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1
Introduction

Reinforcement learning (RL) has established itself as a robust framework for enhancing
decision-making systems across diverse application domains [96, 156]. In conventional
reinforcement learning configurations, an agent aims to maximize cumulative rewards
through sequential action selection while interacting with an environment. Traditionally,
the concept of a “reinforcement learning agent” has been linked with robotics or
strategic games like chess or Go. However, in recent years, reinforcement learning
methodologies have increasingly been applied to user-facing applications, including
web search engines, recommender systems, and fine-tuning foundation models for
interactive use cases [2, 83, 173].

Among the most widely implemented forms of reinforcement learning in user-facing
applications is the contextual bandit framework [9, 151]. Contextual bandits represent a
simplified reinforcement learning scenario involving a single state (context) for each
interaction with the environment. Within recommender systems, the context typically
encompasses personalized user features, the action constitutes the recommended item,
and the reward derives from user engagement metrics such as clicks or purchases [151].
For web search applications, the context is the user query (potentially enhanced with
personalized features), actions comprise ranked document lists, and rewards stem from
search engine result page (SERP) interaction metrics, including normalized discounted
cumulative gain (NDCG) or click counts [83]. In foundation model fine-tuning, the
context corresponds to an input prompt, the action is a generated sequence of words,
and rewards typically originate from learned reward models approximating human
feedback [7].

When compared to comprehensive multi-step reinforcement learning scenarios,
contextual bandits offer computational simplicity and facilitate easier deployment, fre-
quently using existing offline logged data in an efficient manner [127, 151]. Each
context-action pair directly yields a reward, thus eliminating complexities associated
with sequential decision-making. Given these practical advantages, this thesis specifi-
cally concentrates on contextual bandit methodologies.

Despite these benefits, implementing contextual bandits in ranking problems in-
troduces notable challenges, particularly regarding biases in user feedback. Ranking
policies gather data under specific display conditions, resulting in biased user interaction
signals – such as position bias or trust bias – which inadequately represent true item
relevance [78]. Items positioned lower in rankings receive fewer interactions, potentially
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1. Introduction

leading to their misclassification as irrelevant.

To address this bias, counterfactual learning-to-rank (LTR) approaches employ
inverse propensity scoring techniques, adjusting observed interaction signals to approxi-
mate unbiased relevance estimates [4, 51, 78, 152]. However, inverse propensity scoring
methods typically suffer from high variance, especially when working with limited
data, resulting in unstable or suboptimal deployment [51, 106]. The first component
of this thesis addresses safety concerns in counterfactual LTR. In this context, “safety”
describes how the new ranking policy performs compared with the current production
policy. When the new policy performs worse than the production policy, it is considered
unsafe; when it performs better, it is considered safe. We propose a safe counterfactual
LTR method that theoretically ensures a new ranking policy that performs at least as
well as the currently deployed policy. While existing safe methods provide guarantees
under assumed click behavior models, these guarantees fail if actual user behavior
diverges [63, 109]. To tackle this issue, we introduce a robust safe counterfactual
LTR approach that provides reliable guarantees even when user behavior deviates from
assumptions.

In the second part of this thesis, we focus on enhancing sample efficiency in
contextual bandit learning and evaluation, specifically, achieving lower error rate with
limited data. In this setting, off-policy evaluation estimates how a new policy would
perform using data collected under a different policy, while off-policy learning uses
that same logged data to optimize the new policy itself. Both off-policy evaluation and
off-policy learning typically exhibit high variance, causing instability in performance
estimates. To reduce variance and improve sample efficiency, we propose an optimal
baseline-correction method that significantly decreases the error in off-policy estimates
while requiring fewer data points.

Beyond ranking and recommendation systems, diffusion models have recently
achieved state-of-the-art results in generative tasks like text-to-image synthesis [170].
Denoising diffusion probabilistic models iteratively refine random noise into meaningful
outputs guided by learned distributions [57]. However, these models do not inherently
optimize custom objectives such as aesthetic quality or prompt alignment after training.
By interpreting the denoising process as an RL action, diffusion models can incorporate
user-defined reward functions [13]. While proximal policy optimization (PPO) is com-
monly used for reinforcement learning fine-tuning, it involves substantial computational
costs and high variance, requiring multiple networks loaded simultaneously. In contrast,
REINFORCE offers computational efficiency but suffers from high variance and poor
sample efficiency [164]. We propose an efficient reinforcement learning fine-tuning
method for text-to-image diffusion models, combining REINFORCE’s computational
efficiency with PPO’s improved sample efficiency in a novel method – leave-one-out
PPO (LOOP).

Collectively, the contributions made in this thesis highlight the shared challenges
of safety, efficiency, and robustness in contextual bandit methods across ranking and
diffusion modeling contexts within the reinforcement learning paradigm.
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1.1. Research Outline and Questions

1.1 Research Outline and Questions

Counterfactual LTR corrects user interaction bias primarily using inverse propensity
scoring (IPS), weighting clicks inversely proportional to their selection probability. As
we pointed out above, while unbiased in expectation, IPS-based estimators are known
to suffer from high variance, especially with limited logged interaction data, potentially
yielding suboptimal ranking policies [51, 106]. Deploying such suboptimal policies
poses significant risks to user experience and business metrics. Therefore, it is crucial
to incorporate mechanisms ensuring safe deployment. This leads to the first research
question:

RQ1 Can safety guarantees be provided for counterfactual LTR policies to ensure that
the new policy is at least as good as the production policy?

To address RQ1, we derive a lower confidence bound for the counterfactual learning to
rank (LTR) estimator, establishing a lower bound on the true ranking utility, the ideal
target metric for optimization. In Chapter 2, we demonstrate that optimizing this lower
bound ensures a ranking policy that is no worse than the current production policy.
This property proves particularly valuable when click data is scarce, mitigating the
substantial risk of deploying potentially harmful policies.

While RQ1 provides a probabilistic safety guarantee by optimizing the lower bound
on the utility, these guarantees depend critically on assumptions regarding user behavior
(click model). Deviations from these assumptions invalidate the guarantees, motivating
the second research question:

RQ2 Can we provide robust safety guarantees for counterfactual LTR policies even
under adversarial user behavior settings?

In Chapter 3, we introduce proximal ranking policy optimization (PRPO), a method
ensuring safety for counterfactual LTR without reliance on user behavior assumptions,
guaranteeing robust safety even under adversarial conditions.

Thus far, the discussion has focused on contextual bandits within ranking scenarios
involving combinatorial action spaces. Next, we examine contextual bandits generating
single actions, such as top-1 recommendations, with a focus on improving the sample
efficiency in off-policy evaluation and learning. Standard methods like IPS are unbiased
in expectation, but suffer from high variance. Alternative methods, including doubly
robust (DR) estimators and self-normalized IPS (SNIPS), reduce variance using additive
and multiplicative baseline corrections, respectively [79, 147], yet lack a unifying
framework. This motivates our third research question:

RQ3 Can we unify variance reduction techniques using baseline corrections and a
doubly robust estimator under a common framework?

Chapter 4 proposes the β-IPS estimator, integrating inverse propensity scoring (IPS),
doubly robust methods, and self-normalized IPS under a unified baseline correction
framework.

3



1. Introduction

RQ4 Given a unified framework for variance reduction techniques under baseline
corrections, can we derive a variance-optimal unbiased estimator?

Using the unified β-IPS estimator framework, we investigate whether a variance-optimal
baseline correction (β∗) can be analytically derived. In Chapter 4, we confirm this
possibility, presenting a closed-form solution for β∗ that minimizes variance for both
off-policy learning and evaluation tasks.

Contextual bandit theory as previously discussed emphasizes user interactions within
ranking or recommendation systems. However, the framework has also been effectively
employed in fine-tuning foundation models, such as large language models (LLMs) and
diffusion models, typically using proximal policy optimization (PPO). Recent research
highlights computational advantages of REINFORCE (policy gradient methods) over
PPO for LLMs [5]. Given PPO’s challenges with variance and sample inefficiency, we
consider improvements through our final research question:

RQ5 Can we improve the sample efficiency of proximal policy optimization for fine-
tuning text-to-image diffusion?

In Chapter 5, we systematically compare PPO and REINFORCE for diffusion model
fine-tuning. We first demonstrate that REINFORCE exhibits inferior sample efficiency
compared to PPO. Subsequently, we propose leave-one-out PPO (LOOP), an enhance-
ment to PPO achieving superior performance with the same number of input prompts
by generating multiple actions per prompt.

1.2 Main Contributions

The main contributions of this thesis are categorized into algorithmic and theoretical
components, summarized as follows.

1.2.1 Algorithmic contributions

• A safe counterfactual LTR optimization framework that uses the REINFORCE
policy gradient, guided by a derived generalization bound for the counterfactual
LTR estimator (Chapter 2).

• A robust safe counterfactual LTR algorithm extending the REINFORCE policy
gradient method with a clipping mechanism inspired by PPO from reinforcement
learning literature (Chapter 3).

• A closed-form solution for the variance-optimal baseline correction term in
off-policy evaluation and off-policy learning for contextual bandit methods, sub-
stantially reducing variance in practical applications (Chapter 4).

• An efficient reinforcement learning approach for fine-tuning text-to-image dif-
fusion models that enhances sample efficiency by generating multiple diffusion
trajectories per input prompt, thereby effectively reducing variance (Chapter 5).
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1.2. Main Contributions

1.2.2 Theoretical contributions
• A generalization bound for the counterfactual LTR estimator using a position-

based click model combined with the inverse propensity scoring estimator (Theo-
rem 2.4.2, Chapter 2).

• A generalization bound for the counterfactual LTR estimator employing a trust-
bias click model with the doubly robust estimator (Theorem 3.4.1, Chapter 3).

• A proof extending the position-based inverse propensity scoring counterfactual
LTR generalization bound to the trust-bias based counterfactual LTR and doubly
robust estimator (Appendix 3.A, Chapter 3).

• A proof establishing a closed-form, variance-optimal baseline correction term
applicable to off-policy evaluation estimates and learning gradients in contextual
bandits (Section 4.3.3, Chapter 4).

• A theoretical demonstration of the sub-optimality of the REINFORCE estima-
tor when samples are reused across iterations in reinforcement learning-based
diffusion model fine-tuning (Theorem 5.3.2, Chapter 5).

• A proof demonstrating that the proposed LOOP algorithm achieves lower variance
compared to traditional proximal policy optimization methods in diffusion model
fine-tuning (Theorem 5.4.1, Chapter 5).

1.2.3 Empirical contributions
• Safe counterfactual learning to rank. Extensive simulations on three public

learning to rank benchmarks (Yahoo! Webscope, MSLR-WEB30k, and Istella)
show that the proposed exposure-based CRM method eliminates the long “unsafe”
warm-up period of IPS, matching the production policy after ∼400 interactions
and converging to the IPS performance asymptotically.

• Robust safety guarantees in advanced CLTR. Across the same public learning
to rank datasets – even under an adversarial click model, the safe DR and PRPO
algorithms reach logging policy performance within the first few hundred queries,
more than three orders of magnitude earlier than doubly robust method, while
still converging to the optimal ranking performance asymptotically.

• Variance-optimal off-policy bandit learning. On a synthetic benchmark that
sweeps action-space sizes and logging-policy optimality, the proposed β-IPS
estimator reduces gradient variance by up to two orders of magnitude and yields
consistently higher policy value and lower MSE than IPS, SNIPS, and DR in both
full-batch and mini-batch training settings.

• Efficient RL fine-tuning of diffusion models. On the T2I-CompBench, aesthetic,
and the image-text-alignment tasks, the LOOP algorithm surpasses PPO and
REINFORCE baselines: with k=4 trajectories per prompt it improves attribute-
binding scores by 10–15 points and raises aesthetic quality by +1.0 reward points,
while simultaneously lowering reward-variance throughout training.

5



1. Introduction

1.2.4 Resource contributions

• Safe Counterfactual LTR implementation. All code and experiment scripts for
the safe counterfactual LTR methods described in Chapter 2 and 3 are released at:
safe-cltr.

• Optimal baseline corrections for off-policy bandits. The PyTorch implementa-
tion that accompanies Chapter 4 is released at: optimal-baseline-cb.

1.3 Thesis Overview

The dissertation begins with the introduction, which is the current chapter the reader
is engaged with. The research chapters in this thesis are structured into two distinct
parts, with the first part predominantly addressing the safety aspect of counterfactual
LTR methods in Chapters 2 and 3. Chapter 3 should preferably be read following
Chapter 2, as it extends the safety framework established in Chapter 2. Chapter 4 can be
approached independently of other chapters in the thesis, as it primarily examines the
top-1 action setting in contextual bandits. Similarly, Chapter 5 stands as a self-contained
unit that can be read separately, focusing mainly on the post-training refinement of
text-to-image foundation models.

1.4 Origins

In this section, we list the origins and the list of contributions for each chapter in the
thesis.

Chapter 2 is based on the following paper:

• S. Gupta, H. Oosterhuis, and M. de Rijke. Safe deployment for counterfac-
tual learning to rank with exposure-based risk minimization. In Proceedings
of the 46th International ACM SIGIR Conference on Research and Develop-
ment in Information Retrieval, pages 249–258, 2023.

SG: Conceptualization, Formal Analysis, Investigation, Methodology, Re-
sources, Software, Validation, Writing – Original Draft Preparation. HO:
Conceptualization, Formal Analysis, Investigation, Methodology, Supervi-
sion, Writing – Review & Editing. MdR: Conceptualization, Methodology,
Supervision, Validation, Funding Acquisition, Writing – Review & Editing.

Chapter 3 is based on the following paper:

• S. Gupta, H. Oosterhuis, and M. de Rijke. Practical and robust safety guar-
antees for advanced counterfactual learning to rank. In CIKM 2024: 33rd
ACM International Conference on Information and Knowledge Manage-
ment, pages 737–747. ACM, October 2024.
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SG: Conceptualization, Formal Analysis, Investigation, Methodology, Re-
sources, Software, Validation, Writing – Original Draft Preparation. HO:
Conceptualization, Formal Analysis, Investigation, Methodology, Supervi-
sion, Writing – Review & Editing. MdR: Conceptualization, Methodology,
Supervision, Validation, Funding Acquisition, Writing – Review & Editing.

Chapter 4 is based on the following paper:

• S. Gupta, O. Jeunen, H. Oosterhuis, and M. de Rijke. Optimal baseline
corrections for off-policy contextual bandits. In RecSys 2024: 18th ACM
Conference on Recommender Systems, pages 722–732. ACM, October 2024.

SG: Conceptualization, Formal Analysis, Investigation, Methodology, Re-
sources, Software, Validation, Writing – Original Draft Preparation. OJ:
Conceptualization, Formal Analysis, Investigation, Methodology, Resources,
Software, Validation, Writing – Original Draft Preparation. HO: Conceptual-
ization, Formal Analysis, Investigation, Methodology, Supervision, Writing
– Review & Editing. MdR: Conceptualization, Methodology, Supervision,
Validation, Funding Acquisition, Writing – Review & Editing.

Chapter 5 is based on the following paper:

• S. Gupta, C. Ahuja, T.-Y. Lin, S. D. Roy, H. Oosterhuis, M. de Rijke, and
S. N. Shukla. A simple and effective reinforcement learning method for
text-to-image diffusion fine-tuning. arXiv preprint arXiv:2503.00897, 2025.

SG: Conceptualization, Formal Analysis, Investigation, Methodology, Re-
sources, Software, Validation, Writing – Original Draft Preparation. CA:
Formal Analysis, Writing – Review & Editing. TYL: Formal Analysis,
Writing – Review & Editing. SDR: Formal Analysis, Writing – Review.
HO: Formal Analysis, Writing – Review & Editing. MdR: Formal Analysis,
Writing – Review & Editing. SNS: Formal Analysis, Funding Acquisition,
Writing – Review & Editing

The writing of the thesis also benefited from work on the following publications:

• S. Gupta, H. Oosterhuis, and M. de Rijke. A deep generative recommenda-
tion method for unbiased learning from implicit feedback. In Proceedings
of the 2023 ACM SIGIR International Conference on Theory of Information
Retrieval, pages 87–93, 2023.

• S. Gupta, H. Oosterhuis, and M. de Rijke. A first look at selection bias in
preference elicitation for recommendation (abstract). In CONSEQUENCES
Workshop at RecSys ’23. ACM, September 2023

• S. Gupta, P. Hager, J. Huang, A. Vardasbi, and H. Oosterhuis. Unbiased
learning to rank: On recent advances and practical applications. In Proceed-
ings of the 17th ACM International Conference on Web Search and Data
Mining, pages 1118–1121, 2024
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• S. Gupta, P. Hager, J. Huang, A. Vardasbi, and H. Oosterhuis. Recent
advances in the foundations and applications of unbiased learning to rank. In
Proceedings of the 46th International ACM SIGIR Conference on Research
and Development in Information Retrieval, pages 3440–3443, 2023

• S. Gupta, P. K. Hager, and H. Oosterhuis. Recent advancements in unbiased
learning to rank. In Proceedings of the 15th Annual Meeting of the Forum
for Information Retrieval Evaluation, pages 145–148, 2023

• H. C. Bakker, S. Gupta, and H. Oosterhuis. A simpler alternative to varia-
tional regularized counterfactual risk minimization. In CONSEQUENCES
Workshop at ACM RecSys ’24, 2024

• S. Gupta, Y. Liao, and M. de Rijke. Towards two staged counterfactual
learning to rank. In Proceedings of the 2025 ACM SIGIR on International
Conference on Innovative Concepts and Theories in Information Retrieval,
2025
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Part I

Safe Deployment in
Learning-to-rank
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2
Safe Deployment for Counterfactual

Learning-to-Rank via Exposure-based
Risk Minimization

The goal of counterfactual learning to rank (CLTR) is to correct for the selection bias in
user interaction data (clicks). It does so by weighting click interactions by the inverse of
the estimated effect of the selection bias. Mathematically, CLTR produces unbiased esti-
mates of the “true” relevance signal from biased click signals, in expectation. However,
it is well-known that CLTR suffers from high-variance problems, which is exacerbated
in the limited logged interaction data size setting [51, 106]. This can lead to unsafe
behavior during deployment, as the deployment of a sub-optimal ranking policy can
have negative effects on the user experience, and subsequently on the business metrics.
To avoid such scenarios, we need a safety mechanism to avoid such detrimental behavior.
This brings us to the first research question:

RQ1 Can safety guarantees be provided for counterfactual LTR policies to ensure that
the new policy is at least as good as the production policy?

In this chapter, we aim to answer this question by first deriving a generalization bound of
the CLTR estimator for the position bias. We show that optimizing for the generalization
bound results in a guarantee that the new ranking policy will be at least as good as the
production/behavior policy.

2.1 Introduction

LTR methods optimize ranking systems so that the resulting ranking behavior maximizes
a given ranking metric [91]. Traditionally, most LTR methods applied a supervised
learning procedure based on manually-created relevance judgements. However, obtain-
ing such judgements is time-consuming, expensive and does not scale [21, 116]. As
an alternative, LTR methods have been developed that rely on clicks, as they are much
cheaper to obtain in abundance in the form of user interaction logs [76].

This chapter was published as [50].
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Despite its low costs, click data is generally strongly affected by different forms
of interaction bias. Interactions with rankings often suffer from position bias [30]: the
position at which an item was shown often affects its click through rate (CTR) more
than its relevance. As a result, the clicks observed in interaction logs are often more
reflective of where items were displayed during logging than how relevant users find
them. Thus, naively using this data for LTR, without corrections, can result in heavily
biased models with suboptimal ranking performance [78, 157].

To mitigate the bias problem in interaction data, the field of CLTR has proposed
methods to mitigate bias with unbiased estimation [78]. CLTR mainly relies on
exposure-based IPS [111, 158], a LTR specific adaptation of the IPS counterfactual
estimation method [58, 77, 148]. Standard exposure-IPS weights clicks by the inverse
effect of position-bias on the clicked item. This procedure thus gives more weight
to clicks on items that are underrepresented due to position-bias, and vice versa. In
expectation, this removes the effect of position-bias from the loss that is optimized.

Unsafe CLTR. Despite enabling unbiased optimization, IPS is also known to suffer
from high variance [78, 107]. Specifically, in cases with a lack of click data or with
large amounts of noise, high variance can make IPS-based CLTR unreliable and lead
to very sub-optimal ranking models [63, 109]. This problem can be so severe that
the learned ranking models can be worse than the model used to log the interaction
data. Deploying such a learned model could thus result in a substantially degraded user
experience. In other words, despite the improvements that IPS-based CLTR can bring, it
is also an unsafe approach since it can lead to considerable deteriorations, under certain
circumstances.

This (un)safety issue is not unique to IPS-based CLTR. Swaminathan and Joachims
[148] address this issue for contextual bandit problems by applying a generalization
bound. Such a bound can provide a high-confidence upper limit on the difference
between the true and estimated performance of a bandit policy [138, 149]. This allows
for safer conservative optimization. For instance, Wu and Wang [165] introduce a bound
based on the divergence between the new policy and the logging policy. This bound
avoids policies that stray away from the logging policy, unless there is strong evidence
that they are actual improvements. This method might appear to be a great fit for
CLTR, but, unfortunately, it is based on action propensities that do not generalize well
to the very large action spaces in CLTR. Therefore, there is a need for a conservative
generalization bound that is practical and effective in the CLTR setting.

Safe CLTR. To address this gap, in this chapter we propose an exposure-based
counterfactual risk minimization (CRM) method that is specifically designed for safe
CLTR. Similar to how exposure-based IPS deals with the large action spaces in ranking
settings, our method is based on an exposure-based alternative to action-based general-
ization bounds. We first introduce a divergence measure based on differences between
the distributions of exposure of a new policy and a safe logging policy. Then we provide
a novel generalization bound and prove that it is a high-confidence lower-bound on
the performance of a learned policy. When uncertain, this bound defaults to preferring
the logging policy and thus avoids decreases in performance due to variance. In other
words, with high-confidence, ranking models optimized with this bound are guaranteed
to never deteriorate the user experience, even when little data is available.
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Main contributions. We are the first to address CRM for CLTR and contribute a novel
exposure-based CRM method for safe CLTR. Our experimental results show that our
proposed method is effective at avoiding initial periods of bad performance when little
date is available, while also maintaining high performance at convergence. Our novel
exposure-based CRM method thus enables safe CLTR that can mitigate many of risks
attached to previous methods.

Accordingly, we hope that our contribution makes the adoption of CLTR methods
more attractive to practitioners working on real-world search and recommendation
systems.

2.2 Related Work

In this section, we review related work on CLTR and CRM in off-policy learning.

2.2.1 Counterfactual learning to rank

LTR is a well-established area of research that deals with learning optimal rankings
to maximize a pre-defined notion of utility [91]. Traditionally, LTR systems were
optimized using supervised learning on manually-created relevance judgements [21].
However, the manual curation of relevance judgements is a time-consuming and costly
process [21, 116]. Moreover, manually-graded relevance signals do not always align
well with actual user preferences [133]. Due to these shortcomings, LTR from user
interactions has become a popular alternative to supervised LTR [22, 75, 78, 141].

Learning from user interactions/click logs was introduced in the pioneering work
of Joachims [76]. Click data is relatively cheap to collect and indicative of actual user
preferences [119]. In spite of these advantages, click data is known to be a noisy and
biased estimate of the true user preferences [30, 111]. Some of the common biases
identified in the LTR literature are position bias [30]: trust bias [4], and item-selection
bias [108].

To counter the effect of bias, Joachims et al. [78] introduced counterfactual learning
in the context of LTR. They proposed the application of inverse propensity scoring
(IPS), a causal inference technique that has prevalence in the offline bandit learning
literature [77]. IPS models the probability of the user examining a document at a given
displayed rank. The inverse of the examination probability, i.e., the inverse propensity,
is used to correct for the position bias. As a result of the inverse weighing scheme,
IPS-based LTR optimization is unaffected by position bias, in expectation [78]. Since its
introduction, there has been an increasing interest in the area, with several application of
IPS in the context of ranking [4, 108, 152, 158]. Recent work has also explored CLTR
under a stochastic logging policy, where some exploration is introduced, as opposed to
pure exploitation [108, 110, 169].

With regard to safety in learning from user interactions, Jagerman et al. [63] intro-
duced the notation of safe exploration for offline contextual bandit algorithms. The
authors introduced safe exploration algorithm (SEA), which applies high-confidence
performance bounds to safely choose between the deployment of a logging policy
and a learned policy. Oosterhuis and de Rijke [109] applied this context to LTR and
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introduced a generalization and specialization framework to safely choose between
a generalized feature-based LTR model, and a specialized tabular LTR model. The
important difference between prior work and our work is that existing methods safely
choose between policies, whereas our method safely optimizes a policy. To the best of
our knowledge, we are the first to consider notion of safety for the optimization of LTR
models.

2.2.2 Counterfactual risk minimization for offline learning from
logs

A relevant area closely related to CLTR is off-policy learning, or offline learning from
bandit feedback data [56, 77, 127, 148]. Off-policy learning tries to bridge the mismatch
between the action distributions of a new policy and the logging policy [77]. The most
common techniques used to achieve that goal are IPS and importance sampling [58].
However, as noted by Cortes et al. [29], the IPS estimator can have unbounded variance,
which can lead to large errors in its estimation. Consequently, optimization with IPS
can result in convergence problems and severely suboptimal policies.

To account for this high-variance problem, Swaminathan and Joachims [148] in-
troduced counterfactual risk minimization (CRM), an off-policy method that explicitly
controls for the variance during off-policy learning from bandit feedback data. Specifi-
cally, their learning objective consists of both the IPS loss and a variance regularization
term, which minimizes the dissimilarity between the two policies. This variance regu-
larization term represents the risk that stems from the variance of the IPS estimation,
however, computing it requires a pass over the entire data which does not scale well.
As a scalable alternative, Wu and Wang [165] introduced variational counterfactual
risk minimization (VCRM), where the authors estimate the risk of the new policy by
random sampling from the logged data. The objective function to be optimized in
the VCRM method is derived from a generic theoretical analysis of learning from
importance sampling [29]. The risk term in the VCRM method is defined in terms of a
specific divergence between the logging policy and the new policy, known as the Rényi
divergence [123]. To the best of our knowledge, there is no existing work on CRM in a
LTR setting, making the work in this chapter the first to propose a CRM approach for
the LTR task.

2.3 Background

2.3.1 Learning to rank
The objective of learning to rank methods is to optimize a ranking policy (π), so that for
user-issued queries (q) it provides the optimal ranking of their pre-selected candidate
document sets (Dq) [91]. Formally, this objective can be expressed as the maximization
of the following utility function:

U(π) = Eq


∑

d∈Dq
ρ(d | q, π)P (R = 1 | d, q)


. (2.1)
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where ρ(d | q, π) is the weight π gives to document d for query q. The choice of ρ de-
termines what metric is optimized, for instance, the well-known normalized discounted
cumulative gain (NDCG) metric [65]:

ρDCG(d | q, π) = Ey∼π(·|q)
[
(log2(rank(d | y) + 1))−1

]
. (2.2)

where y is a ranking sampled from the policy π. For this chapter, the aim is to optimize
the expected number of clicks, the next subsection will explain how we choose ρ
accordingly.

2.3.2 Counterfactual learning to rank
Position bias in clicks. Optimizing the LTR objective in Eq. 2.1 requires access to the
true relevance labels (P (R = 1 | d, q)), which is often impossible in real-world ranking
settings. As an alternative, CLTR uses clicks, since they are present in abundance as
logged user interactions. However, clicks are a biased indicator of relevance; for this
chapter, we will assume the relation between clicks and relevance is determined by a
position-based click model [28, 78]. For a document d displayed in ranking y for query
q, this means the click probability can be decomposed into a rank-based examination
probability and a document-based relevance probability:

P (C = 1 | d, q, y) = P (E = 1 | rank(d | y))P (R = 1 | d, q). (2.3)

The key characteristic of the position-based click model is that the probability of
examination only depends on the rank at which a document is displayed: P (E = 1 |
d, q, y) = P (E = 1 | rank(d | y)). Furthermore, this model assumes that clicks
only take place when a document is both relevant to a user and examined by them.
Consequently, the click signal is an indication of both the relevance and examination of
documents. Thus, the position at which a document is displayed can have a stronger
effect on its click probability than its actual relevance [30].
Inverse-propensity-scoring for CLTR. We assume a setting where N interactions
have been logged using the logging policy π0, for each interaction i the query qi, the
displayed ranking yi, and the clicks ci are logged:

D =
{
qi, yi, ci

}N
i=1

. (2.4)

We will use ci(d) ∈ {0, 1} to denote whether document d was clicked at interaction i.
Furthermore, we choose ρ to match the examination probabilities under π:

ρ(d | q, π) = Ey∼π(·|q)
[
P (E = 1 | rank(d | y))

]
= ρ(d). (2.5)

Hence, our optimization objective U(π) is equal to the expected number of clicks (cf.
Eq. 2.1 and 2.3).

In order to apply IPS, we need the propensity of each document [78], following
Oosterhuis and de Rijke [110] we use:

ρ(d | q, π0) = P (E = 1 | π0, d, q)

= Ey∼π0(·|q)
[
P (E = 1 | rank(d | y))

]

= ρ0(d).
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Thus, the exposure of d represents how likely it is examined when using π0 for logging.
Thereby, it indicates how much the clicks on d underrepresent its relevance. For the
sake of brevity, we drop q, π and π0 from our notation when their values are clear from
the context: i.e., ρ(d | q, π) = ρ(d) and ρ(d | q, π0) = ρ0(d).

The exposure-based IPS estimator takes each click in D and weights it inversely to
ρ0(d) to correct for position-bias [78, 110]:

Û(π) =
1

N

N∑

i=1

∑

d∈Dqi

ρ(d)

ρ0(d)
ci(d). (2.6)

In other words, to compensate that position bias lowers the click probability a document
by a factor of ρ0(d), clicks are weighted by 1/ρ0(d) to correct for this effect in expecta-
tion. As a result, clicks on documents that π0 is likely to show at positions with low
examination probabilities (i.e., the bottom of a ranking) receive a higher IPS weight to
compensate.

Statistical properties of the IPS estimator. The IPS estimator Û(π) (Eq. 2.6) is an
unbiased and consistent estimate of our LTR objective U(π) (Eq. 2.1) [106]. It is
unbiased since its expected value is equal to our objective:

Eq,y,c
[
Û(π)

]
= U(π), (2.7)

and it is consistent because this equivalence also holds in the limit of infinite data:

lim
N→∞

Û(π) = U(π). (2.8)

For proofs of these properties, we refer to previous work [78, 103, 108].
It is important to note that the unbiasedness and consistency properties do not

indicate that the actual IPS estimates will be reliable. The reason for this is that the
estimates produced by IPS are also affected by its variance:

Vary,c

[
Û(π) | q

]
=
∑

d∈Dq

ρ(d)2

ρ0(d)2
Vary,c[c(d) | π0, q]. (2.9)

As we can see, its variance is very large when some propensities are small, due to the
ρ0(d)−2 term. As a result, the actual estimates that IPS produces can contain very large
errors, especially when N is relatively small or clicks are very noisy. In other words,
Û(π) can be far removed from the true U(π), and therefore, optimization with IPS can
be very unsafe and lead to unpredictable results.

2.3.3 Counterfactual risk minimization for offline bandit learning

The foundational work by Swaminathan and Joachims [148] introduced the idea of
counterfactual risk minimization (CRM) for off-policy learning in a contextual bandit
setup. To avoid the negative effects of high-variance with IPS estimation during bandit
optimization, they use a generalization bound through the addition of a risk term [98].
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A B C D E

Ranking 1

A B C D E
1 2 3 4 5 A B C D E

Ranking 2

A C B E D
1 2 3 4 5 A B C D E

Ranking 3

E D C B A
1 2 3 4 5

Figure 2.1: Three rankings and their normalized expected exposure distributions
(Eq. 2.15) based on DCG weights (Eq. 2.2). According to our exposure-based di-
vergence, ranking 1 and ranking 2 are quite similar despite only agreeing on the placing
of document A. In contrast, ranking 1 and ranking 3 also agree on the placement of
a single document (C) but have the highest possible dissimilarity, due to their highly
mismatched exposure distributions.

With a probability of 1− δ, the IPS estimate minus the risk term is a lower bound on
the true utility of the policy:

P
(
U(π) ≥ Û(π)− Risk(δ)

)
> 1− δ. (2.10)

Therefore, optimization of the lower bound can be more reliable than solely optimizing
the IPS estimate (Û(π)), since it provides a high-confidence guarantee that a lower
bound on the true utility of the policy is maximized.

In particular, Swaminathan and Joachims [148] propose using the sample variance
as the risk factor:

Ûaction-CRM(π) = Ûaction(π)− λ
√

1

N
Var
[
Ûaction(π)

]
, (2.11)

where λ ∈ R>0 is an alternative to the δ parameter that also determines how probable it
provides a bound on the true utility. Importantly, this bound is based on an action-based
IPS estimator. For our LTR setting this would translate to:

Ûaction(π) =
1

N

N∑

i=1

π(yi | qi)
π0(yi | qi)

∑

d∈Dqi

ci(d). (2.12)

However, action-based IPS estimation does not work well in the LTR setting because
the very large number of possible rankings result in extremely small action propensities:
π0(yi | qi), which creates a high-variance problem. As discussed in Section 2.3.2,
for this reason CLTR uses exposure-based propensities instead (Eq. 2.6 and 2.6), as
they effectively avoid extremely small values. As a result, the CRM approach by
Swaminathan and Joachims [148] is not effective for CLTR, since the high-variance of
its action-based IPS make the method impractical in the ranking setting.

Another downside of the CRM approach is that the computation of the sample-
variance requires a full-pass over the training dataset, which is computationally costly
for large-scale datasets. As a solution, Wu and Wang [165] introduce variational
CRM (VCRM) which uses an upper bound on the variance term based on the Rényi
divergence between the new policy and the logging policy [123]. This Rényi divergence
is approximated via random sampling, thus making the VCRM method suitable for
stochastic gradient descent-based training methods [102]. Nevertheless, this CRM
approach still relies on action-based propensities, and therefore, does not provide an
effective solution for the high-variance problem in CLTR.
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2.4 A Novel Exposure-Based Generalization Bound
for CLTR

In order to develop a CRM method for CLTR with safety gaurantees, we aim to find a
risk term that gives us a generalization bound as in Eq. 2.10. Importantly, this bound
has to be effective in the LTR setting, therefore, our approach should avoid action-based
propensities.

We take inspiration from previous work by Wu and Wang [165], who use the fact
that the Rényi divergence is an upper bound on the variance of an IPS estimator:

Var
[
Ûaction(π)

]
≤ d2(π ‖π0), (2.13)

where d2 is the exponentiated Rényi divergence between the new policy and the logging
policy [123]:

d2(π ‖π0) = Eq

[∑

y

(
π(y | q)
π0(y | q)

)2

π0(y | q)
]
. (2.14)

In other words, the dissimilarity between the logging policy and a new policy can
be used to bound the variance of the IPS estimate of the new policy’s performance.
However, because this divergence is based on action propensities, it is not effective in
the LTR setting.

This section introduces a novel exposure-based measure of divergence that can
produce a desired generalization bound for LTR optimization. Section 2.4.1 below intro-
duces the concept of normalized exposure that treats rankings as exposure distributions.
Subsequently, Section 2.4.2 proves that Rényi divergence based on normalized exposure
can bound the variance of an exposure-based IPS estimator. Finally, Section 2.4.3 uses
this novel variance bound to construct a proven generalization bound for CLTR.

2.4.1 Normalized expected exposure

Rényi divergence is only valid for probability distributions, e.g., d2(π ‖π0) with π(y | q)
and π0(y | q). However, expected exposure is not a probability distribution, i.e., the
values of ρ(d) (Eq. 2.5) or ρ0(d) (Eq. 2.6) do not necessarily sum up to one, over all
documents to be ranked. This is because users generally examine more than a single
item in a single displayed ranking [30], as a result, expected exposure can be seen as a
distribution of multiple examinations. Our insight is that a valid probability distribution
can be obtained by normalizing the expected exposure:

ρ′(d) =
ρ(d)∑

d′∈D ρ(d′)
=
ρ(d)

Z
, (2.15)
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where the normalization factor is a constant that only depends on K, the (truncated)
ranking length:

Z =
∑

d∈D
ρ(d) =

∑

d∈D
Ey∼π

[
P
(
E = 1 | rank(d | y)

)]

= Ey∼π
[∑

d∈D
P
(
E = 1 | rank(d | y)

)]

= Ey∼π
[ K∑

k=1

P
(
E = 1 | k

)]

=

K∑

k=1

P
(
E = 1 | k

)
.

(2.16)

In this way, Z can be seen as the expected amount of examination that any ranking will
receive, and ρ′ as the probability distribution that indicates how it is expected to spread
over documents.

An important property is that the ratio between two propensities is always equal to
the ratio between their normalized counterparts:

ρ(d)

ρ0(d)
=
ρ′(d)

ρ′0(d)
. (2.17)

This is relevant to IPS estimation since it only requires the ratios between propensities,
the proofs in the remainder of this chapter make use of this property.

Finally, using the normalized expected exposure, we can introduce the exponentiated
exposure-based Rényi divergence:

d2(ρ ‖ ρ0) = Eq
[ ∑

d∈Dq
ρ′0(d)

(
ρ′(d)

ρ′0(d)

)2]
. (2.18)

The key difference between our exposure-based divergence and action-based divergence
is that it allows policies to be very similar, even when they have no overlap in the
rankings they produce. As an intuitive example, Figure 2.1 displays three rankings and
their associated normalized expected exposure distributions; these are the distributions
for deterministic policies that give 100% probability to one of the rankings. Under
action-based divergence, these policies would have the highest possible dissimilarity
since they have no overlap in their possible actions, i.e., the rankings they give non-
zero probability. In contrast, exposure-based divergence gives high similarity between
ranking 1 and ranking 2, since the differences in their exposure distribution are minor.
We note that these rankings still disagree on the placement of all documents except
one. Conversely, for ranking 1 and ranking 3, which also only agree on a single
document placement, exposure-based divergence gives the lowest possible similarity
score because their exposure distributions are highly mismatched. Importantly, by solely
considering differences in exposure distributions, exposure-based divergence naturally
weighs differences at the bottom of rankings as less impactful than changes that affect
the top. As a result, exposure-based divergence more closely corresponds with common
ranking metrics (Eq. 2.1) than existing action-based divergences.
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2.4.2 Exposure-divergence bound on variance

We now provide proof that exposure-based divergence is an upper bound on the variance
of IPS estimators for CLTR.1

Theorem 2.4.1. Given a ranking policy π and logging policy π0, with the expected
exposures ρ(d) and ρ0(d) respectively, the variance of the exposure-based IPS estimate
Û(π) is upper-bounded by exposure-based divergence:

Varq,y,c

[
Û(π)

]
≤ Z

N
d2(ρ ‖ ρ0) +

1

N
. (2.19)

Proof. From the definition of Û(π) (Eq. 2.6) and the assumption that queries q are
independent and identically distributed (i.i.d), the variance of the counterfactual estima-
tor can be expanded by applying the law of total variance as follows:

Varq,y,c

[
Û(π)

]
=

1

N

(
Eq
[
Vary,c

[
Û(π) | q

]]
+ Varq

[
Ey,c

[
Û(π) | q

]])
. (2.20)

The second term (variance over queries) can be expanded as follows:

Varq

[
Ey,c

[
Û(π) | q

]]
= Eq

[
Ey,c

[
Û(π) | q

]2]
− Eq

[
Ey,c

[
Û(π) | q

]]2
(2.21)

≤ Eq
[
Ey,c

[
Û(π) | q

]2]

= Eq
[
[U(π) | q]2

]

≤ 1,

where in the second step, we use the unbiasedness property (Eq. 2.7) of the counterfac-
tual estimator, and use the fact that the true utility is non-zero, i.e., U(π) ≥ 0. In the
last step, we make use of the fact that the true utility is bounded, and is upper bounded
by 1. This is a safe assumption if the utility is normalized, as is the case for: normalized
discounted cumulative gain or click-through rate.

Substituting it back in the counterfactual utility variance (Eq. 2.20), we get:

Varq,y,c

[
Û(π)

]
≤ 1

N

(
Eq
[
Vary,c

[
Û(π) | q

]]
+ 1
)
. (2.22)

Next, since we have assumed a rank-based examination model (Section 2.3.2), the
examinations of documents are independent. This allows us to rewrite the variance
conditioned on a single query:

Vary,c

[
Û(π | q)

]
= Vary,c


∑

d∈Dq

ρ(d)

ρ0(d)
c(d, q)


 (2.23)

1The following proof differs slightly from the original proof published in [50], as we overlooked an
additional constant term in the original paper.
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=
∑

d∈Dq
Vary,c

[
ρ(d)

ρ0(d)
c(d, q)

]

≤
∑

d∈Dq
Ec,y

[(
ρ(d)

ρ0(d)
c(d, q)

)2
]
.

Since: c(d, q)2 = c(d, q), we can further rewrite to:

∑

d∈Dq
Ec,y

[(
ρ(d)

ρ0(d)
c(d, q)

)2
]

=
∑

d∈Dq
Ec,y

[(
ρ(d)

ρ0(d)

)2

c(d, q)

]
(2.24)

=
∑

d∈Dq

(
ρ(d)

ρ0(d)

)2

P (C = 1 | d, q, π0).

Next, we use Eq. 2.3 and 2.6 to substitute the click probability; subsequently, we replace
the examination propensities with normalized counterparts using Eq. 2.15 and 2.17; and
lastly, we upper bound the result using the fact that P (R = 1|d, q) ≤ 1:

∑

d∈Dq
Ec,y

[(
ρ(d)

ρ0(d)
c(d, q)

)2
]

=
∑

d∈Dq
ρ0(d)

(
ρ(d)

ρ0(d)

)2

P (R = 1 | d, q)

=
∑

d∈Dq
Z ρ′0(d)

(
ρ′(d)

ρ′0(d)

)2

P (R = 1|d, q)

≤ Z
∑

d∈Dq
ρ′0(d)

(
ρ′(d)

ρ′0(d)

)2

.

(2.25)

Finally, we place this upper bound for a single query back into the expectation over all
queries (Eq. 2.20):

1

N
Eq
[
Vary,c

[
Û(π) | q

]]
≤ Z

N
Eq
[ ∑

d∈Dq
ρ′0(d)

(
ρ′(d)

ρ′0(d)

)2]
. (2.26)

Therefore, by Eq. 2.20, 2.26, 2.22, and the definition of exposure-based divergence in
Eq. 2.18, it is a proven upper bound of the variance.

2.4.3 Exposure-divergence bound on performance

Using the upper bound on the variance of an CLTR IPS estimator that was proven in
Theorem 2.4.1, we can now introduce a generalization bound for the CLTR estimator.

Theorem 2.4.2. Given the true utility U(π) (Eq. 2.1) and its exposure-based IPS
estimate Û(π) (Eq. 2.6), for the ranking policy π and the logging policy π0 with
expected exposures ρ(d) and ρ0(d), respectively, the following generalization bound
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holds with probability 1− δ:2

U(π) ≥ Û(π)−
√

Z

N

(1− δ
δ

)
d2(ρ ‖ ρ0)−

√
1

N

(1− δ
δ

)
. (2.27)

Proof. As per Cantelli’s inequality [42], given an estimator X̂ with the expected value
E[X̂] and variance Var[X̂], the following tail-bound holds:

P (X̂ − E[X̂] ≥ λ) ≤ Var[X̂]

Var[X̂] + λ2
. (2.28)

Since λ > 0 is a free parameter, we can define δ such that:

δ =
Var[X̂]

Var[X̂] + λ2
, λ =

√
1− δ
δ

Var[X̂]. (2.29)

Consequently, the following inequality holds:

P (E[X̂] ≥ X̂ − λ) ≥ 1− δ. (2.30)

Building on this inequality, the following inequality must hold with probability 1− δ:

U(π) ≥ Û(π)−
√

1− δ
δ

Varq,y,c

[
Û(π)

]
. (2.31)

Next, we replace the variance with the upper bound from Theorem 2.4.1, which results
in the following bound:

U(π) ≥ Û(π)−
√

Z

N

(1− δ
δ

)
d2(ρ ‖ ρ0) +

(1− δ
δN

)
. (2.32)

By applying the Cauchy–Schwarz inequality, we get:

U(π) ≥ Û(π)−
√

Z

N

(1− δ
δ

)
d2(ρ ‖ ρ0)−

√
1

N

(1− δ
δ

)
. (2.33)

This completes the proof.

Risk in CLTR. Based on the generalization bound proposed in Theorem 2.4.2, we

see that it proposes the following measure of risk: Risk(δ) =
√

Z
N

(
1−δ
δ

)
d2(ρ ‖ ρ0) (cf.

Eq. 2.10). Clearly, this risk is mostly determined by the exposure-based divergence
between the new policy and the logging policy. Thereby, it states that the greater the
difference between how exposure is spread over documents by the logging policy and
the new policy, the higher the risk involved. Therefore, to optimize this lower bound,
one has to balance the maximization of the estimated utility Û(π) and the minimization
of risk by not letting π differ too much from π0 in terms of exposure.

2The following proof differs slightly from the original proof published in [50], as we overlooked an
additional constant term in the original paper.
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Policy for IPS with Action-based Risk

Policy for IPS without Risk

Figure 2.2: Example comparison of the optimal policy for a single logged click accord-
ing to three different risk estimators.

Furthermore, we see that our measure of risk diminishes as N increases. As a result,
the risk term will overwhelm the IPS term when N is very low, as there is much risk
involved when estimating based on a few interactions. Conversely, when N is very
large, the risk term mostly disappears, as the IPS estimate is more reliable when based
on large numbers of interactions. Thus, during optimization, the generalization bound
is expected to mostly help with avoiding initial decreases in performance, while still
converging at the same place as the standard IPS estimator.

Lastly, the δ parameter determines the safety that is provided by the risk, where a
lower δ makes it more likely that the generalization bound holds. Accordingly, as δ
increases the risk term becomes smaller and will thus have less effect on optimization.

To the best of our knowledge, this is the first exposure-based generalization bound,
which makes it the first method designed for safe optimization in the CLTR setting.

Illustrative comparison. To emphasize the working and novelty of our exposure-based
risk, a comparison of the optimal policies for action-based risk, exposure-based risk,
and no risk are shown in Figure 2.2. We see that IPS without a risk term places the
once-clicked document at the first position, with 100% probability. This is very risky,
as it greatly impacts the ranking while only being based on a single observation. The
action-based risk tries to mitigate this risk with a probabilistic policy that gives most
probability to the logging policy ranking (90%) and the remainder to the IPS ranking
(10%). In contrast, with exposure-based risk, the optimal policy makes the risk and
utility trade-off in a single ranking, that mostly follows the logging policy but places
the clicked document slightly higher.

This example illustrates that because action-based risk does not have a similarity
measure between rankings, it can only produce a probabilistic interpolation between the
logging policy and IPS rankings. Alternatively, because exposure-based risk does have
such a measure, it produces a ranking that is neither the logging ranking nor the IPS
ranking, but one with an exposure distribution that is similar to both. Thereby, exposure-
based risk has a more elegant and natural method of balancing utility maximization and
risk minimization in the CLTR setting.
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2.5 A Novel Counterfactual Risk Minimization Method
for LTR

Now that we have the proven generalization bound described in Section 2.4.3 (Theo-
rem 2.4.2), we can propose a novel risk-aware CLTR method for optimizing it. Accord-
ingly, the aim of our method is to find the policy that maximizes this high-confidence
lower bound on the true performance. In formal terms, we have the following optimiza-
tion problem:

max
π

Û(π)−
√

Z

N

(1− δ
δ

)
d2(ρ ‖ ρ0). (2.34)

Note that we ignore the term
√

1
N

(
1−δ
δ

)
, since it is constant with respect to the policy

π, and therefore can be disregarded for optimization purposes. We propose to train
a stochastic policy π via stochastic gradient descent, therefore, we need to derive the
gradient and find a method of computing it. For the computation of the gradient w.r.t.
the utility Û(π), the first part of Eq. 2.34, we refer to several prior work that discusses
this topic extensively [104, 108, 169]. Thus, we can focus our attention on the second
part of Eq. 2.34:

∇π
√

Z

N

(1− δ
δ

)
d2(ρ ‖ ρ0) =

√
Z(1− δ)

4Nδd2(ρ ‖ ρ0)
∇πd2(ρ ‖ ρ0). (2.35)

To derive the gradient of the exposure-based divergence function, we use the relation
between ρ and ρ′ from Eq. 2.16 and 2.17:

∇πd2(ρ ‖ ρ0) = ∇πEq
[ ∑

d∈Dq
ρ′0(d)

(
ρ′(d)

ρ′0(d)

)2]

=
2

Z
Eq
[∑

d∈Dq

ρ(d)

ρ0(d)
∇πρ(d)

]
.

(2.36)

Thus, we only need the gradient w.r.t. the exposure of a document (∇πρ(d)) to complete
our derivation. If π is a Plackett-Luce (PL) ranking model, one can make use of the
specialized gradient computation algorithm from [104]. However, for this chapter, we
will not make further assumptions about π and apply the more general log-derivate trick
from the REINFORCE algorithm [164]:

∇πρ(d) = Ey∼π
[
P
(
E = 1 | rank(d | y)

)]
∇π log π(y). (2.37)

Putting all of the previous elements back together, gives us the gradient w.r.t. the
exposure-based risk function:

√
1− δ

Nδ Z d2(ρ ‖ ρ0)
Eq,y∼π

[(
K∑

k=1

ρ(yk)

ρ0(yk)
P (E = 1| k)

)
∇πlog π(y)

]
, (2.38)
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where yk is the document at rank k in ranking y. For a close approximation of this
gradient, we substitute the gradient with the queries from the given dataset, and the
rankings sampled from π during optimization [104, 164].

Similarly, since the exact computation of is d2(ρ ‖ ρ0) infeasible in practice, we
introduce a sample-based empirical divergence estimator:

d̂2(ρ || ρ0) =
1

N

N∑

i=1

∑

d∈Dqi

ρ′0(d)

(
ρ′(d)

ρ′0(d)

)2

. (2.39)

This is an unbiased estimate of the true divergence given that the sampling process is
truly Monte Carlo [64].

2.6 Experimental Setup

For our experiments, we follow the semi-synthetic experimental setup that is common in
the CLTR literature [78, 109, 110, 152]. We make use of the three largest publicly avail-
able LTR datasets: Yahoo! Webscope [21], MSLR-WEB30k [115], and Istella [31]. The
datasets consist of queries, a preselected list of documents per query, query-document
feature vectors, and manually-graded relevance judgements for each query-document
pair. To generate clicks, we follow previous work [109, 110, 152] and train a logging
policy on a 3% fraction of the relevance judgements. This simulates a real-world setting,
where a production ranker trained on manual judgements is used to collect click logs,
which can then be used for subsequent click-based optimization. Typically, in real-world
ranking settings, given that the production ranker is used on live-traffic, it is deemed as
a safe policy that can be trusted with real users.

We simulate a top-K ranking setup [108] where five documents are presented at
once. Clicks are generated with our assumed click model (Eq. 2.3) and the following
rank-based position-bias:

P (E = 1 | q, d, y) =





(
1

rank(d|y)

)2

if rank(d | y) ≤ 5,

0 otherwise.
(2.40)

In real-world click data, the observed CTR is typically very low [24, 87, 129]; hence,
to simulate such a sparse click settings, we apply the following transformation from
relevance judgements to relevance probabilities:

P (R = 1 | q, d) = 0.025 ∗ rel(q, d) + 0.2, (2.41)

where rel(q, d) ∈ {0, 1, 2, 3, 4} is the relevance judgement for the query-document pair
and 0.2 is added as click noise. During training, the only available data consists of
clicks generated on the training and validation sets, no baseline method has access to
the underlying relevance judgements (except the skyline).

Furthermore, we assume a setting where the exact logging policy is not available
during training. As a result, the ρ̂0 propensities have to estimated, we use a simple
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frequency estimate following [110]:

ρ̂0(d) =

N∑

i=1

1
[
q = qi

]
∑N
j=1 1

[
q = qj

]P
(
E = 1 | rank(d | yi)

)
. (2.42)

For the action-based baselines, the action propensities π̂0(y | q) are similarly estimated
based on observed frequencies:

π̂0(y | q) =

K−1∏

k=1

π̂0(yk | q), π̂0(yk | q) =

N∑

j=1

1
[
yk = yj ]∑N

j=1 1
[
q = qj

] , (2.43)

where π̂0(yk | q) is the estimated probability of d appearing at rank k for query q. As is
common in CLTR [78, 103, 127], we clip propensities by 10/

√
N in the training set, to

reduce variance, but not in the validation set.
We optimize neural PL ranking models [104] with early stopping based on validation

clicks to prevent overfitting. For the REINFORCE policy-gradient, we follow [169] and
use the average reward per query as a control-variate for variance reduction.

As our evaluation metric, we compute NDCG@5 metric using the relevance judge-
ments on the test split of each dataset [65]. All reported results are averages over ten
independent runs, significant testing is performed with a two-sided student-t test.

Finally, the following methods are included in our comparisons:

(i) Naive. As the most basic baseline, we train on the generated clicks without any
correction (equivalent to ∀d, ρ0(d) = 1).

(ii) Skyline. To compare with the highest possible performance, this baseline is
trained on the actual relevance judgements.

(iii) Action-based IPS. Standard IPS estimation (Eq. 2.12) that is not designed for
ranking and thus uses action-based propensities.

(iv) Action-based CRM. Standard CRM (Eq. 2.11) that is also not designed for
ranking, for the risk function we use the action-based divergence function in
Eq. 2.14.

(v) Exposure-based IPS. The IPS estimator designed for CLTR with exposure-based
propensities (Eq. 2.6). The most important baseline, as it is the prevalent approach
in the field [108, 110].

(vi) Exposure-based CRM. Our proposed CRM method (Eq. 2.34) using a risk func-
tion based on exposure-based divergence.

2.7 Results and Discussion

2.7.1 Comparison with baseline methods
The main results of our experimental comparison are presented in Figure 2.3 and 2.4,
and Table 2.1 and 2.2. Figure 2.3 and 2.4 display the performance curves of the different
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Figure 2.3: Performance in NDCG@5 of various IPS and CRM methods for CLTR on
Yahoo! Webscope and MSLR-WEB30k datasets. The top-row presents the results when
the size of the training data is varied from 102 to 109. The bottom-row is a zoomed-in
view, focusing on the low-data region from 102 to 105. Results are averages over 10
runs; shaded areas indicate 80% confidence intervals.

methods as the number of logged interactions (N ) increases. Table 2.1 and 2.2 present
the performance at N ∈ {4 · 102, 4 · 107, 109} and indicate whether the observed
differences with our exposure-based CRM method are statistically significant.

We start by considering the performance curves in Figure 2.3 and 2.4. We see
that both the action-based and exposure-based IPS baselines have an initial period of
very similar performance that is far below the logging policy. Around N ≈ 104 their
performance is comparable to the logging policy, and finally at N = 109 the exposure-
based IPS has reached optimal performance, while the performance of action-based
IPS is still far from optimal. We can attribute this initial poor performance to the
high variance problem of IPS estimation; when N is small, variance is at its highest,
resulting in risky and sub-optimal optimization by the IPS estimators. However, even
when N = 109, the variance of the action-based IPS estimator is too high to reach
optimal performance, due to its extremely small propensities. This illustrates why the
introduction of exposure-based propensities was so important to the CLTR field, and
that even exposure-based IPS produces unsafe optimization when little data is available
or variance from interactions is high.

Next, we consider whether action-based CRM is able to mitigate the high variance
problem of action-based IPS. Despite being a proven generalization bound, Figure 2.3
and 2.4 clearly show us that action-based CRM only leads to decreases in performance
compared to its IPS counterpart. It appears that this happens because the logging policy
is not available in our setup, and the propensities have to be estimated from logged
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Figure 2.4: Performance in NDCG@5 of various IPS and CRM methods for CLTR on
the Istella dataset. The top-row presents the results when the size of the training data is
varied from 102 to 109. The bottom-row is a zoomed-in view, focusing on the low-data
region from 102 to 105. Results are averages over 10 runs; shaded areas indicate 80%
confidence intervals.

data. Consequently, the action-based risk pushes the optimization to mimic the exact
rankings that were observed during logging. Thus, due to the variance introduced from
the sampling of rankings from the logging policy, it appears that action-based CRM has
an even higher variance problem than action-based IPS. As expected, our results thus
clearly indicate that action-based CRM is also unsuited for the CLTR setting, to our
surprise; it is substantially worse than its IPS counterpart.

Finally, we examine the performance of our novel exposure-based CRM method.
Similar to the other methods, there is an initial period of low performance, but in
stark contrast, this period ends very quickly; on Yahoo! logging policy performance
is reached when N ≈ 125, on MSLR-WEB30k when N ≈ 350 and on Istella when
N ≈ 400. For comparison, exposure-based IPS needs N ≈ 1100 on Yahoo!, N ≈ 104

on MLSR-WEB30k and N ≈ 1.1 · 104 on Istella to do the same; meaning that our
CRM method needs roughly 89%, 97% and 97% fewer interactions, respectively. In
addition, Table 2.1 and 2.2 indicate that the logging policy performance is matched on all
datasets whenN = 400 by exposure-based CRM, where it also outperforms all baseline
methods. We note that there is still an initial period of low performance, because the
logging policy is unavailable at training, and thus, its behavior still has to be estimated
from logged interactions. It is possible that in settings where the logging policy is fully
known during training, this initial period is eliminated entirely. Nevertheless, our results
show that exposure-based CRM reduces the initial periods of poor performance due to
variance by an enormous magnitude.

28



2.7. Results and Discussion

Table 2.1: NDCG@5 performance for Yahoo! Webscope and MSLR-WEB30k datasets under
different settings for several values of N , the number of logged interactions in the simulated
training set. Values are averages over 10 independent runs on the held-out test sets; bold figures
mark the highest score. Differences from the exposure-based CRM are assessed with a two-
sided Student’s t-test: H denotes significantly lower (p< 0.01), while ? indicates no significant
difference.

Yahoo! Webscope MSLR-WEB30k

N = 4·102 N = 4·107 N = 109 N = 4·102 N = 4·107 N = 109

Logging 0.677 0.677 0.677 0.435 0.435 0.435
Skyline 0.727 0.727 0.727 0.479 0.479 0.479

Naive 0.652 (0.021)H 0.694 (0.000)H 0.695 (0.000)H 0.353 (0.003)H 0.448 (0.000)H 0.448 (0.001)H

Action IPS 0.656 (0.008)H 0.701 (0.001)H 0.701 (0.001)H 0.359 (0.007)H 0.448 (0.001)H 0.448 (0.001)H

Action CRM 0.617 (0.004)H 0.698 (0.001)H 0.700 (0.001)H 0.359 (0.005)H 0.448 (0.001)H 0.449 (0.001)H

Exp. IPS 0.659 (0.010)H 0.723 (0.001)? 0.730 (0.001)? 0.389 (0.014)H 0.474 (0.001)? 0.481 (0.001)?

Exp. CRM 0.677 (0.001) 0.723 (0.001) 0.730 (0.000) 0.434 (0.001) 0.473 (0.001) 0.480 (0.001)

Table 2.2: NDCG@5 performance for Istella dataset under different settings for several values
of N , the number of logged interactions in the simulated training set. Reported numbers are
averages over 10 independent runs evaluated on the held-out test-sets; bold numbers indicate
the highest performance. Statistical significance for differences with the exposure-based CRM
are measured via a two-sided student-t test: H indicates methods with significantly lower NDCG
(p < 0.01), and ? no significant difference.

Istella

N = 4 · 102 N = 4 · 107 N = 109

Logging 0.635 0.635 0.635
Skyline 0.714 0.714 0.714

Naive 0.583 (0.007)H 0.661 (0.001)H 0.661 (0.001)H

Action IPS 0.578 (0.004)H 0.671 (0.001)H 0.671 (0.002)H

Action CRM 0.449 (0.013)H 0.668 (0.002)H 0.672 (0.001)H

Exp. IPS 0.576 (0.010)H 0.696 (0.001)? 0.706 (0.001)?

Exp. CRM 0.635 (0.001) 0.695 (0.001) 0.706 (0.001)

Furthermore, while the initial period is clearly improved, we should also consider
whether there is a trade-off with the rate of convergence. Surprisingly, Figure 2.3
and 2.4 do not display any noticeable decrease in performance when compared with
exposure-based IPS. Moreover, Table 2.1 and 2.2 show the differences between exposure-
based IPS and CRM are barely measurable and not statistically significant when N ∈
{4 · 107, 109}. We know from the risk formulation in Eq. 2.34 that the weight of the
risk term decreases as N increases at a rate of 1/

√
N . In other words, the more data is

available, the more optimization is able to diverge from the logging policy. It appears
that this balances utility maximization and risk minimization so well that we are unable
to observe any downside of applying exposure-based CRM instead of IPS. Therefore,
we conclude that, compared to all baseline methods and across all datasets, exposure-
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Figure 2.5: Performance of CRM methods with varying confidence parameters (δ) on
Yahoo! Webscope and MSLR-WEB30k datasets. Top-row: action-based CRM baseline;
bottom-row: our exposure-based CRM method. Results are averages of 10 runs; shaded
areas indicate 80% confidence intervals.

based CRM drastically reduces the initial period of low performance, matches the best
rate of convergence of all baseline, and has optimal performance at convergence.

2.7.2 Ablation study on the confidence parameter

To gain insights into how the confidence parameter δ affects the trade-off between
safety and utility, an ablation study over various δ values was performed for both CRM
methods.

The top-rows of Figure 2.5 and 2.6 show us the performance of action-based CRM,
and contrary to expectation, a decrease in δ corresponds to a considerably worse
performance. For the sake of clarity, in theory, δ is inversely tied to safety, a lower δ
should result in less divergence from the safe logging policy [109]. Conversely, we
see that action-based CRM displays the opposite trend. We think this further confirms
our hypothesis that a frequency estimate of action-based divergence has an even higher
variance problem than action-based IPS. Consequently, a higher weight to the risk
function results in worse performance. This further confirms our previous conclusion
that action-based CRM is unsuited for the CLTR setting, regardless of how the δ
parameter is tuned.

In contrast, the bottom-rows of Figure 2.5 and 2.6 display the expected trend for
exposure-based CRM; as δ decreases the resulting performance gets closer to the
logging policy. With δ = 0.1, CRM performs extremely close to its IPS counterpart,
as optimization is less constrained to mimic the logging policy here. Decreasing δ
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Figure 2.6: Performance of CRM methods with varying confidence parameters (δ) on the
Istella dataset. Top-row: action-based CRM baseline; bottom-row: our exposure-based
CRM method. Results are averages of 10 runs; shaded areas indicate 80% confidence
intervals.

appears to have diminishing returns, as the difference between δ = 10−4 and δ = 10−5

is marginal. Importantly, we do not observe any downsides to setting δ = 10−5, thus
we have not reached a point in our experiments where δ is set too conservatively. This
suggests that exposure-based CRM is very robust to the setting of the δ parameter, and
that a sufficiently low δ does not require fine-tuning. Therefore, this shows that the
improvements we observed when comparing with baseline methods, did not stem from
a fine-tuning of δ. Thus, we can conclude that this robustness further increases the
safety that is provided by exposure-based CRM, as there is also little risk involved in
the tuning of the δ parameter.

2.8 Conclusion

In this chapter, we introduced the first counterfactual risk minimization (CRM) method
designed for CLTR, that relies on a novel exposure-based divergence function. In
contrast with existing action-based CRM methods, exposure-based divergence avoids
the problem of the enormous combinatorial action space when ranking, by measuring
the dissimilarity between policies based on how they distribute exposure to documents.
As a result, exposure-based CRM optimization produces policies that rank similar to the
logging policy when it is risky to follow IPS, i.e., when little data is available or variance
is very high. Consequently, our experimental results show that it almost completely
removes initial periods of detrimental performance; to be precise, our method needed
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2. Safe Deployment for Counterfactual Learning-to-Rank

89% to 97% fewer interactions than state-of-the-art IPS to match production system
performance. Importantly, we observed no downsides in its application, as it maintained
the same rate and point of convergence as IPS, in all tested experimental settings.
Therefore, we conclude that our exposure-based CRM method provides the safest
CLTR methods so far, as it almost completely alleviates the risk of decreasing the
performance of a production system.

These improvements have big implications for practitioners who work on ranking
systems in real-world settings, since the almost complete reduction of initial detrimental
performance removes the main risks involved in applying CLTR. In other words, when
applying our novel exposure-based CRM, practitioners can have significantly less worry
that the resulting policy will perform worse than their production system and hurt user
experience.

In this chapter, we answer the broad research question (RQ1) in affirmative. We
derived a generalization bound for the counterfactual LTR estimator, establishing a
lower bound on the true ranking utility. We then demonstrate that optimizing this lower
bound ensures safety, i.e., the resulting ranking policy after optimizing the lower bound
is no worse than the current production policy. In practice, this property is useful when
click data is scarce, mitigating the risk of deploying potentially harmful policies, thereby
ensuring safe deployment.

The safety method presented in this chapter depends on the assumed user model
(position-based click model), and relies on the assumption that user interaction data will
follow the click model. In settings where user interactions do not follow the assumed
user model, the safety guarantees will not hold. In the next chapter, we will discuss a
method that guarantees safety even under adversarial user behavior settings.
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3
Practical and Robust Safety Guarantees

for Advanced Counterfactual
Learning-to-Rank

In Chapter 2, we presented a safe counterfactual LTR method that guarantees safe
deployment by optimizing a lower confidence bound on the true ranking utility. By
optimizing the lower confidence bound on the true ranking utility via exposure-based
risk minimization, is it guaranteed that the new ranking policy will be at least as good
as the production/logging ranking policy. However, these safety guarantees depend
critically on assumptions regarding user behavior, i.e., the assumed click model. If the
user behavior deviates from the assumed click model, the safety guarantees will be
invalidated; which motivates the following research question:

RQ2 Can we provide robust safety guarantees for counterfactual LTR policies even
under adversarial user behavior settings?

In this chapter, we introduce PRPO, a novel safe deployment method ensuring safety for
counterfactual LTR without reliance on user behavior assumptions, guaranteeing robust
safety even under adversarial conditions. Further, we extend the safety guarantees from
position-based click model and IPS estimator introduced in Chapter 3 to trust-bias click
model [4, 152] and doubly robust counterfactual estimator [107].

3.1 Introduction

CLTR [51, 78, 103, 157] concerns the optimization of ranking systems based on user
interaction data using LTR methods [91]. A main advantage of CLTR is that it does not
require manual relevance labels, which are costly to produce [21, 116] and often do not
align with actual user preferences [132]. Nevertheless, CLTR also brings significant
challenges since user interactions only provide a heavily biased form of implicit feed-
back [51]. User clicks are affected by many different factors, for example, the position
at which an item is displayed in a ranking [30, 158]. Thus, click frequencies provide

This chapter was published as [53].
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3. Safety Guarantees for Advanced Counterfactual Learning-to-Rank

a biased indication of relevance, that is often more representative of how an item was
displayed than actual user preferences [4, 157].

To correct for this bias, early CLTR applied IPS, which weights clicks inversely to
the estimated effect of position bias [78, 157]. Later work expanded this approach to
correct for other forms of bias, e.g., item-selection bias [108, 112] and trust bias [4, 152],
and more advanced doubly robust (DR) estimation [107]. Using these methods, standard
CLTR aims to create an unbiased estimate of relevance (or user preference) from click
frequencies. In other words, their goal is to output an estimate per document with an
expected value that is equal to their relevance.

However, unbiased estimates of CLTR have their limitations. Firstly, they assume a
model of user behavior and require an accurate estimate of this model. If the assumed
model is incorrect [108, 152] or its estimated parameters are inaccurate [78, 107], then
their unbiasedness is not guaranteed. Secondly, even when unbiased, the estimates are
subject to variance [106]. As a result, the actual estimated values are often erroneous,
especially when the available data is sparse [50, 107]. Accordingly, unbiased CLTR
does not guarantee that the ranking models it produces have optimal performance [106].

Safe counterfactual learning to rank. There are risks involved in applying CLTR in
practice. In particular, there is a substantial risk that a learned ranking model is deployed
that degrades performance compared to the previous production system [50, 63, 109].
This can have negative consequences to important business metrics, making CLTR less
attractive to practitioners. To remedy this issue, a safe CLTR approach was proposed by
Gupta et al. [50]; see Chapter 2. Their approach builds on IPS-based CLTR and adds
exposure-based risk regularization, which keeps the learned model from deviating too
much from a given safe model. Thereby, under the assumption of a position-biased user
model, the safe CLTR approach can guarantee an upper bound on the probability of the
model being worse than the safe model.

Limitations of the current safe CLTR method. Whilst safe CLTR is an important
contribution to the field, it has two severe limitations – both are addressed by this
chapter. Firstly, the existing approach is only applicable to IPS estimation, which is no
longer the state-of-the-art in the field [51], and it assumes a rank-based position bias
model [30, 157], the most basic user behavior model in the field. Secondly, because its
guarantees rely on assumptions about user behavior, it can only provide a conditional
notion of safety. Moreover, since user behavior can be extremely heterogeneous, it
is unclear whether a practitioner could even determine whether the safety guarantees
would apply to their application.

Main contributions. Our first contribution in this chapter addresses the mismatch
between the existing safe CLTR approach and recent advances in CLTR. We propose
a novel generalization of the exposure-based regularization term that provides safety
guarantees for both IPS and DR estimation, also under more complex models of user
behavior that cover both position and trust bias. Our experimental results show that our
novel method reaches higher levels of performance significantly faster, while avoiding
any notable decreases of performance. This is especially beneficial since DR is known
to have detrimental performance when very little data is available [107].

Our second contribution in this chapter provides an unconditional notion of safety.
We take inspiration from advances in reinforcement learning (RL) [89, 117, 137, 160,
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161] and propose the novel proximal ranking policy optimization (PRPO) method.
PRPO removes incentives for LTR methods to rank documents too much higher than a
given safe ranking model would. Thereby, PRPO imposes a limit on the performance
difference between a learned model and a safe model, in terms of standard ranking met-
rics. Importantly, PRPO is easily applicable to any gradient-descent-based LTR method,
and makes no assumptions about user behavior. In our experiments, PRPO prevents
any notable decrease in performance even under extremely adversarial circumstances,
where other methods fail. Therefore, we believe PRPO is the first unconditionally safe
LTR method.

Together, our contributions in this chapter bring important advances to the theory
of safe CLTR, by proposing a significant generalization of the existing approach with
theoretical guarantees, and the practical appeal of CLTR, with the first robustly safe
LTR method: PRPO. All source code to reproduce our experimental results is available
at: https://github.com/shashankg7/cikm-safeultr.

3.2 Related Work

Counterfactual learning to rank. Joachims et al. [78] introduced the first method
for CLTR, a LTR specific adaptation of IPS from the bandit literature [48, 49, 52, 77,
127, 148] to correct for position bias. They weight each user interaction according to
the inverse of its examination probability, i.e., its inverse propensity, during learning to
correct for the position bias in the logged data. This weighting will remove the effect of
position bias from the final ranking policy. Oosterhuis and de Rijke [108] extended this
method for the top-K ranking setting with item-selection bias, where any item placed
outside the top-K positions gets zero exposure probability, i.e., an extreme form of
position bias. They proposed a policy-aware propensity estimator, where the propensity
weights used in IPS are conditioned on the logging policy used to collect the data.

Agarwal et al. [4] introduced an extension of IPS, known as Bayes-IPS, to correct
for trust bias, an extension of position-bias, with false-positive clicks at the higher
ranks, because of the users’ trust in the search engine. Vardasbi et al. [152] proved
that Bayes-IPS cannot correct for trust bias and introduced an affine-correction method
and unbiased estimator. Oosterhuis and de Rijke [110] combined the affine-correction
with a policy-aware propensity estimator to correct for trust bias and item-selection
bias simultaneously. Recently, Oosterhuis [107] introduced a DR-estimator for CLTR,
which combines the existing IPS-estimator with a regression model to overcome some
of the challenges with the IPS-estimator. The proposed DR-estimator corrects for
item-selection and trust biases, with lower variance and improved sample complexity.

Safe policy learning from user interactions. In the context of offline evaluation
for contextual bandits, Thomas et al. [149] introduced a high-confidence off-policy
evaluation framework. A confidence interval is defined around the empirical off-policy
estimates, and there is a high probability that the true utility can be found in the
interval. Jagerman et al. [63] extended this framework for safe deployment in the
contextual bandit learning setup. The authors introduce a SEA method that selects
with high confidence between a safe behavior policy and the newly learned policy.
In the context of LTR, Oosterhuis and de Rijke [109] introduced the generalization
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and specialization (GENSPEC) method, which safely selects between a feature-based
and tabular LTR model. For off-policy learning, Swaminathan and Joachims [148]
introduced a CRM framework for the contextual bandit setup. They modify the IPS
objective for bandits to include a regularization term, which explicitly controls for the
variance of the IPS-estimator during learning, thereby overcoming some of the problems
with the high-variance of IPS. Wu and Wang [165] extended the CRM framework by
using a risk regularization, which penalizes mismatches in the action probabilities under
the new policy and the behavior policy. In the previous chapter (Chapter 2) we made
this general safe deployment framework effective in the LTR setting. We proposed
an exposure-based risk regularization method where the difference in the document
exposure distribution under the new and logging policies is penalized. When click data
is limited, risk regularization ensures that the performance of the new policy is similar
to the logging policy, ensuring safety.

To the best of our knowledge, the methodology proposed in Chapter 2 is the only
method for safe policy learning in the LTR setting. While it guarantees safe ranking
policy optimization, it has two main limitations:

(i) It is only applicable to the IPS estimator; and

(ii) It is only applicable under the position-based click model assumption, the most
basic click model in the CLTR literature [51, 78, 103].

Proximal policy optimization. In the broader context of RL, proximal policy opti-
mization (PPO) was introduced as a policy gradient method for training RL agents
to maximize long-term rewards [89, 117, 137, 160, 161]. PPO clips the importance
sampling ratio of action probability under the new policy and the current behavior policy,
and thereby, it prevents the new policy to deviate from the behavior policy by more than
a certain margin. PPO is not directly applicable to LTR, for the same reasons that the
CRM framework is not: the combinatorial action space of LTR leads to extremely small
propensities that PPO cannot effectively manage [50].

3.3 Background

3.3.1 Learning to rank

The goal in LTR is to find a ranking policy (π) that optimizes a given ranking metric [91].
Formally, given a set of documents (D), a distribution of queries Q, and the true
relevance function (P (R = 1 | d)), LTR aims to maximize the following utility
function:

U(π) =
∑

q∈Q
P (q | Q)

∑

d∈D
ω(d | π) P (R = 1 | d), (3.1)

where ω(d | π) is the weight of the document for a given policy π. The weight can
be set accordingly to optimize for a given ranking objective, for example, setting the
weight to:

ωDCG(d | q, π) = Ey∼π(·|q)
[
(log2(rank(d | y) + 1))−1

]
, (3.2)
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optimizes discounted cumulative gain (DCG) [65]. For this chapter, we aim to optimize
the expected number of clicks, so we set the weight accordingly [50, 107, 169].

3.3.2 Assumptions about user click behavior

The optimization of the true utility function (Eq. 3.1) requires access to the document
relevance (P (R = 1 | d)). In the CLTR setting, the relevances of documents are not
available, and instead, click interaction data is used to estimate them [78, 103, 157].
However, naively using clicks to optimize a ranking system can lead to sub-optimal
ranking policies, as clicks are a biased indicator of relevance [28, 30, 76, 78]. CLTR
work with theoretical guarantees starts by assuming a model of user behavior. The
earliest CLTR works [78, 157] assume a basic model originally proposed by Craswell
et al. [30]:

Assumption 3.3.1 (The rank-based position bias model). The probability of a click on
document d at position k is the product of the rank-based examination probability and
document relevance:

P (C = 1 | d, k) = P (E = 1 | k)P (R = 1 | d) = αkP (R = 1 | d). (3.3)

Later work has proposed more complex user models to build on [51]. Relevant to our
work is the model proposed by Agarwal et al. [4], and its re-formulation by Vardasbi
et al. [152]; it is a generalization of the above model to include a form of trust bias:

Assumption 3.3.2 (The trust bias model). The probability of a click on document d at
position k is an affine transformation of the relevance probability of d in the form:

P (C = 1 | d, k) = αkP (R = 1 | d) + βk, (3.4)

where ∀k, αk ∈ [0, 1] ∧ βk ∈ [0, 1] ∧ (αk + βk) ∈ [0, 1].

Whilst it is named after trust bias, this model actually captures three forms of bias that
were traditionally categorized separately: rank-based position bias, item-selection bias,
and trust bias. Position bias was originally approached as the probability that a user
would examine an item, which would decrease at lower positions in the ranking [30, 78,
157, 158]. In the trust bias model, this effect can be captured by decreasing αk + βk
as k increases. Additionally, with ∀k, βk = 0, the trust bias model is equivalent to the
rank-based position bias model. Item-selection bias refers to users being unable to see
documents outside a top-K, where they receive zero probability of being examined
or interacted with [108]. This can be captured by the trust bias model by setting
αk + βk = 0 when k > K. Lastly, the key characteristic of trust bias is that users are
more likely to click on non-relevant items when they are near the top of the ranking [4].
This can be captured by the model by making βk larger as k decreases [152]. Thereby,
the trust bias model is in fact a generalization of most of the user models assumed by
earlier work [51, 110]. The following works all assume models that fit Assumption 3.3.2:
[3, 4, 50, 107–110, 112, 152, 157, 158].
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3.3.3 Counterfactual learning to rank
This section details the policy-aware inverse propensity scoring (IPS) estimator pro-
posed by Oosterhuis and de Rijke [108] and the doubly robust (DR) estimator by
Oosterhuis [107].

First, let D be a set of logged interaction data: D =
{
qi, yi, ci

}N
i=1

, where each of
the N interactions consists of a query qi, a displayed ranking yi, and click feedback
ci(d) ∈ {0, 1} that indicates whether the user clicked on the document d or not. Both
policies use propensities that are the expected α values for each document:

ρ0(d | qi, π0) = Ey∼π0(qi)

[
αk(d)

]
= ρi,0(d). (3.5)

Similarly, to keep our notation short, we also use ω(d | qi, π) = ωi(d). Next, the
policy-aware IPS estimator is defined as:

ÛIPS(π) =
1

N

N∑

i=1

∑

d∈D

ωi(d)

ρi,0(d)
ci(d). (3.6)

Oosterhuis and de Rijke [108] prove that under the rank-based position bias model (As-
sumption 3.3.1) and when ∀(i, d), ρi,0(d) > 0, this estimator is unbiased: E[ÛIPS(π)] =
U(π).

The DR estimator improves over the policy-aware IPS estimator in terms of assum-
ing the more general trust bias model (Assumption 3.3.2) and having lower variance.
Oosterhuis [107] proposes the usage of the following ω values for the policy π:

ω(d | qi, π) = Ey∼π(qi)

[
αk(d) + βk(d)

]
= ωi(d), (3.7)

since with these values U (Eq. 3.1) becomes the number of expected clicks on relevant
items under the trust bias model; U = (αk + βk)P (R = 1 | d, q) = P (C = 1, R = 1 |
k, d, q). We follow this approach and define the ω values for the logging policy π0 as:

ω0(d | qi, π0) = Ey∼π0(qi)

[
αk(d) + βk(d)

]
= ωi,0(d). (3.8)

The DR estimator uses predicted relevances in its estimation, i.e., using predictions
from a regression model. Let R̂i(d) ≈ P (R = 1 | d, qi) indicate a predicted relevance;
then the utility according to these predictions is:

ÛDM(π) =
1

N

N∑

i=1

∑

d∈D
ωi(d)R̂i(d). (3.9)

The DR estimator starts with this predicted utility and adds an IPS-based correction to
remove its bias:

ÛDR(π) = ÛDM(π) +
1

N

N∑

i=1

∑

d∈D

ωi(d)

ρi,0(d)

(
ci(d)− αki(d)R̂i(d)− βki(d)

)
. (3.10)

Thereby, the corrections of the IPS part of the DR estimator will be smaller if the
predicted relevances are more accurate. Oosterhuis [107] proves that under the as-
sumption of the trust bias model (Assumption 3.3.2), the DR estimator is unbiased
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when ∀(i, d), ρi,0(d) > 0 ∨ R̂i(d) = P (R = 1 | d, qi) and has less variance if
0 ≤ R̂i(d) ≤ 2P (R = 1 | d, qi). The author also shows that the DR estimator needs
less data to reach the same level of ranking performance as IPS, with especially large
improvements when applied to top-K rankings [107].

3.3.4 Safety in counterfactual learning to rank
IPS-based CLTR methods, despite their unbiasedness and consistency, suffer from the
problem of high-variance [51, 78, 107]. Specifically, if the logged click data is limited,
training an IPS-based method can lead to an unreliable and unsafe ranking policy [50].
The problem of safe policy learning is well-studied in the bandit literature [63, 148, 149,
165]. Swaminathan and Joachims [148] proposed the first risk-aware off-policy learning
method for bandits, with their risk term quantified as the variance of the IPS-estimator.
Wu and Wang [165] proposed an alternative method for risk-aware off-policy learning,
where the risk is quantified using a Renyi divergence between the action distribution
of the new policy and the logging policy [123]. Thus, both consider it a risk for the
new policy to be too dissimilar to the logging policy, which is presumed safe. Whilst
effective at standard bandit problems, these risk-aware methods are not effective for
ranking tasks due to their enormous combinatorial action spaces and correspondingly
small propensities.

As a solution for CLTR, in Chapter 2 we introduced a risk-aware CLTR approach
that uses divergence based on the exposure distributions of policies. They first introduce
normalized propensities: ρ′(d) = ρ/Z, with a normalization factor Z based on K:

Z =
∑

d∈D
ρ(d) =

∑

d∈D
Ey∼π

[
αk(d)

]
= Ey∼π

[
K∑

k=1

αk(d)

]
=

K∑

k=1

αk. (3.11)

Since ρ′(d) ∈ [0, 1] and
∑
d ρ
′(d) = 1, they can be treated as a probability distribution

that indicates how exposure is spread over documents. In Chapter 2, we use Renyi
divergence to quantify how dissimilar the new policy is from the logging policy:

d2(ρ ‖ ρ0) = Eq

[∑

d

(
ρ′(d)

ρ′0(d)

)2

ρ′0(d)

]
, (3.12)

with the corresponding empirical estimate based on the log data (D) defined as:

d̂2(ρ ‖ ρ0) =
1

N

N∑

i=1

∑

d

(
ρ′i(d)

ρ′i,0(d)

)2

ρ′i,0(d). (3.13)

Based on this divergence term, they propose the following risk-aware CLTR objective,
with parameter δ:

max
π

ÛIPS(π)−
√
Z

N

(1− δ
δ

)
d̂2(ρ ‖ ρ0). (3.14)

Thereby, the existing safe CLTR approach penalizes the optimization procedure from
learning ranking behavior that is too dissimilar from the logging policy in terms of
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the distribution of exposure. The weight of this penalty decreases as the number of
datapoints N increases, thus it maintains the same point of convergence as standard
IPS. Yet, initially when little data is available and the effect of variance is the greatest,
it forces the learned policy to be very similar to the safe logging policy. Gupta et al.
[50] prove that their objective bounds the real utility with a probability of 1− δ:

P

(
U(π) ≥ ÛIPS(π)−

√
Z

N

(1− δ
δ

)
d2(ρ ‖ ρ0)−

√
1

N

(1− δ
δ

))
≥ 1− δ. (3.15)

However, their proof of safety relies on the rank-based position bias model (Assump-
tion 3.3.1) and their approach is limited to the basic IPS estimator for CLTR.

3.3.5 Proximal policy optimization

In the more general reinforcement learning (RL) field, proximal policy optimization
(PPO) was introduced as a method to restrict a new policy π from deviating too much
from a previously rolled-out policy π0 [136, 137]. In contrast with the earlier discussed
methods, PPO does not make use of a divergence term but uses a simple clipping
operation in its optimization objective. Let s indicate a state, a an action and R a reward
function, the PPO loss is:

UPPO(s, a, π, π0) = E
[
min

(
π(a | s)
π0(a | s)R(a | s), g

(
ε, R(a | s)

))]
, (3.16)

where g creates a clipping threshold based on the sign of R(a | s):

g(ε, R(a | s)) =

{
(1 + ε)R(a | s) if R(a | s) ≥ 0,

(1− ε)R(a | s) otherwise.
(3.17)

The clipping operation removes incentives for the optimization to let π deviate too much
from π0, since there are no further increases in UPPO when π(a | s) > (1 + ε)π0(a | s)
or π(a | s) < (1 − ε)π0(a | s), depending on the sign of R(a | s). Similar to the
previously discussed general methods, PPO is not effective when directly applied to the
CLTR setting due to the combinatorial action space and corresponding extremely small
propensities (for most a and s: π0(a | s) ' 0).

3.4 Extending Safety to Advanced CLTR

In this section, we introduce our first contribution of this chapter: our extension of the
safe CLTR method to address trust bias and DR estimation.

3.4.1 Method: Safe doubly-robust CLTR

For the safe DR CLTR method, we extend the generalization bound from the existing
IPS estimator and position bias [50, Eq. 26] to the DR estimator and trust bias.
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Theorem 3.4.1. Given the true utility U(π) (Eq. 3.1) and its exposure-based DR
estimate ÛDR(π) (Eq. 3.10) of the ranking policy π with the logging policy π0 and
the metric weights ω and ω0 (Eq. 3.7 and 3.8), assuming the trust bias click model
(Assumption 3.3.2), the following generalization bound holds with probability 1− δ: 1

P

(
U(π) ≥ ÛDR(π) −

(
1 + max

k

βk
αk

)(√2Z

N

(1− δ
δ

)
d2(ω‖ω0)

+

√
1

N

(1− δ
δ

)))
≥ 1− δ.

(3.18)

Proof. For a proof, we refer to the appendix (Theorem 3.A.1).

Given the novel generalization bound from Theorem 3.4.1, we define the safe DR CLTR
objective as follows:

max
π

ÛDR(π)−
(

1 + max
k

βk
αk

)√
2Z

N

(1− δ
δ

)
d̂2(ω ‖ω0), (3.19)

where d̂2(ω ‖ω0) is defined analogously to Eq. 3.12. Note that we ignore the term√
1
N

(
1−δ
δ

)
, since it is constant with respect to the policy π, and therefore can be

disregarded for optimization purposes. The objective optimizes the lower-bound on
the true utility function, through a linear combination of the empirical DR estimator
(ÛDR(π)) and the empirical risk regularization term (d̂2(ω ‖ω0)). In a setting where
click data is limited, our safe DR objective will weight the risk regularization term
higher, and as a result, the objective ensures that the new policy stays close to the safe
logging policy. When a sufficiently high volume of click data is collected, and thus we
have higher confidence in the DR estimate, the objective falls back to its DR objective
counterpart.

For the choice of the ranking policy (π), we propose to optimize a stochastic ranking
policy π with a gradient descent-based method. For the gradient calculation, we refer to
previous work [50, 107, 169].
Conditions for safe DR CLTR. Finally, we note that besides the explicit assumption
that user behavior follows the trust bias model (Assumption 3.3.2), there is also an
important implicit assumption in this approach. Namely, the approach assumes that the
bias parameters (i.e., α and β) are known, a common assumption in the CLTR litera-
ture [103, 107]. However, in practice, either of these assumptions could not hold, i.e.,
user behavior could not follow the trust bias model, or a model’s bias parameters could
be wrongly estimated. Additionally, in adversarial settings where clicks are intentionally
misleading or incorrectly logged [20, 93, 118], the user behavior assumptions do not
hold, and, the generalization bound of our DR CLTR is not guaranteed to hold. Thus,
whilst it is an important advancement over the existing safe CLTR method [50], our
approach is limited to only providing a conditional form of safety.

1The following proof differs slightly from the original proof published in [53], as we overlooked an
additional constant term in the original paper.
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3.5 Method: Proximal Ranking Policy Optimization
(PRPO)

Inspired by the limitations of the method introduced in Section 3.4 and the PPO method
from the RL field (Section 3.2), we propose the first unconditionally safe CLTR method:
proximal ranking policy optimization (PRPO). Our novel PRPO method is designed for
practical safety by making no assumptions about user behavior. Thereby, it provides the
most robust safety guarantees for CLTR yet.

For safety, instead of relying on a high-confidence bound (e.g., Eq. 3.14 and 3.19),
PRPO guarantees safety by removing the incentive for the new policy to rank documents
too much higher than the safe logging policy. This is achieved by directly clipping the
ratio of the metric weights for a given query qi under the new policy ωi(d), and the
logging policy (ωi,0(d)), i.e., ωi(d)

ωi,0(d) to be bounded in a fixed predefined range: [ε−, ε+].
As a result, the PRPO objective provides no incentive for the new policy to produce
weights ωi(d) outside of the range: ε− · ωi,0(d) ≤ ωi(d) ≤ ε+ · ωi,0(d).

Before defining the PRPO objective, we first introduce a term r(d|q) that represents
an unbiased DR relevance estimate, weighted by ω0, for a single document-query pair
(cf. Eq. 3.10):

r(d|q) = ω0(d|q)R̂(d|q) +
ω0(d|q)
ρ0(d|q)

∑

i∈D:qi=q

(
ci(d)− αki(d)R̂(d|q)− βki(d)

)
. (3.20)

For the sake of brevity, we drop π and π0 from the notation when their corresponding
value is clear from the context. This enables us to reformulate the DR estimator around
the ratios between the metric weights ω and ω0 (cf. Eq. 3.10):

ÛDR(π) =
∑

q,d∈D

ω(d | q)
ω0(d | q)r(d | q). (3.21)

Before defining the proposed PRPO objective, we first define the following clipping
function:

f(x, ε−, ε+, r) =

{
min(x, ε+) · r r ≥ 0,

max(x, ε−) · r otherwise.
(3.22)

Given the reformulated DR estimator (Eq. 3.21), and the clipping function (Eq. 3.22),
the PRPO objective can be defined as follows:

ÛPRPO(π) =
∑

q,d∈D
f

(
ω(d | q)
ω0(d | q) , ε−, ε+, r(d | q)

)
. (3.23)

Figure 3.1 visualizes the effect the clipping of PRPO has on the optimization incentives.
We see how the clipped and unclipped weight ratios progress as documents are placed
on different ranks. The unclipped weights keep increasing as documents are moved
to the top of the ranking, when r > 1, or to the bottom, when r < 1. Consequently,
optimization with unclipped weight ratios aims to place these documents at the absolute
top or bottom positions. Conversely, the clipped weights do not increase beyond their
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Figure 3.1: Weight ratios in the clipped PRPO objective (solid lines) and the unclipped
counterparts (dashed lines), as documents are moved from four different original ranks.
Left: positive relevance, r = 1; right: negative relevance, r = −1; x-axis: new rank for
document; y-axis: unclipped weight ratios (dashed lines), r ·ωi(d)/ωi,0(d); and clipped
PRPO weight ratios (solid lines), f

(
ωi(d)/ωi,0(d), ε− = 1.15−1, ε+ = 1.15, r = ±1

)
.

DCG metric weights used: ωi(d) = log2(rank(d | qi, π) + 1)−1.

clipping threshold, which for most document is reached before being placed at the very
top or bottom position. As a result, optimization with clipped weight ratios will not
push these documents beyond these points in the ranking. For example, when r > 0, we
see that there is no incentive to place a document at higher than rank 6, if it was placed
at rank 8 by the logging policy. Similarly, placement higher than rank 4 leads to no gain
if the original rank was 6, and higher than rank 3 leads to no improvement gain from an
original rank of 4. Vice versa, when r < 0, each document has a rank, where placing
it lower than that rank brings no increase in clipped weight ratio. Importantly, this
behavior only depends on the metric and the logging policy; PRPO makes no further
assumptions.

Whilst the clipping of PRPO is intuitive, we can prove that it provides the following
formal form of unconditional safety:

Theorem 3.5.1. Let q be a query, ω be metric weights, y0 be a logging policy ranking,
and y∗(ε−, ε+) be the ranking that optimizes the PRPO objective in Eq. 3.23. Assume
that ∀d,∈ D, r(d | q) 6= 0. Then, for any ∆ ∈ R≥0, there exist values for ε− and ε+
that guarantee that the difference between the utility of y0 and y∗(ε−, ε+) is bounded
by ∆:

∀∆∈ R≥0,∃ε−∈ R≥0, ε+∈ R≥0 |U(y0)− U(y∗(ε−, ε+))| ≤ ∆. (3.24)

Proof. A proof is given in Appendix 3.A.2.

Adaptive clipping. Theorem 3.5.1 describes a very robust sense of safety, as it shows
PRPO can be used to prevent any given decrease in performance without assumptions.
However, it also reveals that this safety comes at a cost; PRPO prevents both decreases
and increases of performance. This is very common in safety approaches, as there is a
generally a tradeoff between risks and rewards [50]. Existing safety methods, such as
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the safe CLTR approach of Section 3.4, generally, loosen their safety measures as more
data becomes available, and the risk is expected to have decreased [149].

We propose a similar strategy for PRPO through adaptive clipping, where the effect
of clipping decreases as the number of datapoints N increases. Specifically, we suggest
using a monotonically decreasing δ(N) function such that limN→∞ δ(N) = 0. The ε
parameters can then be obtained through the following transformation: ε− = δ(N) and
ε+ = 1

δ(N) . This leads to a clipping range of [δ(N), 1
δ(N) ], and in the limit: limN→∞, it

becomes: [0,∞]. In other words, as more data is gathered, the effect of PRPO clipping
eventually disappears, and the original objective is recovered. The exact choice of δ(N)
determines how quickly this happens.
Gradient ascent with PRPO and possible extensions. Finally, we consider how the
PRPO objective should be optimized. This turns out to be very straightforward when we
look at its gradient. The clipping function f (Eq. 3.22) has a simpler gradient involving
an indicator function on whether x is inside the bounded range:

∇xf(x, ε−, ε+, r) = 1
[
(r > 0 ∧ x ≤ ε+) ∨ (r < 0 ∧ x ≥ ε−)

]
r. (3.25)

Applying the chain rule to the PRPO objective (Eq. 3.23) reveals:

∇πÛPRPO(π) =
∑

q,d∈D

[
∇π

ω(d|q)
ω0(d|q)

]

︸ ︷︷ ︸
grad. for single doc.

∇πf
(
ω(d|q)
ω0(d|q) , ε−, ε+, r(d|q)

)

︸ ︷︷ ︸
indicator reward function

. (3.26)

Thus, the gradient of PRPO simply takes the importance weighted metric gradient per
document, and multiplies it with the indicator function and reward. As a result, PRPO
is simple to combine with existing LTR algorithms, especially ones that use policy-
gradients [164], such as PL-Rank [104, 105] or StochasticRank [150]. For methods in
the family of LambdaRank [18, 19, 159], it is a matter of replacing the |∆DCG| term
with an equivalent for the PRPO bounded metric.

Lastly, we note that whilst we introduced PRPO for DR estimation, it can be
extended to virtually any relevance estimation by choosing a different r; e.g., one can
easily adapt it for IPS [78, 110], or relevance estimates from a click model [28], etc. In
this sense, we argue PRPO can be seen as a framework for robust safety in LTR.

3.6 Experimental Setup

For our experiments, we follow the semi-synthetic experimental setup that is prevalent in
the CLTR literature [50, 107, 109, 152]. We make use of the three largest publicly avail-
able LTR datasets: Yahoo! Webscope [21], MSLR-WEB30k [115], and Istella [31]. The
datasets consist of queries, a preselected list of documents per query, query-document
feature vectors, and manually-graded relevance judgments for each query-document
pair.

Following [50, 107, 152], we train a production ranker on a 3% fraction of the
training queries and their corresponding relevance judgments. The goal is to simulate a
real-world setting where a ranker trained on manual judgments is deployed in production
and is used to collect click logs. The collected click logs can then be used for LTR. We
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Figure 3.2: Performance in terms of NDCG@5 of the IPS, DR and proposed safe DR
(δ = 0.95) and PRPO (δ(N) = 100

N ) methods for CLTR on Yahoo! Webscope and
MSLR-WEB30k datasets. The results are presented varying size of training data (N ),
with number of simulated queries varying from 102 to 109. Results are averaged over
10 runs; the shaded areas indicate 80% prediction intervals.

assume the production ranker is safe, given that it would serve live traffic in a real-world
setup.

We simulate a top-K ranking setup [108] where only K = 5 documents are
displayed to the user for a given query, and any document beyond that gets zero
exposure. To get the relevance probability, we apply the following transformation:
P (R = 1 | q, d) = 0.25 · rel(q, d), where rel(q, d) ∈ {0, 1, 2, 3, 4} is the relevance
judgment for the given query-document pair. We generate clicks based on the trust bias
click model (Assumption 3.3.2):

P (C = 1 | q, d, k) = αkP (R = 1 | q, d) + βk. (3.27)

The trust bias parameters are set based on the empirical observation in [4]: α =
[0.35, 0.53, 0.55, 0.54, 0.52], and β = [0.65, 0.26, 0.15, 0.11, 0.08]. For CLTR training,
we only use the training and validation clicks generated via the click simulation process
(Eq. 3.27). To test the robustness of the safe CLTR methods in a setting where the click
model assumptions do not hold, we simulate an adversarial click model, where the user
clicks on the irrelevant document with a high probability and on a relevant document
with a low click probability. We define the adversarial click model as:

P (C = 1 | q, d, k) = 1− (αkP (R = 1 | q, d) + βk). (3.28)

Thereby, we simulate a maximally adversarial user who clicks on documents with a
click probability that is inversely correlated with the assumed trust bias model (Assump-
tion 3.3.2).

Further, we assume that the logging propensities have to be estimated. For the
logging propensities ρ0, and the logging metric weights (ω0), we use a simple Monte
Carlo estimate [50]:

ρ̂0(d) =
1

N

N∑

i=1:yi∼π0

αki(d), ω̂0(d) =
1

N

N∑

i=1:yi∼π0

(
αki(d) + βki(d)

)
. (3.29)
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Figure 3.3: Performance in terms of NDCG@5 of the IPS, DR and proposed safe DR
(δ = 0.95) and PRPO (δ(N) = 100

N ) methods for CLTR on the Istella dataset. The
results are presented varying size of training data (N ), with number of simulated queries
varying from 102 to 109. Results are averaged over 10 runs; the shaded areas indicate
80% prediction intervals.

For the learned policies (π), we optimize PL ranking models [104] using the RE-
INFORCE policy-gradient method [50, 169]. We perform clipping on the logging
propensities (Eq. 3.5) only for the training clicks and not for the validation set. Follow-
ing previous work, we set the clipping parameter to 10/

√
N [50, 110]. We do not apply

the clipping operation for the logging metric weights (Eq. 3.8). To prevent overfitting,
we apply early stopping based on the validation clicks. For variance reduction, we
follow [50, 169] and use the average reward per query as a control-variate.

As our evaluation metric, we compute the NDCG@5 metric using the relevance
judgments on the test split of each dataset [65]. Finally, the following methods are
included in our comparisons:

(i) IPS. The IPS estimator with affine correction [110, 152] for CLTR with trust bias
(Eq. 3.6).

(ii) Doubly Robust. The DR estimator for CLTR with trust bias (Eq. 3.10). This is
the most important baseline for this chapter, given that the DR estimator is the
state-of-the-art CLTR method [107].

(iii) Safe DR. Our proposed safe DR CLTR method (Eq. 3.19), which relies on the
trust bias assumption (Assumption 3.3.2).

(iv) PRPO. Our proposed proximal ranking policy optimization (PRPO) method for
safe DR CLTR (Eq. 3.23).

(v) Skyline. LTR method trained on the true relevance labels. Given that it is trained
on the real relevance signal, the skyline performance is the upper bound on any
CLTR methods performance.
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3.7 Results and Discussion
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Figure 3.4: Performance of the safe DR and PRPO with varying safety parameter (δ)
on Yahoo! Webscope and MSLR-WEB30k datasets. Top row: sensitivity analysis of
PRPO with varying clipping parameter (δ) over varying dataset sizes N . Bottom row:
sensitivity analysis for the safe DR method with varying safety confidence parameter
(δ). Results are averaged over 10 runs; shaded areas indicate 80% prediction intervals.

Comparision with baseline methods. Figure 3.2 and 3.3 present the main results with
different CLTR estimators with varying amounts of simulated click data. Amongst
the baselines, we see that the DR estimator converges to the skyline much faster than
the IPS estimator. The IPS estimator fails to reach the optimal performance even after
training on 109 clicks, suggesting that it suffers from a high-variance problem. This
aligns with the findings in [107]. As to safety, when the click data is limited (N < 105),
the DR estimator performs much worse than the logging policy, i.e., it exhibits unsafe
behavior, which can lead to a negative user experience if deployed online. A likely
explanation is that when click data is limited, the regression estimates (R̂(d), Eq. 3.10)
have high errors, resulting in a large performance degradation, compared to IPS.

Our proposed safety methods, safe DR and PRPO, reach the performance of the
logging policy within ∼500 queries on all datasets. For the safe DR method, we set the
confidence parameter δ = 0.95. For the PRPO method, we set δ(N) = 100

N . On the
MSLR and the ISTELLA dataset, we see that PRPO reaches logging policy performance
with almost 103 fewer queries than the DR method. Thus, our proposed methods, safe
DR and PRPO, can be safely deployed, and avoid the initial period of bad performance
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Figure 3.5: Performance of the safe DR and PRPO with varying safety parameter (δ)
on ISTELLA dataset. Top row: sensitivity analysis of PRPO with varying clipping
parameter (δ) over varying dataset sizes N . Bottom row: sensitivity analysis for the
safe DR method with varying safety confidence parameter (δ). Results are averaged
over 10 runs; shaded areas indicate 80% prediction intervals.

of DR, whilst providing the same state-of-the-art performance at convergence.
Sensitivity analysis of the safety parameter. To understand the tradeoff between
safety and utility, we performed a sensitivity analysis by varying the safety parameter
(δ) for the safe DR method and PRPO. The top rows of Figure 3.4 and 3.5 show us the
performance of the PRPO method with different choices of the clipping parameter δ
as a function of dataset size (N ). We report results with the setting of the δ parameter,
which results in different clipping widths. For the setting δ = 0.01

N and δ = 100
N , the

clipping range width grows linearly with the dataset size N . Hence, the resulting policy
is safer at the start but converges to the DR estimator when N increases. With δ = 0.01

N ,
the clipping range is wider at the start. As a result, it is more unsafe than when δ = 100

N ,
which is the safest amongst all. For the case where the range grows logarithmically
(δ = 1

log(N) ), the method is more conservative throughout, i.e., it is closer to the logging
policy since the clipping window grows only logarithmically with N . For the extreme
case where the clipping range is a constant (δ = 1), PRPO avoids any change w.r.t. the
logging policy, and as a result, it sticks closely to the logging policy.

The bottom rows of Figure 3.4 and 3.5 show the performance of the safe DR method
with varying confidence parameter values (δ). Due to the nature of the generalization
bound (Eq. 3.19), the confidence parameter is restricted to: 0 ≤ δ ≤ 1. We vary the
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Figure 3.6: Performance of the proposed safe DR and PRPO with the adversarial click
model on the Yahoo! and MSLR datasets. Top: sensitivity analysis results for the PRPO
method with varying clipping parameter (δ). Bottom: sensitivity analysis for the safe
DR method with varying safety confidence parameter (δ). Results are averaged over 10
independent runs; the shaded areas indicate 80% prediction intervals.

confidence parameters in the range δ ∈ {0.01, 0.1, 0.45, 0.95}. We note that a lower δ
value results in higher safety, and vice-versa. Until N < 105, there is no noticeable
difference in performance. For the Yahoo! Webscope dataset, almost all settings result in
a similar performance. For the MSLR and ISTELLA datasets, when N < 105, a lower
δ value results in a more conservative policy, i.e., a policy closer to the logging policy.
However, the performance difference with different setups is less drastic than with the
PRPO method. Thus, we note that the safe DR method is less flexible in comparison to
PRPO.

Therefore, compared to our safe DR method, we conclude that our PRPO method
provides practitioners with greater flexibility and control when deciding between safety
and utility.

Robustness analysis using an adversarial click model. To verify our initial claim
that our proposed PRPO method provides safety guarantees unconditionally, we report
results with clicks simulated via the adversarial click model (Eq. 3.28). With the
adversarial click setup, the initial user behavior assumptions (Assumption 3.3.2) do not
hold. The top rows of Figure 3.6 and 3.7 show the performance of the PRPO method
with different safety parameters when applied to the data collected via the adversarial
click model. We vary the δ parameter for PRPO in the range {0.25, 0.5, 0.65, 1.0}, e.g.,

49



3. Safety Guarantees for Advanced Counterfactual Learning-to-Rank

Istella

N
D

C
G

@
5

103 105 107 109

0.50

0.55

0.60

0.65

Number of interactions simulated (N )
N

D
C

G
@

5

103 105 107 109

0.4

0.5

0.6

Number of interactions simulated (N )

Figure 3.7: Performance of the proposed safe DR and PRPO with the adversarial click
model on the ISTELLA dataset. Top: sensitivity analysis results for the PRPO method
with varying clipping parameter (δ). Bottom: sensitivity analysis for the safe DR
method with varying safety confidence parameter (δ). Results are averaged over 10
independent runs; the shaded areas indicate 80% prediction intervals.

δ = 0.5 results in ε− = 0.5 and ε+ = 2. With the constant clipping range (δ = 1), we
notice that after ∼400 queries, the PRPO methods performance never drops below the
safe logging policy performance. For greater values of δ, there are drops in performance
but they are all bounded. For the Yahoo! Webscope dataset, the maximum drop in the
performance is ∼12%; for the MSLR30K dataset, the maximum performance drop is
∼10%; and finally, for the Istella dataset, the maximum drop is ∼20%. Clearly, these
observations show that PRPO provides robust safety guarantees, that are reliable even
when user behavior assumptions are wrong.

In contrast, the generalization bound of our safe DR method (Theorem 3.4.1) holds
only when the user behavior assumptions are true. This is not the case in the bottom
rows of Figure 3.6 and 3.7, which show the performance of the safe DR method under
the adversarial click model. Even with the setting where the safety parameters have
a high weight (δ = 0.01), as the click data size increases, the performance drops
drastically. Regardless of the exact choice of δ, the effect of the regularization of safe
DR disappears as N grows, thus in this adversarial setting, it is only a matter of time
before the performance of safe DR degrades dramatically.
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3.8 Conclusion

In this chapter, we have introduced the first safe CLTR method that uses state-of-the-art
DR estimation and corrects trust bias. This is a significant extension of the existing safety
method for CLTR that was restricted to position bias and IPS estimation. However, in
spite of the importance of this extended safe CLTR approach, it heavily relies on user
behavior assumptions. We argue that this means it only provides a conditional concept
of safety, that may not apply to real-world settings. To address this limitation, we have
made a second contribution: the proximal ranking policy optimization (PRPO) method.
PRPO is the first LTR method that provides unconditional safety, that is applicable
regardless of user behavior. It does so by removing incentives to stray too far away from
a safe ranking policy. Our experimental results show that even in the extreme case of
adversarial user behavior PRPO results in safe ranking behavior, unlike existing safe
CLTR approaches.

PRPO easily works with existing LTR algorithms and relevance estimation tech-
niques. We believe it provides a flexible and generic framework that enables practitioners
to apply the state-of-the-art CLTR method with strong and robust safety guarantees.
Future work may apply the proposed safety methods to exposure-based ranking fair-
ness [104, 169] and to safe online LTR [110].

In this chapter, we answer the broad research question (RQ2) in affirmative. We
introduce PRPO, a novel safe counterfactual LTR method that does not rely on any user
behavior assumptions with robust safety guarantees, even under adversarial conditions.

So far, in the first part of the thesis, we have discussed safe deployment strategies
for contextual bandits with combinatorial action space – for example, ranking for web
search. In the second part of the thesis, we will switch the discussion to contextual
bandits for traditional single-action recommender systems.
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Appendices

3.A Appendix: Extended Safety Proof

Lemma 3.A.1. Under the trust bias click model (Assumption 3.3.2), and given the trust
bias parameter αk, βk, the regression model estimates R̂d and click indicator c(d), the
following holds:

Covy,c

[
c(d)− βk(d), αk(d)R̂d

]
≥ 0. (3.30)

Proof. The covariance term can be rewritten as:

Covy,c

[
c(d)− βk(d), αk(d)R̂d

]

= Ey,c
[
(c(d)− βk(d))αk(d)R̂d

]
− Ey,c

[
c(d)− βk(d)

]
Ey
[
αk(d)R̂d

]

= R̂d

(
Ey,c

[
c(d)αk(d)

]
− Ey

[
βk(d)αk(d)

]
−Rd ρ0(d)2

)
, (3.31)

where use ρ0(d) = Ey,c
[
αk(d)

]
and Ey,c

[
(ci(d)− βki(d))/ρ0(d)

]
= Rd [107]. Ex-

panding the first expectation term in the expression:

E
y,c

[
c(d)αk(d)

]
=
∑

y∈π0

π0(y)αk(d)P (C = 1 | d, y)

=
∑

y∈π0

π0(y)αk(d) ·
(
αk(d)Rd + βk(d)

)
= RdEy

[
α2
k(d)

]
+ Ey

[
αk(d)βk(d)

]

=
∑

y∈π0

π0(y)
[
α2
k(d)Rd + αk(d)βk(d)

]
, (3.32)

where we substitute click model equation P (C = 1 | d, y) (Eq. 3.10). Substituting it
back in Eq. 3.31, we get:

Covy,c

[
c(d)− βk(d), αk(d)R̂d

]
= RdEy

[
α2
k(d)

]
−Rd Ey

[
αk(d)

]2

Rd

(
Ey
[
α2
k(d)

]
− Ey

[
αk(d)

]2)
= RdVary[αk(d)] ≥ 0.

3.A.1 Proof of Theorem 3.4.1
Theorem 3.4.1. Given the true utility U(π) (Eq. 3.1) and its exposure-based DR
estimate ÛDR(π) (Eq. 3.10) of the ranking policy π with the logging policy π0 and
the metric weights ω and ω0 (Eq. 3.7 and 3.8), assuming the trust bias click model
(Assumption 3.3.2), the following generalization bound holds with probability 1− δ:2

P

(
U(π) ≥ ÛDR(π) −

(
1 + max

k

βk
αk

)(√2Z

N

(1− δ
δ

)
d2(ω‖ω0)

+

√
1

N

(1− δ
δ

)))
≥ 1− δ.

(3.33)

2The following proof differs slightly from the original proof published in [53], as we overlooked an
additional constant term in the original paper.
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Proof. As per Cantelli’s inequality [42], the following inequality must hold with proba-
bility 1− δ:

U(π) ≥ ÛDR(π)−
√

1− δ
δ

Varq,y,c

[
ÛDR(π)

]
. (3.34)

Following a similar approach as previous works [50, 165], we look for an upper-bound
on the variance of the DR estimator. From the definition of ÛDR(π) (Eq. 2.6) and the
assumption that queries q are i.i.d, the variance of the counterfactual estimator can be
expanded by applying the law of total variance as follows:

Varq,y,c

[
ÛDR(π)

]
=

1

N

(
Eq
[
Vary,c

[
ÛDR(π) | q

]]
+Varq

[
Ey,c

[
ÛDR(π) | q

]])
. (3.35)

The second term (variance over queries) can be expanded as follows:

Varq

[
Ey,c

[
ÛDR(π) | q

]]
= Eq

[
Ey,c

[
ÛDR(π) | q

]2]
− Eq

[
Ey,c

[
ÛDR(π) | q

]]2

≤ Eq
[
Ey,c

[
ÛDR(π) | q

]2]
(3.36)

= Eq
[
[U(π) | q]2

]
(3.37)

≤ 1,

where in the second step, we use the unbiasedness property of the doubly robust
estimator [107, Eq. 37], and used the fact that the true utility is non-zero, i.e. U(π) ≥ 0.
In the last step, we made use of the fact that the true utility is bounded, and is upper
bounded by 1 (safe to assume if the utility is normalized, for ex: normalized discounted
cumulative gain, or click-through rate.), which results in the following bound for the
doubly-robust variance:

Varq,y,c

[
ÛDR(π)

]
≤ 1

N

(
Eq
[
Vary,c

[
ÛDR(π) | q

]]
+ 1
)
. (3.38)

Now, focusing on the first part of the doubly-robust variance, from the definition
of ÛDR(π) (Eq. 3.10), the variance of the DR estimator (for a single query) can be
expressed as the variance of the second term (Eq. 3.10):

Vary,c

[
ÛDR(π)

]
=

1

N
Var
y,c

[∑

d∈D

ω(d)

ρ0(d)

(
c(d)−αk(d)R̂(d)−βk(d)

)
]
. (3.39)

Using Assumption 3.3.2 and assuming that document examinations are independent
from each other [50], we rewrite further:

N ·Var
y,c

[
ÛDR(π)

]
=
∑

d∈Dq
Var
y,c

[
ω(d)

ρ0(d)

(
c(d)− αk(d)R̂(d)− βk(d)

)]

=
∑

d∈Dq

(
ω(d)

ρ0(d)

)2

Var
y,c

[
c(d)− βk(d) − αk(d)R̂(d)

]
.

(3.40)
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The total variance can be split into the following:

Vary,c

[
c(d)− βk(d) − αk(d)R̂i(d)

]
= Vary,c

[
αk(d)R̂(d)

]
(3.41)

+ Vary,c
[
c(d)− βk(d)

]
− 2Covy,c

[
c(d)− βk(d), αk(d)R̂(d)

]
.

Using Lemma 3.A.1, we upper-bound the total variance term to:

Vary,c

[
c(d)− βk(d) − αk(d)R̂(d)

]

≤ Vary,c

[
αk(d)R̂(d)

]
+ Vary,c

[
c(d)− βk(d)

]
. (3.42)

Next, we consider the two variance terms separately; with the variance of the first term
following:

Var
y,c

[
αk(d)R̂(d)

]
= Var

y,c

[
αk(d)

]
R̂(d)2 ≤ Ey,c

[
α2
k(d)

]
≤ Ey

[
αk(d)

]
,

where we make use of the fact that R̂2
d ≤ 1, and α ∈ [0, 1] → α2

k ≤ αk. Next, we
consider the second term:

Vary,c
[
c(d)− βk(d)

]
≤ Ey,c

[(
c(d)− βk(d)

)2]
(3.43)

= Ey,c
[
c(d)2 + β2

k(d) − 2c(d)βk(d)

]
≤ Ey,c[c(d)] + Ey

[
βk(d)

]
,

since c(d)2 = c(d), β2
k ≤ βk, and Ey,c

[
c(d)βk(d)

]
≥ 0. Substituting the click probabil-

ities with Eq. 3.4, we get:

Ey,c[c(d)] + Ey,c[βk(d)] = Ey,c[αk(d)]P (R = 1| d) + 2Ey,c[βk(d)]

≤ Ey
[
αk(d)

]
+ 2Ey[βk(d)], (3.44)

where we use the fact that P (R = 1 | d) ≤ 1. Putting together the bounds on both parts
of Eq. 3.42, we have:

Vary,c

[
c(d)− βk(d) − αk(d)R̂(d)

]
≤ 2ω0(d), (3.45)

where ω0(d) = Ey
[
αk(d)

]
+ Ey

[
βk(d)

]
. Substituting the final variance upper bound in

Eq. 3.40, we get:

Var
y,c

[∑

d∈D

ω(d)

ρ0(d)

(
c(d)− αk(d)R̂(d)− βk(d)

)
]

≤ 2
∑

d∈Dq

(
ω(d)

ρ0(d)

)2

ω0(d)

= 2
∑

d∈Dq

(
ω(d)

ρ0(d)

)2

ω0(d)

(
ω0(d)

ω0(d)

)2
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= 2
∑

d∈Dq

(
ω(d)

ω0(d)

)2

ω0(d)

(
ω0(d)

ρ0(d)

)2

, (3.46)

where we multiply and divide by ω0(d)2 in the third step. Finally, we make use of the
fact: ω0(d)

ρ0(d) ≤ maxπ0

ω0(d)
ρ0(d) ≤ 1 + maxk

βk
αk

, and put everything back together:

N ·Vary,c

[
ÛDR(π)

]
≤ 2Z

(
1 + max

k

βk
αk

)2 ∑

d∈Dq

(
ω′(d)

ω′0(d)

)2

ω′0(d)

= 2Z

(
1 + max

k

βk
αk

)2

d2(ω ‖ω0). (3.47)

where d2(ω ‖ω0) is the Renyi divergence between the normalized expected exposure
ω′(d) and ω′0(d) (cf. Eq. 3.12). Next, we replace the variance with the Renyi divergence-
based term, and substituting back into the upper-bound on variance in Eq. 3.34 results
in the following:

U(π) ≥ ÛDR(π)− (1+max
k

βk
αk

)
(√

2Z
N

(
1−δ
δ

)
d2(ω‖ω0) + 1

N

(
1−δ
δ

))
≥ 1−δ. (3.48)

By applying the Cauchy–Schwarz inequality, we get:

U(π) ≥ ÛDR(π)−(1+max
k

βk
αk

)
(√

2Z
N

(
1−δ
δ

)
d2(ω‖ω0)+

√
1
N

(
1−δ
δ

))
≥ 1−δ. (3.49)

This completes the proof.

3.A.2 Proof of Theorem 3.5.1
Proof. Given a logging policy ranking y0, a user defined metric weight ω, and non-zero
r(d | q), for the choice of the clipping parameters ε− = ε+ = 1, the ranking y∗(ε−, ε+)
that maximizes the PRPO objective (Eq. 3.23) will be the same as the logging ranking
y0, i.e. y∗(ε−, ε+) = y0. This is trivial to prove since any change in ranking can
only lead in a decrease in the clipped ratio weights, and thus, a decrease in the PRPO
objective. Therefore, y∗(ε− = 1, ε+ = 1) = y0 when ε− = ε+ = 1. Accordingly:
|U(y0)− U(y∗(ε− = 1, ε+ = 1))| = 0 directly implies Eq. 3.24. This completes our
proof.

Whilst the above proof is performed in the extreme case where ε− = ε+ = 1 and the
optimal ranking has the same utility as the logging policy ranking, other choices of ε−
and ε+ bound the difference in utility to a lesser degree and allow for more deviation.
As our experimental results show, the power of PRPO is that it gives practitioners direct
control over this maximum deviation.
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4
Optimal Baseline Corrections for

Off-policy Contextual Bandits

So far, the first part of this thesis has examined contextual bandits with combinatorial
action spaces – for example, web-search ranking and slate recommendation. The second
part shifts attention to contextual bandits that select a single action, such as top-1
recommendations or reinforcement-learning-based fine-tuning of foundation models.
This chapter zooms in on the top-1 recommendation case.

Our aim is to increase sample efficiency in off-policy evaluation and learning from
logged user interactions. Although inverse propensity scoring (IPS) is unbiased in ex-
pectation, it suffers from high variance [50, 127]. Variance-reduction techniques – most
notably the doubly robust (DR) estimator [107] and self-normalized IPS (SNIPS) [147]
– mitigate this problem through additive and multiplicative baseline corrections, respec-
tively [79, 147]. Yet, the literature still lacks a unifying lens on these approaches, which
motivates the following research question:

RQ3 Can we unify variance reduction techniques using baseline corrections and a
doubly robust estimator under a common framework?

To address RQ3, we introduce the β-IPS estimator, which places IPS, DR, and SNIPS
inside a single baseline-correction framework. This, in turn, raises a second question:

RQ4 Given a unified framework for variance reduction techniques under baseline
corrections, can we derive a variance-optimal unbiased estimator?

Within the unified β-IPS framework, we ask whether a variance-optimal baseline β∗ can
be derived analytically. In the latter part of this chapter we show that it can, presenting
a closed-form expression for β∗ that minimizes variance for both off-policy evaluation
and learning.

4.1 Introduction & Motivation

Recommender systems have undergone a paradigm shift in the last few decades, moving
their focus from rating prediction in the days of the Netflix Prize [12], to item prediction

This chapter was published as [52].
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from implicit feedback [122] and ranking applications gaining practical importance [74,
142]. Recently, work that applies ideas from the algorithmic decision-making literature
to recommendation problems has become more prominent [51, 72, 126, 153]. While
this line of research is not inherently new [87, 139], methods based on contextual
bandits (or reinforcement learning by extension) have now become widespread in
the recommendation field [11, 16, 69, 99, 100, 145, 171]. The off-policy setting is
particularly attractive for practitioners [151], as it allows models to be trained and
evaluated in an offline manner [25–27, 34, 48–50, 53, 68, 70, 71, 92, 97]. Indeed,
methods exist to obtain unbiased offline estimators of online reward metrics, which can
then be optimized directly [66].

Research at the forefront of this area typically aims to find Pareto-optimal solutions
to the bias-variance trade-off that arises when choosing an estimator: reducing vari-
ance by accepting a small bias [62, 144], by introducing control variates [35, 147], or
both [143]. Control variates are especially attractive as they (asymptotically) preserve
the unbiasedness of the widespread inverse propensity scoring (IPS) estimator. Additive
control variates give rise to baseline corrections [43], regression adjustments [40], and
doubly robust estimators [35]. Multiplicative control variates lead to self-normalised
estimators [81, 147]. Previous work has proven that for off-policy learning tasks,
the multiplicative control variates can be re-framed using an equivalent additive vari-
ate [17, 79], enabling mini-batch optimization methods to be used. We note that the
self-normalised estimator is only asymptotically unbiased: a clear disadvantage for
evaluation with finite samples. The common problem which most existing methods
tackle is that of variance reduction in offline value estimation, either for learning or
for evaluation. The common solution is the application of a control variate, either
multiplicative or additive [113]. However, to the best of our knowledge, there is no
work that attempts to unify these methods. Our work in this chapter addresses this gap
by presenting these methods in a unifying framework of baseline corrections which, in
turn, allows us to find the optimal baseline correction for variance reduction.

In the context of off-policy learning, adding to the well-known equivalence between
reward-translation and self-normalisation described by Joachims et al. [79], we demon-
strate that the equivalence extends to baseline corrections, regression adjustments, and
doubly robust estimators with a constant reward model. Further, we derive a novel
baseline correction method for off-policy learning that minimizes the variance of the
gradient of the (unbiased) estimator. We further show that the baseline correction can
be estimated in a closed-form fashion, allowing for easy practical implementation.

In line with recent work on off-policy evaluation/learning for recommendation [68,
69, 73, 124, 130], we adopt an off-policy simulation environment to emulate real-
world recommendation scenarios, such as stochastic rewards, large action spaces, and
controlled randomisation. This choice also encourages future reproducibility [129]. Our
experimental results indicate that our proposed baseline correction for gradient variance
reduction enables substantially faster convergence and lower gradient variance during
learning.

In addition, we derive a closed-form solution to the optimal baseline correction for
off-policy evaluation, i.e., the one that minimizes the variance of the estimator itself.
Importantly, since our framework only considers unbiased estimators, the variance-
optimality implies overall optimality. Our experimental results show that this leads
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to lower errors in policy value estimation than widely used doubly-robust and SNIPS
estimators [35, 147].

All source code to reproduce our experimental results is available at: https:
//github.com/shashankg7/recsys2024_optimal_baseline.

4.2 Background and Related Work

The goal of this section is to introduce common contextual bandit setups for recommen-
dation, both on-policy and off-policy.

4.2.1 On-policy contextual bandits
We address a general contextual bandit setup [77, 128] with contexts X , actions A,
and rewards R. The context typically describes user features, actions are the items to
recommend, and rewards can be any type of interaction logged by the platform. A
policy π defines a conditional probability distribution over actions x: P(A = a | X =
x,Π = π) ≡ π(a | x). Its value is the expected reward it yields:

V (π) = E
x∼P(X)

[
E

a∼π(·|x)
[R]
]
. (4.1)

When the policy π is deployed, we can estimate this quantity by averaging the rewards
we observe. We denote the expected reward for action a and context r as r(a, x) :=
E[R | X = x;A = a].

In the field of contextual bandits (and reinforcement learning (RL) by extension),
one often wants to learn π to maximise V (π) [84, 146]. This is typically achieved
through gradient ascent. Assuming πθ is parameterised by θ, we iteratively update with
learning rate η:

θt+1 = θt + η∇θ(V (πθ)). (4.2)

Using the well-known REINFORCE “log-trick” [163], the above gradient can be
formulated as an expectation over sampled actions, whereby tractable Monte Carlo
estimation is made possible:

∇θ(V (πθ)) = ∇θ
(

E
x∼P(X)

[
E

a∼πθ(·|x)
[R]

])

= ∇θ
(∫ ∑

a∈A
πθ(a | x)r(a, x)P(X = x)dx

)

=

∫ ∑

a∈A
∇θ(πθ(a | x)r(a, x))P(X = x)dx (4.3)

=

∫ ∑

a∈A
πθ(a | x)∇θ(log(πθ(a | x))r(a, x))P(X = x)dx

= E
x∼P(X)

[
E

a∼πθ(·|x)
[∇θ(log(πθ(a | x))R)]

]
.
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This provides an unbiased estimate of the gradient of V (πθ). However, it may be
subject to high variance due to the inherent variance of R. Several techniques have
been proposed in the literature that aim to alleviate this, mostly using additive control
variates.

Control variates are random variables with a known expectation [113, §8.9]. If the
control variate is correlated with the original estimand – in our case V (πθ) – they can
be used to reduce the estimator’s variance. A natural way to apply control variates to
a sample average estimate for Eq. 4.1 is to estimate a model of the reward r̂(a, x) ≈
E[R|X = x;A = a] and subtract it from the observed rewards [40]. This is at the heart
of key RL techniques (i.a., generalised advantage estimation [136]), and it underpins
widely used methods to increase sensitivity in online controlled experiments [10, 17,
33, 114]. As such, it applies to both evaluation and learning tasks. We note that if the
model r̂(a, x) is biased, this bias propagates to the resulting estimator for V (πθ).

Alternatively, instead of focusing on reducing the variance of V (πθ) directly, other
often-used approaches tackle the variance of its gradient estimates∇θ(V (πθ)) instead.

Observe that Ea∼πθ(·|x)[∇θ(log(πθ(a | x)))] = 0 [101, Eq. 12]. This implies that
a translation on the rewards in Eq. 4.3 does not affect the unbiasedness of the gradient
estimate. Nevertheless, as such a translation can be framed as an additive control variate,
it will affect its variance. Indeed, “baseline corrections” are a well-known variance
reduction method for on-policy RL methods [43]. For a dataset consisting of logged
contexts, actions and rewardsD = {(xi, ai, ri)Ni=1}, we apply a baseline control variate
β to the estimate of the final gradient to obtain:

∇θ(V (πθ)) ≈ ̂∇θ(Vβ(πθ))

=
1

|D|
∑

(x,a,r)∈D
(r − β)∇θ log πθ(a | x).

(4.4)

Williams [162] originally proposed to use the average observed reward for β. Subse-
quent work has derived optimal baselines for general on-policy RL scenarios [32, 43].
However, to the best of our knowledge, optimal baselines for on-policy contextual
bandits have not been considered in previous work.
Optimal baseline for on-policy bandits. The optimal baseline β for the on-policy
gradient estimate in Eq. 4.4 is the one that minimizes the variance of the gradient
estimate. In accordance with earlier work [43], we define the variance of a vector
random variable as the sum of the variance of its individual components. Therefore, the
optimal baseline is given by:

arg min
β

Var
(

̂∇θ(Vβ(πθ))
)

= arg min
β

1

|D| Var[∇θ(log(πθ(a | x))(r − β))] (4.5)

= arg min
β

1

|D| E
[
∇θ log(πθ(a | x))>∇θ log(πθ(a | x))(r − β)

2
]

(4.6)

− 1

|D| E[∇θ log(πθ(a | x))(r − β) ]
> E[∇θ log(πθ(a | x))(r − β)]
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= arg min
β

1

|D| E
[
| ∇θ log(πθ(a | x)) |22 (r − β)

2
]
, (4.7)

where we ignore the second term in Eq. 4.6, since it is independent of β [101, Eq. 12].
The result from this derivation (Eq. 4.7) reveals that the optimal baseline can be obtained
by solving the following equation:

∂Var
( ̂∇θ(Vβ(πθ))

)

∂β
=

2

|D| E
[
|∇θ log(πθ(a | x))|22(β − r)

]
= 0, (4.8)

which results in the following optimal baseline correction:

β∗ =
E
[
|∇θ log(πθ(a | x))|22r(a, x)

]

E[|∇θ log(πθ(a | x))|22]
, (4.9)

and the empirical estimate of the optimal baseline correction:

β̂∗ =

∑
(x,a,r)∈D

[
|∇θ log(πθ(a | x))|22r(a, x)

]
∑

(x,a,r)∈D[|∇θ log(πθ(a | x))|22]
. (4.10)

This derivation follows the more general derivation from Greensmith et al. [43] for
partially observable Markov decision processes (POMDPs). We have not encoun-
tered its use in the existing bandit literature applied to recommendation problems. In
Section 4.3.2, we show that a similar line of reasoning can be applied to derive a
variance-optimal gradient for the off-policy contextual bandit setup.

4.2.2 Off-policy estimation for general bandits
Deploying π is a costly prerequisite for estimating V (π), that comes with the risk of
deploying a possible poorly valued π. Therefore, commonly in real-world model vali-
dation pipelines, practitioners wish to estimate V (π) before deployment. Accordingly,
we will address this counterfactual evaluation scenario that falls inside the field of
off-policy estimation (OPE) [130, 153].

The expectation V (π) can be unbiasedly estimated using samples from a differ-
ent policy π0 through importance sampling, also known as inverse propensity score
weighting (IPS) [113, §9]:

E
x∼P(X)

[
E

a∼π(·|x)
[R]

]
= E
x∼P(X)

[
E

a∼π0(·|x)

[
π(a | x)

π0(a | x)
R

]]
. (4.11)

To ensure that the so-called importance weights π(a|x)
π0(a|x) are well-defined, we assume

“common support” by the logging policy: ∀a ∈ A, x ∈ X : π(a | x) > 0 =⇒ π0(a |
x) > 0.

From Eq. 4.11, we can derive an unbiased estimator for V (π) using contexts, actions
and rewards logged under π0, denoted by D:

V̂IPS(π,D) =
1

|D|
∑

(x,a,r)∈D

π(a | x)

π0(a | x)
r. (4.12)

63



4. Optimal Baseline Corrections for Off-policy Contextual Bandits

To keep our notation brief, we suppress subscripts when they are clear from the context.
In the context of gradient-based optimization methods, we often refer to a minibatch
B ⊂ D instead of the whole dataset, as is typical for, e.g., stochastic gradient descent
(SGD).

If we wish to learn a policy that maximises this estimator, we need to estimate
its gradient for a batch B. Whilst some previous work has applied a REINFORCE
estimator [25, 27, 97], we use a straightforward Monte Carlo estimate for the gradient:

∇V̂IPS(π,B) =
1

|B|
∑

(x,a,r)∈B

∇π(a | x)

π0(a | x)
r. (4.13)

Importance sampling – the bread and butter of unbiased off-policy estimation – often
leads to increased variance compared to on-policy estimators. Several variance reduction
techniques have been proposed specifically to combat the excessive variance of V̂IPS [35,
62, 147]. Within the scope of this chapter, we only consider techniques that reduce
variance without introducing bias.
Self-normalised importance sampling. The key idea behind self-normalisation [113,
§9.2] is to use a multiplicative control variate to rescale V̂IPS(π,D). An important
observation for this approach is that for any policy π and a dataset D logged under π0,
the expected average of importance weights should equal 1 [147, §5]:

E
D∼P(D)


 1

|D|
∑

(x,a,r)∈D

π(a | x)

π0(a | x)


 = 1. (4.14)

Furthermore, as this random variable (Eq. 4.14) is likely to be correlated with the
IPS estimates, we can expect that its use as a control variate will lead to reduced
variance (see [e.g., 81]). This gives rise to the asymptotically unbiased and parameter-
free self-normalised IPS (SNIPS) estimator, with S := 1

D

∑
(x,a,r)∈D

π(a|x)
π0(a|x) as its

normalization term:

V̂SNIPS(π,D) =

∑
(x,a,r)∈D

π(a|x)
π0(a|x)r∑

(x,a,r)∈D
π(a|x)
π0(a|x)

=
V̂IPS(π,D)

S
. (4.15)

Given the properties of being asymptotically unbiased and parameter-free, this estima-
tor is often a go-to method for off-policy evaluation use-cases [130]. An additional
advantage is that the SNIPS estimator is invariant to translations in the reward, which
cannot be said for V̂IPS. Whilst the formulation in Eq. 4.15 is not obvious in this regard,
it becomes clear when we consider its gradient:

∇V̂SNIPS(π,D) = ∇



∑

(x,a,r)
π(a|x)
π0(a|x)r∑

(x,a)
π(a|x)
π0(a|x)




=

(∑
(x,a,r)

∇π(a|x)
π0(a|x) r

)(∑
(x,a)

π(a|x)
π0(a|x)

)

(∑
(x,a)

π(a|x)
π0(a|x)

)2
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−

(∑
(x,a,r)

π(a|x)
π0(a|x)r

)(∑
(x,a)

∇π(a|x)
π0(a|x)

)

(∑
(x,a)

π(a|x)
π0(a|x)

)2 (4.16)

=

∑
(xi,ai,ri)

∑
(xj ,aj ,rj)

π(ai|xi)∇π(aj |xj)
π0(ai|xi)π0(aj |xj) (rj − ri)

(∑
(x,a)

π(a|x)
π0(a|x)

)2

=

∑
(xi,ai,ri)

∑
(xj ,aj ,rj)

π(ai|xi)π(aj |xj)
π0(ai|xi)π0(aj |xj)∇ log π(aj | xj)(rj − ri)
(∑

(x,a)
π(a|x)
π0(a|x)

)2 .

Indeed, as the SNIPS gradient relies on the relative difference in observed reward
between two samples, a constant correction would not affect it (i.e., if r = r − β, then
rj − ri ≡ rj − ri).

Swaminathan and Joachims [147] effectively apply the SNIPS estimator (with a
variance regularisation term [148]) to off-policy learning scenarios. Note that while
V̂IPS neatly decomposes into a single sum over samples, V̂SNIPS no longer does. Whilst
this may be clear from the gradient formulation in Eq. 4.16, a formal proof can be found
in [79, App. C]. This implies that mini-batch optimization methods (which are often
necessary to support learning from large datasets) are no longer directly applicable to
V̂SNIPS.

Joachims et al. [79] solve this by re-framing the task of maximising V̂SNIPS as an
optimization problem on V̂IPS with a constraint on the self-normalisation term. That is,
if we define:

π?=arg max
π∈Π

V̂SNIPS(π,D), with S?=
1

|D|
∑

(x,a,r)∈D

π?(a | x)

π0(a | x)
, (4.17)

then, we can equivalently state this as:

π? = arg max
π∈Π

V̂IPS(π,D), s.th.
1

|D|
∑

(x,a,r)∈D

π(a | x)

π0(a | x)
= S?. (4.18)

Joachims et al. [79] show via the Lagrange multiplier method that this optimization
problem can be solved by optimising for V̂IPS with a translation on the reward:

π? = arg max
π∈Π

V̂λ?-IPS(π,D),where

V̂λ-IPS(π,D) =
1

|D|
∑

(x,a,r)∈D

π(a | x)

π0(a | x)
(r − λ).

(4.19)

This approach is called BanditNet [79]. Naturally, we do not know λ? beforehand
(because we do not know S?), but we do know that S? should concentrate around 1 for
large datasets (see Eq. 4.14). Joachims et al. [79] essentially propose to treat λ as a
hyper-parameter to be tuned in order to find S?.
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Doubly robust estimation. Another way to reduce the variance of V̂IPS is to use a
model of the reward r̂(a, x) ≈ E[R|X = x;A = a]. Including it as an additive control
variate in Eq. 4.12 gives rise to the doubly robust (DR) estimator, deriving its name
from its unbiasedness if either the logging propensities π0 or the reward model r̂ is
unbiased [35]:

V̂DR(π,D) = (4.20)

1

|D|
∑

(x,a,r)∈D

(
π(a | x)

π0(a | x)
(r − r̂(a, x)) +

∑

a′∈A
π(a′ | x)r̂(a′, x)

)
.

Several further extensions have been proposed in the literature: one can optimize
the reward model r̂(a, x) to minimize the resulting variance of V̂DR [38], further
parameterise the trade-off relying on V̂IPS or r̂(a, x) [143], or shrink the IPS weights
to minimize a bound on the MSE of the resulting estimator [144]. One disadvantage
of this method, is that practitioners are required to fit the secondary reward model
r̂(a, x), which might be costly and sample inefficient. Furthermore, variance reduction
is generally not guaranteed, and stand-alone V̂IPS can be empirically superior in some
scenarios [67].

4.3 Unifying Off-Policy Estimators

Section 4.2 provides an overview of (asymptotically) unbiased estimators for the value
of a policy. We have introduced the contextual bandit setting, detailing often used
variance reduction techniques for both on-policy (i.e., regression adjustments and base-
line corrections) and off-policy estimation (i.e., self-normalisation and doubly robust
estimation). In this section, we demonstrate that they perform equivalent optimization
as baseline-corrected estimation. Subsequently, we characterize the baseline corrections
that either minimize the variance of the estimator, or that of its gradient.

4.3.1 A unified off-policy estimator

Baseline corrections for∇V̂IPS(π,D). Baseline corrections are common in on-policy
estimation, but occur less often in the off-policy literature. The estimator is obtained by
removing a baseline control variate β ∈ R from the reward of each action, while also
adding it to the estimator:

V̂β-IPS = β +
1

|D|
∑

(x,a,r)∈D

π(a | x)

π0(a | x)
(r − β). (4.21)

Its unbiasedness is easily verified:

E
[
V̂β-IPS

]
= E[β] + E

[
π(a | x)

π0(a | x)
(r − β)

]

= β + E
[
π(a | x)

π0(a | x)
r

]
− β = V (π).

(4.22)
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From an optimization perspective, we are mainly interested in the gradient of the V̂β-IPS

objective:

∇V̂β-IPS(π,B) =
1

|B|
∑

(x,a,r)∈B

∇π(a | x)

π0(a | x)
(r − β). (4.23)

Our key insight is that SNIPS and certain doubly-robust estimators have an equivalent
gradient to the proposed β-IPS estimator. As a result, optimizing them is equivalent to
optimizing V̂β-IPS for a specific β value.
Self-normalisation through BanditNet and V̂λ-IPS(π,D). If we consider the opti-
mization problem for SNIPS that is solved by BanditNet in Eq. 4.19 [79], we see that
its gradient is given by:

∇V̂λ-IPS(π,B) =
1

|B|
∑

(x,a,r)∈B

∇π(a | x)

π0(a | x)
(r − λ). (4.24)

Doubly robust estimation via V̂DR(π,D). As mentioned, a nuisance of doubly robust
estimators is the requirement of fitting a regression model r̂(a, x). Suppose that we
instead treat r̂ as a single scalar hyper-parameter, akin to the BanditNet approach. Then,
the gradient of such an estimator would be given by:

∇V̂r̂-DR(π,B) =
1

|B|
∑

(x,a,r)∈B

∇π(a | x)

π0(a | x)
(r − r̂). (4.25)

Importantly, these three approaches are motivated through entirely different lenses: min-
imizing gradient variance, applying a multiplicative control variate to reduce estimation
variance, and applying an additive control variate to improve robustness. But they result
in equivalent gradients, and thus, in equivalent optima. Specifically, for optimization,
the estimators are equivalent when β ≡ λ ≡ r̂.

This equivalence implies that the choice between these three approaches is not
important. Since the simple baseline correction estimator V̂β-IPS (Eq. 4.21) has an
equivalence with all SNIPS estimators and all doubly-robust estimators with a constant
reward, we propose that V̂β-IPS should be seen as an estimator that unifies all three
approaches. Accordingly, we argue that the real task is to find the optimal β value for
V̂β-IPS, since this results in an estimator that is at least as optimal as any estimator in
the underlying families of estimators, and possibly superior to them.

The remainder of this section describes the optimal β values for minimizing gradient
variance and estimation value variance.

4.3.2 Minimizing gradient variance

Similar to the on-policy variant derived in Eq. 4.7, we can derive the optimal baseline in
the off-policy case as the one which results in the minimum variance for the gradient
estimate given by Eq. 4.13:

arg min
β

Var
(
∇θ(V̂β-IPS(πθ,B))

)
(4.26)
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= arg min
β

1

|B| Var

[∇π(a | x)

π0(a | x)
(r − β)

]
(4.27)

= arg min
β

1

|B| E
[
| ∇π(a | x)) |22

( r − β
π0(a | x)

)2
]

(4.28)

− 1

|B| | E
[∇π(a | x)

π0(a | x)
(r − β)

]
|22

= arg min
β

1

|B| E
[ | ∇π(a | x)) |22

π0(a | x)2
(r − β)

2

]
, (4.29)

where we can ignore the second term of the variance in Eq. 4.28, since it is independent
of β [101, Eq. 12]. The optimal baseline can be obtained by solving for:

∂Var
(
∇(V̂β-IPS(π,B))

)

∂β
=

2

|B| E
[ | ∇π(a | x)) |22

π0(a | x)2
(β − r)

]
= 0, (4.30)

which results in the following optimal baseline:

β∗ =
E

x,a∼π0,r

[
|∇π(a|x))|22
π0(a|x)2 r(a, x)

]

E
x,a∼π0,r

[
|∇π(a|x))|22
π0(a|x)2

] , (4.31)

with its empirical estimate given by:

β̂∗ =

∑
(x,a,r)∈B

[
|∇π(a|x))|22
π0(a|x)2 r

]

∑
(x,a,r)∈B

[
|∇π(a|x))|22
π0(a|x)2

] . (4.32)

Note that this expectation is over actions sampled by the logging policy. As a result, we
can obtain Monte Carlo estimates of the corresponding expectations. The derivation has
high similarity with the on-policy case (cf. Section 4.2.1) [43]. Nevertheless, we are
unaware of any work on off-policy learning that uses it. Joachims et al. [79] refer to the
on-policy variant with: “we cannot sample new roll-outs from the current policy under
consideration, which means we cannot use the standard variance-optimal estimator used
in REINFORCE.” Since the expectation is over actions sampled by the logging policy
and not the target policy, we have shown that we do not need new roll-outs. Thereby, our
estimation strategy is a novel off-policy approach that estimates the variance-optimal
baseline.

Theorem 4.3.1. Within the family of gradient estimators with a global additive control
variate, i.e., β-IPS (Eq. 4.23), IPS (Eq. 4.13), BanditNet (Eq. 4.24), and DR with a
constant correction (Eq. 4.25), β-IPS with our proposed choice of β in Eq. 4.31 has
minimal gradient variance.

Proof. Eq. 4.30 shows that the β value in Eq. 4.31 attains a minimum. Because the
variance of the gradient estimate (Eq. 4.28) is a quadratic function of β, and hence a
convex function (Eq. 4.29), it must be the global minimum for the gradient variance.

68



4.3. Unifying Off-Policy Estimators

4.3.3 Minimizing estimation variance
Besides minimizing gradient variance, one can also aim to minimize the variance of
estimation, i.e., the variance of the estimated value. We note that the β value for
minimizing estimation does not need to be the same value that minimizes gradient
variance. Furthermore, since V̂β-IPS is unbiased, any estimation error will entirely be
driven by variance. As a result, the value for β that results in minimal variance will also
result in minimal estimation error:

arg min
β

Var
(
V̂β-IPS(π,D)

)
(4.33)

= arg min
β

1

|D| Var

[
π(a | x)

π0(a | x)
(r − β)

]
(4.34)

= arg min
β

1

|D| E
[( π(a | x)

π0(a | x)
(r − β)

)2
]

(4.35)

− 1

|D|
(
E
[
π(a | x)

π0(a | x)
(r − β)

])2

= arg min
β

1

|D| E
[(

π(a | x)

π0(a | x)

)2

(r − β)
2

]
(4.36)

− 1

|D|
(
E
[
π(a | x)

π0(a | x)
r

]
− β

)2

.

The minimum is obtained by solving for the following equation:

∂
(

Var
(
V̂β-IPS(π,D)

))

∂β
(4.37)

=
2

|D| E
[(

π(a | x)

π0(a | x)

)2

(β − r)
]
− 2

|D|

(
β − E

[
π(a | x)

π0(a | x)
r

])
= 0,

which results in the following optimal baseline:

β∗ =
E
[((

π(a|x)
π0(a|x)

)2

− π(a|x)
π0(a|x)

)
r(a, x)

]

E
[(

π(a|x)
π0(a|x)

)2

−
(
π(a|x)
π0(a|x)

)] . (4.38)

We can estimate β∗ using logged data, resulting in a Monte Carlo estimate of the
optimal baseline. Such a sample estimate will not be unbiased (because it is a ratio of
expectations), but the bias will vanish asymptotically (similar to the bias of the V̂SNIPS

estimator).
Next, we formally prove that optimal estimator variance leads to overall optimality

(in terms of the MSE of the estimator).

Theorem 4.3.2. Within the family of offline estimators with a global additive control
variate, i.e., β-IPS (Eq. 4.21), IPS (Eq. 4.12), and DR with a constant correction
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Figure 4.1: Performance of different off-policy learning methods trained in a full-batch
gradient descent fashion in terms of the policy value on the test set. x-axis corresponds
to the training epoch during the optimization (we use a maximum of 500 epochs for all
methods), and y-axis corresponds to the policy value. A decaying learning rate is used.
Reported results are averages over 32 independent runs with 95% confidence interval.

(Eq. 4.25), β-IPS with our proposed β in Eq. 4.38 has the minimum mean squared error
(MSE):

MSE(V̂ (π)) = ED
[
(V̂ (π,D)− V (π))2

]
. (4.39)

Proof. The MSE of any off-policy estimator V̂ (π,D) can be decomposed in terms of
the bias and variance of the estimator [144]:

MSE(V̂ (π)) = Bias(V̂ (π),D)2 + Variance(V̂ (π),D), (4.40)

where the bias of the estimator is defined as:

Bias(V̂ (π),D) =
∣∣∣ED

[
V̂ (π,D)− V (π)

]∣∣∣ , (4.41)

and the variance of the estimator is defined previously (see Section 4.3.3). Eq. 4.22
proves that β-IPS is unbiased: Bias(V̂ (π),D) = 0. Thus, the minimum variance
(Eq. 4.37) implies minimum MSE.

We note that SNIPS is not covered by this theorem, as it is only asymptotically unbiased.
As a result, the variance reduction brought on by SNIPS might be higher than that by
β-IPS, but as it introduces bias, its estimation error (MSE) is not guaranteed to be better.
Our experimental results below indicate that our method is always at least as good as
SNIPS, and outperforms it in most cases, in both learning and evaluation tasks.

4.4 Experimental Setup

In order to evaluate off-policy learning and evaluation methods, we need access to
logged data sampled from a stochastic policy involving logging propensities (exact or
estimated) along with the corresponding context and action pairs. Recent work that
focuses on off-policy learning or evaluation for contextual bandits in recommender
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Figure 4.2: Performance of different off-policy learning methods trained in a mini-batch
gradient descent fashion in terms of policy value on the test set. The axis labels are
similar to Figure 4.1.

systems follows a supervised-to-bandit conversion process to simulate a real-world
bandit feedback dataset [68, 69, 73, 130, 143, 144], or conducts a live experiment on
actual user traffic to evaluate the policy in an on-policy or online fashion [25, 27]. In
this work, we adopt the Open Bandit Pipeline (OBP) to simulate, in a reproducible
manner, real-world recommendation setups with stochastic rewards, large action spaces,
and controlled randomization [124]. Although the Open Bandit Pipeline simulates a
generic offline contextual bandit setup, there is a strong correspondence to real-world
recommendation setups where the environment context vector corresponds to the user
context and the actions correspond to the items recommended to the user. Finally, the
reward corresponds to the user feedback received on the item (click, purchase, etc.).
As an added advantage, the simulator allows us to conduct experiments in a realistic
setting where the logging policy is sub-optimal to a controlled extent, the logged data
size is limited, and the action space is large. In addition, we conduct experiments with
real-world recommendation logs from the OBP for off-policy evaluation.1

The research questions we answer with our experimental results in this chapter are:

RQC1 Does the proposed estimator-variance-minimizing baseline correction (Eq. 4.38)
improve off-policy learning (OPL) in a full-batch setting?

RQC2 Does the proposed gradient-variance-minimizing baseline correction (Eq. 4.31)
improve OPL in a mini-batch setting?

RQC3 How does the proposed gradient-variance-minimizing baseline correction (Eq.
4.31) affect gradient variance during OPL?

RQC4 Does the proposed estimator-variance-minimizing baseline correction (Eq. 4.38)
improve off-policy evaluation (OPE) performance?

1https://research.zozo.com/data.html
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Figure 4.3: Empirical variance of the gradient of different off-policy learning estimators
in a mini-batch optimization setup with varying learning rates (in title). We compute
gradient variance for each mini-batch during training and then report the average value
across all mini-batches in a training epoch. Results are averaged across 32 independent
runs with 95% confidence interval.

4.5 Results and Discussion

4.5.1 Off-policy learning performance (RQC1–3)
To evaluate the performance of the proposed β-IPS method on an OPL task, we consider
two learning setups:

1. Full-batch. In this setup, we directly optimize the β-IPS policy value estimator
(Eq. 4.21) with the optimal baseline correction, which minimizes the variance of
the value (Eq. 4.38). Given that the optimal baseline correction involves a ratio of
two expectations, optimizing the value function directly via a mini-batch stochastic
optimization is not possible for the same reason as the SNIPS estimator, i.e., it is not
possible to get an unbiased gradient estimate with a ratio function [79]. Therefore,
for this particular setting, we use a full-batch gradient descent method for the
optimization, where the gradient is computed over the entire training dataset.

2. Mini-batch. In this setup, we focus on optimizing the β-IPS policy value estimator
with the baseline correction, which minimizes the gradient estimate (Eq. 4.31). This
setup translates to a traditional machine learning training setup where the model is
optimized in a stochastic mini-batch fashion.

Full-batch. The results for the full-batch training in terms of the policy value on the
test set are reported in Figure 4.1, over the number of training epochs. To minimize the
impact of external factors, we use a linear model without bias, followed by a softmax
to generate a distribution over all actions, given a context vector x (this is a common
setup, see [e.g., 67, 71, 131]). We note that the goal of this chapter is not to get the
maximum possible policy value on the test set but rather to evaluate the effect of baseline
corrections on gradient and estimation variance. The simple model setup allows us to
easily track the empirical gradient variance, given that we have only one parameter
vector.
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An advantage of the full-batch setup is that we can compute the gradient of the
SNIPS estimator directly [147]. SNIPS is a natural baseline method to consider, along
with the traditional IPS estimator. Because of practical concerns, we only consider 500
epochs of optimization. Additionally, we use the state-of-the-art and widely used Adam
optimizer [80].

The IPS method converges to a lower test policy value in comparison to the SNIPS
and the proposed β-IPS methods, even after 500 epochs. A likely reason is the high-
variance of the IPS estimator [35], which can cause it to get stuck in bad local minima.

The methods with a control variate, i.e., SNIPS (with multiplicative control variate)
and β-IPS (with additive control variate) converge to substantially better test policy
values. In terms of the convergence speed, β-IPS converges to the optimal value faster
than the SNIPS estimator, most likely because it has lower estimator variance than
SNIPS. With this, we can answer RQC1 as follows: in the full-batch setting, our
proposed optimal baseline correction enables β-IPS to converge faster than SNIPS at
similar performance.

Mini-batch. The results for mini-batch training in terms of the test policy value are
reported in Figure 4.2. Different from the full-batch setup, where the focus is on
reducing the variance of the estimator value (Section 4.3.3), in the mini-batch mode, the
focus is on reducing the variance of the gradient estimate (Section 4.3.2). The model
and training setup are similar to the full-batch mode, except that we fixed the batch size
to 1024 for the mini-batch experiments. Preliminary results indicated that the batch size
hyper-parameter has a limited effect.

Analogous to the full-batch setup, the IPS estimator results in a lower test policy
value, most likely because of the high gradient variance which prevents convergence to
high performance. In contrast, due to their baseline corrections, BanditNet (Eq. 4.24)
and β-IPS have a lower gradient variance. Accordingly, they also converge to better
performance [15], i.e., resulting in superior test policy values.

Amongst these baseline-corrected gradient-based methods (BanditNet and β-IPS),
our proposed β-IPS estimator outperforms BanditNet as it provides a policy with
substantially higher value. The differences are observed over different choices of
learning rates. Thus we answer RQC2 accordingly: in the mini-batch setting, our
proposed gradient-minimizing baseline method results in considerably higher policy
value compared to both IPS and BanditNet.

Next, we directly consider the empirical gradient variance of different estimators;
Figure 4.3 reports the average mini-batch gradient variance per epoch. As expected, the
IPS estimator has the highest gradient variance by a large margin. For BanditNet, we
observe a lower gradient variance, which is the desired result of the additive baseline it
employs. Finally, we observe that our proposed method β-IPS has the lowest gradient
variance. This result corroborates the theoretical claim (Theorem 4.3.1) that the β-IPS
estimator has the lowest gradient variance amongst all global additive control variates
(including IPS and BanditNet). Our answer to RQC3 is thus clear: our proposed β-IPS
results in considerably lower gradient variance compared to BanditNet and IPS.
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Figure 4.4: Mean Squared Error (MSE) of different off-policy estimators with varying
action space (from left to right), and varying inverse temperature parameter of the
softmax logging policy (from top to bottom). X-axis corresponds to the size of the
logged data simulated (ranging from 102 to 106), and the y-axis corresponds to the
MSE (evaluated over 100 independent samples of the synthetic data) along with 95%
confidence interval. Each row corresponds to a different setting of inverse temperature
of the softmax logging policy. We only consider unbiased (asymptotically or otherwise)
estimators.

4.5.2 Off-policy evaluation performance (RQC4)

To evaluate the performance of the proposed β-IPS method, which minimizes the
estimated policy value (Eq. 4.38), in an OPE task, results are presented in Figure 4.4.
The target policy (to be evaluated) is a logistic regression model trained via the IPS
objective (Eq. 4.13) on logged data and evaluated on a separate full-information test
set. We evaluate the MSE of the estimated policy value against the true policy value
(Eq. 4.39). To evaluate the MSE of different estimators realistically, we report results
with varying degrees of the optimality of the behavior policy (decided by the inverse
temperature parameter of the softmax) and with a varying cardinality of the action space.
A positive (and higher) inverse softmax temperature results in a increasingly optimal
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Table 4.1: Comparison of different OPE methods on real-world recommender system
logs of ZOZOTOWN from a campaign targeted towards men with a uniformly random
production policy. We report the mean relative absolute error (with std).

OPE estimator Abs. relative error ↓
IPS 0.1277 (0.0142)
SNIPS 0.1113 (0.0372)
DR 0.1144 (0.0366)
β-IPS 0.1078 (0.0383)

behavior policy (selects action with highest reward probability), and a negative (and
lower) inverse softmax temperature parameter results in an increasingly sub-optimal
behavior policy (selects actions with lowest reward probability). Our proposed β-IPS
method has the lowest MSE in all simulated settings. Interestingly, the proposed β-IPS
has a lower MSE than the DR method, which has a regression model-based control
variate, arguably more powerful than the constant control variate from the proposed
β-IPS method. Similar observations have been made in previous work, e.g., Jeunen
and Goethals [67] reported that the DR estimator’s performance heavily depends on the
logging policy.

Depending on the setting, we see that β-IPS either has performance comparable to
the SNIPS estimator, i.e., when inverse temperature ∈ {−1, 1}; or noticeably higher
performance than SNIPS, i.e., when inverse temperature ∈ {−5, 5}.
Real-world evaluation. To evaluate different estimators in a real-world recommender
systems setup, we report the results of OPE from the production logs of a real-world
recommender system in Table 4.1. Similar to the simulation setup, the proposed β-IPS
has the lowest absoluate relative error amongst all estimators in the comparison. In
conclusion, we answer RQC4: our proposed policy-value variance minimizing baseline
method results in substantially improved MSE, compared to IPS, SNIPS and DR, in
offline evaluation tasks that are typical recommender system use-cases.

4.6 Conclusion and Future Work

In this chapter, we have proposed to unify different off-policy estimators as equivalent
additive baseline corrections. We look at off-policy evaluation and learning settings and
propose baseline corrections that minimize the variance in the estimated policy value
and the empirical gradient of the off-policy learning objective. Extensive experimental
comparisons on a synthetic benchmark with realistic settings show that our proposed
methods improve performance in the off-policy estimation (OPE) and off-policy learning
(OPL) tasks.

We believe our work in this chapter represents a significant step forward in the
understanding and use of off-policy estimation methods (for both evaluation and learning
use-cases), since we show that the prevalent SNIPS estimator can be improved upon
with essentially no cost, as our proposed method is parameter-free and – in contrast
with SNIPS – it retains the unbiasedness that comes with IPS. Future work may apply a
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similar approach to offline reinforcement learning setups [86], or consider extensions of
our approach for ranking applications [94].

In this chapter, we answer the RQ4, and RQ3 in the affirmative. First, we present
a unifying framework for off-policy evaluation and learning tasks :β-IPS. The new
estimator β-IPS combines most commonly estimators such as: inverse propensity
scoring (IPS), doubly robust (DR), and self-normalized IPS (SNIPS). Further, we
presented a closed-form solution baseline correction term – β that minimizes variance
for both off-policy learning and evaluation tasks.

Broadly, in this chapter, we explored off-policy evaluation and learning estimators
derived from logged user interactions in recommender systems. In the next chapter,
we turn to contextual-bandit learning within a diffusion-model framework, aiming to
optimize arbitrary user-defined objectives.
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4.A Appendix: Off-policy Estimator Variance
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Figure 4.A.1: Empirical variance of different off-policy estimators with varying action
space (from left to right), and varying sub-optimality of a temperature-based softmax
behavior policy (from top to bottom). The x-axis corresponds to the size of the logged
data simulated (ranging from 102 to 106), and the y-axis corresponds to the variance
of different estimators (evaluated over 100 independent samples of the synthetic data)
along with 95% confidence interval. Each row corresponds to a different optimality
level of the logging policy, decided by the inverse temperature parameter. We only
consider unbiased (asymptotically or otherwise) estimators.

In this chapter appendix, we report additional results from the experimental section
(Section 4.5) from the main chapter), answering RQC4. Specifically, we look the the
empirical variance of various offline estimators for the task of off-policy evaluation.
The mean squared error (MSE) of different offline estimators are reported in Figure 4.4.
In this appendix, we report the empirical variance of various offline estimators in
Figure 4.A.1.

From the figure, it is clear that our proposed β-IPS estimator with estimator variance
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minimizing β value (Eq. 4.38) results in the lowest empirical variance in most of the
cases. It is interesting to note that when the logged data is limited (N < 103), sometimes
the SNIPS estimator has lower estimator variance. We suspect that the reason could be
a bias in the estimate of the variance-optimal β estimate (Eq. 4.38), when the dataset
size is small, given that it is a ratio estimate of expectations. For practical settings, i.e.,
when N > 103, the proposed estimator β-IPS results in a minimum sample variance,
thereby empirically validating the effectiveness of our proposed β-IPS estimator for the
task of OPE.
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5
A Simple and Effective Reinforcement

Learning Method for Text-to-Image
Diffusion Models

So far in this thesis, we focused on learning from user interactions via contextual bandits
within ranking or recommendation systems. However, the contextual bandit framework
has recently also been effectively employed in fine-tuning foundation models, such as
textual large language models (LLMs) and diffusion models. The typical choice of
method for model optimization is proximal policy optimization (PPO) [137]. While
effective, recent research has highlighted computational advantages of REINFORCE
(policy gradient methods) over PPO for text-based LLMs [5]. Given PPO’s ongoing
challenges with variance and sample inefficiency, we consider improvements through
our final research question:

RQ5 Can we improve the sample efficiency of proximal policy optimization for fine-
tuning text-to-image diffusion?

In this chapter, we systematically compare PPO and REINFORCE for diffusion model
fine-tuning. In the first part of this chapter, we demonstrate that REINFORCE exhibits
inferior sample efficiency compared to PPO. Subsequently, we propose LOOP, an
enhancement to PPO achieving superior performance with the same number of input
prompts by generating multiple actions per prompt.

5.1 Introduction

Diffusion models have emerged as a powerful tool for generative modeling [57, 140],
with a strong capacity to model complex data distributions from various modalities, like
images [125], text [6], natural molecules [168], and videos [14].

Diffusion models are typically pre-trained on a large-scale dataset, such that they can
subsequently generate samples from the same data distribution. The training objective
typically involves maximizing the data distribution likelihood. This pre-training stage
helps generate high-quality samples from the model. However, some applications might

This chapter was published as [54].
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require optimizing a custom reward function, for example, optimizing for generating
aesthetically pleasing images [167], semantic alignment of image-text pairs based on
human feedback [134], or generating molecules with specific properties [155].

To optimize for such black-box objectives, RL-based fine-tuning has been suc-
cessfully applied to diffusion models [13, 37, 44, 88, 154]. For RL-based fine-tuning,
the reverse diffusion process is treated as a Markov decision process (MDP), wherein
prompts are treated as part of the input state, the generated image at each time-step is
mapped to an action, which receives a reward from a fixed reward model (environment
in standard MDP), and finally the diffusion model is treated as a policy, which we
optimize to maximize rewards. For optimization, typically PPO is applied [13, 37].
In applications where getting a reward model is infeasible or undesirable, “RL-free”
fine-tuning (typically offline) can also be applied [154]. For this chapter, we only focus
on diffusion model fine-tuning using “online” RL methods, specifically PPO [137].

An advantage of PPO is that it removes the incentive for the new policy to deviate
too much from the previous reference policy, via importance sampling and clipping
operation [137]. While effective, PPO can have a significant computational overhead.
In practice, RL fine-tuning for diffusion models via PPO requires concurrently loading
three models in memory:

(i) The reference policy: The base policy, which is usually initialized with the
pre-trained diffusion model.

(ii) The current policy: The policy that is RL fine-tuned, and also initialized with
the pre-trained diffusion model.

(iii) The reward model: Typically, a large vision-language model, trained via su-
pervised fine-tuning objective [85], which assigns a scalar reward to the final
generated image during the online optimization stage.

This can result in a considerable computational burden, given that each policy can
potentially have millions of parameters. In addition to its computational overhead, PPO
is also known to be sensitive to hyper-parameters [36, 61, 174].

Simpler approaches, like REINFORCE [164] avoid such complexities, and could
theoretically be more efficient. However, in practice, they often suffer from high
variance and instability. Recently, a variant of REINFORCE: reinforce leave-one-
out (RLOO) [82] was proposed which samples multiple sequences per input prompt,
and a baseline correction term to reduce the variance, however, it still suffers from
sample inefficiency.

This raises a fundamental question about the efficiency-effectiveness trade-off in
RL-based diffusion fine-tuning. In this chapter, first we systematically explore this
trade-off between efficiency – a lower computational cost, and reduced implementation
complexity (i.e., fewer hyper-parameters) – and effectiveness – stable training, and
final performance. We compare a simple REINFORCE approach with the standard
PPO framework, demonstrating that while REINFORCE greatly reduces computational
complexity, it comes at the cost of reduced performance.

Motivated by this finding, we propose a novel RL for diffusion fine-tuning method,
LOOP, which combines the best of the both worlds. To reduce the variance during policy
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5. A Reinforcement Learning Method for Text-to-Image Diffusion Models

optimization, LOOP uses multiple actions (diffusion trajectories) and a (REINFORCE)
baseline correction term per input prompt. To maintain the stability and robustness of
PPO, LOOP uses clipping and importance sampling.

We choose the text-to-image compositionality benchmark (T2I-CompBench; Huang
et al., 2023) as our primary evaluation benchmark. Text-to-image models often fail
to satisfy an essential reasoning ability of attribute binding, i.e., the generated image
often fails to bind certain attributes specified in the instruction prompt [41, 60, 121].
As illustrated in Figure 5.1, LOOP outperforms previous diffusion methods on attribute
binding. As attribute binding is a key skill necessary for real-world applications, we
choose the T2I-CompBench benchmark alongside two other common tasks: aesthetic
image generation and image-text semantic alignment.

To summarize, our main contributions are as follows:
PPO vs. REINFORCE efficiency-effectiveness trade-off. We systematically study
how design elements like clipping, reference policy, value function in PPO compare to
a simple REINFORCE method, highlighting the efficiency-effectiveness trade-off in
diffusion fine-tuning. To the best of our knowledge, we are the first ones to present such
a systematic study, highlighting the trade-offs in diffusion fine-tuning.
Introducing LOOP. We propose LOOP, a novel RL for diffusion fine-tuning method
combining the best of REINFORCE and PPO. LOOP uses multiple diffusion trajectories
and a REINFORCE baseline correction term for variance reduction, as well as clipping
and importance sampling from PPO for robustness and sample efficiency.
Empirical validation. To validate our claims empirically, we conduct experiments on
the T2I-CompBench benchmark image compositionality benchmark. The benchmark
evaluates the attribute binding capabilities of the text-to-image generative models and
shows that LOOP succeeds where previous text-to-image generative models often fail.
We also evaluate LOOP on two common objectives from the RL for diffusion literature:
image aesthetics, and text-image semantic alignment [13].

5.2 Background and Related Work

5.2.1 Diffusion models

We focus on denoising diffusion probabilistic models (DDPM) as the base model for
text-to-image generative modeling [57, 140]. Briefly, given a conditioning context
variable c (text prompt in our case), and the data sample x0, DDPM models p(x0 | c)
via a Markov chain of length T , with the following dynamics:

pθ(x0:T | c) = p(xT | c)

T∏

t=1

pθ(xt−1 | xt, c). (5.1)

Image generation in diffusion model is achieved via the following ancestral sampling
scheme, which is a reverse diffusion process:

xT ∼ N (0, I),

xt ∼ N
(
xt | µθ(xt, c, t), σ2

θI
)
,∀t ∈ [0, T − 1],

(5.2)
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where the distribution at time-step t is assumed to be a multivariate normal distribution
with the predicted mean µθ(xt, c, t), and a constant variance.

5.2.2 Proximal policy optimization for RL

PPO was introduced for optimizing a policy with the objective of maximizing the overall
reward in the RL paradigm [137]. PPO removes the incentive for the current policy πt to
diverge from the previous policy πt−1 outside the range [1− ε, 1+ ε], where ε is a hyper-
parameter. As long as the subsequent policies are closer to each other in the action space,
the monotonic policy improvement bound guarantees a monotonic improvement in the
policy’s performance as the optimization progresses. This property justifies the clipping
term in the mathematical formulation of the PPO objective function [1, 117, 135].
Formally, PPO the objective function is:

J(θ)=E
[
min

(
rt(θ)Ât, clip (rt(θ), 1− ε, 1 + ε)Ât

)]
, (5.3)

where rt(θ) = πt(a|c)
πt−1(a|c) is the importance sampling ratio between the current policy

πt(a | c) and the previous reference policy πt−1(a | c), Ât is the advantage func-
tion [146], and the clip operator restricts the importance sampling ratio in the range
[1− ε, 1 + ε].

5.2.3 RL for text-to-image diffusion models

The diffusion process can be viewed as an MDP (S,A , P,R, ρ0), where S is the state
space, A is the action space, P is the state transition kernel,R is the reward function,
and ρ0 is the distribution of initial state s0. In the context of text-to-image diffusion
models, the MDP is defined as:

st = (c, t,xt), πθ(at | st) = pθ(xt−1 | xt, c),

P(st+1 | st,at) = δ
(
c,at

)
, at = xt−1,

ρ0(s0) =
(
p(c), δT ,N (0, I)

)
,

R(st,at) =

{
r(x0, c) if t = 0,

0 otherwise.

(5.4)

The input state st is defined in terms of the context (prompt features), sampled image at
the given time-step t. The policy πθ is the diffusion model itself. The state transition
kernel is a dirac delta function δ with the current sampled action xt as the input. The
reward is assigned only at the last step in the reverse diffusion process, when the final
image is generated. The initial state ρ0 corresponds to the last state in the forward
diffusion process: xT .
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5.2.4 PPO for diffusion fine-tuning
The objective function of RL fine-tuning for a diffusion policy πθ can be defined as
follows:

Jθ(π) = Eτ∼p(τ |πθ)

[
T∑

t=0

R(st,at)

]

= Eτ∼p(τ |πθ) [r(x0, c)] ,

(5.5)

where the trajectory τ = {xT ,xT−1, . . . ,x0} refers to the reverse diffusion process
(Eq. 5.1), and the total reward of the trajectory is the reward of the final generated image
x0 (Eq. 5.4). We ignore the KL-regularized version of the equation, which is commonly
applied in the RLHF for LLM literature [120, 172, 175], and proposed by Fan et al. [37]
in the context of RL for diffusion models. As shown by Black et al. [13], adding the
KL-regularization term makes no empirical difference in terms of the final performance.
The PPO objective is given as:

JPPO
θ (π) = E

[ T∑

t=0

clip
(
πθ(xt−1 | xt, c)

πold(xt−1 | xt, c)
, 1−ε, 1+ε

)
r(x0, c)

]
, (5.6)

where the clipping operation removes the incentive for the new policy πθ to differ from
the previous round policy πold [13, 137].

5.3 REINFORCE vs. PPO: An Efficiency-Effectiveness
Trade-Off

In this section, we explore the efficiency-effectiveness trade-off between two prominent
reinforcement learning methods for diffusion fine-tuning: REINFORCE and PPO.
Understanding this trade-off is crucial for selecting the appropriate algorithm given
constraints on computational resources and desired performance outcomes.

In the context of text-to-image diffusion models, we aim to optimize the policy π to
maximize the expected rewardR(x0:T , c) = r(x0, c). Our objective function is defined
as:

Jθ(π) = Ec∼p(C),x0:T∼pθ(x0:T |c) [r(x0, c)] . (5.7)

REINFORCE for gradient calculation. For optimizing this objective, the REIN-
FORCE policy gradient (also known as score function (SF)) [164] provides the follow-
ing gradient estimate:

∇θJSF
θ (π) = Ex0:T

[
∇θ log

(
T∏

t=1

pθ (xt−1 | xt, c)

)
r (x0, c)

]

= Ex0:T

[
T∑

t=0

∇θ log pθ (xt−1 | xt, c) r (x0, c)

]
,

(5.8)

where the second step follows from the reverse diffusion policy decomposition (Eq. 5.1).
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In practice, a batch of trajectories is sampled from the reverse diffusion distribution,
i.e., x0:T ∼ pθ(x0:T ), and a Monte Carlo estimate of the REINFORCE policy gradient
(Eq. 5.8) is calculated for the model update.
REINFORCE with baseline correction. To reduce variance of the REINFORCE
estimator, a common trick is to subtract a constant baseline correction term from the
reward function [43, 101]:

∇θJSFB
θ (π) = E

[
T∑

t=0

∇θ log pθ(xt−1 | xt, c)(r(x0, c)− bt)
]
. (5.9)

REINFORCE Leave-one-out (RLOO). To further reduce the variance of the REIN-
FORCE estimator, RLOO samples K diffusion trajectories per prompt ({xk0:T } ∼ π(. |
c)), for a better Monte Carlo estimate of the expectation [5, 82]. The RLOO estimator
is:

∇θJRLOO
θ (π) = E

[
K−1

K∑

k=0

T∑

t=0

∇θ log pθ
(
xkt−1 | xkt , c

)(
r
(
xk0 , c

)
− bt

)
]
. (5.10)

However, REINFORCE-based estimators have a significant disadvantage: they do not
allow sample reuse (i.e., reusing trajectories collected from previous policies) due to a
distribution shift between policy gradient updates during training. Sampled trajectories
can only be used once, prohibiting mini-batch updates. This makes it sample inefficient.

To allow for sample reuse, the importance sampling (IS) trick can be applied [113,
135]:

J IS
θ (π) = Ect∼p(C),at∼πold(at|ct)

[
πθ(at | ct)
πold(at | ct)

Rt
]
, (5.11)

where πθ is the current policy to be optimized, and πold is the policy from the pre-
vious update round. With the IS trick, we can sample trajectories from the current
policy in a batch, store it in a temporary buffer, and re-use them to apply mini-batch
optimization [137].
Motivation for PPO. With the IS trick, the samples from the old policy can be used
to estimate the policy gradient under the current policy πθ (Eq. 5.8) in a statistically
unbiased fashion [113], i.e., in expectation the IS and REINFORCE gradients are
equivalent (Eq. 5.11, Eq. 5.8). Thus, potentially, we can improve the sample efficiency
of REINFORCE gradient estimation with IS.

While unbiased, the IS estimator can exhibit high variance [113]. This high variance
may lead to unstable training dynamics. Additionally, significant divergence between
the current policy πθ and the previous policy πold can result in the updated diffusion
policy performing worse than the previous one [1, 135]. Next, we will prove this
formally. We note that this result has previously been established by [1] for the more
general RL setting. In this chapter, we extend this finding to the context of diffusion
model fine-tuning.

A key component of the proof relies on the distribution of states under the current
policy, i.e., dπ(s). In the case of diffusion models, the state transition kernel P (st+1 |
st, at) is deterministic, because the next state consists of the action sampled from the
previous state (Eq. 5.4), i.e., P (st+1 | st, at) = 1. While the state transition kernel is
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deterministic, the distribution of states is stochastic, given that it depends on the action
at time t, which is sampled from the policy (Eq. 5.4). We define the state distribution as:

Definition 5.3.1. Given the distribution over contexts c ∼ p(C), the (deterministic)
distribution over time t = δ(t), and the diffusion policy π, the state distribution at time
t is:

p(st | π) = p(c)δ(t)

∫

xt+1

π(xt | xt+1, c, t)π(xt+1 | c, t)dxt+1.

Subsequently, the normalized discounted state visitation distribution can be defined as:

dπ(s) = (1− γ)

∞∑

t=0

γtp(st = s | π). (5.12)

The advantage function is defined as: Aπk(s,a) = Qπk(s,a)− V πk(s) [146]. Given
this, the monotonic policy improvement bound can be derived:

Theorem 5.3.2. Consider a current policy πk. For any future policy π, we have:

J(π)− J(πk) ≥ 1

1− γE(s,a)∼dπk

[
π(a | s)
πk(a | s)A

πk(s, a)

]

− 2γCπ,πk

(1− γ)2
Es∼dπk [TV(π(· | s), πk(· | s))] ,

where Cπ,πk = maxs∈S |Ea∼π(·|s) [Aπk(s, a)] | and TV(π(· | s), πk(· | s)) represents
the total variation distance between the policies π(· | s) and πk(· | s) [1].

A direct consequence of this theorem is that when optimizing a policy with the IS
objective (Eq. 5.11), to guarantee that the new policy will improve upon the previous
policy, the policies should not diverge too much. Therefore, we need to apply a
constraint on the current policy. This can be achieved by applying the clipping operator
in the PPO objective (Eq. 5.6) [1, 53, 117, 137].

This gives rise to an efficiency-effectiveness trade-off between REINFORCE and
PPO. REINFORCE offers greater computational and implementation efficiency due
to its simplicity, but it comes at the cost of lower sample efficiency and potential
suboptimal performance. In contrast, PPO is more computationally demanding and
involves more complex hyper-parameter tuning, yet it achieves higher performance and
reliable policy improvements during training.

We note that a similar trade-off analysis was performed in the context of RL fine-
tuning for large language models (LLM) [5]. However, their analysis was limited to an
empirical study, whereas we present a theoretical analysis in addition to the empirical
analysis. To the best of our knowledge, we are the first to conduct such a study for
diffusion methods.
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5.4 Method: Leave-One-Out PPO (LOOP) for Diffu-
sion Fine-tuning

We demonstrated the importance of PPO in enhancing sample efficiency and achieving
stable improvements during training for diffusion fine-tuning. Additionally, we show-
cased the RLOO method’s effectiveness in reducing the variance of the REINFORCE
method. In this section, we introduce our proposed method, LOOP, a novel RL for
diffusion fine-tuning method. We start with highlighting the potential high-variance in
the PPO objective.

The expectation in the PPO loss (Eq. 5.6) is typically estimated by sampling a single
trajectory for a given prompt c:

T∑

t=0

clip
(
πθ(xt−1 | xt, c)

πold(xt−1 | xt, c)
, 1− ε, 1 + ε

)
r(x0, c), (5.13)

where x0:T ∼ πold. Even though the single sample estimate is an unbiased Monte-Carlo
approximation of the expectation, it has high-variance [113]. Additionally, the IS term
( πθ(xt−1|xt,c)
πold(xt−1|xt,c) ) can also contribute to high-variance of the PPO objective [147, 166].

Both factors combined, can lead to high-variance, and unstable training of the PPO.
Taking inspiration from RLOO (Eq. 5.10), we sample K independent trajectories

from the previous policy for a given prompt c, and apply a baseline correction term
from each trajectories reward, to reduce the variance of the estimator:

ĴLOOP
θ (π) =

1

K

K∑

i=1

T∑

t=0

clip
(
πθ(x

i
t−1 | xit, c)

πold(xit−1 | xit, c)
, 1−ε, 1 +ε

)
·
(
r(xi0, c)− bi

)
,

(5.14)
where xi0:T ∼ πold,∀i ∈ [1,K]. The baseline correction term bi reduces the variance of
the gradient estimate, while being unbiased in expectation [52, 101]. A simple choice
of baseline correction can be the average reward across the K trajectories, i.e.,

bi =
1

k

K∑

i=0

r(xi0). (5.15)

However, we choose the leave-one-out average baseline, with average taken across all
samples in the trajectory, except the current sample i, i.e.,

bi =
1

k − 1

∑

j 6=i
r(xj0). (5.16)

Originally RLOO sampling and baseline corrections were proposed in the context of
REINFORCE, with a focus on on-policy optimization [5, 82], whereas we are applying
these in the off-policy step of PPO. We call this method leave-one-out PPO (LOOP).
Provenly, LOOP has lower variance than PPO:

Proposition 5.4.1. The LOOP estimator ĴLOOP
θ (π) (Eq. 5.14) has lower variance than

the PPO estimator ĴPPO
θ (π) (Eq. 5.13):

Var
[
ĴLOOP
θ (π)

]
< Var

[
ĴPPO
θ (π)

]
. (5.17)

87



5. A Reinforcement Learning Method for Text-to-Image Diffusion Models

Proof. Since the sampled trajectories are independent:

Var
[
ĴLOOP
θ (π)

]
=

1

K2
Var
[
ĴPPO
θ (π)

]
<Var

[
ĴPPO
θ (π)

]
.

5.5 Experimental Setup

Benchmark. Text-to-image diffusion and language models often fail to satisfy an
essential reasoning skill of attribute binding. Attribute binding reasoning capabil-
ity refers to the ability of a model to generate images with attributes such as color,
shape, texture, spatial alignment, (and others) specified in the input prompt. In other
words, generated images often fail to bind certain attributes specified in the instruction
prompt [41, 60, 121]. Since attribute binding seems to be a basic requirement for
useful real-world applications, we choose the T2I-CompBench benchmark [60], which
contains multiple attribute binding/image compositionality tasks, and its correspond-
ing reward metric to benchmark text-to-image generative models. We also select two
common tasks from RL for diffusion works: improving aesthetic quality of generation,
and image-text semantic alignment [13, 37]. To summarize, we choose the following
tasks for the RL optimization: (i) Color, (ii) Shape, (iii) Texture, (iv) 2D Spatial, (v) Nu-
meracy, (vi) Aesthetic, and (vii) Image-text Alignment. For all tasks, the prompts are
split into training/validation prompts. We report the average reward on both training
and validation split.

Model. As the base diffusion model, we use Stable diffusion V2 [125], which is
a latent diffusion model. For optimization, we fully update the UNet model, with a
learning rate of 1e−5. We also tried LORA fine-tuning [59], but the results were not
satisfactory, so we update the entire model instead. The hyper-parameters are reported
in Appendix 5.A.

5.6 Results and Discussion

5.6.1 REINFORCE vs. PPO efficiency-effectiveness trade-off

We discuss our empirical results for the REINFORCE vs. PPO efficiency-effectiveness
trade-off. Our empirical validation of the trade-off compares the following methods:

REINFORCE. The REINFORCE policy gradient for diffusion fine-tuning (Eq. 5.8).
REINFORCE with baseline correction. We compare the REINFORCE policy gradi-
ent with a baseline correction (BC) term (Eq. 5.9). For the baseline term, we choose the
average reward for the given prompt [13].
PPO. The PPO objective for diffusion fine-tuning with importance sampling and clip-
ping (Eq. 5.6).

Figure 5.2 shows the training reward over epochs for the attributes: Color, Shape,
and Texture from the T2I-CompBench benchmark, and training reward from optimizing
the aesthetic model. It is clear that REINFORCE policy gradient is not effective in
terms of performance, as compared to other variants. Adding a baseline correction term
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Figure 5.2: Evaluating REINFORCE vs. PPO trade-off by comparing: REINFORCE
(Eq. 5.8), REINFORCE with baseline correction term (Eq. 5.9), and PPO (Eq. 5.6). We
evaluate on the T2I-CompBench benchmark over three image attributes: Color, Shape,
and Texture. We also compare on the aesthetic task. Y-axis corresponds to the training
reward, x-axis corresponds to the training epoch. Results are averaged over 3 runs;
shaded areas indicate 80% prediction intervals.

Table 5.1: Comparing REINFORCE with PPO on the T2I-CompBench benchmark over
three image attributes: Color, Shape, and Texture. The metrics in this table are average
reward on an unseen test set (higher is better). For each prompt, average rewards over
10 independent generated images are calculated.

Method Color ↑ Shape ↑ Texture ↑
REINFORCE 0.6438 0.5330 0.6359
REINFORCE w/ BC 0.6351 0.5347 0.6656
PPO 0.6821 0.5655 0.6909

indeed improves the training performance, validating the effectiveness of baseline in
terms of training performance, possibly because of reduced variance. PPO achieves
the highest training reward, validating the effectiveness of importance sampling and
clipping for diffusion fine-tuning.

We also evaluate the performance on a separate validation set. For each validation
prompt, we generate 10 independent images from the diffusion policy, and average
the reward, finally averaging over all evaluation prompts. The validation results are
reported in Table 5.1. The results are consistent with the pattern observed with the
training rewards, i.e., REINFORCE with baseline provides a better performance than
plain REINFORCE, suggesting that baseline correction indeed helps with the final
performance. Nevertheless, PPO still performs better than REINFORCE.

We now have empirical evidence supporting the efficiency-effectiveness trade-off
discussed in Section 5.3. From these results, we can conclude that fine-tuning text-to-
image diffusion models is more effective with IS and clipping from PPO, or baseline
corrections from REINFORCE. This bolsters our motivation for proposing LOOP as an
approach to effectively combine these methods.
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Table 5.2: Comparing the performance of the proposed LOOP method with state-of-the-
art baselines on the T2I-CompBench benchmark over image attributes such as Color,
Shape, Texture, Spatial relation, and Numeracy. The metrics in this table are average
reward on an unseen test set (higher is better). For each prompt we generate and average
rewards across 10 different generated images.

Model Color ↑ Shape ↑ Texture ↑ Spatial ↑ Numeracy ↑
Stable v1.4 [125] 0.3765 0.3576 0.4156 0.1246 0.4461
Stable v2 [125] 0.5065 0.4221 0.4922 0.1342 0.4579
Composable v2 [90] 0.4063 0.3299 0.3645 0.0800 0.4261
Structured v2 [39] 0.4990 0.4218 0.4900 0.1386 0.4550
Attn-Exct v2 [23] 0.6400 0.4517 0.5963 0.1455 0.4767

GORS unbiased [60] 0.6414 0.4546 0.6025 0.1725 –
GORS [60] 0.6603 0.4785 0.6287 0.1815 0.4841

PPO [13] 0.6821 0.5655 0.6909 0.1961 0.5102
LOOP (k = 2) 0.6785 0.5746 0.6937 0.1800 0.5072
LOOP (k = 3) 0.7515 0.6220 0.7353 0.1966 0.5242
LOOP (k = 4) 0.7859 0.6676 0.7518 0.2136 0.5422

Table 5.3: Comparing the performance of LOOP with PPO on the aesthetic and image-
text alignment tasks. Higher values are better.

Method Aesthetic ↑ Image Alignment ↑
PPO [13] 6.8135 20.466
LOOP (k = 2) 6.8617 20.788
LOOP (k = 3) 7.0772 20.619
LOOP (k = 4) 7.8606 20.909

5.6.2 Evaluating LOOP

Next we discuss the results from our proposed RL for diffusion fine-tuning method,
LOOP.
Performance during training. Figure 5.3 shows the training reward curves for dif-
ferent tasks, against number of epochs. LOOP outperforms PPO across all seven tasks
consistently throughout training. This establishes the effectiveness of sampling multiple
diffusion trajectories per input prompt, and the leave-one-out baseline correction term
(Eq. 5.10) during training. The training reward curve is smoother for the aesthetic
task, as compared to tasks from the T2I-CompBench benchmark. We hypothesise that
improving the attribute binding property of the diffusion model is a harder task than
improving the aesthetic quality of generated images.

Table 5.2 reports the validation rewards across different tasks from the T2I-Comp-
Bench benchmark. LOOP outperforms PPO and other strong supervised learning based
baseline significantly across all tasks. It shows that PPO improves the attribute-binding
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Figure 5.4: Training reward variance for the color, and aesthetic task. The y-axis
corresponds to the training reward variance; the x-axis indicates the number of training
epochs. Results are averaged over 3 runs; shaded areas indicate 80% prediction intervals.
We observe that higher values of samples reused (i.e., k) produce lower reward variance
during training.

reasoning ability of the diffusion model compared to other supervised learning based
methods.

For the aesthetic and image-text alignment objectives, the validation rewards are
reported in Table 5.3. LOOP results in a 15.37% relative improvement over PPO for the
aesthetic task, and a 2.16% improvement over PPO for the image-text alignment task.
Impact of the number of independent trajectories (k). The LOOP variant with the
number of independent trajectories where K set to 4 performs the best across all tasks,
followed by the variant K = 3. This is intuitive given that Monte-Carlo estimates get
better with more number of samples [113]. Surprisingly, the performance of the variant
with K = 2 is comparable to PPO.
Impact on training variance. We evaluate whether LOOP results in a lower empirical
variance than PPO, as proved theoretically in Lemma 5.4.1. Figure 5.4 reports the
empirical reward variance during training for the color attribute and aesthetic objective.
LOOP results in a lower empirical variance than PPO, thereby empirically validating
our claim that LOOP has lower variance than PPO.
Qualitative results. For a qualitative evaluation of the attribute-binding reasoning
ability, we present some example image generations from SD, PPO, and LOOP in
Figure 5.1. In the first example, the input prompt specifies a black colored ball with
a white cat. Stable diffusion and PPO fail to bind the color black with the generated
ball, whereas LOOP successfully binds that attribute. Similarly, in the third example,
SD and PPO fail to bind the hexagon shape attribute to the watermelon, whereas LOOP
manages to do that. In the fourth example, SD and PPO fail to add the horse object
itself, whereas LOOP adds the horse with the specified black color, and flowing cyan
patterns.

5.7 Conclusion

We have studied the efficiency-effectiveness trade-off between two fundamental RL
for diffusion methods: REINFORCE, and PPO. REINFORCE, while computationally
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efficient and easier to implement, is subpar to PPO in terms of sample efficiency and
performance. Building on these insights, we have introduced a simple and effective
RL for diffusion method, LOOP, which builds on the variance reduction techniques
from REINFORCE and the effectiveness and robustness of PPO. We have found that
LOOP improves over diffusion models on multiple black-box objectives. A limitation
of LOOP is that sampling multiple diffusion trajectories per prompt can lead to more
computational overhead and an increase in training time. A potential future direction
would be to keep the effectiveness of LOOP while maintaining the computational
complexity of PPO.

In this chapter, we answer the broad research question (RQ5) in the affirmative. We
systematically compare PPO and REINFORCE for diffusion model fine-tuning, where
we demonstrate that REINFORCE exhibits inferior sample efficiency compared to PPO.
Building on top of PPO, we propose LOOP, which achieves superior performance with
the same number of input prompts by generating multiple actions per prompt.

93





Appendices

5.A Hyperparameter and Implementation Details

For REINFORCE (including REINFORCE with baseline correction term), PPO, and
LOOP the number of denoising steps (T ) is set to 50. The diffusion guidance weight
is set to 5.0. For optimization, we use AdamW [95] with a learning rate of 1e−5, and
the weight decay of 1e−4, with other parameters kept at the default value. We clip the
gradient norm to 1.0. We train all models using 8 A100 GPUs with a batch size of 4 per
GPU. The clipping parameter ε for PPO, and LOOP is set to 1e−4.

5.B Additional Qualitative Examples

We present some additional qualitative examples in this section.
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5.B. Additional Qualitative Examples
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6
Conclusions

In this thesis, we have investigated approaches to develop safe, robust and efficient
reinforcement learning methods for real-world applications. Specifically, in the four
chapters preceding this conclusion, we have demonstrated:

(i) A safe counterfactual LTR method which guarantees that the new ranking policy
will be at least as good as the production/logging policy, presented in Chapter 2.

(ii) A robust safe counterfactual learning to rank (LTR) method where the safety guar-
antees are agnostic to the user behavior model, and hold even under adversarial
click behavior settings, presented in Chapter 3.

(iii) A closed-form baseline correction method for off-policy evaluation and learning
for contextual bandits with guaranteed minimum variance, presented in Chapter 4.

(iv) An efficient reinforcement learning method for text-to-image diffusion fine-tuning,
based on a simple and practical extension of the popular Proximal Policy Opti-
mization (PPO) algorithm, with significantly improved performance, presented in
Chapter 5.

6.1 Main Findings

In this section we revisit the research questions presented in Chapter 1 followed by a
summary of the most important findings.

RQ1 Can safety guarantees be provided for counterfactual LTR policies to ensure that
the new policy is at least as good as the production policy?

The answer to this question is in the affirmative. In Chapter 2, we derive a generalization
bound for the counterfactual LTR estimator, establishing a lower bound on the true
ranking utility, the ideal target metric for optimization. We demonstrated that optimizing
this lower bound ensures a ranking policy no worse than the current production policy.
This property proves especially valuable when click data is scarce, mitigating the risk
of deploying potentially harmful policies, thereby ensuring safe deployment.
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The broader implication of this work is in the practical deployment stage for all
modern search and recommender ranking systems. Using the presented safety tech-
niques, search and recommendation teams can reliably deploy a ranking policy without
risking deploying a policy with sub-optimal user experience. An example use-case is
deploying a ranking policy in a new geographic region, with limited user interactions.
The safety method presented will help ensure that the new policy is never worse than
the safe production policy.

A limitation of our work is that we assume the ranking policy to be stochastic in
nature, i.e., for a given query context, the ranking policy generates different ranked lists
at each time. In certain real-world applications, stochastic rankings might be unfeasible,
or not preferred because of external reasons.

While RQ1 provides a probabilistic safety guarantee by optimizing the lower bound,
these guarantees depend critically on assumptions regarding user behavior (click model).
Deviations from these assumptions invalidate the guarantees, which motivated the
second research question:

RQ2 Can we provide robust safety guarantees for counterfactual LTR policies even
under adversarial user behavior settings?

The answer to this question is in the affirmative; in Chapter 3, we introduced proximal
ranking policy optimization (PRPO), a method ensuring safety for counterfactual LTR
without reliance on user behavior assumptions, guaranteeing robust safety even under
adversarial conditions.

The broader implication of this work is in providing a robust safe deployment
framework. In practice, the proposed method in this chapter provides reliability in the
wild. Search engines or recommender systems that serve heterogeneous markets (or fast-
shifting verticals like news) have shifting user preferences, and relying on a single user
behavior assumption can have detrimental effects. The robust safety method presented
in this chapter can ensure safe deployment even under such dynamic heterogeneous
markets.

Similar to the previous chapter, a limitation of this work is that we assume the
ranking policy to be stochastic in nature, i.e., for a given query context, the ranking policy
generates different ranked lists at each time. A robust safety method for deterministic
ranking policy might be preferred.

In the context of off-policy evaluation and learning with single action contextual ban-
dits, standard methods like IPS are unbiased but suffer from high variance. Alternative
methods, including doubly robust (DR) estimators and self-normalized IPS (SNIPS),
reduce variance using additive and multiplicative baseline corrections respectively, yet
lack a unifying framework. This motivated our third research question:

RQ3 Can we unify variance reduction techniques using baseline corrections and a
doubly robust estimator under a common framework?

The answer to this question is in the affirmative; in Chapter 4, we proposed the β-IPS
estimator, integrating IPS, doubly robust methods, and Self-Normalized IPS under a
unified baseline correction framework.
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RQ4 Given a unified framework for variance reduction techniques under baseline
corrections, can we derive a variance-optimal unbiased estimator?

The answer to this question is in the affirmative; in Chapter 4, we presented a closed-
form solution for β that minimizes variance for both learning and evaluation tasks.
Empirical evidence under different scenarios validates the effectiveness of our approach.

A broader implication of this work is in providing a unified vocabulary/framework
for off-policy evaluation and learning tasks. A common framework for off-policy
evaluation and learning tasks reduces the burden of choosing an estimator in practice
for practitioners. Further, a closed-form solution for the baseline correction term makes
the practical implementation of the estimator easier.

Contextual bandit theory previously discussed emphasizes user interactions within
ranking or recommendation systems. However, the framework has also been effectively
employed in fine-tuning foundation models, such as large language models (LLMs)
and diffusion models, typically using proximal policy optimization (PPO). Recent re-
search highlights computational advantages of REINFORCE (policy gradient methods)
over PPO for LLMs [5]. Given PPO’s ongoing challenges with variance and sample
inefficiency, we consider improvements through our final research question:

RQ5 Can we improve the sample efficiency of proximal policy optimization for fine-
tuning text-to-image diffusion?

The answer to this question is in the affirmative; in Chapter 5, we systematically compare
PPO and REINFORCE for diffusion model fine-tuning. Initially, we demonstrate that
REINFORCE exhibits inferior sample efficiency compared to PPO. Subsequently,
we propose leave-one-out PPO (LOOP), an enhancement to PPO achieving superior
performance with the same number of input prompts by generating multiple actions per
prompt.

6.2 Future Work

Finally, this section addresses some limitations with the existing work and potential
future directions of the research presented in this thesis.

6.2.1 Safety with real-world constraints

First, the safe counterfactual LTR methods presented in Chapter 2 and Chapter 3 are
designed with a stochastic ranking policy in mind. In many real-world applications,
deploying a stochastic policy might not be feasible, necessitating safety methods for
deterministic ranking policies [45]. A future direction along this line would be to add
safety regularization to the top-K LambdaLoss LTR method with deterministic ranking
policy [108].

Regarding experiments, all of our evaluations are based on semi-synthetic simu-
lations with click signal derived from the manual relevance judgments. Real-world
experiments are typically conducted via A/B tests on actual users. As part of future
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work, applying the proposed safety methods to real-world user interaction data, followed
by comprehensive A/B testing, would be particularly valuable.

Modern recommendation systems increasingly include a LLM that both selects
content and generates natural-language explanations. Extending safe counterfactual
LTR to such LLM-based ranking policies will require handling high-dimensional textual
actions, possibly by constraining the language model output with exposure-based bounds
handing the high-dimensional nature of action space.

6.2.2 Extending optimal baseline corrections to reinforcement
learning

Next, the optimal-baseline correction method presented in Chapter 4 reduces the vari-
ance of existing off-policy evaluation and learning estimators for contextual bandits.
Extending the proposed optimal variance baseline to offline RL scenarios would be an
interesting future research direction [86].

In moving from contextual bandits to full reinforcement learning settings, where
decisions involve trajectories (sequences of actions), it would be interesting to derive an
optimal scalar (or state-dependent) baseline that minimises variance while preserving
unbiasedness.

Further, the optimal baseline correction presented for off-policy learning involves
calculating and storing gradients of all parameters for each example separately. With
large language models involving billions of parameters, storing and calculating gradients
separately for each example could be practically challenging, presenting another poten-
tial avenue for future exploration. Compression techniques such as low-rank adapters,
or selective checkpointing could bring the memory cost, opening up an interesting
practical future direction.

6.2.3 RL-based diffusion fine-tuning

The diffusion fine-tuning setup presented in Chapter 5 is treated as a contextual bandit
framework, with the entire reverse diffusion process treated as a single action. A scalar
reward is generated for the final image in the generation. Extending the model to a more
traditional reinforcement learning setup, where we have a scalar reward at each step of
the reverse diffusion process, could be an interesting future direction.

Further, the reward signal for diffusion fine-tuning comes from an external reward
model, which roughly represents the average population score for the corresponding
task, and is not personalized. An interesting future direction would be to fine-tune
foundational models directly with user interaction data to enable personalized generative
models. An example would be a personalized email writing assistant, which learns to
generate tailored email text based on user interactions, such as edits, binary feedback,
etc. In the context of image generation, an example use-case could be personalized
music playlist cover generation, based on the user’s interactions and preferences.
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6.2.4 Personalised generative models
Finally, the reward model used for diffusion fine-tuning in Chapter 5 reflects an average
user preference. Personalising generation to individual users raises new challenges:
privacy, fairness and extreme data sparsity. Promising future research directions in this
area are:

• Privacy-preserving on-device fine-tuning. Employ federated RL or secure aggre-
gation to learn user-specific adapters without sharing raw images or prompts.

• Meta-learning reward models. Train a global model that can be rapidly adapted
to a new user with a handful of interaction signals (edits, binary feedback).

• Fairness and calibration. Ensure that personalised models do not amplify
sensitive-attribute biases by incorporating fairness constraints into the safe-bandit
objective.
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[84] T. Lattimore and C. Szepesvári. Bandit Algorithms. Cambridge University Press, 2020. (Cited on
page 61.)

[85] K. Lee, H. Liu, M. Ryu, O. Watkins, Y. Du, C. Boutilier, P. Abbeel, M. Ghavamzadeh, and S. S. Gu.
Aligning text-to-image models using human feedback. arXiv preprint arXiv:2302.12192, 2023. (Cited
on page 80.)

[86] S. Levine, A. Kumar, G. Tucker, and J. Fu. Offline reinforcement learning: Tutorial, review, and
perspectives on open problems. arXiv preprint arXiv:2005.01643, 2020. (Cited on pages 76 and 102.)

[87] L. Li, W. Chu, J. Langford, and R. E. Schapire. A contextual-bandit approach to personalized news
article recommendation. In Proceedings of the 19th International Conference on World Wide Web,
pages 661–670, 2010. (Cited on pages 25 and 60.)

[88] S. Li, K. Kallidromitis, A. Gokul, Y. Kato, and K. Kozuka. Aligning diffusion models by optimizing
human utility. arXiv preprint arXiv:2404.04465, 2024. (Cited on page 80.)

[89] B. Liu, Q. Cai, Z. Yang, and Z. Wang. Neural trust region/proximal policy optimization attains globally
optimal policy. Advances in Neural Information Processing Systems, 32, 2019. (Cited on pages 34
and 36.)

[90] N. Liu, S. Li, Y. Du, A. Torralba, and J. B. Tenenbaum. Compositional visual generation with
composable diffusion models. In European Conference on Computer Vision, pages 423–439. Springer,
2022. (Cited on page 90.)

[91] T.-Y. Liu. Learning to rank for information retrieval. Foundations and Trends in Information Retrieval,
3(3):225–331, 2009. (Cited on pages 11, 13, 14, 33, and 36.)

[92] Y. Liu, J.-N. Yen, B. Yuan, R. Shi, P. Yan, and C.-J. Lin. Practical counterfactual policy learning
for top-k recommendations. In Proceedings of the 28th ACM SIGKDD Conference on Knowledge
Discovery and Data Mining, KDD ’22, page 1141–1151. ACM, 2022. doi: 10.1145/3534678.3539295.
(Cited on page 60.)

[93] Y.-A. Liu, R. Zhang, J. Guo, M. de Rijke, W. Chen, Y. Fan, and X. Cheng. Black-box adversarial
attacks against dense retrieval models: A multi-view contrastive learning method. In Proceedings of the
32nd ACM International Conference on Information and Knowledge Management, pages 1647–1656,
2023. (Cited on page 41.)

[94] B. London, A. Buchholz, G. Di Benedetto, J. M. Lichtenberg, Y. Stein, and T. Joachims. Self-
normalized off-policy estimators for ranking. In CONSEQUENCES Workshop at ACM RecSys ’23,
CONSEQUENCES ’23, 2023. (Cited on page 76.)

[95] I. Loshchilov and F. Hutter. Decoupled weight decay regularization. In International Conference on
Learning Representations, 2017. (Cited on page 95.)

[96] N. C. Luong, D. T. Hoang, S. Gong, D. Niyato, P. Wang, Y.-C. Liang, and D. I. Kim. Applications of
deep reinforcement learning in communications and networking: A survey. IEEE communications
surveys & tutorials, 21(4):3133–3174, 2019. (Cited on page 1.)

[97] J. Ma, Z. Zhao, X. Yi, J. Yang, M. Chen, J. Tang, L. Hong, and E. H. Chi. Off-policy learning in
two-stage recommender systems. In Proceedings of The Web Conference 2020, WWW ’20, page
463–473. ACM, 2020. ISBN 9781450370233. doi: 10.1145/3366423.3380130. (Cited on pages 60
and 64.)

[98] A. Maurer and M. Pontil. Empirical Bernstein bounds and sample-variance penalization. In Annual
Conference Computational Learning Theory, 2009. (Cited on page 16.)

[99] J. McInerney, B. Lacker, S. Hansen, K. Higley, H. Bouchard, A. Gruson, and R. Mehrotra. Explore,
exploit, and explain: Personalizing explainable recommendations with bandits. In Proceedings of
the 12th ACM Conference on Recommender Systems, RecSys ’18, page 31–39. ACM, 2018. doi:
10.1145/3240323.3240354. (Cited on page 60.)

[100] R. Mehrotra, N. Xue, and M. Lalmas. Bandit based optimization of multiple objectives on a music
streaming platform. In Proceedings of the 26th ACM SIGKDD International Conference on Knowledge
Discovery & Data Mining, KDD ’20, page 3224–3233. ACM, 2020. doi: 10.1145/3394486.3403374.
(Cited on page 60.)

[101] S. Mohamed, M. Rosca, M. Figurnov, and A. Mnih. Monte Carlo gradient estimation in machine
learning. Journal of Machine Learning Research, 21(132):1–62, 2020. (Cited on pages 62, 63, 68, 85,

109



6. Bibliography

and 87.)
[102] S. Nowozin, B. Cseke, and R. Tomioka. f-GAN: Training generative neural samplers using variational

divergence minimization. Advances in Neural Information Processing Systems, 29, 2016. (Cited on
page 17.)

[103] H. Oosterhuis. Learning from User Interactions with Rankings: A Unification of the Field. PhD thesis,
Informatics Institute, University of Amsterdam, 2020. (Cited on pages 16, 26, 33, 36, 37, and 41.)

[104] H. Oosterhuis. Computationally efficient optimization of Plackett-Luce ranking models for relevance
and fairness. In Proceedings of the 44th International ACM SIGIR Conference on Research and
Development in Information Retrieval, pages 1023–1032, 2021. (Cited on pages 24, 25, 26, 44, 46,
and 51.)

[105] H. Oosterhuis. Learning-to-rank at the speed of sampling: Plackett-Luce gradient estimation with
minimal computational complexity. In Proceedings of the 45th International ACM SIGIR Conference
on Research and Development in Information Retrieval, pages 2266–2271, 2022. (Cited on page 44.)

[106] H. Oosterhuis. Reaching the end of unbiasedness: Uncovering implicit limitations of click-based
learning to rank. In Proceedings of the 2022 ACM SIGIR International Conference on the Theory of
Information Retrieval, 2022. (Cited on pages 2, 3, 11, 16, and 34.)

[107] H. Oosterhuis. Doubly robust estimation for correcting position bias in click feedback for unbiased
learning to rank. ACM Transactions on Information Systems, 41(3):1–33, 2023. (Cited on pages 12,
33, 34, 35, 37, 38, 39, 41, 44, 46, 47, 53, 54, and 59.)

[108] H. Oosterhuis and M. de Rijke. Policy-aware unbiased learning to rank for top-k rankings. In
Proceedings of the 43rd International ACM SIGIR Conference on Research and Development in
Information Retrieval, pages 489–498, 2020. (Cited on pages 13, 16, 24, 25, 26, 34, 35, 37, 38, 45,
and 101.)

[109] H. Oosterhuis and M. de Rijke. Robust generalization and safe query-specialization in counterfactual
learning to rank. In Proceedings of the Web Conference 2021, pages 158–170, 2021. (Cited on pages 2,
12, 13, 25, 30, 34, 35, and 44.)

[110] H. Oosterhuis and M. de Rijke. Unifying online and counterfactual learning to rank: A novel
counterfactual estimator that effectively utilizes online interventions. In Proceedings of the 14th ACM
International Conference on Web Search and Data Mining, pages 463–471, 2021. (Cited on pages 13,
15, 16, 25, 26, 35, 37, 44, 46, and 51.)

[111] H. Oosterhuis, R. Jagerman, and M. de Rijke. Unbiased learning to rank: Counterfactual and online
approaches. In Companion Proceedings of the Web Conference 2020, pages 299–300, 2020. (Cited on
pages 12 and 13.)

[112] Z. Ovaisi, R. Ahsan, Y. Zhang, K. Vasilaky, and E. Zheleva. Correcting for selection bias in learning-
to-rank systems. In Proceedings of The Web Conference 2020, pages 1863–1873, 2020. (Cited on
pages 34 and 37.)

[113] A. B. Owen. Monte Carlo Theory, Methods and Examples. https://artowen.su.domains/
mc/, 2013. (Cited on pages 60, 62, 63, 64, 85, 87, and 92.)

[114] A. Poyarkov, A. Drutsa, A. Khalyavin, G. Gusev, and P. Serdyukov. Boosted decision tree regression
adjustment for variance reduction in online controlled experiments. In Proc. of the 22nd ACM SIGKDD
International Conference on Knowledge Discovery and Data Mining, KDD ’16, page 235–244. ACM,
2016. doi: 10.1145/2939672.2939688. (Cited on page 62.)

[115] T. Qin and T.-Y. Liu. Introducing LETOR 4.0 datasets. arXiv preprint arXiv:1306.2597, 2013. (Cited
on pages 25 and 44.)

[116] T. Qin, T.-Y. Liu, J. Xu, and H. Li. Letor: A benchmark collection for research on learning to rank for
information retrieval. Information Retrieval, 13(4):346–374, 2010. (Cited on pages 11, 13, and 33.)

[117] J. Queeney, Y. Paschalidis, and C. G. Cassandras. Generalized proximal policy optimization with
sample reuse. In Advances in Neural Information Processing Systems, volume 34, pages 11909–11919,
2021. (Cited on pages 34, 36, 83, and 86.)

[118] F. Radlinski. Addressing malicious noise in clickthrough data. In LR4IR 2007: Learning to Rank for
Information Retrieval Workshop at SIGIR, volume 2007, 2007. (Cited on page 41.)

[119] F. Radlinski, M. Kurup, and T. Joachims. How does clickthrough data reflect retrieval quality? In
Proceedings of the 17th ACM Conference on Information and Knowledge Management, pages 43–52,
2008. (Cited on page 13.)

[120] R. Rafailov, A. Sharma, E. Mitchell, C. D. Manning, S. Ermon, and C. Finn. Direct preference
optimization: Your language model is secretly a reward model. Advances in Neural Information
Processing Systems, 36, 2024. (Cited on page 84.)

[121] A. Ramesh, P. Dhariwal, A. Nichol, C. Chu, and M. Chen. Hierarchical text-conditional image

110

https://artowen.su.domains/mc/
https://artowen.su.domains/mc/


generation with clip latents. arXiv preprint arXiv:2204.06125, 1(2):3, 2022. (Cited on pages 82
and 88.)

[122] S. Rendle. Item Recommendation from Implicit Feedback, pages 143–171. Springer US, New York,
NY, 2022. ISBN 978-1-0716-2197-4. doi: 10.1007/978-1-0716-2197-4 4. (Cited on page 60.)
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Summary

This dissertation investigates how reinforcement learning methods can be made si-
multaneously safe, sample-efficient, and robust when trained only from logged user
interactions. Under the unifying lens of contextual-bandit reinforcement learning, the
work spans two application families: web-search ranking/recommendation and text-to-
image diffusion models. In this thesis, we pair new theory with practical algorithms
that (i) guarantee safe deployment against the production system, (ii) extract more
signal from limited logs in an off-policy evaluation and learning setup, and (iii) scale to
modern large-scale generative models.

In the first part of the thesis, we derive an exposure-based generalisation bound that
upper-bounds the true ranking utility. Optimising the bound yields a counterfactual risk-
minimisation (CRM) objective whose solution is provably no worse than the logging
policy even with few clicks, resulting in safe deployment. Further, we proposed a robust
safe deployment method that extends safety to doubly-robust estimators, and retains
guarantees under adversarial or mis-specified behaviour models. The proposed method
offers practitioners direct control over the maximum allowed utility drop.

In the second part of the thesis, shifting to single-action bandits, our contribu-
tion unifies IPS, self-normalised IPS and doubly robust estimators inside an unifying
baseline-correction framework. We propose a closed-form optimal baseline term that is
proved to minimise both evaluation and policy-gradient variance.

In the final chapter we revisit the efficiency-effectiveness trade-off in a generative
reinforcement learning setup. A systematic PPO-vs-REINFORCE study reveals an
“efficiency–effectiveness” trade-off, inspiring leave-one-out PPO (LOOP). LOOP gener-
ates several diffusion trajectories per prompt and inserts a REINFORCE-style baseline
inside PPO’s clipped objective, matching PPO quality while binding textual attributes
more faithfully on text-to-image diffusion benchmark.

Finally, the thesis gives the following answers: (i) safety can be guaranteed for
ranking – with or without click-model assumptions; (ii) a single baseline parameter can
unify and optimise bandit variance reduction; and (iii) lightly modified reinforcement
learning algorithms can fine-tune large diffusion models efficiently. Together these
advances demonstrate a path toward reliable, safe, and data-efficient reinforcement
learning pipelines for real-world information access and generative AI and open avenues
for extending safe-bandit theory to multitask and multi-objective foundation models.
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Samenvatting

Dit proefschrift onderzoekt hoe reinforcement learning-methoden tegelijkertijd veilig,
sample-efficiënt en robuust kunnen worden gemaakt wanneer ze uitsluitend worden
getraind op basis van geregistreerde gebruikersinteracties.

Onder de overkoepelende lens van contextual-bandit reinforcement learning omvat
het werk twee families van toepassingen: webzoekrangschikking/-aanbeveling en tekst-
naar-afbeelding diffusiemodellen.

In dit proefschrift combineren we nieuwe theorie met praktische algoritmen die
(i) veilige implementatie tegen het productiesysteem garanderen, (ii) meer signaal
extraheren uit beperkte logs in een off-policy evaluatie- en leeropstelling, en (iii)
opschalen naar moderne grootschalige generatieve modellen.

In het eerste deel van het proefschrift leiden we een exposuregebaseerde gener-
alisatiegrens af die de werkelijke bruikbaarheid van de rangschikking begrenst. Het
optimaliseren van de grens levert een contrafactische risicominimalisatiedoelstelling
op waarvan de oplossing aantoonbaar niet slechter is dan het logbeleid, zelfs met
weinig klikken, wat resulteert in een veilige implementatie. Verder hebben we een
robuuste, veilige implementatiemethode voorgesteld die de veiligheid uitbreidt naar
dubbelrobuuste schatters en garanties behoudt onder vijandige of verkeerd gespeci-
ficeerde gedragsmodellen. De voorgestelde methode biedt professionals directe controle
over de maximaal toegestane utiliteitsdaling.

In het tweede deel van het proefschrift, overgaand op single-action bandits, verenigt
onze bijdrage IPS, zelfgenormaliseerde IPS en dubbelrobuuste schatters binnen een
uniform basislijncorrectiekader. We stellen een gesloten, optimale basislijnterm voor
waarvan bewezen is dat deze zowel de variantie in evaluatie als in beleidsgradiënt
minimaliseert.

In het laatste hoofdstuk bekijken we de afweging tussen efficiëntie en effectiviteit
in een generatieve reinforcement learning-opzet opnieuw. Een systematische PPO-
versus-REINFORCE-studie onthult een afweging tussen efficiëntie en effectiviteit, wat
inspireert tot leave-one-out PPO (LOOP). LOOP genereert meerdere diffusietrajecten
per prompt en voegt een REINFORCE-achtige basislijn in binnen de afgeknipte doel-
stelling van PPO, die overeenkomt met de PPO-kwaliteit en tegelijkertijd tekstuele
kenmerken getrouwer koppelt aan de tekst-naar-afbeelding diffusiebenchmark.

Ten slotte geeft het proefschrift de volgende antwoorden: (i) veiligheid kan worden
gegarandeerd voor rangschikking – met of zonder aannames voor het klikmodel; (ii)
één basislijnparameter kan de reductie van banditvariantie verenigen en optimaliseren;
(iii) licht aangepaste reinforcement learning algoritmen kunnen grote diffusiemodellen
efficiënt verfijnen.

Samen tonen deze ontwikkelingen een pad naar betrouwbare, veilige en data-
efficiënte reinforcement learning pipelines voor real-world informatietoegang en gen-
eratieve AI, en openen ze mogelijkheden om de safe-bandittheorie uit te breiden naar
multitask- en multi-objectieve basismodellen.
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