For example, n = 2048, N = 16 achieves the same accuracy as n = 8192, N = 2, while the
latter requires only half as much generation compute. In contrast to the synthetic data, we do not
observe a crossover where smaller N outperforms larger N when n is large. One possible explanation

is that the test distribution here is not uniform over the outcome space, so connectivity may be less
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Figure 7.4. Accuracy vs. Sample size for each N for the Best-vs-Random (left) and Best-vs-Worst
(right) setting on UltraFeedback. The mean accuracy is computed over 3 random seeds and the
standard error is reported.

important than in the synthetic setting.

Additional Studies. Appendix F.3.3 reports additional ablation studies. The connectivity degree
decreases with N, consistent with our theory (Figure F.3.3). The Best-vs-Worst setting shows
the same overall pattern and outperforms Best-vs-Random when n is small, while the two perform
similarly when 7 is large. Across different base models, including gemma-3-12b-it [305], Qwen3-8B
[306], and Ministral-3-8B-Instruct-2512 [307], the same broad pattern holds, although the

variance is higher in the small-n regime.

7.6.2 Increasing the between mass of the base distribution can improve the
accuracy.

Beyond choosing N, our margin analysis suggests a second design principle: when the practitioner
has control over the base distribution, P;,se should place more mass between the comparisons that
matter under the target test distribution. We now test whether reshaping P, in this way translates

into accuracy gains.

Setup. We evaluate this design principle on 3 datasets representing safety, reasoning and
general applications: PKU-SafeRLHF [269], a dataset of prompts paired with responses annotated for
harmlessness; GSM8K [279], a collection of grade-school math word problems; and UltraFeedback
[271], a broad-coverage preference dataset spanning instruction-following, helpfulness, and honesty.
Since GSM8K is not natively a preference dataset, we construct preference pairs by pairing a randomly
chosen correct response against the highest-scoring incorrect one for each prompt. We refer to
Appendix F.3.8 for more details. For each task, we reshape the base distribution by either increasing
or decreasing the probability of responses whose scores fall into a chosen percentile band, allowing

us to concentrate or disperse mass in different parts of the quality spectrum. The midpoint of the
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percentile band is parameterized by c¢. We then generate Best-vs-Random preference data from the
modified base distribution with N = 4, train a reward model using the same setup as in the previous
experiments and compare test accuracy across different reshaped distributions. Full details of the

upsampling /downsampling procedure and parameterization are given in Appendix F.3.6

Results. Our goal is to understand whether reshaping the base distribution following our design
principle can improve the accuracy. Figure Figure 7.5, Figure 7.6 and Figure 7.7 compare the
test accuracy of reward models trained from BoN preference data with reshaped base distribution
against the original base distribution. Overall, the results support our prediction: increasing between
mass on the comparisons that matter for a given task tends to improve accuracy.

Safety. The clearest improvement comes from upsampling lower-score responses (¢ = 15) while
upsampling higher-score responses (¢ = 85) substantially hurts the accuracy. Downsampling
lower-score responses also hurts accuracy. The score distributions show the same pattern: the
best-performing base distribution places more mass on lower-score responses, whereas the worst-
performing one shifts mass toward higher-score responses. This supports our prediction that, for
safety tasks, keeping more mediocre responses in the base distribution increases between mass over

the comparisons that matter, namely harmful versus acceptable outputs.
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Figure 7.5. Heat map of test accuracy for different base distribution averaged over 10 random seeds,
reported with a standard error(left) and the comparison between the distribution of reward scores
between the best performing and worst performing base distribution (right) for PKU-SafeRLHF.

Reasoning. Downsampling medium-score responses (¢ = 50) leads to a higher accuracy while
upsampling high-score responses (¢ = 85) leads to a lower accuracy. This suggests that in our setup,
the useful comparisons are not between strong and very strong responses, but between plausible
but incorrect responses and the correct responses. The original base distribution is already strong:
generated responses are concentrated around reward score 25, while in the test distribution the
rejected responses average around 15 and the chosen responses around 25 (Appendix F.3.8). As a
result, pushing more mass toward the very top end reduces the between mass over the comparisons

that matter. This pattern is consistent with our theory.
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Figure 7.6. Heat map of test accuracy for different base distribution averaged over 10 random seeds,
reported with a standard error (left) and the comparison between the distribution of reward scores
between the best performing and worst performing base distribution (right) for GSM8K.

General. The key pattern is that upsampling mid-to-high score responses (¢ = 30, 50, 85) lowers
accuracy, while downsampling in the same region improves the accuracy. This suggests that for
this task, it is better to spread probability mass across this part of the quality range rather than
concentrate it. The distribution of the reward score provides a weaker but compatible evidence: the

worst-performing base distribution is slightly more peaked than the best-performing one.
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Figure 7.7. Heat map of test accuracy for different base distribution averaged over 10 random seeds,
reported with a standard error (left) and the comparison between the distribution of reward scores
between the best performing and worst performing base distribution (right) for UltraFeedback.

7.7 Conclusion and Future Work

We study preference data generated by Best-of-N sampling through the lens of reward learning. This
perspective lets us characterize the reward targets induced by the data, identify the trade-off between

margin and connectivity, and derive practical principles for data design. In particular, our analysis
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suggests choosing N based on the resource bottleneck, and shaping the base distribution to place
more mass between the comparisons that matter under the target test distribution. Several directions
remain open, including understanding the small-N regime, going beyond Bradley—Terry reward
learning, and determining how these data-design effects propagate to downstream policy optimization
and iterative training. More broadly, our results show that preference-data construction is not merely

a collection detail: it shapes both what reward is learned and how efficiently it can be learned.
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Chapter 8

Reliable learning in challenging
environments

Maria-Florina Balcan, Steve Hanneke, Rattana Pukdee, Dravyansh Sharma

Abstract

The problem of designing learners that provide guarantees that their predictions are provably
correct is of increasing importance in machine learning. However, learning theoretic guarantees
have only been considered in very specific settings. In this work, we consider the design and
analysis of reliable learners in challenging test-time environments as encountered in modern

machine learning problems: namely ‘adversarial’ test-time attacks (in several variations) and

4

natural’ distribution shifts. In this work, we provide a reliable learner with provably optimal
guarantees in such settings. We discuss computationally feasible implementations of the learner
and further show that our algorithm achieves strong positive performance guarantees on several
natural examples: for example, linear separators under log-concave distributions or smooth

boundary classifiers under smooth probability distributions.

8.1 Introduction

The question of providing reliability guarantees on the output of learned classifiers has been studied
previously in the classical learning setting where the training and test data are independent and
identically distributed (i.i.d.) draws from the same distribution [81-83|. Conceptually, a reliable
learner outputs a prediction and may output a correctness guarantee. We know that the learner
is correct on all points with the guarantee as long as the learning-theoretic assumptions hold, e.g.,
realizability. While a trivial model that abstains from providing any guarantee is also a reliable
learner, we are interested in a reliable learner that provides the guarantee on as many points as
possible (useful in the sense of Rivest and Sloan [81]). [82] provides a characterization of optimal
reliable learners in this classical learning setting.

However, the assumption that the training and test data are drawn from the same distribution is
often violated in practice. The mismatch may take the form of a ‘natural distribution shift’ when the
test distribution is different from the training distribution or ‘adversarial attacks’ when there is an

adversary that can perturb a test data point with the goal of changing the model prediction. This
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is frequently accompanied by a significant performance drop, as well as the inability to guarantee
the usefulness of the algorithm. As a result, there is a significant interest in the study of test-time
attacks [15, 84, 85| and distribution shift [86-88] among the applied machine learning community.
Furthermore, recently there has been growing interest in the theoretical machine learning community
for designing approaches with provable guarantees under test time attacks [89-91] as well as renewed
interest in distribution shift [92-94|. All the prior theoretical work in the literature has mainly
focused on the effect of attacks or distribution shift on average error rate (e.g. [89, 92|). However,
this neglects a major relevant concern for users of machine learning algorithms, namely the ability to
provide correctness guarantees for individual predictions: i.e., reliability. In this work, we advance
this line of work by developing a general understanding of how to learn reliably in the presence of
corruptions or changes to the test set, specifically under adversarial test-time attacks as well as
distribution shift between the training (source) and test (target) data.

Our results. We consider algorithms that provide robustly-reliable predictions which are guaranteed
to be correct under standard assumptions from statistical learning theory, for both test-time attacks
and distribution shift. Our first main set of results tackles the challenging case of adversarial test-
time perturbations. For this setting, we introduce a novel compelling reliability criterion on a learner
that particularly captures the challenge of reliability under the test-time attacks. Given a test point
z, a robustly-reliable classifier either abstains from prediction, or outputs both a prediction y and a
reliability guarantee n with the guarantee that y is correct unless one of two bad events has occurred:
1) the true target function does not belong to the given hypothesis set H or, 2) a test-point z is
perturbed from its original point by adversarial strength of at least n (measured in the relevant
metric). In the case of distribution shift, we provide novel analysis and a complexity measure that
extend the classical notion of reliable learning to the setting when the test distribution is allowed to

be an arbitrary new distribution.

8.1.1 Summary of contributions

1. We propose robustly-reliable learners for test-time attacks which guarantee reliable learning in
the presence of test-time attacks, and characterize the region of instance space where they are
simultaneously robust and reliable. Specifically, under the realizable setting, for adversarial
perturbations within metric balls around the test points, we use the radius of the metric ball as a
natural notion of adversarial strength. We output a reliability radius n with a guarantee that our
prediction on a point is correct as long as it was perturbed with a distance less than 7 (under a
given metric). We further show that our proposed robustly-reliable learner achieves pointwise
optimal values for this reliability radius: that is, no robustly-reliable learner can output a reliability
radius larger than our learner for any point in the instance space (Theorem G.2.1, G.2.2).

2. The pointwise optimal algorithm is easy to derive from our definition. We discuss a computationally
efficient implementation of the optimal learners. (Section 8.4).

3. We discuss variants of these algorithms and guarantees appropriate for three different variants of

adversarial losses studied in the literature: depending on whether the perturbed point must have
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the same label as the original point, or in lieu of this, whether the algorithm should predict the
true label of the perturbed point, or the same label as the original point (Definition 8.80).

4. We further introduce a safely-reliable region, which captures the challenge caused by the adversary’s
ability to perturb a test point to cause a reduction in our reliability radius (Definition 8.86).
As examples, we show that the safely-reliable region can be large for linear separators under
log-concave distributions and for classifiers with smooth decision boundaries under nearly-uniform
distributions and as a consequence, the robustly-reliable region is large as well (Theorem 8.88).

5. We extend this characterization to abstention-based reliable predictions for arbitrary adversarial
perturbation sets, where we no longer restrict ourselves to metric balls. We again get a tight
characterization of the robustly-reliable region (Theorem G.3.5).

6. We also consider reliability in the distribution shift setting where the test data points come
from a different distribution. We introduce a novel refinement to the notion of disagreement
coefficient [308], to measure the transferability of reliability guarantees across distributions.
We provide bounds on the probability mass of the reliable region under transfer for several
interesting examples including, when learning linear separators, transfer from S; log-concave to fs
log-concave and to s-concave distributions (Theorems G.7.17, G.7.19). We additionally bound
the probability of the reliable region for learning classifiers with general smooth classification
boundaries, for transfer between smooth distributions (Theorem G.7.20).

7. We further extend our reliability results to the setting of robustness tranfer, where the test data
is simultaneously under adversarial perturbations as well as distribution shift (Section G.10).

8. Finally, we demonstrate that it is possible extend our results into the agnostic setting. (Section
8.7)

Conceptual advances over prior work.

Prior works on certified robustness [95-97] have examined pointwise consistency guarantees. The
certified robustness guarantee is only that a prediction does not change with an adversarial per-
turbation, but it does not guarantee that the prediction is correct (neither for the original point
nor the perturbation); in particular, a constant function is always certified robust but it may not
be useful. In contrast, our notion of robustly-reliable learner guarantees that, for any test point x
and perturbation z, if z has a distance less than 7 to = (n = reliability radius), then the prediction
will be “correct” (robust loss zero) in a sense informed by which robust loss we are addressing; we
discuss this idea for several different losses, leading to different interpretations of this guarantee.
In particular, for the stability loss, the prediction being “correct” means that it predicts the true
label of the original point x; this implies certified robustness, but is even stronger, since it also
guarantees the correct label. Prior work [309] introduces the notion of a robustly-reliable learner for
poisoning attacks which is different from our definition that is tailored to test-time attacks with a
guarantee in terms of a reliability radius. In distribution shifts setting, we are the first to assess the
transferability of reliability guarantees which differ from a widely-studied metric of average error

rate. For additional related work, we refer to Appendix G.1.
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8.2 Preliminaries and problem formulation

Let X denote the instance space and ) = {0, 1} be the label space. Let H be a hypothesis class.
The learner £ is given access to a labeled sample S = {(z;,y;)}/"; drawn from a distribution D
over X x Y and learns a concept h* : X — Y. In the realizable setting, we assume we have a
hypothesis (concept) class H and target concept h* € H such that the true label of any x € X is
given by h*(x). In particular, S = {(x;, h*(x;))}", in this setting. Given the 0-1 loss function
0:H x X — {0,1}, define errg(h,f) = L > @yes {(h,z). We use Dy to denote the marginal
distribution over X. We use I[-] to denote the indicator function that takes values in {0,1}. We also
define BE(h*,r) = {h € H | Prp[h(z) # h*(z)] < 7} as the set of hypotheses in H that disagree
with h* with probability at most r. During test-time, the learner makes a prediction on a test-point

z € X. We consider the following settings

1. Adversarial test-time attack. We consider adversarial attacks with perturbation function
U : X — 2% that can perturb a test point x to an arbitrary point z from the perturbation set
U(z) C X [90]. We assume that the adversary has access to the learned concept h* as well as the
test point z, and can perturb this data point to any z € U(x) and then provide this perturbed
data point to the learner at test-time. We want to provide pointwise robustness and reliability
guarantees in this setting. We will assume that z € U(x) for all z € X. For any point z, we have
UY(z) :== {x € X|z € U(z)}, the set of points that can be perturbed to z. We use perturbation
to refer to a point z € U(x) and the perturbation sets U (z) interchangeably.

2. Distribution shift. We consider when a test point z is drawn from a different distribution from
the training samples. In this case, we want to provide a pointwise reliability guarantee. We will

discuss more on this in Section 8.5.

8.2.1 Robust loss functions

In the applied and theoretical literature, various definitions of adversarial success have been explored,
each dependent on the interpretation of robustness; depending on whether the perturbed point must
have the same label as the original point, or in lieu of this, whether the algorithm should predict
the true label of the perturbed point, or the same label as the original point. To capture these, we

formally consider the following loss functions.
Definition 8.80 (Robust loss functions). For a hypothesis h, a test point z, and a perturbation
function U, we consider the following adversarially successful events.

1. Constrained Adversary loss [14, 310|. There exists a perturbation z of = that does not

change the true label of an original point z but A(z) is incorrect.

(ea(hr) = sup  T[h(z) # h*(2)].
z€U(x)
h*(z)=h*(z)

For a fixed perturbation z € U(z), define ¢, (h,z,z) = I[h(z) # h*(z) A h*(z) = h*(z)].
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Figure 8.1. Different perturbation sets considered in /1y, g1 (left), fca (mid) and f1o (right). The
dashed line represents the decision boundary of h* and the background color of red and blue
represents the label 0 and 1 respectively. The ball around each point describes the possible
perturbation set U (x) and the shaded area inside each ball is the allowed perturbation. In ¢y, fsr,
we consider all perturbation in U(x) while in £ca, we consider perturbations that do not change the
true label of the perturbed point. Lastly, in 15, an adversary only perturb points where the original
true label is 0.

2. True Label loss [311, 312|. There exists a perturbation z of z such that h(z) is incorrect.

iy (hyz) = EEF)HWZ) # h*(2)].

In this case, if the true label of the z changes, then the learner need to match its prediction with
the new label. For a fixed perturbation z € U(z), define ¢ (h,z,z) = I[h(z) # h*(2)].
3. Stability loss [89-91|. There exists a perturbation z of x such that h(z) is different from h*(x).

thp(h,x) = 251(0)11[}1@) # h*(2)).

In this case, we focus on the consistency aspect where we want the prediction of any perturbation
z to be the same as the prediction of z and this has to be correct w.r.t. x i.e. equals to h*(z).
For a fixed perturbation z € U(x), define (41 (h, z, 2) = I[h(2) # h*(z)].

4. Incentive-aware Adversary loss [313]. We take inspiration from economics application where
we assume that the label 1 is a more favorable outcome e.g. loan approval for which an adversary

has no incentive to make any perturbation when the original label is 1. Define the perturbation set

Ux) ; h*(x)
{z} 0 (2)

and define an incentive-aware adversary loss as

0
1

Uia(z, h") = {

M (hyx) = sup  I[h(z) # h*(z)].
z€UiA (x,h*)

For a fixed perturbation z € U(x), define £, (h,x, 2) = I[h(2) # h*(x) A z € Uia(z, h*)].
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We say that h is robust to a perturbation function ¢ at z w.r.t. a robust loss £ if £*" (h,z) = 0.

Remark. /{gr,/1a are robust losses that we can always evaluate in practice on the training data
since we are comparing h(z) with 2*(z) which is known to us on the training data. For ¢ca, f11,
we are comparing h(z) with h*(z) for which z may lie outside of the support of the natural data
distribution and we may not have access to h*(z). We illustrate the relationship between these losses

by making a few useful observations.

e In the robustly-realizable case [314] when the perturbation function U does not change the
true label of any x in the training or test data, then all the losses {oa, f11,, {sT are equivalent.
This corresponds to a common assumption in the adversarial robustness literature, that the
perturbations are “human-imperceptible”, which is usually quantified as the set of perturbations
within a small metric ball around the data point.

e We provide an illustration of the perturbation set considered in various robust losses in Figure
Figure 8.1. By considering these perturbation set, we have the following implication ¢1;, — £ca,

st — lca and fs7 — f1po where ¢1 — fo means robustness w.r.t. /1 implies robustness w.r.t. £s.

8.3 Robustly-reliable learners w.r.t. metric ball attacks

Although our robust losses are defined for any general perturbation set, we first consider the case
where the perturbation sets are balls in some metric space. Such attacks are widely studied in the
literature, in particular, for balls with bounded L,-norm. Moreover, the radius of the metric ball
serves as a natural notion of adversarial strength that allows us to quantify the level of robustness.
We will later (Theorem G.3.5) present results for general perturbation sets as well.

Let M = (X, d) be a metric space equipped with distance metric d. We use the notation B y((z,7) =
{' € X | d(x,2") < r} (resp. By (z,7) = {o’ € X | d(x,2") < r}) to denote a closed (resp. open)
ball of radius r centered at x. We will sometimes omit the underlying metric M from the subscript

to reduce notational clutter. We formally define a metric ball attack as follows.

Definition 8.81. Metric-ball attacks are defined as the class of perturbation functions Uns = {uy, :
X — 2% | u,(x) = Bm(w,n)}, induced by the metric M = (X, d) defined over the instance space.

At test-time, given a test-point z € X, we would like to make a prediction at z with a reliability

guarantee. We consider this type of learner, a robustly-reliable learner defined formally as follows.

Definition 8.82 (Robustly-reliable learner w.r.t. M-ball attacks). A learner L is robustly-reliable
w.r.t. M-ball attacks for hypothesis space H and robust loss function £ if, for any target concept
h* € H, given S labeled by h*, the learner outputs functions h% : X — Y and 75 : X — [0, 00)U{—1}
such that for all z,z € X if 75(2) =7 > 0 and z € B, (z,7n) then " (h%,z,2) = 0. Further, if
r5(2) = 0, then h*(2) = h5(2).

Note that £ outputs a prediction and a real value r (the “reliability radius”) for any test input.

r = —1 corresponds to abstention (even in the absence of perturbation) i.e. when the learner is
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incapable of giving a reliability guarantee for that prediction), and r = n > 0 is a guarantee from the
learner that if the adversary’s attack is in B} (x,7) then we are correct i.e. if an adversary changes
the original test point x to z, the attack will not succeed if the adversarial budget is less than 7.

Lastly, when r = 0, the learner provides a guarantee that the learner’s prediction at z is correct.

Definition 8.83 (Robustly-reliable region w.r.t. M-ball attacks). For a robustly-reliable learner £
w.r.t. M-ball attacks for sample S, hypothesis space H and robust loss function ¢ defined above, the
robustly-reliable region of £ at a reliability level 7 is defined as RR*(S,n) = {z € X | r5(z) > n}
for sample S and n > 0.

The robustly-reliable region contains all points with a reliability guarantee of at least . We use RRﬁ/
to denote robustly-reliable regions with respect to losses ¢y for W € {CA, TL,ST,IA}. A natural
goal is to find a robustly-reliable learner £ that has the largest robustly-reliable region possible.
First, we note that predictions that are known by the learner to be correct are still known to be
correct even when the test points are attacked. Therefore, a test point z lies in the robustly-reliable
region w.r.t. oa, fTL, as long as we can be sure that hé(z) is correct. This is equivalent to z being
classified perfectly, i.e. according to the true label. Therefore, the robustly-reliable region w.r.t.
Loa, 11, is given by the agreement region of the version space, which is the largest region where we
can be sure of what the correct label is in the absence of any adversarial attack [82]. We recall the

definition of version space [315] and agreement region [111, 112].

Definition 8.84. For a set H C H of hypothesis, and any set of samples S, let DIS(H) = {z €
X : 3hy,hy € H s.t. hi(xz) # hao(x)} be the disagreement region and Agree(H) = X \ DIS(H)
be the agreement region. Let H((S) = {h € H|errg(h) = 0} be a version space: the set of all
hypotheses that correctly classify S. More generally, H,(S) = {h € H|errg(h) < v} for v > 0.

We can also characterize the robustly-reliable region with respect to other robust losses in terms of

the agreement region in the following Theorem.

Theorem 8.85. Let H be any hypothesis class. With respect to M-ball attacks and lyy, for n > 0,

(a) there exists a robustly-reliable learner £ such that RR5,(S,n) D Aw, and
(b) for any robustly-reliable learner £, RR5,(S,n) C Aw .

Specifically, for the robust loss vy, the optimal robustly-reliable region Aw are

Robust loss ¢y  Optimal robustly-reliable region Ay,

Lea, by, {z | = € Agree(Ho(95))}
lsT {z | B°(z,n) C Agree(Ho(S)) A h(z) = h(x),Vx € B°(z,n),Vh € Ho(S)}
47N (AstN{z | h*(z) = 1}) U{z | z € Agree(Ho(S)) A h*(z) = 0}

Proof. (Sketch) We provide the construction of the optimal robustly-reliable learner Lo such that
RR%’”(S, n) 2 Aw and later show that for any robustly-reliable learner £, we must also have
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RRﬁ,(S, n) € Aw. We start with £ca, 1, consider a learner Lo that predicts using an ERM
classifier and outputs n = oo for all points in the agreement region of Ho(S). Any prediction in
Agree(Ho(S)) is reliable because it also agrees with h* (h* € Ho(S) by realizability). On the other
hand, for z € DIS(Ho(S)), there exist hi, ha € Ho(S) that disagree on z. For any learner L, it is
not possible to guarantee that h*(z) is correct as we may have h* = hy or h* = ha.

Now, for ¢sT, consider a learner L,y that classifies using an ERM but the reliability radius is now the
largest 7 > 0 for which B°(z,n) C Agree(Ho(S5)) and h(z) = h(z), Vo € B°(z,n),h € Ho(5), else
n = 0if z € Agree(Ho(S5)), and —1 otherwise. The first condition guarantees that h(z) = h*(z),Vx €
B°(z,n). Combined with the second condition we have h(z) = h(z) = h*(z),Vz € B°(z,n).
Thus, Lop is a robustly-reliable learner. On the other hand, for a robustly-reliable learner L,
consider z € RR44(S,7) for > 0. We must have h¥(z) = h*(z),Vx € B°(z,7). Using a similar
argument to the case for fca, {11, we have z € Agree(Ho(S)). If there exists = € B°(z,n) that
r & Agree(Ho(S)), there exists hi, ha € Ho(S) that h*(z) # hi(x) or h5(2) # ha(x). Tt is not
possible to guarantee that h*(z) = h*(x) as we may have h* = hy or h* = hy. Therefore, we must
have B°(z,n) C Agree(Ho(S)). Finally, we cannot have = € B°(z,n) that h(z) = h*(z) # h*(z)
since this contradict with h(z) = h*(z). Therefore, we must have h*(x) = h*(z). Since we have
x € Agree(Ho(S)), this implies that h(z) = h(z) for h € Ho(S). For f1a, the construction is similar
to fgr. For full proof, we refer to Appendix G.2. O

For lgr, the learner is able to certify a subset of the agreement region, which satisfies two additional
conditions: hg must be correct on all possible points x that could be perturbed to an observed test
point z, and the true label of z should match the true label of . We denote the second condition
of h(z) = h(z),Vx € B°(z,n),Vh € Hy(S) as the label consistency condition. For /15, since
robustness w.r.t. /g7 implies robustness w.r.t. f15, we have Agt C Aja. In addition, with an
incentive-aware adversary, whenever h(z) = 0, we must have h*(x) = 0 since the adversary does not
perturb a data point with the original label 1. Therefore, we can additionally provide a guarantee
on z that lies in the agreement region and h(z) = 0. We remark that we can identify the term h*(z)
for any point z € Agree(Ho(S)) due to the realizability assumption.

We have provided a robustly-reliable learner with the largest possible robustly-reliable region for
losses £ca, 411, £sT, £1a. However, we note that the probability mass of the robustly-reliable region
may not be a meaningful way to quantify the overall reliability of a learner because a perturbation z
may lie outside of the support of the natural data distribution and have zero probability mass. It
seems more useful to measure the mass of points z where any perturbation z of x still lies within

the robustly-reliable region. We formally define this region as the safely-reliable region.

Definition 8.86 (Safely-reliable region w.r.t. M-ball attacks). Let £ be a robustly-reliable learner
w.r.t. M-ball attacks for sample S, hypothesis class H and robust loss function ¢. The safely-reliable
region of learner £ at reliability levels 11,7 is defined as

L. SREA(S,m1,1m2) = {w € X | By(w,m) N {z | h*(2) = h*(2)} € RREA(S,m2)},

2. SR5/(S,m1,m2) = {z € X | B;(z,m) € RRA/(S,1m2)} for W € {TL,ST},
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3. SRE (S, m,m0) = {z € X | h*(x) = 0 ABpag(z,m) € RRA (S, )} U{z € X | h*(z) = 1Az €
RR{} (S,m2))}-

The safely-reliable region contains any point that retains a reliability radius of at least 72 even after
being attacked by an adversary with strength n;. In the safely-reliable region, we consider a set of
potential natural (before attack) points x, while in the robustly-reliable region, we consider a set of
potential test points z.

In the following subsections, we show that in interesting cases commonly studied in the literature,

the probability mass of the safely-reliable region is actually quite large.

8.3.1 Safely-reliable region for linear separators under log-concave distributions
is large

We provide the probability mass of safely-reliable regions with respect to different losses for linear
separators when the data distribution follows an isotropic (mean zero and identity covariance matrix)
log-concave (logarithm of density function is concave) distribution under a bounded Lg-norm ball
attack. For full proof, we refer to Appendix G.4. We will rely on the following key lemma which
states that the agreement region of a linear separator cannot contain points that are arbitrarily close

to the decision boundary of h* for any sample S.

Lemma 8.87. Let D be a distribution over RY and H = {h : x — sign({wpn, z)) | wy, € RY, |lwy]|2 =
1} be a class of linear separators. For h* € H, for a set of samples S ~ D™ such that there is no
data point in S that lies on the decision boundary, for any 0 < ¢ < d, there exists §(S, c,d) > 0 such
that for any x with ¢ < ||z|| < d and |(wp=,x)| < §, we have x & Agree(Ho(S)).

A direct implication of the lemma is that any Lo-ball B(z,7) that lies in the agreement region must
not contain the decision boundary of h* and must contain points with the same label. This allows
us to remove the label consistency condition and instead focus on whether the ball B(z,n) lies in the
agreement region. Intuitively, the reliable region is now given by the ‘n-buffered’ agreement region
where we only select points that have a distance at least 1 from the boundary of the agreement
region (Figure Figure 8.2). We provide bounds for the probability mass of the safely-reliable region
below and we refer to the full proof in Appendix G.4.

Theorem 8.88. Let D be isotropic log-concave over R and H = {h : x — sign({(wp,, z)) | wy, €
RY, ||lwp|l2 = 1} be the class of linear separators. Let B(-,n) be a Lo ball perturbation with radius .
For S ~ D™, for m = O(%4(VCdim(H) + In §)), for an optimal robustly-reliable learner L,

(a) Pr(SR%;(S,m1,m2)) > 1 — 21 — O(Vde) with probability at least 1 — 6,

(b) SRE4(S,m,n2) = SRG(S,m, 1) almost surely,

(¢) Pr(SR57(S,m1,m2)) > 1 —2(m + m2) — O(Vde) with probability at least 1 — 6,

(d) Pr(SR (S, m1,m2)) > 1 — (1 +n2) — O(Vde) with probability at least 1 — 4.

The O-notation suppresses dependence on logarithmic factors and distribution-specific constants.
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Figure 8.2. The robustly-reliable region for fca, f11, (left), fgT (mid) and £1a (right) for linear
separators with an Lo-ball perturbation. The background color of blue and red represents the
agreement region of class 1 and 0 respectively. In this case, we can remove the label consistency
condition and reduce the robustly-reliable region into the ‘n-buffered’ agreement region.

We remark that we can’t always remove the label consistency condition for a general perturbation
set. For example, consider U(z) = B(z — a,n) U {z} UB(z + a,n), is made of two Ly balls with
center x — a,r + a, with appropriate value of a, 7, we may have each ball lie in the different side
of the agreement region so that the whole perturbation set lie in the agreement region but contain
points with different labels (Figure Figure 8.3). We also provide bounds on the probability mass
of the safely-reliable region for more general concept spaces beyond linear separators, specifically,

classifiers with smooth boundaries in Appendix G.5.

Figure 8.3. The perturbation set is represented by two dashed balls. This lies inside the agreement
region but contains points with different labels.

8.4 On computational efficiency

Given the definition, it is possible to implement computationally efficient robustly-reliable learners.
For example, for linear separator concept classes under bounded Lo-norm attack. The optimal
robustly-reliable learner Ly, described above may be implemented via a linearly constrained
quadratic program that computes the (squared) distance of the test point z to the closest point 2’ in

the disagreement region. This gives us the reliability radius, since for linear separators one must
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Figure 8.4. The disagreement region and the agreement region under a distribution shift where P
and Q are isotropic (left) and where there is a mean shift (right).

cross the decision boundary to perturb a point to a differently labeled point

min |[|z—2'||?
w,w’,z’

s.t. (w, z;)y; >0, for each (z;,y;) € S,
(w', ;)y; >0, for each (z;,y;) € S,
(w, 2 (W', ') <0.

Given training sample S, for any given test point z, the learner £ can efficiently compute the solution
s* to the above program and output v/s* as the reliability radius. We show that the variant of
this objective also provides a reliability radius for a wide range of hypothesis classes under Lo ball
attacks (see Lemma G.14). In addition, we can relax this objective into a regularized objective that

gives a lower bound on the reliability radius of ||z — z*||?, when z* is the solution of

h1, hy, z* = argmin ||z2—2'||2 + A(R(h, S U {(z,0)}) + R(h', SU{(¢',1)}))

h,h!,z

when fm’(h, S) is the empirical risk of h on S. We provide a more detailed discussion in Appendix G.6.

8.5 Robustly-reliable learning under distribution shift

We now consider the reliability aspect for distribution shift, a different kind of test-time robustness
challenge when the test data comes from a different distribution than the training data. Formally,
let P be the training distribution and let Q be the test distribution. We assume the realizable
distribution shift setting, i.e. there is a target concept h* € H such that the true label of any z € X
is given by h*(x) at training time and test time, or errp(h*) = errg(h*) = 0. As observed earlier,
points that are known by the learner to be correct (reliable) are still known to be correct even when

it is drawn from a different distribution. This reliability guarantee holds even when the distributions
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P and Q do not share a common support, a setting for which many prior theoretical works result in
vacuous bounds. For example, suppose X = R"™, P and Q are supported on disjoint n-balls, and H
is the class of linear separators. Then the total variation distance, the H-divergence [316, 317] as
well as the discrepancy distance [93] between P and Q are all 1. While recent work of [94] does
apply in this setting, they do not focus on the reliability guarantee. In this work, we are interested
in quantifying the transferability of reliability guarantee transfer between distributions P and Q.

We recall the notion of reliable prediction [82].

Definition 8.89 (Reliability). A learner L is reliable w.r.t. concept space H if, for any target
concept h* € H, given any sample S labeled by h*, the learner outputs functions hg : X — )Y and
a5 : X — {0,1} such that for all € X if a5(z) = 1 then h%(z) = h*(z). Else, if a4(z) = 0, the
learner abstains from prediction. The reliable region of £ is R*(S) = {z € X | a4(z) = 1}.

We define the following metric to measure the reliability of a learner under distribution shift.

Definition 8.90 (P— Q reliable correctness). The P— Q-reliable correctness of £ (at sample rate
m, for distribution shift from P to Q) is defined as the expected probability mass of its reliable

region under () when trained on a random training S ~ P™, i.e. Pryq s~pm|r € R*(S)].

The disagreement coefficient was originally introduced to study the label complexity in agnostic active
learning [308] and is also known to characterize reliable learning in the absence of any distribution
shift [82]. We propose the following refinement to the notion of disagreement coefficient, which we

will use to give bounds on a learner’s P—Q reliable correctness.

Definition 8.91 (P—Q disagreement coefficient). For a hypothesis class H, the P—Q disagreement
coefficient of h* € H with respect to H is given by
Pro[DIS(Bp(h*,r
Orofe) = sup - PEPUL )]
r>e r

where Bp(h*,r) ={h € H | Prp[h(z) # h*(x)] < r}.

This quantifies the rate of disagreement over Q among classifiers which are within disagreement-balls
w.r.t. h* under P, relative to the version space radius. The proposed metric is asymmetric between
P and Q, and also depends on the target concept h*. More simple examples are in Appendix G.8.
We show that the P— Q-reliable correctness of our learner may be bounded in terms of the P—Q

disagreement coefficient using a uniform convergence based argument. The proof details are in
Appendix G.9.

Theorem 8.92. Let Q be a realizable distribution shift of P with respect to H, and h* € H be the
target concept. Given sufficiently large sample size m > 5(d +In %), the P— Q-reliable correctness

of L, the optimal robustly-reliable learner, is at least

L >1-— ce—
xNQE)SI:me[x €ER (S)] >1 @pﬁg e —0.

Here ¢ is an absolute constant, and d is the VC-dimension of H.
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In Appendix G.10, we show that this P — Q disagreement coefficient can be small for several
examples which implies that it is possible to transfer the reliability guarantee from one distribution
to the other. In particular, when learning linear separators, we provide bounds for transferring from
B1 log-concave to (B3 log-concave and to s-concave distributions (Theorems G.7.17, G.7.19). In
addition, when learning classifiers with general smooth classification boundaries, we provide bounds

for transferring between smooth distributions (Theorem G.7.20).

8.6 Safely-reliable correctness under distribution shift

There is a growing practical [318, 319| as well as recent theoretical interest [320] in the setting
of ‘robustness transfer’, where one simultaneously expects adversarial test-time attacks as well as
distribution shift. We will study the reliability aspect for this more challenging setting. We note that
the definition of a robustly-reliable learner does not depend on the data distribution (see Definition
8.82) as the guarantee is pointwise. Our optimality result in Section 8.3 applies even when a test
point is drawn from a different distribution Q. In this case, the safely-reliable region instead would

have a different probability mass.

Definition 8.93 (P— Q safely-reliable correctness). The P—Q safely-reliable correctness of £ (at
sample rate m, for distribution shift from P to Q, w.r.t. robust loss ¢) is defined as the probability

mass of its safely-reliable region under (), on a sample S ~ P™, i.e.

PQRE(S,mymo):= _ Pr | [r € SRE(Sm,m)).
We consider an example when the training distribution P is isotropic log-concave and the test
distribution Q,, is log-concave with its mean shifted by p but the covariance matrix is still an identity
matrix (see Figure Figure 8.4, right). We provide the bound on the P— Q safely-reliable correctness
of this example in Appendix G.10 (see Theorem G.10.23).

8.7 Reliability in the agnostic setting

In the above, we have assumed that the training samples S are realizable under our concept class H,
i.e. there is a target concept h* consistent with our (uncorrupted) data. In the agnostic setting, we
can have minycy errg(h) > 0, meaning no single concept is always correct. We define a v-tolerably
robustly-reliable learner under test-time attacks in the agnostic setting as the learner whose reliable
predictions agree with every low-error hypothesis (error at most v) on the training sample ([309]

have proposed the corresponding definition for data poisoning attacks).

Definition 8.94 (v-tolerably robustly-reliable learner w.r.t. M-ball attacks). A learner L is robustly-
reliable w.r.t. M-ball attacks for sample S, hypothesis space H and robust loss function ¢ if, for
every concept h* € H with errg(h*) < v, the learner outputs functions h§ : X — Y and r§ X —
[0,00) U {—1} such that for all z,z € X if r5(z) =71 > 0 and z € BS,(x,n) then (" (h%,z,2) = 0.
Further, if 74 (z) = 0, then h*(z) = h5(2). Given sample S such that some concept h* € H satisfies
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errg(h*) < v, the robustly-reliable region of £ is defined as RR*(S,v,n) = {x € X | r5(z) > n} for
v,n > 0.

We generalize our results from Section 8.3 to the agnostic setting (proof details in Appendix G.11).
Here H,(S) = {h € H | errs(h) < v}.

Theorem 8.95. Let H be any hypothesis class. With respect to M-ball attacks and £cya, for n >0,

(a) There exists a robustly-reliable learner L such that RR%,(S,v,m) 2 Agree(H,(9)),
(b) For any robustly-reliable learner £, RR%4(S,v,1) C Agree(H,(S)).

8.8 Discussion

In this work, we generalize the classical line of works on reliable learning to address challenging
test-time environments. We propose a novel robustly-reliability criterion that is applicable to
several variations of test-time attacks. Our analysis leads to an easy-to-derive algorithm that can be
implemented efficiently in many cases. Additionally, we introduce a P — Q disagreement coefficient to
capture the transferability of the reliability guarantee between distributions. The proposed robustly-
reliability criterion and the P — Q disagreement coeflicient together provide a comprehensive
framework for handling test-time attacks and evaluating the reliability of learning models. This
contributes to the advancement of reliable learning methodologies in the face of challenging real-world
scenarios, facilitating the development of more resilient and trustworthy machine learning systems.
Notably, key questions remain open, including, how to efficiently implement the algorithm for a class

of neural networks, and how to learn reliably with respect to any general robust loss function?
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Chapter 9

Nash Equilibria and Pitfalls of
Adversarial Training in Adversarial
Robustness Games

Maria-Florina Balcan, Rattana Pukdee, Pradeep Ravikumar, Hongyang Zhang

Abstract

Adversarial training is a standard technique for training adversarially robust models. In
this paper, we study adversarial training as an alternating best-response strategy in a 2-player
zero-sum game. We prove that even in a simple scenario of a linear classifier and a statistical
model that abstracts robust vs. non-robust features, the alternating best response strategy of
such game may not converge. On the other hand, a unique pure Nash equilibrium of the game
exists and is provably robust. We support our theoretical results with experiments, showing the

non-convergence of adversarial training and the robustness of Nash equilibrium.

9.1 Introduction

Deep neural networks have been widely applied to various tasks [122, 123]. However, these models
are vulnerable to human-imperceptible perturbations, which may lead to significant performance
drop [14, 84|. A large body of works has improved the robustness of neural networks against such
perturbations. For example, Adversarial Training [15] (AT) is a notable technique that trains a
robust model by two alternative steps: 1) finding adversarial examples of training data against the
current model; 2) updating the model to correctly classify the adversarial examples and returning
to step 1). This procedure has a strong connection with an alternating best-response strategy in a
2-player zero-sum game. In particular, we consider a game between an adversary (row player) and a
defender (column player). At each time ¢, a row player outputs a perturbation function that maps
each data point to a perturbation, and a column player selects a model. Given a loss function, the
utility of the row player is the expected loss of the model on the perturbed data and the utility
of the column player is the negative expected loss. Therefore, steps 1) and 2) correspond to both

players’ actions that maximize their utility against the latest action of the opponents.
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In this work, we show that for the adversarial robustness game, even in a simple setting, the
alternating best-response strategy may not converge. We consider a general symmetric independent
distribution beyond the symmetric Gaussian distribution which was typically assumed in the prior
works [105, 106]. We call this game the Symmetric Linear Adversarial Robustness (SLAR) game.
The challenge is that SLAR is not a convex-concave game, and so those known results on convex-
concave zero-sum games do not apply in our setting. One of our key contributions is to analyze the
dynamics of adversarial training in the SLAR game which sheds light on the behavior of adversarial
training in general. On the other hand, we prove the existence of a pure Nash equilibrium and show
that any Nash equilibrium provably leads to a robust classifier, i.e., a classifier that puts zero weight
on the non-robust features. The Nash equilibrium is unique where any two Nash equilibria select
the same classifier. Our finding motivates us to train a model that achieves a Nash equilibrium.

For linear models, there is a closed-form solution of adversarial examples for each data point
[101, 105]. Different from the alternating best-response strategy, we also study the procedure of
substituting the closed-form adversarial examples into the inner maximization problem and reducing
the problem to a standard minimization objective. We refer to this procedure as Optimal Adversarial
Training (OAT). [105]| has shown that OAT leads to a robust classifier under symmetric Gaussian
distributions. We extend their results by showing that the same conclusion also holds for the SLAR
game. We support our theoretical results with experiments, demonstrating that standard adversarial

training does not converge while a Nash equilibrium is robust.

9.2 Related work
9.2.1 Adversarial Robustness

Variants of adversarial training methods have been proposed to improve adversarial robustness
of neural networks [18, 321-325|. Recent works utilize extra unlabeled data [17, 326-328] or
synthetic data from a generative model [329, 330| to improve the robust accuracy. Another line of
works consider ensembling techniques [331-334]. A line of theoretical works analyzed adversarial
robustness by linear models, from the trade-off between robustness and accuracy [105, 335, 336],
to the generalization property [337|. Recent works further analyze a more complex class of models
such as 2-layer neural networks [338-341].

Specifically, prior works considered adversarial robustness as a 2-player zero-sum game [99-103|. For
instance, |99| proved that randomized smoothing [96] and FGSM attack [84] form Nash equilibria.
[101] introduced a framework to find adversarial examples that transfer to an unseen model in the
same hypothesis class. While most works focused on the existence of Nash equilibrium and proposed
algorithms that converge to the equilibrium, to the best of our knowledge, no prior works showed

that a Nash equilibrium is robust.
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9.2.2 Dynamics in Games

The dynamics of a 2-player zero-sum game has been well-studied, especially when each player takes an
alternating best-response strategy in the finite action space. A classical question is whether players’
actions will converge to an equilibrium as the two players alternatively play a game (342, 343]. It is
known that the alternating best-response strategy converges to a Nash equilibrium for many types
of games, such as potential games [344|, weakly acyclic games [345], aggregative games [346], super
modular games [347], and random games [348, 349|. However, this general phenomenon does not
necessarily apply to the adversarial robustness game, as these results rely on specific properties of
those games. In addition, there are also works on different strategies such as fictitious play [350—
353| and its extension to an infinite action space [354, 355] or continuous time space [356, 357|.
Furthermore, there is a connection between a 2-player zero-sum game with online learning where
it is possible to show that an average payoff of a player with a sub-linear regret algorithm (such
as follow the regularized leader or follow the perturbed leader) converges to a Nash equilibrium
[358-360|. However, [361] studied the dynamics of such no-regret algorithms and showed that when
both players play the follow-the-regularized-leader algorithms, the actions of each player do not

converge to a Nash equilibrium with a cycling behavior in the game.

9.3 Setup

We consider a binary classification problem where we want to learn a linear function f : R — R,
such that our prediction is given by sign(f(x)). Let D be the underlying distribution of (z,y) and
let = [z1,...,24]. We assume that the distribution of each feature z; has a symmetrical mean and

is independent of the others given the label.

Assumption 9.96. (Symmetrical mean) The mean of each feature z; is symmetrical over class

y= _17 17
Elz;ly] = ypi
for y = —1,1, where p; is a constant.

Assumption 9.97. (Independent features given the label) Each feature x; is independent of each

other given the label.
We study this problem on a soft-SVM objective
ngn L(w), (9.1)
where
£(w) = By yeplmax(0,1 — yw"2)] + 5wl

and A is the regularization parameter. Assume that at the test time, we have an adversarial
perturbation function 0 : D — B(e), B(e) = {a : ||a||c < €}, that adds a perturbation d(x,y) to a
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feature of each point (z,y). Our goal is to learn a function f that makes correct predictions on the
perturbed data points. We denote € as the perturbation budget. For a given perturbation budget ¢,

we divide all features x;’s into robust features and non-robust features.

Definition 9.98 (Non-robust feature). A feature z; is non-robust when the perturbation budget is

larger than or equal to the mean of that feature

il <e.
Otherwise, x; is a robust feature.

We discuss non-robust features in more details in Appendix H.2.

9.3.1 Symmetric Linear Adversarial Robustness Game

Figure 9.1. The space of two non-robust features, where the red and blue circles are for class

y = —1,1, respectively. Dashed lines represent a decision boundary of each model and background
colors represent their prediction. The figure on the left is the original distribution. The adversary
can always shift the mean of non-robust features across the decision boundary. A model trained
with adversarial examples has to flip the decision boundary at every iteration. For example, the
adversary shifts the red and blue circle across the original decision boundary leading to a decision
boundary flip for a model trained on the perturbed data (second figure from the left).

We formulate the problem of learning a robust function f as a 2-player zero-sum game between an
adversary (row player) and a defender (column player). The game is played repeatedly where at
each time t, the row player outputs a perturbation function 60 D — B(e) that maps each data
point in D to a perturbation while the column player outputs a linear function f) = (w(t))Tx. The

utility of the row player is given by

Urow (6, w0") = By 1) p 16, w2, )] + %Hw“)\l%,
where
(6, w,2,y) = max(0,1 — yw' (z + 8(z,y))).

The goal of the row player is to find a perturbation function that maximizes the expected loss of
the perturbed data given a model from the column player. The utility of the column player is the

negative expected loss:
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UCOI((;(t)’ w(t)) = —Uow (5(15)7 w(t)),

where the column player wants to output a model that minimizes the expected loss given the

perturbed data.

9.3.2 Adversarial Training as An Alternating Best-Response Strategy

Recall that in AT [15], we first find the “adversarial examples”, i.e., the perturbed data points that
maximize the loss. We then optimize our model according to the given adversarial examples. In the

game-theoretic setting, AT is an alternating best-response strategy:

1. The row player submits a perturbation function that maximizes the utility from the last

iteration:

60 = argmax Usoy (8, w®™Y).
0:D—B(e)

2. The column player chooses a model that maximizes the utility given the perturbation 6®):

w® = argmax Ucol(é(t),w).
weR?
In practice, we achieve an approximation of the w(®) via stochastic gradient descent and an approxi-

mation of each instance 6(!)(z,y) by projected gradient descent [15].

9.4 Non-convergence of Adversarial Training

In this section, we start with the dynamics of AT on a SLAR game. We then provide an example of
a class of data distributions on which AT does not converge. A key property of such distributions is
that it has a large fraction of non-robust features.

It is known that we have a closed form solution for the worst-case adversarial perturbation w.r.t. a
linear model [101, 105].

Lemma 9.99. For a fixed w, for any (x,y) ~ D, the perturbation d(x,y) = —ye sign(w) maximizes

the inner optimization objective

max max(0,1 — wa(CC +9)),

d€B(e)
where
1, ifxz>0;
sign(z) = 0, ifz=0;
-1, ifz <.

When z is a vector, sign(x) is applied to each dimension. We denote this as the worst-case

perturbation.
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We note that the worst-case perturbation does not depend on the feature x, which means any
point in the same class has the same perturbation. Intuitively, the worst-case perturbation shifts
the distribution of each class toward the decision boundary. Since there is no other incentive for
the adversary to choose another perturbation, we assume that the AT always picks the worse-
case perturbation §(z,y) = —yesign(w). This implies that at time ¢, the row player submits the

perturbation function 6® such that

5 (x,y) = —ye sign(w(t_l)).

However, later in this work, we do not restrict our action space to only the worst-case perturbations
when analyzing a Nash equilibrium. Now, we can derive the dynamics of AT. We prove that for
non-robust features z;’s, if a column player puts a positive (negative) weight of the model on z; at

time ¢, then the model at time ¢ + 1 will put a non-positive (non-negative) weight on z;.

Theorem 9.100 (Dynamics of AT). Consider applying AT to learn a linear model f(x) = w'x.
Let w® = [wgt),wét), e ,wfit)] be the parameter of the linear function at time t. For a non-robust
feature x;,

1. If wgt) > 0, we have wEtH) <0;

2. If wgt) < 0, we have wEtH) >0.
or all ttme t > 0.
for all 0

Proof. The key intuition is that mean of non-robust features is smaller than the perturbation budget,
and the adversary can always shift the mean of these features across the decision boundary. Therefore,
if we want to train a model to fit the adversarial examples, we have to flip the decision boundary at
every iteration (Figure Figure 9.1). Formally, consider a non-robust feature z; with wz@ > 0, the
perturbation at time ¢ + 1 of feature z; is given by

)

5§t+1)( = —ye.

x,y) = —yesign(w;

The mean of the feature x; of the adversarial examples at time ¢ 4+ 1 of class y = 1 is given by
1 1
uY = Bl 4+ 60 (@)l = 1) = pi — e < |l — < < 0.
The final inequality holds because z; is a non-robust feature. We note that for a linear classifier
(1)~ 0 we must have v <0 (see Lemma H.1). [

under SVM-objective, when the mean i
Theorem 9.100 implies that the difference between the consecutive model weight is at least the

magnitude of weight on non-robust features.

Corollary 9.101. Consider applying AT to learn a linear model f(z) = w' . Let w® = [wgt), wét), Wy

be the parameters of the linear function at time ¢t. We have

Hw(t+1) _ w(t)Hg > Z (wz(t));
|pil<e
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If a large fraction of the model weight is on the non-robust features at each time ¢, then the model
will not converge. We provide an example of data distributions where, when we train a model with
AT, our model will always rely on the non-robust features at time t. We consider the following

distribution:

Definition 9.102 (Data distribution with a large fraction of non-robust features). Let the data

distribution be as follows

1. y~unif{—1,+1}

5 ) ty, w.p. p;
. I =
-y, w.p.1l-—p,

3. x|y is a distribution with mean ys; and variance 0']2», where e > p; >0, for j =2,3,...,d+1.

Given a label y, the first feature x; takes 2 possible values, y with probability p and —y with
probability 1 — p. We note that z; is the true label with probability p and is robust to adversarial
perturbations. On the other hand, for j > 2, feature x; is more flexible where it can follow any
distribution with a condition that the feature must be weakly correlated with the true label in
expectation. Each feature might be less informative compared to 1 but combining many of them
can lead to a highly accurate model. We note that x; is non-robust since its mean is smaller than
the perturbation budget.

The data distribution is a specification of our setup in Section 9.3 where we have a significantly
large number of non-robust features compared to the robust features. This distribution is inspired
by the one studied in [105], where they showed that standard training on this type of distribution
(when features j = 2,...,d + 1 are Gaussian distributions) leads to a model that relies on non-robust
features. We generalize their result to a scenario when x; can follow any distribution (see Appendix
H.3). We note that the lack of assumption on each distribution is a key technical challenge for our

analysis.

Theorem 9.103 (Adversarial training uses non-robust feature (simplified version)). Let the data
distribution follows the distribution as in Definition 9.102. Consider applying AT to learn a linear
model f(z) = w'x. Assume that & > 2uj forj =2,...,d+1. Let w®) = [wgt),wgt), e ,wgtll] be

the parameter of the linear function at time t. If

1 Omax A 1 /2
p<l—1[=( + )+\/>O'max , (9.2)
(2 iz 2w T2V

where
g; S Omax» ,u/ — [07 M2,y .. 7ud+1])
then
d+1
S (w2 > lw]5(1 — )?
\ > T )
=2 ! (1- 5)2 + ZjIQ(Mj + €)2
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(For simplicity, we also assume that omax > 1. For a tighter bound, see Appendiz H.4).

Since, features j = 2,...,d + 1 are not robust, Theorem 9.103 implies that a model at time ¢ will
put at least
(1-¢)?
d+1
(1—-¢e)2+ Ejiz(ﬂj +¢)?

fraction of weight on non-robust features. We note that the term [|¢||2 at the denominator of

condition (9.2) grows as O(d). Therefore, if the number of non-robust features d and the regularization
parameter A is large enough then the condition (9.2) holds. We discuss the full version of this
theorem in Appendix H.4. Next, we prove that the magnitude |[w®||5 is bounded below by a
constant (see Lemma H.5) which implies that ||w®||; does not converge to zero. Therefore, we can
conclude that a model trained with AT puts a non-trivial amount of weights on non-robust features

at each iteration. This implies that AT does not converge.

Theorem 9.104 (AT does not converge (simplified)). Let the data follow the distribution as in

Definition 9.102. Assume that the variance UJZ is bounded above and € > 2u; for j =2,...,d+1.

Consider applying AT to learn a linear model f(x) = w'z on the SVM objective Let w® be the
parameter of the linear function at time t. If the number of non-robust feature d and the reqularization

parameter X is large enough then w'® does not converge as t — cc.

9.5 Properties of the Nash Equilibrium

Recall the definition of a Nash equilibrium:

Definition 9.105 (Nash Equilibrium). For a SLAR game, a pair of actions (0*, w*) is called a pure
strategy Nash equilibrium if the following hold

sup Urow (6, w™) < Upow (6, w™) < inf Upow (6%, w).
6 w
From this definition, we note that for any fixed w*, the inequality
sup Urow(57 w*) < Urow (6*7 UJ*)
1)

holds if and only if §* is optimal. We know that the worst-case perturbation §*(z,y) = —ye sign(w*)
satisfies this condition. However, the optimal perturbations might not be unique because of the
max (0, -) operator in the hinge loss. For instance, for a point that is far away enough from the

decision boundary that the worst-case perturbation still leads to a zero loss

any perturbation d(x,y) will lead to a zero loss

1—yw'(z+8(z,y)) <0.
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Therefore, any perturbation § leads to the same utility (Figure Figure 9.2). On the other hand, if
the worst-case perturbation leads to a positive loss, we can show that the optimal perturbation must

be the worst-case perturbation.

Figure 9.2. For points that are far enough from the decision boundary, any perturbation is optimal.

Lemma 9.106. For a fixed w and any (z,y) ~ D, if

1 —yw' (z — yesign(w)) > 0,

then the optimal perturbation in is uniquely given by 6*(z,y) = —yesign(w). Otherwise, any

perturbation B(e) is optimal.

On the other hand, for any fixed §*, the inequality

Urow (6", w*) < inf Uyw (0%, w)

holds when w* is an optimal solution of a standard SVM objective on the perturbed data distribution
(x 4+ 6*(z,y),y) ~ D+ 6*. We know that for a fixed 0*, we have a unique w* (Lemma H.6). Now,
we show that a Nash equilibrium exists for the SLAR game.

Theorem 9.107 (Existence of Nash equilibrium). A Nash equilibrium ezists for the SLAR game.

Proof. We will prove this by construction. Without loss of generality, let feature z; be a robust
feature with p; > 0 for ¢ =1,...,k and let feature z; be a non-robust feature for j =k +1,...,d.

Consider a perturbation function §* such that
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0 (x,y) = [—ye, ..., —YE, —Ylkt1s - - - —YHd)-
k d—k

Intuitively, 6* shifts the distribution of non-robust features by the same distance of their mean so
that non-robust features have zero mean, in the perturbed data. Let w* be an optimal solution of a
standard SVM objective on the perturbed data distribution D 4+ 0*, which is known to be unique
(Lemma H.6). We will show that a pair (6*,w*) is a Nash equilibrium. By the definition of w*, it is

sufficient to show that
sup Urow(57 w*) < Urow(é*a w*)-
1)

First, we will show that w; >0 for ¢ =1,...,k and wj=0forj=Fk+1,...,d We consider the

mean of each feature on the perturbed data,

1. For a robust feature z;, we have

Elz; + 6] (z,y)|ly = 1] = p; — e > 0.

2. For a non-robust feature x;, we have

E[zj + 65 (2, y)|y = 1] = pj — p; = 0.

From Lemma H.1 and Corollary H.2 we can conclude that w; > 0 for ¢« = 1,...,k and w;‘ =0
for j = k+1,...,d. Next, we will show that §* is optimal. Recall that for a fixed model w*, the

worst-case perturbation is given by

(. y) = —ye sign(w®)
= [—yesign(wy), ..., —yesign(wy),0,...,0].
d—k

Although d(x,y) # 6*(x,y), we note that if w = 0, any perturbation of a feature z; would still lead

to the same loss
w; (z; + 0i(x,y)) = w;(z; + 6; (z,y)) = 0.
This implies that
Urow(é*a 'UJ*) = Urow((Sy U)*) = sup UI‘OW(éa w*)-
1

Therefore, §* is also an optimal perturbation function. We can conclude that (6*,w*) is a Nash

equilibrium. O

We can show further that for any Nash equilibrium, the weight on non-robust features must be zero.
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Theorem 9.108 (Nash equilibrium is robust). Let (6%, w*) be a Nash equilibrium of the SLAR

game. For a non-robust feature x; we must have w; = 0.

Proof. (Sketch) Let (6%, w*) be a Nash equilibrium. Let z; be a non-robust feature. We will show
that w; = 0 by contradiction. Without loss of generality, let w; > 0. Let the risk term in the SVM

objective when w; = w, w; = wj for j # 4 and 6 = §* be

Li(w|w*,6%) := E[l;(x, y, w|w*, §%)].

when

Lz, y, ww*, 6%) = max(0,1 — y > wi(x; + 65 (,y)))
i
—yw(x; + 6; (z,y)).

We will show that when we set w; = 0, the risk term does not increase, that is,

L;i(wi|w*,0%) > L;(0|w*, 6%).
We use l;(z,y, w) to refer to l;(x,y, w|w*, %) for the rest of this proof. Considering each point (x,y),
we want to bound the difference
li(xv Y, ’LU;() - ll(xa Y, O)

The key idea is to utilize the optimality of §*(x,y). From Lemma 9.106, we know that when the
worst-case perturbation leads to a positive loss, the perturbation *(z,y) must be the worst-case

perturbation. If

l—wa;f:rj—l—ezmj\ > 0,
J J
we must have

67 (2, y) = —ye sign(wy),

for all 5. For example, assume this is the case we have 2 sub-cases
Case 1.1:

L—y> wizj+e) _ |wi|>0.
J#i J#

In this case, we have
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li(xa y7w:) - li(x’yv 0)

=max(0,1 —y Z w;((ffj + 5;(557 Y)))

—max(0,1 — yzw;(%’ + 05 (2, y)))

JFi
= max(0 Zw x]+5Z|w
— max(0 wa x]—i—ez:\w

JF# J#

(1-— Zw x]+82|w
1—wa mJ+EZ|w
J# J#

= —yw; z; + elwy|.

We observe that as x; is a non-robust feature, we have

E[—ywiz; + elwi[] = [wi|(e = pi) > 0.

Case 1.2:
L—y Y wizj+e)y |wj <0
i Ji

In this case, we have

li(xa y7w:) - li(.%',y, 0)

=max(0,1 —y Z wr(zj + 65 (z,y)))

—max(0,1 —y Z w;f(l’j + 5;(337 Y)))

J#i

= max(0 wa xj—i-EZ\w*\
— max(0 Zw x]—i-aZ\w

J#i J#i
=(1-y) wizj+ey |w) -
J J

> 0.

From Equation (9.3), the lower bound in this Case 1.1 is positive in expectation. However, we

note that the condition depends on the rest of the feature x; when j # 4, so we can’t just take the
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expectation. In addition, there is also a case when the optimal perturbation is not unique, that is

when

1—y2w;$j+52|w;| <0.
J J

We handle these challenges in the full proof in Appendix H.6. Once we show that the risk term in
the utility when w} # 0 is no better than when w; = 0, we note that the regularization term when

w; = 0 is higher,

A 2 A 2
S > 2 S
j i
Therefore, we can reduce the SVM objective by setting w; = 0. This contradicts the optimality of
w*. By contradiction, we can conclude that if a feature ¢ is not robust, then w; = 0. O

Furthermore, we can show that any two Nash equilibria output the same model.

Theorem 9.109 (Uniqueness of Nash equilibrium). Let (dy,u), (0y,v) be Nash equilibrium of the
SLAR game then we have u = v.

Proof. Let (0y,u), (dy,v) be Nash equilibrium of the SLAR game. We know that

Urow((;v’u) < Urow((squu) < Urow(éua U),

and

Urow((suav) < Urow((svav) < Urow(5v7u)-

From these inequalities, we must have

Urow((svyu) = Urow(&u“) = Urow(éua U) = Urow(dva U)-
From Lemma H.6, we know that for a given perturbation function, we have a unique solution of the
SVM objective on the perturbed data. Therefore,
Urow (0w, 1) = Urow (0, v)
implies that we must have u = v. O

Since we have a construction for a Nash equilibrium in Theorem 9.107, Theorem 9.109 implies that
any Nash equilibrium will have the same model parameter as in the construction. This also directly

implies that any Nash equilibrium is a robust classifier.
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9.5.1 Optimal Adversarial Training

We note that in the SLAR game, we have a closed-form solution of worst-case perturbations in terms

of model parameters,

0" (z,y) = —yesign(w).

We can substitute this to the minimax objective

min max Uyow (9, w),
w 5

to directly solve for a Nash equilibrium. The objective is then reduced to a minimization objective

A
min E[max(0,1 — yw " (z — yesign(w)))] + §||w||g

We denote this as Optimal Adversarial Training (OAT). We note that [105] analyze OAT when the
data distribution is Gaussian distributions and show that directly solving this objective lead to a
robust model. We further show that OAT also leads to a robust model for any SLAR game.

Theorem 9.110 (Optimal adversarial training leads to a robust model). In the SLAR game, let

w* = [w},...,w}] be a solution of OAT then for a non-robust feature x;, we have w; = 0.

We defer the proof to Appendix H.7.

9.6 Experiments

We illustrate that the theoretical phenomenon also occurs in practice. We provide an experiment
comparing the convergence and robustness of AT and OAT on a synthetic dataset. Though our
theoretical finding works for much broader data distributions, the construction of our experimental

setup is as follows

1. y~unif{—1,+1},
50 o) Y WP B
. I =
-y, wp. l-p,
3. zily ~ N(yp, 0?).
We choose parameters d = 2,000, p = 0.7, o = 0.01, 0 = 0.01 and set the perturbation budget
€ = 0.02. This is an example of a distribution from Definition 9.102. The size of the training and

testing data is 10,000 and 1,000, respectively. We use SGD with an Adam [362] optimizer to train

models. For more details, we refer to Appendix H.8
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Figure 9.3. [Jw®D —w®||5 of a linear model trained with AT and OAT.

9.6.1 Non-convergence of Adversarial Training

First, we calculate the difference between weight ||w®*1) — w®)||5 for each timestep t. We can see
that for a model trained with AT, [[w®+D — w®|[; is fluctuating while the value from a model

trained with OAT is more stable (see Figure Figure 9.3).

9.6.2 Robustness

Next, we investigate the robustness of each strategy. Since our model is linear, it is possible to
calculate the distance between a point and the model’s decision boundary. If the distance exceeds
the perturbation budget ¢ then we say that the point is certifiably robust. We plot the standard
accuracy and certified robust accuracy (robust and correct) of AT and OAT (see Figure Figure 9.4).
We found that while the model trained with AT achieves a perfect standard accuracy, the model

achieves zero certified robust accuracy.
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o

o
1
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— AT
OAT
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0 20 40 0 20 40
Epochs Epochs

— AT
OAT

o
1

Standard accuracy
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Figure 9.4. Standard accuracy and certified robust accuracy of a linear model trained with AT and
OAT.

One explanation is Theorem H.4.9, which states that AT can lead to a model that puts non-trivial

weight on non-robust features. In our dataset, feature j for j = 2,...,d + 1 are non-robust but
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predictive so that if our model relies on these features, we can have high standard accuracy but low
robust accuracy. We can see that a model trained with AT puts more weight on non-robust features
(see Figure Figure 9.5) and puts a higher magnitude on the positive weight which help the model
to achieve 100 percent standard accuracy. On the other hand, the model trained with OAT achieves
70 percent standard accuracy and robust accuracy. The number is consistent with our construction,
where we assume that the robust feature is correct with probability 0.7. In addition, we can see
that OAT leads to a model that puts a much lower weight on the non-robust features (see Figure
Figure 9.5). This is consistent with our theoretical finding that OAT leads to a robust classifier.

We note that the weights are not exactly zero because we use SGD to optimize the model.

Histogram of weights of non-robust features

Bl AT
200 1 mmm OAT
150
100 A
50 +
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Figure 9.5. Weights of non-robust features at time ¢ = 50.

9.7 Discussion

In this work, we study the dynamics of adversarial training from a SLAR game perspective. Our
framework is general since the SLAR game does not make any assumption on the data distribution
except that it has the symmetric means and the features given the label are independent of others.
We find that iteratively training a model on adversarial examples does not suffice for a robust model,
as the model manages to pick up signals from non-robust features at every epoch. One factor that
leads to this phenomenon is a worst-case perturbation, which shifts the distribution across the
decision boundary far enough so that the perturbed feature is predictive. On the other hand, we
prove the existence, uniqueness, and robustness properties of a Nash equilibrium in the SLAR game.
We note that this game has an infinite action space and is not a convex-concave game. Surprisingly,
a perturbation function that leads to a Nash equilibrium is not the worst-case perturbation but is the
one that perturbs the non-robust features to have zero means. Intuitively, this prevents the model
from relying on non-robust features. In contrast of AT, the worst-case perturbation in OAT leads to
a robust model. We remark that in our analysis, we assume that each player can find the optimal
solution of their strategy at every iteration. This may not hold in practice since PGD or SGD are

usually deployed to optimize for the optimal solution. However, our analysis serves as a foundation

132



for future research on adversarial robustness game when the current assumption does not hold. That
is, studying OAT in the regime when we do not have access to the closed-form adversarial examples,

such as when our model is a neural network, would be an interesting future direction.
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Appendix A
Supplementary Material for Chapter 4: Learning from

Weak Labelers as Constraints

A.1 Additional related work

A.1.1 Programmatic Weak Supervision.

Programmatic weak supervision [19], is a learning paradigm where subject matter expert encodes
their domain knowledge in terms of weak labelers (labeling functions). These are functions that either
provide labels (weak labels) or abstain from prediction on any input. The key question is how to learn
from such weak labels that are potentially noisy. A general approach involves two steps of aggregating
weak labels into less noisy labels and then training a discriminative classifier on the inferred labels.
Various statistical label models have been developed for label aggregation, and most of these only
depend on the weak labels [19-25]. Recent methods incorporate the input information into this
weakly supervised learning pipeline [59, 165, 363| e.g. smoothness of the label with respect to the
input instance or pretrained-embedding. Alternatively, there is a line of works that learns from weak
labels in an end-to-end fashion. The label model and the discriminative model are parameterized and
are trained jointly [113, 164, 364, 365|. A key prior work is constrained label learning [161], which
involves learning pseudo labels under constraints before training a discriminative model. Unlike our

method, CLL’s initial step is independent of the function class and remains a two-step process.

A.1.2 Learning with noisy labels

Learning from data with noisy labels has been a prominent research problem that has received
substantial attention from the machine learning community. The main assumption is that the
observed labels are flipped with some probability. There is a line of works in theoretical machine
learning that focuses on the learnability and polynomial-time algorithms for various noise models
[31, 35, 37, 108, 366-368]. On the other hand, in the statistical learning theory community, various
works are concerned with different surrogate losses or unbiased estimators [33, 369-373|. Recently,
numerous studies have focused on learning noisy labels on deep neural networks [172, 374-377].
Despite rich theoretical and empirical research in this area, these approaches cannot be employed in

our context since the noisy labels in our setting are deterministic given the input and label.
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A.1.3 Learning from constraints

Constrained optimization focuses on finding the optimal solution to a problem within given constraints
[378-380|. The principal method involves converting the constrained optimization problem into an
unconstrained one. This can be accomplished by adding auxiliary variables, as seen in the Lagrange
multiplier method [381], or by incorporating a penalty term that penalizes the objective function
when constraints are violated [382-384|. Additionally, gradient-based approaches like PGD include
a projection step to ensure the solution stays within a feasible region after each update [15, 385].
For specific types of constraints such as linear or quadratic, there are dedicated algorithms designed
to address these constrained scenarios [386-389|. In the field of machine learning, the optimization
goal is the empirical loss, and constraints can be used to enforce desirable features in a machine
learning model, such as fairness [390, 391|, robustness |96, 392|, or privacy [393|. Recent studies
have begun incorporating constraints derived from domain knowledge into models, such as physics
constraints [394-396|, explanation constraints [51|, and weak supervision [120, 121], with the aim

of improving model performance.

A.2 Proofs of properties of projection loss and computing the pro-
jection

Lemma A.1. For Qs defined in (2.5), i.e.

Qar = [ ) Qjirs where Qjar = {q: X — A | pae(g;, clf(q)) < n;}. (A.2.1)
J

where

paii(gj, clf(q)) = Elg; (X) # clf(q)(X)]g;(X) # ¢] (A.2.2)

and clf(q) is defined as
clf(¢)(x) = argmaxq(x), (A.2.3)
y

(assuming arg max, q(x), is unique. If argmaxy, q(x), is not unique for some x then clf(q) is not
well defined. )

then for any p such that clf(p) is well defined, we have d(p, Qi) = infaeq; E[Drr(p(X)||g(X))] =0
if and only if p € Q-

Proof. If p € Quf, we would have d(p, Qur) < E[Dkr(p(X)|[p(X))] = 0. Conversely when

d(p, Qar) = 0 we prove that p € Qg i.e. par(gj,p) < nj for all j € [m].
First, we prove that

qé%fclf Eldrv (p(X),q(X))] =0 (A2.4)

where dry is defined as
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K

dry (u,0) =1/2- ) Jug — vy (A.2.5)
k=1
Using Pinsker’s inequality,
dTv(u, 'U) < 4/ DKL(UHU)/Q (A.2.6)
we have
Eldrv (p(X), q(X))] = Eldrv (p(X), ¢(X))] (A2.7)
< E[v/Dxr(p(X)a(X))/2] (A.2.8)
< VEDxw (p(X)[[a(X))]/2 (from Jenson’s) (A.2.9)
Thus
it Bldry(p(X),a(0) < inf VED G a(0)]/2 (A.2.10)
< [ inf EIDGOOllaCO)]/2 (A2.11)
<0 (A.2.12)

Let us say p € Qc, there exists some € > 0 such that pge(g;,p) > 1; + € for some j € [m].

Pr(g;(X) # clf(p)(X)|X € ;) >, + ¢ (A.2.13)

where S; = {z : gj(x) # ¢} is the coverage set of g;. Let S’ C S; defined as S" = {x : gj(z) #
clf(p)(x)}. Denoting |S| = Pr(X € 5), since |S’|/|S;| > n; + €, and assuming |S;| > 0, we have
|S7| > 0.

Now for any g € Q.i¢, we have

Pr(clf(¢)(X) # ¢;(X)|X € Sj) <n; (A.2.14)

Then

Pr(clf(q)(X) # g;(X)|X € S;) = Pr(clf(q)(X) # g;(X)|X € &, X € S)P(X € §'|X € )

(A.2.15)
= Pr(clf(q)(X) # g;(X)|X € S)P(X € §', X € S;)/P(X € 5;) (A.2.16)
= Pr(clf(q)(X) # g;(X)|X € §)P(X € §')/P(X € S;) (A.2.17)
= Pr(clf(q)(X) # g;(X)|X € 5)|S"/|5;] (A.2.18)

Thus,
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Pr(clf(q)(X) # g;(X)|X € 8") = Pr(clf(q)(X) # g;(X)|X € S;)|S;|/[5']
< n;1851/15']
<n;/(n; +e€)

Hence,
Pr(clf(q) (X) = g;(X)|X € &) = 1 - Pr(cli(q)(X) # g;(X)|X € &)

>1—mn;/(nj +e)
>¢e/(n; +€)

Since clf (p)(x) # gj(x) for x € &', clf(q)(x) = gj(x) implies clf(p)(z) # clf(¢g)(x). Thus

Pr(clf(q)(X) # clf(p)(X)|X € §') > €/(n; +¢)
Let 8" = {x € 5" : clf(q)(z) # clf(p)(z)}, we have

Pr(X € S"|X € 8) > ¢€/(nj +¢)

And thus,
PriXeS'NXeSPXeS)=PXeS XeS)=P(Xe9")
PrXeS'|XeS)=PXeS")/P(Xel)
P(X €S")/P(X €8')>¢/(nj+e)
1S"| > [S"|e/(n; +¢) >0
Now let

r) = max ) alf () () — P(T
w(x) k#If(p)(x)p( )elt(p)(z) — P(T)k

For clf(p) to be well defined, p(z) must be greater than 0, i.e. u(x) > 0 for all x.
Since clf(p)(x) # clf(q)(z) for z € S”, we have for any x € S”

P(T)ct(p)(z) = P(T)elt(q) (@) T H(T)
4(2) it (q)(2) = (Tt (p) (x)
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(A.2.20)
(A.2.21)

(A.2.22)
(A.2.23)
(A.2.24)

(A.2.32)
(A.2.33)



P(T)cit(p)(x) = P(T)elf(q) () T+ H(T) (A.2.34)
—q(T)elf(p)(2) = — (x)clf (A.2.35)
P(T)ctt(p) () — UT)elt(p) (@) = P(T)clt(q) () —CJ( T)elf(q) () T H(T) (A.2.36)
(P(2)at(p) (z) — 4T it (p) (2 ) ( (T)cit(g)(2) — P(T)eli(q)(z)) = H(T) (A.2.37)
1P() 1t (p) () — 9T ctt(p) () | FHIP(T)ctt(q) () — 4T ett(g)@)| = p() (A.2.38)
drv (p(z), q(z)) > p(x)/2 (A.2.39)
Eldry (p(X),q(X))|X € §"] > E[u(X)/2|X € S"] (A.2.40)
Since infgeq, Eldry (p(X), ¢(X))] = 0, there exists some ¢ € Qg such that
Bldry (p(X),(X))] < SIE[u(X)/2/X € 8 (A2.41)
for any set S with |S| > 0. In particular this holds for S = S” since |S”| > 0. Then
Eldrv (p(X),q(X))] > E[dry (p(X), ¢(X))I(X € S")] (A.2.42)
=Eldry(p(X),q(X))|X € 8" Pr(X € §) (A.2.43)
— Eldrv (p(X), ¢(X)|X € §")|8"] (A2.44)
Thus
Eldry (p(X),¢(X)|X € §")]|S"| < |S"|E[u(X)/2|X € "] (A.2.45)
Eldrv (p(X),¢(X)|X € 8")] < E[u(X)/2|X € §”] (A.2.46)
which leads to a contradiction. O

Lemma A.2. Let Q = {q : clf(q) € H} for some set H of classifiers. For any classifier f and any
€ > 0, there exists a conditional distribution p such that clf(p) = f and d(p, Q) < €

Proof. We claim that for any classifiers fi, fo there exists sequences of conditional distributions
{gh352,, {db}22, such that clf(ql) = f1,clf(qh) = fo for all ¢, and lim;— ¢} = lims_,o ¢5. The main
idea is that we can slightly perturb a uniform distribution to achieve any classifier. Formally, we
define ¢} (z), = 1/K —§/((K — 1) - t) for k # fi(z) and ¢} (z)x = 1/K + §/t for k = f1(z), where
= || is the number of classes. We can define ¢} in the same manner. It’s clear that both sequence
converges to a uniform distribution, that is, limy_, ¢} (2)y = limy—e0 ¢5(z), = 1/K for all z,y even
when fi, fo are completely different.
Now for any classifier h € H and any classifier f, there exists a sequence {q}}, {qﬁf} such that
clf(gj,) = h, clf(¢%) = f for all t and that lim;—,e ¢, = limy—00 ¢} Since clf(g}) = h, we know that
¢ € Q and this implies that
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Jim d(q}, Q) = Jim min E[Dic(q(X)][g(X))] (A.2.47)

< Jim E[Dict (gh(X)] g} (X)] = 0. (A.2.48)

The last line comes from the fact that lim;_,o qz = lim; o0 qjc. As a result, we can conclude that for

any €, there exists some t for which p = ¢! satisfies d(p, Q) < € and clf(p) = f. O

Proposition A.3. For any e,v > 0 there exists 0(e,v) > 0 such that if d(p, Ae N Qcie) < I(€,v) then

pat(g;, clf(p)) < nj +v/|S;|, where |S;| = Px(X € S;) is the size of coverage set S; of weak labeler
vL(e)
(1+v)

gj with respect to marginal distribution Px. In particular 6(e,v) = where L(€) is a strictly

increasing function in € given by
1 log(1 — (2 log(1 2
L(e) = 1T Ioel+9) — 2+ c)log(l +¢/2) (A.2.49)
K+e
where K is the number of classes. The bound can be rephrased as the following inequality: For all p
such that d(p, Q%) < L(e€), we have

d(p7 Qelf)
pei(g;, clf(p)) < mj + — (A.2.50)
o 7 (L(e) — d(p, Q%)) S
where Q& = Ae N Qcif-
Proof. First, we prove the following
pai (95, clf(p)) < mj + min dat(p, a)/15;] (A.2.51)
where dg¢(p, q) is defined as
dai(p, g) = Er(clt(p)(X) # clf(¢)(X)) (A.2.52)

(clf(p)(X) # g;(X)|X € 55)

par(9;, clf(p)) = Er
< Br(clf(p)(X) # clf(g)(X)|X € Sj) + Pr(clf(¢)(X) # g;(X)|X € 5;) for all ¢

Thus
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pait(9g5, clf(p)) < min Pr

clf

+7]]

(clf( (X)
(clf( (X)

< min Pr(clf(p (X)X €S;
(clf( (X), X € 55)/155] + n;
(clf( (X))/155] + n;

=mn;+ min d , S
nj 4€0us af(p q)/| ]|

Next, we will prove the bound on inf,cq,, dae(p, @), i-e.

' d(p) lef)
qérclgfdf deat(p,q) < (L(e) — d(p, Q%))

For any conditional distributions p,q € X — AX define the following

dia(p, q) = E[Dkw(q(X)]|p(X))]
iy (p, q) = E[Dxw(q(X)]||p(X))] clf (p)(X) = clf(¢)(X)]
dyq(p; ¢) = E[Dkr(¢(X)[[p(X))] clf (p)(X) # clf (¢)(X)]

Consider the following sublemma.

Sublemma A.3.1. For any q € Q¢, if dia(p, q) < L(€) then

__dalpg)
dclf(pv q) < L(e) — dkl(p7 Q)

where

L(e) = inf d;(p,q
(€) €@ty k](p q)

X € 5j) + Br(cli(g)(X) # g;(X)|X € 5;)

[ X € 5j) + max Br(clf(q)(X) # g;(X)|1X € 5;)
i)
)

(A.2.53)

(A.2.54)
(A.2.55)
(A.2.56)

(A.2.57)

(A.2.58)

The bound in (A.2.53) directly follows from the above sublemma. This is proved as follows.

inf dar(p, q) = é%E da(p; q)

q€Qat qeQS
nf di(p, q)
4€Qsy; L(€) — dua(p, q)
infgeqe, dia(p, q)
= supyeqe, L(€) — dia(p, q)
infyeqe, da(p,q)
L(e) — infyeqe, da(p, q)
_ d(p, Qg)
a L(e) — d(p, lef)

IN
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Finally d(p, Q%) < EleJr(;)) gives us infgeq,, deif(p, ¢) < v, and thus par(g;, clf(p)) < v/|S;| + n;.

Now we proof sublemma A.3.1. First note that,

da(p, q) = das(p, Q)dig(p, @) + (1 — deie(p, 0))diy (p, @) (A.2.59)
Now
dkl(p7 Q) - dclf (p7 Q)d_ (p7 Q)
ha(pa) = 1 —dat(p, q) :
< dia(p, q) — dar(p, q)L(e)
o 1-— dclf(p> Q)
deir (p,
< du(p,q) + (da(p,q) — L(G))l_z(f:(;)q)
< du(p,q)
Further,
da(p, @) — d(p,
de(p. ) Lil(p q) f(p q)
dig(p,q) — dy(p,q)
dii(p, q)
= dig(p,q) — di(p,q)
dia(p, q)

L(e) — d(p, q)

Now we are only left to prove the form of L(€) given in (A.2.49).
Recall A, was defined in (2.12) as

Ac:={q: X — A*| for each 2,3y : q(x), > (1 + €)g(2)), for k # y} (A.2.60)

For a distribution u € AX | let ¢;j(u) refer to the top j’th class, i.e. ¢1(u),...cx(u) is a permutation
of [K] s.b. ey (u) >+ Uepe(u)- Let tj(u) refer to the corresponding probability i.e. t;(u) = ue,(u)-
Let A\c = {u € AX 1 #1(u) > (1 + €)tj(u) Vj > 1}. This is connected to A, as

Ae={q: X = AK : vz q(z) € \}

Now
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L(e) = inf dg(p,q) (A.2.61)

9€Qesp
= in B a0lIp(X))] ) (X) £ clg)(X)] (2262

clf>
= inf E inf D X))|clf(p)(X A.2.63
wif Bl b Preullp(X)] i (p)(X) # e (w)] ( )
(where H = {h : pait (g5, h) < n;}) (A.2.64)
= inf E inf D A.2.65
f%IElH {uez\e:cl(u):h(Xi,I}JEAK:q (v)#e1 (u) KL(UHU)] ( )
= inf D A.2.66
ue)\g,veAil(I:lcl(v);ﬁcl(u) KL(UHU) ( )
= ingK Dxi,(ul|v) : e1(v) # c1(u), t1(u) > (14 €)tj(u) V5 > 1 (A.2.67)

ve

)

Now without loss of generality, let ¢;(u) = j. With some abuse of notation, we also use u,v to refer
to the minimizer of objective in (A.2.67). The minimizer exists since the constraints induce closed

sets. Then first we will prove that

cj(v) =c¢j(u) =j for j > 3 (A.2.68)

Assume the contrary. Then there exists k£ > 3 such that vy > ve. This implies

(ug — ug) log(vg/v2) >0 (A.2.69)
ug log(1/v2) 4 uy log(1/vg) > uglog(1/vk) + ug log(1/v2) (A.2.70)
ug log(ug /v2) + ug log(ug /vg) > ug log(ug/vk) + ug log(ug/v2) (A.2.71)
Dy (ul|v) > Dxp,(ul|v") (A.2.72)
where v’ is defined as
vy = Uk, V), = v2,V; = vj; for j # k,2 (A.2.73)

But wu,v was the minimizer of the objective in (A.2.67), which contradicts the above implication in
(A.2.72).

Since ¢1(u) =1 # ¢1(v), we get ¢1(v) = 2, and c2(v) = 1. To recap we have

cj(u) =7 (A.2.74)
c1(v) =2,¢c2(v) =1,¢j(v) = j for j >3 (A.2.75)

Next we will prove that
V1 = V2 (A.2.76)

Let
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x = (ve—v1)/2 (A.2.77)
y = (v2+v1)/2 (A.2.78)

Since ¢1(v) = 2,v9 > v1 and so x,y > 0. We have

v=Yy—2x (A.2.79)
ve =Y+ (A.2.80)
K
Y vj=1-2y (A.2.81)
j=3
Now,
K
L(e) = w log(u1 /y — x) + uzlog(uz/y + ) + Y _ ujlog(u;/v;)
j=3

VolL(e) = u1/(y — x) = ua(y + x)
_ui(y+ ) —ua(y — =)
= P — a2

r(ug + u2) + y(ur — ug)
2 — 22

>0

Thus L(e€) is minimized for z = 0.

Next, we have the following inequality

n

Z a;log(a;/b;) > (Z a;) log(z a;/ Z b;) (A.2.82)
i=1 1 =1

i=1 1=

This follows Jenson’s inequality, given a discrete distribution f: > | f; = 1, we have

> filog(t:) > log() _ fit:)
=1 =1

Substituting f; = a;/ >, a;, and t; = b;/a;, we get the required inequality. We use this inequality

to have

K
> uylog(us/vy) > (Y uy)log(y ui/ > vj) (A.2.83)
, . 2

This gives us
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1—u —u
L(e) > uylog(ui/v1) + uglog(uz/v2) + (1 — uy — uz) log <1—1)1—1}22> (A.2.84)

We had vy = v9. So, substituting v; = v9 = y, we have

1—u —u
L(e) > f(y) = uiloguy/y + uzlogus/y + (1 — u; — ug) log (12>

1—2y
. 2(1—U1 —UQ)
Vyfly) = —w/y —uz/y + -3y
. 2y — Ul — U2
o 1-2
2(1 — U1 — 'LLQ)
2 —
Vyf(y) - (1 _ 2y)2 > 0

Thus f(y) is minimized for V, f(y) = 0, giving y = v1 = va = (u; + u2)/2. Substituting in (A.2.84),

we get

L(e) > uy log(2uy /(u1 + u2)) + ug log(2us/(u1 + u2)) (A.2.85)

Let = (u; —u2)/2 (and thus w3 =y + x,us = y — ) we have

L(e) > f(x) = (y + z)log(1 + z/y) + (y — x) log(1 — z/y)
V. f(x) =log(1+x/y) —log(l —xz/y) >0

Since u; > (1 + €)ug, we have y +x > (1 + €)(y — x), thus f(z) is minimized for x = ye/(2 + €).
Using y = (u1 + u2)/2, we have

L(e) > (ur +u2) (L+€)/(2+€)log(2(1 +€)/(2+¢€)) +2y/(2+ €) log(2/(2 +€)))

— (W) (1+e€)log(l+€) — (24 ¢€)log(l+¢€/2))

Now to bound u; + ug, consider the following.

Since u; < ug for j > 3, we have

K
(K—l)UQ ZZujzl—ul
j=2

> 1—U1
e K T
1+u (K —2)
> - v 7
up + u2 = K —1

Further since u; > (1 + €)u; for j > 2, we have,
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K
(K—l)mZ(l—i-e)Zuj
=2
(I+€)(1 —uy)
> T 7
Y
1+¢
>
ul_K—i—e

Substituting back we get

n >2+e
U U
! 2_K+6

Substituting in the bound for L(e) we finally get

(I1+e¢)log(l+e€)—(24¢€)log(l+¢€/2)

L(e) > A.2.86
(0= 2 (A.2.86)
Now to prove L(e) is strictly increasing and positive for € > 0, we have L(0) = 0 and
VeL(e) = Vef(e)/(K +€) = f(e)/(K +¢)

(K —1)log(1l+¢€) — (K —2)log(1+¢€/2)

N (K + ¢)?

>0

O

Proposition A.4. Given Q = A N Qe for Ae defined in (2.12) and Qs defined in (2.5), for any
conditional distribution p, the optimal projection ¢* = arginf,cq E[Dgr(¢(X)||p(X))] can be found

as follows,

1. Solve for optimal clf(q*) as

clf(¢%) = argmin Ex [Proj, (p(X); A vy )] ¢ par(gj h) < 15 (A.2.87)
heX—Yy

where

Ape={re A r, > (1 +or Yk #y},
Projgp (u; §) = inf Dy (r]|u). (A.2.88)

2. Solve for an optimal distribution ¢* given the optimal clf(¢*). For each x,

¢ (x) = argmin Dy (r||p(x)) : 7 € A @) (A.2.89)
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Proof. Given A, = {qg € X — AK |Vz,q(z) € Ui, A,I:g}. We have

¢" = argmin E[Dxy,(q(X)]|p(X))]

q€Q
= argerfinE[DKL(Q(X NIp(X))] = ¢ € Qar
= arqgerilinE[DKL(q(X Np(X))] = p(gj, clf(q)) < m; Vj € [m]
= al;geriin poain EDxr(q(XONp(X))] = p(gj, 1) < mj, b= clf(q)

= argmin min _min_E[Dgr,(¢'(X)|[p(X))] : plgj, h) < nj, h = clf(q
argmin min | min Bl D (¢ (X)[[p(X))] : p(gj, h) < nj, b= clf(q)

q:9=q
= i i in E[Dkr(¢'(X)||p(X))] : p(g;,h) < nj, h = clf(q
argmin, 1in | min [Drcr (g (X)[[p(X))] = (g, h) < mjy b= clf(q)
= in mi in E[Dky(¢'(X)|[p(X)] : clf(¢) =R ) : pg;,h) < n;
a;gg{gg&(ﬁl& [Dxr (¢ (X)||p(X))] : clf(¢) > pgjsh) <1y
= i in E| min D X)) :ux € AK p(gi h) <n;
argmin | min, L)I(gl}( K (ux|[p(X)) : ux h(X),e):| plgj h) <1y
Thus
¢ (x) = argm}i(n Dxr(ullp(X)) 1 u € AhK*(X),e (A.2.90)
u€EA
where
h* = argmin E min Dy, (ux|p(X)) : ux € AhK(X)7€) :p(gj,h) < nj (A.2.91)

hex—Yy ux €A

Since u} € AhK*(x) ., it implies clf(u*) = h*, and since ¢*(z) = uj, clf(¢*) = clf(u*) = h*. Thus

*) = mi j CAE :p(gih) < n; 2.
clf(¢’) = glgyE[PrOJKL(p(X )i Apix)l s plgih) < mj (A.2.92)
and
ueA
O

Proposition A.5. For Qs defined in (2.16), we have d(p, Qgist) = 0 if and only if p € Quist-
Furthermore, for any v > 0 there exists 6(v) > 0 such that if d(p, Qaist) < 6(v) then paist(g;,p) <
n; + v/|S;|, where |S;| = Px(S;) is the size of coverage set S; of weak labeler g; with respect to
marginal distribution Px. In particular §(v) = v?/2.

Rephrasing we get the following bound:

pdist(95,P) < nj +/2d(p, Qaist) /15|

Proof. Define E(p) = mingeq,,., Ex[drv(p(X),q(X))], where dry is the TV distance:
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K

dry (u,0) =1/2- ) Jug — vy (A.2.94)
k=1
First, we prove the following
pasa(95.9) < 1 +2 min Ex[dry (p(X). a(X))]/15; (A.2.09)
paist(9:0) =E[ D p(X)g,x)1X € 5] (A.2.96)
k#g;(X)
=E[ Y p(X)gx) — 0(X)gx0)X € S1+E[ Y a(X)g,x)X €8] for all ¢
k#g;(X) k#g;(X)
(A.2.97)
Z P(X)k — g(X)RIX € S| +E[ Y q(X)g,x)|X € 5] (A.2.98)
k#g;(X)
Z Ip(X)k — a(X)k|U(X € S5)1/[S5] + paist (95, ) (A.2.99)
Z p(X)k — a(X)kll/1S5] + paist (95, ) (A.2.100)
Pdist (95, p) < 2E[dTv( (X), a(X)I/IS;1 + paist (95, @) (A.2.101)

The above holds for all q. Thus

paist (95, P) < ,Sin 2E[drv (p(X), ¢(X))I/|Sj] + paist (95, 9) (A.2.102)
< min 2E[dry (p(X), ¢(X))]/|S;| + max pgist(95,9) (A.2.103)
q€Qaist qE€Qaist
<2 min Eldry (p(X),a(X)))/1S;1 + 1 (A.2.104)
(A.2.105)

Further using Pinsker’s Inequality

dry (u,v) < v/ Dk (ul|v)/2

we have
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[drv (p(X), 4(X))] = Eldrv (¢(X), p(X))] (A.2.106)

< E[v/Dxu(a(X)[[p(X))/2] (A.2.107)

< VE[DkL(q¢(X)|[p(X))]/2 (from Jenson’s) (A.2.108)

Jin Eldry (p(X),q(X))] < min VE[Dx (a(X)]Ip(X)]/2 (A.2.109)

<\, min E[Di(a(X)lp(X)))/2 (A.2.110)

< \V/ d(p’ Qdist)/2 (A2111>

Finally d(p, Qaist) < v?/2 implies mingeq,,., E[drv (p(X),¢(X))] < v/2, and thus paist(g;,p) <
v/1Sj] +nj- =

Proposition A.6. Given Qgist as defined in (2.16), for any conditional distribution p, the optimal
projection ¢* = arg mingeq,.., E[Dkr(q(X)||p(X))] is given by ¢* = p** where

pMa)y = Za(z)exp( > A)p (A.2.112)
Jig;(@)=y

Zx(z) is the normalization constant. The optimal X* is given by the following optimization:

m

A= r)\n>11(} A st paisi(gj, ) <m; Vi € [m] (A.2.113)
7j=1

Proof. The problem is a convex optimization with affine constraints since pgist (95, q) = E[Ey £g,(X) q(X)yl.

To restate it is,

Jenin, B[Pk (@(X)l[p(X))] (A.2.114)
st E[ Y q(X)y] <nj Vi€ [m] (A.2.115)
y#9;(X)

In terms of unconstrained variable ¢ € X — RX, this becomes

K
in [E[ 1 X A.2.116
i z;q )i Log(a(X)1/p(X)x)] ( )
st. B[ > q(X)y] <n; Vi€ [m] (A.2.117)
y#9;(X)
K
Zq y =1 for all x (A.2.118)
y=1
q(x)y € [0,1] for all z, and y € [K] (A.2.119)
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Since log is undefined for nonpositive values and assuming p(x), > 0 for all z,y, we only need to
consider g(z), € R, thus we can ignore the constraint ¢(z), > 0. g(x), < 1 also follows from the
constraint Zle q(z)y = 1. Hence the constraint g(z), € [0, 1] can be ignored. Rephrasing we have

K
qe?inRKE ;q )i log(q(X)k/p(X)i)] (A.2.120)
st E[q(X)g;x)) = 1 —m; Vi € [m] (A.2.121)
K
S g(a)p =1 forall « (A.2.122)
k=1

Here we subtracted from 1, both sides of the inequality constraint.
Now we form the lagrangian £(q, A, 1) where A € R, a Lagrange multiplier for each inequality
constraint, and y € X — R, the Lagrange multiplier for equality constraints.

K
=E[>_ ¢(X)i log(q(X)r/p(X)i)]

k=1
K m
+Ep(X)(1 =D a(X))] + > A1 =15 — Elg(X)g,x)|X € S)])
k=1 j=1
We have
I ner g L0 ) = min E{Dict (X)) [p(X))]

Since the optimization is convex, a point (¢*, A*, u*) that satisfies the KKT conditions is optimal.

KKT stationarity condition implies that

YV L(g A 1) =0 (A.2.123)

where derivative of an objective L(g) = E[Zle f(g(X,k))] where f: R — R is a scalar function,
with respect to a function g in X x [K] — R is defined using methods in calculus of variation as a
function in X x [K] — R

VoL(9)(x,y) = E[6(X = 2)f(9(X,))] = d(z)f'(9(=,y)) (A.2.124)

where d is the probability density associated with marginal distribution P on X. Thus we have

VoL(d", N, 1) (2,y) = d(x)(1 +log g" (2)y /p(x)y — p(x) = Y ALy = g;(2))) =0 (A.2.125)

J

Using »°, ¢"(z)y = 1, we can eliminate p*(x) to get ¢*(z)y for z in support of P (d(x) > 0)
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¢"(2)y = Za-(x)exp( Y AD)p(a)y

Jigi(z)=y

where Zy-(z) is the normalization constant

K
Zxe(z) =1/> exp( Y AD)p(x)y)

y=1 J:gj(x)=y

Complementary slackness condition on the inequality constraints imply

(L= 1 — Elg" (X)gy00|X € Si) = 033 € [m]

Singling out A} from expression of ¢*(x), in (A.2.126), ¢*(x)

gi(v)

eXP(A] + D 2isg, (@) =g () A )P(E)gi ()

becomes

(]* (x)gl(:v) =

or

¢ (%) g,(x) = exp(N;) fi(x)/(exp(A]) fi(x) + 1 = fix))

where

@) =ep( Y
J#ig5(%)=g:i(z)

K
A)P(@) g, 00/ (D exp(
y=1

exXP(A] + 2 20, () =gi(w) AP gi @) T Dygata) XP (g, (0)=y A7)P(2)y

Yo ADp@)y)

Jj#igj(z)=y

fi depends on )\j for j # i but dependence is dropped for convenience.

The complementary slackness condition in (A.2.128) now becomes

g <1 SR [expu;f)fi(X) IS Teela SD -

_ t-fi(X
Let £(t) =E [t'fi(x)"l‘(l_)fi(x)‘X €5i
0
ZU(t) =
and
52
SU(t) = E

(We assume p(z), € (0,1) and thus f;(x) € (0,1) to get the above inequalities.)

exp(A}) fi(X)
] . We have
fi(X)(1 - fi(X))

L(¢fi(X) +1 = fi( X))

[—2(fi(X))*(1 — fi(X))

L (tfi(X)+1— fi(X))3

2|X€Si:| >0

|X€S¢]<O

(A.2.126)

(A.2.127)

(A.2.128)

(A.2.129)

(A.2.130)

(A.2.131)

(A.2.132)

(A.2.133)

(A.2.134)

Therefore, ¢ is a strictly increasing and concave function in ¢, and thus £(exp(\)) is strictly increasing
in A. Thus from complementary slackness condition in (A.2.132), if £(exp(0)) > 1 — n; then A} =0,
else X¥ = A : l(exp(N\)) = 1 — ;. Together this can be written as

Al =min A : l(exp(A) >1—1n;

A>0
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or

o exp(A) fi(X)
A=A VA0 + 1= fi(X)

Plugging back f; defined in (A.2.131), and using definition of p*, this is

Al =minA\: E[pA(X)gi(X)] >1—n (A.2.137)

where A; = A, and A; = A for j # 1. Or equivalently

m
Al = argminZAj : p(gi,px) < (A.2.138)
X205
where A; = A7 for j # i.

And thus combining for all ¢ we get,

A" = argminz Az plgs,p™) < mj Vi€ [m] (A.2.139)
A>0 4
=z j=1

Proposition A.7. Given the optimization problem

A" = argminz A plg,p) < i Vj € [m] (A.2.140)

x>0

The solution found by the following alternating minimization procedure is optimal if the outer loop
converges (The inner loop ((A.2.142)) always converges).

Start with A = 0. Then repeat until convergence:
1. Pick j € [m], either randomly or in a round robin fashion.

2. Solve for

Aj = arg m}n)\ : p(gj, pN7) < mj (A.2.141)

where A_j = [A1...Aj—1,0, Xjy1, A as follows:

Start: Aj =0
Repeat until convergence: Xj <= Xj +1log(1+ (1 —n; — 7;(hj))+/7(hi(1 = hy))) (A.2.142)
7j(h) = E[A(X)|X € ;]

where hj(z) = Px(aj)gj(ﬂf)'

Proof. First, we show that the solution to the constrained optimization in (A.2.141) with respect
to A for a fixed A_; can be found by the iterative algorithm described in (A.2.142). The LHS of
the constraint in (A.2.141), p(gj, p*~7) is a function of the form
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Elexp(A)f; (X)/(exp(W) f5(X) +1 - (X)X € ;] (A.2.143)

where

filw)=exp( Y A)P(@)g, @)/ O exp( > Ap)pla)y)
)

k#j:9x (z)=g;(x) k#j:9x(z)=y
which is strictly increasing and concave in exp()) as proved in (A.2.133). Suppose E[h;(X; A, A_;)|X
Sj] <1 —mn;. Then Aj can also be written as

Aj = I){l;{)l)\ CERj (XA A )|X €8] >1—n;

We have

hj(z; A4 X, A_j) = exp(A\)hj(z; A A)/(exp(A\)hj(m; A, AZ)) + 1 — hj(z; A, AZ5))

Letting u(s) = E[h;(X;logs + A, A_;)|X € S;]. This is of the form in A.2.143 and is strictly
increasing and concave in s as proved in (A.2.133), and (A.2.134) respectively. A; is thus given as
exp(s), s > 1 s.t. pu(s) =1 —mn;. If a differentiable function p is strictly increasing and concave we

have for any si, s9

(1) < sy + (nlsz) — u(s1) /1 (s1)) < plse) (A.2.144)

Observe that s = s1 + (u(s2) — u(s1))/1(s1) is also one iteration of the Newton-Raphson method to
solve for s’ : pu(s’) = p(sz) starting with s = 1.

Using s1 = 1 and s9 : pu(s2) =1 — n;, we get

p(1) < p(l+ (1 =n; —p(1)/p' (1) <1—mn; (A.2.145)

We have (1) = E[h;(X; X', A_;)|X € Sj] and /(1) = E[h; (X5 A", Aj) (1 — hy (X505, M) | X € )]
Thus

1 —n; — E[h;(X; M, A-5)|1X € 55])
AL =2\ 4 log (1 ( J J J A.2.14
*loe < TR (AL A (1 — I (KA )IX € 5 (A.2.146)
satisfies

E[h; (XA X)X € 8)]) < E[h; (XA A )X € 85]) <1 —m (A.2.147)

In particular given X', we apply one step update of Newton-Raphson method on E[h;(X; X', A_;)|X €
S;] to get AF1 and thus subsequently use hi(; AL A_;) to apply the next update. Convergence of
these updates is faster than directly applying Newton’s method on the starting function E[h;(X; N0 =
0,A_;)|X € S;] which is

exp()\t+1) _ exp()\t) + (1 + (1 — i — E[h](Xv )‘ta)‘*j)|X € SJ]) >

Bl (0 A) (1= hi(GE A )X € 5] (A-2.148)

or
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exp(=A) (1 —n; — E[h;(X; M, A5)|X € 5j])>

Elhy (X5 A5) (1= by (X3 N, A )X € )] (A.2.149)

AL =\t log (1 +

This results in a lower update since A! > 0 or exp(—\!) < 1.
Now we show that if the alternating minimization converges it leads to the optimal solution A*.
Suppose the algorithm converges but the solution A found is not optimal. This implies that A satisfies
all of the constraints, but the KKT complementary slackness condition given in (A.2.132) is violated.
Since E[h;(X; X\, A_;)|X € ;] is a strictly increasing function in A, and A; solves for \ in (A.2.141)
given A_j, if A; > 0, then the equality must be satisfied, otherwise A; can be reduced (since A; > 0)
without violating the inequality constraint. Thus either E[h;(X; A, A_;)|X € Sj] =1—nj or A; =0
which satisfies the KKT complementary slackness condition.

O
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A.3 Compact version of our algorithm

Algorithm 1 Learning from weak labeler constraints

Input: Unlabeled data {z;}"_, weak labelers {g;}7.; and the corresponding error bounds {n;}
A smooth real-valued function f : X — R,

wij = gj(x;) € [K]U{0} // Weak labels
Cj =Y. Sij // Coverage
for each epoch do
zi < f(x;) // Logits
pi < 0(z;) // Probabilities
ej — (1—mn; — Zi:w,’j;&@ Di/cj)+ // Error in constraints
dj = 2 sy 20 Pill —pi) /¢
Aj « log(1+ej;/dj) // One step parallel newton update to find A ((2.22))
(hi)k = (zi)i + 22, Ail(wij = k) // Logits of projected distribution ((2.22))
loss <= L 370 lee(25,0(hs)) // Cross entropy loss
f < update(f,R(f) + o - loss) // Gradient descent update ((2.10))
end for
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A.4 Additional results on solving the ILP
A.4.1 Solving the ILP through LP

For the particular ILP in (2.13), we have empirically found that the optimal solution of the relaxed
LP is mostly integral, and approximating the non-integer by its integral solution almost always
satisfies the constraints (the error in constraint satisfaction pe(g;, clf(q)) — n;).

In Figure A.4.2 and A.4.3, we show the performance of solving the ILP after LP relaxation. We
used ‘scipy.linprog’ in Python to solve the LP. In particular, Figure A.4.2 shows that the constraints
are satisfied well (the error pe(g;, clf(q)) — n; is small), and A.4.3 shows that only a small fraction

of the variables (one variable for each unlabeled data x) are non-integral.

A.4.2 Estimation of the cost vector

Projgy (p(x); AK,) and ¢*(z) from (2.14), and (2.15) requires solving an optimization problem. We
expand the Dy, term to have

K

in S h;log(h t hy > (1+ )hy, Yk A.4.150
h?i%; og(hk/p(x)) st hy > (1 + e)hy, Yk # y ( )

which can be solved by a black box convex solver. However, it can also be reparameterized in

PYS Rf 1 to get an unconstrained optimization as,
hi, = exp(=\)/Z for k £y, hy=(1+€)/Z; Z=Y Iy (A.4.151)
k

The objective is no longer convex in A but projected gradient descent (projection to }Rf _1) can still

be used to find a local minima. In particular, we find the approximation
i = log(m?xp(m)j/p(:z:)i) (A.4.152)

yields h for which Dkp, (h||p(z)) is empirically found to be within a small constant factor from the
optimal. This can further be used as a starting point for gradient descent, which then results in a
solution close to optimal. In Figure A.4.4, we show empirically that our approximation is within a
constant factor from the optimal as found by ‘cvxpy. CLARABEL’ convex solver in Python, and a
few iterations of projected gradient descent after this approximation find a solution very close to the

optimal.

A.5 Convex approximation of the constraint on classifier with the
constraint on distribution

We remarked that the constraint sets @ gist that impose constraints on distribution, i.e.

Qjaist = {7 € X = A% | paise(g5,9) < mj} (A.5.153)
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A.4.1. Max error in satisfying convex approximation of constraints (max; pgist (g5, q) — n;), (left) vs
max error in satisfying classifier constraints (max; p(g;, clf(q)) — n;), (right) averaged over 100 runs
of random draws of p and weak labelers, where ¢ = 7(p, Qqist), i-€. the projection ¢ is found by
projecting p on constraints on distribution as described in section 2.3.2.
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solution of A.4.150 found by approximation ((A.4.152)) or gradient descent (20 steps after initial
approximation) and h* denotes the optimal solution as found by “cvxpy. CLARABEL” convex solver.
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can be considered as a convex approximation to the constraint sets (); ¢ that impose constraints on

classifiers, i.e.

Qjar = {q € X = AF | pac(gj, clf (q)) < m;} (A.5.154)

First, we note that for distributions that are very confident on one label, i.e. for any x, there is a y,

such that p(z), > 1 — € for a small €, we can quantify the extent of approximation.

Lemma A.8. If for any x there is a y, such that p(x), > 1 — ¢, then

peit (g5, clf(p)) < paist (g5, p) /(1 — €)

and

paist (95, ) < pae(gj, clf(p))(1 —€) + €

Thus any p that satisfies peie(gj, clf(p)) < (n; —€)/(1 — €) lies in Qjaiss and any p € Qj qisy satisfies
pai(g5, clf(p)) < mj/(1—€).

Proof.

paist(9:0) =E[ Y p(X)|X € 8, clf(p)(X) = g(X)] Pr(clf(p)(X) = g(X)|X € 5)
k#g(X)

+E[ Y p(X)lX € S, clf(p)(X) # g(X)] Pr(clf(p)(X) # g(X)|X € S)
k#9(X)
< €(1 = pat(g, clf(p))) + pat(g, clf (p))
pdist(gap) < pclf(g7C1f(p))(1 - 6) +€
Pdist(9,P) = 0+ (1 — €)par(g, clf (p))
pa(g,clf(p)) < paist(9,p) /(1 — €)

We dropped subscript j for convenience. Substituting peir(g;, clf(p)) < (n; —€)/(1 — €) in the bound
for peie, we get paist (g5, p) < n;. Similarly, substituting pgist (95, p) < 15 in the bound for pg, we get

par(gs, clf(p)) < m;/(1—e). -

The above lemma suggests that if the true distribution makes confident predictions, (which is often

the case for many real-world classification setting), then imposing a constraint on the distribution

is close to imposing a constraint on classifier. However, this is only a sufficient condition and the
convex approximation can be good without such a condition as well.

In Figure, A.4.1 we show the maximum error in satisfaction of any classifier constraint max; pa(g;, clf(¢))—
n; for p sampled uniformly at random when we use the method for projecting on constraints on
distribution, i.e. ¢ = m(p, Qaist). The data for weak labelers was generated randomly by first drawing

S; such that |S;| ~ N(0.6,0.3) and error bound n; ~ N(0.3,0.3) and then choosing weak labels
uniformly at random such that their expected error in S; is ;. To estimate the projection 7 (p, Qaist ),

20 steps of alternating minimization in a round-robin fashion (iterating over all constraints one by

206



one) is performed to find A (proposition A.7), where each step for each constraint ¢ is optimized for

10 steps to find A; given current the iterate A_;.

A.6 Estimating accuracy bound from the validation set

Our algorithm needs some estimate of the error bounds 7;. Often they are not given but we have a
small validation set with true labels, which can be leveraged to get bounds.

One can be tempted to estimate 7; for each labeler g; separately from available labels in its coverage
region S;j. This approach is problematic since many weak labelers have a small coverage set \S; such
that it is unlikely to have coverage in the validation set. Indeed if the validation set was large enough
to have good coverage for all weak labelers, supervised learning may perform well enough rendering
any additional information provided by weak labeler constraints uninformative. We consider two
ways to alleviate this problem of low coverage.

First, we consider a prior distribution on weak labeler errors 7; and then compute a Bayesian
posterior from the labeled set (and use its mean as the estimate of the bound 7;). When there are
no labels in the coverage, the posterior remains the same as the prior. One example of a prior is a
Beta prior 8(«, #) under which observing k incorrect out of n samples induces the posterior with
mean (k + «)/(n+ a + ). This can also be viewed as domain experts providing a general prior
belief about errors instead of individual error estimates/ bounds for each weak labeler.

Second, we consider a shared parameterization of errors as 1; = hy(g;,S;) and then treat ¢ as a
hyperparameter to be tuned on the validation set. A simple instance of this shared parameterization is
a common bound 7; = ¢ ,i.e. hy(-) = ¢. This can also be viewed as domain experts providing relative

information about errors, such as the average errors of different weak labelers are similar/correlated.
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A.7 Additional Experiment Details
A.7.1 Dataset statistics

Dataset Num classes Num labelers Mean Accuracy Mean Coverage
Youtube 2 10 0.83+0.14 0.17 + 0.09
IMDB 2 5 0.71£0.15 0.24 £0.31
Bioresponse 2 20 0.64 + 0.09 0.17 £ 0.20
Yelp 2 8 0.74 £ 0.09 0.18 £0.20
CDR 2 33 0.724+0.13 0.06 £0.12
Chemprot 10 26 0.47+0.17 0.06 +0.07
Semeval 9 164 0.77 £ 0.40 0.01 +£0.03
Trec 6 68 0.73 £0.37 0.03 £0.08

A.7.1. Dataset statistics includes the number of classes, the number of weak labelers, and the mean
accuracy and coverage of the weak labelers.

A.7.2 Error in satisfaction of constraints

Table A.7.2 shows the errors in satisfaction of classifier constraints for our trained classifier f7,
when projecting on Q¢ (row Ourgs(7T) in table Table 2.1) as Aglfv and fj,, when projecting on

Quaist (row Our(7) in table Table 2.1) as Aéist.

Al = (par(gj, fae) = mi)+ (A.7.155)
Ay = (par(gj, fist)) —1j)+ (A.7.156)
mean; A/ = ijAj (A.7.157)
7j=1
where w; = |S;]/ ) 19| (A.7.158)
j=1

For most datasets, we see that almost all constraints are satisfied. Despite projecting on Qgist,

Bio CDR Chem  IMDB  Semeval Trec Yelp Youtube
# Classes 2 2 10 2 9 6 2 2
# Labelers 20 33 26 5 164 68 8 10
meanjAZhSt 0.00.0 0.09.0 0.09.0 0.02¢9.02 0.0g9 0.00.0 0.09.0 0.0g.0
meanjAélf 0.00_0 0.00_0 0.020_01 0.050_01 0.00,0 0.020,01 0.010.0 0.010_01
max; A?jist 0.08p.15 0.079.07r 0.19999 0.11p05 0.09.01 0.129.06 0.03p.01 0.01p.01
max; A/, 0.030.01 0.050.05 0.28p22 0.12903 0.05003 0.559.29 0.06901 0.040.03

A.7.2. Mean and Max error in satisfaction of constraints
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Afhst which measures error in satisfying classifier constraint is small, indicating that projecting on

distribution works well empirically for satisfying constraints on classifier.

A.7.3 Experiment details of solving the ILP

In table Table 2.1, we also reported our results for the method of projecting on the constraint
on classifiers through solving the ILP in 2.5, as Ourqe(7). We did not have access to the true
conditional distribution, and so we could not estimate accuracy bounds with respect to the target
Bayes optimal classifier (2.1). Instead, we use the same bounds as estimated from training labels by
interpreting them as noisy bounds with respect to the target classifier.

We use the python function “scipy.linprog’ to solve the ILP and estimate the projection. € in 2.12
was set to 0.2. The cost vector Projir,(p(X); Aé&) of the ILP is estimated as described in A.4.2, in
particular we use the approximation A\, = log(max; p(x);/p(x)) for Ay in (A.4.151). To limit the
number of constraints in the linear program, we use stochastic gradient descent with a batch size of

1000. We take a single gradient step in each iteration of the alternating minimization in 2.2.
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A.8 Error guarantee inside the coverage of weak labelers

Theorem A.8.9. Let Hi,...,Hy be constraints of the form H; = {h: X — [K] | pas(g;,h) < nj},
each with different constant weak labels, gj(X) =j—1 forall j =1,..., K, then for any f € ﬂj H;,

we have

k
Pr(5;) Pr(B,)
errg(f) < Y (n; + errg,(g; )Pr(S) S (@lo]-3) R (A.8.159)
Jj=1 oC{1,...k},
|o|>2

when S = U;?:l Sj, Bo = (Nics Si) N (mie{l,‘..,k}\a S¢) are minterms.

Proof. (Theorem 2.12 Let By = ((;e, 5i) N ((MNieq1,.. k310 Sf) be minterms. For simplicity, we denote
Bj = Byjy and write Pr(f(X) # f*(X);B) = Pr(X € {z € X | f(z) # f*(x)} N B). Since the
weak labelers g;(x) are constant and different for each g;, without loss of generality, we assume that
gj(x) =j— 1 for any x € S; and for all j = 1,..., k. Intuitively, B; are regions in S; with no other

conflicting weak labels. We observe that

errg(f)Pr(X € S) (A.8.160)
— Pr(f(X) # /*(X): 9) (A8.161)

k k
= Pr(f(X) # f*(X); By) + Pr(f(X) # f*(X); 5= | JBj) (BinB;=0,i+#j) (A8.162)
j=1 J=1

k k
<Y Pr(f(X)#j— LBj) + Pr(f(X) #j - 1;B;) + Pr(X € S — | B;) (A inequality

j=1
(A.8.163)
Since f € (; H;, for j =1,...,k, we have

Pr(f(X) #*i—1 SJ) < PI“(X S SJ) (A.8.164)
Pr(f(X) # j — 1; By) + Pr(f(X) #j — 1;8; — Bj) < 1; Pr(X € ) (A.8.165)
Pr(f(X) #Jj—1;B;) <n; Pr(X € 5;) — Pr(f(X) #j — 1,5 — B)). (A.8.166)

Similarly, since f* € ﬂj Hj, for 5 =1,...,k, we also have
Pr(f*(X) #j — 1; By) < errg,(g;) Pr(S;) — Pr(f*(X) #j — 1;S; — Bj). (A.8.167)

Substitute these inequalities to the above, we have
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k
errg(f)Pr(X € 9) Z nj +errs,(g;)) Pr(X € 5;) — Pr(f(X) #j —1;S; — Bj) (A.8.168)
j=1
k
~Pr(f(X)#j-1;8; - B;) +Pr(X € S— | | By) (A.8.169)
j=1
The region S; — B; is the area in S; with at least one other conflicting region, we can write this as a

combination of minterms that represent each weak label in each region,

Si-Bj= |J B (A.8.170)
Ug{lv“"k}v
jE€o,|o|>2
Therefore,
k
> Pr(f(X)#£j— 15— B)) (A.8.171)
k
= Pr(X €S- B)j) - Pr(f(X) =j - 1;5; - B)) (A.8.172)
j=1
k k
=) Pr(XeS;—Bj)—> > Pr(f(X)=j-1;B,) (from equation A.8.170)
j=1 Jj=10oC{1,....k},
j€o,lo|=2
(A.8.173)
k
=Y Pr(Xe€S—B)— > D Pr(f(X)=j-1;B,) (A.8.174)
Jj=1 oC{1,...,k}, j€o
lo|>2

Pr(X € S; — B;j) — Z Pr(f(X)+1€o0;B,) (label starts from 0) (A.8.175)

v

j=1 oC{1,....k},
lo|>2
k
>> Pr(Xe€S;—Bj)— Y  Pr(XeB,) (A.8.176)
Jj=1 oC{1,...,k},
lo|>2

The second to last step holds from the fact that for each o, we will see B,, |o| times for each element
j € o in terms of Pr(f(X) = j — 1; B,). The same argument also holds for f*. Substitute this back
to the equation (A.8.168)
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k
errg(f) Pr(X € 8) <) (n; + errg, (g;)) Pr(X € S;) — 2ZPr (X € S; — By) (A.8.177)
7=1 j=1
k
+2 > Pr(X € B,)+Pr(X € S— | | B)). (A.8.178)
oC{l,...k},|o|>2 Jj=1

Finally, we can write each term as a combination of B,

k
Pr(xeS—|JBj)= > PrXeB,), (A.8.179)
Jj=1 oC{1,....k},
o] >2
k
Y Pr(XeS;—Bj)= Y |o|Pr(X € By,) (A.8.180)
Jj=1 aC{l,...k},
o] >2

Substitute in, we have the result,

k
errs(f) Pr(X € 5) Z nj +errs,(g;)) Pr(X € S;) — Z (2lo| —3)Pr(X € By). (A.8.181)

j=1 oC{1,....k},
o] >2
or in short, we write
k
Pr(S;) Pr(B,)
— 2lo| — . A.8.182
errs Jzzl Ui +errS g] )PI'(S) C{lz k}( |U| 3) PI’(S) ( 8.18 )
7|c7|;5 '

O

A.9 Extending the error guarantee to the area outside of the weak
labelers coverage with a smoothness property

To prove Theorem 2.13, we rely on the following observation.

Lemma A.10. Let f be an L-Lipschitz function w.r.t. a metric d. For any distribution P, Q we have
Ex~p[f(X)] = Ey~olf (V)] < Wa(P, Q) (A.9.183)

where Wy(P, Q) is a Wasserstein distance between P,(Q where the cost function is given by d.

Proof. For any distribution P, and a transport plan 7' : X x X between P, (), we have
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Ex~p[f(X)] - By olf(Y)] = / f(@)p()dz / Fw)aly)dy (A.9.184)

://f(m) 2,y dydaz—//f T(z,y)dzdy (A.9.185)

//|f IT (z,y)dydx < L// z,y)T(z,y)dydz. (A.9.186)

When T is the optimal transport plan, the right-hand side term is the smallest, which is the definition
of the Wasserstein distance Wy(P, Q). O

The following Theorem is a generalization of Theorem 2.13.

Theorem A.9.11. Let P be a joint distribution over X x Y such that Pr(Y =y | X = x) is L-
Lipschitz w.r.t. a metric d where for all k =1,..., K and 1,22 € X,

|Pr(Y =k | X =a1) —Pr(Y =k | X = 22)| < Ld(x1,22), (A.9.187)

For any set S and f we write an error of f with respect to P as errg(f) =Pr(f(X)#Y | X € 9),
then for any subsets C, D C X, we have

errp(f) < erre(f)(1+t5(C, D)) + Luy(C, D) (A.9.188)
when
. Pre(f(X)=k| X e€C)-Pr(f(X)=k| X € D)
tr(C,D) = sgp\ Pr(f(X) =k [ X €0) | (A.9.189)
and
ZPY = k)Wa(Px|cn{a|f(x)=k}» PX|D{|f(x)=k} )5 (A.9.190)

Wy is a Wasserstien distance and we denote Px|4 for a distribution Px condition on X € A.

Proof. First, we write an error term as a combination of errors for each prediction of f(x),

e’ﬁ"D(f)ZPr(f( )#£Y | X € D) (A.9.191)
—ZPr X)£Y | f(X)=k,X e D)Pr(f(X)=k| X € D) (A.9.192)

K
Z (Y #k|f(X)=k,X e D)Pr(f(X)=k| X € D). (A.9.193)

k=

‘We observe that
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IPL(Y £k | f(X) =k X € D)~ Pr(Y £k | f(X) =k, X € O)| (A.9.194)
I Pr(Y =k | f(X) =k, X € D)= Pr(Y =k | f(X) =k, X € C)| (A.9.195)
= [ExX~Py prgarswy—n BT =k | X)] = Exory ongaswen Pr(Y =k | X)]| (A.9.196)

< LWa(Px | pnfalf(e)=k}» PX|0n{alf(2)=k}) (A.9.197)

In the second to last line, we can think of Pr(Y = k|X) as a function of X for which we can
then apply Lemma A.10 to achieve the last line. For compactness of our notation, we denote
Pro(-) = Prx(- | X € C). Substitute this back to the equation above, we have

errp(f) < i Pr(Y # k[ f(X) = k) Pr(f(X) = k) (A.9.198)
+é!fg(Y # k| f(X)=k) = Pr(Y # k| f(X) = k)| Pr(f(X) = k) (A.9.199)
é r(Y # k| f(X) = k) Pr(f(X) = k) (A.9.200)

+ ;K:_l LWa(Px | pralf@)=k}> PX|Crial s(x)=4}) BE(f () = ) (A.9.201)
:é Pr(Y # k| f(X) = k) Pr(f(X) = k) + Lus(C, D). (A.9.202)

Finally, we also observe that

K

D _Pr(Y # k| f(X) = k) Pr(f(X) = j) (A.9.203)
k=1

K Py _
=;Pcr<wk\f(X)=k>f;r<f<x>=k><1+PrD<f <Xllr—csz(ijg<X> By (a.9.200)
K P _
S;%Y(Y#k\f(X)=k)%r(f(X):k)!1+PrD(f = )

Prp(f(X) = k) = Pro(f(X) = k)

K
<<; Br(Y # k| /(X) = k) Pr(f(X) = k)) (1 + sup| P (F () = 1) )
(A.9.206)
=arro(f)(1 + t4(C, D)) (A.9.207)

Combine with the above, we have
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errp(f) < erre(f)(1 4 ¢4(C, D)) + Luy(C, D) (A.9.208)
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Appendix B
Supplementary Material for Chapter 5: Learning with
Explanation Constraints

B.1 Uniform Convergence via Rademacher Complexity

A standard tool for providing performance guarantees of supervised learning problems is a gener-
alization bound via uniform convergence. We will first define the Rademacher complexity and its

corresponding generalization bound.

Definition B.1. Let F be a family of functions mapping X — R. Let S = {x1,...,zn} be a set of
examples drawn i.i.d. from a distribution Dy. Then, the empirical Rademacher complexity of F is

defined as
sup oif(x

where o1, ...,0y, are independent random variables umformly chosen from {—1,1}.

Rs(F) =

Definition B.2. Let F be a family of functions mapping X — R. Then, the Rademacher complexity
of F is defined as

R.(F)= E [Rs(F)].
S~D1.
The Rademacher complexity is the expectation of the empirical Rademacher complexity, over n
samples drawn i.i.d. from the distribution Dy.

Theorem B.1.3 (Rademacher-based uniform convergence). Let Dy be a distribution over X, and
F a family of functions mapping X — [0,1]. Let S = {x1,...,x,} be a set of samples drawn i.i.d.
from Dy, then with probability at least 1 — § over our draw S,

In(2/9)

[Ep[f(2)] — Es(f(2)]| < 2Rn(F) +1/ —

This holds for every function f € F, and Eg[f(x)] is expectation over a uniform distribution over S.

This bound on the empirical Rademacher complexity leads to the standard generalization bound for

supervised learning.

Theorem B.1.4. For a binary classification setting when y € {£1} with a zero-one loss, for
HC{h:X — {-1,1}} be a family of binary classifiers, let S = {(x1,y1), ..., (Tn,yn)} is drawn
i.3.d. from D then with probability at least 1 — §, we have
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errn(h) — GFS(1)] < Ru(H) + ) ot

for every h € H when

and

is the empirical error on S.

For a linear model with a bounded weights in ¢2 norm, the Rademacher complexity is O(ﬁ) We
refer to the proof from Ma [144] for this result.

Theorem B.1.5 (Rademacher complexity of a linear model ([144])). Let X be an instance space in
RY, let Dy be a distribution on X, let H = {h : x — (wp,z) | w, € R, ||wp|l2 < B} be a class of
linear model with weights bounded by some constant B > 0 in o norm. Assume that there exists a
constant C > 0 such that Epp,[||z]|3] < C%. For any S = {x1,...,2,} is drawn i.i.d. from Dy,
we have

n

B
Rs(H) < — | > [lill3
=1
and BC
R,(H) < 7=

Many of our proofs require the usage of Talgrand’s lemma, which we now present.

Lemma B.6 (Talgrand’s Lemma [397]). Let ¢ : R — R be a k-Lipschitz function. Then for a
hypothesis class H = {h : R — R}, we have that

Rs(¢poH) < kRs(H)

where poH ={f: 2z ¢(h(z))|h € H}.

B.2 Generalizable Constraints

We know that constraints C'(x) capture human knowledge about how explanations at a point  should
behave. For any constraints C'(x) that are known apriori for all z € X', we can evaluate whether a
model satisfies the constraints at a point x € X'. This motivates us to discuss the ability of models
to generalize from any finite samples Sg to satisfy these constraints over X with high probability.
Having access to C(z) is equivalent to knowing how models should behave over all possible data
points in terms of explanations, which may be too strong of an assumption. Nevertheless, many

forms of human knowledge can be represented by a closed-form function C(z). For example,

1. An explanation has to take value in a fixed range can be represented by C(z) = II]_,[a;, b;],Vz €
X.
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2. An explanation has to stay in a ball around x can be represented by C(z) = {u € R? |
lu—xll2 <7}

3. An explanation has to stay in a rectangle around Z can be represented by C(z) = {u € R? |

%—aigui§%+bi,i:1,...,d}.

rectangle around %

.

A
\ 4

° k— fixed interval

ball around =

B.2.1. Tllustration of examples of explanation constraints, given from some learnable class C(z).

In this case, there always exists a surrogate loss that represents the explanation constraints C'(x); for
example, we can set ¢(h,z) = 1{g(h,x) € C(z)}. On the other hand, directly specifying explanation
constraints through a surrogate loss would also imply that C'(x) is known apriori for all x € X.
The task of generalization to satisfy the constraint on unseen data is well-defined in this setting.
Furthermore, if a surrogate loss ¢ is specified, then we can evaluate ¢(h,x) on any unlabeled data
point without the need for human annotators which is a desirable property.

On the other hand, we usually do not have knowledge over all data points x € X'; rather, we may
only know these explanation constraints over a random sample of k data points Sg = {z],...,z}}.
If we do not know the constraint set C(z), it is unclear what satisfying the constraint at an unseen
data point x means. Indeed, without additional assumptions, it may not make sense to think about
generalization. For example, if there is no relationship between C(z) for different values of z, then it

is not possible to infer about C'(z) from C(z}) for i = 1,..., k. In this case, we could define

¢(h,x) = H{g(h, z) € C(z)}1{z € Sk},

where we are only interested in satisfying these explanation constraints over the finite sample Sg.
For other data points, we have ¢(h,z) = 0. This guarantees that any model with low empirical
explanation loss would also achieve loss expected explanation loss, although this does not have any

particular implication on any notion of generalization to new constraints. Regardless, we note that
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our explanation constraints still reduce the size of the hypothesis class from H to Hg -, leading to
an improvement in sample complexity.

The more interesting setting, however, is when we make an additional assumption that the true
(unknown) surrogate loss ¢ exists and, during training, we only have access to instances of this
surrogate loss evaluated on the sample ¢(-,2}). We can apply a uniform convergence argument to
achieve

In(4/6

6(h, D) < 0(h, 55) + 2Ru(0) + || L)

with probability at least 1 — ¢ over Sg, drawn i.i.d. from Dy and G = {¢(h,-)|h € H}, k = |SEg|.

Although the complexity term Ry (G) is unknown (since ¢ is unknown), we can upper bound this

by the complexity of a class of functions ® (e.g., neural networks) that is large enough to well-
approximate any ¢(h,-) € G, meaning that Ri(G) < Ry (®). Comparing to the former case when
C(z) is known for all x € X’ apriori, the generalization bound has a term that increases from Ry (G)
to Ry (®), which may require more explanation-annotated data to guarantee generalization to new
data points. We note that the simpler constraints lead to a simpler surrogate loss, which in turn
implies a less complex upper bound ®. This means that simpler constraints are easier to learn.

Nonetheless, this is a more realistic setting when explanation constraints are hard to acquire and
we do not have the constraints for all data points in X. For example, Ross et al. [4] considers an
image classification task on MNIST, and imposes an explanation constraint in terms of penalizing
the input gradient of the background of images. In essence, the idea is that the background should
be less important than the foreground for the classification task. In general, this constraint does not
have a closed-form expression, and we do not even have access to the constraint for unseen data
points. However, if we assume that a surrogate loss ¢(h, ) can be well-approximated by two layer
neural networks, then our generalization bound allows us to reason about the ability of model to

generalize and ignore background features on new data.

B.3 Goodness of an explanation constraint

Definition B.7 (Goodness of an explanation constraint). For a hypothesis class H, a distribution D
and an explanation loss ¢, the goodness of ¢ with respect to a threshold 7 and n labeled examples is:

Gnr (9, 1) = (Bn(H) = Bn(Hg 7)) + (errp(h®) — errp(hy))

h* = argminerrp(h h¥ = arg min errp(h).
g min p(h), h7 g, min p(h)

Here, we assume access to infinite explanation data so that ¢, — 0. The goodness depends on the
number of labeled examples n and a threshold ¢. In our definition, a good explanation constraint leads
to a reduction in the complexity of H while still containing a classifier with low error. This suggests
that the benefits from explanation constraints exhibit diminishing returns as n becomes large. In fact,
as n — 00, we have R,(H) — 0, R,,(H4 ) — 0 which implies G, (¢, H) — errp(h*) — errp(h}) < 0.

On the other hand, explanation constraints help when n is small. For ¢ large enough, we expect
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errp(h*) — errp(hl) to be small, so that our notion of goodness is dominated by the first term:

R, (") — Rn(Hg ), which has the simple interpretation of reduction in model complexity.

B.4 Examples for Generalizable constraints

In this section, we look at the Rademacher complexity of G for different explanation constraints to
characterize how many samples with explanation constraints are required in order to generalize to
satisfying the explanation constraints on unseen data. We remark that this is a different notion of
sample complexity; these unlabeled data require annotations of explanation constraints, not standard
labels. In practice, this can be easier and less expertise might be necessary if define the surrogate loss

¢ directly. First, we analyze the case where our explanation is given by the gradient of a linear model.

Proposition B.8 (Learning a gradient constraint for linear models). Let D be a distribution over
RY. Let H = {h:x s (wp,z) | wy, € R, ||wyll2 < B} be a class of linear models that pass through
the origin. Let ¢(h,x) = 0(wp,wp) be a surrogate explanation loss. Let G = {¢(h,-) | h € H}, then
we have

Proof. For a linear separator, ¢(h,-) is a constant function over X'. The Rademacher complexity is
given by

- L Lo .
R,(G)= E |E| sup | =) oip(h,x;)
n z~D | o | ¢(h,)EG m; ? i |
- L Lo o
= E |E|sup | — oi | O(wp, wy
xz~D _0 _hE?—L m; Z) ( )__
T -
= E (E||l— oi | sup 6(wp, wp
22| (52 gt |
gl
_20 m “ 7i
L =1
T
Si

O

We compare this with the Rademacher complexity of linear models which is given by R,,(H) < %.
The upper bound does not depend on the upper bound on the weight B. In practice, we know that
the gradient of a linear model is constant for any data point. This implies that knowing a gradient
of a single point is enough to identify the gradient of the linear model.

We consider another type of explanation constraint that is given by a noisy model. Here, we could
observe either a noisy classifier and noisy regressor, and the constraint could be given by having

similar outputs to this noisy model. This is reminiscent of learning with noisy labels [33] or weak
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supervision [3, 19, 59]. In this case, our explanation g is simply the hypothesis element h itself, and

our constraint is on the values that h(x) can take. We first analyze this in the classification setting.

Proposition B.9 (Learning a constraint given by a noisy classifier). Let D be a distribution over
R?.  Consider a binary classification task with ) = {=1,1}. Let H be a hypothesis class. Let
¢(h,x) = 1[h(x) # h'(z)] be a surrogate explanation loss. Let G = {¢(h,-) | h € H}, then we have

Proof.

R,(G)= E |E| sup (;Zam(h,xi))”
i=1

z~D | o _¢(h’7’)€g

1 & 1—h(x)h (z
el (B

9 | heH

O

Here, to learn the restriction of G is on the same order of R, (H). For a given noisy regressor, we

observe slightly different upper bound.

Proposition B.10 (Learning a constraint given by a noisy regressor). Let D be a distribution over
Re. Consider a regression task with Y = R. Let H be a hypothesis class that Yh € H,—h € H. Let
¢(h,x) = |h(x) — W (x)| be a surrogate explanation loss. Let G = {¢p(h,-) | h € H}, then we have

R, (G) <2R,(H).
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Rn(g)zwDNED E _(ﬂsup ( Zalgi) (h, z; )”
- 5 [¢ (5 oo )

= E |E |sup ( ZUZ max (0, h(z;) — h'(x;)) ZO’Z max (0, b’ (x;) — h(wﬂ))”

z~D |0 | heM m

gx[NED _[E 2272( Zz;UZmaXOh(:z:,) h’(a:ﬂ)) +
Eo B (mZ )]
< 5, [z o (5 ttea st || g [ [ (5 Eorticed i) ||

where in the last line, we apply Talgrand’s lemma B.6 and note that the max function max(0, h(z))
is 1-Lipschitz; in the third line, we note that we break up the supremum as both terms by definition
of the max function are non-negative. Then, noting that we do not optimize over h'(z), we further
simplify this as

ri0)= 5, |2 o (S| |+ 5, |2 o (S |
< 2R, (H).

As mentioned before, knowing apriori surrogate loss ¢ might be too strong. In practice, we may only
have access to the instances ¢(-, x;) on a set of samples S = {x1,...,z}. We also consider the case

when ¢(h,z) = |h(z) — h/(z)| when b’ is unknown and 2’ belongs to a learnable class C.

Proposition B.11 (Learning a constraint given by a noisy regressor from some learnable class C).
Assume D is a distribution over R?. Let H and D be hypothesis classes. Let ¢pr(h,x) = |h(x) —h' ()]
be a surrogate explanation loss of a constraint corresponding to h'. Let Ge = {¢p/(h,-)|h € H,h' € C},
then we have

Ro(Ge) < 2Ry (H) + 2R, (C).
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Proof.

R.(Gc)= E |E
x~D | o

u oip(h, x;)
2 (55|

1 m

= E E [sup | — Uihxi —h’mi

5[ [ (3 Soatnto - e
Lh' eC

sup Z o;max (0, h(z;) — h'(z;)) +
z~D | 0 | heH, i—1
h/eC

IN
&=
&=

E |E |sup szaxOh T; h(x;
MMGH(Z (w:) - <>>>

el =1

< E |E —h'( +
< E |E ;;}i ( ZJZ :cz)))
h/eC
1 m
E |E |su — (W (x;) — h(z;
| he?g, (m;%( (4) ( z)))
h'eC

where the lasts line again holds by an application of Talgrand’s lemma. In this case, we indeed are
optimizing over h’, so we get that

1 — ,
Rn(gC) <2 ervED 21615 ( Zaz Ly ) +2- ervED Ig: !isz’uE% (m ;UZ(h (xl))>]]
— 2R, (H) + 2R, (C).

We remark that while this value is much larger than that of R, (), we only need information about
¢(h,x) and not the true label. Therefore, in many cases, this is preferable and not as expensive to

learn.

B.5 Proof of Theorem 3.19

We consider the agnostic setting of Theorem 3.19. Here, we have two notions of deviations; one is
deviation in a model’s ability to satisfy explanations, and the other is a model’s ability to generalize

to correctly produce the target function.

Proof. From Rademacher-based uniform convergence, for any h € H, with probability at least 1 —¢/2
over Sg
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In(4/0) _

2k
Therefore, with probability at least 1 — /2, for any h € Hgy s, we also have ¢(h, Sg) <t and for
any h with ¢(h, Sg) <t, we have h € Hy 14, . In addition, by a uniform convergence bound, with
probability at least 1 — /2, for any h € Hey 14e,

|p(h, D) — ¢(h, SE)| < 2R(G) + Ek

In(4/3)
2n

jexrp(h) — errs(h)] < Ru(Moore,) +

Now, let i’ be the minimizer of errg(h) given that ¢(h, Sg) < t. By previous results, with probability
1 -4, we have b/ € Hy41e, and

In(4/9)
2n
In(4/0)
2n
In(4

2

errp(R') < errg(R') + Ry(Hpi4e,) +

<errs(hi_, ) + Rn(Hgptre,) +

~

. 0
< errp(ht,ek) + 2Rn(H¢,t+€k) +2 ) )

S

B.6 EPAC-PAC learnability

We note that in our definition of EPAC learnability, we are only concerned with whether a model
achieves a lower surrogate loss than 7. However, the objective of minimizing the EPAC-ERM
objective is to achieve both low average error and low surrogate loss. We characterize this property

as EPAC-PAC learnability.

Definition B.12 (EPAC-PAC learnability). For any § € (0,1),7 > 0, the sample complexity of
(0,7,7) - EPAC learning of H with respect to a surrogate loss ¢, denoted m(d, 7,7v; H, ¢) is defined
as the smallest m € N for which there exists a learning rule A such that every data distribution Dy
over X', with probability at least 1 — ¢ over S ~ D™,

H(A(S).D) < inf (. D) + 7

and

errp(A(S)) < inf errp(h) + 7.
heH

If no such m exists, define m(6, 7,7v; H, ) = co. We say that H is EPAC-PAC learnable in the
agnostic setting with respect to a surrogate loss ¢ if V§ € (0,1),7 > 0, m(d, 7,v; H, ¢) is finite.
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B.7 A Generalization Bound in the Realizable Setting

In this section, we assume that we are in the doubly realizable [50] setting where there exists h* € H
such that errp(h*) = 0 and ¢(h*, D) = 0. The optimal classifier A* lies in H and also achieve zero
expected explanation loss. In this case, we want to output a hypothesis h that achieve both zero

empirical risk and empirical explanation risk.

Theorem B.7.13 (Generalization bound for the doubly realizable setting). For a hypothesis class H,
a distribution D and an explanation loss ¢. Assume that there exists h* € H that errp(h*) = 0 and
¢(h*,D) =0. Let S = {(z1,41)s- .-, (Tn,Yn)} is drawn i.i.d. from D and Sgp = {z},...,x}} drawn
i.i.d. from Dx. With probability at least 1 — 0, for any h € ‘H that errg(h) = 0 and ¢(h, Sg) =0, we

have

errp(h) < Ry(Hge, ) + ln(;n/ %)
when
In(2
er = 2Ry(G) + “gk/‘”

when G = {¢(h,z) | h € H,z € X}.

Proof. We first consider only classifiers than has low empirical explanation loss and then perform
standard supervised learning. From Rademacher-based uniform convergence, for any h € H, with
probability at least 1 — §/2 over Sg

$(h, D) < ¢(h, Sp) + 2Rk(G) + 1ﬂ<22k/5>

when G = {¢(h,x) | h € H,x € X}. Therefore, for any h € H with ¢(h, Sg) =0, we have h € Hy(,
with probability at least 1 — ¢/2. Now, we can apply the uniform convergence on Hy.,. For any
h € Hgy., with errg(h) = 0, with probability at least 1 — §/2, we have

In(2/6
errp(h) < Ry, (Hee,) + In(2/9) )
2n
Therefore, for h € H that ¢(h,Sg) = 0,errg(h) = 0, we have our desired guarantee. O]

We remark that, since our result relies on the underlying techniques of the Rademacher complexity,
our result is on the order of O(ﬁ) In the (doubly) realizable setting, this is somewhat loose, and
more complicated techniques are required to produce tighter bounds. We leave this as an interesting

direction for future work.

B.8 Rademacher Complexity of Linear Models with a Gradient
Constraint

We calculate the empirical Rademacher complexity of a linear model under a gradient constraint.

Theorem B.8.14 (Empirical Rademacher complexity of linear models with a gradient constraint).
Let X be an instance space in R, let Dy be a distribution on X, let H = {h : x — (wy, ) | wy, €
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flv) =0

B.8.2. Illustration of different value of a function f(v).

RY, ||wy||2 < B} be a class of linear model with weights bounded by some constant B > 0 in {3 norm.
Assume that there exists a constant C > 0 such that Eyp.[||z]|3] < C%. Assume that we have an
explanation constraint in terms of gradient constraint; we want the gradient of our linear model to be
close to the gradient of some linear model /. Let ¢(h,x) = 0(wp, wy) be an explanation surrogate
loss when (u,v) is an angle between u,v. For any S = {x1,...,x,} is drawn i.i.d. from Dy, we have

Rs(Hy.) = DB, [0l /(0]

when v =31 | x;0; and

1 when O(v,w') <7
f(v) = cos(f(v,w') — 1) when T <O(v,w) < T +7
0 when O(v,w') > % + 7.

For the proof, we refer to Appendix B.8 for full proof. We compare this with the standard bound

on linear models which is given by
B

Rs(H) = ZE [
The benefits of the explanation constraints depend on the underlying data distribution; in the case
of linear models with a gradient constraint, this depends on an angle between v = > | x;0; and w'.
The explanation constraint reduces the term inside the expectation by a factor of f(v) depending on
0(v,w"). When 0(v,w") < 7 then f(v) =1 which implies that there is no reduction. The value of f(v)
decreases as the angle between 6(v, w') increases and reaches f(v) =0 when 6(v,w') > 5 4+ 7. When
the data is concentrated around the area of w’, the possible regions for v would be close to w’ or —w’
(Figure B.8.3 (Top)). The value of f(v) in this region would be either 1 or 0 and the reduction would
be % on average. In essence, this means that the gradient constraint of being close to w’ does not

actually tell us much information beyond the information from the data distribution. On the other
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B3

B.8.3. Benefits of an explanation constraint also depend on the data distribution. We represent data
points x; with red squares (Left). The possible regions for v = Y7 | x;0; are the shaded areas
(Right). When the data is highly correlated with w’, v would lie in a region where f(v) is large
(Top) and this implies that the gradient constraints provide less benefits. On the other hand, when
the data is almost orthogonal to w’, v would lie in a region with a small value of f(v) (Bottom)
which leads to more benefits from the gradient constraints

hand, when the data points are nearly orthogonal to w’, the possible regions for v would lead to a small
f () (Figure B.8.3 (Bottom)). This can lead to a large reduction in complexity. Intuitively, when the
data is nearly orthogonal to w’, there are many valid linear models including those not close in angle to

w’. The constraints allows us to effectively shrink down the class of linear models that are close to w’'.

Proof. (Proof of Theorem B.8.14) Recall that Hy, = {h : © — (wp,x) | wyp € R, [|wpll2 <
B, 0(wp,wp) < 7}. For a set of sample S, the empirical Rademacher complexity of Hg ; is given by
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n

Rs(Hpr) = EE” h;%p Zh(mi)ai
L é7 =1

n

1

= —E, sup E (wp, )04
n lwnll2<B ;5

LO(wp,,wy,r ) <T ]

n
=—E; sup <wh,g T;0;)
n lwnll2<B i=1
_e(whawh/ )ST

For a vector w' € R? with [|Jw'[|2 = 1, and a vector v € R?, we will claim the following,

1. If O(v,w’) < 7, we have
sup  (w,0) = Bllo]|.
Jwll2<B
O(w,w") <t

2. If T+ 7 < 6(v,w') <, we have

sup (w,v) =0.
wll2<B
O(w,w ) <7

3. If 7 < O(v,w’) < § + 7, we have

sup {(w,v) = Bljv| cos(f(v,w’) — 7)
lwl2<B
O(w,w') <t

For the first claim, we can see that if 6(v,w’) < 7, we can pick w = ﬁ)—ﬂ and achieve the optimum
value. For the second claim, we use the fact that 6(-,-) satisfies a triangle inequality and for any w
that 6(w,w’) < 7, we have

0(v,w) + O(w,w') > 0(v,w')

O(v,w) > O(v,w') — O(w,w)

9(1},11))2%4-7’—7':

2o 3

This implies that for any w that 8(w,w’) < 7, we have (w,v) = ||w]|||v]|| cos(6(v,w)) < 0 and the
supremum is given by 0 where we can set |w|| = 0. For the third claim, we know that (w,v) is
maximum when the angle between v, w is the smallest. From the triangle inequality above, we
must have f(w,w’) = 7 to be the largest possible value so that we have the smallest lower bound
O(v,w) > 6(v,w') — 6(w,w’). In addition, the inequality holds when v, w’, w lie on the same plane.
Since we do not have further restrictions on w, there exists such w and we have

sup  (w,0) = Bllo] cos(8(v, ) - 7)
[wl2<B
O(w,w' )<t
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as required. One can calculate a closed form formula for w by solving a quadratic equation. Let w =
ﬁ%‘l" when w = v+ Aw' for some constant A\ > 0 such that 8(w,w’) = 7. With this we have an equation

R
)
Let p = (v,w'), solving for A, we have
ptA = cos(T)

VIIIZ + 22+ X2
12+ 2p\ + A2 = cos? (7)(||v]|* + 2hu + A\?)
sin?(7)A2 + 2sin? (1) X + % — cos?(7)||lv||> = 0
12
sin?(7)

A2 + —cot?(7)||v)|* = 0

Solve this quadratic equation, we have

A= —p £ cot(r)y/[|v]|* — p2.

Since A > 0, we have A = —p + cot(7)/||v]|? — u?. We have

w=v+
— v+ (ot cot(r) Vol — P
= v — (v,w)w + cot(T)w'\/||v]]? — p2.

With these claims, we have

1 n
Rgs (Hqﬁ,’r) = —E, sup <wha Z xio'i>
n llwnll2<B i—1
O(wp,wp, ) <T

= 2B, [0, w') < 7} + [ol1{r < 0fo,u) < 5+ 7} cos(0(v, w') — 7)

zngAWMﬂWL

O

Theorem B.8.15 (Rademacher complexity of linear models with gradient constraint, uniform
distribution on a sphere). Let X be an instance space in R?, let Dy be a uniform distribution on a unit
sphere in R, let H = {h : x — (wp, x) | wy, € R, |Jwp||2 < B} be a class of linear model with weights
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bounded by some constant B > 0 in ly norm. Assume that there exists a constant C' > 0 such that
Eopy[l|2]|3] < C?. Assume that we have an explanation constraint in terms of gradient constraint;
we want the gradient of our linear model to be close to the gradient of some linear model h'. Let
¢(h,x) = O(wp, wp) be an explanation surrogate loss when 6(u,v) is an angle between u,v. We have

Ro(Hor) = 2= (sin(r). p+1‘),

i (e

S (M)

where

V2
Proof. From Theorem B.8.14, we have that

Ry(Her) = E[Rs(He7)]
B

— ZEp [ [0l 1{6(v, w) < 7} + [0l 1{r < 6(v,w) < T + T} cos(B(v, w) —7)]]
= ZEp [B, [Joll1 {0, w) < 5~} + Joll1{y — 7 < 0w, ') < 5 + 7} cos(O(w, w') —7)]|

when v = )" | z;0;. Because z; is drawn uniformly from a unit sphere, in expectation 6(v, w’) has
a uniform distribution over [0, 7] and the distribution ||v|| for a fixed value of (v, w’) are the same
for all (v, w’) € [0,7]. From Trigonometry, we note that

cos(g —27+4a)+ Cos(g —a) = sin(27 — a) + sin(a) < 2sin(7).

By the symmetry property and the uniformity of the distribution of #(v,w’) and ||v||.

Ep [, [Iof1(} 7 < 0(0.0) < T+ ) cos(O(v, ') —7)]|
=Ep :Eo' ||vH1{0 <f(v,w') <27} cos(g +0(v,w) — T)”

=Ep [Eg {HvH(l{O <0O(v,w') <1} cos( v,w') — 1)+ {1 < 0(v,w') <27} cos(g +0(v,w') — 7'))”

+6(
Eo [[01(1{0 < 0(v,w') < r}cos(F + 0(v,w') = 7) + {0 < 27 — 0(v, w') < 7} cos(3 — (27 — 6(v,u))))]

Eo [[01(1{0 < 0(v,w) < rycos(F + 0(v,w') = 1) + 1{0 < (v, ') < }eos(T — B(v,u))] |

E
E

= Ep [E, [[oll(1{0 < 6(v, w') < 7} cos( + (v, w') = 7) + 1{0 < 6(v, w') < 7} cos(F — 0(v, w)))] |
E

<Ep|E, _||UH1{% <O, < g +T}sm(7)H

when 0(v,w') = 7 —6(v,w’). We have
Ro(Hyr) < %ED [E(, [va{e(v,w ) < g S Hle{f < Ow,) < g n T}sin(T)”
= By [E, [ol]] (Pr(0(v, w) < 5 —7) + Pr(s — 7 < v, w') < T+ 7)sin(r))
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The last equation follows from the symmetry and uniformity properties. We can bound the first
expectation

Ep[Eo|[v]]]] = Ep[Eq ) zioill]
i=1

< ED[\ Bl " wio|?]]
=1

=Ep| EUZ||1‘Z||2JZQH
\ &
< Cy/n.

Next, we can simply note that, since our data is distributed over a unit sphere, each data has norm
no greater than 1. Therefore, we know that C' = 1 is indeed an upper bound on E,.p,[||z|3]. For
the probability term, we note that in expectation v has the same distribution as a random vector u
drawn uniformly from a unit sphere. We let this be some probability p:

p=Pr (g —7<0(v,w') < g+7> = Pr (|(u,w")| < sin(7)).

We know that the projection (u,w’) ~ N(0,2). Then, we have that |(u,w’)| is given by a Folded
Normal Distribution, which has a CDF given by

1 Vdsin(T) Vdsin(T)
() e ()

of <\/&Sin(7)) '

Pr (|(u, w')| < sin(r))

@

V2

We then observe that

Pr@(“vwl)ﬁg—T):%<1—Pr(g—7§9(v,w’)Sg—m—))
1—

where

231



O

B.9 Rademacher Complexity for Two Layer Neural Networks with
a Gradient Constraint

Here, we present the full proof of the generalization bound for two layer neural networks with
gradient explanations. In our proof, we use two results from Ma [144]. One result is a technical

lemma, and the other is a bound on the Rademacher complexity of two layer neural networks.

Lemma B.16. Consider a set S = {x1,...,x,} and a hypothesis class F C {f : R? — R}. If

n
sup Zf(xi)al- >0 forany o;€{x1},i=1,...,n,
feriz

then, we have that

< 2E,

EU 1)U )0 | -
liggliz;f(a:)al ?gg;f(x)a]

Theorem B.9.17 (Rademacher complexity for two layer neural networks [144]|). Let X be an
instance space and Dy be a distribution over X. Let H = {h :z— > ", wm(u?wﬂwi e R,u; €
R4, S wil||uille < B} be a class of two layer neural networks with m hidden nodes with a ReLU
activation function o(x) = max(0,z). Assume that there exists some constant C > 0 such that
E.p.ll|2]3] < C%. Then, for any S = {z1,...,2,} is drawn i.i.d. from Dx, we have that

and

We defer interested readers to [144] for the full proof of this result. Here, the only requirement of
the data distribution is that E,p,[||z]/3] < C?. We now present our result in the setting of two

layer neural networks with one hidden node m = 1 to provide clearer intuition for the overall proof.

Theorem B.9.18 (Rademacher complexity for two layer neural networks (m = 1) with gradient
constraints). Let X' be an instance space and Dy be a distribution over X. Let H = {h : x —
wo(u'z)|w € Ryu € RY, |w| < B, ||lul| = 1}. Without loss of generality, we assume that ||u|| = 1.
Assume that there exists some constant C > 0 such that E,p,[||z||3] < C?. Our explanation
constraint is given by a constraint on the gradient of our models, where we want the gradient of
our learnt model to be close to a particular target function ' € H. Let this be represented by an
explanation loss given by

¢(h, x) = [|Vah(z) = Voh!(2)||2 + 00 - H{||Vah(z) — Vol (2)|| > 7}

for some T > 0. Let h(x) = w'o((u')"z) the target function, then we have
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Rn(sz),‘r) < % @f ‘w/‘ > T,
3rC )
Rn(Her) < NG if [w'| < 7.

Proof. Our choice of ¢(h, x) guarantees that, for any h € Hg -, we have that ||V h(z) =V R (z)|| < T
almost everywhere. We note that for h(z) = wo(u' ), the gradient is given by V,h(z) = wul{u'z >

0}, which is a piecewise constant function over two regions (i.e., u'2 > 0,u' 2 < 0), captured by
Figure B.9.4.

wu / wu — w'u'

B.9.4. Visualization of the piecewise constant function of V h(x) — V h/(z) over 4 regions.

We now consider V,h(z) — V,h/(z), and we have 3 possible cases.

Case 1: O(u,u') >0

This implies that the boundaries of V,(h) and V, h'(z) are different. Then, we have that V h(x) —
Vh'(z) is a piecewise constant function with 4 regions, taking on values

wu —w'v'  when u'z >0, (u) x>0
wu when u'x > 0, (/) 2 <0

Veh(z) — Vi h (z) = ’
() ol (@) —w'u/ when u'z <0, (u)Tz >0
0 when u'z <0, (u/) Tz <0

If we assume that each region has probability mass greater than 0 then our constraint ||V h(x) —
Vzh'(z)|2 < 7 implies that |w| = |w|||u| < 7, |0'| = [W'|[|W/]] < 7, [Jwu — W] < 7.

Case 2: O(u,u') =0

This implies that the boundary of V,h(z) and V,h'(x) are the same. Then, V,h(z) — V,h/'(z) is a
piecewise constant over two regions
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when vz > 0

wu — w'y
Vaoh(z) — Vi h (z) =
(z) (z) {0 when vz < 0

This gives us that |w — w'| = |Jwu — wW'd/|| < 7.

Case 3: O(u,u/) =7

Here, we have that the decision boundaries of V h(z) and V,h'(x) are the same but the gradients
are non-zero on different sides. Then, V,h(z) — V,h/(x) is a piecewise constant on two regions

WU when vz > 0

—w'u/  when u'z <0

Vaih(z) — Vil (z) = {

This gives us that |w| < 7 and |w'| < 7.
These different cases tell us that the constraint ||V h(z) — Vih/'(2)| < 7 reduces H into a class of
models follows either

1. u=4 and |Jw—w'| < 7.
2. u # v and |w| < 7. However, this case only possible when |w'| < 7.

If |w’| > 7, we know that we must only have the first case. Now, we can calculate the Rademacher
complexity of our restricted class Hy . We will again do this in separate cases.

Case 1: |[u'| > T

For any h € M4, we have that u = v/ and |w — w'| < 7. For a sample S = {z1,...,z,},

R, (/H¢,-r) =

= —E, [sup ) wo((u')T:L‘i)Ui] (asu=1)

Since, |w —w'| < T,
w-—rT<w<uw 47

Then, we can compute the supremum over w as

Therefore, we have

sup w (Z U((UI)T$¢)0'2> = (w'+Tsign (Z a((u')T:UZ-)ai>> . (
i=1 i

w i=1

3

Now, we can calculate the Rademacher complexity as
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Rs(Hy,r)

IN
S

IN
SHE

<

S

SH

E, [w' < a((u’)Txl)m-) —|—T|Za((u') x;) o)
i=1 =1
E, [\ Za«u'mwz]
i=1
E, ||Z O'((’LLI)T:Ui)UiH2] (Jensen’s inequality)
i=1

Eo, Z a((u’)Tx,;)202] (since oy, 0 are independent with mean 0)

n

> (W) Tay)?

=1

n
> il
i=1

Combining this with the fact that E [[|z]*] < C?, we have

Rn(Hor) = E[Rs(Hg.r)]

Case 2: |u/'|||v/]| < 7.
We know that Hg » = 1 7-[((;) when

We have

&, 7

T

”Hc(blz ={heHh:x—woluz),u=1u,|lw—u|<r7}

’Hf} ={hecHh:z—=wo(u z),|u] =1u+#,|w <71}
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1 r n
RS(H(W) = —E, | sup Zh(m)ffz’
n _hEH¢,T i=1
| - -
< ~E, sup Z h(:ci)O'i + sup Z h(xi)ai
o hen) i hen$) i=1

= Rs(H\)) + Rs(HY)

The second line holds as sup,caup f(2) < supyca f(z) + sup,ep f(z) when sup,c4 f(x) > 0 and
sup,ep f(z) > 0. We know that both of these supremums be greater than zero, as we can recover
the value of 0 with w = 0. From Case 1, we know that
TC
Ry(HY)) < T~

NG

We also note that %552)7 is a class of two layer neural networks with weights with norms bounded by
7. From Theorem B.9.17, we have that

2
Ro(HD) < ZTC
’ n
Therefore, in Case 2,
3rC
Ro(Hor) < 2=
n
as required. O

Now, we consider in the general setting (i.e., no restriction on m).

Theorem B.9.19 (Rademacher complexity for two layer neural networks with gradient constraints
). Let X be an instance space and Dy be a distribution over X with a large enough support. Let
H={h:a— 37", wja(ujTa:)\wj € Ryu; € RY, |ujls = 1,370 [wi| < B}. Assume that there
exists some constant C > 0 such that Epp,[||7||3] < C?. Our explanation constraint is given by a
constraint on the gradient of our models, where we want the gradient of our learnt model to be close
to a particular target function h' € H. Let this be represented by an explanation loss given by

¢(h, x) = [Vah(z) = Vah/ ()2 + 00 - W{|[Vah(z) — Vah/ ()] > 7}

for some T > 0. Then, we have that

To be precise,
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when q is the number of node j of h' such that |w| < .

We note that this result indeed depends on the number of hidden dimensions m; however, we note
that in the general case (Theorem B.9.17), the value of B is O(m) as it is a sum over the values of

each hidden node. We now present the proof for the more general version of our theorem.

Proof. For simplicity, we first assume that any h € H has that |lu;|| = 1,Vj. Consider h € H,
we write h = Y01, w;U((u;)Tx) and let 7'(x) = > 0L, w}a((u;-)—ra:) be a function for our gradient
constraint. The gradient of a hypothesis h is given by

Vah(z) = ijuj . 1{u]Ta: > 0},
j=1

which is a piecewise constant function over at most 2™ regions. Then, we consider that
m m
Vih(z) — Vb (z) = ijUj . 1{u]Tx >0} — Zw;u; : 1{(u3)Taz > 0},
j=1 J=1

which is a piecewise constant function over at most 22 regions. We again make an assumption that
each of these regions has a non-zero probability mass. Our choice of ¢(h,x) guarantees that the
norm of the gradient in each region is less than 7. Similar to the case with m = 1, we will show
that the gradient constraint leads to a class of functions with the same decision boundary or neural
networks that have weights with a small norm.

Assume that among u1, ..., u,, there are k vectors that have the same direction as u}, ..., u,,,. Without
loss of generality, let u; = u; for j = 1,...,k. In this case, we have that V h(z) — VI (z) is
a piecewise function over 22™~* regions. As each region has non-zero probability mass, for each
j€{1,...,k}, we know that 3z such that

T
J

w) /')T

;) x>0, u, x < 0 for i # j, (u}) Tz < 0 for i # j.

x=(u

In other words, we can observe a data point from each region that uniquely defines the value of a
particular wj, u;. In this case, we have that

From our gradient constraint, we know that ||V h(xz) — V,h/(2)|| < 7,Vz, which implies that
lwj —wi| <7 for j=1,...k.
On the other hand, for the remaining 57 = k + 1, ..., m, we know that there exists x such that

u}rfzr>07 u, x < 0 for i # j, (u)Tz <0fori=1,..m.

Then, we have that V,h(x) = wju;, and our constraint implies that |wj|||u;|| = |w;| < 7. Similarly,
we have that |w}|[|u}]| = |wi| < 7, for j =k +1,...,m. We can conclude that H, - is a class of two
layer neural networks with m hidden nodes (assuming ||u;|| = 1) that for each node wja(u;r:x) satisfies

1. There exists [ € [m] that u; = v and |w; —wj| < 7.

2. |’LUj| <T
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We further note that for a node wjo((u})"z) in h'(z) that has that a high weight |w]| > 7, there
must be a node wja(u;rz:) in h with the same boundary u; = ;. Otherwise, there is a contradiction
with |w;| < 7 for all nodes in A" without a node in h with the same boundary. We can utilize this
characterization of the restricted class Hg , to bound the Rademacher complexity of the class. Let

H ={h:z~ Zw;a((u;)T:E)aj | aj € {0,1} and for j that [w}| > 7,a; = 1}.

Jj=1
This is a class of two layer neural networks with at most m nodes such that each node is from A’

We also have a condition that if the weight of the j-th node in b’ is greater than 7, the j-th node
must be present in any member of this class. Let

HTD ={h:z— ija((uj)Ta:)aj | w; € Ryu; € RY, |Jwj| < 7, ||luj| = 1}
j=1

be a class of two layer neural networks with m nodes such that the weight of each node is at most .

We claim that for any h € Hg , there exists hy € H' ho € H(™) that h = hy + hs. For any h € Hg -,

let pp, : [m] — [m]U{0} be a function that match a node in h with the node with the same boundary
in A/. Formally,

) I  when u; = v/

pn(j) = { ’ :

0 otherwise.

The function pj, maps j to 0 if there is no node in A’ with the same boundary. Let w{, = 0,u(, =
[0,...,0], we can write

7j=1
=Y wjoluj x) —wy, o((W),, ;yz) +wp, o (W), ;o)
j=1
= (wj = wp, ()W) @)+ D wioluga)+ 5w, ;yo((W)y, ;o)
Ph ()0 P ()=0 p(7)20
cnm H

The first term is a member of H(™) because we know that |w; — w;(j)] < 7 or |wj| < 7. The second

term is also a member of A’ since for any I that |wj| > 7, there exists j that pj(j) = I. Therefore,
we can write b in terms of a sum between a member of #’ and H(). This implies that

Rn(Hyr) < Rn(H/) + Rn(H(T))-
From Theorem B.9.17, we have that

- 2rmC
Ra(HY)) < T

Now, we will calculate the Rademacher complexity of H'. For S = {x1,...,z,},
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n |heM
1 [ n m

= —E, | sup Z(Z wé-a((u;)—rxl)a])al
n heH’ —

To achieve the supremum, if w; S

set a; = 0. Therefore,

1=

1 J((u;-)—razi)ai > 0 we need to set aj = 1, otherwise, we need to
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1 n
Rs(H') = —E, | sup aj(w} ZU((UJ)TJUZ)Q)
n aje{0,1}|w,‘<7 i1
L J
1 [ n
= EEU Z a(wz-Za((uJ)Tazz)az)
! < i=1
1 - - x + |z
=5 -Eo D @y o((u)) Tw)os) + |w) Y o((u)) ol (o(x) 5 )
|w;|<7 i=1 i=1
1 [ n
—% o Z ‘w; J((u]) xl)o-l|
wlj<r =1
1 n
< 5 Z |w;] E, [sup |Za(uTxi)Ji|]
n\ T =t £
1
< — Z \w'| E, | sup Z o(u’ x;)o Z] (Lemma B.16)
< lull=15=1
< Z |wj| E, |— sup Zu 33201] (Talagrand’s Lemma).
n 1
w)| <7 lull=1%=,

Empirical Rademacher complexity of a linear model

From Theorem 3.20, we can conclude that

Z’ |7<qTC mt1C
VTRV I

lwi| <
when ¢ is the number of nodes j of i’ such that |wj| < 7. Therefore,

(2m + q)TC < 3mtC
VRV

R, (M) <
OJ

A tighter bound is given by % when ¢ is the number of w’. that |w’-| < 7. As T — 0, we also

have ¢ — 0. This implies that we have an upper bound of QT\'?C 1f 7 is small enough. When comparing

d 2BC
f 9
our bound does not depend on the distribution D because we choose a strong explanation loss

this to the original boun we can do much better if 7 << 2. We would like to point out that

¢(h, z) = [Voh(z) — Vah/ ()2 + 00 - W{|[Veh(z) — Voh/ ()] > 7}

240



which guarantees that [|[Vyh(xz) — ViR (2)]|2 < 7 almost everywhere. We also assume that we are
in a high-dimensional setting d > m and there exists & with a positive probability density at any
partition created by V h(x).

B.10 Algorithmic Results for Two Layer Neural Networks with a
Gradient Constraint

Now that we have provided generalization bounds for the restricted class of two layer neural networks,
we also present an algorithm that can identify the parameters of a two layer neural network (up
to a permutation of the weights). In practice, we might solve this via our variational objective or
other simpler regularized techniques. However, we also provide a theoretical result for the required
amount of data (given some assumptions about the data distribution) and runtime for an algorithm
to exactly recover the parameters of these networks under gradient constraints.

We again know that the gradient of two layer neural networks with ReLLU activations can be written as

Vi fuwu(r) = Zwiui . l{ulTx > 0},
i=1

where we consider ||u;|| = 1. Therefore, an exact gradient constraint given of the form of pairs
(x, V. f(z)) produces a system of equations.

Proposition B.20. If the values of u;’s are known, we can identify the parameters w; with exactly
m fized samples.

Proof. We can select m datapoints, which each achieve value 1 for the indicator value in the gradient
of the two layer neural network. This would give us m equations, which each are of the form

fow,U(l'i) = WilUy.
Therefore, we can easily solve for the values of w;, given that u; is known. O

To make this more general, we now consider the case where u;’s are not known but are at least

linearly independent.

Proposition B.21. Let the w;’s be linearly independent. Assume that each region of the data (when
partitioned by the values of w;) has non-trivial support > p. Then, with probability 1 — 0, we can

1
Tn—l—log(6)> data points and in O(2*™) time.

identify the parameters w;, u; with O <2m + Tog(- L)
1-p

Proof. Let us partition X into regions satisfying unique values of the binary vector (1{ulz >
0}, ..., 1{ul = > 0}), which by our assumption each have at least some probability mass p. First, we
calculate the probability that we observe one data point with an explanation from each region in
this partition. This is equivalent to sampling from a multinomial distribution with probabilities
(p1, ..., p2m), where p; > p,Vi. Then,

Pr(observe all regions in n draws) = 1 — Pr(3i s.t. we do not observe region )
—1-2m(1—p)".
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Algorithm 2 Algorithm for identifying parameters of a two layer neural network, given exact
gradient constraints

1: Input: We are given M = {}___~z|C € P({z1,...,xn})}, with {z1, ..., 2, } linearly independent

2: Output: The set of basis elements {x1, ..., T}
3: function

4 B={},S={} {Set for basis vectors and set for a current sum of at least 2 elements}
5. for x € M do

6: if x € S then

7 pass

8 else

9: B=BU {x}

10: if |B| =2 then

11: S = {y1 +y2}, where B = {y1, 92}

12: else

13: S=SU{y+zlyesS} {Updating sums from adding =}
14: end if

15: O=BnS {Computing overlap between current basis and sums}
16: B=B\O {Removing elements contained in pairwise span}
17: S={y—yoly € S,yo € O} {Updating sums S from removing set O}
18:  end if

19: end for

20: return B
21: end function

1
Setting this as no less than 1 — ¢ leads to that n > %i(é)
1-p
1
Given O(2™ + %) pairs of data and gradients, we will observe at least one pair from each

log(15)
region of the partitilorllj. Then, identifying the values of u;’s and w;’s is equivalent to identifying the
datapoints that correspond to a value of the binary vector where only one indicator value is 1. These
values can be identified in O(23™) time; the algorithm is given in Algorithm B.10.1. These results
demonstrate that we can indeed learn the parameters (up to a permutation) of a two layer neural
network given exact gradient information. O

B.10.1 Algorithm for Identifying Regions

We first note that identifying the parameters u;’s and w;’s of a two layer neural network is equivalent
to identifying the values {z1, ..., 2, } from the set {> .~ z|C € P({z1,...,2n})}, where P denotes
the power set. We also assume that x1, ..., z,, are linearly independent, so we cannot create x; from
any linear combination of z;’s with j # 4. Then, we can identify the set {x1, ..., 2, } as in Algorithm
2. This algorithm runs in O(23™) time as it iterates through each point in M and computes the
overlapping set O and resulting updated sum S, which takes O(22™) time. From the resulting set B,

we can exactly compute values u; and w; up to a permutation.
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B.11 Additional Synthetic Experiments

We now present additional synthetic experiments that demonstrate the performance of our approach
under settings with imperfect explanations and compare the benefits of using different types of

explanations.

B.11.1 Variational Objective is Better with Noisy Gradient Explanations

Here, we present the remainder of the results from the synthetic regression task of B.11.6, under
more settings of noise € added to the gradient explanation.

Again, we observe that our method does better than that of the Lagrangian approach and the self-
training method. Under high levels of noise, the Lagrangian method does poorly. On the contrary,
our method is resistant to this noise and also outperforms self-training significantly in settings with
limited labeled data.

B.11.2 Comparing Different Types of Explanations

Here, we present synthetic results to compare using different types of explanation constraints. We
focus on comparing noisy gradients as before, as well as noisy classifiers, which are used in the setting
of weak supervision [19]. Here, we generate our noisy classifiers as h*(x) + ¢, where € ~ N(0, 0?).
We omit the results of self-training as it does not use any explanations, and we keep the supervised
method as a baseline. Here, t = 0.25.

We observe different trends in performance as we vary the amount of noise in the noisy gradient
or noisy classifier explanations. With any amount of noise and sufficient regularization (), this
influences the overall performance of the methods that incorporate constraints. With few labeled
data, using noisy classifiers helps outperform standard supervised learning. With a larger amount
of labeled data, this leads to no benefits (if not worse performance of the Lagrangian approach).
However, with the noisy gradient, under small amounts of noise, the restricted class of hypothesis
will still capture solutions with low error. Therefore, in this case, we observe that the Lagrangian
approach outperforms standard supervised learning in the case with few labeled data and matches it
with sufficient labeled data. Our method outperforms or matches both methods across all settings.
We consider another noisy setting, where noise has been added to the weights of a copy of the target
two layer neural network. Here, we compare how this information impacts learning from the direct

outputs (noisy classifier) or the gradients (noisy gradients) of that noisy copy (Figure B.11.7).
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B.11.5. Comparison of MSE on regressing a two layer neural network with explanations of noisy
gradients. m = 1000, £ = 20, A = 10. For the iterative methods, T" = 10. Results are averaged over 5

seeds.
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B.11.6. Comparison of MSE on regressing a two layer neural network with explanations as a noisy
classifier (top) and noisy gradients (bottom). m = 1000, k = 20. For the iterative methods, 7' = 10.
Results are averaged over 5 seeds. e represents the variance of the noise added to the noisy classifier

or noisy gradient.
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Results are averaged over 5 seeds. e represents the variance of the noise added to the noisy classifier

or noisy gradient.
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B.12 Additional Baselines

We compare against an additional baseline of a Lagrangian-regularized model + self-training on
unlabeled data. We again note that this is not a standard method in practice and does not naturally
fit into a theoretical framework, although we present it to compare against a method that uses both

explanations and unlabeled data.
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B.12.8. Comparison of MSE on regressing a linear model (top left) and two layer neural network
(top right) with gradient explanations. m = 1000, k = 20. For the iterative methods, T' = 2. Results
are averaged over 5 seeds. Comparison of classification accuracy on the YouTube dataset (bottom
left) and the Yelp dataset (bottom right). m = 500, k = 150. Results are averaged over 40 seeds.

We observe that our method outperforms this baseline (Figure B.12.8), again especially in the
settings with limited labeled data. We observe that although this new method indeed satisfies
constraints, when performing only a single round of self-training, it no longer satisfies these constraints
as much. Thus, this supports the use of our method to perform multiple rounds of projections onto

a set of EPAC models.

B.13 Experimental Details

For all of our synthetic and real-world experiments, we use values of m = 1000,k = 20,7 = 3,7 =

0, A = 1, unless otherwise noted. For our synthetic experiments, we use d = 100,0% = 5. Our two
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layer neural networks have hidden dimensions of size 10. They are trained with a learning rate of
0.01 for 50 epochs. We evaluate all networks on a (synthetic) test set of size 2000.

For our real-world data, our two layer neural networks have a hidden dimension of size 10 and are
trained with a learning rate of 0.1 (YouTube) and 0.1 (Yelp) for 10 epochs. A = 0.01 and gradient
values computed by the smoothed approximation in [113| has ¢ = 1. Test splits are used as follows
from the YouTube and Yelp datasets in the WRENCH benchmark [41].

We choose the initialization of our variational algorithm hg as the standard supervised model, trained

using gradient descent.
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B.14 Ablations

We also perform ablation studies in the same regression setting as Section 3.6. We vary parameters

that determine either the experimental setting or hyperparameters of our algorithms.

B.14.1 Number of Explanation-annotated Data

First, we vary the value of k to illustrate the benefits of our method over the existing baselines.
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B.14.9. Comparison of MSE on regressing a two layer neural network over different amounts of
explanation-annotated data k. m = 1000. For the iterative methods, T'= 10. Results are averaged

over 5 seeds.

We observe that our variational approach performs much better than a simple augmented Lagrangian

method, which in turn does better than supervised learning with sufficiently large values of k. Our
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approach is always better than the standard supervised approach.

We also provide results for how well these methods satisfy these explanations over varying values of k.

B.14.2 Simpler Teacher Models Can Maintain Good Performance

As noted before, we can use simpler teacher models to be regularized into the explanation-constrained
subspace. This can lead to overall easier optimization problems, and we synthetically verify the
impacts on the overall performance. In this experimental setup, we are regressing a two layer neural
network with a hidden dimension size of 100, which is much larger than in our other synthetic

experiments. Here, we vary over simpler teacher models by changing their hidden dimension size.

=0.51 —— Variational Hidden Dimension: 2

~— _ _____— Variational Hidden Dimension: 4
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—1.0
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Number of Labeled Data (n)

B.14.10. Comparison of MSE on regressing a two layer neural network over simpler teacher models
(hidden dimension). Here, k = 20, m = 1000, 7 = 10. Results are averaged over 5 seeds.

We observe no major differences as we shrink the hidden dimension size by a small amount. For
significantly smaller hidden dimensions (e.g., 2 or 4), we observe a large drop in performance as these
simpler teachers can no longer fit the approximate projection onto our class of EPAC models accurately.
However, slightly smaller networks (e.g., 6, 8) can fit this projection as well, if not better in some cases.
This is a useful finding, meaning that our teacher can be a smaller model and get comparable results,

showing that this simpler teacher can help with scalability without much or any drop in performance.

B.14.3 Number of Unlabeled Data

As a main benefit of our approach is the ability to incorporate large amounts of unlabeled data,
we provide a study as we vary the amount of unlabeled data m that is available. When varying
the amount of unlabeled data, we observe that the performance of self-training and our variational

objective improves at similar rates.
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B.14.11. Comparison of MSE on regressing a two layer neural network over different values of m.
k =20,T = 10. Results are averaged over 5 seeds.
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B.14.4 Data Dimension

We also provide ablations as we vary the underlying data dimension d. As we increase the dimension
d, we observe that the methods seem to achieve similar performance, due to the difficulty in modeling
the high-dimensional data. Also, here gradient information is much harder to incorporate, as the

input gradient itself is d-dimensional, so we do not see as much of a benefit of our approach as d grows.
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B.14.12. Comparison of MSE on regressing a two layer neural network over different underlying data
dimensions d. m = 1000, £ = 20. For the iterative methods, 7" = 10. Results are averaged over 5 seeds.
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B.14.5 Hyperparameters

First, we compare the different approaches over different values of regularization (\) towards satisfying
the explanation constraints. Here, we compare the augmented Lagrangian approach, the self-training

approach, and our variational approach.
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B.14.13. Comparison of MSE on regressing a two layer neural network over different values of .
m = 1000, k = 20. For the iterative methods, 7' = 10. Results are averaged over 5 seeds.

We observe that there is not a significant trend as we change the value of A\ across the different
methods. Since we know that our explanation is perfect (our restricted EPAC class contains the
target classifier), increasing the value of A should help, until this constraint is met.

Next, we compare different hyperparameter settings for our variational approach. Here, we analyze
trends as we vary the values of T' (number of iterations) and 7 (threshold before adding hinge
penalty). We note that the value of 7 does not significantly impact the performance of our method

while increasing values of T seems to generally benefit performance on this task.

B.15 Social Impacts

While our proposed method has the potential to improve performance and efficiency in a variety of
applications, our method could introduce new biases or reinforce existing biases in the data used to
train the model. For example, if our explanations constraints are poorly specified and reflect biased

behavior, this could lead to inaccurate or discriminatory predictions, which could have negative
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B.14.14. Comparison of MSE on regressing a two layer neural network over different values of T’
(left) and 7 (right) in our variational approach. m = 1000, k = 20,7 = 10,7 = 10, unless noted
otherwise. Results are averaged over 5 seeds.

impacts on individuals or groups that are already marginalized. Therefore, it is important to note

that these explanation constraints must be properly analyzed and specified to exhibit the desired

behavior of our model.
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Appendix C
Supplementary Material for Chapter 6: Label

Propagation with Weak Supervision
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C.1 Closed form solution of LPA

We provide a closed form solution of the following optimization problem.

,Juin_ 5 Zwu 2+ pllf = hl3) st fi =y fori <n.
Here we abuse notation h as a vector (h(xy),..., A(Zntm)) and h; = h(z;). For simplicity we refer

ie€lLasl<i<nandieUasn+1<1i<n+m. First, note that

;(Zwij(fi —fi)? = %(Zzww(ﬁ — £+ QZZwij(fz

i€l jeL i€l jeU

+> > wilfi

ieU jeU
The first term is a constant as f; = y; for ¢ € L. Denote f;, € R™ is a column vector with entry f; for

i € L and fy € R™ is a column vector with entry f; for j € U. We sometimes refer w; ; to w;;. For

the second term we have

SN wi(fi = )2 =)D wii(fF = 2fif5 + f7)

ieL jeU ieL jeU
=" wip) 2D O wip) 72> fawifi
i€l jeU jeU i€l i€l jeU

= constant 4 ngULfU — 2f£WLUfU.

RnXm

where Dy, € R™*™ is a diagonal matrix with (Dyp)j; = > ;cr, Wi j+n and Wiy € is a matrix

with entry (Wry)ij = Wi j4n. For the third term, we have

S S i ) = %ZZWUE ~2fif+ 12)

iU jeU icU jeU
=2 Q_wa)fi =33 fiwifs
iU jeU €U jeU

= 1, Dyyty — fEWyufy

where DyyR™*™ is a diagonal matrix with (Dyy)j; = > ey Wi j+n and Wyy € R™*™ is a matrix
with entry (Wyv)ij = Witn,j+n- Therefore, the overall objective is given by

fm%l constant + fU(DUL + Dyy — WUU)fU — 2fTWLUfU + *Hf th

UE

Differentiating with respect to fiy and setting equal to 0, we have

256



2(Dyr + Duu — Wouu)fu — 2WipfL + 2u(fy —hy) =0
fy = (Dur + Dyu — Wyu + pla) " Hphy + Wipfr)

when hy € R™ with (hy); = hji,. We can also extend this to the case when p € R™T7" where we

have a different value of u; for each ¢. The optimization objective is given by

fERTLJr’nL

.1 .
min i(Zw”( - fi) —I—Zm Z—h )s.t. fi =y fori <mn.
17]
We can write the regularization term for U as

> palfi = (fv — hy)" Dy(fy — hy)
icU

when D, € R™ is a diagonal matrix with entry (D,);; = ftj4n. We can write the optimization

objective as

fﬁélﬂgm constant + f;(Dyr, + Dyy — Wyu)fu — 20 Wity + (fr — hy)T D, (fy —hy).
U

Differentiating with respect to fiy and setting equal to 0, we have

2(Dur, + Dyv — Wou)fy — 2WiyfL + 2D, (fy —hy) =0
fy = (Dyr + Dyv + Dy — Wyu) ™ H(Dyhy + Wiy fr)

C.2 Theoretical Results

First, we analyze the closed form solution of the LPA in Lemma C.1.

Lemma C.1. Let f* be the optimal solution of the optimization problem of Equation 4.1 then for
n+1<i<n+m,

> Wi f7+ phi
Zj Wij + W

Proof. For each i < n, we must have f;* = y; to satisfy the hard constraints. For each n+1 <1i < n+m,

fi* =

we differentiate the objective with respect to f; and set equal to 0, resulting in
Zwu — fj) + ufi = hi) = 0.

Rearranging this and setting f; = f, we have the lemma. O

Next, we will analyze the error |f — y;|, which is the difference between the optimal solution and
the true label. Note that |f — y;| < 0.5 implies that we have a correct soft label f;*.
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Lemma C.2. Let f* be the optimal solution of the optimization problem of Equation 4.1. Then, for
n+1<1<n+m, we have

>0 wis fF =il 4+ 22 wiglyy — vil + plhi — yil

|fi —wil < S g+ 1
Proof. From lemma C.1,
. > wiif] + phi

|fi = vil = | > wiy + — il
B ‘Zj wii(f — i) + p(hi — yi)|
B > wij + p
_ |Zj wii(f7 —yj) + 22 wij(yj — yi) + p(hi — yi)|
B Zj Wi +
< > wiglfF =yl 4 225 wislyy — vl + plhi — il
- Zj Wij + [

O

Lemma C.2 says that we can bound the error of point 4, |f — y;| by the error of its neighbors
| f;‘ — y;| and terms corresponding to the smoothness of the true labels and the prior information
accuracy. Because we know that the error on labeled points are zero, this lemma motivates us to
bound the error in term of the distance of our points from the labeled points.

Next, in addition to the average error defined in Definition 4.26, we define the In-error, Between-

error and Out-error for each Nj.

Definition C.3. For a graph G with an adjacency matrix W = (w);;, a set of k-hop neighbors N,

and a prediction f € R"™ we define the In-error, Between-error and Out-error of N}, as

ZieNk,jeNk,l wij| fi — yil

Errin(fa Y, k) =

Cin(k)
) Wil fi — il
Errpet(f,y, k) = ENk’]g:kt(k;
S Y wij| fi — yil
Errout(f,y, k) = : WGC'H:(/C)]

For simplicity, we will write Ei, (k), Epet (k) ,Eout (k) for Errin(f*, y, k), Errhet (f*, y, k), Errout (f*, y, k)

respectively.

We will use Lemma C.2, to derive a relationship between errors in N}, and its neighbors. We make
use of the fact that the Out-flow of Ny is the same as the In-flow of Njyi1.

Lemma C.4. For0<k<l[l-1
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Cout(k) = Cm(k + 1)

Lemma C.5. (Error difference inequality) For 1 < k <1 —1, we have

Cin(k)(Ein(k) — Eou(k — 1)) + Z 1 £ = yil < Cout(k)(Ein(k + 1) — Eout(k)) + s + p|Ng|og
1€EN}

where sy, is the smoothness of true labels and «y, is the prior information error over Nj.

Proof. From lemma C.2, we have

D wilff =yl + plff =il <Y wislff =il + Y wilyy — wil + plhi = yil.
J J J

We take a summation over i € Ny,
Do wilff =yl + ulf = wil < Y0 O wilf; =yl + > wijlyy — vil + ulhi - wil).
i€ENE, J €N, J J

From the definition of the In-error, Between-error, Out-error, smoothness s, and weak label error

., we have

LHS = Cin(k)Ein(k) + Chet (k) Bbet (k) + Cout (k) Eout (k) + Y plf; — uil
€N}
RHS = Cout(k‘ — 1)E0ut(k‘ — 1) + Cbet(k)Ebet(k) + Cin(k‘ + 1)Em(k‘ + 1) + Sk + ,u|/\/'k|ak.
From lemma C.4, we know that
Cout(k) = Cin(k + 1), (C.2.1)
so we can rearrange the inequality as

Cin (k) (Ein (k) — Eout(k — 1)) + Z plfi = il < Cout(k)(Ein(k + 1) — Eout (k) + sx + 1| N |-
1€EN

Lemma C.6. (Error difference inequality k =1)

Cin(1)(Bin(1) = Bou(l = 1)) + > plfi = il < s1+ plNiloy
i€EN]

Proof. Similar to lemma C.5, we have

SO wilf =il + plfy =il <O wilf =yl + > wiglyy — il + plhi — i)

ieN; J ieN; J
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Because, N is the last neighborhood, there is no edge out from N; and

LHS = Cin(1)Ein(1) + Coet ()Eet(D) + Y plf; = uil
€N

RHS = Cout(l — 1>E0ut(l — 1) + Cbet(l)Ebet(l) + S + ,U,‘./\/”Oél
and rearrange to

Cin(D)(Bin(1) = Bouel = 1)) + > pl£7 = il < 51+ p|Nilou.
€N

O

We can see that this inequality contains different notions of error. We now define the proportion

between In-error and Out-error.

Definition C.7. Let ay, by be the proportion of the In-error and Out-error with the average error,

Eink Eink
o Enll) (k)

Ey, Ey,

when

ZieNk |f1* - yz|
| '

Assumption C.8. (Uniformity of error) We assume that the In-error and Out-error are roughly

By =

the same as the average error in each neighborhood.

ar = 0(1),b, = O(1), b =0(1)
ag
For example, any graph G that has all points in a neighborhood N, with the same number of edges
that go into and out from that point, has the property that ai = by = 1. In particular, assume that
we have 2 points in Ny, the first point has 4 edges from N;_1 and 2 edges to N1 while the second
point has 2 edges from Nj_1 and 1 edge to N1, this graph still has a; = by = 1. In general, we

expect the proportion Z—Z to be close to 1. Next, we will substitute ag, by in Lemma C.5.

Corollary C.9. For 1 <k <1l —1, we have

Cout(k)
Cin(k) + pIN|

sk + | Ni|ag

arEr — bp_1Er_1) < = =
(axEp — bp—1Eg—1) < Con () + 1INV

(ar+1Ep41 — brEg) +

Proof. From lemma C.5

Cin(k)(Ein(k) — Eout(k — 1)) + Z ulfi = yil < Cout (k) (Ein(k + 1) — Eout (k) + sk + pNi|o
1ENG

We let Ein(k) = axEx and Eout (k) = bpEx and Zz’e/\/k |fF — vi| = |Nk|Eg.
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Cin(k)(axEr — bg—1Eg_1) + p|Ni|Ex < Cout(k)(ap+1Er+1 — bxEx) + sg + p|Ni| o
Cin(k)(arEr — bp—1Ek—1) + pNe|(Ex — Ex—1) < Cout(k)(ar+1Er+1 — bkEx) + sk + p|Ne| o,

as we know that Fy_1 > 0. Then, simplifying yields that

(Cin(k) + pNe]) (arEr — bg—1Ek_1) < Cout(k)(ak+1Er+1 — bkEg)) + sk + p|Ng| o
Cout (k) sk + | Nl

arBr —bp_1Ep 1) < — ot Cin(k) + ulNg|

(ak41Ep+1 — 0pEg) +

Corollary C.10. We have

51+ pN|ay
Cin(l) + M’M’

The corollary implies that the difference between the error between neighborhood can’t be too large.

(wE; —b1Ei—q) <

We introduce the next two lemma to help deriving the bound.

Lemma C.11. For dy,ds,...,d; that satisfies the following inequalities,

di, < Y41 + ek

for1<k<IlI—-1 and

d; < ¢.
We have
! i—1
d <> el [Tw)
i=k =k
Proof. The main idea is that we can use the upper bound on d;,d;_1,...,dg+1 to find the upper

bound of dj. First, we start with d;_

di—1 < ydp + ¢
<Y1+ .

Next, we continue with d;_o,
di—o < Y—2di1 + 2

< y—a(yimra + ¢-1) + ¢—a.
=aYM-1Y1-2 + C-1V-2 + -2
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and so on. With this idea, we can show by induction that

l i—1
d <> a([Tw)-

i=k =k
We sum these inequalities up to have the lemma. O
Lemma C.12. For x1,x2,...,x; that satisfies the following inequalities,

apx — 1K1 < dj,
for 1 <k <1, when ag, by, dy, are positive constant. We have

k k-1 k-1

1 a
o < — O di([T o) + ([T )0
Flimt =i ko=t
when
5= b
a;

Proof. We divide both side of the inequality by ag, for each 1 < k <[, we have

br—1 dy
T < T.’Ek_l + ai
k k

We can recursively apply this inequality,

br—1
bp—2xr—o + ——dip—1 + di)
ar Qp—1 ag—1

1
= ;k(ék—lbk—ka—Q + Op—1d—1 + di)

1 br— dp—
*(5k71bk72(73xk73 4 k2
Qg Af—2 Af—2

IN

) + 0p_1dp—1 + dk)

IN

1
;k(ék—lék—2bk—3xk—3 + Op—10k—2dp—2 + Op—1dk—1 + dy,)

IN

IA
2|~
)
=
&
=
_|_
HE
QQ*:
SN—
8

Now, we are ready to derive the error bound of LPA.

Theorem C.2.13. Let f* be the optimal solution of the optimization problem of Equation 4.1, the

error of f* in each neighborhood is given by
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=1 Jj=t
when
b l i—1
0; = a*j,, dp = ZCi(H Yj)
J i=k =k
and

_ Sk + Nkl e = Cour(k)
Cin(k) + p|Ng|’ Cin(k) + pNg|”

Under assumption C.8, we have

k

Ep < O(Z d;)

=1

Proof. From corollary C.9, C.10 we have

Cout(k) Skt M|Nk|ak
B = bp1Br—1) € 55 (B — beBg) + o —
(ak k k1L 1)_ C; (k)+M|Nk|(ak+1 k+1 k k)+cln(k)+ﬂ|-/\/’k‘
and
31+M‘M‘al
El—b1E_) < —F¢i7—775.
(@E; —b1Ei—q) < Con(D) + V]|
Let
sk + pNglag Cout (k)

di = By — by_1Ep_ T CnB) 4 uNel T CnlR) + N
= apEyg k—10k—1, Ck Cin(k) + p|Ng|’ Tk Cin (k) + p|Ng|

By lemma C.11, we have

l i—1

arEr — b1 Broy = d <> a([[)-
i=k =k

By lemma C.12, we have

=1

k k—1
1 a
By Sa?(z di(]] 6,)) + i(H 3;)Eo
k k—1

= (> a(o)

when
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0; = —.
Uy
The last equality is true because the error Ey = 0. With the assumption C.8, Z—i = O(1), we have
k
By <0 di)
i=1

C.3 Spectral bound

The following is the original version of the spectral generalization bound found in [55], where they

assume that we can have repeated labeled points (at most u times).

Theorem C.3.14. (Generalization performance of graph reqularization) Let f be the optimal solution
of Equation 4.2, n > 4 be the number of randomly sampled labeled points from some distribution
where each vertex occurs no more than u times, together with values y1,...,yn, |yil < M. Let A1 be
the second smallest eigenvalue of the Laplacian matriz of G. Assuming that Vx| f(x)| < K, we have

with probability 1 — &, (conditional on the multiplicity being no greater than t),

21og(2/0)

|Rn(f) — R(f)| < B+ (nB+ (K + M)?)

where
3n2\/un n AnM
(A1 —nu)?2 A\ —nu

We can set u =1, M = 1, K = 1 to achieve the simplified version (Theorem 4.28).

C.4 Dongle nodes

We can change a label propagation problem with multiple initial predictions into a standard label
propagation by augmenting a graph with dongle nodes [146]. Without loss of generality, we assume
that each initial prediction has 3 possible outputs h; : X — {0,0,1} for j = 1,..., k. However, this
method also works for a general case when hj : X — [0,1]. We augment the original graph G with

the following nodes and edges,

1. For each weak labeler h;, we add 2 nodes to the graph G with vertices vy ymyj, Vntmtk+j-

This represents a prediction of class 0 or 1 from the weak labeler j.

2. For each z; that hj(z;) = 0, we draw a weighted edge between v; (the corresponding vertex of

x;) and Upym4; With weight o (;).

3. For each z; that hj(z;) = 1, we draw a weighted edge between v; (the corresponding vertex of

x;) and Uy ymikt; With weight aj(a;).
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4. For each z; that hj(z;) = (), we do not draw any edge.

Let G’ be the new graph with a weighted adjacency matrix (ng) then solving the objective of

Equation 4.3 is equivalent to solving

n—+m-+2k n+m+2k

feRn+m+2k Z Z wi;(fi = f3)° (C.4.2)

such that
1. fi =y; for i <n.
2. fi=0forn+m+1<i<n+m+Ek.
3. fi=lforn+m+k+1<i<n+m+2k.

We see initial predictions as dongle nodes and encode the parameter a;(x;) as a weight of an edge
connecting the corresponding dongle node of predictor j to the node of x;. With a direct calculation,

we can see that the objective of Equation C.4.2 is the same as the original objective,

n+m n+m n+m k
> > wlfi— )+ 3 Y (s )% (i)
=1 j=1 i=1 j=1

such that f; = y; for i <n. With this procedure, we add 2k nodes and at most (n 4+ m)k edges to G.

C.5 Connection between LPA with multiple and single initial pre-
dictions

We analyze the closed form solution of the optimization objective of Equation 4.3. By differentiating

with respect to f;, we know that the optimal solution f;* satisfies the following

n+m

> 2w (ff = f) +Zz (fF = hj(xi))aj(z:) =0
j=1

fr= Z”fm wi [+ 5 o (i) hy (i)
Z Zn+1m wij + Z 1 ()

From Lemma C.1, recall that the optimal solution of LPA with an initial prediction (objective of

Equation 4.1) is given by

Zj w,;jf;‘ + /Lh({L‘Z)

f.*:
! ijz‘j+u

We can see that if we set
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SNy a(i)hy(
Z§:1 oy ()

the solution LPA with multiple initial predictions is equivalent to LPA with the initial prediction h,

h(zi) = ) = aj(w),
j=1

which could be seen as a weighted average prediction. The objective is given by

n+m

min %(Z wii(fi — f7)? + Z w(z)(fi — h(x))?) s.t. f; = y; for i < n.
4,3

R7z+m
Je =1

We note that now the parameter i is now depends on each instance x;. When we have

k
> aj(zi) =p
=1

is a constant for all x; then we will have the same setting as in the objective of Equation 4.1.

However, our analysis still works in this case when u(x;) is not a constant.

C.5.1 Difference between LPA+WL and LPAD(A)

We note that LPAD (A) uses Snorkel to estimated accuracies a;. From above, LPAD (A) is equivalent
to LPA with an initial prediction

k k
) = L0 S

> j=1%j j=1
We observe that h is exactly the prior information for LPA+WL. However, the key difference is that
for LPA + WL, we have a fixed p for all data points, while in LPAD(A), the value u(x;) depends on x;.
To illustrate this, we consider 2 scenarios. First, we assume that we have 3 weak labelers h1, ho, and
hs, all with estimated accuracy 0.8. We consider a point 21 with hi(xz1) = 1, ha(x1) = 1, hs(z1) =1
and xg with hi(x2) =1, ha(z2) = 0, h3(x2) = 0, where 0 is abstention. We can observe that

1. h(ml) = h(.CCQ) =1
2. p(xr) =24, p(xe) =08

Here in LPA + WL, x1, 2 have the same prior information and regularization parameter p. In
LPAD(A), we put much more weight on the regularization parameter p(x;) than p(xg). This is
intuitive as we should be more confident about our prior information when a higher number of weak

labelers agree.
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C.6 Methods for selecting alpha
C.6.1 Boosting approach

From boosting literature [398], given many weak learners hj : X — {0,1} for j = 1,2,...,k, an
optimal way to combine these weak learner (corresponding to an exponential loss upper bound) is a

weighted average

Shioshi By =)
Z?:l a; 7 1 —P(hj(z) =y)

Instead of accuracy, we could set «; in this fashion suggested by the boosting literature. We show

h =

)7

that this value of a; minimizes the upper bound on the error |f; — y;|. Recall that the optimal

solution of Equation 4.3 satisfies
X k
_ E?ilm wii [T+ > o (@i)hj (i)

fi* - k
POVARETITE D DRI €

We can bound the error of a point 4, |f; — y;| by the error of its neighbor |f; — y;[. Observe that

P S wi 4 Y8 ()b () )
S w3y ()
£y = S wig(fF = vy + vy — wi) + 2 (@) (hy(wi) — i)
S w3V o ()
Sl < S wigl £ = il + 5 wiglys — gl + 105 (@) (hy (i) — i)l
S w3V ()

The first term represents errors of neighbor points | fi—= yj| and the second term represents the

smoothness of the true labels on the graph GG and the third term represents the accuracy of the
weighted prediction. We can improve the upper bound by selecting appropriate value of oj(z;) and
w;; to minimize
k k
> j=1 aj(@i)(hj(zi) — vi) - > j=1 aj(@i)(hj(zi) — vi)
k - + k
> i1 (i) Do wij D05 (@)

Consider the following lemma,

Lemma C.15. Given k classifier h; - X — {—1,1} fori=1,...,k. Let h(z) = Zle a;hi(z) be the
weighted average among the classifiers. Assume that the prediction of h;(x) are independent between

different i . The optimal «; that minimize the risk when the loss is exponential loss of h(x),

E(hv €, y) = exp(—yh(x))

s given by
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Proof. The risk is given by

E(L(h, x,y)) = E(exp(—yh(z)))

k
= E(exp(—y Z a;hi(x)))
=1

k
= HE(exp(—yOéihi(x)))

i=1

k
= Hpi exp(—ai) + (1 - pi) eXp(Oéi)
i=1

when p; = P(h;(x) = y). It is sufficient to choose «; that maximize

piexp(—a;) + (1 — p;) exp(a;).

Differentiate with respect to «; and set to zero, we have

—piexp(—a;) + (1 — p;) exp(a;) =0
(1 — pi) exp(a;) = p; exp(—a;)

Pi
20;) =
1 Di
!
)

O

Note that exponential loss is an upper bound of our hinge loss and Lemma C.15 suggests that to

minimize the exponential loss upper bound, we should set

1 .
a; = —In( Pi )
2 1_pi

C.6.2 Heteroscedastic regression

Recall that we model

hj ~ N (y,o(x)*)

so that we can write
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hj(z;) = y(xi) + oj(zi)e

when £ ~ N(0,1). We want to regress o(x). Rearraging we have,

hj(z;) — y(xi) = oj(zi)e
(hj(wi) — y(2:)* = oj(2)?e?
log (s (w:) — y(ws))?) = log(os(2:)?) + log(=?)

On labeled data, we can regress a function g;(z;) to match log((hj(z;) — y(x;))?) then we set

1

) = g @)

C.7 Additional Experimental Details

We use the default splits from the WRENCH benchmark [41] for each of our binary classification
dataset. This benchmark has a Apache-2.0 license. For each text classification dataset (Youtube, SMS,
CDR), we use pretrained BERT embeddings [186]. For our image classification tasks (Basketball),
we use pretrained ResNet embeddings [187]. For each task, we balance the datasets and randomly
sample 100 labeled datapoints. We balance the datasets to make sure that the overall sample of
labeled data contains roughly the same amount of points from each class.

We use cluster compute resources to produce our empirical results. We use a single GPU (NVIDIA
GeForce RTX 2080Ti) to run our methods and each of the baselines.

from snorkel.labeling import labeling function

@labeling_ function()
def check(x):
return SPAM if "check" in x.text.lower() else ABSTAIN

@labeling_ function()
def check_out(x):
return SPAM if "check out" in x.text.lower() else ABSTAIN

C.7.1. Examples of weak labels on the YouTube dataset

C.7.1 Weak Label Sources

We use the standard weak labels contained within the WRENCH benchmark [41]. These are standard
in programmatic weak supervision literature and primarily consist of simple hand-engineered rules.
For example, on the YouTube dataset (or a spam classification task), examples of weak labels are

functions that check for the presence of words in a sentence (Figure C.7.1). We defer interested
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readers to the benchmark [41] and other papers in weak supervision [3| for more details.

C.7.2 Hyperparameter Optimization

We perform hyperparameter optimization of all methods, selecting the best set of parameters on the

validation set. We optimize over the following parameters for all methods’ endmodels:
e learning rate: {0.01, 0.001, 0.0001]
e number of epochs: [20, 30, 40, 50]
e weight decay: [0, 0.01, 0.001]

In each experiment, we have a fixed batch size of 100 and a fixed architecture of a 2 layer neural
network with a hidden dimension of 64 and a ReLU activation function. For all graph-based methods,
we have an additional parameter ¢ € [1,2,5,10,100]. ¢ controls the average degree of nodes in
G. Let N be the number of nodes in GG, we use the value % and as our threshold percentile for
our euclidean distance threshold graph. In essence, we add an edge between two points when the
Euclidean distance between them is less than the %—th percentile of all N? pairwise distances. The
motivation for this is that N node corresponds to N? edges, so adding % edges leads to a resulting
graph with average degree t.

For our GCN baseline, we construct a graph G in the same manner as all other LPA-based methods.
The GCN architecture is a 2 layer neural network with hidden dimension of 16 and ReLLU activations.
Consequently, we train an endmodel on the pseudolabeled data, which is the same architecture as
all other methods. For our Liger + L baseline, we optimizer over a fixed threshold value for their
cosine similarity as some k for each weak labeler. We note that this baseline is highly sensitive to the
value of k; for BERT embeddings, we select values of k € [0.995,0.9975, 1] as points are much less
distinguished in the embedding space in comparison the larger foundation models (GPT-3, CLIP) in
the original paper [165]. We use 2 clusters for all tasks.

C.8 Complete Version of Tables

We present our results for both training/pseudolabel performance (Table C.7.1) and test/endmodel
performance (Table C.8.2) in more detail and with additional comparisons.

In our pseudolabel performance table, we provide the Non-Abstain accuracy (i.e, only considering
accuracy on points on which the model makes a vote). We define abstaining as having a maximum
logit (across either class) that is within e = 0.001 of 0.5. We observe a fundamental tradeoff:
balancing high accuracy and little coverage against lower accuracy and higher coverage. We also
observe that LPA performs well locally on regions connected to labeled points with non-abstain
accuracy close to 100 percents, but has low overall coverage.

For our endmodel results, we additionally compare against a fully supervised approach that uses all of
the training data and their labels. We remark that some datasets in the WRENCH benchmark have

noisy labels, leading to imperfect fully supervised performance. For example, we also add evaluations
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\ YouTube SMS CDR

Method ‘ Acc Cov NA Acc Acc Cov NA Acc Acc Cov NA Acc

Snorkel + L | 75.96 + 0.13 89.75 £ 0.08 78.93 & 0.14 | 70.40 £+ 0.34 48.31 £ 0.52 92.20 £ 0.29 | 70.64 £ 0.12 92.41 £ 0.11 72.33 £ 0.15
LPA 55.98 £ 0.08 11.97 & 0.16 100.00 £ 0.00 | 54.71 £ 0.01  9.42 4+ 0.03 100.00 + 0.00 | 50.79 £+ 0.00  1.58 & 0.00 100.00 £ 0.00
Liger + L 81.06 £ 0.47 99.98 4+ 0.01 81.07 + 0.47 | 78.62 £ 0.23 96.01 £ 0.20 79.81 £ 0.18 | 50.56 £+ 0.13 81.79 &+ 10.72 50.98 + 0.46

LPA + WL | 76.02 £0.12 89.81 & 0.08 78.97 £0.14 | 70.75 £ 0.35 49.03 &£ 0.52 92.32 £0.29 | 70.64 £ 0.12 9241 £0.11 72.33 £ 0.15
LPAD (A) | 84.03 £0.15 89.81 £0.08 87.89 £ 0.16 | 70.80 £ 0.26 49.00 £ 0.51 92.45 £+ 0.10 | 72.87 £+ 0.08 91.66 &+ 0.49 74.95 + 0.17
LPAD (P) |89.52 + 0.13 89.75 £ 0.08 94.03 £+ 0.11 | 70.98 + 0.27 49.03 £ 0.52 92.79 + 0.13 | 71.91 £ 0.25 92.22 £ 0.11 73.75 £ 0.25

LPAD (B) | 75.87 +0.14 89.81 = 0.08 78.80 £ 0.16 | 70.83 £+ 0.24 48.93 £ 0.05 92.58 + 0.16 | 70.40 £ 0.08 91.64 £ 0.50 72.27 £ 0.13
LPAD (O) | 89.36 +0.08 89.81 £ 0.08 93.8£0.10 | 71.52 £0.30 49.00 £ 0.51 93.91 £ 0.19 | 73.91 £0.07 92.23 £0.09 75.93 + 0.09
LPAD (1) 83.11 £ 0.07 76.97 £ 0.11 93.03 £ 0.07 | 70.88 & 0.26 48.64 £ 0.51 92.93 £ 0.09 | 71.39 & 0.07 75.00 £ 0.11  78.52 £ 0.09

‘ Basketball Tennis

Method ‘ Acc Cov NA Acc Acc Cov NA Acc

Snorkel + L | 69.09 + 0.02 100.00 £ 0.0 69.09 + 0.02 | 86.10 &+ 0.06 100.00 £ 0.0  86.10 + 0.06
LPA 62.16 + 0.02 25.82 £ 0.05 97.12 £ 0.17 | 70.60 = 0.29 52.61 £ 0.34 89.16 &+ 0.44
Liger + L 59.06 + 2.53 55.83 £ 9.88 65.21 £ 1.17 | 83.60 = 1.34 100.00 & 0.00 83.60 & 1.34

LPA + WL | 74.09 + 0.30 99.94 + 0.04 74.11 £0.30 | 86.91 + 0.14 99.87 & 0.03  86.96 & 0.15
LPAD (A) | 69.75 +0.33 99.95 4+ 0.03 69.76 + 0.33 | 87.15 £ 0.05 99.94 + 0.03 87.17 + 0.06
LPAD (P) 82.46 £ 0.19 90.42 +0.32 85.89 £0.19 | 87.69 £ 0.11  99.98 £ 0.01 87.70 &+ 0.12

LPAD (B) 74.26 £ 0.30 99.95 £ 0.02 74.28 +£0.30 | 87.20 £ 0.08 99.97 + 0.01  87.21 £ 0.08
LPAD (O) | 74.02+0.33 99.99 £+ 0.01 74.03 £ 0.33 | 87.23 = 0.09 100.00 £ 0.00 87.23 £ 0.09
LPAD (1) 75.87 £0.20 69.97 £ 0.23 86.97 + 0.24 | 87.46 £ 0.17 99.38 = 0.04 87.70 £ 0.17

C.7.1. We report accuracy, coverage, and non-abstaining accuracy (NA Acc) of the baselines and
our variants of LPA on the training data (i.e, pseudolabel statistics), when averaged over 5 seeds.

on the Tennis dataset, which only achieves 88% fully supervised performance, and all methods seem
to match this performance. We also add some additional variations of our dongle-based approach.
We add a comparison to a boosting (Appendix C.6.1) to determine «, which we refer to as LPAD
(B). We also compare against a method that uses the unosberved ground truth accuracies for «
(LPAD (O)) and another method that sets o = 1, Va (LPAD (1)). We note that LPAD (O) is an
unfair comparison to all other methods as it accesses ground truth accuracies that other methods do

not use; we add this comparison to describe the best potential performance of LPAD.

C.9 Hyperparameter ablation

We provide an ablation study on hyperparameter t. We report accuracy on the test data of an
endmodel that is trained on pseudolabels from baselines and our methods with particular values of ¢
to determine the construction of G. We observe that all graph-based methods are sensitive to the
choice of ¢, which controls the sparsity of edges in the (Euclidean) graph G. We remark that this
finding is intuitive as most graph-based semi-supervised algorithms leverage properties of this graph
to achieve better performance. We can see a common trend among all methods where when ¢ is
large, the end-model accuracy tends to decrease. We note that Snorkel + L does not leverage any

graph information, but we still add it here for comparison.
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Method Youtube SMS Basketball CDR Tennis

Snorkel + L 87.44 £ 0.47 96.24 £ 0.32 82.08 £ 0.83 68.03 £ 0.28 88.51 £ 0.04
FS + L 87.76 £ 0.51 94.84 + 0.43 70.23 £ 1.20 67.70 + 0.29 88.56 + 0.02
CLL 88.56 = 0.80 94.56 £ 0.73 77.02 £ 3.96 68.52 £ 0.58 88.78 £ 0.13
LPA 82.00 + 1.37 94.32 £ 0.45 7871 £2.41 67.41 £0.82 83.35 £ 3.30
GCN 84.16 £ 0.95 94.32 +£ 1.02 61.34 £ 1.16 65.42 + 1.00 88.63 £+ 0.14
Liger + L 88.72 £ 0.58 96.08 £ 0.38 80.98 £ 1.71 67.33 £ 0.18 86.43 £+ 0.87
LPA + WL 88.32 £ 0.50 96.80 £ 0.36 83.13 £ 1.43 67.61 £ 0.19 88.51 £ 0.04
LPAD (A) 90.32 £ 0.43 96.32 £ 0.52 83.06 £ 0.74 68.13 £ 0.74 88.56 £ 0.02
LPAD (P) 87.84 £ 0.53 96.64 £ 0.39 82.01 £2.96 68.97 £ 0.51 88.60 £ 0.04
LPAD (B) 88.64 & 0.37 96.56 = 0.33 76.58 £ 2.20 67.01 £ 0.43 88.56 £ 0.02
LPAD (O) 90.16 = 0.50 96.40 +£ 0.50 81.10 £ 1.43 69.06 £ 0.59 88.58 £+ 0.02
LPAD (1) 83.20 £ 1.15 94.32 + 0.35 78.61 +1.95 67.76 + 0.21 88.43 £+ 0.16
Fully Supervised | 89.92 + 1.45 98.04 £ 0.38 86.04 + 2.02 73.71 + 0.85 88.43 + 1.06

C.8.2. We report accuracy on test data for training an endmodel on pseudolabeled training data,
when averaged over 5 seeds. We bold baselines when they outperform both of our methods. We
bold our methods when they outperform all baselines.

‘ YouTube

Method \ t=1 t=2 t=5 t=10 ¢ =100
Snorkel + L | 87.04 = 047 8544+ 09 864+ 078 864+ 0.78 87.04 + 0.47
LPA 7976 £ 1.99 81.6 + 1.15 820+ 1.37 82.64 + 1.62 75.68 & 1.51
LPA + WL /| 86.24 + 0.75 8656 & 0.81 86.16 + 0.71 88.32 4+ 0.5  83.12 + 1.2
LPAD (A) | 89.12+ 0.5 88.96 + 1.04 89.04 + 0.68 90.32 + 0.43 84.0 & 0.54
LPAD (B) | 87.2+055 8624+ 1.22 87.12 4+ 0.69 88.64 + 0.37 83.84 & 0.27
LPAD (P) |87.76 £ 0.79 87.84 + 0.53 89.2 + 0.31 89.92 + 0.53  82.8 + 1.03

C.9.3. We report accuracy on test data for training an endmodel on pseudolabeled training data
from various label propagation methods when using different hyperparameter ¢ and averaged over 5
seeds.
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Method t=1 t=2 t=5 t=10 t =100

Snorkel + L | 95.04 & 0.46 96.08 £ 0.48 96.24 £ 0.32 96.24 £ 0.32 95.04 + 0.46
LPA 94.32 £ 045 9452 £ 0.26 9524 £0.38 922+ 1.08 80.76 £ 3.51
LPA + WL | 94.88 +£ 0.67 96.44 £ 0.26 96.8 = 0.36 95.36 £ 0.6  85.12 £ 3.82
LPAD (A) 95.6 £ 0.28 96.8 £ 0.33 96.32 £ 0.52 95.96 £ 0.41 86.12 £ 4.27
LPAD (B) |96.04 + 0.19 96.68 + 0.32 96.56 + 0.33 96.12 4+ 0.34  82.64 + 4.36
LPAD (P) 95.8 £ 0.46 95.64 £0.36 96.64 £ 0.39 96.16 + 0.48 84.32 £+ 2.82

C.9.4. We report accuracy on test data for training an endmodel on pseudolabeled training data
from various label propagation methods when using different hyperparameter ¢ and averaged over 5

seeds.
CDR

Method t=1 t=2 t=25 t =10 t =100
Snorkel + L 67.87 £ 0.25 68.03 £ 0.28 68.24 +0.72 68.24 + 0.72 67.87 £+ 0.25
LPA 67.01 £0.82 6517 +£1.09 63.19 £+ 1.18 59.33 £ 1.8 44.39 + 2.69
LPA + WL | 67.87 £ 0.25 67.61 +£0.19 67.16 & 0.84 65.8 £+ 0.82 49.66 + 1.8
LPAD (A) 68.13 +£ 0.74 67.68 1.1 68.65 £ 0.53 67.56 £0.38 61.28 + 3.21
LPAD (B) 66.44 + 1.23 67.01 £043 6598 £0.92 66.26 =+ 1.15 54.06 &+ 2.78
LPAD (P) 68.97 £ 0.51 67.27 £ 1.05 65.48 £+ 0.36 64.93 + 1.8 58.34 + 3.71

C.9.5. We report accuracy on test data for training an endmodel on pseudolabeled training data
from various label propagation methods when using different hyperparameter ¢ and averaged over 5

seeds.
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Basketball

Method t=1 t=2 t=5 t=10 t =100

Snorkel + L | 81.62 £ 1.07 83.62 £ 0.8 82.08 + 0.83 82.08 £ 0.83 81.62 £ 1.07
LPA 75.56 £0.95 79.36 £149 7512+ 126 7871 +£241 66.02 £ 1.19
LPA 4+ WL [83.13 + 1.43 80.87 £ 0.64 79.95+ 156 80.11 +£1.75 73.45 £ 1.09
LPAD (A) | 80.44 £0.83 789+ 1.53 81.64 +1.35 83.06 + 0.75 74.83 + 1.49
LPAD (B) 75.81 £3.47 7275 £ 211 76.58 £ 2.2 78.0+£4.34 69.36 £ 1.03
LPAD (P) 82.01 £296 746 £2.05 7331525 68.71+441 67.18=£ 3.64

C.9.6. We report accuracy on test data for training an endmodel on pseudolabeled training data
from various label propagation methods when using different hyperparameter ¢ and averaged over 5

seeds.
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Appendix D
Supplementary Material for Chapter 7: Learning from

Interval Targets

D.1 Additional related work

Weak supervision. Our setting is part of a sub-field of weak supervision where one learns from
noisy, limited, or imprecise sources of data rather than a large amount of labeled data. Learning from
noisy labels assumes that we only observe a noisy version of the true labels at the training time where
the noise follows different noise models (usually random noise) |31, 33, 35, 37, 374, 375, 399-401].
Programmatic weak supervision, on the other hand, assumes that we have access to multiple noisy
weak labels (but deterministic noise) specified by domain experts, e.g. from logic rules or heuristics
methods [3, 19, 24, 26, 41, 59, 364, 365, 402|. Positive-unlabeled learning is another type of weak
supervision where the training set only contains positive examples and unlabeled examples [403-408|.
Learning with side information. In contrast to the weakly supervised setting, we have access to
standard labeled data but also have access to some additional information. This could be unlabeled
data which is studied in semi-supervised learning [52-54, 168, 169, 409-413] or different constraints
based on the domain knowledge such as physics rules [190, 191, 396, 414, 415]| or explanations
[4, 46, 51, 416] or output constraints [417, 418| which is similar to the interval targets. In some
settings, interval targets are the best thing one could have (similar to the weak supervision setting)
but in many cases such as in bond pricing, target intervals are readily available in the wild and could

also be considered as a side information.

D.2 Limitations

Our theoretical results rely on a Lipschitz continuity assumption to characterize the size of the
reduced interval. We note that other similar assumptions, such as a modulus of continuity, could
also lead to analogous results. Importantly, we do not impose any assumptions on the distribution
of the intervals themselves. While this generality can be viewed as a strength, it would be an
interesting direction for future work to investigate whether stronger results are possible under
additional structural assumptions on the intervals. Our generalization bounds are derived via uniform
convergence. This approach is necessary to accommodate general loss functions and hypothesis
classes but may be suboptimal compared to specialized analyses—such as those for least squares

regression—which do not rely on uniform convergence and can yield sharper rates. For clarity, we
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assume deterministic labels, although our framework allows for interval targets to be random (see
Appendix D.4). Extending the results to fully random labels is in principle possible, though the
notion of correctness—i.e., whether the interval contains the label—becomes less well-defined in
such settings. Finally, we assume that the data distribution is nonatomic, which enables us to
reason about zero-probability events. This is a standard technical condition that does not limit the

applicability of our results to discrete or finite-support distributions.

D.3 Additional proofs
D.3.1 Proof of Proposition 5.30

Proof. First, we assume that m,(f(x),l,u) = 0. This implies that there exists y € [I,u] such
that ¢(f(x),y) = 0. From the assumption on ¢ that ¢(y,3’) = 0 if and only if y = 7/, we
must have f(z) = § € [l,u] as required. On the other hand, if f(z) € [l,u], it is clear that
mo(f (@), 1, u) = €(f(2), f(x)) = 0 since £(y,y") > 0.

Now, assume that we can write ¢(y,y") = ¥ (|ly — ¢/|) for some non-decreasing function 1), we have

me(f(@). L) = min (|f(@) - 3 (D.3.1)
= ¥(min [(x) ) (D.3.2)
Bl @) ) <l
— L 4(0) I < fla) <u (D.3.3)
G(f(@) —u) @) >u
— 1[f(2) < JA(F(@).1) + L[f(2) > ule(f (), ). (D.3.4)

Here we rely on the assumption that v is non-decreasing so the minimum value of ¢ (z) happens

when z is also at the minimum value. O

D.3.2 Proof of Proposition D.9

Proof. Since f1 # fa, there exists x such that fi(x) # fo(x). Without loss of generality, let fi(z) <
fa(x). Consider a simple one point distribution D with only one data point (z,y) = (x, fa(z)+e€) with
probability mass 1 and D be another one point distribution with (z,l,u) = (x, f(z1) — €, f(z2) — €).
We can see that 0 = Ep, [7(f1(X), L, U)] < Ep, [7(f2(X), L, U)] = € while (f(x2) — f(z1) + €)F =
err(f1) > err(f2) = €P. O
D.3.3 Proof of Proposition D.10
Proof. From the Proposition 5.30,

r(f(@) 1) = 1[f(x) < D), 1)+ 1F @) > (@), w) (D.3.5)

Recall that y € [l, u], we consider 3 cases,
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L f(z) <l m(f(2),1,u) = £(f(x),1) = (|l = f(2)]) <P(ly = f(2)])
2. f(x) >u, w(f(z),l,u) = £(f(2),u) = (| f(x) —ul) < (| f(x)
3. 1< f(x) Sw, w(f(2),l,u) =0 <L(f(z),y)

D.3.4 Proof of Theorem D.5.11

Proof. From the triangle inequality,

g(f(x)ﬁg) = E(f(x)v fopt(x)) + E(fopt(x)a y)

We can take an expectation to have

E[6(f(X),Y)] < EIE(f(X), fopt (X)] + OPT.

Since fopt € Fopr which from Theorem 5.36, we can bound

Fopt(@) € 197 = ropr(@), 157 + sopr(x)].

Similarly, for any f € ]?,7, we have

Flx) € 197, = ry(@),ul + sy(2)]

= (f(2),y)

-yl

=(f(z),y)

(D.3.6)

(D.3.7)

(D.3.8)

(D.3.9)

Finally, we can bound the error between any two intervals with the maximum loss between their

boundaries.

D.3.5 Proof of Proposition 5.40

O

Proof. Since we can write £(y,y") = ¥(ly — y/|) for some non-decreasing function 1, we have

pe(f(x), 1 u) = Iﬂ[&x P(1f (=) —gl)

ye
rg[%lf( z) —9)
{ fz) < Be
fz) > e
C[f(2) < l+u [+u

Je(f (@), u) + 1[f(2) > —=16(f(2). ).

(D.3.10)

(D.3.11)

(D.3.12)

(D.3.13)

Here we rely on the assumption that v is non-decreasing so the maximum value of ¢(z) happens

when z is also at the maximum value.

D.3.6 Proof of Corollary 5.41

O

Proof. Since £(y,y') = |y — ¢'|, from Proposition 5.40, we have a closed form solution of p,
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pu(F (), 1) = 1[f(2) < “EU0( @), w) + 1[5 ) > E e )0 (D.3.14)

—17@) < 0w f@) + 11 @) > @) - (D.3.15)
=1[f(@) < l;“}(u— “;“ + l;“ — f(@)) + 1[f () > l;u](f(x)— ”;“ + ”2“ - 1)

(D.3.16)

o i) <! ZUJ(HTU @) 1) > @) - H%) (D.3.17)

= f@) - Y L (D.3.18)

Since w;, l; are constants, “i- L would have no impact on the optimal solution of (5.20) and therefore,

the optimal would also be the same as the one that minimizes ) .- | f(x;) — HT“’\ O

D.3.7 Proof of Proposition 5.42

Proof. From the realizability assumption, we know that f* € j-v"o, therefore,
err(f) = E[£(f(X), f*(X))] < max E[¢(f(X), (X)) (D.3.19)
'eFo
On the other hand, Let f” € Fo, be a hypothesis that achieves the maximum value of E[¢(f(X), f"(X))].
Since f” € Fy we know that

Elm(f"(X),L,U)] = 0. (D.3.20)

Since the projection loss is always non-negative and is continuous, from Lemma D.2, we can conclude
that 7o(f"(x),l,u) = 0 for any z,l,u with positive density function p(z,l,u) > 0 which implies
1" (x) € [l,u]. Therefore, for any x with p(x) > 0,

U(f (@), ["(x)) < grg[%]ﬁ(f(:r),ﬂ) = pe(f (@), 1 u). (D.3.21)
We can take an expectation over X, L,U and have the desired result. O

D.3.8 Proof of Proposition 5.43

Proof. Consider when X = {0,1} and f* such that f*(0) = f*(1) = 0. Consider a hypothesis class
of constant functions F = {f : X — R | f(z) =d,Vx € X'}. We can see that f* € F. Assume that

we have a uniform distribution over X and we also have deterministic interval [[(x),u(x)]. Assume

that for z = 0, we have an interval [I(0),u(0)] = [—a, €] for some a > 0 and for x = 1, we have an
interval [I(1),u(1)] = [—¢,2¢]. Since F is a class of constant hypothesis, for all z, we must have
f(x) € [—a, €] N[—¢,2€¢] = [—€,€]. This implies that

Fo={f|f(@)=cVze X, ce|—¢¢} (D.3.22)
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Therefore,

o = s i s B{E/ (). /() (D.3.23)

— argmin max ~(1£(0) = £/(0)] + |£(1) - (1)) (D.3.24)
JeF preFy 2

= arg 1%1;__1 Cér[l_age] |£(0) — | (D.3.25)

(D.3.26)

By symmetry, we can see that the optimal fi(z) = 0 which means that err(f;) = 0. On the other
hand, consider fs, from Corollary 5.41, fs is equivalent to the solution of supervised learning with

the midpoint of each interval,

fo =arg ?ggE[pz(f(X), L,U)] (D.3.27)
1 — € —€e+ 2¢
= argmin 21/(0) = =5+ £(1) = == (D.3.25)

By symmetry, the optimal fs should lie in the middle between these two points so that fo(x) =
—a/2 + e. We would have err(fa) = | — a/2 + €| which can be arbitrarily large as a — oo. O

D.4 Probabilistic interval setting

In this section, we consider the probabilistic interval setting which is when, for each x, the corre-

sponding interval is drawn from some distribution Dj.

Assumption D.1. A distribution P with a probability density function p(z) is a nonatomic
distribution when for any z such that p(z) > 0 and for any ¢ > 0, there exists a set S; ¢ C B(z,€) (a
ball with radius €) such that Pr(S; ) > 0. We assume that the distribution D and D; are nonatomic

distributions .

Lemma D.2. Let P be a nonatomic distribution over X with a probability density function p(x).
For any continuous function f: X — [0,00), if Ep[f(X)] =0 then f(x) =0 for all x with p(z) > 0.

Proof. We will prove this by contradiction. Assume that there exists x with p(z) > 0 such that
f(x) > 0. By the continuity of f, there exists §; > 0 such that for any 2’ € B(x,d1) such that
|f(z)—f(2")] < f(x)/2 which implies that f(z’) > f(x)/2. In addition, by the nonatomic assumption,
there exists Sy 5, C B(z, 1) such that Pr(S;s,) > 0. Therefore,
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Ep(f(X)] = / F(w)p(w)duw (D.4.29)

weX

> / f(w)p(w)dw (D.4.30)
WESy,5;

> [ L, (D.431)
WESy, 5, 2

P
_ @) Pr(Ses1) ;(Sﬂ“‘sl) > 0. (D.4.32)
This leads to a contradiction since Ep[f(X)] > 0. O

Similar to the deterministic interval setting, for any f € ]?0, f has to lie inside the interval as well.
One difference would be that in the probabilistic interval setting, we can have multiple intervals for
each x and since f has to lie inside all of them, f would also lie inside the intersection of all of them

for which we denote as [l,, U] for each x.

Proposition D.3. For any f € ],:_0’ and a loss function € that satisfies Assumption 5.29, for any x
with positive probability density p(x) > 0, we have

f@ye () [Lul = [l ). (D.4.33)

p(z,l,u)>0
Proof. Let f € Fy so we have E[x(f(X),L,U)] = 0. From Lemma D.2, for any (z,1,u) such that
p(z,l,u) > 0, we have 7(f(z),l,u) = 0 which implies f(x) € [l,u] (From Proposition 5.30). There-
fore, by taking an intersection over all possible intervals, we would have f(2) € (140l 4] =
[l tia). O

Proposition D.4. Let F be a class of functions that are m-Lipschitz. For any z,x’, denote
jm) (m)
' —x ' —x

probability density p(x) > 0,

=ly —m|z—2|, @ = Uy + ml||x — 2'||, then for any f € Fy and for any x with positive

fla) e O, 2l = 157, a5, (D.4.34)

l’,

Proof. Consider f € Fo, since f is m-Lipschitz, for any 2,2/ € X, we have | f(z) — f(z')| < m|jz —2/||

which implies

f@) =mlle =2l < f(z) < f(@) + mlle - 2| (D.4.35)

We illustrate this in Figure Figure 5.4. Then, from Proposition D.3, for f € .7?0, we have
Iy < f(2') < @iy which implies

Lty = Ly —m|z — 2’| < f(2') —mllx — 2| (D.4.36)
Wl =iy +mllz — 2| > f(z) —mlz + ). (D.4.37)
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Substitute back to equation (D.4.35) and take supremum over z’, we have

i <fl@)<a (D.4.38)
up 1, <f(e) <infa” (D.4.39)
57, <flx) < agp?,. (D.4.40)
O

Next, we present the probabilistic interval version of Theorem 5.36. Details of the proofs are the

same, except that we use l , o instead of I, u.

Theorem D.4.5. Let F be a class of functions that are m-Lipschitz. £ :Y x Y — R is a loss
function that satisfies Assumption 5.29. For any f € j}n and for any x with positive probability
density p(z) > 0,

f(x) € 157, = ryla), 5", + sy(a)] (D.4.41)
j(m)  ~(m)

where lp_ ,Up . are defined as in Proposition D.4 and

1. ry(x) = r such that n = E[l[g(z, X,r) < L)l(g9(x,X,r),L)| where g(xz,z',r) = ly — (r —
l(m) _ l(m)
( D—x x/ —>x))
2. sy(x) = s such that n = E[1[h(z, X,s) > Ull(h(z, X,s),U)] where h(z,z',s) = Uy + (s —
(~(m) ~(m) ))

Upr S — UDyy

Proof. Now, we will show that if f € ]: then we have f(x) € [l o rn(x),ﬂgnlx + s, (x)] instead.

D—x

First, we explore what would be a requirement to change the lower bound of f(z) from l%lx to
i . Again, from Lipschit
D — T Again, from Lipschitzness,
f(@) —mlle — || < f(a) (D.4.42)
Taking a supremum here, we have
sup f(z') — m|lx — 2'|| < f(x). (D.4.43)
w/

Here, we will use sup,, f(2') — m|z — 2’| as a new lower bound for f(z). Assume that it is lower

than l%_{ , we can write

sup f (') —mllz —of|| = 1), =7 (D.4.44)

for some r > 0, then it implies that for all 2’ € X', we must have

F@') = mle — || <TY, —r (D.4.45)
(f(2') =Ty + Ty —mllz —2/|)) < T — 7 (D.4.46)
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f@) <lp =10 400 (D.4.47)

D—zx
F@') < by — (r— (10 70 ) (D.4.48)
— 'z D—x ' —x t

That is, if one can change the lower bound of f(x) from igzx to igzx — r then for all 2/, f(2’) has
i(m)

to take value lower than I, by at least r — (Ip_s
f € F, so that f(z') can’t be too far away from I, since E[my(f(X), L, U)] < n. From Proposition

7lm . . oy
— Q(E,l x) whenever this term is positive. However,

5.30, if one can write £(y,y") = ¥(|ly — ¢/'|) for some non-decreasing function ¢ then we have

wolf(2),1,w) = [ () < DO (@),0) + 1[f(2) > ulf(f (), w). (D.4.49)
Therefore,
n 2 Elm(f(X), L,U)] = E[1[f(X) < LJ((f(X), L)]. (D.4.50)

Let g(z,2/,r) = ly — (r — (l~(m) — ;(Z,n_)m)) be the upper bound of f(a’) for any 2’ as we derived in the

D—x

equation (D.4.48). Since 1[a < L]¢(a, L)] is a decreasing function over a, equation (ID.4.50) implies

n = E[[f(X) < LI(f(X), L)] = E[t[g(x, X,r) < Ll(g(z, X, 7), L)] (D.4.51)

We can also see that g(x, 2, r) is a decreasing function of  which means E[1[g(z, X, r) < L|¢(g(z, X,7), L)]
is an increasing function of . The largest possible value of r would then be the r such that the

inequality holds,

n =E[l[g(x, X,r) < L}¢(g(x, X,r), L)]. (D.4.52)

which we denoted this as 7, (x). Similarly, we can show that if the largest possible value of s such

(m) (m)

that we can change the upper bound of f(x) from up ., to @y, + s is given by
n =E[l[h(z, X,s) > Ull(h(z,X,s),U)] (D.4.53)
where h(x,2',s) = U, + (s — (&gn_)m — ﬂ(D@x)) O

Theorem D.4.6. Under the conditions of Theorem D.4.5, if further assume that for each zx,
the lower and upper bound of y is given by deterministic function [I(z),u(x)] and £ is an £, loss

Uy,y") = ly — y'|P and denote the lower bound gap and upper bound gap of f(x) induced by =’ as
(m) _ jlm) _ j(m) (m) (m) ~(m)

l-gz —x ~ D=z —x and UGy Sq = ﬂx’%z “Up_y then we have
rp(x) =1 st E[(r-— lgg(mlx)ﬁ] =7 (D.4.54)
sp(z) =s st E[(s— ugg(mlx)ﬂ] =1 (D.4.55)

where we denote ¢, = max(0,c). Further, we can bound ry(z) and s,(x),
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ry(z) < inf 6+ ( )L/p (D.4.56)

Pr(lgy", < 9)
gl) < inf 8+ (——> )i/e, (D.4.57)
J Pr(ugy_,, <9)

Proof. Since [l,u] is deterministic for each x, we have I, = (). By the property of squared loss,

E[1lg(x, X,7) < L)t(g(z, X, r), L)) = E[(L — g(, X, 1)) (D.4.58)
=E[(I(X) — g(z, X,7)}] (D.4.59)
= B[(U(X) — (Ix — (r = (57, - L 0% (D4.60)
= El(r - lg{",,)"%] (D.4.61)

as required. We can use a similar argument for s, (z). Next, we can see that for any valid value of r,

n 2 El(r — 19y, %] 2 El(r = 65119y, < 8] = (r = 6)% Prigk™, < 9). (D.4.62)

By rearranging, r < § + (m)l/ P. Taking the infimum over §, we have the desired inequality.
l9x 52>

Again, we can apply the same idea for s, (x). O

D.5 Sample complexity bounds
D.5.1 Error bound in the realizable setting

We begin with a foundational result that characterizes the error of any hypothesis in .7?,7 based on

the reduced intervals established in the previous section.

Theorem D.5.7 (Error bound, Realizable setting). Let F be a class of functions that are m-
Lipschitz, assume that f* € fo, then for any f € fn,

err(f) < E[d(l, Io(X), I,(X))]- (D.5.63)

when I)(x) := [lgﬂm - Tn(:r),u(Dngw + sy(z)] represents the reduced interval from Theorem 5.36 and

d(f,]l,IQ) = Inax(ﬁ(ll,uQ),E(ul,lQ)) when Il = [ll,ul],fz = UQ,UQ].

We remark that this bound can be tight for certain hypothesis classes. For example, consider the case
where F consists of constant hypotheses and let n — oco. In this scenario, we have ry(z) — ro(z) =0

and I, (x) — Io(x). For each z, the error bound is given by
d(l, Io(@), To(x)) = €(1R",, up?),) = £sup Loy, inf uy), (D.5.64)

representing the loss between the boundaries of the intersected intervals. It is tight since the inequality

holds when f* and f each take values at the respective boundaries of the intersected interval.
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D.5.2 Main sample complexity result

Building on Theorem D.5.7, we now present our main result, which provides explicit sample
complexity guarantees for learning with interval targets for any hypothesis classes whose the
Rademacher complexity decay as O(1/4/n). This includes a class of linear models or a class of
two-layer neural networks with a bounded weight [144]. To simplify the Theorem, we will only
present the statement and the proof for the case of L; loss. However, an extension for a general L,

loss is straightforward where we can replace the triangle inequality with the Minkowski’s inequality.

Theorem D.5.8 (Generalization bound, Realizable Setting). Let F be a hypothesis class satisfying
i) the conditions of Theorem D.5.7 (realizability and m-Lipschitzness), ii) Rademacher complexity
decays as O(1/+/n), iii) support of the distribution Dy is bounded, iv) loss function is £(y,y') = |ly—1/|.
With probability at least 1 — &, for any f that minimize the objective (5.5), for any T > 0,

err(f) < Ex[\ung — l(D”zXH +7+ ( + M\/7> (D.5.65)
(@

where D, M are constants and I'(7) = E¢ [1/min(PrX (lg;m_)»? < T),Prx(ug;m_)))? < 7'))} is decreas-

mg in T.
Proof. Step 1: Derive the bound in term of 7. Recall that from Theorem D.5.7, we have

err(f) < Eld(¢, In(X), I,(X))]. (D.5.66)
(m)

when I, (z) = [lgn_)m, —1p(x), up_,, + sy(z)]. Since we have an /1 loss, we have

d(t, In(z), I (x)) = [ul =18+ max(ry(x), s,(z))]. (D.5.67)

Substitute this back in, we have an error bound

err(f) BlJup?) = 157 x + max(ry(X), 59(X))] (D.5.68)
HuDﬁX Z(D@XH + E[| max(r,(X), s,(X))|] (triangle inequality). (D.5.69)

Now, our goal is to bound the term E[| max(r,(X), s;(X))|]. From Proposition 5.37, we know that

X—x X—z

() < iEfT +(n/ Pr(lg(m) <7)) and sy(z) < iITlfT + (n/ Pr(ug(m) <7)). (D.5.70)

We place 6 with 7 in the original statement because we will use § as something else, later. This

implies that

. n
max(ry(x), sy(x)) < HTlfT—}— (mm(Pr(lg( T . Pr(ug( W T))) . (D.5.71)

X—x — X—x —

We define A(D, 1) = min(Pr(lg(m) < T),Pr(ug(m) < 7))t so that

X—x X—x
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max(ry(z), sy(x)) < irTlfT +nA(D, ). (D.5.72)

We can see that when A(D,7) > 0 and A(D, 7) is a decreasing function in 7. Substitue this back to
the equation D.5.69, for any 7 > 0, we would have

err(f) < Eljug”) x — 159y || + Ellr +nA(D, 7)) (D.5.73)
< E[luf?)x — 159 | + 7+ nE[A(D, 7)] (D.5.74)
= ]EHU’DHX - ZD%XH +7+nl(D,7) (D.5.75)

where we define I'(D,7) = E[A(D,7)]. We can see that every term in the equation above is
independent of 7, apart from the term 7 itself. This provide a more explicit error bound in term of
1. Now, we will bound 7 in terms of the number of sample n.

Step 2: Bounding 7 in terms of the number of sample. Recall the result from (5.6), with
probability at least 1 — § over the draws (x;,l;,u;) ~ Dy, for all f € F,

Elme(f(X) ZW ), Liy ;) + 2Ry M\/ (D.5.76)

Here, R, (II(F)) is the Rademacher complexity of the function class II(F) := {m/(f(x),l,u) — R |
f € F} and we assume that the 7, is uniformly bounded by M. We recall that we learn f by

minimizing the empirical projection loss

= argmanTrg i)y lis ). (D.5.77)

Under the realizable setting, this objective would be zero since fx € F which implies that fx has
zero empirical projection > 7" wo(f*(x;),1;, wi) = 0 but f also minimize the empirical projection
loss so f must also have a zero empirical projection loss. We write n(f) to refer to the n value of f.

Formally, defined as

n(f) = E[me(f(X), L,U)]. (D.5.78)

Substituting f to the bound above, we have

n(f) < 2R, (I(F)) + M

In(1/9). (D.5.79)

The next step is to bound the Rademacher complexity R, (II(F)) in terms of R, (F). We will do this
by first showing that ¢;(f(z)) = m¢(f(x),l;,u;) is a Lipschitz continuous function and then reduce
R, (II(F)) to R,(F) with a variant of Talagrand’s Lemma [419]. From our assumption that the
support of Dy is a bounded set, and our hypothesis class is a class of two-layer neural network with
bounded weight, there exists a constant C' for which, we have |f(z)| < C almost surely. Here, we

will show this property for L, loss, recall that
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¢i(f (@) = me(f (), li ui) (D.5.80)
= (li = f(@))P1[f (z) < L] + (f (z) — w)P1[f (z) > u]. (D.5.81)

Differentiate with respect to f(z), we have
IV @) 9i(f (@) = pl(l; = f(2))P 11 [f(2) < U] + (f(2) — u)P " 1[f (@) > u]] (D.5.82)
< 2p(20)P~ L, (D.5.83)

Since this gradient is bounded for any f(z), we can conclude that ¢;(f(z)) is B-Lipschitz for some

constant B. Now, we unpack the definition of the Rademacher complexity,

Ry(I(F)) = Bz, 1y, ui)~p) [Bomf—1,1} ?UP ZM ), iy ui)0il] (D.5.84)
=4 =1
= B2, 05,u)~D; Boimf—1,1} SUP Z oi(f(xi))o]]. (D.5.85)

We recall the following result from Meir and Zhang [419] that when ¢1, ¢o, . .. ¢, be functions where
¢; : R — R are ¢; are L;-Lipschitz, then

Eg,mf—1,1} sup Z@ (z:))oi] < Egg11) sup ZL f(zi)oi]. (D.5.86)

Applying this result with the fact that ¢; is B-Lipschitz for all i = 1,...,n, we can conclude that

1 n

RlI1(F)) = Bey iy, [Bore 1y 500 o ()l (D.5.87)
i=1
1 n

<Ei i u)oD Eg i sup — Bf(x;)o; D.5.88

< By 1s,u0)~D; (B 1,1}[f€gn; f(zi)oi]] ( )

— BR,(F). (D.5.89)

We successfully reduce the Rademacher complexity of II(F) to F. Since we assume that the
Rademacher complexity of F decays as O(1/y/n), there exists a constant D such that

D

Ru(11(F)) < 2% (D.5.90)
and
n(f) < \% +M ln(;/é) (D.5.91)
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for some constant D, M. Substitute this back to the result from step 1 concludes our proof. In the

general setting with L, loss where £(y,y") = |y — y/|P, we would have the following bound,

p

1/p
err(f) < Ex[|upﬁx—lp”ix|p]1/p+r+< MF ) U (D.5.92)

O

D.5.3 Agnostic setting

Now, we study the agnostic setting, where we do not assume the existence of such f* in F. Instead,
we focus on comparing with fope = arg mingc 7 err(f), the hypothesis in F with the smallest expected
error. First, we show that, in contrast to the realizable setting, simply minimizing the projection
loss may not converge to fope. This is because a smaller projection loss m does not imply a smaller

standard loss Z.

Proposition D.9. Let ¢ be an £, loss, for any hypothesis fi, fa, there exists a distribution Dy and
D such that Ep, [m(f1(X),L,U)] < Ep, [me(f2(X), L, U)] but err(f1) > err(fa).

While minimizing the projection loss, we might overlook a hypothesis that has a smaller standard
loss but a higher projection loss. However, we remark that the projection loss is still useful since it

is a lower bound of the standard loss.

Proposition D.10. Let £: Y x Y — R be a loss function that satisfies Assumption 5.29, then for
any f,

Elm,(f(X), L, U)] < err(f). (D.5.93)

Consequently, if we let OPT = err(fopt), we must have fon € fOpT since the projection loss is
upper bound by the standard loss. This means we can apply Theorem 5.36 for f,¢ and consequently

achieve an error bound similar to what we obtained in the realizable setting.

Theorem D.5.11 (Error bound, Agnostic setting). Let F be a class of functions that are m-Lipschitz,
and suppose £ satisfies Assumption 5.29 and the triangle inequality, then for any f € fn: we have

err(f) < OPT +E[d((, I,(X), Topr(X))). (D.5.94)

While it’s not ideal to minimize the projection loss in the agnostic setting since we may not converge
to fopt, our bound suggests that the expected error of f would not be much larger than that of
fopt- This error bound becomes smaller when the intervals I, (x), lopT(x) are small. Overall, our
theoretical insight suggests that we can improve our error bound by (i) having a smoother hypothesis
class (smaller m) (ii) increasing the number of data points n (which leads to smaller 7), since both
results in smaller intervals I,,(z). However, if m is too small, 7 may not contain a good hypothesis,

causing OPT to be large. Next, we provide a sample complexity bound for the agnostic setting.
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Theorem D.5.12 (Generalization Bound, Agnostic Setting). Under the conditions of Theorem
5.38 apart from realizability, with probability at least 1 — 0§, for any f that minimize the empirical

projection objective, for any T > 0,

m m D In(1/6)
err(f) < OPT+IEXHu(Dl)i —1 I +2r + <en~pmj( D+ et M= om) I'(r),
(a) (b)
(¢)
(D.5.95)
where D, M are constants and I'(7) = E [l/min(PrX(lg;m_)> T), PrX(ug( ™) < 7'))] is a de-

creasing function of T, errp,,i(f) is an empirical projection error of f, and OPT is the expected error

of the optimal hypothesis in F.
Proof. The proof idea is similar to the realizable setting. Recall that we have an error bound

err(f) < OPT 4E[d(¢, I,(X), Iopr(X))] (D.5.96)

where I)(z) = [l(m) —ry(z), oy sp(z)]. We can write

D—zx D—x

d(l, 1(X), Topr(X)) < [ui"), = 15", +max(ry(z) + sopr (), ropr(z) + 5y(2)].  (D.5.97)

With a triangle inequality, substitute this back to the error bound, we have

err(f) < OPT +E[[ul”™  — 1) || + E[max(ry(z) + sopr(z), ropr(z) + sp(x))].  (D.5.98)

We can see that the first two terms are term a) and b) in the Theorem 5.39. Therefore, we are left

with bounding the final term. From Proposition 5.37 , we know that for any 7 > 0,

ry(z) < iITlfT + (n/ Pr(lg&?ﬁx <7)) and sy(z) < iITlfT + (n/ Pr(ugg?ix <7)). (D.5.99)

This implies that
ry(2) + sopr(z) < 27 + (n/ Pr(lg\™, < 7)) + (OPT/ Pr(ug{” < 7)) (D.5.100)
=< 27 + (n + OPT)(max(1/ Pr(lg{” < 7)),1/Pr(ugy” < 7)) (D.5.101)
—< 21 + (n+ OPT)(1/ min(Pr(ig{™ < 7), Pr(ug < 7). (D.5.102)

We have the same upper bound for ropr(z) + s,(x)). Taking an expectation, we have

E[max(r,(x) + sopr(z), ropt(2) + sy(x))] < 27 + (n+ OPT)I'(7) (D.5.103)

when I'(1) = E¢ [1/min(PrX(lg§(m_)>)~( < T),PrX(ug;le < 7))|. The final step is to bound 7 in
terms of the empirical loss, following the uniform convergence argument from the realizable setting,
with probability at least 1 — 4d,
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ngéﬁ"(f)Jr\%JrM\/W. (D.5.104)

This concludes our proof for the agnostic setting. O

D.6 Relaxation of Ambiguity Degree for a regression setting

As noted in the related work section, the ambiguity degree is defined in the context of classification
and it might not be suitable for regression tasks. This is due to the nature of the loss function, In
classification, a hypothesis is either correct or incorrect, and a small ambiguity degree ensures that
we can recover the true label. However, in regression, we are often satisfied with predictions that are
sufficiently close to the target—for example, within an error tolerance of €. This implies that we do
not need to recover the exact true label, but a ball with a small radius around the true label might
be sufficient.

In this section, we explore a relaxation of the original ambiguity degree to the regression setting.

Motivated by the concept of a tolerable area around the true label y, we define an ambiguity radius

Definition D.13 (Ambiguity Radius). For distributions D, D; with a probability density function
p, an ambiguity radius is defined as
AmbiguityRadius(D, Dy) := mi t P Lul CB(Y,r) =1 D.6.105
mbiguityRadius(D, Dr) minr s X,Y£D( (XO)>0[ ,ul € B(Y,r)) (D.6.105)
p 9 7u

when B(y,r) ={y' | |y — ¢/| <r} is a ball of radius r around y.

The interpretation of this is that it is the smallest radius r for which we are guaranteed the intersection
of all interval for a given x must lie within a radius of 7 from the true label y. As a direct consequence,
we know that whenever the ambiguity degree is small the ambiguity radius must be zero since the
intersection of all interval for a given z is just the true label {y}.
In fact, our analysis have captured the essence of this interval intersection for each . We recall that
for any f € Fy and for each z with p(z) > 0,

fl@) € To(z) = (1% ul™ ] € B(y,r), (D.6.106)

D—x>

when r* is the ambiguity radius. This follows directly from the definition of the ambiguity radius.
As a result, we know that each interval Ip(z) would have a size at most 2r*. The same technique as
in the Section 5.4 would imply that the expected error of any f € Fo would be at most 2r* in the
realizable setting (with L; loss).

Finally, we want to remark that our analysis not only is applicable to this extension of the ambiguity
degree to the ambiguity radius, we further use the smooth property of F and Ip(z) might even be a
proper subset of the ball B(y,r*), giving a result stronger than one based solely on the ambiguity

radius.
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D.7 Experiments
D.7.1 Computational efficiency

The computational cost of our projection objective matches standard regression loss, as we only
evaluate boundaries of the given interval (Proposition 5.30). The naive minmax approach maintains
this cost equivalence, since the maximum loss occurs at interval boundaries. For minmax with
smoothness constraints through regularization, our alternating gradient descent-ascent updates for f
and f’ double the computational overhead. The pseudo-label approach requires training k hypotheses
from .7?7, before generating labels, resulting in (k + 1) times the base cost - typically manageable

given efficient regression training.

D.7.2 Experiment setup

Following prior work [76], we conducted experiments on five public datasets from the UCI Machine
Learning Repository: Abalone, Airfoil, Concrete, Housing, and Power Plant. Since these datasets are
originally regression tasks with single target values, we transformed them into datasets with interval
targets (described shortly). Dataset statistics are provided in Section D.8. For the experimental
setup, we used the same configuration as [76]: the model architecture is a MLP with hidden layers
of sizes 10, 20, and 30. We trained the models using the Adam optimizer with a learning rate of
0.001 and a batch size of 512 for 1000 epochs.

Interval Data Generation Methodology. We propose a general approach for generating interval
data for each target value y. This method depends on two factors: the interval size g € [0, 0] and
the interval location p € [0,1]. The interval is then defined as [l,u] = [y — pq,y + (1 — p)q]. When
p = 0, the target value y is at the lower boundary of the interval whereas p = 1 places y at the
upper boundary. In this work, we consider ¢ and p to be generated from uniform distributions over
specified ranges. The prior interval generation method in Cheng et al. 76| could be seen as a special

case of our approach when g ~ Uniform[0, ¢max] and p ~ Uniform|0, 1].

D.7.3 Results

Which method works best in the uniform setting? We begin by evaluating methods in the
uniform interval setting described in prior work [76], where the interval size ¢ ~ Uniform|0, gmax]
and the location of the interval p ~ Uniform|0, 1]. For each dataset, we set gmax to be approximately
equal to the range of the target values, ymax — Ymin. Specifically, we set gmax = 30 (Abalone), 30
(Airfoil), 90 (Concrete), 120 (Housing), and 90 (Power Plant). Our findings indicate that the PL
(mean) method performs best in this uniform setting, with PL (max) and the projection method
ranking second and third, respectively (Table D.7.1). Given the superior performance of PL (mean),
we conducted an ablation study to better understand its effectiveness. We explored the impact
of varying the number of hypotheses k& and compared it with an ensemble baseline that combines
pseudo-labels before using them to train the model, for which we still find that PL (mean) still
performs better (Appendix D.11).
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Projection Minmax Minmax (reg) PL (max) PL (mean)

((5-5)) ((5.20)) ((5.25)) ((5.26)) ((5.27))

Abalone 1.560.01 1.650.02 1.540'01 1.520'01 1.520.01
Airfoil 2.46¢ 08 2.650.07 3.410.04 3.310.04 2.42¢ 07
Concrete 5.75()‘13 7.340.2 6.230.16 5.860.48 5.43()‘12
HOUSing 5.170,13 6.880,31 5.420,15 5.070,09 5.050.09
Power-plant 3.40.03 3.470.02 3.480.03 3.330.01 3.330.01
Average (rank) 2.8 44 4.2 2.2 1

D.7.1. Test Mean Absolute Error (MAE) and the standard error (over 10 random seeds) for the
uniform interval setting. PL (mean) is the best-performing method in this setting.

What about other interval settings? We conducted more detailed experiments to investigate
which factors impact the performance of each method. Specifically, we varied the interval size g and
the interval location p by 1) varying gmax, 2) varying gmin, 3) varying p with three settings designed
to position the true value y at: i) only one boundary of the interval, ii) both boundaries of the
interval, iii) the middle of the interval. Full details are provided in Appendix D.9. We found that: (1)
All methods are quite robust to changes in the interval size, except for the Minmax method, whose
performance decreases significantly as the interval size increases. This is consistent with our insights
from the proof of 5.43), (2) The location of the true value y can have a large impact on performance;
specifically, the Minmax method performs better when y is close to the middle of the interval. One
explanation is that Minmax is equivalent to supervised learning with the midpoint of the interval
(Corollary 5.41). Conversely, the other methods perform better when y is close to both boundaries
of the interval but not when vy is close to only one boundary. Finally, we conclude that if we only
know that the interval size is large, it is better to use the PL (pseudo-labeling). However, if we know

the true value y is close to the middle of the interval, then the Minmax method is more preferable.

D.7.4 Connection to our theoretical analysis

To validate our theoretical findings in practice, we conducted experiments designed to test whether
our theory holds under empirical conditions. Recall that our main result (Theorem 5.36) states
that if a hypothesis f approximately lies within the intervals (f € .7?77) and is smooth, then f will lie
within intervals smaller than the original ones. To control the smoothness of our hypothesis, we
utilize a Lipschitz MLP, which is an MLP augmented with spectral normalization layers [199]. The
normalization ensures that the Lipschitz constant of the MLP is less than 1. We then scale the
output of the MLP by a constant factor m to ensure that the Lipschitz constant of the hypothesis is
less than m.

Test performance First, we plot the test Mean Absolute Error (MAE) of the Lipschitz MLP with
the projection objective, compared with the test MAE of the standard MLP (Figure D.7.1 (Top)).
We found that, with the right level of smoothness, Lipschitz MLP can achieve better performance
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than the standard MLP. When the Lipschitz constant is very small, the performance is poor for all
datasets. However, performance improves as the Lipschitz constant increases. We observe that the
optimal Lipschitz constant is always larger than the Lipschitz constant estimated from the training
set (vertical line). For some datasets, performance degrades when the Lipschitz constant becomes too
large. This aligns with our insight from Theorem D.5.11, which suggests that we can improve the
error bound by ensuring that the hypothesis class is as smooth as possible (smaller m so that I, (z)
is small) while still containing a good hypothesis (i.e., low OPT). Nevertheless, we do not need to
know the Lipschitz constant of the dataset and can treat it as a tunable hyperparameter in practice.
Reduced interval size Second, we determine whether the intervals, within which our hypothesis
fe j-:o lies, are smaller than the original intervals. Recall that the original intervals are given by
[l,u], and our theorem suggests that they would reduce to I, (z) = [[(DT:)I —ry(x), ﬂgﬂx + sp(2)].
While we can use a Monte Carlo approximation to estimate I,,(x), it does not take into account
the hypothesis class F. Instead, we approximate I,(z) using samples of hypotheses from .7?0 by
proceeding as follows: 1) We train 10 models with the projection objective, each from different random
initializations (denoted by fi,..., fi0), 2) For each x, we approximate the reduced interval using the
minimum and maximum values of the outputs from these models, given by [min; f;(x), max; f;(z)].
We set m € {0.1,0.1 x 21,...,0.1 x 2!3} and consider a uniform interval setting with gmax = 90. As
expected, when the hypothesis becomes smoother, we observe that the average interval size decreases
(Figure D.7.1 (Bottom)). Moreover, we found that even when the Lipschitz constant is much larger
than the value estimated from the data (vertical line), the average reduced interval size remains
significantly smaller than the original interval (which is 45 since gmax = 90). We also observe that

the average interval sizes from the standard MLPs are smaller than the original values.

D.8 Dataset Statistics

The datasets are from the UCI Machine learning repository [420-423| with Creative Commons
Attribution 4.0 International (CC BY 4.0) license. We provide the statistics of the datasets including
the number of data points, the number of features, the minimum and maximum values of the target
value and the approximated Lipschitz constant in Table D.8.2. The Lipschitz constant here is
ly—y/]

approximated by calculating the proportion 0

Tao=a for all pairs of data points then the value is given

by the 95th percentiles of these proportions. We perform this procedure to avoid the outliers which
have a size of around two orders of magnitude bigger than the 95th percentile value (Figure D.8.2).
This allows us to approximate the level of smoothness that does appear in the dataset rather than
use the maximum Lipschitz constant. One could also think of this as a probabilistic Lipschitz value

rather than the classical notion [424].
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D.7.1. Test MAE of the projection method with Lipschitz MLP using different values of the
Lipschitz constant. The vertical line is the Lipschitz constant approximated from the training set.
(Top) The dashed horizontal lines are the test MAE of PL (Mean) and Projection approach with a
standard MLP. (Bottom) Approximated interval size I,)(x) for Lipschitz MLP with a different value
of Lipschitz constant m. The dashed horizontal lines are the values from standard (non-Lipschitz)
MLP. The figures for all datasets are in Appendix D.10.

Dataset # data points # features [y min, y max| Lipschitz constant
Abalone 4177 10 [1,29] 3.23
Airfoil 1503 5 [103, 141] 7.75
Concrete 1030 8 [2,83] 13.8
Housing 414 6 [7, 118] 11.68
Power plant 9568 4 [420,496| 14.18

D.8.2. Dataset statistics.
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D.9 Impacts of the interval size and interval location

D.9.1 Impact of the interval size

abalone airfoil concrete
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D.9.3. Test MAE when varying the maximum interval size ¢max € {0, 30, 60,90, 120} while gpi, = 0.

We want to investigate the impact of interval size on the performance of the proposed methods.
Intuitively, a smaller interval would make the problem easier. In the extreme case when the interval
size is zero, we recover the supervised learning setting. Here, we assume that the interval location p
is still drawn uniformly from [0, 1] and we consider two experiments. First, we vary the maximum
interval size gmax € {0,30,60,90,120} while keeping the minimum interval size g¢min = 0. As
expected, a larger maximum interval size leads to the drop in test performance across the boards
(Figure D.9.3). Second, we vary the minimum inter val size ¢min € {0, 15, 30,45, 60, 75,90} while
keeping gmax fixed at 90. We can see that the test performance also decreases for all methods as
we increase the minimum interval size (Figure D.9.4). Notably, the standard minmax approach is
highly sensitive to the interval size where its performance degrades significantly much more than
other approaches in both experiments. This is due to the nature of the approach that wants to
minimize the loss with respect to the worst-case label, as we have a larger interval, these worst-case
labels can be much stronger and may not represent the property of the true labels anymore. On
the other hand, our other minmax approaches and the projection approach are more robust to the

change in the minimum interval size and the error only went up slightly for both experiments.
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D.9.4. Test MAE when varying the minimum interval size gmin € {0, 15, 30,45, 60, 75,90} while
qmax = 90.

D.9.2 Impact of the interval location

When y is more likely to be on one side of the interval (vary ppin)

In the previous settings, we assume that the location of the interval p is drawn uniformly from
U[0, 1], that is, when y true is equally likely to be located at anywhere on the intervals. Here, we
explore what would happen when it is not the case. We assume that we fixed gmin = 0, ¢max = 90
and consider three scenarios. First, we consider when ¥ is more likely to be on one side of the interval.
Here, we consider when p ~ U [pmin, 1] where ppin € {0,0.2,0.4,0.6,0.8,1} (Figure D.9.5). In this
case, when ppi, = 0 we have the uniform interval setting while when pyi, = 1, y true always lies
on the upper bound of the intervals. We can see that the test MAE of all approaches increases as
Pmin 18 larger. Again, the minmax approach performs much worse than others. One explanation
for this is that the minmax with respect to. the label would encourage the model to be close to
the middle point of each interval (Corollary 5.41). However, the the y true is far away from the
midpoint leads to his phenomenon. We also provide the test MAE with no minmax approach for
better visualization (Figure D.9.6)

When y true is more likely to be in the middle of the interval

Second, we consider when y true is more likely to be in the middle of the interval (p is close to 0.5).
We capture this setting by considering p ~ U[0.5 — ¢,0.5 4 ¢] for ¢ € {0,0.1,0.2,0.3,0.4,0.5} (Figure
D.9.7). Intuitively, when ¢ = 0, the true y is always in the middle of the interval and when ¢ = 0.5,
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D.9.5. Test MAE when varying the minimum interval location ppin, € {0,0.2,0.4,0.6,0.8,1}. In this
case, when pmin = 0 we have the uniform interval setting while when ppi, = 1, y true always lie on
the upper bound of the intervals.

we recover the uniform interval setting. In contrast to the first setting, we can see that the minmax
approach performs the best in this setting for a small value of ¢. Again, this is perhaps due to the
nature of the minmax approach mentioned earlier which encourages the prediction to be close to
the middle point of the interval, for which, in this case, close to the y true. Remarkably, minmax
performs better until ¢ = 0.2 which corresponds to p ~ [0.3,0.7] which is a reasonable location of y
true in practice. However, when c is large we would recover the uniform interval setting and the
minmax would go back to becoming the worst-performer. On the other hand, the performance of

other approaches is better as c is larger, that is when y true is more spread out across the interval.
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D.9.6. Test MAE when varying the minimum interval location pp;, € {0,0.2,0.4,0.6,0.8,1}. In this
case, when ppin = 0 we have the uniform interval setting while when ppin = 1, y true always lies on
the upper bound of the intervals.(no minmax approach)
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D.9.7. Test MAE when varying the interval location, p ~ U[0.5 — ¢,0.5 + ¢] for
c€{0,0.1,0.2,0.3,0.4,0.5}. When ¢ = 0, the true y is always in the middle of the interval and
when ¢ = 0.5, we recover the uniform interval setting.
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When y is more likely to be on either side of the interval
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D.9.8. Test MAE when varying the interval location, when p is drawn uniformly from
[0,0.5 -] U[0.5+ ¢, 1] when ¢ € {0,0.1,0.2,0.3,0.4,0.5}. Here, when ¢ = 0 we have the uniform
interval setting while when ¢ = 0.5, y true is either on the upper or the lower bound of the intervals.

Finally, we consider when y is more likely to be on either side of the interval where p is drawn
uniformly from [0,0.5 — ] U [0.5 4 ¢, 1] when ¢ € {0,0.1,0.2,0.3,0.4,0.5}. Here, when ¢ = 0 we have
the uniform interval setting while when ¢ = 0.5, y true is either on the upper or the lower bound of
the intervals. We found that as c¢ is larger where the y true is more likely to be near either of the
boundaries, the minmax performance drop significantly (Figure D.9.8). However, we found that the
performance of other approaches increases (Figure D.9.9). This is in contrast to the first setting
where we see that when y is more likely to be near only one side of the boundary, the performance
drops remarkably.

Overall, from these experiments, we may conclude that for all approaches apart from the original
minmax with respect to. labels, having y true that lies near both of the boundaries of the interval

are beneficial to the test performance and lying on both sides is crucial.

D.9.3 Large Ambiguity degree setting

We consider a setting with large ambiguity degree where ¢ ~ Uniform|gmin, 90] when gmin €
{30,60,90} and p ~ Uniform[0.5 — ¢,0.5 + ¢] when ¢ € {0,0.1,0.2,0.3,0.4,0.5}. Here as ¢ is smaller,
y true would be located near the middle point of the interval while as ¢ is larger, we would recover

the uniform setting. These settings have a large ambiguity degree since when gui, > 0, interval size
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D.9.9. Test MAE when varying the interval location, when p is drawn uniformly from

[0,0.5 —¢]U[0.5+ ¢, 1] when ¢ € {0,0.1,0.2,0.3,0.4,0.5}. Here, when ¢ = 0 we have the uniform
interval setting while when ¢ = 0.5, y true is either on the upper or the lower bound of the
intervals.(no minmax approach)

can’t be arbitrarily small and [pmin, Pmax] C [0, 1] implies that true y would not lie at the boundary
of the constructed interval. As a result, the intersection of all possible intervals would no longer be
just {y} anymore which leads to the ambiguity degree of 1. We found that there is no single method
that always performs well on every interval setting. The Minmax is the best performing method for
all ¢ < 0.3 while when ¢ > 0.3 the best-performing approaches are either PL (mean) or PL (max)
(Figure D.9.10).
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D.9.4 Interval padding experiment
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D.9.11. Interval padding experiment

From above, we found that the Minmax approach performs better when y true is close to the middle
point of the interval, but performs worse in the uniform interval setting when p ~ Uniform[0, 1]. In
this experiment, we start with the uniform interval setting and add padding to the original interval
as a factor of the interval size. Formally, for an original interval [I,u] of size ¢ = u — I, we have
a new interval [l — sq,u + sq] when s > 0 is a scale parameter. By doing this, y true would be
proportionally closer to the midpoint of the new interval, but distancewise is the same. We found
that as we add the padding, the performance of other approaches decreases significantly and gets
worse than the performance of the Minmax when the scale is 0.5 (when the padded interval is twice
the size of the original interval) while the performance of Minmax is about the same. This shows
that a redundant interval (padding) can harm the performance of the proposed approaches except
Minmax and our result that interval location p can have a large impact on the performance is still

applicable to this padding setting.

303



D.10 Interval size and test performance of LipMLP
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D.10.12. Approximated interval size I,,(z) for Lipschitz MLP with a different value of Lipschitz
constant m. The dashed horizontal lines are the values from standard MLP.
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D.10.13. Test MAE of the projection method with Lipschitz MLP with different values of Lipschitz
constant. The vertical line is the Lipschitz constant approximated from the training set. The dashed
horizontal lines are the test MAE of PL (Mean) and Projection approach with a standard MLP. The
optimal Lipschitz constant balances the trade-off between constraining the hypothesis class and
maintaining enough capacity to achieve low error.
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D.11 Ablation for PL (mean)

Since PL (mean) is the best-performing approach in the uniform interval setting, we also performed
an ablation study to improve our understanding of this method. First, we explore the impact of the
number of hypotheses k used to represent .7?0. We found that for every dataset, as k is larger, the
test MAE becomes smaller. While we use k = 5 for all PL experiments, this ablation suggests that

we can increase k to get better performance at the cost of more computation.
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D.11.14. Test MAE for PL (mean) with different number of hypotheses k& used to represent Fo. For
almost every dataset, the test MAE decreases as k is larger.

Second, we also compare PL (mean) with a natural ensemble baseline where we combine pseudo
labels by averaging them first and then train a model with respect to. the averaged labels. In

particular, the objective for the ensemble baseline is given by

min 0 f(i), > i), (D.11.107)

We found that PL (mean) still performs better than this baseline on 2 out of 5 datasets while the

other 3 datasets are similar.

D.12 Additional experiments on the tabular data benchmark

The main takeaway from our theoretical analysis is that an appropriate level of smoothness can lead

to a performance gain. In addition to our experiments on the UCI datasets, we also tested this on
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Abalone Airfoil Concrete Housing Power-plant

PL (mean) 1.520_01 2.420.()7 5.430,12 5.050.09 3.330.01
PL ensemble baseline 1.51p91  3.30.04 5.570.19  5.060.08 3.320.01

D.11.3. Test Mean Absolute Error (MAE) and the standard error (over 10 random seeds) for PL
(Mean) and a PL ensemble baseline

18 additional regression tasks from a tabular data benchmark [198|. To ensure that the MAEs of
different datasets are comparable, we used z-score rescaling on the target values of each dataset so that
the standard deviation was 100. We only used the training datasets to infer the rescaling parameters.
To generate the interval targets, we used the proposed algorithm with ¢umin = 0, gmax = 50, pmin = 0,
and pmax = 1. In our experiment, we compared MLP with LipMLP using different values for the
Lipschitz constants, where m € {1,4, 16, 64, 256,1024}. We used a validation dataset to select the
best hyperparameters, which included the learning rate for MLP (from {0.01,0.001,0.0001,0.00001})
and both the learning rate and the Lipschitz constant for LipMLP. We provide the test MAE with
standard error over 5 random seeds for both methods in Table Table 5.1. We bolded the result
whenever the mean + standard error (ste) of one method was lower than the mean - ste of the other
method. We found that on almost every dataset (apart from GPU), LipMLP performed better than
or at least on par with MLP. This extensive improvement demonstrates suggests that determining the

right level of smoothness is a simple yet effective method for enhancing learning with interval targets.
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Appendix E

Supplementary Material for Chapter 8: What Does
Preference Learning Recover from Pairwise Comparison
Data?

E.1 Proofs for CPRD Representability

Proposition 6.47 (CPRD BT factorization). For a distribution P over X x )Y x Y, the CPRD wp
1s representable by a BT model if and only if there exists a strictly positive function h : X x Y — R
such that for all x and all y # y' with P(x,y,y’) + P(x,y’,y) > 0,

P(x,y,y)  h(z,y)

= . 6.6
Pley) ey (00
Proof. Fix x and y # ¢ with P(z,y,y)P(z,y',y) > 0. By the CPRD definition,
/ P /
wp(y =y | =) _ Pz,y,y) (B.11)

wp(y' =ylz)  Plzy,y)
(=) If wp is representable by a BT model, then there exists a score function r : X x ) — R such that

wply =19y | x) = J(r(a:,y) — r(a:,y’)). (E.1.2)

In addition,

wp(y' =y |z) =o(r(z,y) —r(z,y)). (E.1.3)
Write A = r(z,y) — r(x,y’), by substituting this into equation (E.1.1) gives

gw = 25 —ewp(a) (E14)
Setting h(x,y) := exp(r(z,y)) > 0 yields (6.7).

(«) Conversely, assume (6.7) holds for some h > 0 and define r(z,y) := log h(z,y). Then (6.7)

becomes

P(z,y,y')
P,y y)
By the identity o(t)/o(—t) = exp(t), and using (E.1.1) we have

= exp(r(z,y) — r(z,v)). (E.1.5)
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wply =y |z)  Plx,y,y) o)
wp(y =y lz) Pzy,y) o(-A) (E.1.6)

Since wp(y = ¢ | ) + wp(y’ = y | ) = 1 and 0(A) + o(—A) = 1, we can conclude that

wp(y =y | x) = o(A) as desired. O

Theorem 6.49 (CPRD of conditionally independent distribution and BT model). Let P be a
distribution over X x Y x Y, then the following holds;

1. If P satisfies positive—negative conditional independence, then the CPRD wp is representable
by a BT model.

2. If the CPRD wp is representable by a BT model, then there exists a positive-negative conditional

independence distribution Q) such that wg = wp.

In addition, the suitable score function r for a positive—negative conditional independence distribution

P is given by

p+(y | z)

p—y|2) 68)

r(z,y) = log

Proof. (=) Assume that P is a positive—negative conditional independence distribution, then for

any = and y # 3/, we can write P as

P(z,y"y7) = Px(@)p+(y" [2)p-(y~ | 2). (E.1.7)
Therefore,
P(x,y,y) _ Px(@)ps(ylz)p-(y | 2) (F.1.8)
Pz,yy)  Px(@)pe(y |2)p-(y ] z)
(Y [2)p-(y | z)
h(z,y)
_ ' E.1.10
.y (110
where we define h(z,y) := g fg'@% Since we can write the ratio of the probability in this form, by

Proposition 6.47, we can conclude that wp is representable by a BT model. In addition, recall from
the proof of Proposition 6.47 that the score function r is given by r(x,y) = log h(z,y). Therefore,

we also have

p+(y | )
p—(y | z)
(<) Conversely, assume that the CPRD wp is representable by a BT model, then there exists a

r(z,y) = log (E.1.11)

score function r : X x ) — R such that

wply =1y | x)=o(r(z,y) —r(z,y)). (E.1.12)
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We will construct a positive-negative conditional independence distribution ) such that wg = wp.
For any z, assume that we have a base marginal distribution pu(- | ) on ) with a full support.
Define q_(y | ) = p(y | )/Z_(z) where Z_(z) = [ p(y | )dy is value that ensure that ¢_(y | )
is a valid probability distribution. Define ¢4 (y | z) = u(y | z) exp(r(z,y))/Z+(z) where Zy(x) =
[ u(y | z) exp(r(z,y))dy is value that ensure that ¢, (y | z) is a valid probability distribution. The
distribution @ is given by

Qz,y",y7) = Px(x)qr(y" | 2) - (y~ | 2). (E.1.13)

We can see that

Qz.yy) _ar(ylz)g-(¢' |z)  H(zy)
Q,vy) ¢ |2)a-(y|z)  W(z,y) (E.1.14)
4+ (ylz)

q-(ylz)
Proposition 6.47, we can conclude that wq is representable by a BT model. Similarly, from the

where we define h/(z,y) := . Since we can write the ratio of the probability in this form, by

proof of Proposition 6.47, the score function rg of the BT model from fitting with the distribution
Qis given by rg(z,y) = logh/(z,y),

1o q(y | x)
ro(z,y) = log S (E.1.15)
o P [ 2) exp(r(z,y))/Z+ (2)
O [ 0)/2-() (110
_ Z_(x)
=r(x,y) + log Z () (E.1.17)
Finally, we have
wo(y =y | 2) = o(ro(z,y) —rq(z.y)) (E.1.18)
_ Z_(x) / Z_(x)
=o(r(z,y) + log Z+(:L‘)) — (r(z,y") + log Z+(ac))) (E.1.19)
=o(r(z,y) —r(x,y)) (E.1.20)
=wp(y =y | ). (E.1.21)
Therefore, we have wg = wp as desired. O

E.2 Proofs for Learning CPRD

Theorem 6.51 (Decomposition of the discriminative BT learning objective). The discriminative

BT learning objective (6.12) can be decomposed as
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Lpr(0)=C+2Z E [DKL(BGTH(WP(?J =y |2))
(z{y,y'})~P

| Bern(P,, (y = o/ | 2)))] (6.14)

where C' is independent of 6 and Bern(p) is the Bernoulli distribution with parameter p. Pisa
compairson distribution induced by P and Z is its normalizing constant. The CPRD wp in equation
(6.15) is well-defined whenever P(z, {y,y'}) > 0.

Proof. We will start by writing the proof for the finite case when X and ) are finite. The continuous
case follows by replacing sums with integrals.

The main idea is to write the objective in terms of unordered comparisons. For convenience, let
Z C X xY x ) be any index set such that for every x € X’ and every distinct y # 3’ € Y, exactly
one of (z,y,vy') and (z,v’,y) belongs to Z. Recall the definition of a comparison distribution P,

5 Pz, y,y') + P(z,y,y)

Pz {y,y'}) = Z : (E.2.22)
where 7 = Z(xy )T P(z,y,y') + P(x,vy',y) is a normalizing constant. This distribution has a
support over the this set Z. With this distribution, we can group the sum over (y,y’) and (¢/,y) in

the BT objectiveto obtain

Lpr(0) = — Z P(z,y,y')log P.,(y = ' | z) (E.2.23)
zeX Y,y €Y
=— Y Pyy)logP,ly=y |2)— Y Pla,yy)logP,y>-y|z) (E2.24)
(zvy)yl)ez ZBGX,yEy

Since P, (y > y | ) = 0(0) = 0.5, the second term is a constant that only depends on the distribution

P and we can write

Ler(0)=C— > Pla,y,y)logPy(y =y | ) (E.2.25)
(z,y,y') €T

=C— > Pa,y,y)0g Pyly =y | 2) + P(z,y,y)log(Pr, (v = y| 2))) (E.2.26)
(z,y,y')€L

~ P(z,y,y
=C—-Z Z P(z,{y,y'}) (Zﬁ(yy)/ log P, (y = o' | ) (E.2.27)
(el (z,{y,¥'})
P(x,y',y) /
——== log P, (y =y | ) (E.2.28)
ZP(z,{y,y'}) ' )

Recall the definition of the CPRD,

P(z,y,y P(z,y,y
wp(y =y | z) = @.v,) - L@y (E.2.29)

P(z,y,y) + P(z,y,9Y)  ZP(z,{y,y'})
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In addition, we note that a cross entropy between two Bernoulli distributions Bern(p) and Bern(q)

is given by

CE(Bern(p), Bern(q)) = —plogq — (1 — p) log(1 — q) (E.2.30)

which is exactly the term in the (E.2.28). To see that it is a Bernoulli distribution, we use the fact
that P, (y = ' |2)+ P, (v =y | z) =1 and wp(y = ¢ | ) + wp(y’ = y | ) = 1. Therefore, we

can write

_jj(x,—y,y’)lo P, "z —]j(x’—y,’y)lo P. (v T E.2.31
2B (0.9)) g Py -y | ) 2B (0.y)) gy -yl 2) ( )
= CE(Bern(wp(y = v | x)),Bern(P,, (y = v | x))). (E.2.32)

Substitute back, we have

Lpr(0)=C+Z Z P(z, {y,y V) CEBern(wp(y = ¢ | ), Bern(Pr, (y = o' | 2))). (E.2.33)
(zy.y')€L

Since cross entropy decomposes as

CE(p,q) = H(p) + DxwL(pll9), (E.2.34)

where H(p) is the entropy and Dxr,(p||q) is the KL divergence, we can write the objective as

Lor@)=C+2 Y Pla{yy}) (H(Bern(wp(y —y | 2))) (E.2.35)
(zy,y')€T

+ Dk (Bern(wp(y = ¢ | z))|| Bern(Pr, (y = ¢/ | :c)))) (E.2.36)

The entropy term is independent of 6 and is a constant term that depends on the true CPRD wp.

Finally, we can write the objective as
Lpr(0) =C + ZE 1) y)~P [Dki(Bern(wp(y = ' | )| Bern(Py, (y = o' | 2)))] - (E.2.37)
O

Corollary 6.52. For any distribution P such that its CPRD is representable by a BT model, the

global minimizer 7y of the discriminative BT learning objective (6.12) satisfies

Pry(y =y |2) =wply =y | z) (6.15)

for P-almost every unordered comparison (x,{y,y'})-

Proof. From Theorem 6.51, we have

Lpr(0) =C + ZE 1) y~P [Dki(Bern(wp(y = ' | )| Bern(Py, (y = o' | 2)))] - (E.2.38)
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By the property of the KL divergence, the term Dkr,(Bern(wp(y > ¢/ | z))|| Bern(P,, (y = v’ | z))) is
always non-negative and vanishes if and only if its arguments coincide. Since wp is representable by
a BT model, we know that there exists 0% such that P (y = y' | ) = wp(y > y' | ) which make the
KL term vanish. As a result, Lg1(6*) = C which is the global minimum due to the non-negativity
of the KL divergence term.

For any other global minimizer 7y, we can’t have the objective value smaller than this global minimum,

we must have Lp1(79) = C and therefore it must be the case that

Py =y | o) =wply -y | 2) (E.2.39)
for P-almost every unordered comparison (z,{y,y'}). O

Corollary 6.53 (Consistency under conditional independence). Assume that P satisfies positive—
negative conditional independence. If the BT model family contains a parameter 8* such that

Po(y=vy |z)=wply =y | ), then

o
1. 0* minimizes the discriminative BT learning objective (6.12)

2. Any global minimizer 0 of the discriminative BT learning objective (6.12) satisfies

Pry(y =y [ @) =wp(y =y | 2) (6.16)
for P-almost every unordered comparison (z,{y,y'}).

Proof. Recall from Theorem 6.49, if the distribution P satisfies positive—negative conditional
independence, then its CPRD is a representable by a BT model. Therefore, the global minimizer
of the discriminative BT learning objective (6.12) would exactly recover the true CPRD almost

surely. O

E.3 Sample Complexity

Theorem E.3.1 (Estimation error bound). Let r* be a target score function, H be a hypothesis
class which is bounded by some constant B. Let P be a triplet distribution that is BT-consistent with
respect to r* and let S be a set of n samples drawn from P. Let rop € argmin,cy Lpp(r) is the
optimal score function in H that minimize the population BT objective with respect to P. Let 7 be
the empirical risk minimizer of the empirical BT learning objective on S then there exists a constant

cg, Mp > 0 such that with probability at least 1 — § over S,

L e 1
(P22 + — (R(Hypair) + M
conn CB CB

log(2/9) (A

EQpair[(A'f‘ - AT*)Q] 5 )) +EQ Topt AT‘*)Q]
(E.3.40)
Aconn @S the connectivity degree, S)A%S(Hpair) is the empirical Rademacher complexity of the class

Hpair == {r(z,y) —r(z,y') : v € H} and €2 = Ep[P(y ~ Y |x)— P,y =y | 1)?] is the

misspec

pair

misspecification error.
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Proof. Step 1: Transition from A; — A« to Ay — A
Our goal is to bound Eq ., [(As — Ap+)?]. We know that the empirical risk minimizer # would

Topt *

generally converge to 7op;. Therefore, we first bound the difference Ay — A,« into the difference
A — A and the difference A, . — A,+.

Topt Topt

A= Dpe = (Ar = Ary) + (Aryyy — Ae) (E.3.41)

Topt

Taking the expectation over @Qpair, and applying the Minkowski inequality,

IEQpahr[(A72 - AT*)Q] S QEQpair[(ATA - ATopt)Q] + QEQpair[(A"’opt - A"'*)Q]' (E342)

The second term Eq . [(A

function in H and the true margin. This is a constant term that depends on the hypothesis class

Topt — A,+)?] is the difference between the margin of the optimal score
and the true score function and is zero in the realizable case. The next step is to bound the first
term in this equation.

Step 2: Transition from the expectation over (Jpair to the expectation over P. Our
accuracy is evaluated on the distribution Qpair but the BT objective is evaluated on the distribution
P. This part of the proof aim to connect them. Here we use the definition of the connectivity
function and the two-sample variance identity.

Recall that we want to bound

EQpu (A% = Arop)’] = Eon By yrny (win) (A (2,4, 5) = Aoy (2,9, 9))?] (E.3.43)
= Eonu By, (o) [(F(2,y) = 7(2,y) = (rops(,y) — ropt(2,9))]* (E.3.44)
= EJJNQxEyy ~Qy (ylz) [(f Topt )z, y) — (7 TOpt)(x,y,)]z (E.3.45)
=2E,;q, VaryNQy(y|z (7 — Topt) (2, Y)] (E.3.46)

( )

— 2Varg[(F — Topt)] E.3.47

The second to last equality follows from the two-sample variance identity and the final equality
follows from the definition of \7&?@.

By the definition of the connectivity,

Esl(Af = A9)"] _ Epl(As = Ar,, )]

Aoy = inf < (E.3.48)
f.9eH VarQ[(f g)} V&TQ[( _Topt)]
Therefore,
B [(Ar = B1,)?] < 2Vargl(F = ropt)] < 5——Epl(Br = Arp '] (E3.49)

ACOIlI‘l
Step 3: Bound E5[(A; — A, )?] in terms of the polulation risk LpT(7) — LBT(ropt)-
To relate the difference between the margin Az — A, . to the difference in the population risk
Lp1(7) — LBT(Topt), Wwe will use the property of the BT objective and show that the loss is strongly

convex. Recall from proof of Theorem 6.51, the BT objective can be decomposed as
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Lpr(r)=C+ ZE [CE(Bern(wp(y = ' | )),Bern(P(y = ¢/ | z)))] . (E.3.50)

(xv{yvyl})’vﬁ

For each (z,{y,y'}), we define g, , ,» : R = R,

9zyy (@) = CE(Bern(wp(y = ¢' | 2)), Bern(o(a))) (E.3.51)
= —wplogo(a) — (1 — wp)log(l — o(a)) (E.3.52)

We write wp for wp(y > ¢ | x) for convenience. With this definition, we can write the BT objective as

Ler(r) =C+ZE, ¢, )5 oy (Br(z,y.9))] - (E.3.53)

We will write A, for A,(x,y,y’) for convenience from now. Next, we will show that g, , ./ is strongly
convex with respect to a. We can check this by taking the derivative. Using the property that

d'(a) = o(a)(1 — o(a)), we have the first derivative

Gy (@) = 0(a) —wp (E.3.54)

and the second derivative

Iy (@) = o(a)(1 = o(a)) (E.3.55)

Since the score function r is bounded by a constant B, for any (x,{y,4'}), we know that |A,| =

|r(z,y) — r(z,y’)| < 2B. Now, for a that is bounded above by a constant 2B, we know that

o(a)(1 —0o(a)) >0c(2B)(1 —0(2B)) :==cp >0 (E.3.56)

With this assumption, we can conclude that g, , ./ is cp strongly convex. Recall that if f is ¢ strongly

convex then for any z,y, we have

f@) = f) = F )@ —y) + 5@~ v)* (E.3.57)

Apply this inequality on g, ./ with Az(x,y,y') and A, (2,y,%') and drop (z,y,y’) for convenience.
CB
g(A"’A) - g(ATopt) 2 'g,(ATo[)t)(A?2 - A""opt) + ?(A'ﬁ - ATopt)Z‘ (E358)

Now, we take the expectation over the distribution ]3, we have

Z(LBr ()~ Lor(ropn)) > Bl (Brop)(Bs — Ay )]+ CEFI(A: ~ A )] (B359)

Rearranging,

B~ Ar)’] < 5 (L) — Lorlrop) ~ Eplg' (A ) (Ar — Ay,)] (B3:60)
< (Lor() ~ Lorlrop)) + B5ld (B ) (Ar — A )]l (B361)

We can bound the second term by using the Cauchy-Schwarz inequality,
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E51 (Arap) (D5 = Arp )]l < \/El0 (Brop )21y E[(AF — Ar,,,)?] (E.3.62)

From our derivation, we know that ¢’(a) = wp — o(a), so

Eply (Are)?] = Eplwp — 0(Ar,,))? (E.3.63)

Since P is BT-consistent, we have

wp(y =y | 2) = Pe(y =y | 2) = 0(Ar(2,9,9)) (E.3.64)
Therefore, E5[g'(Ay,,,)?] is the same as a misspecification error efnisspec of ropt.
519 (Arap ) (A5 = Ary )]l < misspec/E[(Ar — Ar,y,)?] (E.3.65)

Let A = \/ E5[(A# — Ay, )?], our goal is to bound A%, Substitute the result from the Cauchy-

Schwarz inequality back, we have

c 1 .
?BAQ < E(EBT(T) - EBT(Topt)) + EmisspecA (E366)

Solving this quadratic inequality, we have that

€misspec + \/€r2nisspec + QCTB(EBT(f) - ‘CBT(TOPt))

AL (E.3.67)
cB
With Minkowski inequality, we have that
€misspec €misspec 2 o
A% < 2(%)2 +2((FEE)? + 7o Lr(7) = LBT(Topt))) (E.3.68)
B CB CB
Finally, we have
2 €misspec \2 R
Epl(Ar = Ary,, )] < 4(( p- )7+ Zen (Lr(7) = LeT(ropt))) (E.3.69)

Step 4: Use the uniform convergence result to bound the difference in the popuation
risk ﬁBT(f) — EBT(Topt)
This is the final step to bound the estimation error. Let Lgr(7) be the empirical risk of the BT

objective with n samples drawn from P. We write the difference in the population risk as

Lur(7) — LT (ropt) = (Lu1(F) — LT (7)) + (LBT(7) — LBT(Topt)) + (LBT (Topt) — LBT (Topt))

(E.3.70)
< (Lpr(?) — L) + (Lor(ropt) — LBT(Topt)) (E.3.71)
< 2sup |Lpr(r) — Lr(r)| (E.3.72)

reH

This holds since 7 is the empirical risk minimizer therefore [,ABT(f) < EBT(T‘Opt). We will bound

the right hand side term using the standard Rademacher complexity result. As a quick recap, an

316



empirical Rademacher complexity of a class F on the sample S = {z;}7_; is defined as

E)A%(‘F): E,

sup — ZU’ zZ] (E.3.73)

fermn

where o; are i.i.d. Rademacher random variables. The uniform convergence result states that if

the class of loss function G := {z +— ((f,2) : f € H} is bounded by some constant M, then with

probability at least 1 — & over the sample S, we have

log(2/9)
n

sup [E[¢(f, 2)] —fzefzz | < 2%5(G) + 3M
feF 2e8

(E.3.74)

Let Hpair = {r(z,y) —r(x,y’) : r € H} be the class of pairwise score differences of score functions in
. In our case, the class of loss function is given by o Hpair = {(2,4,Y) = gayy (r(z,y) —7(x,9)) :
r € H} since the BT objective is decomposed as

Lpr(r)=C + ZE, ()P 9oy (r(@,y) — r(z,y))] (E.3.75)

Next, we will show that the loss is bounded by some constant M. From the definition

Gz (@) = —wplogo(a) — (1 —wp)log(l —o(a)) (E.3.76)
< —log(min{o(a),1 — o(a)}) (E.3.77)
<log(l + exp(2B)) := Mp (E.3.78)

The final step is from our assumption that r(z,y) < B for all z,y so that |r(z,y) — r(z,y)| < 2B.
Therefore, from the uniform convergence from Rademacher complexity, with probability at least

1— 46, we have

log(2/0)

sup —|Lpr(r) — Ler(r)] < 2Rs(£ 0 Hpair) + 3Mp (E.3.79)
reH |Z’ n
In addition, we note that
9oy (@) =wp—o(a) <1 (E.3.80)
which implies that g, , ./ is 1-Lipshitz. As a result, the Rademacher complexity of our loss must
follows
Rs (£ © Hpair) < Rg(Hpair) - 1 (E.3.81)
Substitute this back, we have
~ - log(2/6
sup —- ‘»CBT( ) EBT(T)’ < 2%S(Hpair) + 3Mp M (E382)
reH |Z| n

and
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1 i log(2/6
75810 = Lo (rop) < AR (Hpair) + 6Ms Og(n/) (E.3.83)

Step 5: Combine all the bounds together

Here, we just combine everything together to get the final bound.

EQpu (A7 — Ar+)?) (E.3.84)
S 2EQpair [(Af' - A""opt)2] + 2EQpair [(Aropt - A"’*)2] (E385)
4
S mEﬁ[(Af - A""opt)2] + 2EQpair [(Aropt - A"’*)2] (E386)
4 €misspec A
< (4((—=2)? 4+ (LBT(7) = LBT(Topt)))) + 2BQpu, [(Arepy — Are)?] (E.3.87)
Aconn CB Zcp
4 mi 1 - log(2/6
< qaqEmimee )2y L gt () + 63 2B )) Lok (A — A (E3.88)
>\C01’1H CB CB n P i
16 misspec 1 < 1 2/4
= 16 Emimpeeo L g (i) + 60y B LBy (A — A0 (E3.59)
Aconn CB CB n
1 €misspec 1 - log(2/6
< (e L () + M) LB (A~ A (B390)
conn CB CB n

O

Corollary E.2 (Estimation error bound, realizable). Let r* be the target score function, H be
a hypothesis class such that v* € H and H is bounded by some constant B. Let P be a triplet
distribution that is BT-consistent with respect to r* and let S be a set of n samples drawn from P.
Let 7 be the empirical risk minimizer of the BT learning objective on S then there exists a constant
cg, Mp > 0 such that with probability at least 1 — § over S,

)\1 (2 Frs(Hpmr) + Mgy | 2By
conn CB n

EQpuir[(Ar = A )] S

when Rg is an empirical Rademacher complexity of the class Hpair := {r(z,y) — r(z,y/) : 7 € H}
and Aconn 18 the connectivity degree of P with respect to H and Q.

Proof. In the realizable setting, we know that r* € H so we have rop; = r*. As a result efnisspec =0
and Eq . [(Ay,, — A7)? = 0. Substituting these into the estimation error bound, we have the
desired result. O

Proposition E.3 (Connectivity degree for tabular BT). In classical setting of tabular BT, we only
have one context x and a finite number of responses Y = {y1,vy2,.-.,Ym} where each response has
an associated score §; € R fori = 1,2,...,m. Our goal is to recover the 6. Assuming that the
evaluation distribution Q is uniform over the response space and we restrict the hypothesis class to
be H=1{0:0€cR™> ", 0; =0} such that the mean of the score is zero for identifiability then the

connectivity degree is given by
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Aconn = m)\Q(L) (E?)gl)

s the Fiedler value of the Laplacian matriz L of the comparison graph. This graph is defined as a
graph with m nodes where node i represents the response y; and the edge weight between node i and

node j is the probability that y; and y; are compared.

Proof. From the definition of the connectivity degree,

. E5l(AF — Ag)
£9<H Narg|(f — g)]
Our first observation is that H — H = {0 — 60" : 0,0’ € H} = H. This holds since our 6 is any real

value vector with the mean of zero, so the difference between any two score functions would still

)\conn =

(E.3.92)

belong to the same class. As a result, we can write the connectivity as

E5[A6?
Aconn =  inf # (E.3.93)
0cR™ 0T1=0 VarQ[e]
Now, let’s unpack each term at a time. For the numerator, we have
EﬂAW}:E%WJﬂ@—@V%:MIG (E.3.94)

when L is the Laplacian matrix of the comparison graph where the edge weight between node ¢ and
node j is given by ]5,-]- the probability for which y; and y; are compared.
For the second term, we have

Varg[f] = Eung, Var,~g, () (0] (E.3.95)

Since, there is only one x, we are left with just the variance of the score function.

Vargf] = Var,qg,[0] = Eo, 6] — (Eg,[4])? (E.3.96)

From our assumption, () is a uniform distribution over the response space, and 6§ has mean of zero,
we can conclude that Eq, [0] = L 3™ 6; = 0 and

Varol6] = Eq, [0%] = %eﬁw (E.3.97)
Therefore,
0T Lo

——— =mMo(L E.3.98
QGR"IL?@TI:O LgTg mAs(L) ( )

)\conn =

where Ao(L) is the second smallest eigenvalue of the Laplacian matrix L. This holds from the

Rayleigh quotient. O

Our proposed connectivity degree recovers the Fiedler value which appears in the prior work that

provide an estimation bound for this classical tabular BT setting [213].
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Proposition E.4 (Connectivity degree for linear BT). In the setting of linear BT, we have a
hypothesis class of H = {r : r(z,y) = w' ¢(x,y),w € R} where ¢(x,y) is a feature map. Let Q be
the evaluation distribution and assume that the feature map is centered around @, that is for any

context x, we have Ey g, (y2)[¢(z,y)] = 0, then the connectivity degree is given by
~1/2 ~1/2
)\conn = )\min(EQ / EPEQ / ) (E399)
is the smallest eigenvalue of the matrix Zél/QEpEél/Z where ©p € R¥™9 is defined as
EP = E(%y’y,)Nﬁ[((ﬁ(I, y) - qb(ﬂ?, y/))(¢(x7 y) - ¢(J’" y/))T] (EBlOO)
and the matriz Yg € R4 s defined as

5q = Ey)qld(@, ), y) ] (E.3.101)

Proof. Similar to the proof of the connectivity degree for tabular BT, we first note that H — H =
{r—7r":r,7" € H} = H. This holds since our r is any linear function of the feature map, so the
difference between any two score functions would still be a linear function of the feature map. As a

result, we can write the connectivity as

N T 412
Mo = inf CELAW 9] (E.3.102)
weR? Varg(w ' ¢]
For the numerator, we have
Esl(Aw ¢’ ) =E . 5w é(z,y) —w é(z,y))’] (E.3.103)
—E,, , op) @ (6(2,y) - 6(z.y))) (E.3.104)
ey~ @ (@(,y) = o, y)))(d(x,y) = ¢z, y)) Tu] (E-3.105)
= wTE(%y’y/Nf‘) [(¢($, y) - ¢($, y/>)(¢(1’, y) - ¢(.’E, y/))T]w (E3106)
=w'Ypw (E.3.107)
For the denominator, we have
\73/1@ [wTd)] = Eznq, Vary g, o) [quS(x, y)] (E.3.108)

Vary.q, (ylo) [0 6, 9)] = Eyng, 4o (0" 62, 9))*) = (Byrq, gy 0 62, 9)])? (
=By, oy [0 9(2,9)(2,y) "w] — (w By, iy [e(z,9)])*  (E-3.110
= w By, i [6(2, 9)0(@, ) TTw — (0 Eyeg, i [0(z, )])* (
= w By q, ()6 ) oz, y) v (

The last term is zero since E,q, (y)[¢(2,y)] = 0 by our assumption. Therefore, we have
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i—/YEE‘Q [wT¢] = E:):NszTEyNQy(y\x) [¢($, y)(ﬁ('xu y)T]w (E3113)
= wTExNQZ]EyNQy (y|z) [(25(.%', y)¢(ac, y)T]w (E3114)
—wTSow (E.3.115)

Putting everything together, we have

T
. w2 pw —1/2 —1/2
Aconn = wlélﬂgd m = )\min(ZQ EPEQ ) (E.3.116)

where Apin(+) is the smallest eigenvalue of the matrix. This holds from the Rayleigh quotient. [

Our result compliments the result in [240], which provide a bound for recovering the parameter w
under [|-||sz,. Our result shows how to transfer to the evaluation under the test distribution @. This
Y p is also related to the Fisher information matrix that is used on active reward learning in [255].
The key difference is that our ¥ p is independent of the current hypothesis w and is only dependent
on the comparison distribution P and the hypothesis class H while Fisher information in [255] is

dependent on the current hypothesis w.

Theorem 6.61 (Accuracy bound, realizable case). Let 7 be the empirical risk minizer of the BT

learning objective, then there exists a constant D > 0 such that with probability at least 1 — 4,

C o
Accg(r) > sup | Pr(|Ay-| > k) — DM} (6.24)
k>0 b @ k2 X conn
margin conn;gtivity

where the complexity term is defined as in right hand side of the Theorem 6.60.

Proof. We will prove this using Markov’s inequality and some algebra. Recall from Theorem 6.57
that

Accg(7) > Pr (|Ar — Ap| < JA]) (E.3.117)

pair

For any k > 0, the following hold

Pr (|8 = Apul < [An]) > Pr (A7 = A| <k [Ar| 2 F) (E.3.118)
pair pair
> Pr (| = Av| <F)+ Pr (x| > k) -1 (E.3.119)
pair pair
= Pr(Ae| 2 k) = Pr (A= Av| 2 k) (E.3.120)
pair pair

This is true from the identity that Pr(AN B) > Pr(A) + Pr(B) — 1. Now, from Markov’s inequality,

we know that
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Pr (|A; — Ap| > k) = Pr (JAs — A > > k?) (E.3.121)

pair pair

EQ air [(A'F - Ar* )2]

< (E.3.122)
o( L (R (Hpanr) + M/ 2220

< CcB n 3.

< SO (E.3.123)
¢ Complexity (H, )

=: E.3.124

X comn (E:3.124)

when ¢ > 0 is a constant. The final line follows from Theorem 6.60 which holds with probability at
least 1 — §. Substituting this back, we have

¢ Complexity (H, J)

Pr (|JAr — Api| < |Ap|) > Pr (|Ap| > k) — E.3.125
o (I | < 1A QPL( [Ape| = k) E3w ( )
Taking the supremum over all k£ > 0 for the right hand side and we have the desired result. O

322



E.4 Additional Experiments

E.4.1 Accuracy on pairs with small margin

From Figure E.4.1a and E.4.1b, we can see that the accuracy gap between 7, , and r* is larger

than the overall accuracy. It takes much less data to achieve the same accuracy for 7}, , than r*.

Effect of margin on accuracy Effect of margin on accuracy
75.001 —® Original score 65.00 - —&— Original score
—@— Rank-normalized score —@— Rank-normalized score
70.00 A
> >
§ 65.00 1 § 60.00
=) =)
¢ 60.00 1 ¢
< O < 55004 _
55.00 - .\./0\/
50.00 A 50.00 1
28 210 L2 2l 216
Number of triplets Number of triplets
a Bottom 30% smallest true margin b Bottom 10% smallest true margin

E.4.1. Effect of score margin on learning efficiency on pairs with the smallest true margin.

E.4.2 Connectivity Degree

We provide more details on how we calculate the connectivity degree. The connectivity degree is
defined as

Es[(Af — Ag)?]

Aeonn(P,Q;H) = inf —L2 E.4.126

PO o0 Narall7 o) (A0

Since we are in the finite setting with X = {z1,..., 2}, let Pyj, = P(x;, {xj,x}) for convenience,
then the numerator is given by

Es[(Af — Ag)?l =Y Pyn(Af(wi,xj,m1) — Aglai, xj,7p))%. (E.4.127)

i7j7k

Our test distribution @ is a uniform distribution over the response space, so the variance is given by

m m

VarQl(f — ) = — DL (o) — 9l w))” — (- S0 (Flan, ) — gl 2)))?). (BA128)

i=1 " j=1 j=1

Since we have access to P and all possible value of z;, we can compute each term in the numerator
and denominator for any function f and g. To estimate the connectivity degree, we initialize the
score function f and g in the form of cosine similarity between two hidden representations h(x) and

h(y) parameterized by two-layer neural networks.

f(x,y) = cosine-similarity (hs(x), hf(y)), (E.4.129)
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E.4.1. Stability of the estimated connectivity degree from the minimax optimization. For each value
of a, the estimation is repeated 10 times and aggregated across 5 random seeds.

«  Mean Std.  Relative std.

—16.0 0.0333 0.0260 95.9%
—8.0 0.2159 0.0461 33.2%
—4.0 0.9569 0.0522 7.3%
—2.0 2.2040 0.0292 1.5%
—1.0 3.3330 0.0130 0.4%
—-0.5 3.9672 0.0003 0.01%

0.0 3.2801 0.0075 0.2%
0.5 2.6066 0.0191 0.8%
1.0 2.0599 0.0296 1.6%
2.0 1.2605 0.0267 2.5%
4.0 0.4888 0.0386 9.8%
8.0 0.0850 0.0086 17.8%
16.0 0.0060 0.0020 44.1%
g(x,y) = cosine-similarity (hq(x), hy(y)), (E.4.130)

We then jointly train f and g to minimize the term in the connectivity degree definition, using
gradient descent.

To optimize p~ that maximizes the connectivity degree, we can turn this into a minimax problem.
For any p~, we can compute the corresponding p* that is BT-consistent and as a result can compute

the corresponding comparison distribution P. Our optimization objective becomes

max Aconn(P(p™), Q; H) (E.4.131)
s

which leads to the following optimization problem:

Es, [(Af — Ag)?
max inf Py )[( /]

) (E.4.132)
p= f9eH  Varg[(f — g)]

What we can do is to initialize p~ as a uniform distribution and f, g in the similar form as before,

then we can apply alternating gradient descent ascent to update p~ and f, g.

Stability of the estimated connectivity degree. We provide a stability analysis for the
connectivity degree estimated by the minimax optimization in Section 6.7.3. For each value of «,
we repeated the estimation 10 times and aggregated the results across 5 random seeds. Table E.4.1
reports the average mean, average standard deviation, and average relative standard deviation.

Overall, the estimate is fairly stable in the main regime of interest. For o € [—4, 4], the relative
standard deviation is at most about 10%, and is below 3% for most values in this range. For
more extreme values of «, the relative variation becomes larger, but this occurs precisely when the
connectivity degree itself is already very small. In these cases, the absolute standard deviation

remains small; for example, it is 0.0260 at & = —16 and 0.0020 at o = 16. These results suggest that,
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although the minimax estimate is stochastic, it is sufficiently stable to support the trends reported
in Section 6.7.3.

E.4.3 Connectivity Degree General Setting

When we have general test distribution Q" over X x ) x ). The connectivity degree is generalized to

/., . Eﬁ[(Af - Ag)z]
Aeom (P QM) = Il & R = AgP)

This general quantity is a worst-case ratio between disagreement on the training and test distribution.

(E.4.133)

When Q' = P, this quantity is 1. Previously, we focus on the test distribution with the product form
Q' (z,y,y") = Q(2)Q(y | x)Q(y' | ). Under this choice, we evaluate over all independent pairs of
responses drawn from Q(- | ) rather than only over some selective pairs. This gives the quantity a
connectivity interpretation: the ratio asks whether the training distribution captures enough pairwise
information to control disagreement over the full response space over independent pairs.

Across datasets, connectivity is larger when the training comparisons better cover the pairwise
distinctions that matter under the target evaluation distribution. Across models, expanding the
hypothesis class can decrease connectivity because the infimum is taken over a richer set of functions.
This is precisely why connectivity is informative: it captures the interaction between the data
distribution and the model class. In practice, this motivates estimating connectivity using a tractable
hypothesis class, such as linear models, as a proxy for more complex classes: if connectivity is poor
even for the linear class, it will be no larger for richer classes.

In the experiment in Section 6.7.6, we compute the connectivity degree for a class of linear reward
heads over the embeddings from Llama-3.1-8B-Instruct. For this linear setting, the connectivity

degree is simply the smallest eigenvalue of the covariance matrix.

Proposition E.5 (Connectivity degree for linear BT with general test distribution). In the setting
of linear BT, let

H="{r: r(z,y) =w' ¢(z,y), weR, (E.4.134)

where ¢(x,y) is a feature map. Let P be the training comparison distribution and let Q" be a general
test distribution over X x ) x Y. Define

2p = Egyy)~p [(é(% y) — oz, y)(e(,y) — d(x, y’))T} : (E.4.135)

and
o = Eyana |(6(@,9) = 6(@,9))(6(@,9) = 6,y))7] (E.4.136)
Then the connectivity degree is given by

—1/2 —1/2
Aconn(P, Q'3 1) = Amin (EQ/ EPZQ/ ) , (E.4.137)

where Amin(+) denotes the smallest eigenvalue.
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Proof. First note that

H—H={r—7":rr" et} ="H,

(E.4.138)

since the difference between two linear reward functions is still linear in ¢. Therefore, it suffices to

consider functions of the form 7, (z,y) = w' ¢(z, ).

By definition of connectivity under a general test comparison distribution,

Eeyy)~p [(UJW(W/) - qub(fmy’))Q}

Aconn(P, QI;H) = inf

For the numerator, we have
2
]E(:v,y,y’)wP |:(wT¢($, y) - quS(:U’ y/)) :|

~Bror | (07 0000) ~ 062.0))’]
= wTpr.

Similarly, for the denominator,
2
By~ [<WT¢(xvy) - wT¢(1’>y/)) ]

2
~ Egra | (07000 - 9(0) ]
= wTZQ/w.

Thus,

]
/. . w' X pw
Ao (P Q5 H) = inf -

By the Rayleigh quotient for generalized eigenvalues,

. wTpr
inf —

- (2‘,1/22 2‘,1/2>.
w#0 wTEQ/w — Q P=Q

This proves the claim.

E.4.4 Synthetic non-BT CPRD experiment

W g (0T 6 y) —wT ol y)]

(E.4.139)

(E.4.140)

(E.4.141)

(E.4.142)

(E.4.143)

We construct a synthetic non-BT CPRD whose BT projection has the same target score r* as the

original BT-consistent distribution. Let Pgt denote the original BT-consistent triplet distribution.

For each unordered pair {y;,y;}, define its unordered comparison mass

Mg (z,4,7) == Per(z, v, y;) + Per(x, yj, Yi)-

The induced comparison distribution P is proportional to this mass:
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P(x, {yi,y;}) = MBT(ZMJ) (E.4.145)

where Z is the normalizing constant from Theorem 6.51. The CPRD of Pgr is
wpgr (Yi = 5 | ) = o(r(z,y:) — (2, y;)) - (E.4.146)

Perturbing the oriented triplet mass. We construct Py,,pT by perturbing the two orientations

of each unordered pair in opposite directions. Let g,(i,j) be an antisymmetric perturbation,

92(1,J) = —92(3,9), (E.4.147)

supported only on pairs with Mpr(x,4,5) > 0. We define

PnonBT(x7yiv y]) = PBT(%?/% y]) + ng(ivj)a (E4148>

and equivalently

PnonBT(x7 yj7 yl) = PBT(QZ, yj7 yl) - EQZ‘(Zaj) (E4149)

Thus the unordered comparison mass is unchanged:

PoonBT(Z, Yi, Y5) + PaonBT (%, ¥, ¥i) = Pe1(®, 9i,y5) + Per(2,y5,¥) = Mpr(z,4,5). (E.4.150)

Therefore Pgt and P,onpT induce the same comparison distribution P. Only the directional split

within each unordered pair changes. By the definition of the CPRD,

P(‘T?yhy])

2 j = . E.4.151

Therefore,

Por(x,yi,y5) +€92(i, 7
WPonpr (Ui > 5 | ) = ( M;T(Ji - j):”( ) (E.4.152)
= wpyr (¥ = Y5 | ) +eha(i, ), (E.4.153)
where
. 92(1,7)

h = E.4.154
1) = (i ) (E.4.154)

Condition for preserving the BT projection. By Theorem 6.51, the population BT objective
can be written, up to constants independent of r, as a cross-entropy projection of the CPRD onto

the BT family under the comparison distribution P. Thus, for PyonpT, the relevant objective is
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LERPT(r) = > Pla, {yi,y;}) CEBern(wp, (i = yj | 7)), Bern(o(r(z, i) — r(@.y5))))

T,1<j

(E.4.155)

We now derive the condition under which r* remains the BT projection target. Fix x and write

ri = 1(2,Yi), Wij = Wpysr Wi >~ Yj | ), and A;; = r; — rj. For one unordered pair {y;,y;}, the

Bernoulli cross-entropy term is

fij(T) = —wij log O'(Aij) — (1 — wij) log O’(—Aij).

From equation (E.3.54), we have

8&']’ (’I”)
87“i

= —wii(1 = 0(Aij)) + (1 — wiz)o(Ay)
= 0(Aij) — wij.

Applying this to all pairs involving y; gives

aﬁnonBT
8T .iU y ZP {yz’y] [ ( _Tj)_anOnBT(yi >-yj |':L')]
! JFi

Now evaluate the gradient at r = r*. Since Pgt is BT-consistent,

wPBT(yi ~Yj ‘ CU) = 0'(7’: - Tj)

Using the induced CPRD perturbation,

anonBT(yi ~ Yj ’ l’) = wPBT(yi = Yj ’ l’) + €hz(i,j),

we obtain
aﬁnonBT . .
T or(z,y) ZP {isyi}) [o(r] — 75) = WPoupr (¥i = Uj | z)]
r(x,y;)
JFi
=" P, {yi, yi}) [wrar (0 = 45 | ©) — Wy (i = yj | @) — €has(i, )]
JFi
:_5ZP {ylvy] (Za.])
J#i
Since

the gradient shift is
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(E.4.157)
(E.4.158)

(E.4.159)

(E.4.160)

(E.4.161)

(E.4.162)
(E.4.163)

(E.4.164)

(E.4.165)



aﬁnonBT
ok y( = 0id) (E.4.166)
5 z i

Therefore, a sufficient condition for preserving the BT projection target is the zero-flow condition

> g:(6,5) =0 forall z,i. (E.4.167)
i
Equivalently,
> Pz, {yi,y;Pha(i,j) =0  for all z,i. (E.4.168)

JF#i
Under this condition, r* remains a stationary point of the BT projection objective. Since the BT
cross-entropy objective is convex in the tabular scores, up to the usual additive shift fixed by the

identifiability convention, r* remains the BT projection target for PyonpT.

Choice of the perturbation g,. We choose g, to be a sum of signed circulations on directed

3-cycles. For a cycle (a, b, c), define

g0, 5) = 1{(0,5) € {(a,b), (b,0), (c;)}} — 1{(i. ) € {(B,a), (&), (@, 0)}}.  (E4.169)

This perturbation is antisymmetric. It also has zero row sum:

Zg;a,bvc) (i,) =0 for all s. (E.4.170)
J#

Because each cycle has zero row sum, their sum also satisfies

> g:(i,5) =0 forall z,i. (E.4.171)
J#i
Thus the perturbation preserves the BT projection target by (E.4.167). In our implementation, we
sample valid 3-cycles from the support of the comparison graph and randomly flip their orientations.
We use at most 20 cycles per context. Validation and test sizes are both 2048, and final results are

averaged over five random seeds.
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Appendix F
Supplementary Material for Chapter 9: Reward Learning
from Best-of-N Preference Data: Targets, Tradeoffs, and

Design Principles

F.1 Proofs for Characterizing the Learned Reward

In this section, we provide full proof details for results in Section 7.4.

Lemma 7.64. Assuming that there is no tie in reward score, for any context x and outcome y, the

probability mass of Ppon is given by
Ppon(y | z) = Fla,y)" — F~(z,y)" (7.5)
Proof. For a specific response y to be selected as the Best-of-N, two conditions must hold:
1. At least one of the N samples, y1,...,yn equals y
2. No sample has score strictly greater than 7*(x, y)

Since we assume that there is no tie in the reward score, the conditions are equivalent to when the

highest reward score is r*(z,y) among N samples.

Peon(y | ) = Pr(maxr*(z, y;) = " (2,y)) (F.1.1)

= Pr(r*(z,y:) < r'(z,y)) — Pr(r’(z,y:) <r*(z,9)) (F.1.2)

= F(z,y)Y = F (z,9)" (F.1.3)

The final line holds from independence between y1,...,ynN. O

This Lemma resembles Lemma 2.3 of Beirami et al. [284] which was for the BoN policy. We can

provide a similar result for the Worst-of-N distribution as well.

Lemma 7.66. Assume that there is no tie in reward score, for any context x and outcome y, the

probability mass of Pw,n is given by

Pywon(y | ) = (1= F~(z,9)" = (1 = F(z,y))" (7.10)
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Proof. Similar to the Best-of-N, the condition at which a response y is the Worst-of-N is when the

lowest score is 7*(x,y) among N samples y1, ..., YN
Pyon(y | @) = Pr(minr(z, y;) = 1" (2, y)) (F.1.4)
= Pr(r(z,y:) =2 r*(z,y)) — Pr(r’(z,3:) > r(z,y)) (F.1.5)
= (1= F (@) = (1= Fa,y)™ (F.16)

O

We introduce the definition of Conditional Preference Distribution (CPRD) from Pukdee et al. [79]
which encodes the preference information of a comparison distribution. This allows us to refer to the

result from Pukdee et al. [79] and cleanly identify the population minimizer.

Definition F.1 (Conditional Preference Distribution (CPRD)). For a distribution P over X x Y x Y,
the conditional preference distribution (CPRD) of P is defined on any unordered pair {y,y'} with
y#vy and z € X as follows

P(z,y,y')
Plz,y,y') + P,y y)
Theorem 7.65 (Identification of r5;). Let r; € argmin, Lp, (r) then there exists a function
c: X = R such that

wply =19y | x) = (F.1.7)

PBoN(y | 5U) clz
Pbase(y | QT) * ( ) (77)

or almost every pair (x,y) with respect to Pg;. Furthermore, r%; preserves the ranking induced by
BI

rpi(z,y) = log

r* that is for any x,y,y with non-zero probability mass,

T*(.’E,y) > T*(l‘,y/) g TB](CU,Z/) > T*Bl(x’y,) (77)

Proof. Part 1: Show that r; is a log ratio.

By Corollary 5.4 of Pukdee et al. [79]|, when the comparison distribution satisfies the positive—
negative conditional independence, the population minimizer of the BT learning objective, recovers
the CPRD of the comparison distribution.

Py ly =y |z)=wp(y =y |2) (F.1.8)

almost everywhere with respect to Pgr when P (y = ¢’ | ) = o(rg (2, y) — r(2,y')) is the
preference distribution induced by the score function rg;.

In addition, by Theorem 4.4 of Pukdee et al. [79], when the comparison distribution satisfies the
positive—negative conditional independence, its CPRD is representable by a BT model where the

score function is given by the log ratio,

(F.1.9)



Combining the two results, we can conclude that for all z,y,y’ with non-zero probability mass with

respect to Ppgr,

Poox(y|2)  Poox(y' | 2)
o(rgp(z,y) — rgi(z,y)) = o(lo —ls W) P
( BI( y) BI( Yy )) ( & Pbase(y ’ 37) s Pbase(y/ ‘ :L‘)> ( )
Since o is a strictly increasing function, we also have
Poox(|2) - Poox(y/ | @)
rii(z,y) — rg(z,y') = lo . —log == Lo
Bi(2,¥) —rp1(z,y) g Poase(y | @) & Poase(y' | x) ( )

For any context x, let yy be a fixed outcome with a positive probability mass then for any y

. Peon(y | z) | Pgon(yo | 7)
rap(x,y) =lo + raq(a, —log ————= F.1.12
BI( ) Pbase( ’ ) BI( yO) g Pbase(y ’ .’IJ) ( )
Set c(z) = (2, yo) — log JEL(&O'%) then we have
Ppon(y | @)
rip(z,y) = log —————= + ¢(x F.1.13
BI( y) g Pbase(y | CC) ( ) ( )
for all y with non-zero probability mass with respect to Ppgr as desired.
Part 2: Show that rg; preserves the ranking of r*.
It suffices to show that r*(z,y) > r*(x,y) implies
Peon(y | 2) _ Peon(¥' | 2) (F.1.14)
Pbase(y | :L') Pbase(y/ ‘ l‘)
By Lemma 7.64, we have
Pbase(y ‘ .CC) Pbase(y ’ IL’)

Using the factorization a® — b = (a — b) Z;\[;Ol aV =177 and the fact that F(z,y) — F~(z,y) =
Prase(y | ) this simplifies to

N—

>—‘

Pron(y | z)

F(z,y)N 1 F (x,y). (F.1.16)
Pbase

7=0
Finally, by the definition of F(z,y), we know that whenever r*(z,y) > r*(x,y’) we also have
F(z,y) > F(x,y’) and F~(x,y) > F~(x,y’). Since Poon(WI®) oy be written as a polynomial in

Pbasc(yl'r)
F(z,y), F~(x,y) with positive coefficients, we can conclude that

N—-1 N-1
Flz,y)N V"I (z,y)y > Y F(z,y )V F (2,y). (F.1.17)
7=0 Jj=0
Is Is !
BoN (Y | ) - BoN(y/ | z) (F.1.18)
Pbase(y | .CL‘) Pbase(y | $)
This concludes our proof. O
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Theorem 7.67 (Identification of riyy). Let 75y, € argmin, Lpy,,,(r) then there exists a function
c: X = R such that

Ppon(y | x) o(x)
PWoN(y | 33)

for almost every pair (x,y). Furthermore, 75y, preserves the ranking induced by r* that is for any

rpwi(T,y) = log (7.11)

x,y,y with non-zero probability mass,

r(z,y) > (@) = rpwi(,y) > rpwi(,y) (7.11)

Proof. The first part follows the same idea as in the proof of Theorem 7.65 but just replace Pyase
with PwoN. For the second part, we need to show that &y preserves the ranking of r* where we

will show that whenever 7*(z,y) > r*(x,y") we have

Peon(y | ) _ Peon(Y | 2)

. F.1.19
Poox(y [2) ~ P (/[ 2) 119
By Lemma 7.64 and Lemma 7.66, we have

Pyox(y |z) — (1= F~(z,9))¥ = (1= F(z,y)"
Using the factorization a® — b = (a — b) Z] —0 LaN=1=7p) and the fact that F(z,y) — F~(z,y) =
Poase(y | ) this simplifies to

Poon(y|z) _ 205 Flay)VN "I F(a,y)
Paon(y [ ) N1 = F(2,y)N =177 (1= F(x,y))i

Here the term (F(z,y) — F~ (x,y)) cancels out.
By definition, r*(x,y) > r*(x,y') implies F(z,y) > F(z,y’) and 1 — F~(z,y) < 1 — F~(z,v').

(F.1.21)

Therefore, for the numerator, we have

N—

=

F(z,y)N "1 P (2,y) > F(z,y )N 71 P (2, /). (F.1.22)
J=0 J

I
=)

For the denominator, we have

N—

—_

N-1
y) (- ) < YNV (1= Fa,y))y. (F.1.23)
J=0 J=0

Putting everything together, we can conclude that

SN F(a,y) NI F (g . SN Fa,y )N F ()
SN (= F(a,y)N 1 (1= F(a,y)d — SN (= F (2, y)N=170 (1 = F(a,y'))!

Finally,

. (F.1.24)
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Ppon(y | ) - Peon(y' | )
Pwon(y [ 2) = Pwon(y' | )

This concludes our proof. O

(F.1.25)

Proposition 7.69 (Best-vs-Random and Best-vs-Worst perform pairwise margin maximization).
Assume that there is no tie in reward score. For each context and pair of outcomes (z,{y,y'}), define
Ymax € arg Imax " (x,u), Ymin € arg min r* (CC, u)

ue{y,y'} ue{y,y'}
Then for any hypothesis class H, the population risk minimizer rip € argmin,ey Lpy,(r) satisfies

rpR € arg 13%1?1{1 E(x,{y,y’})NISBR [ —log a(r(x, Ymax) — T (, ymm))}

The same result holds for ry, by replacing the comparison distribution ]BBR with JBBW. In particular,
both objectives are the same pairwise margin-mazximization loss, differing only in the comparison

distribution.

Proof. From Theorem 5.2 of Pukdee et al. [79], the BT learning objective can be decomposed as the

cross entropy between the CPRD and the preference distribution induced by the score function.

Lp()=C—Z E |wplogo(A,)+ (1—wp) 1og<a(_AT))} (F.1.26)
(zAyy'})~P

where wp(y = ¢ | ) is the CPRD of P and A, (z,y,y") = r(z,y) — r(z,y’) is the margin between
two outcomes. C, Z are constants and Pisa comparison distribution induced by P.
We claim that the CPRD of the Best-vs-Random scenario is either 0 or 1. For any context and
pairs of outcomes (z,{y,y'}), let Ymax € argmaxy,egy o (2, u) and ymin € argminge gy 1y 7 (7, u)
be the outcome with a higher and lower reward score. By the definition of Best-vs-Random, the
reward score of the positive sample is always higher than the reward score of the negative sample.

Therefore, we would always have ymax as a positive sample and ymin as a negative sample. Therefore,
the CPRD is given by

P(x, Ymax ymin)

(/JPBR (yma Ymin | 1:) P(x, Ymascs ymin) + P(ZE, Ymin, ymax) ( )
and
P(l’, Ymin, ymax)
w min > Ymax | T) = =0. F.1.28
For (y Yma ‘ ) P(l’, Ymin, ymax) + P(l’, Ymax, ymin) ( )
Substitute this back, we have
wplogo(A,) + (1 —wp)log(o(—A,)) =logo(r(z, Ymax) — 7(Z, Ymin))- (F.1.29)

With this result, we can conclude that the minimizer satisfies
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TRR € arg gélﬁ E oy ~Pon [ —logo(r(x, ymax) — r(z, ymin))} . (F.1.30)

The result also holds for Best-vs-Worst, which also guarantees that the reward score of the positive

sample is always higher than the reward score of the negative sample. O

In the next part, we will show that the r;i would converge to the r5; as N grows. To show this, we
will first show that Pggr would be close to Pgr as IV increases. The intuition is that as IV is large,
the random sample from the rest of outcomes would be close to drawing an independent sample

from the base distribution. We start with first deriving the probability mass of Pgg.

Lemma F.2 (Probability mass of Pgr). Assume that there is no tie in reward score, for any context

x and outcome y,y' there exists a constant ¢ > 0 for which the probability mass of Pgg is given by

Prr(z,y,y) = 0 ify=1y orr*(x,y) >r*(x,vy) (F.1.31)
o %P(x)Pbase(yl | 2)Pponn—1(y | ©) otherwise

where Ppon,n—1 15 the probability mass of Ppoy with N — 1 draws.

Proof. The first case is quite simple. When we see a pair y = 3/, we do not add it to the comparison
distribution. Therefore, the probability mass is 0. In addition, if 7*(x,y’) > 7*(x,y), then it is not
possible for y to be preferred over 1y’ given the context x. Therefore, the probability mass is 0 as
well. For the second case, assume that y,y’ are two outcomes with r*(z,y) > r*(z,vy') and y # v/

We can first factorize

Por(z,y,y') = P(z)Per(y™ = y,y~ =y | 2) (F.1.32)

where y* and y~ are the positive and negative samples. To compute the second conditional
probability term, we use the fact that for a given sample y1,...,yn, the probability of the positive

sample being y and the negative sample being 3/ is given by

. /
— N T
Per(y" =v,y" = | z,y1,...,yn) = largmaxr*(z,y;) = y] - w- (F.1.33)

Yi N-—-1
The first term is an indicator function which ensures that the sample with the maximum reward
score is y while the second term is the probability that the random sample that is drawn uniformly
from the rest of outcomes is 3’ which is basically the number of outcomes that is equal to 3’ divided

by the number of remaining outcomes, N — 1. We can rewrite this as

_ 1 .
Per(y" =y, " =y [z01,...,yn) = ml[afgngfxr (@,y) =y]-> L=y (F.1.34)

=1

Taking the expectation over all yi,...,yn, we have
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Por(y" =y,y =v |2) =Ey o [Perv" =9,y =9 | 2,y1,...,yn)] (F.1.35)

N
1
=2 Pryi=y *(z,y5) = F.1.36
N -1 ;yhi(yz Y argmaxr (z,9;) = ) ( )
1 N
e / * : * * /
- r(yi =y, argmaxr (z,y;) =y since r" (z,y) > 7 (x,y
N_I;yI:N( ! ij?éi ( ‘7) ) ( ( ) ( ))
(F.1.37)
1 N
= N _1 Pr(y; = y/)Pyj,j;éi(argmaX r(x, Z/j) =y) (by independence)
TraY Yj
(F.1.38)
N , .
= v q Dhase(y) | @) Py, (argmaxr™(z, y;) = y) (F.1.39)
Yj
N !
= thase(y’ | @) Ppon.N-1(y | 2) (F.1.40)

Finally, we note that the above result only holds when y # y’. When y = ¢/, we have to replace
% with % since one sample is already chosen as y. Regardless, we don’t need to
worry about such case since we will discard the pair with y = 3y’ and set the probability mass to 0.
To ensure that the probability mass is valid, we need to scale up the probability mass of the rest by
some factor ¢. This concludes the proof.

O

Before we prove that the total variation between Pgr and Pgy is small, we first provide a lemma

which relates the total variation between two distributions with its unnormalized probability mass.

Lemma F.3 (Normalization Preserves Closeness). Let P and @ be two unnormalized probability
mass functions over a finite set of outcomes Q). Let Zp 1= Y g P(z) and Zq =Y eq Q(z) be

the nmormalization constants of P and @ respectively with P(x) = Z(:) and Q(x) = %Z’,) as the

normalized probability mass functions. If there exists a constant ¢ > 0 such that Z, > ¢ and Z; > c,
then the total variation of P, Q is bounded by the total variation of ]5, C~2,

TV(P,Q) < %TV(?, Q) (F.1.41)

Proof. Without loss of generality, assume that Z, > Z,. The total variation of P, @ is given by
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V(P.Q) = 3 3 IP() - Q)| (F.1.42)

€N
:} ﬁ(m)_@(ﬂf) F.1.43
1 Plz) Q) 1 Q) Q)
< — - - — F.1.44
_Q%IZP Zp|+2§2’Zq Zp| ( )
_ 1 5 5y 4o = Z4l
- Z—pTV(P,Q) + ”QZP 4 (F.1.45)
Since
1 1 ~ ~ 1 ~ ~ ~ ~
5% = Zel = 51D Pa) =3 _ Q)| <5 ) |P() - Q)| = TV(P,Q) (F.1.46)
z€e zEQ z€Q
We have
TV(P.Q) < - TV(P,Q) < 2TV(P,Q) (F.1.47)
P
0

Proposition F.4 (Total Variation between Pgr and Pgy). Assume that there is no tie in the reward
score and we discard the pair with y = y'. Then, for any base distribution Pyuse, there exists a

constant ¢ > 0 for which for any N > 2, the total variation between Ppr and Ppgy is given by

Cc
TV (Pgr, Pp1) <
(PBr, BI)_N_l

Proof. For any fixed context x and the positive outcome y, the probability mass of Ppr is given by

(F.1.48)

0 ify=1
PBI<y,y’rx>:{ y=y (F.1.49)

Z%PBoN(y | ) Phase(y' | ) otherwise

where Z; is a constant that compensates for the case when we discard the pair with y = ’. On the

other hand, the probability mass of Pgr is given by

0 ify=19
Per(y,y' | 2) =<0 if r*(z,y") > r*(z,y) (F.1.50)
Z—;%Pbase(y’ | 2)Pgon,n—1(y | ©) otherwise
and Zp is also a normalization constant. To show that the total variation between Pgr and Pgj is
small, from Lemma F.3 it is sufficient to show that the unnormalized probability mass of these two
distributions are close. Define the unnormalized probability mass of Pgr and Ppy as
0 if y =1/

/ . (F.1.51)
PeoN(y | ) Poase(y' | )  otherwise

ﬁBI(yay/ | x) = {
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0 if y = y/
PBR(yvy, ‘ I) = 0 if T*(ZL', y/) > T'*(:L‘?y) (F152)
%Pbase(y/ | »T)PBoN,Nq(y | ) otherwise

Without loss of generality, let the set of outcomes {yi,...,¥ym} be ordered such that r*(z,y1) <

r*(x,y2) < -+ < r*(z,Ym). As a result, we can write

F(xayj) = F(x7yj—1) + Pbase(yj ’ 13) (F153)

for any j € {1,2,...,m} when F(z,y9) = 0. Further, we will write F; = F(x,y;) and p; = Pase(y; |
z) for the convenience of notation. With this notation, we know that Pgg (y, yj | ) = 0 for any
i < j since the reward score of y; is lower than y; so it’s not possible for y; to be preferred over y;

under Best-vs-Random. Therefore, the total variation between JSBI and JBBR is given by

2TV(Ppr, Por) Z 1Per(y,y | #) — Per(y,y/ | 2)] (F.1.54)

= Z | Pei(yi, y5 | ©) — Por(yi,; | )] + Z | Pei(yi, y; | ©) — Per(vi, y; | )|

i>j 1<j
(F.1.55)
= " |Pot(yi vy | ©) — Per(iys | o)l + Y [ Poi(yiy; | )] (F.1.56)
i>7 1<j

We can split the total variation into two parts. The first part is the difference between the probability
mass of Pg; and ﬁBR when ¢ > j while the second part is just the probability mass of Pg1 when
i < j. We bound the first part as follows:

D 5 N
Z ’PBI(yi’yj ’ x) - PBR(yi7yj ’ :L')‘ = Z |PB0N(yi ’ x)Pbase(yj ‘ CC) — mPBON,Nfl(yZ‘ | w)Pbase(yj ’ 1‘)’
1> i>j
(F.1.57)
N _ _
= Z (FY - FN)) - m(FlN = EN b (F.1.58)
1>]

Let g(u) = NNluN 1. Differentiating g(u) with respect to u, we have ¢’(u) = Nu¥=2(1—u) > 0
for all w € [0, 1] which implies that g(u) is increasing on [0, 1]. We can write the term above in terms

of g,

N _ _
(FY = FY) = (B = B = g(Fia) — 9(F) <0 (F.1.59)

This follows from the fact that g(u) is increasing while F; > F;_1. Therefore, we have
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> Pty | ©) — Por(yi,y; | )| = Z(Q(Fi) — 9(Fi-1))p; (F.1.60)

i>]

m—1 m
=> "pi > (9(F)—g(Fi1)) (F.1.61)
j=1  i=j+1
m—1
= > _pi(g(Fn) — g(F))) (F.1.62)
j=1
m—1
<> pig(Fm) (F.1.63)
j=1
< g(F) = g(1) = — (F.1.64)
>9UI'm) =4 “N_1 .
For the second part, we have
> Pai(yi oy | o) =Y (EN = FN))p; (F.1.65)
1<J i<j
m—1 m
=> > (FN=FX)p (F.1.66)
i=1 j=i+1
m m
=Y (FN-FY) > p (F.1.67)
i=1 j=i+1
m—1
=Y (FN-FY)(1-F) (F.1.68)
=1
m—1
=Y FN-FY, -FN"'+ FFY, (F.1.69)
=1
m—1 m—1
= FN_, - Z FH 4 Z (Fi—1 +pi)FY, (F.1.70)
i=1 i=1
m—1 m—2 m—1
=FN - Y N ST RN L Y RN, (F.1.71)
=1 =0 i=1
m—1
= FN - FH + Z P, (F.1.72)
i=1
m—1
= Fn (1= Fu) + > piFY, (F.1.73)
=1
m
=D nf, (F.1.74)
i=1

Here we use the telescoping technique. We observe that the third term is a left Riemann sum

for approximating the integral of 4" between 0 and 1 by splitting [0, 1] into intervals with width
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D1, D2, - - -y Pm—1,Pm- Since this function is increasing, we can conclude that the Riemann sum is

upper bounded by the true integral.

m 1 1
N N —
Z?QWSA“”M_N+1

Therefore,
> Pai(yiys | 2)| < !
£~ T T~ N+1
1<J
Combining two parts, we can conclude that
1 2

- 1
2TV (Pgr, Par) < <
Ve Por) < w3+ yig Sy g

(F.1.75)

(F.1.76)

(F.1.77)

The final step we need is to show that the normalization constant of Pg; and Pgr are bounded below

by a constant. We start with Z7.

Zr=> Pai(yiy; | z)

i#]
m ~
=1- ZPBI(yz‘ayi | )
i=1
m

=1- Z(Fz‘N — FY))p;

i=1

m
>1- mapoZFN FN ) =1 — maxp;

=1

Z1 is bounded below by 1 — max p; for any N. In addition, for Zr, we have

Zr=Y_ Per(viy; | x)

i>j

= %(E’Nﬁl - Fijxfl)pj
1>7

> o (EN - BN

= (= (=)

> p,

(F.1.78)

(F.1.79)

(F.1.80)

(F.1.81)

(F.1.82)

(F.1.83)

(F.1.84)

(F.1.85)
(F.1.86)

The lower bound here is fairly loose but it is sufficient for us to use Lemma F.3 which now implies

that there exists a constant ¢, > 0 such that

Cx

N -1

TV(Per(y,y' | ), Pei(y,y' | x)) <
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for any x € X. Now, we take the summation over all z and will have the total variation between
Pgr and Pg is bounded by

c
N -1

TV(Pgr, Pa1) = ZP )TV(Per(y.y' | ), Py, y' | 2)) < (F.1.88)

when ¢ =) P(z)c,. This concludes the proof.
U

Now, we have established that Pgr and Ppgy are close as N grows, with this we can also show that
the population risk minimizer would also be close to each other as well. Here we apply a standard
technique in learning theory that first shows that a small TV distance means that the difference in
the population risk would be small. Then, we use the strong convexity of the population risk to show
that the difference in the population risk minimizer would be small as well. We will first prove some
technical lemmas that will be useful for the proof and then will present the main proof accordingly.
The first lemma shows that we can bound the population risk difference in terms of the total variation

between the two distributions.

Lemma F.5. Let H be a hypothesis class that is bounded by some constant B. Let P and @ be two

comparison distributions then there exists a constant Mp such that

sup |Lp(r) — Lo(r)| < 2Mp TV(P,Q) (F.1.89)
reH

Proof. First, we will show that if H is bounded by B then the BT loss is also bounded as well.
Recall that the loss on any (x,y,y’) is given by

U(Ar) = —logo(r(z,y™) —r(z,y")) =log(1 + exp(r(z,y~) — r(z,y"))). (F.1.90)
Since r is bounded by B, we have |r(z,y~) — r(z,y")| < 2B so that
U(A,) <log(l+exp(2B)) := Mp. (F.1.91)

Next, we will show that the difference in the population risk is bounded by the total variation

between the two distributions.

1Lp(r) = Lo(r)| = Y P(z,y,y (@,9,90) = Y Qa,y, (A (z,y,0))|  (F.1.92)
= | g P(z,y,y Q(:L",y,y'))f(A’f(Z;?y,y’))l (F.1.93)
< ilylp(fv,y,y’) = Q(@,y,y)U(A(z,y,9))] (F.1.94)
< g 1P(z,y,y) = Qz,y,9)|Mp (F.1.95)
= ;JywyB TV(P,Q) (F.1.96)
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Since this is true for any r € H, it would also hold for the supremum over all » € H. This concludes
the proof. m

The second lemma shows that if the population risk between two distributions is small on all
hypotheses in the hypothesis class, then the population risk minimizer of one distribution would also

perform well on the other distribution.

Lemma F.6. Let H be a hypothesis class and P, @ be two comparison distributions such that
sup,ep |[Lp(r) — Lo(r)| < €. Let rp and 1) be the population risk minimizer of Lp and Lg

respectively. Then, we have

Lp(ry) < Lp(rp) + 2 (F.1.97)
Lqo(rp) < Lo(rh) + 2¢ (F.1.98)

Proof. We write the difference between the population risk of 75 and 7“22 as

Lp(rg) = Le(rp) = (Lp(rg) — Lo(rg)) + (Lo(rg) — Lo(rp)) + (Lo(rp) — Le(rp))  (F.1.99)
< |Lp(rQ) = Lo(r)l + (Lo(rg) = Lo(rp)) + [£o(rp) = Lp(rp)| - (F.1.100)
<e+0+e=2¢ (F.1.101)

The first and third term follows from the assumption that sup,cq |[Lp(r) — Lo(7)| < €. The second
term is at most 0 since 77, is the population risk minimizer of Lq so that Lq(ry) < Lo(r) for
any » € H including 7. We have the first result and the second result follows from the same

argument. O

In this Lemma, we show that when the hypothesis class is convex, we can bound the difference
between the margin of a reward function with the population risk minimizer with the difference in

their population risk.

Lemma F.7. Let H be a convex hypothesis class that is bounded by some constant B. Let P be a
comparison distribution and rp be the population risk minimizer of Lp. There exists a constant cp

such that for any reward function r € H, we have

2
Ir=rllap < —(Lp(r) = Lp(rp)) (F.1.102)

Proof. First, we will show that when # is bounded, Lp(r) is strongly convex. This result follows
from the proof of Theorem 6.7 in Pukdee et al. [79]. We provide a brief proof here for completeness.

We can write the BT objective as

Lp(r)=C+ E(x’{%y/}),v]g [gxyyyy/ (Ar(x,y,y'))] . (F.1.103)

where g, : R — R, is defined for each (z,{y,y'}) as
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Gy (@) = —wp(y = y' | 2)logo(a) — (1 —wp(y = ¢ | 2))log(l — o(a)) (F.1.104)

We will write A, for A, (x,y,y’) for convenience from now. The first thing we will show is that
Gz, 18 strongly convex with respect to a. We can check this by taking the derivative. Using the

property that o’(a) = o(a)(1 — o(a)), we have the first derivative
gfmy’y,(a) =o(a) —wp (F.1.105)
and the second derivative

Gy (@) = a(a)(1 = o(a)) (F.1.106)

Since the score function r is bounded by a constant B, for any (z,{y,y'}), we know that |A,| =
|r(z,y) —r(z,y’)| < 2B. Now, for a € [-2B,2B] we know that

o(a)(1—=o0(a)) >0(2B)(1 —0(2B)) :=05 >0 (F.1.107)

With this assumption, we can conclude that g, . is op-strongly convex. Recall that if f is op-

strongly convex, then for any z,y, we have

@) = 1) 2 F' W) —y) + e y)* (F.1.108)

Apply this inequality on g, , . with A, and A, and drop (z,y, y') for convenience.
OB
oy (Br) = Gayy (Ar}‘,) > ggc,y,y’(A’r‘fp)(AT - Ar};) + 7(Ar — Ar;;)Q. (F.1.109)

Take the expectation over the distribution ﬁ, we have

o
E5 92y (Ar) = Goyy (Brp)] = Eplgay 0 (Brp) (Ar — Ary)] + TBEﬁ[(Ar ~A;3)% (F.1110)

The left hand side is just the difference between the population risk, while the second term on the right
hand side is the margin semi-norm with respect to P; since (A, — Ar}g)z is invariant under swapping

y and 7/, its expectation under Pis equal to the expectation over P which is exactly |7 — 7| A p-

* OB *
Lp(r) = Lp(rp) = Epldyy .y (Drs)(Ar — Aps)] + 7\\7“ —7plla,p. (F.1.111)

Now, the final part is to show that the first term on the right hand side is non-negative. We achieve

this by using the property of H being convex. From convexity, we know that for any ¢ € [0, 1], we have

re=(1—-trp+treH (F.1.112)

Since rp is the population risk minimizer, the right derivative of the population risk with respect to

t at ¢ = 0 must be non-negative.
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—L >0 F.1.113
glri| = ( )
where
0 0
5 Lr () = 5 Epl9ey.y (Ar)] (F.1.114)
0
= Epldey (Br) 5, A0 (F.1.115)
We can derive
QA —g((l—t)A +tA)=A, — A (F.1.116)
at Tt T 8t TP r) — T TP' L.
Therefore,
a /
aﬁp(rt) = Eﬁ[gx,y,y/(ﬁrt)(Ar — AT;)] (F.1.117)
Setting t = 0 and substituting back, we would have that
E5(9,.y (Ars ) (Ar = Aps)] > 0 (F.1.118)
as desired. As a result, we can conclude that
* OB *
Lp(r)—Lp(rp) = 7”7“ —7plla,p. (F.1.119)
This concludes the proof. O

Now, we are ready to prove the Theorem 7.71.
Theorem 7.71 (rgy is close to ;). Let H be a convex hypothesis class that is bounded by some
constant B. Let rip € argmin,cy Lpy,(r) then there exists a constant cg such that for any N > 2,

cB
APer < N_1

I7Br — 7Bl (7.15)

Proof. First, by proposition F.4, we have that the total variation between Pgr and Ppgy is bounded

by x% for some constant ¢ > 0,

C

TV (Pgr, Pg1) < . F.1.120
(Per, 1) < 17— ( )
By Lemma F.5, we can bound the population risk difference with the total variation,
2Mpc
Sup | Ly (1) — Lpy, ()| < 2Mp TV(Pgg, Par) < —2-. (F.1.121)
reH N-—-1
By Lemma F.6, we would have
* " 4Mpc
‘CPBR (TBI) - ‘CPBR (TBR) < (F'1'122)

N -1
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Finally, by the convexity of H and Lemma F.7, we have

* * 2 * * 8MBC
IrBr — rBIlla,Per < g(ﬁPBR(TBI) = Lpgr(rer)) < os(N—1) (F.1.123)

8Mpc
oB

Setting cp = concludes the proof. O

The proof for Theorem 7.72 follows the same argument. The key difference is to show that the total

variation between Pgw and Pgwi now decays exponentially.

Proposition F.8 (Total Variation between Ppw and Ppwr). Assume that there is no tie in the
reward score and we discard the pair with y = y'. Then, there exists a constant ¢ >0 and p < 1 for

which for any N > 2, the total variation between Ppw and Ppwr is given by
TV(PBw/, PBWI) S CpN (F1124>

Proof. The main idea of the proof is to bound the total variation between Pgw and Pgwi on the
pair of best and worst outcome. This is because we know that as NV grows, we are more likely to see
the outcome with the highest and lowest true reward score. For the first step, we will calculate the
probability mass of Pgw and Ppwr.

Part 1: Calculate the probability mass of Pgwr and Pgw. We start with the probability
mass of Pgwr.

0 ity =y
PBWI(y,y’Ix)z{ y=y (F.1.125)

%PBON(y | ) Pwon(y' | ) otherwise

Here c; is a constant that ensures that Pgwr is a valid probability distribution. We need this constant
because whenever y = ¢/, we discard the triplet. We will bound this constant term. Without loss of
generality, assume that the set of outcomes is given by y1,ya, ..., ym where r*(x,y1) < r*(x,y2) <
o < 1r*(x,ym) so that y; is the worst outcome and y,, is the best outcome. We also define the

unnormalized probability mass of Pgwr as

Pawi(y,y' | #) = Paon(y | ) Pwon (v | @) (F.1.126)

From Lemma 7.64 and 7.66, we have

F.1.127
F.1.128
F.1.129
F.1.130

Pawi(yi,yj | ©) = Peon(yi | #) Pwon(y; | @)
= (F(z,y)N = F~(2,5)" ) (1 = F~(z,9;))Y = (1 = F(x,y,))")
= (F(z,y)N = Fz,y-1)™M) (1 = F(2,y;-1)) = (1 = F(z,y;))")

(
(
(
= (FY = FY)(( = F-)™ = (1= Fp)Y) (

)
)
)
)

This follows from the fact that F~(x,y;) = F(z,y;—1). We also write F; = F'(z,y;) for convenience.
It is clear that Pgwr is just IBBWI normalized by some constant that takes care of the case when we

discard the pair with y = 3/. Therefore,
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o= Pewi(y,y' | z) (F.1.131)

y7#y’
=1- Powi(yi.yi | 2) (F.1.132)
i=1
=1-) (FV-FI)(-F)Y =1 - )Y (F.1.133)
=1

For each i between 1 and m, the term (FN — FN )((1 - F,_1)"Y — (1 — F;)") would converge to 0 as

N grows. Further, when i = 1, we have

(FY — BN (1 — )N — (1= F)N) = FN(1 = (1 = R)Y) (F.1.134)

and when ¢ = m, we have

(FN = FX_)((1 = Fret)Y = (1= B)™) = (1= FY_)(1 = Fpuog)V (F.1.135)

Both terms also converge to 0 as N grows. As a result, we can conclude that ¢; — 1 as N grows and

there exists a constant @ > 0 for which ¢; > a > 0 for all N. Combining everything together, we have

0 if § = j

F.1.136
é(FZN —FN)O)((1 = F—)N — (1= Fj)N)  otherwise ( )

Pewi(yi,y; | ) = {

when ¢; — 1 as N grows. Next, we will calculate the probability mass of Pgw. First, for any ¢ < j

we know that

Pew(yi,y; | ) =0 (F.1.137)

because y; has a higher reward score than y; so it’s impossible for y; to be preferred over y;. For
the case when ¢ > j, the probability is not zero anymore. Let Y1,Ys,..., Yy be the N outcomes
sampled from the base distribution and let IBBW be the unnormalized probability mass of Pgw then

ﬁBW(yi,yj | z) = Pr(argm@xr*(x,lﬁ) = y;, arg II}I;DT*(x,Y;) =y;) (F.1.138)
= Pr(maxr*(z,Y;) = r*(z,y;), minr*(z, Y;) = r*(z,y;)) (F.1.139)
= Pr(r*(z,y;) <r*(z,Y;) <r*(z,y;)) — Pr(r*(z,y;) <r*(z,Y;) <r*(z,vy;))

(F.1.140)

— Pr(r*(z,y;) < r*(z,Y;) <r*(z,y;)) + Pr(r*(z,y;) < r*(z,Y:) <r*(z,y))
(F.1.141)
= (F, - F)Y = (Fo - Fo)N = (Fi = )N + (Fio - Fy)Y (F.1.142)

This follows from the assumption that there is no tie in the reward score and the second to last line

holds from an inclusion-exclusion principle. We have
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0 if i < j

. (F.1.143)
5w (Wi, y; | @)

Pew(yi,yj | ) = {

Similarly cp is a constant that ensures that Pgw is a valid probability distribution which handles

the case when ¢ < j. We know that

m—1

m
€D = ZPBW(%%‘ | z) = Z Pew (yi, 5 | =) (F.1.144)
i>] j=1 i=j+1

Let S; =210 4 Paw(yi, yj | ©) then we can write

Si= > Paw(yi,y; | ) (F.1.145)
i=j+1
= Z (Fz — Fj_l)N — (Fz'—l — Fj_l)N — (Fz — Fj)N + (Fz’—l — Fj)N (F1146)
i=j+1
m m—1 m m—1
=Y (F-F )" =Y Fi-F )= > (F-F)N+ ) (F-F)Y  (F.1147)
i=j+1 i=j i=j+1 i=j
= (B — Fjm) = (Fy = o)V — (B — Fy)Y (F.1.148)
= (1= F)N = (1= )Y = (F - F-)Y (F.1.149)
Therefore,
m—1
cp=» S (F.1.150)
=1
m—1
=Y (1 =F)Y = (= )N = (F - Fj-)Y) (F.1.151)
j=1
m—2 m—1 m—1
= A=)V =Y (a-F)N = (F—F )N (F.1.152)
j=0 j=1 j=1
m—1
=1-(1=Fpn )V =) (F—F_)V (F.1.153)
j=1
=1-> (Fj—F)V (F.1.154)
j=1

Similar to ¢, cp — 1 as N grows assuming that the base distribution does not concentrate all
probability on a single outcome. There exists a constant b > 0 for which ¢p > b > 0 for all N.
Part 2: Bound the total variation between Pgwr and Prw.

We will start with the total variation between the conditional distributions Pewi(y,y’ | ) and

Pew(y,y' | x). Let &y 1) be the probability distribution that assigns probability 1 to the pair
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(Ym, y1) and O to all other pairs. By triangle inequality,

TV(Pewi(y,y' | ©), Pew(y,y' | ) < TV(Pewi(%, ¥ | 2),0m,1)) + TV(Pew (¥, 4" | ), 0(m.1))
(F.1.155)

= (1 — PBWI(ym, 1 | JZ)) + (1 — PBw(ym,yl ’ x)) (F.1.156)

The final line follows from §(,, 1) put zero probability mass everywhere and assign probability 1 to

the pair (Ym,y1). Using the results from Part 1,

(Fy — Fa_)((@ = F)V — (1= F)V)

1= Powi(ym, w1 | 2) =1 — - (F.1.157)
_er= (= Fp )= = F)Y) (F.1.158)
10— 0 —
_(-p)V+ (0 —0;91)N — (1 —pm)¥ (1 —p)" (F.1.160)
< “iW)NHl*M)]ﬁI (F.1.161)

Cr

when p,,, and p; are the probability mass of y,,, and y; respectively. Similarly,

Fm_FO)N_(Fm—l_FO)N_(Fm_Fl)N+(Fm—1_FI)N

1 — Pew(Ym,y1 | ®) =1— (

v (F.1.162)
_ep— (=1 =pn)" = (1 =p)" + 1 = pm—p)") (F.1.163)
1= -0-p) - iDpl)N + (= pm —p1)") (F.1.164)
_ A=p)V+ (A —p)Y —q()l —pm = p1)" (F.1.165)
L A=)+ —pS)N (F.1.166)

CD

Therefore, we have

_ N _ 2 \N _ N o \N
TV(PBWI(y7y, ‘ $)7PBw(y,y' | 2)) < ((1 pm)” + (1 —p1) v (1 —=pm)* + (1 —p1) )

Cr cp
(F.1.167)
11
< 2(= + P max(l = pp, 1= p1)" (F.1.168)
= copy (F.1.169)
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Since we have this TV bound for the conditional distribution, we also have a similar bound for the

total variation between Pgwr and Prw

TV (Pawr, Pew) < Y TV(Pewi(y, ¢/ | ©), Pew(y,y' | 2))P(x) (F.1.170)

<> P(x)eepy (F.1.171)

< (Y P(x)e,) max(p,) (F.1.172)

= cgN (F.1.173)

This concludes the proof. O

Theorem 7.72 (rgyy is close to riwy). Let H be a convex hypothesis class that is bounded by some
constant B. Let 1y, € argmin,ey Lpy,,(r) then there exists a constant cg and p < 1 such that for
any N > 2,
* * N
IrBw — rewilla,Psw < cBp (7.16)
Proof. From Proposition F.8, we have that
TV (Psw, Pewi) < cp (F.1.174)

for some constant ¢ > 0 and p < 1. We then apply the same argument as in the proof of Theorem
7.71, which allows us to bound the difference between rgy; and rg5yy; in terms of the total variation

between Pgw and Pgwi. This concludes the proof. O
F.2 Sample Complexity

In this section, we provide full proof details for results in Section 7.5.

Proposition 7.74 (Margin of ;). Assuming no ties in reward score, for any context x and pair of

outcomes y,y with non-zero probability mass, the margin of r}; admits the decomposition

Fz,y)
e o) — ’ o
Argl(xay7y) = Nlog F(.’L’,y/) + BN(xay7y)a (718>
where By (x;y,y') is uniformly bounded in N.
Proof. Recall the closed form for Pgon(y | x):
_ N
Poox(y | 2) = Fz,y) = F~(2,y)" = F(z,9)" = (F(2,y) = Poase(y | ©)) " (F.2.175)
We rewrite it as
; T )\ NV
Poox(y | @) = Fla,y)V (1 - (1 - Dasltuln) ) (F.2.176)

P ase
Let o (y) =1 — Pl € [0,1). Then
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Poon(y | 2) = Fla,y)™ (1= au(y)™) (F.2.177)

Substituting into the rj; expression (up to an additive constant):

F(z,y)" (1 - aa(y)™)
Pbase(y | 13)

(s y) = 1og( ) — Nlog F(z) + log(1 — an(y)™) — log Poasely | 2).
(F.2.178)

Subtracting for y and y':

A”EI (x;9,9) = N(log F(x,y) —log F(z, y/)) + [log (1 - ax(@/)N) — log (1 o ax(y/)N)] ~log (M)
(F.2.179)

= N(log F(z,y) —log F(z,y')) + Bn(z;9,9') (F.2.180)

Since 0 < az(y) < 1, we have a;(y)Y — 0 as N — oo. The sequence {log(1 — a(y)V)}n>1 is
monotone increasing and bounded above by 0 and below by log(1 — a;(y)). Therefore their difference
remains bounded, and the final term —log(Phase(y | )/ Poase(y’ | 2)) is constant. The dominant
term is N(log F(z,y) —log F(z,y)). If r*(z,y) > r*(x,y’), then F(x,y) > F(z,y), so the margin
diverges. O

Proposition 7.75 (Margin of rfy). Assume no ties in r*(x,-). For any context x and pair of

outcomes y,y with non-zero probability mass, the margin of 75y, admits the decomposition

Fx,y) 1-F(z,y)
AN cy,y) =N (1 - 1 -
ST YY) <0g F(z,v) + log 1—F(z,y)

where By (x;y,y') is uniformly bounded in N.

> + Bn(z;9,9) (7.19)

Proof. We use the result from Theorem 7.67 which provides a closed form for rgy;, we have

rpwi(,y) = log f:Wo Wi c(z) (F.2.181)
and
Argn @9:9) = rigwi(@.y) — rwi(@.y) (F.2.182)
Poon(y |2)  Pon(y' | 2)
= log Paon (4 | 7) log Poon (| 2) (F.2.183)
Zlog F(x7y)N_F7(xay)N —10g F(.’E,y/)N—Ff( I)N
(1= F~(z, )N = (1 - F(z,y)V (1= F(z,y)N = (1 = F(z,y))N
(F.2.184)
g P01~ Crea)™) op TN~ (B ym)
(=P @)V 0= (Y (0= Fey)¥ (- GE5)Y)
(F.2.185)
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We can see that the terms (1 — (%)N) and 1— (%)N) are increasing with N and converge

to 1 as N — oo. This also holds for 1. Therefore, we can write the margin as

F(z,y) F(z,y)
A :y,y) =Nlog ———22 _ — Nlog ———= _ + By(x;y,9 F.2.186
F(z,y) 1-F(z,9) /
=N|1 log ———— B ; F.2.187
< Og F(x,y/) + Og 1 _Fi(x’ y) + N(CE?y?y ) ( )

where By (x;y,y’) is uniformly bounded in N. This concludes the proof. O

Theorem F.2.9 (Formal connectivity bounds for Pgy). Assume that every triplet in the support of

Q has non-zero probability under Pgr. Then there ewists a constant Cg > 0 for which for any N,

Aconn(Pp1, Qi H) > Co(min Poase(y | )™ (F.2.188)

Fiz o € R and define Ay o ={y € Y : 7*(z,y) < a}. Assume that H contains functions f,g such

that f(z,-) — g(x,-) is constant on Ay o and on its complement for every x, and that

VQ,a ‘= %l‘(y € Aac,omy/ ¢ Az,a) + %r(y ¢ Aa:uayl € Aa:,oz) > 0.
Ifn:=1—max,y Ppse(y | ) > 0, then there exists a constant Dg o > 0 such that for any N,
)\conn(PBI, Q’ H) S DQ,QEZNPZ [Pbase(Ax,a | l‘)N + Pbase(Ax,a | :L‘):I (F2189)

Proof. We start with the lower bound. Recall the definition of the connectivity degree,
. Epgy[(Af — Ag)?]
Aconn (P, Q; H) = inf Bl
com{Fot, @5 H) = 1t Eq[(Af — Ag)?]
If Aconn(Pp1, @; H) = 0, the lower bound is immediate. So assume that Aconn(Pp1, @;H) > 0. For

any f,g € H, we can rewrite

. (F.2.190)

Epg[(Af —Ag)") > > Pailw,y,y)(Af — Ag)? (F.2.191)
Q(z,y,y")>0
Pei(z,y,y') 2
=Eql—,— " (Af—Ag F.2.192
ol Q(w,y,y") ( a ( )
. PBI('xuya y/)> 2
> min ——22 | Ep[(Af — A . F.2.193
- (Q(wvy7y’)>0 Q(z,y,v) Ql(Af = Ag)] ( )
Therefore,
. Pei(z,y,9)
Aeonn(Pr1,@;H) > min ————2=~, F.2.194
( Bl Q ) Q(x,y,y’)>0 Q(xayvy/) ( )
Let
ZI(‘T) =1- ZPBON(y | x)Pbase(y ‘ .CU) (F2195)
yey
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be the normalization constant that removes the event y = 3/. Then, for any y # 7/, we have

PBI(xayvy/) P(:C)PBON(Z/ ‘ ‘T)Pbase(y/ | l‘)

_ F.2.196
Qo) Z:(2)Q(,9.v) (F:2:190)
/
> P(x)PBoN(y ‘ ‘T)P/base(y | l‘) <F2197)
Qz,y,y)
since Zy(z) < 1. By Lemma 7.64,
Paon(y | 2) = F(z,9)™ = F~(2,9)" > Poase(y | 2)". (F.2.198)
Hence, for every (z,y,3’) in the support of @,
PBI(SCa Y, y/) P(ﬁ)Pbase(y, | SU) N . N
> Poase(y | )" > Co(min Ppase(y | @ F.2.199
Qz,y,y") Qz,y,y) wle) 2l ) ( )
where
. P(x) Poase(y' | 7)
Cop:= min > 0. F.2.200
O Qw0 Qr.y.y) ( )
Substituting back, we obtain
Aconn(Por, Qi H) > Co(min Asce(y | 2))". (F.2.201)
Now, we prove the upper bound. Fix o € R and define
Aroa ={yed:r*(z,y) <a} (F.2.202)
and write pa(z) = Ppase(Az,a | ). Without loss of generality, let the set of outcomes be

{y1,92,...,ym} such that r*(z,y1) < r*(z,y2) < -+ < r*(z,ym) (assuming that there is no tie in
reward score). Let k be the largest index for which r*(z,yx) < a. Then

k
pa(@) = Phase(yi | ) = F(x,yr). (F.2.203)
i=1

On the other hand, under the Best-of-N sampling we have

k

k
Paox(Aga | 2) =D Poon(yi | #) = Y (F(, )" = F (2, 4:)") = F(a,yx)" = palz)". (F.2.204)
=1 =1

By assumption, H contains f,g € H such that for any =z,

(F.2.205)

71 if ye A:ma
flxy) —glz,y) = { .
Yo otherwise.

Denote ¢ = f — g. For this choice,
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EPBI[(¢(x7 y) - (b(x? y/))Q]

Aconn (Pp1, Q; H) < (F.2.206)
o Eql(¢(z,y) — é(z,y))?]
— Prpy,(y € vy ¢ Ava) + Prog (y € Aoy’ € Asa) (F.2.207)
PrQ(y S Ax,ou y/ ¢ AZ‘,Oc) + PrQ(y ¢ Am,ony, € Aaz,a)
By assumption, the denominator is exactly v o > 0. For the numerator, first note that
m
Zi(x) = 1= (FN = FY))pi (F.2.208)
i=1
m
> 1— (maxp; )Y (N -FN) (F.2.209)
i=1
> 1 — maxp; (F.2.210)
(2
>1- max Poase(y | ) = 1. (F.2.211)
Therefore,
Pr(y € Apo,y & Ava) + Pr(y & Avo, v € Aza) (F.2.212)
Pgy Pgy
1
= Eonp, Zi@) (PBoN(Az,a | 2)(1 —pa(x)) + (1 = PBon(Asa | 2))pa(2)) (F.2.213)
1
< Eeer [pa() (1= pa@) + (1 = pa(e)Ipa(z)] (F.2.214)
1
< EEmNpm [pa(@)N +pa(z)] . (F.2.215)
Substituting back, we conclude that
)\conn(PBIa Q; H) < ExNch [pA(x)N + pA(ﬂf)]- (F2216)
Q,«
This proves the upper bound with Dg o = 77723 . O

Theorem F.2.10 (Connectivity bounds for Pgwi). Let Pyse be a base distribution. Then there
exists a constant C > 0 such that for any N,

N
)\conn(PBWb Q)H) > O(xrzl;g?l/ Pbase(y | x)Pbase(y/ | x)) (F2217)

On the other hand, for any real-valued o, we define the set of outcomes for which the reward is less
than « for a given context x as Ay o ={y € Y :r*(x,y) < a}. For any o, if H is flexible enough,
then there exists a constant D > 0 such that for any N,

)\conn(PBWIa Q; /H) < DEwaz[l + (Pbase(Am,a ’ x))N(l - Pbase(Az,a ’ x))N] (F2218)
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Proof. Here we absorb the normalization constant of Pgwr into the constants. The proof is similar
to the proof of Theorem F.2.9, except that we replace the calculation of the probability mass of Pg;
with that of Pgwr. We start with the lower bound,

Pewi(z,y,y")  P(x)Peon(y | ) Pwon(y' | x)

oulr1.1) _ Lo L) (F.2.219)
_ P(m)(F(x, y)N - F_(xvy)N)(((x . I;/_)(CU, y’))N - (1 - F(xvy/))N) (F2220>
> P(l‘)Pbase(y | x)NPbase(y/ | :L‘)N‘ (F.2.221)

- Q(z,y,v)

Again, the term that decays with N is Phase(y | )" Poase(y’ | )™V, So there exists a constant C' > 0
such that

Pawi(z,y,y")
Qz,y,y')

For the upper bound, we first calculate the probability mass of Pyon(Agzq | ). We assume the

N
> O min Poaely | 2)Poase(y/ | 7)) - (F.2.222)
z,Y#Y

same outcome ordering as in the proof of Ppgy,

Pwon(Ag o | ) ZPWON yi | ) (F.2.223)
—Z (1= F~(2,9:))" = (1 = F(z,4:)") (F.2.224)
=1—(1— F(z,y))V (F.2.225)
=1— (1 - Pyase(Aza))". (F.2.226)

With this, we have

Pr (yeAmaay ¢Aza)+ Pl“ (y¢Axa7y EA:Jca)

Ppwi Ppwi

( )
= (PBoN(Az,a | 2))(1 = Pwon(Az,a | ) + (1 = PeoN(As,a | ) (Pwon(Az,a | 2)) ( )
- (Pbase(Ax,oc))N(l - Pbase(Az,Oc))N + (1 - (Pbase(Ax,a»N)(l - (1 - Pbase<Am,a))N) <F2229)
S 1 + (Pbase(Az,a>)N<1 - Pbase<A;r,a))N- ( )

Lemma F.11 (General-Q) estimation error). Let P be a comparison distribution, let H be a convex
hypothesis class bounded by some constant B, and let 1}, € argmin,cy Lp(r). Let S be a set of n
i.9.d. samples drawn from P, and let 7 be the empirical risk minimizer of the BT learning objective
based on S. Then there exists a constant D > 0 such that with probability at least 1 — 6,
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Comp(n, H, )

Eo[(A; — A )% < D F.2.231
ol( £)7] < Neomn(P. O H) ( )
where
1 (. log(2
Comp(n, H, ) := — (ms(ﬂw) + Mp Og(n/‘s)> : (F.2.232)
B

with Mp :=log(1 + exp(2B)) and op := c(2B)(1 — o(2B)).

Proof. If Aconn (P, @;H) = 0, the claim is vacuous. So assume that Aeonn(P,Q;H) > 0. By the

definition of the connectivity degree,

1
A AL )2
Eql(As ATP) | < )\conn(P,Q;H)]EP[(AT A"“p) ] (F.2.233)
By Lemma F.7,
~ * 2 ~ *
Ep[(As — AT}S)Q] = || —rpllap < g(ﬁP(T) — Lp(rp)). (F.2.234)

Let Z]\D denote the empirical BT risk on the sample S. Since 7 is the empirical risk minimizer,

Lp(#) = Lp(rp) = (Lp(P) = Lp(#) + (Lp(F) — Lp(rp)) + (Lp(rp) — Lp(rp))  (F.2.235)
< 2sup \Lp(r) — Lp(r)|. (F.2.236)

Now let £(a) = —logo(a). Since H is bounded by B, we have |r(z,y) — r(z,y’)| < 2B, so

l(a) <log(l+exp(2B)) := Mp (F.2.237)

for all relevant a. Moreover, £ is 1-Lipschitz. Therefore, by the standard Rademacher-complexity
bound and the contraction lemma, with probability at least 1 — &,
— . log(2/6
sup |[Lp(r) — Lp(r)] < 2R5(Hpair) + 3Mp g(n/) (F.2.238)
reH
Combining the last three displays, we obtain

1 8 & 12Mp [log(2/6)
Eql(Af — A2 )] € ————— | —Rg(Hpai : F.2.239
Q[( 7 rP) ] < Ao (P, Q; H) (UB s( palr)Jr 0B n ( )
Absorbing the numerical factors into a constant D proves the lemma. O

Theorem 7.79 (Accuracy Bound). Assume that H is convex, bounded by some constant B, and
realizable, 3, € H. Assume also that for every triplet (x,y,y') in the support of Q, both Pyese(y | )
and Pyse(y' | ) are non-zero. Let 7 be the empirical risk minimizer of the BT learning objective with

respect to Ppr. Then there exist constants D > 0 and Mg > 0 such that with probability at least 1 -9,
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F(z,y)
F(z,y')

log (7.22)

Acc > su r
Q( ) k;>IO) [ Q <

where >\conn = /\conn(PBla Q; H)

}>k+MQ> B DComp(n,’H,é)}

N N2E2 X conn,

Proof. Since rg; preserves the ranking induced by 7*, the sign-based accuracy with respect to r* is
the same as the sign-based accuracy with respect to r5;. By Lemma F.11 applied with P = Pp;
and rp = 1, there exists a constant D > 0 such that with probability at least 1 — ¢,

Comp(n, H,9)
Ap — Ay D . F.2.240
[( BI) ] )\COnn(PBL Qa H) ( )
For any threshold u > 0, order preservation implies
ACCQ( ) 12? (|A AT‘BI| = ‘AT‘EID (F'2'241)
% (|A > u) — Pr(]Af — Az, ) (F.2.242)
> Pr(|An | > Eql(Ar — Ary))’) F.2.243
- Qr(| T']*31| ’LL) - u2 ( Hnd )
Comp(n, H,9)
>Pr(|Ayx | >u)— D , F.2.244
B Qr(| BLT — U) 7142)\conn(PBI7 Q; H) ( )

where the third line follows from Markov’s inequality.
Next, we use Proposition 7.74. Because X and ) are finite and every triplet in the support of Q) has

non-zero probability mass under Ppase(- | ), the uniform boundedness of By (z;y,y’) implies that

Mg = max sup |By(x;y,y)| < . (F.2.245)
(z,y,y")€supp(Q) N>1

For every (z,y,%’) in the support of @, Proposition 7.74 gives

F(x,y)

. AN . /
Ay (75y,y") = Nlog Fla.y) + By (z;3y,9'). (F.2.246)
Therefore,
A (@0 > N log L& y) — My, (F.2.247)
TBI F )
In particular, for any k& > 0,
F(x,y) Mg ,
1 >k+ — = |Ax(z;y, > Nk. F.2.248
Hence,
F(z,y) Mg
A | > Nk 1 >k+—=. F.2.24

Substituting u = Nk into the accuracy bound above yields
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. F(z,y) Mg Comp(n,H, )
A > Pr( |log ——2£| > k —D . F.2.250
ceq(F) 2 sup { Q ( ®Fwy)| =" TN N2 Xconn (P, Q; H) ( )
This is the desired result. O

F.3 Experiment details

In this section, we provide full experimental details and additional results that supplement the
main experiments. We conduct experiments on synthetic data to validate our theoretical findings,
following the setup of Pukdee et al. [79].

F.3.1 Synthetic Data Setup

Context and Response Space. Let S = {uy,us,...,u,} be a finite set of items with u; € R?,
and let X =) = S. We use the same space for contexts and responses to simplify the synthetic
setting, so the score function can be interpreted as a similarity function between items. We set
m = 16 and d = 128 for simplicity. To generate the dataset, we sample each w; from N (0, I).

Ground-truth Score Function. The ground-truth score is defined via a two-layer neural network
f* : R* = R® with hidden dimension h = 32 and output embedding dimension e = 8, using ReLU

activations:

r*(z,y) = cosine-similarity (f*(z), f*(v)), (F.3.251)

ensuring scores lie in [—1, 1].

Triplet Generation. We generate n triplets S = {(z;,y;",y; )}?; by sampling z; uniformly from
X and drawing y;" and y;~ from a negative distribution p~ (- | ;) and a positive distribution p* (- | z;)
that is BT-consistent with r*, i.e., log(p™(y | x)/p~ (y | *)) = r*(z,y). By default, we use a uniform
negative distribution p~(- | ) = L. The validation set is also generated in the same way.
Training and Evaluation. We train a two-layer neural network with the same architecture as f*
to minimize the empirical BT loss on S. We use the Adam optimizer with learning rate selected from
{107%,1073,1072}. We train for 200 epochs and select hyperparameters via a validation set of 2048
triplets drawn from the same distribution based on validation loss. We report accuracy with respect

to the uniform distribution @ over all pairs (u;, u;), with standard error over 5 random seeds.
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F.3.2 Comparison between Best-vs-Random and Best-vs-Worst for each N
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F.3.1. Test accuracy for Best-vs-Random and Best-vs-Worst on UltraFeedback for each
N € {4,8,16}.

F.3.3 Model ablation

80.0 4 5] 80.0
. i 80 1 per
77.5 1 — . 77.5 1
> . > 78 >
g 7501 ® ® 75.0
5 72,54 T 5 764 5
g S S 72,5
< 70.04 << 741 <
i -+ N=2 ot & N=2 % 70.0 4 - N=2
@ 67:51 - N=4 @ 724 -3 N=4 @ - N=4
65.01 —&- N=8 70 & n=8 6731 ~&- N=8
62.5 1 N-1¢ N=16 65.0 N=16
T T T T T . T T T T . T T T T
32 128 512 2048 8192 32 128 512 2048 8192 32 128 512 2048 8192
Number of Training Samples Number of Training Samples Number of Training Samples
a gemma-3-12b-it b Ministral-3-8B-Instruct-2512 ¢ Qwen3-8B

F.3.2. Test accuracy for Best-vs-Random across different base models.

F.3.4 Connectivity degree of UltraFeedback
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F.3.5 Additional results for synthetic data
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F.3.5. Test accuracy for Best-vs-Independent vs. Best-vs-Worst-Independent for each V.

F.3.6 Details on distribution reshaping

To modify the shape of the base distribution in a standardized way, we use upsampling and
downsampling. Each time we sample a response from the base distribution, we accept it with
probability 1 — p. Otherwise, we evaluate its reward score. If the score lies in the percentile range
[c —w/2,c+w/2] for the given context z, then we accept the response in the upsampling setting and
reject it in the downsampling setting; outside this range, we do the opposite. We repeat this process
until we obtain N = 4 responses, and then apply the Best-vs-Random mechanism to generate the
training data. Equivalently, this procedure increases or decreases the probability mass in a specified

score band, yielding the modified base distributions
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F.3.6. Connectivity degree for Best-vs-Independent vs. Best-vs-Worst-Independent for each V.

Pbase,up X (1 - p)Pbase + ch,w (F.3.252)

Phasedown ¢ (1 = p)Phase = PLew (F.3.253)

where P ,, denotes the base distribution with probability mass concentrated in the region whose
reward score lies in the percentile range [c — w/2, ¢+ w/2]. Here c is the percentile center and w is
the width of the band. We use ¢ € {15, 30,50, 70,85}, w = 30, and p = 0.8. This up/downsampling
procedure provides a standardized way to reshape the base distribution. For example, setting ¢ = 15
targets lower-score responses, while setting ¢ = 85 targets higher-score responses. We use n = 512

samples for each dataset and train a reward model with the same setup as in the previous experiments.

F.3.7 Distribution of the reward score under different base distributions
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F.3.7. Distribution of the reward score for different base distributions for PKU-SafeRLHF.
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F.3.9. Distribution of the reward score for different base distributions for UltraFeedback.
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F.3.8 Additional details for GSM8K

GSM8K [279] is a question-answering dataset rather than a preference dataset, so we construct
preference pairs from model-generated responses. For each prompt in the test set, we sample multiple
responses from the base generator and score them with the reward model. Each response is labeled
as correct or incorrect by extracting the final numeric answer and comparing it to the gold answer.
We then pair a randomly selected correct response against the highest-scoring incorrect response
(i.e., the most convincing wrong answer according to the reward model), and discard prompts that
lack either a correct or incorrect response.

A complication is that the reward model is poorly calibrated for mathematical correctness on GSM8K:
the score distributions for correct and incorrect responses overlap substantially, meaning a non-trivial
fraction of correct responses receive lower reward scores than incorrect ones from the same prompt.
To avoid contaminating the test set with pairs where the reward model effectively disagrees with the
ground-truth labeling, we additionally require the chosen (correct) response to outscore the rejected
(incorrect) response by a reward margin of at least 2. Figure F.3.10a shows the resulting score
distributions: even after this filter, the chosen and rejected distributions remain heavily overlapping,

indicating that the test set is far from trivial.
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F.3.10. Reward scores on GSM8K: histogram and scatter.
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Appendix G
Supplementary Material for Chapter 10: Reliable learning

in challenging environments

G.1 Additional related work

Reliability. A learning model that outputs a confidence level is valuable in practical applications,
as it allows us to determine when to trust the model and when to defer the task to a human.
However, it is well-known that models like neural networks can exhibit high confidence, yet still
produce incorrect results [425]. To tackle this issue, there has been a line of works on learning
algorithms with uncertainty estimate [426-430|. Unlike prior work, our results take into account the
relevant notion of robust loss. In particular, we extend the reliability guarantees in perfect selective
classification |83] and reliable-useful learning model [81] to different robust losses under a test-time
attack. Prior work on reliability under data poisoning attacks [309] obtained similar results on
training-time attacks, by providing guarantees that the learner is always correct at any point that it
makes a prediction provided the training data corruption does not exceed a point-specific threshold.
Our work is also related to learning algorithms with an abstention option [431-435].

Robustness. Robustness against adversarial attacks is essential for the safe deployment of machine
learning models in the real world. Our focus in this work is on perturbation attacks, where we aim to
provide learners that remain robust even when the test data points are perturbed. It is known that
many modern approaches such as deep neural networks fail in this case even when the perturbation is
human-imperceptible [14, 84]. There has been a lot of empirical effort {15, 17, 18, 321, 322, 331]
as well as theoretical effort [90, 105, 107, 335-337, 436, 437| to develop learners with improved
robustness, and more broadly to understand various aspects of adversarial robustness. In particular,
there is a line of work on certified robustness [96, 438, 439| which provides a pointwise guarantee
that the prediction does not change, so long as the attack strength is within a learner-specified
‘radius’ for the point. While the certified robustness research focuses on this consistency aspect, our
work addresses the reliability aspect where we hope to guarantee that the prediction is also correct.
Distribution shift. A distribution shift refers to the phenomenon where the training distribution
differs from the test distribution which often leads to a degradation in the learner’s performance.
This has been studied under several different settings [440|, ranging from covariate shift [441-443],
and domain adaptation |93, 317, 444, 445| to transfer learning [94, 446, 447|. Many algorithms
have been proposed to deal with the shift which involves encouraging invariance between different

domains [448-450]| or taking into account the worst-case subpopulation [451-454|. While prior
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work typically focuses on the average performance on the target domain or subpopulation, we provide
point-wise reliability guarantees.

Learning with noise. There is extensive classic literature on learning methods which are tolerant
or robust to noise [366, 455|—including efficient learning under bounded or Massart noise [35, 108|,
agnostic active learning [456-458|, learning under malicious noise [37, 368|, to list a few. Recent

work has considered reliable learning under some of these classic noise models [309, 459].

G.2 Additional proof details for robustly-reliable learners w.r.t.
metric ball attacks

Theorem G.2.1. Let H be any hypothesis class. With respect to M-ball attacks and £ca, forn > 0,

(a) there exists a robustly-reliable learner £ such that RR%,(S,n) 2 Agree(Ho(S)), and
(b) for any robustly-reliable learner £, RR% (S, n) C Agree(Ho(S)).

The results hold for RR%; as well.

Proof. (Proof of Theorem G.2.1) The robustly-reliable learner £ is given as follows. Set h% =
argminy,cy, errg(h) i.e. an ERM over S, and r4(z) = oo if 2 € Agree(Ho(S)), else 75(z) = —1. By
realizability, errg(h%) < errg(h*) = 0, or h% € Ho(S). We first show that £ is robustly-reliable.
For z € X, if r5(2) = n > 0, then z € Agree(Ho(S)). We have h*(z) = h%(z) since the classifiers
h*, h% € Ho(S) and z lies in the agreement region of classifiers in #(S) in this case. Thus, we have
0 (h%,z,z) = 0 for any z such that z € B, (z,n). The n = 0 case corresponds to reliability in the
absence of test-time attack, so [82] applies. Therefore, RR&, (S,1) 2 Agree(Ho(S)) for all > 0
follows from the setting r5(z) = oo if 2 € Agree(Ho(S)).

Conversely, let z € DIS(Ho(S)). There exist hy, ha € Ho(S) such that hi(z) # ha(z). If possible, let
there be a robustly-reliable learner £ such that z € RRé A(S,n) for some 1 > 0. By definition of the
robust-reliability region, we must have ré(z) > 0. By definition of a ball, we have z € B} (z,7) for
any n > 0, and therefore (%, (R4, 2, 2) = 0. But then we must have h5(z) = h*(z) by definition of £ca.
But we can set h* = hy or h* = hg since both are consistent with S. But hq(z) # ha(z), and therefore
h%(z) # h*(z) for one of the above choices for h*, contradicting that £ is robustly-reliable. O

Theorem G.2.2. Let ‘H be any hypothesis class. With respect to M-ball attacks and Lgp, for n > 0,

(a) there exists a robustly reliable learner £ such that RR54(S,n) 2 Asr, and
(b) for any robustly-reliable learner L, RRéT(S, n) C Agr,

where Agr = {z | B°(2,n) C Agree(Ho(S)) AVh € Ho(S), h(z) = h(z),Vz € B°(z,1)}.

Proof. (Proof of Theorem G.2.2) Given sample S, consider the learner £ which outputs h% =
argmingcq errg(h), and r5(2) is given by the largest n > 0 for which B°(z,7) C Agree(Ho(9))
and h(x) = h(z), Vo € B°(z,m),h € Ho(S), else n = 0 if z € Agree(Ho(5)), and —1 otherwise.
Note that the supremum exists here since a union of open sets is also open. By realizability,
errg(h%) < errg(h*) =0, or h5 € Ho(S). We first show that £ is robustly-reliable w.r.t. M for loss
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lsr. For z € X, if r5(2) = n > 0, then B°(z,n) C Agree(Ho(S)), in particular z € Agree(Ho(S)).
Moreover, by definition, for any x € B°(z,7), we have hg(z) = hg(x) by construction. Putting
together, and using the property that distance functions of a metric are symmetric, we have
h&(z) = h*(z) for any x such that z € B°(x, 7). Thus, we have (41.(h%, z,z) = 0 for any z such that
z € B°(z,n). Thus L satisfies Definition 8.82.

Conversely, we will show that for any robustly-reliable learner £ w.r.t. fgT, for any n > 0,

RRE1(S, 1) C Agree(Ho(S)),

which follows from similar arguments from Theorem G.2.1 which also apply to the £gT loss. Let
z € DIS(Hy(S)). There exists hy, ha € Ho(S) such that hi(z) # ha(z). If possible, let there be a
robustly-reliable learner £ such that z € RR47(S,7) for some 7 > 0. By definition of the robust-
reliability region, we must have ré(z) > 0. By definition of a closed ball, we have z € BY,(z,n) for
any 1 > 0, and therefore (41 (h%, 2, z) = I[h5(2) # h*(2)] = 0 which implies that h%(z) = h*(z). But
we can set h* = hy or h* = hy since both are consistent with S. But hj(z) # ha(z), and therefore
h5(2) # h*(2) for one of the above choices for h*, contradicting that £ is robustly-reliable. Next, we
will show that, for any n > 0,

RR§1(S,7) € {z | Bi4(2,7) C Agree(Ho(S))}.

We will prove this by contradiction. Suppose z € Agree(Hp(S)), but there exists 2’ € B4 ((2,7) such
that 2’ ¢ Agree(Ho(S)). Let there be a robustly-reliable learner £ such that z € RR44(S,7). By
definition, we have E}S‘*T(hg, x,z) = 0 for any = that = € BY,(x,n). This implies that Eg}(hg, ',2)=0
that is h%(z) = h*(2'). Because 2’ & Agree(Ho(S5)), there exists hi, he € Ho(S) such that h(z) #
ho(x'). We can set h* = hy or h* = hgy since both are consistent with S. But hy(2’) # ha(2’), and
therefore h%(z) # h*(z) for one of the above choices for h*, contradicting that £ is robustly-reliable.
Finally, we will show that, for any n > 0,

RR§1(S,n) C {z | Bl4(2.1) C Agree(Ho(S)) A h(z) = h(2), ¥ @ € Biy(2,1),h € Ho(S)}-

Let z be a data point such that B (z,1) C Agree(Hy(S)) but there exists 2’ € B} (z,7) such that
h(z') # h(z) for h € Hy(S). Let there be a robustly-reliable learner such that z € RR&y(S, 7). This
implies that fsp(h%,x,z) = 0 for any z that z € B9, (z,n). However, lst(h5, 2, 2) = H[hg(z) #
h*(z')] = I[h5(2) # h5(2')] # 0, contradicting that £ is robustly-reliable. O
Theorem G.2.3. Let H be any hypothesis class. With respect to M-ball attacks and €ra, for n > 0,

(a) there exists a robustly reliable learner L such that RRfA(S, n) 2 Az, and
(b) for any robustly-reliable learner £, RR5,(S,n) C A,

where Arqg = (AsrN{z | h*(z) = 1}) U{z | z € Agree(Ho(S)) A h*(z) = 0}.

Proof. (Proof of Theorem G.2.3) The construction of the robustly-reliable learner for ¢1 is similar to

the robustly-reliable learner for £gt. The key difference is that the reliability radius now depends on
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the predicted label. Given sample S, consider the learner £ which outputs h§ = argming, ¢y errg(h).

1. If h4(2) = 1, r5(2) is given by the largest n > 0 for which B°(z,7) C Agree(Ho(S)) and
h(z) = h(z), Vo € B°(2,n),h € Ho(S) and n = 0 when z € Agree(H(S)), and —1 otherwise.

Note that the supremum exists here since a union of open sets is also open.
2. If h(2) = 0, r&(2) = oo when z € Agree(Ho(S)), and —1 otherwise.

We first show that £ is robustly-reliable w.r.t. M for loss £1o. By realizability, errg(h%) < errg(h*) =
0, or h% € Ho(S). For z € X, if h5(z) = 1 and r5(2) = 1 > 0, then B°(z,7) C Agree(Ho(S)), in
particular 2z € Agree(Ho(S)). Moreover, by definition, for any = € B°(z,7), we have h5(z) = h5(z)
by construction. Putting together, and using the property that distance functions of a metric are
symmetric, we have h%(z) = h*(x) for any x such that z € B°(z, 7). Thus, we have (4.(h%, z,2) = 0
for any x such that z € B°(x,n). This also implies that Eﬁ(hg, x,z) = 0 since fg7 implies {14.

On the other hand, if h4(z) = 0 and r5(z) = oo, we have z € Agree(H(S)). This implies that
hg(z) = h*(z) = 0. For any z that z € Uia(z, h*), by the incentive-aware property of the adversary,
if h*(x) = 1, we must have Uy (z, h*) = {x} which implies that z = x and h*(z) = h*(z) = 1. In our
case, h*(z) = 0 also implies that we must also have h*(x) = 0. Therefore, £, (h%, z,2) = I[h5(2) #
h*(z) Az € Ui (z, h*)] < T[R4 (2) # h*(x)] = 0. Therefore, we can conclude that £ satisfies Definition
8.82.

Conversely, we will show that for any robustly-reliable learner £ w.r.t. f1a, for any n > 0,

RR{;(S.1) N {z | h§(2) = 0} C Agree(Ho(S)) N {z | h*(2) = 0}.

Since z € Ua(z), for 2z to lie in the robustly-reliable region, we need £ (h%, 2, z) = I[h4(z) #
h*(z)] = 0 that is z must be reliable. By similar arguments from Theorem G.2.1, we have the result.

Next, we will show that, for any n > 0,

RR{L (S,m) N {z | h§(2) = 1} C {z | BRy(2,7) C Agree(Ho(5))}-

We will prove this by contradiction. Suppose z € Agree(Ho(S)), but there exists 2’ € B4 ((z,7) such
that 2’ ¢ Agree(Ho(S)). Let there be a robustly-reliable learner £ such that z € RRE, (S,7) and
h%(z) = 1. Because 2’ ¢ Agree(Ho(S)), there exists hy € Ho(S) such that hy(2') = 0. We may have
h* = hy since h; is consistent with S. However, we have Uia (', h1) = B ((2',n) and

(W, 2! 2) =T[h(z) # ¥ (@) A z € Upa(2))] = 1

which contradicts with z lies in the robustly-reliable region. Furthermore, with a similar argument

that we can’t have h*(2’) = 0, we can show that the agreed label of any z must be 1,

RR{; (S,n) N {z | h§(z) = 1}
C{z | Bu(z,n) C Agree(Ho(S)) Ah(xz) =1, Vo € Biy(z,n),h € Ho(S)}.
= AgrN{z | h*(z) =1}
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This concludes that for any robustly-reliable learner £ with respect to £14, we have

RRE (S, ) C (Agr N {z | h*(2) =1}) U{z | z € Agree(Ho(S)) A h*(z) = 0}.

G.3 General robustly-reliable learner

Definition G.4 (General robustly-reliable learner). A learner £ is robustly-reliable for sample S
w.r.t. a perturbation function U, concept space H and robust loss function £ if, for any target concept
h* € H, given S labeled by h*, the learner outputs functions h§ : X — )Y and ag : X — {0,1}
such that for all z € X if a5(z) = 1 and z € U(z) then ¢"" (h5,x,2) = 0. On the other hand, if
afq:(z) = 0, our learner abstains from prediction. The robustly-reliable region of a learner £ is defined

as RRE(S) = {z € &' | d5(z) = 1}, the region that the learner £ does not abstain.

We again obtain the pointwise optimal characterization of the robustly-reliable region in terms of
the agreement region. For {ca, 11, the robustly-reliable region would be the same as the region
where we can be sure of what the correct label is: i.e. the agreement region of the version space
while for fg, it is the region of points z for which & ~!(z) lies inside the agreement region of the

version space, and all classifiers in the version space agree on U1 (2).

Theorem G.3.5. Let H be any hypothesis class, and U be the perturbation function.

(a) There exists a robustly-reliable learner £ w.r.t. U and £ca such that RRE,(S) D Agree(Ho(S)).
Moreover, for any robustly-reliable learner £, RR%,(S) C Agree(Ho(S)).

(b) The same results hold for RR%; as well.

(¢) There exists a robustly-reliable learner £ w.r.t. U and gy, such that RR54(S) D Asr, and for
any L robustly-reliable w.r.t. Lgp, RR5:(S) C Agr, where Agr = {z | U™ (z) C Agree(Ho(S)) A
h(z) = h(z), Vo € U™(2),h € Ho(S)}.

(d) There exists a robustly-reliable learner £ w.r.t. U and (14, such that RR%,(S) D Aja, and for
any L robustly-reliable w.r.t. £14, RR%,(S) C Apa, where Apy = (AgrN{z | h*(z) =1}) U {z|
z € Agree(Ho(S)) A h*(z) = 0}.

Proof. We first establish part (a). Given sample S, consider the learner £ which outputs h% =
argminy,cy, errg(h) ie. an ERM over S, and a%(z) = I[z € Agree(Ho(S))]. By realizability,
errg(h%) < errg(h*) = 0, or hs € Ho(S). We first show that L is robustly-reliable. For z € X, if
a5(z) =1, then z € Agree(Ho(S)). We have h*(z) = h’(2) since the classifiers h*, h5 € Ho(S) and
z lies in the agreement region of classifiers in Ho(S). Thus, we have %, (h%, x, 2) = 0 for any z such
that z € U(z). RREL(S) D Agree(Ho(S)) follows from the choice of a4(2) = I[z € Agree(Ho(S))].
On the other hand, Let z € DIS(H((S)). There exist hq, ho € Ho(S) such that hyi(z) # ha(z). If
possible, let there be a robustly-reliable learner £ such that z € RR&4(S). That is, a4(2) = 1. We
have z € U(z), and therefore ¢, (h%, 2, z) = 0. But then we must have h%(z) = h*(z) by definition
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of lca. We can set h* = hy or h* = hgy since both are consistent with S. However, hi(z) # ha(z), and
therefore h%(z) # h*(z) for one of the above choices for h*, contradicting that £ is robustly-reliable.
This completes the proof of (a). Essentially the same argument may be used to establish (b), by
substituting ¢ca with ¢pp,. We will now turn our attention to part (c).

Given sample .S, consider the learner £ which outputs h§ = argminy,cy errg(h), that is an ERM over
S, and a5 (2) = [U1(2) € Agree(Ho(S)) A h5(z1) = h&(x2) ¥ 21,72 € U1(2)]. By realizability,
errg(h%) < errg(h*) = 0, or h5 € Ho(S). We first show that £ is robustly-reliable w.r.t. fst. For
z € X, if a5(2) = 1, then U~1(2) C Agree(Ho(9)), in particular z € Agree(Ho(S)). Moreover, by
definition, for any x that z € U(z), we have h%(2) = h5(x) by construction of a5(z). Putting
together, we have h4(z) = h*(z) for any z such that z € U(x). Thus, we have (&.(h%, z,2) = 0 for
any z such that z € U(x).

On the other hand, for any robustly-reliable learner £, we will show that

RRE7(S) C Agree(Ho(S)).

Let z € DIS(H(S)). There exists hi, ho € Ho(S) such that hi(z) # ha(z). If possible, let there
be a robustly-reliable learner £ such that z € RR&y(S). That is, a5(2) = 1. We have z € U~(z),
and therefore (41.(h%, 2, z) = I[h5(2) # h*(2)] = 0 which implies that h5(z) = h*(z). But we can
set h* = hy or h* = hy since both are consistent with S. However, hi(2) # ha(z), and therefore
h%(z) # h*(2) for one of the above choices for h*, contradicting that £ is robustly-reliable. Next, we
will show that

RR§1(S) C {z | U (2) C Agree(Ho(S))}-

We will prove this by contradiction, z € Agree(Hy(S)) but there exists 2’ € U~1(z) such that
x' ¢ Agree(H(S)). Let there be a robustly-reliable learner £ such that z € RR47(S). By definition,
we have (81.(h5,x,2) = 0 for any = that z € U(z). This implies that €2.(h5,2/,2) = 0 that is
h5(z) = h*(2'). Because 2’ & Agree(Hy(S)), there exists hi, he € Ho(S) such that hy(z') # ho(z').
We can set h* = hy or h* = hgy since both are consistent with S. But hq(z’) # ha(2’), and therefore
h%(2) # h*(z) for one of the above choices for h*, contradicting that £ is robustly-reliable. Next, we
will show that

RR47(S) C {2 | U(2) C Agree(Ho(S)) A h(z) = h(z), Vo € U (2), h € Ho(S)}.

Let z be a data point that U~1(z) C Agree(H(S)) but there exists 2’ € U~1(z) that h(z') # h(z)
for h € Ho(S). Let there be a robustly-reliable learner that 2 € RR4p(S). This implies that
st (h%,z,2) = 0 for any x that z € U(z). However, lsr(h%,a',2) = [[h5(2) # h*(2')] = [R5 (2) #
h%(2')] # 0, contradicting that £ is robustly-reliable.

Finally, the proof of part d) is similar to the proof of part ¢). Given sample S, consider the learner

L which outputs h% = argminy,cy, errg(h), that is an ERM over S, and

1. if h5(2) = 1, let a5(2) = U 1(2) € Agree(Ho(S)) A h5(z1) = hE(22) V 21,22 € U1(2)];
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2. if h4(z) = 0, let a5(z) = [z € Agree(Ho(S))].

By realizability, errg(h5) < errg(h*) = 0, or h5 € Ho(S). We first show that £ is robustly-reliable
w.rt. fa. For z € X, if h5(2) = 1 and a5(z) = 1, then U~ 1(z) C Agree(Ho(S)), in particular
z € Agree(Ho(S)). Moreover, by definition, for any z that z € U(x), we have h%(z) = h5(x) by
construction of a%(z). Putting together, we have h5(z) = h*(x) for any z such that z € U(z). Thus,
we have ¢8.(h5, x,2) = 0 for any x such that z € U(x). This also implies that ¢ (b5, x, 2) = 0 for
any x such that z € U(x) since ¢ implies {14 .

For z € X, if h%(2) = 0 and a4(z) = 1, we have z € Agree(Ho(S)) and h%(z) = h*(z) = 0. By
the incentive-aware property of the adversary, any = such that z € U(z), we can’t have h*(z) =1
since the adversary has no incentive to make any perturbation in this case. Therefore, we have
h*(z) = 0 and Usa (h*,z) = U(z). We have € (b5, x, 2) = I[h(2) # h*(z) A 2 € Ua(z, h*)] = 0. We
can conclude that our learner £ is robustly-reliable w.r.t. f14.

Conversely, we will show that for any robustly-reliable learner £ w.r.t. f1a, for any n > 0,

RRE, (S) N {z | h5(2) = 0} C Agree(Ho(S)) N {z | h*(z) = 0}.

Since z € Ua(z), for 2 to lie in the robustly-reliable region, we need £ (h%, 2, z) = I[h4(z) #
h*(z)] = 0 that is z must be reliable. By similar arguments from above, we have the result. Next,

we will show that,

RR{ () N {2 | hG(2) = 1} C {= | U (2) € Agree(Ho(5))}.

We will prove this by contradiction. Suppose z € Agree(Hp(S)), but there exists =’ € U~1(2) such
that 2’ ¢ Agree(Ho(S)). Let there be a robustly-reliable learner £ such that z € RR5, (S) and
h%(z) = 1. Because 2’ ¢ Agree(Hy(S)), there exists hy € Ho(S) such that hyi(z') = 0. We may have

h* = hy since hy is consistent with S. However, we have Uip (2/, hi) = U(2’) and
(i (h, ', 2) = 1[h(z) # h*(2') A 2 € Ura(2')] = 1

which contradicts with z lies in the robustly-reliable region. Furthermore, with a similar argument

that we can’t have h*(2’) = 0, we can show that the agreed label of any z must be 1,

RR{A(S,m) N {z | h5(z) = 1}
C{z|U(z) C Agree(Ho(S)) Ah(z) =1, Vo €U (2),h € Ho(9)}.
=AsrN{z| h*(z) =1}

This concludes that for any robustly-reliable learner £ with respect to f14, we have

RRIEA(S) C(Astn{z | h*(z) =1}) U{z | z € Agree(Ho(S)) A h*(z) = 0}.
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We can also define a safely-reliable region for general perturbations as follows.

Definition G.6. (General safely-reliable region) Let £ be a robustly-reliable learner w.r.t. a
perturbation function ¢ for sample S, concept space ‘H and robust loss function ¢. The safely-reliable

region of a learner £ is defined as SR(S) = {z € X |U(x) C RR*(S)}.

G.4 Additional proof details for safely-reliable region

Lemma G.7. Let D be isotropic log-concave over R and H = {h : x — sign({(wp,z)) | wy €
R, ||lwp|l2 = 1} be the class of linear separators. Let B(-,n) be a Ly ball perturbation with radius 1.
For S ~ D™, for m = O(%(VCdim(H) + In §)), with probability at least 1 — §, we have

Pr({z | B(z,n) C Agree(Ho(S)}) > 1 — 21 — O(Vde).

Proof. (Proof of Lemma G.7) From uniform convergence (Theorem 4.1 [460]), for S ~ D™, for m =
O(Z%(VCdim(H) +1n })), with probability at least 1— 4, we have Agree(B(h*,¢)) C Agree(Ho(S5)).
From [461] (Theorem 14), for linear separators on a log-concave distribution A = {z : ||z]j2 <
avd} N {x : [(wp,x)| > Craevd} C Agree(BR(h*,¢)) for some constant C7. We claim that for
any x € A, = {z: [|z]s < avd —n} N {z : [(wp,z)| > CraeVd + n}, we have B(z,n) C A.
Let x € A,, consider z € B(z,7). We have |[z]|2 < ||z — 2|2 + ||z]ls < n + aVd —n = aVd
and |(wpx, 2)| > [(wps, 2)| — [{(wp+, 2 — x)| > Craevd + 1 — ||z — x|| > Craev/d. Therefore, z € A
for any z € B(x,n) which implies that for any = € A,, B(z,n) € A which also implies that
A, C{z | B(z,n) C Agree(Ho(S))}. We can bound the probability mass of A, with the following
fact on isotropic log-concave distribution D over R? [462]: 1) Pryp(||z|| > av/d) < e=**1, 2) When
d=1Pry.p(z € [a,b]) < |b—al| and 3) The projection (wp~,z) follows a 1-dimensional isotropic
log-concave distribution. We have Pryp(A,) > 1 — Proup({z : ||2]] > aV/d — n}) — Prop({z :

[(wpe, )| < Crasvd+n}) >1—e (o)1 _ 2C1aeVd — 20 = 1 — 21 — O(V/dg). The final line
holds when we set a = ln(ﬁ). O

Proof. (Proof of Lemma 8.87) First, we will show that for any sample S ~ D™ with no points lying
on the decision boundary of h*, there exists a constant d;(S) such that for any h with a small enough

angle to h*, O(wp, wp+) < 01, h must have the same prediction as h* on S that is h € H(S). Since

there is no point lying on the decision boundary, we have min,cg |<w”h;"‘$>‘ > 0.

For 41, such that 0 < §; < mingeg [{wn,)] , 1f O(wp, wp+) < 61, for any z € S,

B3]

[(wps, ) — (wh, )| < [Jwps — wyl|||z]]
< O(wps, wy) ||z
< (wpx, ).

The second to last inequality holds due to the fact that the arc length cannot be smaller than
corresponding chord length, and the last inequality follows from the assumption 6(wp,, wp+) < 01. This
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G.4.1. For any set of samples S (blue and red points) with no point lying on the decision boundary
of a linear separator h*, for any 0 < ¢ < d, there exists an area around the decision boundary of h*
(formally defined as {x € R? | ¢ < ||z| < d, |[(wp+, x)| < §(S, c,d)}, illustrated by a purple rectangle)
such that for any point (purple star) in this area, there exists a hypothesis h that agree with h* on
S but disagree with h* at that point

implies that (wp«, x)(wp,z) > 0 and h € Ho(S). Now, consider any x such that ¢ < ||z| < d. We will
show that there exists a constant 6 = §(S, ¢, d) such that if the margin of |(wp+, x)| is smaller than
d then = & Agree(Ho(S)). Since |(wpx, )| = ||z|| cos(B(wpx, x)) > ccos(O(wps,x)), 6 > [{wp, )]
implies that cos(f(wy+,z)) < ¢ that is the angle between wy+ and x is almost 7. Intuitively, we
claim that if § is small enough then there exists h € H(S) such that h(x) # h*(xz). Without loss
of generality, let (wp«,z) > 0 (O(wp+,2) < §). We will show that if 6(wy«, ) is close enough to
5, we can rotate wy+ to wy with a small enough angle so that 6(wy,wp+) < 61 but (wp,z) < 0

Az

(0(wp, x) > ) as illustrated in Figure G.4.1. Formally, we consider wy, = WL%AHCH for some A > 0

(to be specified). We will show that there exists A such that 1) (wp,z) <0, and 2) 8(wp, wp+) < 0.

The first condition corresponds to A > <ﬁ";1’|r2*>. The second condition leads to the following inequality

<wh* — )\CL',th*) > COS(51)

[wpe — Az]|

1 — MNa, wp«)

> cos(d
N TR T

Assume that \ < @Tlfl*)’ the inequality is equivalent to

(1 — Mz, wp+))? > cos?(81) (1 — 2XMz, wp+) + [|z]*A?)

(cos®(01) ||z||? — (z, wp)*)N? + 2X (@, wp,+) sin? (1) — sin?(6;) < 0.
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Solving this inequality leads to

—2sin®(91) (@, wpe) + 25in(d1) cos(dn) /([l=]* — {, wa-)?)

A< )\max =
- 2(cos?(01) [|[I* — (z, wa=)?)

Therefore, there exists A that satisfies both of conditions 1), 2) if Apax > <7";f§*>. Finally, we

. . c? tan(61) (z,wpx) i
claim that if |(z,wp+)| < §(S,¢,d) < V/(d+dtan(81))2+(c? tan(81))? then Amax > 7. For z with

X, W * ) )
[{x,wp«)| <&, we have <||th2> < e < 2 and also

N —2sin?(81) (x, wps) + 2sin(81) cos(61) /(|22 — (z, wp=)?2)
e 2(cos?(81)[|z[* — (=, wn+)?)
o —sin®(0) (@, wpe) +sin(91) cos(01)/([l]]* = (o, wi-)?)
cos?(6y) [
— sin?(51) Z2) + sin(61) cos(01),/ (1 — (ZL)2)
cos?(d1)
— sin2((51)% + sin(d7) cos(d1)4/ (1 — (%)2)
cos2(61)d ’

Y

The last inequality follows from <m”’;”Hh2*> < c%. It is sufficient to show that

- sin2(61)c% + sin(d1) cos(d1)4/ (1 — (C%)?) §

cos?(61)d c?

Ow‘ >

& —tan2(51)§2 + tan(dy)4/ (1 — (%)2) >d

o tan(6)y/(1— (%)2) > (d+ tan2(61))g2
c?tan(dy)
& MSad)< V/(d+ tan?(81))2 + ¢ tan?(d1).

O

Proof. (Proof of Theorem 8.88) We know that for £ca, 11, the robustly-reliable region is the same as
the reliable region. This is also a reason why the probability mass does not depend on 72. Consider the
optimal robustly-reliable learner £, we have RR&, (S, 72) = RRA; (S, 72) = Agree(Ho(S)) (Theorem
G.2.1). On the other hand, RR57(S,72) = {z | B(2,7m2) C Agree(Ho(S)) A h(x) = h(z), ¥V = €
B(z,1m2),h € Ho(S)} (Theorem G.2.2). a) Since SR, (S, n1,m2) = {z | B(x,m1) C Agree(Ho(S))}.
Applying Lemma G.7, we have the first result. b) Recall that SRE,(S,71,7m2) = {z € X |
B(z,m) N{z | h*(2) = h*(x)} C Agree(Ho(S))}. We will show that for any 2 € SREA (S, 71, 72),
B(z,m) = B(z,m) N {z | h*(z) = h*(z)} by contradiction. Let = € SRE,(S,71,72) and B(z, ;)
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G.4.2. The safely-reliable region contains any point that retains a reliability radius of at least 7o
even after being attacked by an adversary with strength 7.

contain two points with a different label, this implies that this ball must contain the decision
boundary of h* (B(z,m) N{x | (w},z) = 0} # 0). The ball must also contain a point that
has the same label as z with an arbitrarily small margin w.r.t. h*. For any a > 0, there exists
z € B(z,m)N{z | h*(z) = h*(x)} with |(z,wp+)| < a. This is impossible because by Lemma
8.87 the agreement region Agree(Ho(S)) can not contain point with arbitrarily small margin if S
does not contain any point on the decision boundary of hA*. This event has a probability 1 as the
projection (wp=, ) also follows a log-concave distribution which implies that Pr({wp«,z) = 0) =
0. Therefore, with probability 1, B(x,n;) must contain points with the same label and we can
conclude that SRéA(S, m,n2) = SR%L(S, n1,m2). ¢) Similarly, by Lemma 8.87, we can show that if
B(z,m2) C Agree(Ho(S)), B(z,m2) then every point in B(z,72) must have same label with probability
1. Therefore, RR&1(S,m2) = {z | B(z,1m2) C Agree(Ho(S))}. We have SRE(S,m1,1m2) = {z € X |
Bum(z,m) € {z | B(z,m2) C Agree(Ho(9))}} = {z € X | Bm(z,m +1m2) S Agree(Ho(S))} by a
triangle inequality (see Figure G.4.2). Applying Lemma G.7, we have the result. d) With the result
above we have RRE, (S, 72) = ({z | B(z,m2) C Agree(Ho(S))}Yn{z | h*(z) = 1})U(Agree(Ho(S))N{z |
h*(z) = 0}). Recall that SR, (S, m1,7m2) = {2 € X | h*(z) = 0 ABp(x,m) € RRE (S, m2)} U {2 €
X | h*(z) = 1 Az € RREL(S,m2))}. Therefore, we have SR (S,m1,7m2) = ({2 | B(z,m2) C
Agree(Ho(S5))} N{z | *(2) = 1}) U ({z | B(z,m) € Agree(Ho(5))} N{z | h*(z) = 0}) We can
conclude the result by applying Lemma G.7 and symmetry. O

G.5 Safely-reliable region for classifiers with smooth boundaries

We also bound the probability mass of the safely-reliable region for more general concept spaces
beyond linear separators. Specifically, we consider classifiers with smooth boundaries in the sense of
[463].
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Definition G.8 (a-norm). Let f : C — R be a function on C C R? and let a € R*. For
k= (ki,...,kq) € Z%O, let ||| = Z?:l k; and let DF = —2" _ We define a-norm of f as

T Ok1gzy..0Fday

D f(x) — D* f(2)]
max sup |D" f(x + m |
Ikl <[] xeg‘ @) Iklli=[a]-1 gzpicc | — a/|o[el+]

1 lla =

We define ath order smooth functions to be those which have a bounded a-norm. More precisely,
we define the class of ath order smooth functions FS := {f | ||f|la < C}. For example, 1st
order smoothness corresponds to Lipschitz continuity. We now define concept classes with smooth

classification boundaries.

Definition G.9 (Concepts with Smooth Classification Boundaries, [464]). A set of concepts HS
defined on X = [0,1]9*! is said to have ath order smooth classification boundaries, if for every
h e Hg the classification boundary is the graph of function z4,1 = f(x1,...,24), where f € Fg
and (x1,...,24+1) € X ie. the predicted label is given by sign(xg11 — f(z1,...,%4)).

If we further assume that the probability density may be upper and lower bounded by some absolute
positive constants (i.e. “nearly” uniform density), we can bound the safely-reliable region of our
learner even in this setting. We start with analogues of Lemmas G.7 and 8.87 for concepts with
smooth classification boundaries.

We first bound the probability mass of points x for which B(x,n) is contained in the agreement
region of sample-consistent classifiers. We use the Lipschitzness of smooth functions to show that
such point & must lie outside of a ‘ribbon’ around the boundary of target concept h*, and adapt and

extend the arguments of [464] to bound the probability mass of this ribbon.

Lemma G.10. Let the instance space be X = [0,1]%! and D be a distribution over X with a
“nearly” uniform density where there exist positive constants 0 < a < b such that a < p(z) < b for all
x € [0,1]%! when p(x) is the probability density of D. Let HS be the hypothesis space of concepts
with smooth classification boundaries with d < a < 0o, and B(-,n) be a Ly ball perturbation with
radius n. For S ~ D™, for m = O(%(VCdim(H) + In })), with probability at least 1 — &, we have

Pr({z | B(z,n) C Agree(Ho(S)}) >1—-2b(C +1)n— O (ba_d%aad%oz) .

Proof. By uniform convergence (Theorem 4.1, [460]), for S ~ D™, for m = O(%(VCdim(H)+1n })),
with probability at least 1 — d, we have Agree(BX(h*,¢)) C Agree(Ho(S)). Therefore, it suffices
to lower bound 7 := Pr{z | B(z,n) C Agree(BE(h*,e))}. Let h* € HS be the target concept
and denote € = (r1,...,24) € [0,1]%. Recall that the predicted label of (x,z4y1) from h,h* is
given by sign(zgy1 — fr(x)) and sign(xgy1 — fu+(x)) respectively. Therefore, h, h* would disagree
on (x,x411) when z4y1 lies between fj,(x) and f«(x). Denote ®p(x) = |ffh’l((92)p(ac,xd+1)dxd+1|
be the probability mass of points that h disagree with h* over (x,z4.1) for a fixed x € [0,1]%.
With this notation, the probability mass of points (x,z4y1) that h and h* disagree with is given
by f[o,l]'i |®p(x)|dz. Furthermore, from a < p(z,z44+1) < b, we know that a|fy(x) — fr(x)] <

[@n(2)] < blfn(®) = fre ()]
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Consider h € Bp(h*,¢), we have f[o 12 |®n(@)|de < e. This implies that f[o Y [fn(@) = foe ()] de <
f 0,14 ‘q>(m |d < £. Since the classification boundaries are assumed to be ath order smooth with

a > d, Lemma 11 of [464| implies that ||fn — fa+||co = O ((a)dﬂ) where [|g]|oo 1= Supgep17¢ [9(2)|-

Consider

1—m= Pr (32 € B(x,n),3h € B(h*,e),h(z) # h*(2)).

a~Dy
Recall that for z = (z, z411), h(2) # h*(z) when 24,1 lies between h(z), h*(z) which implies fp«(z) —
| fre(2) — fr(2)| < zay1 < fu(z) + | fn+(z) — fr(2z)|. Since z € B(z,n) and the boundary functions fj,
are C-Lipschitz (by Definition G.8) we have |f;(z) — fn(x)| < Cllz— x| < Cn and |z441 — xg+1] < 0.
This implies that fp« (@) —[fa+(2) = fn(2)| = (C+1)n < a1 < fa= (@) +|fp(2) = fa(2)[+(C+1)n. We
are interested in the set {x | 32 € B(z,n),3h € B(h*,¢),h(z) # h*(z)}, this leads to the inequality

fre(x®) =D = (C+1)n < xq41 < foe(x) + D+ (C+1)n

when D = sup z€B(z,n) |fh* (Z) - ( )| < SUPpeB(h*¢) Hfh* - fh“oo =0 (( )d+a) Therefore,
heB(h*e)

frx (®)+D+(C+1)n
l—m< / / p(®, Tg41)drgi1de
[0,1)4 J frx ()= D—(C+1)n

< 2((C +1) n+D)
—26(C' + 1)+ 0 (ba—mgﬁa> .

O

The above bound immediately implies a bound on the probability mass of the safely-reliable region
for ¢71,, in combination with our previous results. The following lemma allows us to easily handle
the extension of our results to losses {ca and fg1 as well, where the safely-reliable region involves

additional constraints.

Lemma G.11. Let the instance space be X = [0,1]4T! and D be a distribution over X. Let HS
be the hypothesis space of concepts with smooth classification boundaries with d < a < oco. For
h* € Hg, for a set of samples S ~ D™ such that there is no data point in S that lies on the decision
boundary, there exists 6(S) > 0 such that for any v = (&, xq4+1) with |fa(x) — x441| < J, we have
x & Agree(Ho(S9)).

Proof. Note that translation preserves smoothness, i.e. any concept h; with fp, () = fu«(x) +t
would also lie in HS. If |t| < §(S) = minges | fr+ () — Tay1l, fa,(x) — 24,1 must have the same sign
as (fp«(x) — xg41) for any x € S, that is hy would agree with A* on every point in S. Furthermore,
for any x with | fp+(x) — x441] < 9, we can always translate h* to h; that hy(z) # h*(z) (see Figure
G.5.3). Therefore, z & Agree(Ho(9)). O

Equipped with the above lemmas, we establish bounds on the probability mass of the safely reliable

region for concept classes with smooth classification boundaries.
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W o

G.5.3. For any set of samples S (blue and red points) with no point lying on the decision boundary
of a concept with smooth boundary h*, there exists a band around the decision boundary of h*
(formally defined as {x € R? | | fu+(x) — 24.1] < 0} (purple)) such that for any point (purple star) in
this area, there exists a hypothesis h (by translation) that agree with A* on S but disagree with h*
at that point.

Theorem G.5.12. Let the instance space be X = [0,1]%! and D be a distribution over X with
a “nearly” uniform density where there exist positive constants 0 < a < b such that a < p(z) <b
for all x € [0,1]%F" when p(x) is the probability density of D. Let HS be the hypothesis space of
concepts with smooth classification boundaries with d < o < 0o, and B(+,n) be a Lo ball perturbation
with radius . For S ~ D™, form = O(a%(VCdim(H) +1n })) with no point lying on the decision
boundary of h*, for an optimal robustly-reliable learner L, we have

(a) Pr(SR%(S,m1,m2)) > 1 —2b(C 4+ 1)n; — O (ba_d%l&td%a) with probability 1 — 4,

(b) SREA(S,m,m2) = SREL(S, 11, 712),

(¢) Pr(SRE(S,m,n2)) > 1 —2b(C + 1)(m +12) — O (ba_d%&ed%a> with probability 1 — 4,

(d) Pr(SREA(S,m1,m2)) > 1 —b(C + 1) (1 +12) — O (bafd%xsd%a> with probability 1 — 4.

Proof. From Lemma G.11, the agreement region does not contain points that are arbitrarily close to
the boundary of h*. Therefore, we can remove the additional conditions on labels for SRé A(S,m1,m2)
and SRET(S, 71, 72), that is SREA (S, 171, m2) = SREL(S, 11, m2) = {x | B(x,m) C Agree(Ho(S))} and
SRER(S,m1,m2) = @ € & | Bp(wym) € {= | B(z,m2) C Agree(Ho(S)}} = {o € X | Bay(,mi +
n2) C Agree(Ho(S))}. Similarly, we have SR5 (S, m1,m2) = ({z | B(2,m2) € Agree(Ho(S))} N {z |
h*(z) = 1}) U ({z | B(z,m) C Agree(Ho(S))} N{z | h*(z) = 0}). The result follows from Lemma
G.10.

O

G.6 More on computational efficiency

It is possible to extend the optimization objective to a wide range of hypothesis classes under the

following assumption.
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Assumption G.13. For a hypothesis class H, we assume that for any h* € H, a set of data points
S labeled by h* then for any points x,y that h*(x) # h*(y), the line that connects between z,y

must pass through a disagreement region of Ho(5),

Az + (1= XNy | A e0,1]} NDIS(Ho(S)) # 0.

For example, a class of linear separators and a class of classifiers with smooth boundaries satisfies

this assumption.

Lemma G.14. Let H be a hypothesis class and D be a distribution over R®. If H satisfies Assumption
G.13 then for a set of samples S ~ D™, the reliability radius of a test point z is given by

min ||z—2/||?
hoh! 2

s.t. h € Ho(S),
n e 7‘[0(5),
h(z') # h'(2).

Proof. Let r be the largest reliability radius of a test point z that is if we perturb z by a radius
at most r then the perturbed point is still in the agreement region. Consider for any perturbation
2’ that there exists h,h’ that h/(z’) has a different label from h'/(z). If H satisfies Assumption
G.13, h/(2) # h/(2’) implies that the line between z, 2’ must pass through the disagreement region.
Therefore, r < ||z — 2/||. On the other hand, let rZ be the solution of the optimization given above.
This implies that for any point 2’ that ||z — 2/|| < ro, for any h,h’ € Ho(S), we must have that
h(z) = h(z') that is 2’ € Agree(Ho(S)). Therefore, we have 19 < r and we can conclude that
r=Try. O

Remark. This could be solved efficiently in practice. For example, in the case of linear separators,
the problem takes the form of solving a quadratic program for each test point. We observe that
our proof of Theorem 8.88 above suggests an alternate margin-based approach which might be
even more practical to implement, while retaining high probability reliability guarantees under
the distributional assumption. If h denotes an ERM classifier on sample S, one could check the
membership 2 € A, == {z : ||z]]2 < av/d —n} N {x: [(w;, )| > Craev/d+ n} for any 7 > 0 by just
computing the norm and margin w.r.t. h. A simple halving search (e.g. starting with n = %) could
be used to estimate the reliability radius.

Further, we can relax this constrained objective into a regularized objective that can be solved using
empirical risk minimization. In the following Lemma, we show that this provides a lower bound on

the reliability radius.

378



Lemma G.15. (Relazation of the optimization objective for reliability radius) Let H be a hypothesis
class and D be a distribution over R, If H satisfies Assumption G.13 then for a set of samples
S ~ D™ let hyi, hs, z* be the optimal solution of the objective

hi,hy,z* = argmin||z—2'||% + A(R(h, SU{(Z,0)}) + R(W,S U {(z',1)}))
h,h’, 2’
when R(h,A) is an empirical risk of h on the sample A then ||z — z*||* < r when r the reliability

radius of z.

Proof. Let h,h', 2" be the optimal solution of the optimization objective in Lemma G.14 so that the
reliability radius r is given by ||z — 2’||. Without loss of generality, let hA(z') = 0 and h'(2') = 1. By
definition, we have R(h, S U{(2,0)}) = 0 and R(k',SU{(2/,1)})) = 0. Let hy, ho, z* be an optimal

solution of the objective in Lemma G.15 then we have

Iz = 211 + A(R(h1, S U{(z", 0)}) + R(h2, S U{(=*,1)}))
<z = 2'|IP + MR(h, S U{(Z',0)}) + R, SU{(z', 1)}))

=l #I
Since the empirical risk is non-negative, we can conclude that ||z — z*||? < ||z — 2/ = r2. O

Similar observations also apply to the computation of the safely-reliable region. It may be useful to
compute the safely-reliable region when we want to estimate the robust reliability performance of an
algorithm on test data. In particular, this may be helpful in determining how often and where our

learner gives a bad reliability radius, which can inform its safe deployment in practice.

G.7 Bounds on the P—0Q disagreement coefficient

We will now consider some commonly studied concept spaces, and bound the P—Q disagreement

coefficient for broad classes of distribution shifts.

Linear separators and nearly log-concave or s-concave distributions.
We give a bound on ©p_,o for P and Q isotropic nearly log-concave distributions [465] over RY, a

broad class that includes isotropic log-concave distributions.

Definition G.16 (S-log-concavity). A density function f : R? — Rsq is B-log-concave if for any
A €[0,1] and any x1, 29 € R we have f(Azy + (1 — Nao) > e P f(x) N f(z2)

For example, 0-log-concave densities are also log-concave. Also, since the condition in the definition
holds for A = 0, we have 5 > 0. Note that a smaller value of 8 makes the distribution closer to
logconcave. We have the following bound on ©p_, ¢ for distribution shift involving nearly log-concave
densities. At a high level, we bound the angle between the normal vectors of the linear separators

with small disagreement with A* under P, and bound the probability mass of their disagreement
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region under Q, by refining and generalizing the arguments from [461]. In particular, we quantify
how much near-logconcavity is sufficient for the angle bound to hold, which further implies that any

point in the disagreement region is either far away from the mean or close to the margin.

Theorem G.7.17. Let the concept space H be the class of linear separators in R. Let P be isotropic
B1-log-concave and Q be isotropic Ba-log-concave, over R, Then for 0 < By, Bz <

1
= 56[log,(d+1)] 7 W°
have Op_,0(c) = O(dY/*7%5 log(d/e)).

Proof. Our proof builds on and generalizes the arguments used in the proof of Theorem 14 in [461].
Let h € Bp(h*,r), i.e. d(h,h*) <r. We can apply the whitening transform from Theorem 16 of
[461] provided (1/20 4 ¢1)~/1/C1 — 2 < 1/9, where C; = ef1log2(H D1 and ¢; = (Cy —1)v/2C]. Tt
may be verified that this condition holds for 0 < £, < m. Now, by Theorem 11 of [461] we
can bound the angle between their normal vectors as 6(wp, wp+) < ¢r where ¢ is an absolute constant.

Now if # € X has a large margin |wp+ - x| > c¢ra and small norm ||z|| < a, for some « > 0, we have
|wp, - & — wpx - x| < |Jwp, — wp+|| - ||2]] < era.

Now the large margin condition |wp« - x| > cra implies (wy,, ) (wp+, ) > 0, or h(z) = h*(x). Since
h € Bp(h*,r) was arbitrary, we have x ¢ DIS(Bp(h*,r))). Therefore, the set {x | ||z|| > a} U {x |
|wp - x| < era} contains the disagreement region DIS(Bp(h*,7))).

By Theorem 11 of [461], since Q is an isotropic fa-log-concave distribution, we have Prgl||z|| >
RVCd] < Ce Bt for C = eP2llog20d+ D] Thus setting o = \/@log@ gives Prol||z]| > o] <
ev/Cr. Also, by Theorem 11 of [461], for sufficiently small non-negative By < m, we have
Prol|lwps - x| < era] < rv/Cdlog @ for constant ¢’. The proof is concluded by a union bound and
applying Definition 8.91. O

We further consider the case where the distributions belong to the broad class of isotropic s-concave
distributions. In particular, unlike $-log-concave distributions, the distributions from this class can

potentially be fat-tailed.

Definition G.18 (s-concavity). A density function f : R? — R is s-concave for s € (—o0, 1] U
{—oo} if for any A € [0,1] and any z1,72 € R?, we have f(Azx; + (1 — Nza) > (Mf(x1)® +
(1= X)f(w2)*)/*,

Note that any s-concave function is also s’-concave if s > s’. Moreover, concave functions are 1-
concave and log-concave functions are s-concave for any s < 0. Using results from [466]|, we adapt
the arguments in Theorem G.7.17 to show a bound on the disagreement coefficient when P is

isotropic B-log-concave and Q is isotropic s-concave.

Theorem G.7.19. Let the concept space H be the class of linear separators in R, Let P be isotropic
B-log-concave and Q be isotropic s-concave, over RY. Then for s > —1/(2d + 3) and sufficiently

small non-negative f < m, we have Op_go(e) = O (\/&%(1 — 88/(1+d8))> .
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Proof. Similar to the proof of Theorem G.7.17, we can apply the whitening transform from Theorem
16 of [461] provided (1/20+¢1)+/1/C1 — ¢ < 1/9, where C; = €8M1°82(d+D1 and ¢; = ¢(C —1)/2C.
It may be verified that this condition holds for 0 < g < W'
{z | ||z|| > a} U{x | |wp* - z| < cra} contains the disagreement region DIS(Bp(h*,7))).

By Theorem 11 of [466], we have Prg[lwp- - x| < cra] < 12+(i(t1(~if%) -cra. By Theorem 5 of [466], since
>(1+d8)/s

We can also show that the set

c1st
1+ds

t > 16 and absolute constant ¢;. This implies Pro[||z|| > ¢1Vd£% (1 — r3/(1+d9))] < Or for some
constant C. Thus setting a = ¢;vVd2 (1 — r5/(1449)) gives Pro[||z|| > o] < Cr. Also, for this a,

Q is an isotropic s-concave distribution, we have Prg]||z|| > tVd] < (1 — , for any

we have Prg[|lwp - x| < cra] < cHiZ‘fQ e fl‘*‘ds( ps/(Fds)yy — o\ /d +i2+(3j_2 (1 — /(1 ds)y.
for constant ¢. The proof is concluded by a union bound and applying Definition 8.91. O

Smooth classification boundaries. We also illustrate our notion for more general concept spaces
beyond linear separators. Specifically, we consider classifiers with smooth boundaries (Definition
G.9). If we further assume that the probability density may be upper and lower bounded by an
ath order smooth function, we can bound the disagreement coefficient for shift from P to Q. In-
terestingly, while [464| need the distribution to be sandwiched between smooth functions, our result

only needs a lower bound on the smoothness of P and an upper bound on the smoothness of Q.

Theorem G.7.20. Let the instance space be X = [0,1]7. Let the hypothesis space be HS , with
d < a < oc. If the marginal distributions Px, Qx have densities p(z) and g(x) on [0,1]9T! such
that there exists an ath order smooth function g(x) and ayp, b, b € Ry such that apg(z) < p(z) and

q(z) < byg(z) for all x € [0,1]%+L, then Op_g(e) = O (b ap ‘”0‘5 d+a> .

Proof. We will extend the arguments from [464] to the distribution shift setting. Let x =
(:Ul,...,xd) € [0,1]¢ and let h € Bp(h ,T) Where h* € Hq, is the target concept. Denote
= ffh(m) (x :cdH)dde, and @] (x ffh* (@) q(T,rg11)dxgsq. It is easy to verify by taking

derlvatlves that &y, (x ffh* g(x de)dde is ath order smooth. Since h € Bp(h*,r),

/ |&>h(m)\dwg/ 7y<1>p( Ydz < .
[071]d [0 1]d (Ip (Zp

By Lemma 11 of [464], this implies ||®]|oc = O (( p)d+a>, and therefore ||®]||oc < b ol ®hlloo =

0 (b ap d+°‘rd+a). Since this holds for any h € Bp(h*,r), we have
sup  ||®F HOO—O(ba d*“rd+a).
heBp(h*r)

By definition of region of disagreement, we have
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Pr [z € DIS(Bp(h*,r))] = Pr [z € Upepppnrnfz’ | h(z") # h*(2')}]

x~Qx z~Qx

< 2/ sup  |[|D}||ocd
[0,1]¢ he Bp (h*r)

o,
=0 (bqap d+ard+a> .

The result follows from definition of ©p_,g(€). O

G.8 Simple examples for the P—Q disagreement coefficient

Example 1. (Non-overlapping spheres the same center) Let P, Q be uniform distribution over a
sphere with the center at the origin with radius 1 and 2 respectively. Let H be a class of linear

separators that pass through the origin and h* € H. By symmetry, we have

PI‘Q(DIS(Bp(h*, T)))

Op_g(e) = sup

r>e r

_ qup PrE(DIS(Bp (3, 1)
r>e r

= @73 (6)

The disagreement coefficient from P to Q is the same as the disagreement coefficient on P.

Example 2. (Thresholds) Let P, Q be uniform distribution over an interval [—1,1] and [-1,1]

respectively. Let H be a class of a threshold function. Let h* have a thereshold at 0. We have
DIS(Bp(h*,r)) = [—r,r] and

Pro(|—r,r
Oroofe) = sup 2D
r>e r
2r
=2 -1
r

compared to the disagreement coefficient Op(g) = 2.

G.9 Additional proof details for distribution shift

Proof. (of Theorem 8.92) If S ~ P™, with m > 5(d + In 1) for some sufficiently large constant
¢, we have by uniform convergence ([460|, Theorem 4.10) that with probability at least 1 — §,
we have dp(h,h*) < ds(h,h*) + € for all h € H. Here dp(h1,h2) = Pryopy[hi1(z) # he(z)], and
dg(hy, he) = ‘%' > sesI[hi(x) # ho(z)]. Therefore, Agree(BX(h*,€)) C Agree(Ho(S)) € R(S) in

this event. Denoting this event by ‘E’ and its complement by ‘E’, we have
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o ol € RE(S)] = Pr [z € R*(S) | E]Pr[E] + P [z € RX(S) | E] Pr[E]

> Prlve RY(S) | E]- (1-9)

> Prg[xeRﬁ(S)yE]—a

> [z € Agree(BE(h*,€))] — 4.

Pr
z~Q
Noting Pr,.g[z € Agree(BE(h*,€))] = 1 — Pr,g[z € DIS(BX(h*,€))] and using Definition 8.91
completes the proof. O

G.10 Safely-reliable correctness under distribution shift

There is a growing practical [318, 319] as well as recent theoretical interest [320] in the setting
of ‘robustness transfer’, where one simultaneously expects adversarial test-time attacks as well as
distribution shift. We will study the reliability aspect for this more challenging setting. We note that
the definition of a robustly-reliable learner does not depend on the data distribution (see Definition
8.82) as the guarantee is pointwise. Our optimality result in Section 8.3 applies even when a test
point is drawn from a different distribution Q. In this case, the safely-reliable region instead would

have a different probability mass.

Definition G.21 (P—Q safely-reliable correctness). The P—Q safely-reliable correctness of £ (at
sample rate m, for distribution shift from P to Q, w.r.t. robust loss ¢) is defined as the probability mass
of its safely-reliable region under @@, on a sample S ~ P™ i.e. PQRf(S, N, M2) = Pry~gs~pm(r €
SRE (S, m1,m2)].

We will now combine our results on test-time attacks and distribution shift to give a general bound

on the P—Q safely-reliable correctness for the different robust losses (Definition 8.80).

Theorem G.10.22. Let Q be a realizable distribution shift of P with respect to H, and h* € H be
the target concept. There exist learners for robust losses Lca, by, bsT, L1a with P—Q safely-reliable
correctness given by
(a) PQRE4(S,m,n2) = Pro~q[Ba(z,m) N {z | h*(z) = h*(x)} C Agree(Ho(S5))],
(b) PQR%.,(S,m,m2) = Pra~gB(z,m) C Agree(Ho(S))],
(¢) PQRG(S,m,m2) = Pro~qBa(z,m) C {z | B%(z,n) € Agree(Ho(S)) A h(z) = h(z), V z €
B?(z,n),h € Ho(5)}],
(d) PQREA(S,m,m2) = Pro~g[({z | B(z,m2) € Agree(Ho(S))} N{z | h*(2) = 1}) U ({z | B(z,m) C
Agree(Ho(5))} N{z [ h*(z) = 0})].

Proof. The proof follows by applying Theorems G.2.1 and G.2.2, and using Definitions 8.86 and
G.21. O
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We consider an example when the training distribution P is isotropic log-concave and the test
distribution Q,, is log-concave with its mean shifted by p but the covariance matrix is still an identity

matrix (see Figure Figure 8.4, right).

Theorem G.10.23. Let P, Q be isotropic log-concave over Re. Let Q. be a distribution after
shifting the mean of Q by u € R:. Let H = {h : x — sign((wp, x)) | wy € RY, |lwy|l2 = 1} be the
class of linear separators. Let B(-,n) be a Lo ball perturbation with radius n. For S ~ P™, for
m = O(E%(VCdim(H) +1n 1)), for an optimal robustly-reliable learner L, we have

(a) PrQH(SRﬁTL(S, n,n2)) > 1—2(m + ||pll2) — (’)(\/Zi&) with probability 1 — 6,

(b) SRGA(S,m,12) = SRy, (S, 11,m2),

(c) PrQH(SRgT(S, n,m2)) =1 —=2(m +n2 + [|ull2) — @(\/&6) with probability 1 — 6,

(d) PI‘QH(SR?A(S, m,n2)) > 1 — (m +n2+2||ull2) — @(\/gs) with probability 1 — 6.

The O-notation suppresses dependence on logarithmic factors and distribution-specific constants.

Proof. From triangle inequality, we know that B(x — p, 7 + ||u||2) 2 B(x,r). We can simply extend
the proofs from Theorem 8.88. Recall that SRE, (S, 71,7m2) = SREL(S,m1,m2) = {z | B(z,m) C
Agree(Ho(S)} 2 {z | B(z — pym + |lpull2) S Agree(Ho(S))} and SREr(S,m, 1) = {x € X |
Ba(x,m +m2) € Agree(Ho(S))} D {x € X | Bm(z — g, +m2 + [|1]]2) € Agree(Ho(S))}. When
x is drawn from a distribution Q,,, we know that x — p follows a distribution Q@ which is isotropic
log-concave. We can apply Lemma G.7 to bound the probability mass of the safely-reliable region
under Q,,. Similarly, we can do the same for SRf:A(S, 71,72)- O

Similar bounds on reliability under robustness transfer may be given for linear separators under more
general source or target distributions, including isotropic S-log-concave or s-concave distributions,
as well as for concept classes with smooth classification boundaries, by applying Theorem G.10.22

to the examples from previous sections.

G.11 Agnostic setting

Proof of Theorem 8.95. The robustly-reliable learner £ is given as follows. Set h5 = argminy, ¢ errs(h)
i.e. an ERM over S, and r75(z) = oo if 2 € Agree(H,(9)), else r5(2) = —1. To study the robustly-
reliable region, we assume there is some concept h* € H which satisfies errg(h*) < v. By definition
of ERM, errg(h%) < errg(h*) = v, or h5 € H,(S). We first show that £ is robustly-reliable. For
z € X, if r5(z) = n > 0, then z € Agree(H,(S)). We have h*(z) = h%(z) since the classifiers
h*, h§ € H,(S) and z lies in the agreement region of classifiers in H, (S) in this case. Thus, we have
0 (h, x,2) = 0 for any x such that z € B4,(z,7). In the n = 0 case, h*(2) = h5(2) by definiton
and the same argument applies. Therefore, RR& 5 (S, v,1) D Agree(#H,,(S)) for all > 0 follows from
the setting r5(z) = oo if z € Agree(H,(S)).

Conversely, let z € DIS(H,(5)). There exist hi, ho € H,(S) such that hq(z) # ha(z). By definition,
robustly-reliable learning with 1 = 0 is not possible for z. If possible, let there be a robustly-reliable

learner £ such that z € RRé A(S,v,n) for some n > 0. By definition of the robust-reliability region,
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we must have r5(z) > 0. By definition of a ball, we have z € B%(z,7) for any 1 > 0, and therefore
0\ (h5, z,2) = 0 for every h* € H such that errg(h*) < v. But then we must have h4(z) = h*(2) by
definition of ¢cs. But we can set h* = hy or h* = hy since both are in H,(S). But hy(z) # ha(z2),

and therefore h%(z) # h*(2) for one of the above choices for h*, contradicting that £ is robustly-
reliable. O
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Appendix H
Supplementary Material for Chapter 11: Nash Equilibria
and Pitfalls of Adversarial Training in Adversarial

Robustness Games

H.1 Property of the optimal solution of the SVM objective

We first look at the relationship between the optimal solution of this SVM objective and the

underlying data distribution.
Lemma H.1 (Sign of the the optimal solution). Let w* = [w],...,w}] be an optimal solution of the
SVM objective (9.1). If each feature is independent of each other, for a feature i with

Elzily = —1] <0 < Efzily = 1],

we have w; > 0. Conversely, if

Elz;ly =1] <0 < E[z|ly = 1],
then we have w; < 0.

Proof. Assume that

Elzily = —1] < 0 < E[z;|ly = 1]. (H.1.1)

We will show that for an optimal weight w* with w; < 0, we can reduce the SVM objective by
setting w; = 0. This would contradict with the optimality of w* and implies that we must have
w; > 0 instead. Recall that the SVM objective is given by

d d
A
E(w,y)ND[maX(Oa 1-y E wjz;))] + 5 g wJQ-.
j=1

J=1
We denote the first term of the objective as the risk term and the second term as the regularization

term. By Jensen’s inequality, we know that
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E( ,y)ND max (0 wa mj

= E(3,4)~p[max yzijj -1, —yw;x;))

JFi
+1- yz w;zj]
J#
> By, max(y S wiz; — 1,E,,,[—ywie)
J#
+1-— yz w; ;).
J#

We can split the expectation between x;, ; because each feature ¢ are independent of each other.
From (H.1.1) and w; < 0, we have

Emi\y[_yw;fviw = —1] = w/Ey,[z5]ly = 1] > 0,
and

Egily[—yw; zily = 1] = —wEq,[zily = 1] > 0.
Therefore,

Exﬂy[_yw:%i] > 0.

This implies that,

E, y)~D max (0 wa ‘5))
2ty max( Zw 5 = 1 By [—ywi zi))
JFi
+1- wa;xj]
J#i
> EyE, ), [max(y Z wirj —1,0)) +1—y Z w; ;]
J# J#
= EyEmjw max (0,1 — Zw z;)]
J#i

The risk term in the SVM objective when w; < 0 is no better than when w; = 0. However, the

regularization term is higher.

d
23w > 53w

j=1 j#i
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Therefore, we can reduce the SVM objective by setting w; = 0. Therefore, w; < 0 can’t be the

optimal weight and we must have w; > 0. Similarly, we can apply the same idea to the other case. [

Corollary H.2. Let w* = [w],...,w}] be an optimal solution of the SVM objective (9.1). If each

feature are independent of each other, for a feature ¢ with

Elzily = —1] = 0 = E[z;|y = 1],
then we have w; = 0.

Lemma H.3 (Upper bound on the magnitude). Let w* = [w],...,w}] be an optimal solution of the

SVM objective (9.1). We have
. 2
urll < /2

Proof. Since, w* is an optimal solution of (9.1), we have
L(w*) < L£(0) =1.

Since

* A *
L") 2 0+ Sl

we have

A 2

- * <1
Sl <
N 2

[l < 4/ 5

Lemma H.4. Let X be a random variable with mean y and variance o then we have

max(0, E[X]) < E[max(0, X)] < max(0, E[X]) + %\/Var(X).

Proof. First, we know that max(0, z) is convex and by Jensen’s inequality we have

E[max(0, X)] > max(0, E[X]).

We also know that 22 is convex, by Jensen’s inequality, we have

E[X?] > E[X|)*.

Next, we observe that max(0,z) = % (z + |z),
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E[max(0, X)] = ]E[%(X + |X1)]

< 5 (E((0)] + VEXT)

= L(EI(X)] + Var(X) + EXP)

< %(E[(X)] +/Var(X) + [E[X]|

= max(0, E[X]) + % Var(X).

O
Lemma H.5 (Lower bound on the magnitude). Let w* = [w], ..., w}] be an optimal solution of the
SVM objective (9.1). Let each feature x; has mean and variance as follows
Ela;ly) = yps, Var(a;ly) = of,
and the feature are independent of each other then
1 1, o A
]|z > (1= 5 (5 ),
el 20 el 2f[pll3
where
DY WY
= [”15/‘62""7/1'61]7 0-3 = %
i1 M
Proof. We will prove this by contradiction. Let w* be an optimal solution with
1 1 0 A
Jw*|l2 < 7 (1= 5 (5 ))- (H.1.2)
el 20l 2([ull3
Rearrange to
1, & A
1= |lw*llzflull2 > 5 (5 ) > 0.
2% lullz  2lull3

The SVM objective is given by
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L(w*) = E[max(0 wa zj)] lw*||3
> max(0,E[1 — Zw z;])

= max(0 Zw (15)

> max(0,1 — Hw 2] kel2)
= 1= [[wl2[lull2
1, ou A

S+ o).
2 Tlallz " 2l

Here we apply Lemma H.4, the Cauchy—Schwarz inequality and (H.1.2) respectively. On the other

“’L‘HQ. We have
2

hand, consider w’ =

|[w'l]2 = > [|w*][a.

1
[rell2

From Lemma H.4, the SVM objective satisfies

L(w')

d
A
= Elmax(0,1 - y Y wja;)] + Fllw'|l

j=1
1 d
< max(0 wa z5]) —1—5 Var(l—waé-xj)
j=1
A /112
+ Il
lellzyy , 1|5
= max(0,E[1 — a )+ = z:(w;)2 Var(z;)
) T2\ &
A
+ Il
d
_ 1 [Xangey A1
2 |13 2 [[ull3
1, ou A
=3l B
ull2  21]pll5
< L(w").
This contradicts with the optimality of w*. O
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Lemma H.6. Let u,v be optimal solution of the SVM objective (9.1) under a data distribution D

then we must have u = v.

Proof. We will prove this by contradiction, assume that v # v. Since both are optimal solutions, we

have
L(u) = L(v)
when
T A2
£(u) = By o lma(0, 1~ yu )] + 5lul
A
£(0) = Egoypplmax(0,1 - yoTa)] + 5 [lo]3
Consider

L(u)
1
= S (L) + £(v))
= é(E(z,y)N’D[maX(Oa 1 —yu CIZ)] + §HUH2
A
+ E(w,y)wD[ma’X(Oa 1- yUT‘r)] + 5”0‘@)
1 A
> (B (e pmax(0,2 = y(u+ ) @) + S(Ilull3 + lel]3)
1 A U+ v
> S (B yp(max(0,2 — y(u+v) o) + S 1
u+ov)" A u+v
= B eplmax(0,1 -y 2
U+ v

We utilize an inequality

max (0, a) + max(0,b) > max(0,a + b)
and

u—+v
llull3 + [lv]5 > 2] 2\@

The equality of the second inequality does not hold since v # v so we have

u—+v
2

[[ull3 + [v]]3 > 2] 13-
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This contradicts with the optimality of u, v as “TJ“’ leads to a lower objective. Therefore, we must

have u = v. O

H.2 Discussion on non-robust features
We would like to point out that there is an alternative definition of robust features.

Definition H.7 (Non-robust feature (alternative)). We say that feature z; is non-robust (alternative)
if there exists a perturbation d; : D — B(e) such that after adding the perturbation, the distribution
of feature ¢ of class y = —1 is close to the distribution of feature ¢ of class y = 1. Formally, let
D; o, + 6 be the distribution of the perturbed feature ; + d;(x,y) for a class y. The feature x; is non

robust when

DiSt(Diﬁl +0,D;1+ 0) <e,

where Dist is your choice of distance metric (this can be Total variation, KL divergence or etc.) and

c is a constant. Otherwise, the feature x; is robust (alternative).

a An example of a feature that is only robust to mean shift
but is not robust

b An example of a feature that is robust but is not robust
to the mean shift because two distributions have the same
mean

H.2.1. Features that are robust to mean shift are not necessarily robust in the alternative definition.
Red and blue represents each class y = —1,1 and a line represents the mean of each class.

We note that this alternative definition of non-robust feature is different from one we defined earlier
which we refer to non-robust to mean shift. Figure H.2.1 provides examples for this where each

color represent the distribution of the feature given class y = —1, 1.

1. We can have two distributions where the distance between the means is 2.1¢ that is the feature
is robust to mean shift. However when perturbed, the two distributions are almost aligned

with each other, thus not robust (alternative) (Figure H.2.1a).

2. On the other hand, we can have two distributions with the same mean such that the feature

is not robust to mean shift. However, the shape of these distributions are different enough
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so that it is not possible to perturb them to be close to each other. Therefore, this feature is
robust (alternative) (Figure H.2.1b).
H.3 Standard training relies on non-robust features

Theorem H.3.8 (Standard training uses non-robust feature). Let the data distribution follows the
distribution as in Definition 9.102. Let w* = [w},w;, ... ,w:l_H] be the optimal solution under a
standard SVM objective,

A
w* = argmin E[max(0,1 — yw " z)] + §Hw\|g

w
If
1, o A 1 /2
p<l—(——+ —\f&, H.3.3
2 il * 2 2V 3 (133
where
d+1
_ Z] 1 /‘LJ ]
/’L:[M17/’L27""/’Ld+1]7 O-,u: 2
[Iull3
then w* will rely on the non-robust feature j,
<
Jj=2
This also tmplies that
5 SO LTl
w.
J T Ndtl 2
7j=2 1 + Z] =2 /'L]

Proof. We will prove by contradiction. Assume that w* is an optimal solution of the SVM objective
and (H.3.3) holds, and

d+1

w] > Z w3 g
i=2

The SVM objective is given by
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L(w*)

d+1 A
= E[max(0,1 — Zwaﬂfz)] + 5”“’*“%
i=1
d+1
= pE[max(0, Zyw ;)]
d+1 A
+ (1= p)Efmax(0, 1+ wi — > ywjaz;)] + 5|3
=2
d+1
> (1 — p)E[max(0,1 + w} — Zyw ;)] lw*|[3.

From Lemma H.4, E[max(0, X')] > max(0, E[X]). Therefore,

d+1

* * * A *
L(w*) > (1= p)max(0,E[1 +w} — > ywiz;])) + Sllw 13
j=2
d+1 A
= (1 —p)max(0, 1 +w} — Y wjny)) + §|Iw*||§
j=2

A
> (1-p)+ 5 ]
The last inequality holds because

d+1
* *
Jj=2
[w*|l2

Now, consider w' = Tlls when g = [p1, p2, ..., par1]. We have

_|w H2

and from Lemma H.4,

E[max(0, X)] < max(0,E[X]) + % Var(X).

we have
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L(w')

d+1 A
= E[max(0,1 — ;ngxi)] + 511’3
1=
d+1 1 d+1
< max(0,E[1 — wa;%]) + 3 Var(1 — wa;xj)
=1 j=1
Al
+ 21|
| |
= max(0, 1 — [[w*||2l|pll2) + 5| D (w))? Var(z;)
7=1
A
+ 21|
d+1 2 9
. 1 . Z':l nios
= max(0, 1 — [[w*{|2|pl2) + Sllw"|l2\[ ==
[l13
A
+ 21

* 1 * - A *
= max(0, 1= || el ll2) + 5 w7267 + 51113

From Lemma H.5

1 1, & A
lw'llz > (L= S (e + 5
a2 2% |ullz  21lell3

. 2
Jurll < /2

we have the upper bound of £L(w’) as follows

~—

);

and Lemma H.3

1, o A 1 /2 A
L(w') < =(—2 ++\/>U+w*2.
= 5l * ) 2V R 2

From (H.3.3) we know that

1 & A 1 /2
p<1—(u+)—\/>a.
2 lullz  2fplls” 2V AT

1, G A 1 /2
l—p> (7t + )+\fa,
2% [pllz  20[pl3” " 2V A"

So

and that
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L(w*) < L(w).

This contradicts with the fact that w* is an optimal solution. Therefore, if w* is an optimal solution
and (H.3.3) holds, we must have

By Cauchy-Schwarz inequality, we have

d+1 d+1 d+1

(wi)? < Q_wim)* < Q_@))Q_my)
=2 =2 j=2
d+1 d+1 d+1

= (W) <O (w)HA 4> p)
i—1 j=2

Jj=2
d+1
[lw*[13 2
= ———+— < E (w3)“.
d+1 o = J
L+ Zj:2 MJQ' j=2
O

The condition in Theorem H.3.8 holds when the number of non-robust features d and the regular-

ization parameter A are large enough.

1, 0 A 1 /2
p<l——(—t+ )—\/>a
2 alls 20l ~ 2V 2

When ||p|]2 is large the RHS will be larger so the condition holds for more value of p. In an extreme

case when ||u||2 — oo, we have
1, 0 A
3Tl 2l
[lall2 2]l

) — 0.

The condition becomes

1 /2_
Therefore, a necessary condition is that the regularization parameter has to be large enough
=2
a
A > ok
2(1-p)?
where \ scales with the weighted average of the variance 62. In general, the term ||u||2 = 4 /2?21 u?
depends on the magnitude and the number of non-robust features. If the each pu; is large then we
only need a smaller d for ||ul|2 to be large.

We note that the terms p1, 0?7 are fuctions of p. However, we can bound them with constants
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and

i =Elzy]=2p—-1<1

o?=1-(2p-1)*<1.

In addition, the contribution of p;, o1 would be in O( é) as we have a large number of non-robust

feature d.

H.4 Adversarial training relies on non-robust feature

Theorem H.4.9 (Adversarial training uses non-robust feature). Let the data distribution follows

the distribution as in Definition 9.102. Let § be a perturbation given by adversarial training with a

perturbation budget €. We assume that the perturbation is in the form of the worst case perturbation

where

Let w* = [w}, w3, ...

data x + 9,

If

when

then w* satisfies

This implies

Proof. Let

when

6($a y) € {_ysv 07 ye}d+1'

w* = argmin E[max(0,1 — yw ' (z + §(z,%)))] + %kug.

w

Op,s A

< 1= sup((5( - FRNECH
su — —0
P SN2 uresll " 2fluresl T 2V AT

d+1 2
+es -
s € {_1’0’1}d+1’&“’ \/Z] 1 :uj ]) j’

I+ es13

d+1

wil—e) < 3wl +el.
j=2

o [Jw*|[3(1 - &)?
jz_;(“’j) U ot S (i +2)?

5('%" y) = [51($>y)> (52(1’,3;), cee 76d+1(x7y)]7
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(H.4.4)



where s; can take 3 possible values

S = 0;
—1.
The perturbation from adversarial training does not depends on z. We can see this as shifting the

whole distribution for each feature. For the first feature

| y(I+es1), w.p. p;
z1 +01(z,y) = { —y(l —es1), w.p. 1—p.

For each feature j for j = 2,...,d + 1, this perturbation will only change the mean of the perturbed

data but will preserve the variance.

Elz; + 0;(x,y)] = yu; + yes;, Var(z; + 6;(y)) = of.

We refer §(y, s) to the perturbation where d(x,y) = yes. Denote the SVM objective on the data

with perturbation J as

L(w, )

= E[max(0,1 — yw ' (z + §(z,y)))] + %HwH%

d+1
A
= Efmax(0, 1~ Y ywi(as + 5z, )] + 5wl B
i=1
For a fixed s, let w* be an optimal solution of the SVM objective on the perturbed data = + §(y, s)
and assume that

d+1

wil=2) > > wilu; +el
j=2

First,
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L(w*, )
> (1 —p)max(0,E[1 + w1 (1 —es1)
d+1

. A
= ywi(a +yes))])) + Sl
j=2
> (1 —p)max(0,1 +wi(l —es1)
d+1

=3+ e53)) + 5l
j=2
> (1 —p)max(0,1 +wi (1l —¢)
d+1 A
=Sl +el) + o3
j=2

A
>1—-p+ §Hw 115

The last inequality holds because

d+1
wi(l—¢) > Zwﬂuj + €.

j=2

On the other hand, consider
w' = M[,ul +es1,. o, pat1 + ESatl-
|+ eslf2
we have
[[w'l2 = [|w"||2-

Consider
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L(w',5)
d+1 )\
— Efmax(0.1 - 3 (e + esy)] + 2lJw]
7j=1
d+1

< max(0, E[1 —y Y w(z; +yes;)))
j=1

1 d+1 )\
+§ Var(l—y;w}($j+y53j))+2||U)*H%
x(0,1 — [lw*|]2|| + es]|2)
Z;H_% M] )20]2 A * (12
f|| 5 51wz
HlH—asH 2
= max(0, 1 — [[w”|[2||p + esl[2)

* — )\ * 2
+ 3l s + Sl

when

d 1
& \/Zg+1 Hj +€3]) j2
e I+ es3

From Lemma H.5

1 1 o A
lJw*|ly > ————— (1 — = (e -
lnteslls 2\ lu+eslls | 2fu+es|?

);

and Lemma H.3

2
*
< —
ol <45

we have the upper bound of £(w') as follows

—_

o A 1 /2
L(w',6) < = B2 4 +\[5 s
@0 < (el 2l esg) T2V A

13-

)/

t3
Recall that we have

* )\ *
L(w",6) > 1-p+ Sl

Therefore, if
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1 o A 1 /2
<1-= B2 4 — —\/<0us
Pt ash T2l v esg) 2V A

we would have

L', 8) < L(w*,5),

which lead to a contradiction with the fact that w* is an optimal solution. This implies that for a
fixed perturbation d(s), if

1 o A 1 /2
<1l-= T —\fa ,
Pt ot esll T ot e 2V A%

then the optimal solution of the SVM objective on the perturbed data x + (s) satisfies

d+1
will =) < 3 wiluy +el.
j=2
Now, if we have
1 o A 1 /2_
p <1 sup((5(- 2 )+ 3 3

s 2 lntesllz 2lp+es|3

we can conclude that for any perturbation s € {—1,0,1}4t! the optimal solution of the SVM
objective on the perturbed data z + 0(s) satisfies

d+1

will =) < 0wl + el
j=2

Moreover, we can apply Cauchy-Schwarz inequality to have

A+l %y

iyt < Bzl e
(S ) (S s + <))
(<P '

<

Therefore,

d+1 di-l ’ 2 1 —¢)2
||w*|%<j§::2(w;)2(zj_2(u e

d+1
lw*][3(1 — €)? "
= Sard : 2 5 S (w})*.
ST+ T (o~
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O

The condition in Theorem H.4.9 make sure that for any perturbation, the model would still rely on

non-robust feature,

1 o A 1 /2
<1l-su b +\fa .
<1 =G o At ey T2V AT

If we assume that the variance o, s ~ o is about the same for all s then the condition becomes

c1- ((1( o N A )+1\/§)
su — —0).
b PR T eslls T 2utesiB T2V A

We know that s* that achieve the supremum would also minimize || + £s||2. The optimal s* follows

1. If 2p; > € then s7 = —1;
2. If € > 2p; then s7 = 0.

If the perturbation budget is large enough where for all ¢, we have € > 2u; then this condition is

equivalent to the condition in Theorem H.3.8.

H.4.1 Simplified condition

We will reduce the condition,

1 o A 1 /2_
p < 1= sup((5 (2 SR

[l +eslla  2||p+es]]3

when

+¢es;)20?
se{-1,0,1}9*" 5, = 5 (s + e) %,
N 11+ esl3

to a condition in the simplified version of Theorem H.4.9 in the main text,

1 omax A 1 /2
pet-gme e A 2,
2 Il 2Alw]l3” 2V AT

when

0i < Cuaxs = [0, iz, pas].
We make assumptions that € > 2u; for i = 2,...,d + 1 so that for any s € {—1,0, 1}d+1,

d+1

I +esllz > Y uf = K13
j=2

We note that the terms juy, 07 are fuctions of p. However, we can bound them with constants

pw =Elzy]=2p—-1<1
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and

o?=1-(2p-1)*<1.

We have

d+1
_ \/Zjil (hj + 55]‘)2%2'

g
e I+ es3

(2p—1+es1)%0? + Zji% (5 + ES]')2O']2~
(2p — 1 +es1)? + 2755 (1 + )2

d
(2p—14es1)?+ Zjié(ﬂj +£57)%0fax
d
(2p — 1 +es1)2 + 00 () + €s)?

| (1—08a)(2p — 1 +es1)?
Omax T 2 d+1 2
(2p—1+4¢€s1) +Zj:2(ﬂj —I-ESj)

IN

< Omax-

In the last line, we assume that opn.x > 1. However, when o < 1, we can split into 2 terms

) 2
. \/02 L (=2 )(1+2)

d+1
max ZjIQ MJQ
o +(1—1—5)\/1—031(1%
- /]2 '

For simplicity, we stick with the former case, when oy > 1. We have

1, Gus A 1\/5
sup((= ’ + + -\/ 0
PG el T e T2V 3

1, Ouax A 1\/5
< (*( + )+ A/ v Omax-
24|l 23T 2V AT

Therefore, if p satisfies

1 omax A 1 /2
p<1_(7( + )‘i‘\/»Umx)y
22l 201137 2V AT

we would have the condition in Theorem H.4.9.

H.5 Adversarial training does not converge

Theorem H.5.10. (AT does not converge) Consider applying AT to learn a linear model f(x) =
w'x on the SVM objective when the data follows the distribution as in Definition 9.102. Let
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w® = @, ) ()

w7, Wy ,wd_H] be the parameter of the linear function at time t. If

1 o A 1 /2
<1-— — \f , H.5.5
Pt G el T Al el T2V A (19

when

d+1 2
+es :
se{-1,0,1}" 5, = \/Z 1y <50 %

I+ 13

then w® does not converge as t — co.

Proof. The difference between w of two consecutive iterations is given by

d+1

HU’ t+1) _ ,,® | |2 Z(wgtJrl) . wgt))2-
i=1
From Theorem 9.100, for a non-robust feature j > 2, the sign of w§t), w§t+1) cannot be both positive
or negative. If
w](-t) > 0,
then
wi™ < 0,
; <
and if
w](-t) <0,
then
t+1) <

This implies that

‘We have

d+1

(t+1) (t
[Jw! H2>Z w;”)"

Because (H.5.5) holds, from Theorem H.4.9, we have

d+1
Sy s — OBA-22
= (1_5)2+Z§l+;(ﬂj +¢)?

Therefore,
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lw]3(1 —&)?

D — w3 >
(-2 +Xf)

Assume that w® converge to w* as t — oo then we must have
o) — w3 0,
and
[ ][5 = [|w*[]5.

From inequality (H.5.6), take t — 0o, we have

(uj +€)%

oo B0 -2
T -0+ S+ o)

Therefore,

[[w*[]2 = 0.

If w® converge then it can only converge to 0. However, from Lemma H.5

1 1 050

.

A

O,> — L
ol >

— = -
=Olz 2 lu+ s

when

5t s + =920

J

J

5_ pu—
ot I+ esOI3

)

=GR

(H.5.6)

and s) = y—lsé(t) is the sign of the perturbation at time t. ||w®]|s is bounded below therefore it

cannot converge to zero. This leads to a contradiction. We can conclude that w® does not converge

as t — oo.

H.6 Nash equilibrium is robust

O

Proof. Let (6*,w*) be a Nash equilibrium. Let x; be a non-robust feature. We will show that w} =0

by contradiction. Without loss of generality, let w} > 0. Let the risk term in the SVM objective

when w; = w, w; = w} for j # i and 6 = " be

Li(wjw*,§%) := E[l;(z, y, w|w*,

when
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li($7y7w|w*75*) maX( yzw L +5 (‘T y)))
J#i
— yw(z; + 67 (x,y)).

We will show that when we set w; = 0, the risk term does not increase, that is,

Li(wi|w*,6") > L;(0w*, 5%).

We use l;(z,y, w) to refer to l;(x,y, w|w*, §*) for the rest of this proof. Considering each point (x,y),
we have 2 cases:
Case 1:

L=y Y wizj+ey |wi|>0.
J J
From Lemma 9.106, we have

63-“(:5,y) = —ye sign(w;),
for all j with wj # 0.
Case 1.1:

1 —wa;-‘xj —i—EZ lw;| > 0.
J#i J#i
In this case, we have

Li(z,y,w]) — l;(x,y,0)
= max(0,1 — yzwj (zj + 65 (z,y)))
J
—max(0,1 -y Y _ wi(z; + 65 (x,y)))
i

= max(0 wa x]—i—&?Z\w
— max(0 Zw x]—i—EZ\w

J#i J#i

1—wa iL‘j—I—é‘Z”U)
1—wa wj—l—52|w )
J#i J#i

= —yw; x; + €|w;]|.

Case 1.2:
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L—yY wizj+ey |wi| <0
J#i J#

In this case, we have

li(xa y7w:) - li(x’yv 0)

= max(0,1 — yzw;(fﬂj + 5;(5573/)))

—max(0,1 —y Z wi(xj + 05 (x,y)))
J#

= max(0,1 — yzw;% + 52 [wjl)
J J
—max(0,1 -y > wizj+ed |w)])
J#i JFi

=(1-y> wizj+ey |[wi)—0
J J

> 0.

Case 2:
L—yY wizj+ey |wi| <0
j j

From Lemma 9.106, d7(z,y) can take any value in [—¢, ] and

max (0,1 — wa;(fL‘j + 5]*(55711))) =0.
J

Case 2.1:

1 —wa;:rj —|—€Z lwr| > 0.
J# J#i
This implies that

—yw;j x; + elw;| < 0.

We have 2 further cases:
Case 2.1.1:

L=y > wj(z;+8f(z,y)) > 0.
J#i

In this case, we have
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li(xa y7w:) - li(x’yv 0)
= max(0,1 —y Y wj(x; + 5} (z,y)))

J
—max(0,1 —y Z wi(xj + 05 (x,y)))
J#
=0—(1 —wa}‘(ﬂS]’ +6;(x,y)))
J#
= (1 =y S Wi ay + 8, 9))
J#i
> —(1—y ) whizj+e Yy |wj])
i J#i

> —ywtzi +elw}].

The final inequality holds since

L—y> wizj+ey |wi| <0,
J J

which implies

—ywizi+elwl| < —(L—y ) wiwj+e) |wf).
j#i j#i

Case 2.1.2:
1—y Y wi(z;+ 65 (x,y)) <0.
i

In this case, we have

Li(z,w)) — 1;(x,0)

=max(0,1 —y Z w;(xj + 5;(9% v)))

—max(0,1 —y Z w;(xj + 5;(% Y)))
J#i
=0-0

> —ywiz; +<lw]].
The last inequality holds because we know that

—yw;x; + elw;| < 0.

Case 2.2:
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L—yY wizj+ey |wi| <0
J#1 J#i
In this case, we have

L=y Y wia + 85(@,y) < 1—y > wiz;+e Y |wi| <0,
j#i J# JF
and

li(x,w;) — l;(z,0)

= max(0,1 — yzw;(iﬂj + 5;(%3/)))
J
—max(0,1 — yzw;(% + 65 (2, v)))
J#i
=0-0=0.

From every case, we can conclude that

Li(wi|wy, 67) — Li(0]ws, 67)

= E[ll(x>y7w;<) - ll(xv Y, 0)]

> E[(—ywj i +elw; ) 1{l —y > wizj+2 Y |wi| > 0}]
J#i J#i

=E[-ywiz; +elwf[[P | 1—y> wizj+e> |w)]>0
J#i J#i

> |wf|(e = |wl)P [ 1—y ) wiz;+e> |Jwi| >0
J#i J#i
>0

)

where the third line holds since the features are independent of each other. The risk term in the

utility when w; # 0 is no better than when w; = 0. However, the regularization term is higher,
A 2 A 2
STy S
J J#
Therefore, we can reduce the SVM objective by setting w; = 0. This contradicts with the optimality

of w*. By contradiction, we can conclude that if a feature ¢ is not robust, then w; = 0. O

409



H.7 Optimal adversarial training leads to a robust model

Proof. We are learning a function f(z) = w'x where w = [wy, ..., w,] € R%. For a fixed w, we know
that the perturbation that maximizes the inner loss is *(x,y) = —ye sign(w). Substitute this in the

objective, we are left to solve

. A
min E ) plmax(0, 1 = yw"a + el |l )] + 5 ol (1.7.7)

Assume that w* is an optimal solution of (H.7.7). For a non-robust feature z;, we will show that
w; = 0 by contradiction. Assume that |w}| > 0. Consider the expected contribution of w} to the

first term of the objective (risk) is given by

E(4,y)~p[max(0, 1 = yw "z + ¢l fw||1)]

= E(:c,y)ND[maX(O? 1+ Z(E‘wJ’ - ywjxj))]
J

= E(J},y)wD[maX(Ov 1+ ij)]
J

= E(m,y)wD[maX(_l - ij7pi) +1+ ij]a
J#i i
when we denote p; = e|w;| — yw;x;. Since max(0,-) is a convex function, by Jensen’s inequality, we

have

E(y~pmax(—1=> pj,pi) +1+ > pjl
J#i JFi
= EyExj‘yExi‘y[max(—l — ij,pz‘) +1+ ij]
j#i J#i
> EyExﬂy[maX(_l B ijvExi\y[pi]) t1+ ij}'
j#i J#
Because features are independent, we can split the expectation between z;, x;. We note that as

feature z; is non-robust, we have |p;| < e so that

Emily[pi] = Em\y[g‘wi‘ — Yyw;T)
= E|wl| - Emz|y[ywll'1]

> [wil(e = |pl)
> 0.

This implies that
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Eyij\y[maX(_l - ij’Ewi\y[pi]) +1+ ij}

j#i J#i
> EyE, ,max(—1 - p;,0)+ 1+ pjl
J#i JF
= EyE,,[max(0,1 + ij)]-
J#

The right-hand side term is just the loss term when we set w; = 0. Therefore, setting w; = 0 for
non-robust features does not increase the loss. At the same time, setting w; = 0 reduces the second
term of the objective 3|lw|[2. Thus, we can reduce the objective (H.7.7) by setting w; = 0 for
non-robust feature 7 . This contradicts the optimality of w*. By contradiction, we have w; = 0 for

all feature z; that is non-robust. O

H.8 Experiment

The loss function is a hinge loss with an {5 regularization of A = 0.01. We train a linear model with
AT and OAT for 50 time steps. For OAT, we directly optimize the weight with respect to the loss

200

A
Loar(w) D [max(0, 1~ yiw " + elwl|1)] + 5 w3
i=1

We use an Adam optimizer [362] with a learning rate 0.01 and batch size 200.

For AT, at each time step t, we first generate the worst-case perturbations

69 (xz,y) = —yesign(w~V)

then we generate adversarial examples accordingly. Next, we update our model with an Adam

optimizer with a learning rate 0.01 and a batch size of 200. The loss of each batch is given by

200

A
L(w)ar =Y max(0,1 =y (i + 69 (z;,5:))) + §HWH%-
=1
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