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1
Introduction

One of the core problems in information retrieval (IR) concerns ranking a collection of
data entities, such as documents, multi-media or commercial products, according to their
relevance to a particular information need, such as a textual query or a user’s purchase
history [9]. Due to the rapid expansion of online information and the challenges
associated with finding desired information, the need for effective information retrieval
systems has increased significantly [77]. Consequently, online search engines and
recommendation systems have become means to help satisfy users’ information needs.
As a central component of search engines, a ranker is responsible for sorting documents
based on their degree of relevance to the queries. In the classic literature on IR, numerous
heuristic ranking models have been proposed to address this challenge [113]. With
the advent of abundant training data as well as machine learning successes in other
fields, researchers in the IR community have focused on leveraging machine learning
technologies to construct powerful ranking models. These models are referred to as
learning to rank (LTR) methods.

Traditional LTR models require explicit relevance labels as their supervision signal,
produced by expert annotators [79]. However, obtaining such annotations in great
quantities is both expensive and time-consuming [25, 102]. Furthermore, both the
information, as well as user taste, are continuously changing, and the preferences of
online users may not be completely aligned with that of expert annotators [72, 109].
The ever-expanding application of online search engines provides huge quantities of
user interactions to system designers, at no extra cost. Furthermore, unlike expert
annotations, interactions from users are an indication of the actual individual user
preferences. Research on using user interactions for learning and evaluation of ranking
is divided into two families: the online family where the optimal ranker is learned
through adaptive interventions with the search results as they are shown to the user [46,
73, 76, 95, 144]; and the counterfactual family that only uses historical logs as their
supervision source [1, 58, 131]. In this thesis, we focus on the second family, i.e.,
counterfactual learning to rank (CLTR).

The great advantages of user interactions over manually labeled data for LTR in
terms of cost and reflecting actual user preferences, come with several issues. Most
importantly, as a form of implicit feedback, user interactions suffer from noise and bias.
Consider, for instance, clicks on the items in a search engine result page (SERP) as user
interactions. Clicks are noisy in the sense that a non-relevant item may receive a click
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1. Introduction

or a relevant item may be skipped. As long as the signal-to-noise ratio is acceptable, the
effect of noise is mitigated by averaging over a large number of clicks. However, things
are different for bias. Clicks are biased in the sense that different items are treated
differently by the user, based on their position, presentation, or other contextual factors.
For example, position bias, a well-known type of bias [30], occurs because users are
more likely to examine results at higher ranks. As a consequence, an item may receive
more clicks simply because it was displayed at a high rank, not because it was more
relevant to the user’s information need. Other types of bias include item-selection bias:
not all items can be displayed at once [96, 99]; presentation bias: items are presented in
different manners which affects how users click on them [138]; and trust bias: users are
more likely to click incorrectly on higher ranked items [2, 57]. Since user interactions
come with bias, an important focus of CLTR research lies in developing methods to
correct for the bias of interactions [58, 130].

Learning an unbiased ranker from user interactions helps to build a more effective
search engine. However, as one of the important sources for seeking information and
obtaining knowledge, search engines can shape the knowledge of crowds by the way
in which they represent the results. For example, through a user study, Vlasceanu and
Amodio [129] show that exposure of users to biased results of a search engine shapes
their cognitive concepts and decisions. Consequently, due to their significant impact
on different aspects of everyday life, it is important to make sure that search engines
meet fairness concerns such as allocating fair resources, such as exposure, to different
stakeholders. In particular, it is important that sensitive groups and individuals are not
hurt by the way search engine and recommendation results are represented and that
existing discrimination is not reinforced by ranking algorithms.

Compared to traditional LTR that learns from explicit feedback of expert annotators
and the goal is to maximize utility only, research on both unbiased and fair LTR is
relatively new and it heavily relies on simplifying assumptions. For example, the
well-known inverse propensity scoring (IPS) method for bias correction is based on
the assumption that the clicks only have position bias, but not trust bias [2]. Or the
treatment-based fairness of exposure paradigm implicitly assumes that making the
exposure distribution of items fair helps to mitigate the discrimination reinforcement
in ranking systems [114]. In this thesis, we re-examine a number of such assumptions
in the literature on unbiased and fair LTR. We propose several methods for unbiased
and fair LTR that are more general than the existing ones, in the sense that they rely on
fewer assumptions, or that they are applicable in more situations.

1.1 Research Outline and Questions

The interest on counterfactual learning to rank (CLTR) has peaked with the introduction
of inverse propensity scoring (IPS) to the context of LTR [58, 131]. Even though IPS
does not rely on any specific click model in theory [58], most IPS-based CLTR exper-
iments rely on the position-based model (PBM), where the probability of examining
a result depends on the result’s rank only [4, 58, 130, 131]. Consequently, PBM fails
to represent the cascade user click behavior, where a user scans a search engine result
page (SERP) from top to bottom and each next click depends on the previous clicks [30].
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1.1. Research Outline and Questions

In Chapter 2 we re-examine the widespread assumption of PBM in IPS and deal with
the following question:

RQ1 How to go beyond PBM and consider user cascading behavior when using IPS
for position bias correction?

We first show by semi-synthetic experiments that when the user behavior follows a
cascade model, using PBM-IPS to correct for position bias is not effective, in that
training with more clicks does not help to fill the gap towards the ranking quality of a
system trained on the explicit feedback of expert annotators, i.e., the full information
case. Then, we derive closed-form formulas for click propensities in three widely used
cascade-based click models, namely the dependent click model (DCM) [50], dynamic
Bayesian network (DBN) [26], and click chain model (CCM) [49] to fill in the gaps of
the PBM-based CLTR performance on cascade-based clicks.

Continuing to explore the assumptions underlying IPS, we notice a fundamental
assumption in modeling the relation between click probability and relevance: IPS is
based on the assumption that click probabilities can be modeled by a position-dependent
scaling transformation on relevance. However, user studies show there are other types of
bias, such as trust bias, where users are more likely to click incorrectly on higher-ranked
items, mainly because of their trust in the search engines [57]. With trust bias, as a
result of the noticeable amount of incorrect clicks on higher ranks, a simple scaling
transformation is not enough to describe the relation between click probability and
relevance. This leads to our next research question:

RQ2 How to effectively correct for trust bias in user click data?

In Chapter 3 we address this question by first proving that no IPS method is able to
correct for trust bias and then introducing a novel correction method, called affine
correction (AC). We show that our affine correction is a generalization to IPS, meaning
that without trust bias, they lead to the same estimator, but with trust bias only IPS is
biased. Our extensive semi-synthetic experiments show the effectiveness of our AC
method for correcting position and trust bias.

The proofs of the unbiasedness of IPS and AC depend on accurate estimations of
the bias parameters. This, in turn, depends on obtaining accurate relevance estimations,
which is as hard as the LTR problem itself: LTR is the problem of ranking items based
on their relevance to the query [79]. In the literature, this cyclic dependency is solved by
a regression-based EM (rbEM) algorithm that simultaneously learns the ranker as well
as the bias parameters [2, 122, 131]. However, integration of a regression function into
the standard expectation maximization (EM) leads to a number of practical limitations,
the most important of which is a lack of guarantees that rbEM converges to a zero
gradient. In Chapter 4 we address this problem by asking the following question:

RQ3 Is it possible to break the cyclic dependency between relevance and bias parame-
ters when correcting for position and trust bias?

We answer this question positively by proposing a novel correction method, mixture-
based correction (MBC). In MBC, we assume that the probability of seeing a specific
click-through rate (CTR) for an item at a position in a ranking is a mixture of CTR
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1. Introduction

probabilities for relevant and non-relevant items appearing on that position. Our unbi-
asedness proof of MBC, unlike IPS and AC, does not rely on prior knowledge of the
bias parameter values. We also go back to RQ1 and show that when clicks adhere to
cascading models, while PBM is assumed by the correction methods, both MBC and
AC will remain biased, but MBC is more robust, i.e., its ranking performance is affected
less compared to AC.

In the first three chapters of this thesis, we re-examined prevalent assumptions for
bias correction in CLTR. As a closely related subject, in the last two chapters, we focus
on assumptions for fairness optimization in ranking.

Our concern in fairness of ranking is to ensure equitable and indiscriminate repre-
sentation or visibility of items, individuals, or groups in a given context, such as expert
search, job application, or news recommendation. When optimizing for fairness, the
best a ranking system can do is to arrange the exposure such that items with similar
utility receive comparable exposure by users. However, this alone is insufficient. Studies
show that users’ perceptions of an item’s group membership affect their judgments
about the utility of items [61, 67, 118]. Therefore, even with equal exposure, users may
judge equally-relevant items from two different groups differently and one group may
receive fewer clicks than the other. We refer to this behavior as group membership bias
and study it in Chapter 5. Specifically, we focus on answering the following question:

RQ4 What is the impact of group bias on the quality and fairness metrics in a ranking
and how to correct for this bias, without substituting equality for equity?

To answer the first part of this question, we provide three theorems that show the
impact of group bias on normalized discounted cumulative gain (NDCG), a metric
for ranking quality, as well as disparate treatment ratio (DTR) and expected exposure
loss (EEL), two metrics for fairness in ranking. We show that group bias has a negative
impact on both ranking quality and fairness metrics. Both DTR and EEL are merit-
based fairness metrics, where the goal is to give each group an amount of exposure
according to its merit. This is referred to equity and is in contrast to equality, since
the implicit assumption in merit-based fairness metrics is that different groups may
not necessarily have the same utility and should not necessarily get equal exposure.
Noting this distinction, we argue that naive correction of group bias may lead to equality-
instead-of-equity, and deal with the second part of RQ4 by proposing an amortized
correction method that preserves equity.

Similar to other types of bias such as position and trust bias (partially dealt with
in Chapters 2, 3, and 4 of this thesis), group bias degrades the ranking quality of
LTR models. However, unlike those types of bias, it also directly impacts the fairness
measurement of a ranking in the sense that with group bias, a supposedly fair ranking is
not truly fair.

Our final research question centers around a general framework for optimizing
different fairness metrics for ranking. Different fairness measures have been proposed
in the literature based on different definitions of fairness and aimed at different envi-
ronments [e.g., 32, 114]. Using the REINFORCE algorithm [133], and sampling from
a Plackett-Luce (PL) distribution, it is possible to optimize any fairness objective func-
tion on permutations [115]. This approach works well for optimizing stochastic ranking
evaluation metrics such as EEL, provided that a large number of repeating sessions
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1.2. Main Contributions

are available for a given query. However, when the number of repeating sessions for a
query is very small, the high variance of PL [43] leads to sub-optimal results. In the
extreme case, we can think of a deterministic ranker where the ranking is fixed through
different sessions of a query. We re-examine the assumption for fairness optimization
that a stochastic policy is available with a large number of repeating sessions per query
and seek to answer the following question:

RQ5 Is it possible to have a single general fairness optimization method that performs
well for both stochastic and deterministic rankings?

In Chapter 6 we introduce a new representation for the distribution of permutations,
called probabilistic permutation graph (PPG), constructed by pairwise inversion proba-
bilities instead of the pointwise logits in the PL representation. Compared to PL, using
the PPG representation for fairness optimization leads to more robust results in finding
a deterministic fair permutation for one session, while having comparable performance
for expected fairness over larger numbers of sessions. Furthermore, our experiments
show that in scenarios such as tabular search, where high-quality estimates of utility
are available, PPG performs outstandingly well, with a considerable gap to PL-based
fairness optimization.

1.2 Main Contributions

This section describes a list of the main contributions in this thesis.

1.2.1 Algorithmic Contributions

1. Closed-form formulas for using three cascade-based models with inverse propen-
sity scoring (IPS); see Chapter 2.

2. Affine correction method to correct for position and trust bias; see Chapter 3.

3. Mixture-based correction method to correct for position and trust bias, while
breaking the cyclic dependency between bias parameters and relevance estimation;
see Chapter 4.

4. Amortized correction for group membership bias; see Chapter 5.

5. Sampling from a probabilistic permutation graph (PPG) distribution over permu-
tations; see Chapter 6.

6. PPG search for general fairness optimization in ranking; see Chapter 6.

1.2.2 Theoretical Contributions

1. A proof that in cascade-based models, when using IPS, query-dependent relevance
probabilities can be replaced with session-dependent clicks; see Equation (2.4).

2. A proof that no IPS method can correct for trust bias; see Theorem 3.1.
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1. Introduction

3. A proof that the affine estimator is unbiased w.r.t. trust bias; see Theorem 3.2.

4. A proof that the mixture-based correction (MBC) can fully recover the relevance
signal from the click-through rates; see Theorem 4.1.

5. Proofs for the impact of group bias on the ranking quality and two merit-based
fairness metrics; see Section 5.4.

6. An approximation for efficiently computing the log derivative of the probability
distribution of PPG; see Section 6.4.

1.2.3 Empirical Contributions

1. Validating the effectiveness of cascade model IPS for correcting the position bias
when clicks adhere to cascade-based models; see Chapter 2.

2. Validating the effectiveness of the AC method for correcting position and trust
bias; see Chapter 3.

3. A comparison between MBC and AC to correct for position and trust bias in
different click models; see Chapter 4.

4. Experiments to show the impact of group membership bias on the quality and
fairness of rankings, both in tabular search and general LTR model regimes; see
Chapter 5.

5. Validating the effectiveness of amortized correction method for group membership
bias; see Chapter 5.

6. A comparison between PPG and PL for optimizing two fairness metrics in deter-
ministic and stochastic ranking systems, and both in tabular search and general
LTR model regimes; see Chapter 6.

1.3 Thesis Overview

The thesis starts with the current chapter. In this chapter we introduce the main subject
of the thesis, which is re-examining assumptions in unbiased and fair counterfactual
learning to rank (CLTR). Next, in Chapter 2, we re-examine the position-based model
(PBM) assumption in inverse propensity scoring (IPS) for position bias correction and
propose a formulation for IPS under the cascade-based models (CBM) assumption. After
that, in Chapter 3, we address trust bias and propose a novel correction method, called
affine correction (AC). This is followed by Chapter 4, where we analyze the dependency
of AC and IPS to accurate bias parameter estimation and propose a correction method
that does not rely on bias parameter estimation the way AC and IPS do. These three
chapters constitute the first part of this thesis, which is the bias part. In the bias part we
re-examine three assumptions in the unbiased CLTR literature.

Moving to the second part of the thesis, we draw our attention to fairness in ranking.
In Chapter 5 we introduce group membership bias, a new type of bias that directly
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impacts fairness metrics. We give theoretical and empirical analysis of the impact of
this type of bias on the quality and fairness of ranking and propose a correction method
for it. Finally, in Chapter 6, we propose a new representation for the distribution of
permutations to replace the widely used Plackett-Luce (PL) distribution for fairness
optimization. With the help of this new distribution, we build up a general fairness
optimization method that is effective in both deterministic and stochastic ranking
systems.

All chapters are based on separate articles. We aim to keep the articles in their
original state as much as possible. Because of this, it is unavoidable to have some
overlap in the description of some baseline methods or core notation.

1.4 Origins

In this section we list the publications that form the basis for each chapter:

Chapter 2 is based on the conference paper:

• A. Vardasbi, M. de Rijke, and I. Markov. Cascade model-based propensity
estimation for counterfactual learning to rank. In Proceedings of the 43rd
International ACM SIGIR Conference on Research and Development in
Information Retrieval, SIGIR ’20, pages 2089–2092, 2020.

The method and proofs were developed by Vardasbi with help of Markov. The
experiments were designed and run by Vardasbi. All authors contributed to the
text. Vardasbi did most of the writing.

Chapter 3 is based on the conference paper:

• A. Vardasbi, H. Oosterhuis, and M. de Rijke. When inverse propensity
scoring does not work: Affine corrections for unbiased learning to rank. In
Proceedings of the 29th ACM International Conference on Information &
Knowledge Management, CIKM ’20, pages 1475–1484, 2020.

The method and proofs were equally developed by Vardasbi and Oosterhuis. The
experiments were designed and run by Vardasbi. All authors contributed equally
to the text.

Chapter 4 is based on the conference paper:

• A. Vardasbi, M. de Rijke, and I. Markov. Mixture-based correction for
position and trust bias in counterfactual learning to rank. In Proceedings
of the 30th ACM International Conference on Information & Knowledge
Management, CIKM ’21, pages 1869–1878, 2021.

The method and proofs were developed by Vardasbi. The experiments were
designed and run by Vardasbi. All authors contributed to the text. Vardasbi did
most of the writing.

Chapter 5 is based on the paper:

7



1. Introduction

• A. Vardasbi, M. de Rijke, F. Diaz, and M. Dehghani. Group membership
bias. arXiv preprint arXiv:2308.02887, 2023.

The method and proofs were developed by Vardasbi. The experiments were
designed and run by Vardasbi. All authors contributed to the text. Vardasbi and
De Rijke did most of the writing.

Chapter 6 is based on the conference paper:

• A. Vardasbi, F. Sarvi, and M. de Rijke. Probabilistic permutation graph
search: Black-box optimization for fairness in ranking. In Proceedings of the
45th International ACM SIGIR Conference on Research and Development
in Information Retrieval, SIGIR ’22, pages 715–725, 2022.

The method and proofs were developed by Vardasbi. Most of the experiments
were designed and run by Vardasbi. Experiments on the DTR metric were run by
Sarvi. All authors contributed to the text. Vardasbi did most of the writing.

The writing of the thesis also benefited indirectly from work on the following publica-
tions:

• J. Ehrhardt, T. Spinde, A. Vardasbi, and F. Hamborg. Omission of information:
Identifying political slant via an analysis of co-occurring entities. Schmidt, Wolff
(Eds.): Information between Data and Knowledge, pages 80–93, 2021.

• H. Bonab, M. Aliannejadi, A. Vardasbi, E. Kanoulas, and J. Allan. Cross-market
product recommendation. In Proceedings of the 30th ACM International Con-
ference on Information & Knowledge Management, CIKM ’21, pages 110–119,
2021.

• A. Vardasbi, M. de Rijke, and M. Dehghani. Intersection of parallels as an early
stopping criterion. In Proceedings of the 31st ACM International Conference on
Information & Knowledge Management, CIKM ’22, pages 1965–1974, 2022.

• M. Li, A. Vardasbi, A. Yates, and M. de Rijke. Repetition and exploration in
sequential recommendation. In Proceedings of the 46th International ACM SIGIR
Conference on Research and Development in Information Retrieval, SIGIR ’23,
page 2532–2541, 2023.

• A. Vardasbi, T. P. Pires, R. M. Schmidt, and S. Peitz. State spaces aren’t enough:
Machine translation needs attention. In The 24th Annual Conference of the
European Association for Machine Translation, EAMT ’23, 2023.

• F. Sarvi, A. Vardasbi, M. Aliannejadi, S. Schelter, and M. de Rijke. On the impact
of outlier bias on user clicks. In Proceedings of the 46th International ACM
SIGIR Conference on Research and Development in Information Retrieval, SIGIR
’23, page 18–27, 2023.
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Bias
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2
Click Model Assumptions Matters:

Cascade Model-based
Inverse Propensity Scoring

Unbiased counterfactual learning to rank (CLTR) requires click propensities to com-
pensate for the difference between user clicks and true relevance of search results
via inverse propensity scoring (IPS). Current propensity estimation methods assume
that user click behavior follows the position-based model (PBM) and estimate click
propensities based on this assumption. However, in reality, user clicks often follow the
cascade model (CM), where users scan search results from top to bottom and where
each next click depends on the previous one. In this cascade scenario, PBM-based
estimates of propensities are not accurate, which, in turn, hurts CLTR performance.
Concerning RQ1, in this chapter, we propose a propensity estimation method for the
cascade scenario, called cascade model-based inverse propensity scoring (CM-IPS). We
show that CM-IPS keeps CLTR performance close to the full-information performance
in case the user clicks follow the CM, while PBM-based CLTR has a significant gap
towards the full-information. The opposite is true if the user clicks follow the PBM
instead of the CM. Finally, we suggest a way to select between CM- and PBM-based
propensity estimation methods based on historical user clicks.

2.1 Introduction

Traditional learning to rank (LTR) and online LTR require explicit relevance labels and
intervention through search engine results, respectively [79, 95]. In contrast, CLTR
only requires historical click logs for learning. Obtaining and using historical click
logs incurs no extra cost and does not impose any risk of reduced user satisfaction.
More importantly, such benefits come without any significant reduction in LTR perfor-
mance [4, 58, 130, 131]. However, user clicks are known to suffer from different types
of bias, such as position bias, selection bias, trust bias, etc. [29]. Due to these types of

This chapter was published as: A. Vardasbi, M. de Rijke, and I. Markov. Cascade model-based
propensity estimation for counterfactual learning to rank. In Proceedings of the 43rd International ACM
SIGIR Conference on Research and Development in Information Retrieval, SIGIR ’20, pages 2089–2092,
2020.
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2. Cascade Model-based Inverse Propensity Scoring

bias, each result on a search engine result page (SERP) has a different propensity of
being clicked. Since CLTR learns from user clicks, it should take those propensities into
account. To make CLTR unbiased, the IPS method has been introduced in [58, 130].

In IPS-based CLTR, click models are used to estimate propensities [58]. Even
though the theoretical IPS method does not rely on any specific click model [58],
current IPS-based CLTR experiments rely on the PBM [4, 58, 130, 131]. In PBM, the
probability of examining a result depends on the result’s rank only and not on any other
context, such as clicks on other items.

Although PBM is a well-performing click model [29], it does not always approxi-
mate user clicks well [47]. Importantly, PBM fails to represent the cascade user click
behavior, where a user scans a SERP from top to bottom and where each next click
depends on the previous click [30] – such behavior is often observed in practice [29, 47].
In this case, PBM-IPS estimators are not accurate and CLTR performance drops consid-
erably. Look, for example, at Figure 2.1. There, the PBM-IPS CLTR is trained over two
different simulated click logs: one following PBM and the other following dependent
click model (DCM) [50] one of the popular cascade-based models. When trained on
the same number of clicks and the same queries, PBM-IPS performs significantly better
on the PBM than DCM simulated clicks. The “Full Info” legend in this plot shows the
performance of LTR trained on real relevance tags instead of simulated clicks. PBM-IPS
performs close to the full-info only when trained on PBM simulated clicks.

Based on the above observation, in this chapter, we address the following research
question:

RQ1 How to go beyond PBM and consider user cascading behavior when using IPS
for position bias correction?

We first experimentally validate this observation for different parameter settings. We
apply PBM-IPS unbiased CLTR on various sets of simulated clicks and show that
PBM-IPS CLTR only performs well when the simulated clicks are drawn based on the
PBM. The significance of these results is also in noticing that the current IPS unbiased
CLTR papers all use PBM-IPS estimation in their experiments [4, 58, 131]. To fill in
the gaps of the PBM-based CLTR performance on cascade-based clicks, we provide
CM-IPS and derive closed-form formulas for click propensities in three widely used
cascade-based click models, DCM [50], dynamic Bayesian network (DBN) [26], and
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Figure 2.1: Performance of PBM-IPS CLTR on different sets of simulated clicks.
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Table 2.1: Notation.

Parameter Description

xj representation of query, document pair at position j

cj 2 {0, 1} click on result xj at position j

rj 2 {0, 1} relevance of result xj at position j

ej 2 {0, 1} examination of result xj at position j

Xq ordered set of the results corresponding query q

qS the query of session S

click chain model (CCM) [49]. We experimentally show the effectiveness of our derived
propensity formulas for DCM.

To sum up, in this chapter we are interested in the following research questions:

RQ1.1 Can a PBM-IPS CLTR effectively learn from clicks when the user click behavior
is closer to cascade-based models?

RQ1.2 What are the cascade model-based propensity alternatives that are more suitable
for IPS CLTR in the presence of cascade user click behavior?

Table 2.1 summarizes the notation we use in this chapter.

2.2 Related Work

Click models. Click models model user behavior. Most click models factorize the click
probability into two independent probabilities: the probability of examination and the
probability of attractiveness (or relevance) [29]. In order to predict the examination
probability, various probabilistic click models with different assumptions have been
proposed. The position-based model (PBM) assumes that the examination probability
of a result only depends on its rank in the result list. There are several cascade-based
models that assume that a user examines the results on the SERP linearly, from top to
bottom, until she is satisfied with a result and abandons the session. See Section 2.3 for
details. The true click model of a given (set of) click log(s) is not known, but unbiased
CLTR requires the knowledge of the click propensities. Consequently, a click model is
usually assumed for the click logs and the click propensities are estimated based on that
assumed click model [58, 131].

Learning PBM propensities. In LTR, it is common to optimize the sum of some
performance metric only over relevant training documents [2, 4, 58]. However, in the
click logs, the rx are unknown. What is observed is cx. According to the examination
hypothesis, clicks appear on the relevant results that are also examined. Hence, the click
signals are biased by the examination probability. To debias these signals, Joachims
et al. [58] propose to use the so-called inverse propensity scoring (IPS) method:

L̂S =
X

xj2XqS

c
(S)
j · Lxj

P (Ej = 1 | qS)
, (2.1)
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2. Cascade Model-based Inverse Propensity Scoring

where P (Ej = 1 | qS) is the marginalized examination probability over all the sessions
with the same query:

P (Ej = 1 | q) = ES|qS=q [P (Ej = 1 | S)] . (2.2)

So far, LTR models dealing with click signals assume PBM for the clicks (in practice)
and estimate the propensities based on this assumption [4, 58]. In PBM one can write:

PPBM(Ej = 1 | q) = PPBM(Ej = 1) = ✓j (2.3)

Existing CLTR work builds on the PBM assumption [4, 131]. But PBM is not necessar-
ily the best fitting model in all situations.

Cascade bias. Chandar and Carterette [24] discuss the idea that the existing CLTR
methods do not consider the cascade bias, i.e. higher ranked relevancy dependent
examination of items. They focus on counterfactual evaluation of rankers and show
that, in presence of cascade bias, a Context-Aware IPS ranker has a higher Kendall’s tau
correlation with the full information ranker than that of a simple IPS. Though the basic
ideas of [24] are the same as the current chapter, there at least four important differences:
(i) We propose closed-form propensity formulas for cascade models, while they directly
estimate the propensities using result randomization. (ii) We employ CM-IPS in CLTR
to learn the ranker, as opposed to evaluating the rankers. (iii) Unlike them, we prove that
the hidden click probabilities can be replaced with observed clicks without violating the
unbiasedness. (iv) We use real query-document features for training our CLTR, whereas
they only use fully simulated features in their experiments.

2.3 Cascade Model-based Propensity Estimation

We derive recursive formulas for propensity estimation in popular cascade models based
on clicks on a query session. We use CM-IPS to refer to an IPS method that uses these
formulas. For each of DCM, DBN and CCM, we derive the examination probability at a
position, based on the model parameters and the clicks over the previous positions. This
exercise is not necessary for PBM since the propensities are the parameters themselves
and examination at a position is independent of user behavior on other positions.

Before proceeding to specific propensity formulas for each click model, we need to
rewrite the original IPS method proposed in [58] to make it more suitable for cascade-
based models (CBM). Let us define the IPS per query loss as L̂q =

P
S|qS=q L̂S . In

what follows we show that, in CBM, if the marginalized P (Ej = 1 | q) in (2.1) is
replaced with the session dependent probabilities P (Ej = 1 | C<j), the per query loss
will remain asymptotically unchanged. For brevity, we will drop the summation over
positions as well as the qS = q condition.

L̂q[j] =
X

S

c
(S)
j · Lxj

P (Ej = 1 | q)
=

Lxj

P (Ej = 1 | q)

X

S

c
(S)
j

=Nq ·
Lxj · P (Cj = 1 | q)

P (Ej = 1 | q)
= Nq · P (Rj = 1) · Lxj

=
X

S

P (Cj = 1 | c
(S)
<j )

P (Ej = 1 | c
(S)
<j )

· Lxj

(2.5)
=
X

S

c
(S)
j · Lxj

P (Ej = 1 | c
(S)
<j )

(2.4)
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where the last equality is empirically valid based on Eq. (2.5) below. In CBM, we can
write for a general function g depending on the clicks before, and including, position j:

X

S

P (Cj = 1 | c<j) · g(cj)

=
X

c<j2{0,1}j�1

|Sc<j | · P (Cj = 1 | c<j) · g(cj)

'

X

c<j2{0,1}j�1

X

S2Sc<j

c
(S)
j · g(cj) =

X

S

c
(S)
j · g(cj) (2.5)

where Sc<j = {S | c
(S)
<j = c<j} and the third line is the empirical estimation of

the second line. For CBM, the marginalized P (Ej = 1) depends on the relevance
probabilities of higher ranked results. But relevance is unknown during the CLTR
and is yet to be learned. Instead of using EM algorithms to estimate relevance and
marginalized examination probabilities, we propose to simply use the P (Ej = 1 | C<j)
which has been shown here to be empirically equivalent to the original loss.

Next we will derive separate formulas for P (Ej = 1 | C<j) in DCM, DBN and
CCM models.

DCM. In DCM, the user examines the results from top to bottom until she finds
an attractive result, P (Ej+1 = 1 | Ej = 1, Cj = 0) = 1. After each click, there is a
position dependent chance that the user is not satisfied, P (Ej+1 = 1 | Cj = 1) = �j .
Therefore:

PDCM(Ej = 1 | c<j) =
Y

i<j

(1� ci(1� �i)) (2.6)

DBN. In DBN, there is another binary variable to model the user’s satisfaction after a
click. A satisfied user abandons the session, P (Ei+1 = 1 | Si = 1) = 0. An unsatisfied
user may also abandon the session with a constant probability �. Finally, after a click,
the satisfaction probability depends on the document, P (Si = 1 | Ci = 1) = sxi .
Thanks to Eq. (2.4), we only need the session specific examination probability, which
can be derived as follows:

PDBN(Ej = 1 | c<j) =
Y

i<j

� · (1� ci · sxi) (2.7)

CCM. The CCM is a generalization of DCM where continuing to examine the
results before a click is not deterministic, P (Ej+1 = 1 | Ej = 1, Cj = 0) = ↵1. The
probability of continuing after a click is not position dependent, but relevance dependent,
P (Ej+1 | Cj = 1) = ↵2(1�Ri) + ↵3Ri. Similar to DCM we have:

PCCM(Ej = 1 | c<j) =
Y

i<j

(↵1 � ci(↵1 � ↵2(1�Ri)� ↵3Ri)). (2.8)

Parameter estimation. In click model studies, parameter estimation is performed
for each query over the sessions initiated by that query [29]: a low variance estimation
requires a great number of sessions for each query. In CLTR studies, on the other
hand, one uses features of query-document pairs in order to generalize well to tail
queries [131]. We leave the feature-based parameter estimation of CBM as future
work.
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2. Cascade Model-based Inverse Propensity Scoring

2.4 Experimental Setup

Dataset. We use the Yahoo! Webscope [25] dataset for LTR with synthetic clicks. Our
methodology follows previous unbiased LTR papers [4, 58]. We use binary relevance,
considering the two most relevant levels as r = 1. We randomly select 50 queries from
the training set and train a LambdaMART model over them to act as the initial ranker.
The documents of all the queries are ranked using this initial ranker and the top 20
documents are shown to the virtual user. We remove all the queries which have no
relevant documents in their top 20 documents. Consequently, the train and test sets have
11,474 and 4,085 queries, respectively. User behavior is modeled by PBM or DCM
with various parameter assignments (see below). Sessions with at least one click are
kept in the training set.

The reported results use 4M clicks for training, where the performance of CLTR is
converged.

Click simulation. We use PBM and DCM for generating click data. For PBM,
we use the widely used reciprocal formula for the examination probability [4, 58] (see
Eq. (2.3)):

PPBM(Ej = 1) = ✓j =

✓
1

j

◆⌘

, (2.9)

with ⌘ 2 {0.5, 1, 2}.
For DCM, we use a similar formula for � (see Eq. (2.6)):

PDCM(Ej+1 = 1 | Cj = 1) = �j = �

✓
1

j

◆⌘

, (2.10)

where � and ⌘ are tuning parameters. We use � 2 {0.6, 1} and ⌘ 2 {0.5, 1, 2}.
In both PBM and DCM cases, we used a noise (i.e. click on examined non-relevant

items) with probability 0.05.
Experimental protocol. To investigate the effectiveness of PBM-IPS as well

as CM-IPS, we try to train a CLTR over different sets of simulated click logs as
explained above. We use DLA [4] to learn the click propensities based on the PBM
assumption and MLE [50] to estimate �’s for DCM. Similar to other works on CLTR,
we evaluate the rankings using explicit relevance judgements in the test set. We use
nDCG at 10 to compare the rankings. We also report full-information results where
the true relevance labels are used for training, i.e., the highest possible performance
(skyline).

LTR implementation. Different LTR algorithms have been used for CLTR, in-
cluding SVMRank [58], neural networks (NNs) [4, 5], and LambdaMART [131]. The
differences are minimal [4]. We follow [4] and model the score function by a DNN, with
the loss being softmax cross entropy. We use three layers with sizes {512, 256, 128} and
elu activation; the last two layers use dropout with a dropping probability of 0.1. Based
on [119] we use a propensity clipping constant of 100 to avoid exploding variance.
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Figure 2.2: Performance of PBM-IPS and CM-IPS CLTR on different sets of simulated
clicks. We repeated each experiment 15 times and report the mean value.

2.5 Results

CM-IPS effectiveness. In order to analyze the effectiveness of CM-IPS, we follow the
protocol described in Section 2.4. Figure 2.2 shows the performance of CM-IPS com-
pared to PBM-IPS CLTR on numerous simulated click sets.

The x-axis shows the method used for simulating clicks: either “dcm_�_⌘” or
“pbm_⌘” as explained in Section 2.4. The y-axis is the ranking performance of CLTR
methods in terms of nDCG at 10. We see both PBM-IPS and CM-IPS improve the
biased naïve LTR (indicated by “No IPS”) in almost all cases (except MLE CM-IPS on
pbm_0.5). When using CM-IPS correction with oracle parameters for DCM simulated
click sets (on the left of the vertical dashed line), the performance is consistently
improved compared to PBM-IPS. All the differences are significant with p < 0.0001
except for dcm_1.0_2.0 which has p < 0.05. The reverse holds for PBM-IPS: it has
a better performance for PBM simulated click sets (on the right of the vertical dashed
line), compared to CM-IPS. In these datasets, the performance of PBM-IPS CLTR is
very close to the full-information case. These observations suggest that for a great
variety of different parameter settings of DCM, the PBM-IPS correction cannot remove
the bias, while CM-IPS can. More generally, Figure 2.2 shows that when the click
behavior and the correction method agree, the results are consistently better than the
other case.

There is one practical issue that we leave as future work. This concerns the pa-
rameter estimation of DCM. The above discussions are valid when using the oracle
parameter values for �j . It is worth mentioning that, unlike PBM, the parameters and
the propensities are two different things in CM-IPS. The novelty of CM-IPS lies in
computing the propensities given the parameters. We have tested maximum likelihood
estimation (MLE) for estimating �j’s [50]. Though the results with MLE CM-IPS
are better than the PBM-IPS in most of the DCM simulated click sets, they are worse
for dcm_1.0_0.5 and not significant for dcm_1.0_2.0 (Figure 2.2). As argued in [29],
MLE for DCM is based on a simplifying assumption, which is not always true. Our
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2. Cascade Model-based Inverse Propensity Scoring

findings coincide with this fact. Therefore, there is a need for CLTR-based algorithms
for parameter estimation for CBM (see Section 2.3).

Method selection. In order to choose between PBM- and CM-IPS for debiasing
click logs, a measure that uses historical clicks to validate debiasing models is desired.
For that, we use click log-likelihood. Click log-likelihood requires the click probabil-
ities which are computed as the examination probability multiplied by the relevance
probability. The examination probabilities are discussed in Section 2.3. For the rele-
vance probabilities we use the output of our ranking function and pass it to different
normalizing functions to have a valid probability range.

Our results on the sets presented previously in this section show the followings:
(i) softmax always prefers CM-IPS (wrong selection for clicks close to PBM); (ii) sigmoid
always prefers PBM-IPS (wrong selection for clicks close to CBM); and (iii) exponen-
tial min-max selects the better performing approach on the test set (correct selection in
both cases). We leave more discussions in this regard as future work.

2.6 Conclusion

The position-based model (PBM) is the default assumption in IPS-based CLTR. How-
ever, it is unable to properly model the cascade behavior of users. We raised the question
of the effectiveness of PBM in IPS-based unbiased CLTR when users click behavior
tends to cascade-based models (CBM) (RQ1.1). Through a number of experiments, we
have answered our RQ1.1 negatively: PBM-IPS is not helpful in CBM situations and,
in our tested cases, there is a gap between its performance and the full information case.
This answer leads to a more important question: How to perform IPS correction for
clicks close to CBM (RQ1.2). We provided CM-IPS, with closed-form formulas for
three widely used CBMs, namely dependent click model (DCM), dynamic Bayesian
network (DBN) and click chain model (CCM). We have shown the effectiveness of
CM-IPS on the special case of DCM. Finally, we have given a short discussion about
how to select between PBM- and CM-IPS only by looking at the clicks (and not using
the true relevance labels).

In the next chapter, we will re-examine another assumption in IPS in terms of the
relation between the click probability and relevance. We will show that in some settings,
such as when the clicks suffer from trust bias, the assumption of a scaling transformation
between the click probability and relevance does not hold. Accordingly, we will raise
and address RQ2 in the following chapter.
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3
Inverse Propensity Scoring Is Not

Enough: Affine Correction for Trust Bias

In Chapter 2 we only considered position bias in clicks. Besides position bias, which
has been well-studied, trust bias is another type of bias prevalent in user interactions
with rankings: users are more likely to click incorrectly w.r.t. their preferences on highly
ranked items because they trust the ranking system. This type of bias is the focus of RQ2
and will be addressed in this chapter. While previous work has observed this behavior
in users, we prove that existing counterfactual learning to rank (CLTR) methods do
not remove this bias, including methods specifically designed to mitigate this type of
bias. Moreover, we prove that inverse propensity scoring (IPS) is principally unable
to correct for trust bias under non-trivial circumstances. Our main contribution is a
new estimator based on affine corrections: it both reweights clicks and penalizes items
displayed on ranks with high trust bias. Our estimator is the first estimator that is proven
to remove the effect of both trust bias and position bias. Furthermore, we show that our
estimator is a generalization of the existing CLTR framework: if no trust bias is present,
it reduces to the original IPS estimator. Our semi-synthetic experiments indicate that by
removing the effect of trust bias in addition to position bias, CLTR can approximate the
optimal ranking system even closer than previously possible.

3.1 Introduction

As we discussed in Chapter 2, learning from user interactions has difficulties in terms of
noisy and biased implicit feedback. For instance, clicks are noisy in the sense that, often,
a non-relevant item receives a click or a relevant item is skipped. The effect of noise
is easily mitigated by averaging over a large number of clicks, but this is not true for
bias. Position bias, a well-known type of bias of interactions through clicks [30], occurs
because users are more likely to examine results at higher ranks. As a consequence, an
item may receive more clicks because it was displayed at a high rank, not because it
was preferred by the user. Other types of bias include item-selection bias: not all items
can be displayed at once [96, 99]; presentation bias: items are presented in different

This chapter was published as: A. Vardasbi, H. Oosterhuis, and M. de Rijke. When inverse propensity
scoring does not work: Affine corrections for unbiased learning to rank. In Proceedings of the 29th ACM
International Conference on Information & Knowledge Management, CIKM ’20, pages 1475–1484, 2020.
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3. Affine Correction for Trust Bias

manners [138]; and trust-bias: users are more likely to click incorrectly on higher
ranked items [57]. In order to infer a user’s true preferences from their interactions, the
effects of these biases have to be corrected for.

Research into CLTR aims to find methods that learn from user interactions but
whose optimization process is unaffected by biases [58]. Early CLTR methods correct
for position bias using IPS [58, 130]. IPS estimators weight clicks inversely to the
probability of the clicked items being examined during logging. Thus, clicks on items
that are less likely to have been examined by users are weighted more heavily. This
reweighting compensates for the effect of position bias, allowing CLTR methods to
estimate and learn without being affected by position bias in expectation. Later CLTR
work has focused on estimating examination probabilities [3, 4, 40, 131], training deep
learning models [1], and correcting for more types of bias [2, 96, 99]. In particular,
Agarwal et al. [2] have proposed an expansion to IPS to correct for both position bias
and trust bias.

In this chapter, we address the following research question:

RQ2 How to effectively correct for trust bias in user click data?

First, we prove that no IPS estimator is able to correct for trust bias, under non-trivial
circumstances. Since all existing bias mitigation methods are IPS-based approaches,
this implies that there is currently no known CLTR method that can deal with trust
bias. We identify the root cause to be the fact that IPS only corrects for missing-not-at-
random (MNAR) feedback [58]. While position bias prevents clicks from occurring due
to a lack of user examination, trust bias adds additional clicks due to user trust [2, 57].
Hence, clicks that are affected by trust bias are not simply a form of MNAR feedback
and IPS cannot correct for such biases.

We introduce a novel estimator for CLTR that makes use of affine corrections, as
opposed to the linear corrections of IPS. Our novel affine estimator both reweights
clicks based on examination probabilities and penalizes items for being displayed on
ranks where many incorrect clicks take place. We prove that the affine estimator is the
first method that can correct for both position bias and trust bias. Furthermore, we show
that it is an extension of the existing CLTR framework: when no trust bias is present the
affine estimator naturally reduces to an IPS estimator. The results of our semi-synthetic
experiments show that while existing CLTR methods are negatively affected by trust
bias, our affine approach approximates the optimal ranking model under varying degrees
of position bias and trust bias.

Answering RQ2, the main contributions of this chapter are:
1. The first CLTR estimator that is proven to be unbiased w.r.t. both position bias and

trust bias.
2. A theoretical analysis that shows that IPS estimators cannot correct for trust bias.
3. An empirical analysis based on semi-synthetic experiments that reveal our affine

estimator bridges the gap between existing CLTR methods and the optimal model
when trust bias is present.

Table 3.1 summarizes the notation we use in this chapter.
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3.2. Background and Related Work

Table 3.1: Notation used in this chapter.

Symbol Description

q a query
d an item (to be ranked)
Dq set of items to be ranked for query q

� metric function that assigns a weight per rank
f a ranker, or ranking function, that scores items
yi a ranking displayed at interaction i

C a click on an item
E user examination of an item
R the relevance of an item
R̃ the perceived relevance of an item
✓k examination probability at rank k: P (E = 1 | k)
�q,d relevance probability: P (R = 1 | q, d)
✏
+
k perceived relevance probability at rank k of

an examined relevant item: P (R̃ = 1 | E = 1, R = 1, k)
✏
�
k perceived relevance probability at rank k of

an examined non-relevant item:
P (R̃ = 1 | E = 1, R = 0, k)

↵k first weight of the affine transformation of
trust bias: ↵k = ✓k(✏

+
k � ✏

�
k )

�k second weight of the affine transformation of
trust bias: �k = ✓k✏

�
k

3.2 Background and Related Work

This section covers supervised learning to rank (LTR) and the original IPS method for
CLTR with position bias correction.

3.2.1 Learning to Rank

In general, the goal of LTR methods is to find the optimal ranking function f , in order
to sort items for user-issued queries. For this work, we will use f to sort in ascending
order. Let q indicate a query, d an item, and rank(d | q, f) the rank of item d in the
ranking produced by f for q. Then:

f(di | q) > f(dj | q) ) rank(di | q, f) � rank(dj | q, f). (3.1)

Commonly, f is considered optimal if it maximizes some linearly decomposable metric.
Let P (q) be the distribution of queries, Dq the set of items to be ranked for query q,
and P (R = 1 | q, d) the probability that an item d is considered relevant by the user.
Then, with some weighting function �, a linearly decomposable metric has the form:

�(f) =
X

q

P (q)
X

d2Dq

P (R = 1 | q, d) · �(d | q, f). (3.2)
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3. Affine Correction for Trust Bias

Generally, � is based on the rank of d for q according to f . For instance, it can be
chosen to match the well-known discounted cumulative gain (DCG) metric:

�DCG(d | q, f) =
⇣
log2

�
rank(d | Dq, q, f) + 1

�⌘�1
. (3.3)

If the relevance probabilities P (R = 1 | q, d) are known, finding the optimal f can be
done through traditional supervised LTR methods [79].

3.2.2 Counterfactual LTR for Position Bias Correction

In practice the relevance probabilities P (R = 1 | q, d) are not known and are costly to
estimate through human labelling [25, 102]. Moreover, often the annotations obtained
through manual labelling are not aligned with the actual preferences of the users [109].

As an alternative, CLTR methods use click logs to base their optimization and
evaluation on. Clicks can be seen as a form of implicit feedback, which is indicative
of the users’ preferences but also a very noisy and biased signal. One of the most
prevalent biases in clicks on items included in a ranking is position bias: users are
less likely to examine – and therefore click – items on lower ranks. Position bias is
formally modeled through the examination hypothesis, which states that a clicked item
(C 2 {0, 1}) must be examined (E 2 {0, 1}) and considered relevant (R 2 {0, 1}):
C = 1 $ E = 1^R = 1. Position bias is often assumed to depend on the rank at which
an item is displayed, while the relevance of an item is assumed to be independent of
where it is displayed [30]. Thus, if k is the rank at which d is displayed, the probability
of a click is:

P
�
C = 1 | q, d, k

�
= P

�
E = 1 | k

�
· P
�
R = 1 | q, d

�
. (3.4)

The click probability (Eq. (3.4)) shows us that the position bias, modeled by P (E =
1 | k), gives an unfair advantage to documents in positions that are more likely to be
examined.

Let D be the set of logged interactions, containing N tuples each consisting of a user-
issued query qi, a displayed ranking yi, and the observed clicks ci where ci(d) 2 {0, 1}:

D = {(qi, yi, ci)}
N
i=1. (3.5)

For brevity we will use the sum
P

(d,k)2yi
, which sums over the items d and their

associated ranks in yi:
8(d, k) 2 yi, k = rank(d | i). (3.6)

Furthermore, we use P (E = 1 | k) = ✓k. Thus, the probability of item d being
examined at interaction i depends on the rank it was displayed at: P (E = 1 | d, i) =
✓rank(d|i). The first published CLTR methods correct for position bias using an IPS
estimator [58, 130]. This IPS estimator weights each click inversely to the probability
that the clicked item was examined:

�̂IPS (f) =
1

N

NX

i=1

X

(d,k)2yi

ci(d)

✓k
· �(d | qi, f). (3.7)
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The result is an unbiased estimator, since in expectation it correctly estimates �:

Eq,y,c[�̂IPS (f)] = �(f) (under the click model in Eq. (3.4)). (3.8)

For a proof of unbiasedness we refer to the work by Joachims et al. [58], who prove
that even with click noise �̂IPS can be used for unbiased CLTR optimization. However,
we note that this proof relies on (at least) three important assumptions: (i) the click
model as described in Eq. (3.4) is true, (ii) the propensities ✓ are known, and (iii) all
propensities are positive: 8k ✓k > 0.

A lot of related work has considered the estimation of the position bias parameters
✓, using randomization [3, 40, 58, 131], or by jointly estimating relevance and position
bias [4, 130]. Recently, both Ovaisi et al. [99] and Oosterhuis and de Rijke [96] have
proposed using different propensities when not all items can be displayed at once (i.e.,
in case 9k ✓k = 0). For this chapter, we will assume that all propensities are positive
and thus �̂IPS is unbiased.

Finally, different methods have been proposed to optimize f based on �̂IPS .
Joachims et al. [58] show that Rank-SVM [56] can be adapted to optimize IPS es-
timates for the average-relevant-position metric. Agarwal et al. [1] introduce a method
that can optimize any differentiable model w.r.t. an IPS estimate of a metric based on a
monotonically decreasing function. Lastly, Oosterhuis and de Rijke [96] show that the
supervised LambdaLoss LTR framework [132] can easily be adapted to optimize IPS
estimates as well.

3.3 Trust Bias

Besides position bias, other forms of bias are also known to affect user interactions
with ranked lists. Joachims et al. [57] conclude that the trust users have in a ranking
system affects their click behavior. Because users trust the results, they are more likely
to perceive top-ranked items to be relevant, even when the displayed information about
the item suggests otherwise. Similar to position bias, this causes items displayed at high
ranks to have an unfair advantage, however, despite this similarity the effects of the two
types of bias are not identical.

Recently, Agarwal et al. [2] have modeled trust bias by distinguishing between
perceived relevance R̃ 2 {0, 1} and real relevance R. Trust bias occurs because users
are more likely to perceive items as relevant R̃ = 1 if they are among the top ranked
items in the list. In Agarwal et al.’s model, a click happens when a user examines and
perceives an item to be relevant: C = 1 $ E = 1 ^ R̃ = 1. The model combines
rank-based position bias (as described in Section 3.2.2) with trust bias, resulting in the
following click probability:

P
�
C = 1 | q, d, k

�
= P

�
E = 1 | k

�
· P
�
R̃ = 1 | E = 1, R, k

�
. (3.9)

Furthermore, the probability of perceived relevance of an examined item is conditioned
on the actual relevance and the rank k at which item d is displayed. For brevity, we use
✏
+
k and ✏

�
k to denote these probabilities:

P
�
R̃ = 1 | E = 1, R = 1, k

�
= ✏

+
k ,

P
�
R̃ = 1 | E = 1, R = 0, k

�
= ✏

�
k .

(3.10)
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3. Affine Correction for Trust Bias

Additionally, we write �q,d for the probability of actual relevance: �q,d = P (R = 1 |

q, d). These conventions allow us to have the following succinct notation for the click
probability:

P
�
C = 1 | q, d, k

�
= ✓k

�
✏
+
k �q,d + ✏

�
k (1� �q,d)

�
. (3.11)

It is important to note that the combination of trust bias and position bias can be seen
as an affine transformation between the relevance probabilities and click probabilities.
If we choose ↵k = ✓k(✏

+
k � ✏

�
k ) and �k = ✓k✏

�
k , this affine transformation becomes

apparent:
P
�
C = 1 | q, d, k

�
= ↵kP (R = 1 | q, d) + �k. (3.12)

We will use this property in Section 3.5 to introduce affine corrections for these biases.
An empirical analysis by Agarwal et al. [2] shows that their trust bias model

better captures observed user behavior than the model that only considers position
bias (Eq. (3.4)). Furthermore, Agarwal et al. propose an IPS estimator in order to
correct for both trust bias and position bias. In the next section, we will first prove that
this estimator cannot correct for these biases. Moreover, we subsequently prove that no
IPS estimator is capable of doing so. Then, in Section 3.5 we introduce an estimator
based on affine corrections, and prove that it is the first unbiased estimator that corrects
for both position bias and trust bias.

3.4 Existing Methods and Trust Bias

In this section, we discuss Agarwal et al. [2]’s Bayes-IPS method designed specifically
for trust bias. We prove that no IPS estimator is able to correct for trust bias, including
Bayes-IPS.

3.4.1 Bayes-IPS

Agarwal et al. [2] have proposed the Bayes-IPS estimator to correct for trust bias and
position bias. This estimator combines two corrections: (i) correcting for position bias
by weighting inversely to ✓; and (ii) correcting for trust bias by weighting each click
to the probability of true relevance: P (R = 1 | R̃ = 1, E = 1, k). This results in the
following estimator:

�̂Bayes-IPS (f) =
1

N

NX

i=1

X

(d,k)2yi

✏
+
k

✏
+
k + ✏

�
k

ci(d)

✓k
· �(d | qi, f). (3.13)

We note that �̂Bayes-IPS is still an IPS estimator; the difference with �̂IPS is that it

uses the weights 1
✓k

✏+k
✏+k +✏�k

instead of 1
✓k

. In addition to ✓k, Bayes-IPS also needs to

know the values of ✏+k and ✏
�
k . Agarwal et al. use expectation maximization (EM)

to estimate these values from click logs, and, using the estimated values, optimize a
ranking model using �̂Bayes-IPS . Their results show that optimizing with �̂Bayes-IPS

is more effective than using �̂IPS and leads to significant improvements when ranking
for search through emails or other personal documents [2].
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3.4. Existing Methods and Trust Bias

While empirical results indicate that �̂Bayes-IPS is an improvement over �̂IPS ,
neither estimator is unbiased w.r.t. trust bias. If trust bias is present, i.e., if 9k, k0 (✏�k 6=

✏
�
k0), then �̂Bayes-IPS is biased. We can show this by looking at the difference between
�̂Bayes-IPS and �, which is not necessarily equal to zero. Let �q,d be short for
�(d | q, f), then:

�(f)� Eq,y,c

h
�̂Bayes-IPS (f)

i

= Eq,y,c

2

4
X

(d,k)2yi

✓
�q,d �

✏
+
k

✏
+
k + ✏

�
k

P (C = 1 | q, d, k)

✓k

◆
· �q,d

3

5 (3.14)

= Eq,y,c

2

4
X

(d,k)2yi

  
1�

✏
+
k

�
✏
+
k � ✏

�
k

�

✏
+
k + ✏

�
k

!
�q,d �

✓
✏
+
k ✏

�
k

✏
+
k + ✏

�
k

◆!
· �q,d

3

5 .

Clearly, it is non-trivial to derive under what conditions the difference between �(f)
and Eq,y,c[�̂Bayes-IPS (f)] is zero. Instead of further investigating Bayes-IPS, we will
prove that no IPS estimator is unbiased w.r.t. trust bias under non-trivial circumstances,
thereby also proving that no practical conditions exist where this difference is guaranteed
to be zero.

3.4.2 IPS cannot Correct for Trust Bias

We proceed by considering whether any IPS estimator can be unbiased w.r.t. trust bias.
Consider a generic IPS estimator �̂⇢. We will derive the values the propensities ⇢

should have for unbiased CLTR:

�̂⇢(f) =
1

N

NX

i=1

X

(d,k)2yi

ci(d)

⇢qi,d,k
· �(d | qi, f). (3.15)

Importantly, we have to limit the possible choices for ⇢, because trivially unbiased
estimators are theoretically possible [54]:

8d, k ⇢q,d,k =
1
N

PN
i=1

P
(d,k)2yi

�d,k · �(d | qi, f)

1
N

PN
i=1

P
(d,k)2yi

ci(d) · �(d | qi, f)
. (3.16)

To avoid such trivial situations, we use the following definition for circumstances where
CLTR is not a trivial problem:

Definition 3.1. We define non-trivial circumstances as situations where no information
about the relevances � is known. Furthermore, trust bias must be present, meaning
users’ trust must not be constant at all the ranks:

9k, k
0 (✏�k 6= ✏

�
k0). (3.17)

Additionally, every displayed item should have a chance of being clicked and clicks at
any rank k should be positively correlated with relevance:

8k (✓k(✏
+
k � ✏

�
k ) > 0). (3.18)
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Lastly, the metric � should not be indifferent to the ranking of f :

9q, d, f, f
0 (�(d | q, f) 6= �(d | q, f

0)). (3.19)

With this definition we avoid the following scenarios: (i) ⇢ is chosen based on the known
values of �, in which case there is no need to estimate �(f) based on clicks; (ii) there is
no trust bias, in which case every method is trivially unbiased w.r.t. trust bias; (iii) some
items cannot receive clicks or clicks are not indicative of relevance, in these cases there
is no signal to learn from; (iv) the metric is indifferent to the ranking function f , in
which case there is nothing to evaluate since all ranking functions are equally good.

Naturally, an unbiased estimator should lead to the same optimal ranking as the full
information case. For this, it is sufficient to have consistent pairwise rankings. To be
clear about what we are going to prove about unbiasedness w.r.t. trust bias, we introduce
the following formal definition:

Definition 3.2. An IPS estimator �̂⇢ is unbiased w.r.t. trust bias, if in all non-trivial
circumstances ⇢ can be chosen so that it can correctly predict relative differences:

9⇢, 8f, f
0
,

⇣
�(f) > �(f 0) $ Ec

h
�̂⇢(f)

i
> Ec

h
�̂⇢(f

0)
i⌘

. (3.20)

In other words, we define an estimator to be unbiased w.r.t. to trust bias, if it can unbias-
edly predict the preference between any two rankers under any non-trivial circumstances.
Again, it is important to avoid ⇢ being chosen based on knowledge of �. If a �̂⇢ meets
our definition of unbiasedness it can safely be applied in any non-trivial circumstances;
we argue that this covers all realistic CLTR situations.

Theorem 3.1. No IPS estimator is unbiased w.r.t. trust bias.

Proof. We will prove this by showing that there are non-trivial circumstances where no
values of ⇢ exist for �̂⇢ to correctly predict relative differences. We do so by starting
from the most basic ranking example and deriving the values of ⇢ where �̂⇢ is unbiased,
we prove that no such values exist. In addition to this proof, we will show how our basic
example can be extended to include rankings with more queries and items.

In our basic example, we consider a system that only receives a single query q1:
P (q1) = 1 and that only has to rank two documents Dq1 = {d1, d2}. Therefore, two
ranking functions can cover all possible rankings: f1 that produces [d1, d2] and f2 that
produces [d2, d1]. Lastly, the metric we consider is a top-1 metric, which means it is
only affected by the top document of a ranking:

�(d1 | q1, f1) = �(d2 | q1, f2) > 0,

�(d2 | q1, f1) = �(d1 | q1, f2) = 0.
(3.21)

Thus, in this basic example, we are trying to estimate whether d1 should be ranked
higher than d2 or vice-versa.

The true difference in metric value between the rankers is:

�(f1)��(f2) = (�q1,d1 � �q1,d2) · �(d1 | q1, f1). (3.22)
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Therefore, only the difference in item relevance matters for the relative difference:

sign
�
�(f1)��(f2)

�
= sign(�q1,d1 � �q1,d2). (3.23)

The estimates of �̂⇢ are based on N interactions with query q1 where at each interaction
d1 and d2 were displayed at rank 1 and 2, respectively. The difference in the expected
estimates (cf. Eq. (3.11) and Eq. (3.15)) is therefore:

Ec

h
�̂⇢(f1)

i
� Ec

h
�̂⇢(f2)

i

=
✓1

��
✏
+
1 � ✏

�
1

�
�q1,d1 + ✏

�
1

�

⇢q1,d1,1
�

✓2

��
✏
+
2 � ✏

�
2

�
�q1,d2 + ✏

�
2

�

⇢q1,d2,2
.

(3.24)

We note that this scenario falls under the definition of a non-trivial circumstance
(Definition 3.1).

In order to be unbiased, the values of the propensities ⇢ must be chosen so that
the requirement in Eq. (3.20) is met. Note that for two continuous functions to always
have the same sign, they should agree on zero values. By combining Eq. (3.20) with
Eq. (3.23) and Eq. (3.24), we can derive that ⇢ must meet the following requirement:

�q1,d1 = �q1,d2 $
⇢q1,d1,1

⇢q1,d2,2
=

✓1

��
✏
+
1 � ✏

�
1

�
�q1,d1 + ✏

�
1

�

✓2

��
✏
+
2 � ✏

�
2

�
�q1,d2 + ✏

�
2

� . (3.25)

Under non-trivial circumstances, ⇢ has to be chosen without knowledge of �, therefore
we must find a single value for each of ⇢q1,d1,1 and ⇢q1,d2,2 that meets this requirement
for all possible values of �. Combining this fact with the fact that � consists of
probabilities, we can derive the following requirement from Eq. (3.25):

8x 2 [0, 1]

 
⇢q1,d1,1

⇢q1,d2,2
=

✓1

��
✏
+
1 � ✏

�
1

�
x+ ✏

�
1

�

✓2

��
✏
+
2 � ✏

�
2

�
x+ ✏

�
2

�
!
. (3.26)

From this we can directly derive the following requirement for the bias parameters ✏:

8x 2 [0, 1]

 
✏
+
1

✏
+
2

=
✏
�
1

✏
�
2

=

�
✏
+
1 � ✏

�
1

�
x+ ✏

�
1�

✏
+
2 � ✏

�
2

�
x+ ✏

�
2

!
. (3.27)

Thus, a solution for the propensities ⇢ in Eq. (3.26) only exists if the trust bias parameters
✏ meet the requirement in Eq. (3.27). Solving for ✏ shows that the latter requirement
can be simplified to:

✏
+
1

✏
+
2

=
✏
�
1

✏
�
2

. (3.28)

Therefore, only in very specific cases where trust bias adheres to Eq. (3.28) do values of
⇢ exist that can meet Eq. (3.25). This proves the theorem since we have provided input
cases where no IPS is unbiased. In fact, in non-trivial circumstances (Definition 3.1 and
Eq. (3.17)), the probability of even being close to this regularity of Eq. (3.28) is so low
that in practice we can safely say that it never happens. So, not only do non-trivial input
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3. Affine Correction for Trust Bias

cases exist where no IPS can be unbiased, but almost all of the time we are dealing with
such cases.

Therefore, we have proven that �̂⇢ can never correctly predict the relative difference
between f1 and f2 in this example under non-trivial circumstances. In conclusion, we
have therefore proven that no IPS estimator is unbiased w.r.t. trust bias, since there are
examples where under non-trivial circumstances, no propensities ⇢ can be chosen so
that it unbiasedly infers the preference between two rankers.

While the basic counterexample used in the proof of Theorem 3.1 is enough for proving
that IPS estimators are biased w.r.t. trust bias, we note that it can easily be extended
to cases with more queries and items. For any number of queries and items and any
item pair d3 and d4, there always exist two rankers f3 and f4 that agree on all item
placements expect that they swap the ranks of d3 and d4. Using a proof analogous to the
above, one can prove that similar to Eq. (3.28) (✏+k3

/✏
+
k4
) = (✏�k3

/✏
�
k4
), where k3 and k4

are the display ranks of d3 and d4, respectively. This process can be repeated for other
item pairs until the requirement 8k, k0 ((✏+k /✏

+
k0) = (✏�k /✏

�
k0)) is obtained. Thus, one

can prove this very restrictive requirement to the trust bias, that applies regardless of the
number of queries and documents. Only when the trust bias adheres to this requirement,
is it possible that an IPS estimator may be able to correctly infer relative differences.
This shows that IPS is not a practical solution to trust bias.

In summary, we have proven that no IPS estimator is unbiased w.r.t. trust bias
without a priori knowledge of the relevance �, and thus is not applicable in any practical
circumstances. We have done so by taking a generic IPS estimator and deriving the
possible values for the propensities ⇢ that would lead to unbiased results in the most
basic ranking scenario. The proof of Theorem 3.1 shows that for most instances of
trust bias such values do not exist. Thus, none of the existing IPS estimators can
correct for trust bias or can be adapted to do so. For clarity, this includes: the original
CLTR estimators [58, 130]; the dual learning algorithm by Ai et al. [4]; the IPS with
corrections for item-selection bias by Ovaisi et al. [99]; the policy aware estimator [96];
and the Bayes-IPS estimator [2].

The problem with IPS appears to be that trust bias causes an affine transformation
between relevance probabilities and click probabilities. For a single query item pair q, d
displayed at rank k, ideally a propensity ⇢q,d,k exists so that:

�q,d =
↵k�q,d + �k

⇢q,d,k
. (3.29)

Such a propensity does exist but it is dependent on �:

⇢q,d,k =
↵k�q,d + �k

�q,d
. (3.30)

If �k = 0 (i.e., ✏�k = 0), the transformation becomes linear and ⇢ becomes independent
of �: ⇢q,d,k = ↵k. Thus, the core issue is that IPS applies a linear transformation to
observed clicks but a linear transformation cannot correct for the affine transformation
caused by trust bias. As a solution to this problem, we will introduce a novel estimator
that applies affine corrections to clicks.
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3.5. Affine Corrections for Trust Bias

3.5 Affine Corrections for Trust Bias

Next, we introduce our novel affine estimator: the first method that is proven to correct
for trust bias. We also compare the affine estimator with the existing IPS estimator, and
introduce an adaption of the EM algorithm for estimating trust bias.

3.5.1 A Novel Affine Estimator

In Section 3.3 we described how trust bias can be seen as an affine transformation
from relevance probabilities to click probabilities (see Eq. (3.12)). Subsequently, in
Section 3.4.2 we proved that IPS estimators cannot correct for trust bias because IPS
can only apply linear transformations and no linear transformation can reverse the effect
of an affine transformation (in non-trivial circumstances).

We now propose a novel estimator based on affine transformations to correct for
both position bias and trust bias: the affine estimator. The estimator works for any
situation where click probabilities are based on an affine transformation of relevance
probabilities:

P
�
C = 1 | q, d, k

�
= ↵kP (R = 1 | q, d) + �k. (3.31)

This includes trust bias where ↵k = ✓k(✏
+
k � ✏

�
k ) and �k = ✓k✏

�
k . Spelled out in the

notation of Eq. (3.31) and in the trust bias notation, the affine estimator is:

�̂affine(f) =
1

N

NX

i=1

X

(d,k)2yi

ci(d)� �k

↵k
· �(d | qi, f)

=
1

N

NX

i=1

X

(d,k)2yi

ci(d)� ✓k✏
�
k

✓k(✏
+
k � ✏

�
k )

· �(d | qi, f).

(3.32)

We see that the affine estimator reweights clicks inversely to ↵k, which is somewhat
similar to IPS. However, the salient difference is that �̂affine also penalizes items by
subtracting �k

↵k
. This penalty compensates for incorrect clicks where the perceived

relevance does not match the true relevance: R̃ = 1 ^ R = 0. Thus items displayed
at ranks where more incorrect clicks take place receive more penalties, while simul-
taneously clicks are reweighted according to the position bias ✓k and to compensate
for the penalties: ✏+k � ✏

�
k . We note that unlike with the IPS estimator, an item that is

displayed but not clicked can receive a negative weight. In expectation later clicks will
compensate for this effect.

Theorem 3.2. The affine estimator is unbiased w.r.t trust bias.

Proof. First, we use the assumption that clicks are correlated with relevancy: 8k (↵k 6=
0). Then we consider the expected value for a single click ci(d):

Ec


ci(d)� �k

↵k

�
=

(↵k · �q,d + �k)� �k

↵k
= �q,d. (3.33)

29



3. Affine Correction for Trust Bias

We can use this to derive the expected value of the affine estimator; it is equal to the
true metric value:

Eq,y,c

h
�̂affine(f)

i

= Eq,y

2

4
X

(d,k)2yi

Ec


ci(d)� �k

↵k

�
· �(d | q, f)

3

5

= Eq,y

2

4
X

(d,k)2yi

�q,d · �(d | q, f)

3

5 = �(f).

(3.34)

Therefore, the affine estimator is unbiased in expectation.

The negative penalties (�k/↵k) may be counter-intuitive. For a better understanding
we consider a maximally non-relevant item �q,d = 0 that is displayed at rank k, M
times. We expect to observe M ·�k clicks (all incorrect since �q,d = 0). The sum of the
penalties for the item given by the affine estimator is M · (�k/↵k), while each click is
weighted by 1/↵k. Thus, if we sum the weights for the clicks we expect M · (�k/↵k),
therefore taking this sum minus the penalties correctly results in a zero weight for the
item (in expectation). As with any estimator, for reliable estimates, M needs to be
considerably large due to variance.

This concludes the introduction of our novel affine estimator. By performing affine
transformations to clicks it is the first estimator that can correct for the effect of both
position bias and trust bias.

3.5.2 Relation with IPS and other Properties

While the affine estimator is very distinct from IPS since it can perform corrections
that IPS cannot, we consider the former to be an extension of the latter. In the most
straightforward way any IPS-based estimator can be seen as a special case of the affine
estimator where 8k (�k = 0). More generally, we consider the situation without
trust bias, i.e., where ✏

+
k and ✏

�
k have the same value for every k: 8k, k0 (✏�k = ✏

�
k0 =

✏
�
^✏

+
k = ✏

+
k0 = ✏

+) and where clicks are positively correlated with relevance: ✏+ > ✏
�.

Also, we will assume that summing � over documents leads to a constant value:

8f, f
0
, q

0

@
X

d2Dq

�(d | q, f) =
X

d2Dq

�(d | q, f
0)

1

A . (3.35)

This means that if all items are equally relevant the order of the items does not matter.
We note that this holds for virtually all ranking metrics, e.g., DCG, precision, recall,
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MAP, ARP, etc. Now, Eq. (3.32) can be rewritten as follows:

�̂affine(f)

=
1

N

1

✏+ � ✏�

NX

i=1

X

(d,k)2yi

✓
ci(d)

✓k
� ✏

�
◆
· �(d | qi, f)

=
1

✏+ � ✏�
�̂IPS (f)�

1

N

✏
�

✏+ � ✏�

NX

i=1

X

(d,k)2yi

�(d | qi, f)

=
1

✏+ � ✏�
�̂IPS (f)� C,

(3.36)

where C is a constant independent of f . Therefore, �̂affine unbiasedly predicts relative
differences w.r.t. �̂IPS :

8f, f
0
, �̂affine(f) > �̂affine(f

0) $ �̂IPS (f) > �̂IPS (f
0). (3.37)

Consequently, we can conclude that optimizing f w.r.t. �̂affine(f) also optimizes w.r.t.
�̂IPS when trust bias is not present. This further shows that the affine estimator should
be viewed as a generalization of the existing IPS approach.

Furthermore, the notation of the affine estimator in Eq. (3.32) also reveals some
other intuitive properties. We see that if for some k, ↵k = 0, then the estimator becomes
undefined, thus if clicks are not correlated with relevance, the estimator cannot be
applied. Interestingly, if we compare this with the trust bias model we see that there
are only two cases when 9k (↵k = 0) can occur: (i) when 9k (✓k = 0), i.e., at some
rank k some items cannot be observed or clicked, hence nothing about the item at this
rank can be learned; or (ii) when 9k (✏+k = ✏

�
k ), i.e., at some rank k non-relevant and

relevant items are equally likely to be clicked, thus there is nothing to learn from the
click signal. Furthermore, something interesting happens if 9k (✏+k < ✏

�
k ), i.e., if at

some rank k non-relevant items are more likely to be clicked than relevant items. In
this case, non-clicked items receive a positive penalty and clicks lead to negative scores,
meaning the less clicked items are preferred since they are more likely to be relevant.
All these cases are very intuitive and we consider it a great strength that they can be
inferred from the affine estimator from just a brief analysis of its formulation.

3.5.3 Parameter Estimation

Agarwal et al. [2] describe how EM can be used to estimate the position bias and trust
bias parameters. We also use the regression-based EM procedure for estimating the bias
parameters. However, unlike Agarwal et al., who estimate three parameters per rank k,
namely ✓k, ✏�k and ✏

+
k , we notice that only two have to be estimated:

⇣
+
k = P (C = 1 | R = 1, k) = ✓k✏

+
k = ↵k + �k

⇣
�
k = P (C = 1 | R = 0, k) = ✓k✏

�
k = �k.

(3.38)

From these two parameters the value of ↵k and �k can be inferred directly (↵k =
⇣
+
k � ⇣

�
k ), and these are the only parameters required for the trust bias click model

(Eq. (3.12)) and the affine estimator (Eq. (3.32)).
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To estimate these parameters we adapt the Expectation step, where the parameters
are updated as follows:

⇣
+
k =

PN
i=1 ci(d)P (R = 1|C = 1, qi, d, k)PN

i=1 ci(d)P (R = 1|C = 1, ...) + (1� ci(d))P (R = 1|C = 0, ...)
,

(3.39)

and

⇣
�
k =

PN
i=1 ci(d)P (R = 0 | C = 1, qi, d, k)PN

i=1 ci(d)P (R = 0|C = 1, ...) + (1� ci(d))P (R = 0|C = 0, ...)
,

(3.40)

where the conditional relevance probabilities P (R | C, q, d, k) are computed using
Bayes’s law. This simplification allows us to estimate the parameters with less compu-
tational costs. And since fewer parameters are estimated, we expect EM to converge
faster.

In the Maximization step, the � values are estimated by a regression algorithm. We
use ⇣

� and ⇣
+ obtained from the E-step to train the unbiased ranking function f based

on �̂affine. Previous work [2, 131] suggests to use a sigmoid as a final activation function
to obtain valid probability values. However, we observed that the sigmoid function
gives very similar relevance probabilities between most items. In contrast, the softmax
function results in more varied values but it forces the probabilities to sum to one for
each query. As a simple alternative we propose the soft-min-max function, which does
not force probabilities to sum to one, but still results in varied values:

soft-min-max(xi) =
e
xi � e

min(xi)

emax(xi) � emin(xi)
. (3.41)

Our experiments show that the choice of activation function leads to noticeable differ-
ences.

3.6 Experimental Setup

We follow the semi-synthetic setup that is prevalent in existing CLTR work [4, 55, 58,
96], where queries, documents, and relevance judgments are sampled from supervised
LTR datasets, while clicks are simulated using probabilistic user models. First, we
train a production ranker for each dataset; we randomly select 20 queries from each
training set and use the supervised LTR LambdaMART method to optimize a ranking
model. With these production rankers, we simulate a situation where a decent ranking
system exists but still leaves plenty of room for improvement. On each dataset, we
simulate user interactions by repeatedly: (i) uniform-random sampling a query from the
training set, (ii) ranking the documents for that query with the production ranker, and
(iii) simulating clicks on the resulting ranking using a probabilistic user model. This
semi-synthetic setup allows us to vary the number of clicks available for learning, as
well as the position bias and trust bias of the simulated user. Thus, we can analyze the
effects these factors have on the affine estimator and other CLTR methods.
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3.6. Experimental Setup

3.6.1 Datasets

We use two of the largest publicly available LTR datasets: Yahoo! Webscope [25]
and MSLR-WEB30k [102]. Both were created by a commercial search engine, and
each contains around 30 000 queries, each query has a set of preselected documents
to be ranked. The datasets contain five level relevancy tags acquired through expert
labeling for the preselected query-document pairs. Yahoo! has 24 documents per query
on average and uses 700-feature vectors to represent query-documents; MSLR has 125
per query and uses 136 features. Each dataset is split into training, validation, and test
sets; we only use the first fold of MSLR.

3.6.2 Click Simulation

Clicks are simulated on rankings produced by the production rankers by applying
probabilistic click models.

Per the experimental setting, we simulate up to 8 · 106 clicks on the training set. The
number of validation clicks is always 15% and 33% of the training clicks for Yahoo!
and MSLR, respectively. These numbers were chosen to match the ratio between the
number of training and validation queries in each dataset.

We apply Agarwal et al. [2]’s trust bias model with varying parameters (see Sec-
tion 3.3). The relevances �q,d are based on the relevance label recorded in the datasets;
we follow Joachims et al. [58] and use binary relevance:

P (R = 1 | q, d) = �q,d =

(
1 if relevance_label(q, d) > 2,

0 otherwise.
(3.42)

Similar to previous work [55, 58, 96], we set the position bias inversely proportional to
the display rank:

P (E = 1 | k) = ✓k =

✓
1

min(k, 20)

◆⌘

, (3.43)

where we vary the ⌘ parameter: ⌘ 2 {1, 2}.
To the best of our knowledge, this is the first CLTR that simulates trust bias, thus

there is no precedent for the values of ✏+k and ✏
�
k . In order to simulate trust bias as

realistically as possible, we base our values on the empirical work of Agarwal et al.
[2]. It appears that the bias Agarwal et al. inferred from actual user interactions can be
approximated by the following formula:

8k 2 {1, 2, . . . , 5}, ✏
+
k ⇡ 1�

k + 1

100
^ ✏

�
k ⇡ ✏

�
1

1

k
. (3.44)

Unfortunately, Agarwal et al. only observed interactions on top-5 rankings. To prevent
✏
+
k and ✏

�
k from disappearing on ranks beyond k = 5, we apply the following

✏
+
k = 1�

min(k, 20) + 1

100
, ✏

�
k = ✏

�
1

1

min(k, 10)
. (3.45)

We use the incorrect-click rate on the first rank: ✏
�
1 , as a hyper-parameter to vary

the amount of trust bias. We found that our results are consistent across different
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3. Affine Correction for Trust Bias

values for ✏�1 . To cover both cases with high and low trust bias, we report results with
✏
�
1 2 {0.65, 0.35}.

3.6.3 LTR Algorithm

Similar to Ai et al. [4] and Agarwal et al. [1] we train neural networks for our ranking
functions. Our preliminary results indicate that the configuration of the networks does
not have to be fine-tuned. The reported results are produced using models with three
hidden layers with sizes [512, 256, 128] respectively. All layers use elu activations and
0.1 dropout was applied to the last two layers.

For the loss function we follow Oosterhuis and de Rijke [96] and use LambdaLoss
to optimize DCG [132]. For updating the gradients, we use the AdaGrad optimizer [33]
with a learning rate of 0.004 and 0.02 for Yahoo! and MSLR datasets respectively, for
32 epochs.

3.6.4 Experimental Runs

We evaluate the performance of our affine estimator, by comparing the nDCG@10
of the models it produces with those produced using other estimators. The following
estimators are used as baselines:

1. No Correction: The naïve estimator where each click is treated as an unbiased
relevance signal.

2. IPS: The original CLTR IPS estimator [58, 131] that only corrects for position bias
(see Section 3.2.2).

3. Bayes-IPS: The only existing CLTR estimator [2] designed for addressing trust bias
(see Section 3.4).

For a clearer analysis, we also report the performance of the following ranking models:

4. Production: The production ranker used in during the logging of simulated clicks.

5. Full Info: A model trained using supervised LTR on the true relevance probabilities,
its performance illustrates the (theoretical) maximal performance possible on a
dataset. We note that this is not a baseline as it does not learn from clicks but
(unrealistically) from the true relevances.

All reported nDCG@10 results are an average of four independent runs. Our experi-
ments cover both the situation where the bias (✓, ✏� and ✏

+) is known, e.g., through
previous experiments [3, 40, 131], and the situation where the bias has to be estimated
still.

3.7 Results and Discussion

This section discusses our experimental results. We consider the ranking performance
of the affine estimator compared to other estimators, in both the situation where the
exact bias is known and where it has to be estimated.
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Figure 3.1: Comparison of different CLTR estimators in term of nDCG@10 on different
numbers of clicks, under normal position bias (⌘ = 1), and varying levels of trust bias.
Estimators were given the true bias parameters. Results are averaged over four runs;
shaded area indicates the standard deviation. Top row: Yahoo! Webscope dataset;
bottom row: MSLR-WEB30k dataset.

3.7.1 Optimization with the Affine Estimator

First we consider whether optimizing with the affine estimator leads to better performing
ranking models than with existing estimators.

Figures 3.1 and 3.2 show the performance (nDCG@10) reached by the different
estimators under varying degrees of bias and different numbers of clicks available for
training. We see that the naïve estimator has already converged after 3 · 105 clicks, since
additional clicks do not increase its performance. In line with the empirical results of
Agarwal et al. [2], we see that both IPS and Bayes-IPS improve over the naïve estimator,
and that Bayes-IPS consistently outperforms IPS. However, when we compare with the
Full Info ranker, we see that there is still a sizable gap between Full Info and Bayes-IPS
in every tested setting on both datasets. In other words, neither IPS nor Bayes-IPS can
approximate the optimal model under the tested degrees of trust bias. As predicted by
the theory in Section 3.4, it thus appears that both these IPS estimators are biased w.r.t.
trust bias.

In contrast, we see that the affine estimator does approximate the optimal model
when position bias is mild (⌘ = 1). However, under extreme position bias (⌘ = 2) it
has not reached convergence in any of our graphs. Based on the theory in Section 3.5.1,
we expect convergence near the optimal model if it were given more training clicks.
Furthermore, in all tested settings we observe the affine estimator to outperform the
other estimators when more than 106 training clicks are available. Using the Student’s
t-test we found that all the improvements at 8 · 106 clicks are significant with p  0.001,
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Figure 3.2: Comparison of different CLTR estimators in term of nDCG@10 on different
numbers of clicks, under severe position bias (⌘ = 2), and varying levels of trust bias.
Estimators were given the true bias parameters. Results are averaged over four runs;
shaded area indicates the standard deviation. Top row: Yahoo! Webscope dataset;
bottom row: MSLR-WEB30k dataset.

except for the results on MSLR-WEB30k with ⌘ = 1 and ✏
�
1 = 0.35 with a significance

of p  0.002. On small numbers of training clicks, the affine estimator has a similar or
slightly lower performance than the other estimators. This could be explained by the
bias-variance tradeoff: the Bayes-IPS and IPS estimators could have lower variance due
to their bias, making them perform better on small amounts of data. Potentially, using
propensity clipping on the affine estimator can increase its performance here [119].

In conclusion, our results strongly indicate that optimizing with the affine estimator
results in better performing ranking models than with previously proposed estimators.
In particular, on both datasets we see that, given enough click data, the affine estimator
can be used to approximate the optimal ranking model, in settings with high or low
degrees of trust bias or position bias.

3.7.2 Optimization with Estimated Biases

Next, we consider whether optimization with the affine estimator is robust to estimated
bias values. This is important as in practice the values of bias parameters have to be
estimated as well. While the theory proves that the affine estimator is unbiased when
provided with the true bias values, we will now investigate whether it is still effective
when they are estimated.

Figure 3.3 shows the performance (nDCG@10) reached by the affine estimator
using bias parameters estimated from clicks (see Section 3.5.3), under varying degrees
of position and trust bias. For clarity, both the ranking model optimization and the bias
parameter estimation used the same clicks. Furthermore, the results in Figure 3.3 are
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Figure 3.3: Comparison of different final activation functions to estimate the bias param-
eters, under varying levels of position and trust bias. Y-axis indicates the performance
of ranking models optimized using the affine estimator. Results are averaged over four
runs; shaded area indicates the standard deviation. All results are based on the Yahoo!
Webscope dataset. Top row: normal position bias (⌘ = 1); bottom row: severe position
bias (⌘ = 2).

separated for different final activation functions.
In Figure 3.3 we see that parameter estimation with the soft-min-max function

leads to the best performance: soft-min-max outperforms the other functions in all
settings, regardless of the number of training clicks. Though the difference between
soft-min-max and optimization with the true bias values is noticeable, it appears to be a
small difference, especially after 106 clicks. This suggests that the affine estimator with
the soft-min-max function is robust to estimated bias values. Additionally, we see that
the softmax function leads to decent performance when many clicks are available, but
handles small numbers of clicks less well. Lastly, the sigmoid function results in the
poorest performance.

Figures 3.4 and 3.5 show the estimated parameters after 8 · 106 clicks in the same
settings. Interestingly, these figures show that none of the functions leads to extremely
accurate bias estimation with EM. We see that except for the first position, Soft-min-max
and sigmoid underestimate the values of ↵k, while softmax overestimates it. While soft-
min-max and softmax have accurate estimates of �k, sigmoid appears to underestimate
it. This further shows that the affine estimator is robust to estimated values, since
soft-min-max leads to good performance while underestimating ↵k. This seems to
suggest that having an accurate estimate of �k is more important than one for ↵k. In
theory, from Eq. (3.32) we see that, unlike �k, ↵k can be estimated within a constant
factor of the true value without hurting the performance of �̂affine. However, further
analysis is required to fully understand what kind of inaccuracies still result in high
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Figure 3.4: Bias parameters estimated on 8 · 106 clicks using different final activation
functions, under normal position bias, and varying degrees of trust bias. Results are
averaged over four runs; shaded area indicates the standard deviation. All results are
based on the Yahoo! Webscope dataset. Top row: ↵k; bottom row: �k.

performance. These results also suggest that there are promising opportunities for novel
ways to estimate trust bias from click data.

In conclusion, our results show that using the affine estimator still leads to good
performance when it is based on estimated bias values. In particular, we have found that
using the soft-min-max function leads to the best results, and that the affine estimator
can still get near-optimal performance when bias values are not completely accurate.
We conclude that the affine estimator is robust w.r.t. estimated bias values.

3.8 Conclusion

In this chapter, we have considered CLTR in situations with both position bias and
trust bias and addressed RQ2 of the thesis. We have proven that no IPS estimator can
correct for trust bias, including the Bayes-IPS estimator specifically designed for this
bias [2]. The reason for this inability is that trust bias is an affine transformation between
relevance probabilities and click probabilities, and IPS estimators can only correct for
linear transformations.

As a solution, we have introduced the novel affine estimator, which applies affine
transformations to clicks: it both reweights clicks and penalizes items for being dis-
played at ranks where the users’ trust is high. We proved that the affine estimator is
unbiased w.r.t. both position bias and trust bias, thus it is the first CLTR method that
can deal with both of these biases simultaneously. Furthermore, the affine estimator can
be considered an extension of the existing IPS approach: when no trust bias is present
the affine estimator optimizes the same objective as the existing IPS estimator. Our
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Figure 3.5: Bias parameters estimated on 8 · 106 clicks using different final activation
functions, under severe position bias, and varying degrees of trust bias. Results are
averaged over four runs; shaded area indicates the standard deviation. All results are
based on the Yahoo! Webscope dataset. Top row: ↵k; bottom row: �k.

experimental results show that using the affine estimator CLTR can approximate the
optimal model when both position bias and trust bias are present, while existing IPS-
based estimators cannot. Furthermore, our results suggest that the estimator is robust to
bias estimation, as performance is stable when the bias parameters are estimated from
interactions.

With the introduction of our affine estimator, the CLTR framework has been ex-
panded to correct for trust bias on top of position bias. Future work can continue this
trend, for instance, by combining the policy-aware approach by Oosterhuis and de Rijke
[96] with the affine estimator, perhaps an estimator that corrects for both item-selection
bias and trust bias can be found. Furthermore, previous work has found position bias
estimation using randomization to be very powerful [3, 131]. Thus, there seems to be
potential for methods based on randomization for estimating trust bias, possibly another
fruitful direction for future research.

Unbiasedness of affine correction, similar to IPS, depends on accurate estimations of
bias parameters. In the next chapter, we provide an in-depth analysis of this dependency
and propose a method whose unbiasedness does not rely on the accurate knowledge of
bias parameters assumption.
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4
Relevance and Propensity Have a Cyclic
Dependency: Mixture-Based Correction

as a Solution

In Chapter 3 we proposed affine correction (AC) as a generalization of inverse propensity
scoring (IPS) that corrects for position bias and trust bias. IPS and AC provably remove
bias, conditioned on an accurate estimation of the bias parameters. Estimating the
bias parameters, in turn, requires an accurate estimation of the relevance probabilities.
This cyclic dependency, which is addressed in RQ3, introduces practical limitations
in terms of sensitivity, convergence, and efficiency. In this chapter, we propose a new
correction method for position and trust bias in counterfactual learning to rank (CLTR)
in which, unlike existing methods, the correction does not rely on relevance estimation.
Our proposed method, mixture-based correction (MBC), is based on the assumption
that the distribution of the click-through rates over the items being ranked is a mixture
of two distributions: the distribution of click-through rates for relevant items and the
distribution of click-through rates for non-relevant items. We prove that our method
is unbiased. The validity of our proof is not conditioned on accurate bias parameter
estimation. Our experiments show that MBC, when used in different bias settings and
accompanied by different learning to rank algorithms, outperforms AC, the state-of-the-
art method for correcting position and trust bias, in some settings, while performing on
par in other settings. Furthermore, MBC is orders of magnitude more efficient than AC
in terms of the training time.

4.1 Introduction

A number of techniques have been proposed to debias clicks and to estimate the
probability of relevance based on the probability of clicks. A well-known method
is inverse propensity scoring (IPS) [58, 130], which corrects for the position bias in
clicks. IPS relies on the examination hypothesis, i.e., an item is clicked if it is examined

This chapter was published as: A. Vardasbi, M. de Rijke, and I. Markov. Mixture-based correction
for position and trust bias in counterfactual learning to rank. In Proceedings of the 30th ACM International
Conference on Information & Knowledge Management, CIKM ’21, pages 1869–1878, 2021.
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4. Mixture-Based Correction

and perceived to be relevant by a user. As the name suggests, in IPS clicks are re-
weighed by the inverse of the examination probability, a.k.a. propensity. IPS is proved
to be unbiased when the clicks suffer from position bias [58]. Affine correction (AC),
introduced in Chapter 3, generalizes IPS to also correct for trust bias. AC has been
proved to be unbiased when the clicks suffer from both position and trust bias. The
proofs of the unbiasedness of IPS and AC depend on knowledge of the bias parameters.
Accurately estimating the bias parameters, in turn, depends on obtaining accurate
relevance estimations, which is as hard as the learning to rank (LTR) problem itself.
In the literature, this cyclic dependency is solved by a regression-based EM (rbEM)
algorithm that simultaneously learns the ranker as well as the bias parameters [2, 131],
similar to what was used in Section 3.5.3. We argue that integration of a regression
function into the standard expectation maximization (EM) leads to a number of practical
limitations in terms of (i) sensitivity to the regression function, (ii) a lack of guarantees
that EM converges to a zero gradient, and (iii) low efficiency of the algorithm. In this
chapter, we address this problem by asking the following question:

RQ3 Is it possible to break the cyclic dependency between relevance and bias parame-
ters when correcting for position and trust bias?

We answer this question by proposing a novel debiasing method, mixture-based cor-
rection (MBC). Inspired by the idea of score distributions [6], we assume that the
probability of seeing a specific click-through rate (CTR) for an item at a position in a
ranking is a mixture of CTR probabilities for relevant and non-relevant items appearing
on that position. More specifically, we assume that an item is clicked if, and only if,
one of the following two disjoint events occurs: (i) a user examines the item and the
item is actually relevant (i.e., this is a click on a relevant item), or (ii) the user examines
the item, the item is not relevant, but the user clicks on it anyway due a certain bias,
e.g., trust in the search engine [2] or visual attractiveness of the item [27] (i.e., this
is a click on a non-relevant item). For each position in a ranking, MBC estimates the
distribution of CTRs for these two events and calculates the full distribution of CTRs
on that position as their mixture. Then, the probability of relevance for a given item is
calculated by Bayes’ rule, as the posterior probability of relevance, given the observed
CTR over that item. Finally, the estimated probabilities of relevance are used as labels
in a standard LTR algorithm.

We prove that MBC gives an unbiased estimator of the probability of relevance,
without any prior knowledge of the bias parameter values. This is a step forward, as IPS
and AC do rely on prior knowledge of the bias parameter values to be unbiased. Below,
we show theoretically how inaccurate bias parameters prevent AC from completely
removing bias.

We confirm our theoretical advances with a set of semi-synthetic experiments.
We show that the ranking performance of different LTR algorithms, trained on the
relevance estimates of MBC, always converges to the ranking performance where
the true relevance labels are available. We also compare MBC with the state-of-the-
art correction method for position and trust bias, i.e., AC. We compare them by
training LTR algorithms over MBC’s and AC’s respective corrected outputs. We show
that in several cases MBC outperforms AC by filling the gap between AC’s ranking
performance and the true relevance case. Finally, since both MBC and AC depend to
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4.2. Background

the assumption of a click model to infer and correct for the bias, we conduct robustness
experiments in terms of click model mismatch. Specifically, we show that when clicks
adhere to the dependent click model (DCM) or the user browsing model (UBM), but
a different click model, such as the position-based model (PBM), is assumed by the
correction methods, MBC is more robust, i.e., its ranking performance is affected less
compared to AC.

In summary, the contributions of this chapter are:
1. We propose a new debiasing method, mixture-based correction (MBC), for correcting

position and trust bias, and prove its unbiasedness. Our proof is stronger than the
unbiasedness proofs for existing methods such as AC from Chapter 3, as it does not
rely on the assumption that the bias parameters are known.

2. We show experimentally that, when used with LTR methods, MBC outperforms AC,
the state-of-the-art correction method for position and trust bias, in several settings,
while having similar performance in other settings.

3. We show that MBC is orders of magnitude faster than AC, in terms of the training
time.

4. We provide experimental evidence that MBC is more robust to click model mismatch
compared to AC.

4.2 Background

The majority of prior work on unbiased LTR, tries to correct for the mismatch between
the distribution of clicks and relevance probability due to bias. Bias in clicks means that
not all relevant items have the same a priori chance of being clicked. E.g., position bias
means that relevant items at the top of a result list usually absorb more clicks than lower
ranked relevant items [57]; and trust bias means that users trust a search engine and
click on higher ranked non-relevant items more than lower ranked items [2]. Usually,
these types of bias are modeled with the help of click models [29].

Below, we review existing methods for correcting position and trust bias. After
discussing AC as the state-of-the-art correction method for position and trust bias, we
analyze its relevance estimation error and show how inaccurate bias parameters cause
AC to remain biased. We also discuss other work related to this chapter.

4.2.1 A Review of AC

As we have seen in Chapter 3, in the presence of trust bias, the click probability should
be written as follows (for brevity we drop the (· | q, d, k) conditions from all the
probabilities, where q and d represent the query and item and k is the item position in
the results list.):

P (C = 1) = P (E = 1) · P (R = 1) · P (C = 1 | R = 1, E = 1)

+ P (E = 1) · P (R = 0) · P (C = 1 | R = 0, E = 1)

= ↵P (R = 1) + �.

(4.1)

where C, E and R indicate click, examination and relevance binary indicators. We
proved that the following correction gives an unbiased estimate of the relevance in this
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situation:

r̂q,d =
cq,d,k � �q,d,k

↵q,d,k
. (4.2)

where cq,d,k is the click over document d of query q at position k; ↵ and � are bias
parameters (4.1); and r̂q,d is the estimated relevance of d.

4.2.2 Regression-Based EM

IPS and AC are unbiased only if the value of the bias parameters such as ↵ and � are
known, or accurately estimated. Since the standard EM requires the availability of multi-
ple sessions of the same query with different items ordering to work properly [26], Wang
et al. [131] proposed to use regression-based EM (rbEM) to solve the sparsity problem.
In the rbEM, the P (R = 1 | q, d) values obtained in the M-step are first used to fit
a regression function, and then, the output of this regression function is used in the
next E-step. Though rbEM leads to good results in the CLTR framework with IPS and
AC [2, 122, 131], in this chapter we argue that the integration of a regression function
into the EM leads to multiple practical limitations, as we explain in Section 4.6.1.

4.2.3 Error Analysis of AC

Let us denote the true relevance of document d to query q by rq,d, and the probability
P (rq,d = 1) by �q,d. In the presence of trust bias, according to Eq. (4.1), we have:

Ec [cq,d,k] = ↵q,d,k · �q,d + �q,d,k. (4.3)

In what follows we drop the subscripts for brevity.
Supposing ↵

0 and �
0 are estimates of ↵ and � obtained from the rbEM algorithm,

AC estimates r as follows:

r̂ =
c� �

0

↵0 . (4.4)

In order to have an unbiased estimator, we need to ensure that Ec [r̂] = Er [r]. Therefore,
we are interested in e = |r̂ � r|. Using Eq. (4.1), we can calculate the expectation as
follows:

Ec,r [e] = �

����1�
↵+ � � �

0

↵0

����+ (1� �)

����
� � �

0

↵0

����

= �
|�↵+��|� |��|

↵0 +
|��|

↵0 ,

(4.5)

where �� = �
0
� � and �↵ = ↵

0
� ↵ are estimation errors of the bias parameters.

It is important to have the average error converge to zero as the number of sessions
associated with the query grows. Eq. (4.5) shows that only when �↵ ! 0 and �� ! 0,
i.e., when the parameter estimations obtained from rbEM are accurate, this is the case.
In summary, inaccurate bias parameters estimations cause the AC method to remain
biased, even with infinitely many training sessions.
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4.2.4 Mixture of Distributions

Our assumption of having a mixture of relevant and non-relevant distributions is related
to score distribution models [6]. But MBC differs in two important ways. First,
unlike scores, clicks are feedback and constitute a source of supervision. This makes
CLTR used with MBC a supervised learning algorithm as opposed to the unsupervised
algorithms based on score distribution models. Second, a score distribution model is
built over the corresponding list of items for a single query, whereas our mixture model
is built over the items with the same examination probability for different queries. In
this sense, our model has a global view over all queries, while the score distribution
models have a local view over one query.

4.2.5 Other Related Work

Instead of using rbEM, Ai et al. [4] propose to use the dual learning algorithm (DLA).
DLA is shown to be effective in estimating the bias parameters and leading to an
unbiased LTR. However, it only models the position bias and it is not clear how it can
be extended to work with trust bias.

Qin et al. [103] use rbEM to estimate the attribute-based propensity, which considers
different platforms and feedback sources in addition to the items positions. Dai et al.
[31] define a utility based on the click probability and propose to optimize that utility
directly, instead of optimizing retrieval metrics with the hope that they may indirectly
improve the CTR. Their approach solves the problem of bias parameter estimation by
directly learning a position-aware click model from user interactions.

What our proposed method, MBC, contributes on top of the related work discussed
above is that it breaks the cyclic dependency between the bias parameters and relevance
probability. This means that in MBC the bias parameters are inferred only using the
user interactions, without any direct reliance on the relevance probabilities. In other
words, in existing methods relevance estimation is unbiased if the bias parameters are
accurately set, and the bias parameters can be set accurately if the relevance estimation
is precise. In contrast, with MBC, the correction and bias parameter estimation are
performed at the same time, without any reliance on relevance estimation. This enables
us to avoid the use of regression functions inside the EM algorithm, which is shown
in Section 4.6 to have practical limitations.

Finally, in [24, 121] it is argued that a mismatch between the actual model of clicks
and the assumed click model for correction hurts ranking performance of the correction
methods. We address this issue by showing that MBC is robust to click model mismatch,
specifically, when actual clicks adhere to DCM or UBM while MBC assumes PBM for
correction.

4.3 Mixture-based Correction

In this section, we explain our mixture-based correction (MBC) method and prove that
it gives an unbiased estimate of relevance.
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Algorithm 4.1: Mixture-based correction
Input: Click-through rates
Output: Estimates of relevance probability

1 Constitute sets of items with the same P (E = 1);
2 forall set of items with the same P (E = 1) do

3 Fit a 2-component mixture model to Eq. (4.6);
4 Output the relevance of items according to Eq. (4.7);
5 end

4.3.1 Method

Our idea is to infer the relevance of an item to a user’s query based on the observed
CTR for that query-item pair. Similarly to previous work on CLTR, we assume that
user clicks on search results follow the examination hypothesis [2, 4, 58, 96, 122, 131],
that is, a click on an item (or, consequently, the CTR for that item) is affected only by
how likely the item is to be examined and perceived relevant by a user. So there are two
components, namely, examination and relevance of an item, that contribute to a click on
the item. Our goal is to estimate the relevance component.

To rule out the examination component, we consider items with the same examina-
tion probability P (E = 1). In practice, P (E = 1) is not known and one needs a click
model to decide which items have the same P (E = 1). We will address this issue later
in this section. For now, assume that we know which items have the same P (E = 1).

For a set of items with the same examination probability P (E = 1) there is a certain
distribution of CTRs, P (CTR = x). Assuming binary relevance,1 this distribution has
two parts: one for relevant items and one for non-relevant items. So P (CTR = x) can
be seen as a mixture of two separate distributions: the distribution P (CTR = x | R =
1) of CTRs of relevant items and the distribution P (CTR = x | R = 0) of CTRs of
non-relevant items. Formally:

P (CTR = x) = P (R = 1) · P (CTR = x | R = 1)

+ P (R = 0) · P (CTR = x | R = 0). (4.6)

Now, we can reach our goal and calculate the probability of relevance based on the
observed CTR using Bayes’ rule:

P (R = 1 | CTR = x) =
P (R = 1) · P (CTR = x | R = 1)

P (CTR = x)
. (4.7)

These relevance probabilities can ultimately be used for CLTR. Algorithm 4.1 summa-
rizes the above steps of MBC.

For our MBC method to work, it remains to discuss two things: (i) How to estimate
the mixture in Eq. (4.6) (Line 3 in Alg. 4.1); and (ii) How to get items with the same
examination probability (Line 1 in Alg. 4.1). This is what we turn to next.

1Graded relevance can be considered as the probability P (R = 1). See Section 4.4 for further
discussions.
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Mixture estimation. To infer distributions P (CTR = x | R = i) and priors
P (R = i) for i 2 {0, 1} in Eq. (4.6), parametric approaches can be used. For example,
we can assume a Gaussian or a binomial mixture model. As is common with parametric
mixture models, we use standard EM to learn the above distributions and priors [88].

The limitation of the parametric approach to estimating mixtures is that it depends
on the choice of the underlying parametric distribution (e.g., Gaussian, binomial, etc).
However, in Section 4.3.2, we show that as long as there are enough clicks, the choice of
this distribution is not essential to our method. Also, in our experiments in Section 4.5.5,
we compare Gaussian and binomial mixture distributions and show that, in practice,
both converge to the same performance.

Items with the same examination. The MBC method works on sets of items with
the same examination probability. Note that MBC does not require the exact values
of examination probabilities, it only requires to know which items have the same
examination. To detect the desired sets of items, we propose to use click models [29].

For instance, we can assume that clicks adhere to the PBM as is common in CLTR [2,
4, 58, 96, 122, 131]. In PBM, all items at the same position in a results list have the same
examination probability. And that is all we need from the assumed click model. For
cascade models, such as the DCM [50] and the UBM [34], all items at the same position
and with the same pattern of relevant items above them have the same examination
probability. In the case of DCM and UBM, the desired set of items can be detected
recursively: to collect items with the same examination probability at position k, we
first use MBC to detect all relevant items at positions above k, and then we group items
with the same pattern of relevant items above k. Note that this recursive process is not
cyclic: the grouping of clicks at rank k depends on the reliability of the model at rank
k � 1. Again, no parameter estimation for the assumed click models is required.

Remark 4.1. Detecting items with the same examination may seem a bottleneck in
real world scenarios. For MBC to work properly, the distributions of relevant and non-
relevant CTRs should be separable. This means that the condition of items with the same
examination can be loosened by items with almost the same examination. To elaborate,
suppose a set of items are considered whose examination probabilities are either ✓ or ✓0.
Each examination probability leads to one distribution for relevant CTRs, and one for
non-relevant CTRs: there are two relevant CTR distributions and two non-relevant CTR
distributions in the set. The relevant (non-relevant) CTR distribution of all the items
in the set is itself a mixture of two distributions corresponding to ✓ and ✓

0. As long as
these two relevant/non-relevant distributions of all items are separable, MBC would be
able to distinguish relevant items from non-relevants, and the LTR remains unbiased.
This argument is easily extended to cases with more than two different examination
probabilities. We will discuss this remark more in Section 4.5.3 and give a toy example
for further clarifications.

In the remainder of this section, we prove that the MBC inferred relevance labels are
unbiased estimations of the true relevance labels. Consequently, a LTR algorithm trained
on these corrected values will be an unbiased LTR.
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4.3.2 Unbiasedness of MBC

In this chapter, similar to most previous work on online LTR and CLTR, we assume
that clicks on different sessions are independent [2, 4, 29, 55, 58, 95, 96, 121, 122,
131, 144]. As discussed in Section 4.3.1, we consider the set of items with almost
the same examination probability and fit a mixture model for each such set. We
assume that clicking on a relevant item is a random variable with mean µ1 and variance
�
2
1 . Similarly, clicking on a non-relevant item has mean µ0 and variance �

2
0 . For a

unique query, repeated in n sessions, assume the clicks over the item x are given by
{c

(x)
1 , c

(x)
2 , . . . , c

(x)
n }. We prove that the CTR defined as

vx =
c
(x)
1 + c

(x)
2 + · · ·+ c

(x)
n

n
, (4.8)

can be used to estimate the relevance of x, given that n is large enough.

Theorem 4.1. Assuming independent clicks in different sessions, the clustering of the
CTR signal into relevant and non-relevant items converges in probability to the true
relevance of the items.

Proof. Based on the assumptions, the c
(x)
i ’s constitute a sequence of independent and

identically distributed (i.i.d.) random variables. According to the central limit theorem
(CLT), as n grows, vx will converge in probability to Ec

h
c
(x)
i

i
, which is either µ0 or

µ1. We are interested in the case where a full recovery of mixture models is possible,
i.e., one can fully separate the distribution of relevant CTRs from the distribution of
non-relevant CTRs. The variance of vx diminishes linearly by n. Consequently, given
any threshold value for the variance for which a full recovery is possible, there is a
sufficiently large n that leads to the given threshold value. This means that there exists
an n such that a full recovery of the mixture components is possible.

We used the central limit theorem for the proof of Theorem 4.1, which does not rely on
any specific distribution. In order to get a better understanding of what constitutes a
sufficiently large n for full recovery, we discuss the special case of a Gaussian mixture.
There is a rich literature on the analysis of the recoverability of Gaussian mixture models
[see, e.g., 28]. In [81] a simple condition is given for almost full recovery of Gaussian
mixtures, which translates to the setting of this chapter as follows:

n = ⌦

 ✓
max(�0,�1)

µ1 � µ0

◆2
!
. (4.9)

This means that for any µi and �i values, if we increase the number of sessions n so
that Eq. (4.9) holds, the CTR of relevant and non-relevant items can be almost fully
separated. In our experiments, where the parameters are set based on previous real-
world studies such as [2], Eq. (4.9) becomes n = ⌦(1) and we find n � 15 to be a
suitable value based on the convergence of ranking performance.
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4.4 Experimental setup

In this section, we discuss the experimental setup used to demonstrate the effectiveness
of our proposed MBC method. Following previous CLTR studies [2, 4, 55, 58, 96, 122],
we measure the effectiveness of click debiasing by the ranking performance of LTR
when used on top of debiasing methods. Our experiments are performed on two publicly
available LTR datasets with query-document features and relevance labels, while clicks
are simulated.

4.4.1 Datasets

As a regular choice in LTR research [4, 55, 58, 96, 122], we use two popular LTR
datasets: Yahoo! Webscope [25] and MSLR-WEB30k [102]. For each query, these
datasets contain a list of documents with human-generated 5-level relevance labels.
Yahoo! has 29 670 queries, 23.84 documents per query on average, and uses 700-feature
vectors to represent query-documents; MSLR has 31 339 queries, 120.19 documents
per query, and uses 136 features. We use the default provided training, validation and
test splits for each dataset. We only use the first fold of MSLR.

4.4.2 Click Simulation

In our experiments, we measure the performance of LTR trained on user clicks. The
Yahoo! and MSLR datasets, however, do not contain click information. Following a
long line of previous studies [4, 53, 55, 58, 96, 122], we simulate clicks as follows.

Production ranker. First, we simulate a production ranker that is used to create a
ranked list of items for each query. Following [58], we train a LTR method on a very
small number of randomly selected queries. The intuition is to provide a production
ranker that is better than a random ranker, but still has room for improvement. We select
20 random queries from each dataset and use LambdaMART [21] to train a production
ranker. To train LambdaMART, we use the LightGBM package (version 3.2.1.99) [62]
with the following parameters: 300 trees, 31 leaves and a learning rate of 0.05. Training
in this way with 20 queries gives us a decent ranker that performs considerably better
than a random ranker, while still having room for improvement. Hence, we can exploit
user interactions to improve this production ranker.

The production ranker is then used to rank items for each query. We cut the list of
items at top-m, as do real-world search engines. We report results for m = 20. We
also performed experiments with the top-50, but since the results showed no significant
difference compared to the top-20, we do not report them here.

User clicks. To simulate clicks, we follow previous studies on trust bias [2, 122].
Given a list of items returned by the production ranker for a query q, we first compute the
click probability for each item x and position k using Eq. (4.1) and the PBM assumption.
(For experiments in Section 4.5.3 we replace PBM with DCM and UBM.) Then, for each
item x and position k we simulate a click by sampling from this Bernoulli distribution.
Unless stated otherwise, we use 8M clicks (with uniformly repeated queries) to train
the correction methods. In our experiments, both MBC and AC begin to converge to
their final performance after 2M clicks. We choose 8M to be on the safe side. Eq. (4.1)
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depends on two quantities: (i) relevance probabilities; and (ii) bias parameters. We will
discuss both below.

Relevance probabilities. Both datasets used in our experiments provide graded
relevance labels. For simulating the clicks in a graded relevance setting, a transformation
function is required to change the integer grades into valid relevance probabilities. We
employ the following two strategies, assuming y 2 {0, . . . , ymax} is the relevance
grade:
1. Binarized: Following [58, 122] relevance probability can itself be binary: P (R =

1 | y) = 1 iff y >
ymax

2 .
2. Graded: The grades can also be turned into probabilities using a linear transforma-

tion [98]: P (R = 1 | y) = y
ymax

.
Bias parameters. Similarly to [4, 55, 58, 96, 122], the position bias for a position k

is computed as P (E = 1 | k) = k
�⌘, where the parameter ⌘ controls the severity of

the position bias. Usually, ⌘ = 1 is considered in the CLTR literature [4, 58, 122]. In
our experiments we consider ⌘ 2 {1, 2}.

For the trust bias, we follow [122] and for each position k compute the parameters
as follows:2

P (C = 1 | R = 1, E = 1, k) = 1�
min(k, 20) + 1

100
(4.10)

P (C = 1 | R = 0, E = 1, k) =
0.65

min(k, 10)
. (4.11)

4.4.3 LTR

We train a LTR method over the corrected output of different click debiasing methods.
In order to show the consistency of our results over different LTR methods, we use
two LTR approaches: (i) LambdaMART [21]; and (ii) DNN, a neural network similar
to that of [122]. The LambdaMART implementation of LightGBM only works with
integer labels, but the input of LTR in our experiments is the relevance probability,
which is non-integer. To solve this problem, we made some minor modifications to the
source code of LightGBM in order to make it work with non-integer inputs as well.

4.4.4 Baselines

We compare the results of MBC to those of AC [122], the state-of-the-art click debiasing
method for position and trust bias. We do not include IPS in our comparison, since
(i) it cannot correct for trust bias, and (ii) AC is a generalization of IPS that leads to
the same performance when trust bias is absent [122]. In summary, we compare the
ranking performance of LTR trained on debiased clicks of our MBC method, with the
following settings:
1. Ideal-AC: AC with true bias parameters. This gives the highest potential of AC and

is not realistic, since it uses the true values for bias parameters;
2. AC: LTR trained on debiased clicks of AC, using rbEM for propensity estimation

(See 4.6.2 for the choice of regression function);
2Similar values were reported in the real-world experiments in [2].
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Table 4.1: NDCG@10 comparison of MBC and AC on Yahoo! Webscope and MSLR-
WEB30k datasets under normal position bias (⌘ = 1). Superscripts ⇤ and † indicate
significance compared to the other correction method with p < 0.01 and p < 0.1,
respectively.

Yahoo! Webscope MSLR-WEB30k

Binarized Graded Binarized Graded

LambdaMART

Trained using clicks

No Correction 0.692 0.691 0.400 0.402
AC 0.758 0.763 0.426 0.477

†

MBC 0.760
⇤

0.767
†

0.428 0.474

Trained using oracle knowledge

Ideal-AC 0.758 0.771 0.423 0.486
Rel. Probs 0.759 0.774 0.429 0.491

DNN

Trained using clicks

No Correction 0.713 0.716 0.401 0.415
AC 0.736 0.746

⇤ 0.404 0.448
⇤

MBC 0.744
⇤ 0.744 0.406 0.440

Trained using oracle knowledge

Ideal-AC 0.742 0.749 0.409 0.451
Rel. Probs 0.743 0.750 0.416 0.453

3. No correction: LTR trained on clicks without any debiasing;
4. Relevance probabilities: LTR trained on the true relevance probabilities, obtained

from the true relevance labels. This depends on the strategy that is used to transform
the integer relevance grades into probabilities (see paragraph Relevance probabilities
in Section 4.4.2).

In our experiments, we use the same LTR algorithm for all the methods listed above,
so that any differences in ranking performance are solely due to the correction method,
and no other factors such as LTR performance.

4.4.5 Metrics

We measure the ranking performance of different methods by normalized discounted
cumulative gain (NDCG). All reported nDCG@10 results are an average of eight
independent runs. We use the Student’s t-test to determine significant differences.

4.5 Results

Our experimental results are centered around three benefits of MBC compared to AC.
The first – and most important – benefit is the ranking performance (Section 4.5.2) and
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4. Mixture-Based Correction

Table 4.2: NDCG@10 comparison of MBC and AC on Yahoo! Webscope and MSLR-
WEB30k datasets under severe position bias (⌘ = 2). Superscripts ⇤ and † indicate
significance compared to the other correction method with p < 0.01 and p < 0.1,
respectively.

Yahoo! Webscope MSLR-WEB30k

Binarized Graded Binarized Graded

LambdaMART

Trained using clicks

No Correction 0.689 0.689 0.396 0.397
AC 0.725 0.740 0.337 0.431
MBC 0.753

⇤
0.748

⇤
0.420

⇤
0.454

⇤

Trained using oracle knowledge

Ideal-AC 0.725 0.740 0.337 0.432
Rel. Probs 0.759 0.774 0.429 0.491

DNN

Trained using clicks

No Correction 0.710 0.707 0.402 0.400
AC 0.736 0.746

⇤ 0.405 0.448
⇤

MBC 0.741
⇤ 0.740 0.419

⇤ 0.439

Trained using oracle knowledge

Ideal-AC 0.737 0.746 0.405 0.446
Rel. Probs 0.743 0.750 0.416 0.453

efficiency (Section 4.5.4) improvement. The second is its robustness to click model
mismatch (Section 4.5.3). The third benefit is that it requires almost no hyper-parameter
tuning as opposed to rbEM. Since MBC is based on a standard mixture model, it is free
of the so-called hyper-parameters prevalent in deep learning models. On the other hand,
rbEM uses a regression function that has a significant impact on the effectiveness and
efficiency of the unbiased LTR algorithm (as we show in Section 4.6.2).

4.5.1 An Insider’s Look into Corrected Clicks

Before proceeding with the main experimental analysis, we compare the shape of the
corrected clicks obtained from MBC and AC. This qualitative analysis is insightful in
understanding the intrinsic difference between the two methods.

Figure 4.1 looks into the corrected CTR of MBC and AC. In this figure, the CTR in
two different positions of a ranked list are observed. We used the binarized relevance
probability (Section 4.4) in this figure for simpler illustration purposes. We see that
with enough sessions per query, the relevant and non-relevant items become completely
disjoint. Consequently, MBC is able to correctly distinguish between the relevant and
non-relevant items and infer their relevance label. The complex transformation of CTRs
into relevance labels in MBC allows for accurate estimations of relevance. On the other
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Figure 4.1: Correction comparison of our MBC method with AC in inferring the
relevance label from the observed CTR.

hand, the linearity of AC leads to wider range of relevance labels, scattered around the
true values of zero and one.

4.5.2 Ranking Performance of MBC and AC

In this section, we try to determine the effectiveness of MBC method in debiasing clicks,
and compare it to AC as the state-of-the-art method for correcting position and trust
bias. For that, we measure the ranking performance of a selected LTR algorithm trained
over the corrected output of MBC and AC.

Tables 4.1 and 4.2 shows the comparison of MBC and AC in terms of NDCG@10,
under normal and severe position bias, respectively. In these two tables, we compare
the performance for different LTR algorithms: LambdaMART and DNN, and different
strategies for transforming relevance grades to probabilities: binarized and graded.

The results show that in most cases MBC performs significantly better than AC.
When LambdaMART is used as the LTR algorithm, MBC significantly outperforms
AC on both datasets, both binarized and graded settings and both bias severity cases
(⌘ = 1 and ⌘ = 2), the only exception being the graded MSLR with normal position
bias. Things are different for the DNN case. AC significantly outperforms MBC in the
graded setting in both datasets. We also see that, with a single correction method, in
some settings LambdaMART performs better than DNN, while in others DNN is the
winner. Considering the LTR algorithm as a hyperparameter, i.e. for each correction
method in each setting, selecting the LTR with the higher ranking performance, we
can claim that MBC corrects more effectively than AC, as the best performing MBC
leads to better results than the best performing AC. For instance, in graded Yahoo!
with severe bias, the best performing AC is obtained from DNN: 0.746 vs 0.740,
while the best performing MBC is due to LambdaMART: 0.748 vs 0.740. We see that
LambdaMART MBC outperforms DNN AC in this case.

As can be seen in Tables 4.1 and 4.2, there is a gap between AC (where the bias
parameters are estimated using rbEM) and Ideal-AC (where the bias parameters are
assumed to be known by an oracle). This shows the dependency of AC on the accuracy
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Table 4.3: NDCG@10 comparison of MBC and AC with PBM assumption on Yahoo!
Webscope and MSLR-WEB30k datasets, when DCM cascade model is used for sim-
ulating the clicks. Superscripts ⇤ and † indicate significance compared to the other
correction method with p < 0.01 and p < 0.1 respectively.

Yahoo! Webscope MSLR-WEB30k

Binarized Graded Binarized Graded

LambdaMART

No Correction 0.694 0.691 0.405 0.402
AC 0.739 0.753 0.411

† 0.469
MBC 0.752

⇤
0.760

⇤ 0.407 0.477
⇤

Rel. Probs 0.756 0.770 0.409 0.485

DNN

No Correction 0.709 0.712 0.407 0.407
AC 0.728 0.733 0.364 0.433
MBC 0.741

⇤
0.743

⇤
0.408

⇤
0.446

⇤

Rel. Probs 0.743 0.749 0.412 0.453

of the bias parameters. As a reminder, this dependency is one of our motivations to
propose the novel MBC method.

With severe position bias (⌘ = 2), as a result of very low examination probabilities,
we observe a noticeable drop in the performance of AC and Ideal-AC in some cases.
Specifically, for the binarized MSLR with LambdaMART, we observe that AC performs
even worse than the no correction case. This observation underlines the need for
variance reduction techniques for the AC method.

Remark 4.2. We see that in some of the binarized cases, MBC performs slightly better
than the Rel. Probs case, which may seem counterintuitive. The reason is that the
evaluation is performed on the graded test set for comparability considerations. As a
result, the relevance grades of {3, 4} as well as {0, 1, 2} are treated the same in the
training, but distinguished in evaluation. This is further observable in comparing the
Rel. Probs in the binarized and graded settings: the binarized Rel. Probs is not the
theoretical upper bound for the ranking performance, the graded Rel. Probs is.

4.5.3 Click Model Mismatch

Next, we investigate the effect of a mismatch between a click model that generates
clicks and a click model that is used for debiasing:

How do MBC and AC methods perform when PBM is assumed for debiasing,
whereas user clicks adhere to a different click model?

This is an important question as in reality none of the existing click models can fit user
clicks perfectly and there is always a mismatch between a click model that user clicks
adhere to and the one that is assumed for debiasing. For further discussion please refer
to Chapter 2.
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Table 4.4: NDCG@10 comparison of MBC and AC with PBM assumption on Yahoo!
Webscope and MSLR-WEB30k datasets, when UBM cascade model is used for sim-
ulating the clicks. Superscripts ⇤ and † indicate significance compared to the other
correction method with p < 0.01 and p < 0.1 respectively.

Yahoo! Webscope MSLR-WEB30k

Binarized Graded Binarized Graded

LambdaMART

No Correction 0.691 0.690 0.397 0.400
AC 0.753 0.759 0.387 0.474

⇤

MBC 0.756
⇤

0.763
†

0.410
⇤ 0.469

Rel. Probs 0.756 0.770 0.409 0.485

DNN

No Correction 0.709 0.716 0.391 0.406
AC 0.736 0.743 0.402 0.445

⇤

MBC 0.741
⇤ 0.742 0.410

† 0.441

Rel. Probs 0.743 0.749 0.412 0.453

In this section, we want to examine the robustness of different correction methods
in terms of their assumed click model. Specifically, we simulate clicks based on two
well-known models: DCM [50], that is a cascade-based click model, and UBM [34],
that has features of both position-based and cascade-based models. In order to have
realistic experiments, we learn the parameters of these click models using the Yandex
dataset,3 which contains a large amount of clicks from a production search engine, and
the PyClick library.4 Since the Yandex dataset has the top-10 results, the parameters
are obtained for the top-10 and our experiments in this section are reported for the
top-10 setting.5 Then, we use the learned parameters to simulate clicks similarly to
Section 4.4.2, this time using DCM and UBM instead of PBM.

For each case, we debias clicks using MBC and AC with the PBM click model.
Tables 4.3 and 4.4 show the ranking performance of these correction methods.

We observe that MBC always improves over the no correction case, while AC fails
to do so in some cases: Binarized UBM (Table 4.4) with LambdaMART and Binarized
DCM (Table 4.3) with DNN. Furthermore, in most cases, there is a gap between the
corrections and the Rel. Probs performance. This gap is due to the mismatch between
the actual and assumed click models.

Comparing MBC and AC, we see that MBC outperforms AC in most cases, suggest-
ing that our MBC method is more robust to the click model mismatch. This observation
coincides with our expectation, since MBC does not rely on the parameters of click
models: as long as the click probabilities over relevant and non-relevant items are
separable for each position, MBC with PBM works fine. In other words, unlike AC
where the examination probability of each position is estimated by a single value,

3https://www.kaggle.com/c/yandex-personalized-web-search-challenge
4https://www.github.com/markovi/PyClick
5Hence, the Rel. Probs results in this section may be different from those in Table 4.1, where the top-20

is used instead.
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4. Mixture-Based Correction

in MBC different items at the same position are allowed to have different examination
probabilities (see Remark 4.1).

To further illustrate the difference, we give a toy example. Suppose there are two
sets of sessions S1 and S2 such that the true (hidden) examination probability of an
item at position 4 is 0.8 for sessions in S1 and 0.4 for sessions in S2 respectively.
Using Eq. 4.10, the probabilities of click at position 4 on a relevant item are 0.768
and 0.384 and on a non-relevant item are 0.13 and 0.065 for sessions in S1 and S2

respectively. The best AC can do is to estimate the examination probability by the
average of 0.8+0.4

2 = 0.6, leading to inaccurate relevant probabilities for items in both
sets of sessions. MBC, instead, separates the CTRs obtained from sessions. Given
enough sessions from each set, a clustering method similar to what we use in MBC, can
distinguish between relevant CTRs with mean 2 {0.768, 0.384} and non-relevant CTRs
with mean 2 {0.13, 0.065}. In other words, as long as the minimum relevant click
probability is greater than the maximum non-relevant click probability, MBC manages
to separate the two distributions.

4.5.4 Efficiency of MBC

We measured the running time of MBC and AC on multiple cores of Intel(R) Xeon(R)
Gold 5118 CPU @2.30GHz. Here, we only report the time required for correcting clicks,
since the LTR part is the same in both MBC and AC. MBC, requires around 110 seconds
to estimate the mixture distributions and correct clicks. Each iteration of the rbEM
parameter estimation for AC requires 370 seconds for fitting the regression function
and around 50 additional seconds to update the bias parameters and target relevance
probabilities. The fact that at least 30 iterations are required to get a decent performance
of AC (see Section 4.6.2) means that AC requires a minimum of (370+50)·30 = 12600
seconds to correct clicks. This means that MBC runs approximately 114 times faster
than AC.

Of course, the choice of the regression function plays an important role in the above
computations. However, it is worth noting that even with a magical zero-time regression
function, AC would still require around 50 · 30 = 1500 seconds for updating the bias
parameters and target relevance probabilities. This hypothetical setting gives a lower
bound of around 13 times for the efficiency superiority of our MBC method over AC.

4.5.5 MBC with Different Mixture Distributions

MBC relies on mixture models for correcting the clicks. In this section, we will address
this question:

How do different assumptions for the distribution model of mixture components
affect the correction quality?

Particularly, to compare different distribution shapes, we execute two variations of MBC:
1. MBC (Gaussian): A Gaussian (normal) distribution is usually the default choice

for modeling real world data, and due to the central limit theorem it is usually a safe
choice.
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Figure 4.2: Ranking comparison of different mixture distributions for MBC in term of
nDCG@10 with respect to different numbers of clicks on Yahoo! Webscope dataset.

2. MBC (Binomial): We include a Binomial distribution test, since the clicks are
usually considered to have a Bernoulli distribution which makes CTR, follow a
Binomial distribution.

Figure 4.2 shows the effect of the assumed distribution shape on the performance
of MBC. These experiments coincide with the theory provided in Section 4.3. However,
we observe that the Gaussian model converges faster than Binomial model. We hypoth-
esize that, since the Binomial model is less generalizable than the Gaussian model, it
cannot recover the signal in the presence of high levels of noise in the low data regime.

4.6 Analysis of Regression-based EM

In this section, we list and discuss about three specific practical limitations of rbEM with
IPS and AC. As stated earlier, in AC and IPS there is an inherent cyclic dependency
between relevance and bias parameters which leads to the use of iterative algorithms
like EM. All of the limitations we list here come from the fact that standard EM cannot
be used to infer the bias parameters and a regression function has to be used in the
middle. Needless to say, these practical limitations do not apply to MBC.

4.6.1 Practical Limitations of rbEM for AC

Sensitivity to the choice of regression function. In rbEM with AC, the regression
function is responsible for providing the relevance probabilities in the M-step. This
means that the EM is no longer using the values obtained through the likelihood maxi-
mization, but an estimate of them obtained from the regression function. Consequently,
the performance of EM greatly depends on the performance of the underlying regression
function. We show empirically that different choices for the regression function lead to
different performances in the ranking of the final unbiased LTR algorithm.

Not necessarily converging to zero gradient. Unlike standard EM, rbEM is not
guaranteed to move in the direction of zero gradient. The reason is simple: in the
M-step of rbEM, the relevance probabilities that maximize the likelihood function are
replaced with the outputs of the regression function, in favor of addressing the otherwise
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Figure 4.3: Regression-based EM ranking performance with different regression func-
tions with respect to EM iterations. Left: Yahoo! Webscope dataset; right: MSLR-
WEB30k dataset.

unavoidable sparsity issue. Therefore, the convergence proof of the standard EM, no
longer holds for rbEM. Our observations suggest that when using the rbEM, more
iterations do not necessarily lead to better performance, as opposed to the standard EM.

Low efficiency. The rbEM, by design, requires a regression function to be fitted to
the relevance probabilities at each maximization step of the EM algorithm. We have
discussed this issue in Section 4.5.4.

4.6.2 Instability of rbEM for AC

In practice, rbEM is used to estimate the bias parameters for AC. In this set of exper-
iments, we address the following two questions about the performance of rbEM for
AC:
1. What is the impact of the choice of regression function for rbEM on the ranking

performance of AC?
2. How does the ranking performance of rbEM AC vary as a function of the number of

iterations?
Neither of the above questions concern the standard EM, as discussed before. Introduc-
ing a regression function in an EM algorithm is a powerful idea to solve the issues of
standard EM in CLTR, but it also brings its concerns as well.

We try different regression functions with different loss functions and report the
ranking performance on different iterations of rbEM. We use the following regression
functions: (i) LambdaMART; and (ii) a neural network similar to that of [122]. Since
the regression function is used for fitting to relevance probabilities, we use the cross
entropy loss. Following the literature, we test two cross entropy variations: (i) Sigmoid
cross entropy, similar to [2, 131]; (ii) Soft-min-max cross entropy, similar to [122].

Figure 4.3 summarizes the ranking performance of AC with rbEM, with different
regression functions, as a function of EM iterations. Based on the observations in this
figure, the answers to the questions of this section are: big and a lot. Concerning the
first question, we see that different regression functions lead to large differences in
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ranking performance. More interestingly, the ordering of the regression functions is not
preserved in different datasets.

The second question is about the change of the performance as the number of
EM iterations increases. Figure 4.3 shows that the ranking performance does not
always improve with more EM iterations. On the Yahoo! Webscope dataset, the
DNN with sigmoid loss has a slight performance drop at iteration 80. On the MSLR-
WEB30k dataset, the performance of DNN with sigmoid loss is decreasing between
iterations 20 and 50. Another observation relating to the EM iterations are the sudden
performance drops at some iterations: DNN with Soft-min-max loss in both datasets.
These observations indicate that, unlike the standard EM, the rbEM cannot necessarily
be trusted with regard to iterations: The performance is not always increasing with the
number of iterations.

Based on the above discussions and according to Figure 4.3, our choice for the
rbEM baseline for comparison with other methods is as follows: We chose the DNN
with sigmoid cross entropy loss function as the regression function. When there are no
anomalies, the DNN Sigmoid performs well up until iteration 100. In the cases where
there is an anomaly, we use the results of the last iteration before the anomaly.

4.7 Conclusion

We have proposed a new correction method for position and trust bias, to be used in
CLTR, and we have proven its unbiasedness. Our method, mixture-based correction
(MBC), assumes that the distribution of CTRs of different items is a mixture of two
distributions: relevant and non-relevant. Once this mixture is estimated, the relevant
items are easily identified and can be used to train a LTR algorithm. Consequently,
correction and learning to rank are two separate phases in our MBC method. This breaks
the cyclic dependency between bias parameter estimation and relevance inference in
existing correction methods, answering RQ3 positively. Unlike those methods, in which
the unbiasedness relies on accurate bias parameters estimation, the unbiasedness proof
of MBC does not rely on knowledge of relevance. This solves some of the practical
limitations of existing methods for correcting position and trust bias which depend on
the bias parameter estimation and usually use the rbEM for that.

Particularly, we have found that the cyclic dependency in the existing methods, leads
to at least three practical limitations: (i) Severe sensitivity to the choice of the regression
function; (ii) EM not necessarily converging towards the zero gradient; and, (iii) Low
efficiency due to repeated use of the regression function. MBC is a new approach that
solves all of these limitations as a side benefit.

We have performed extensive semi-synthetic experiments to analyze the strength
of MBC at correcting click bias. Our experiments show that MBC outperforms AC, the
state-of-the-art correction method for position and trust bias, in most of the settings.
Furthermore, we have provided evidence that MBC is more robust to the click model
mismatch than AC.

The main limitation of MBC is that it requires repeating sessions of each query with
the same order of items, given by parameter n in Eq. (4.9). In contrast, unbiasedness of
AC does not rely on repetition of sessions of each query.
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This chapter concludes the first part of this thesis, concerning bias in counterfactual
learning to rank (CLTR). Next, we will focus on fairness of ranking in Part II. In
particular, Chapter 5 is about a new type of bias that directly affects fairness of ranking
and requires attention on top of fairness of exposure. Finally, in Chapter 6 we will
present a novel distribution representation that can be used for optimizing any fairness
metric, both in deterministic and stochastic rankings.
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5
Fairness of Exposure Is Not Enough:

Group Membership Bias

When learning to rank from user interactions, search and recommendation systems
must address biases in user behavior to provide a high-quality ranking. In the previous
three chapters, we re-examined three assumptions in this regard. In this chapter, we
are going to address another type of bias in user interactions that has a direct impact
on the fairness of exposure in addition to the ranking quality. The bias that we draw
attention to here, is when sensitive attributes, such as gender, have an impact on a user’s
judgment about an item’s utility. For example, in a search for an expertise area, some
users may be biased towards clicking on male candidates over female candidates. We
call this type of bias group membership bias or group bias for short.

Increasingly, we seek rankings that not only have high utility but are also fair to
individuals and sensitive groups. Merit-based fairness measures rely on the estimated
merit or utility of the items. With group bias, the utility of the sensitive groups is
under-estimated, hence, without correcting for this bias, a supposedly fair ranking
is not truly fair. Consequently, in this chapter we address RQ4, by first analyzing
the impact of group bias on ranking quality as well as two well-known merit-based
fairness metrics and show that group bias can hurt both ranking and fairness. Then,
we provide a correction method for group bias that is based on the assumption that
the utility score of items in different groups comes from the same distribution. This
assumption has two potential issues of sparsity and equality-instead-of-equity; for both
we use an amortized approach as a solution. We show that our correction method can
consistently compensate for the negative impact of group bias on ranking quality and
fairness metrics.

5.1 Introduction

Modern online search and recommender systems leverage user interaction data to
enhance their ranking quality. When using human interactions, however, we need to
account for human bias and the possibility of learning unfair ranking policies. In the

This chapter is currently under review as: A. Vardasbi, M. de Rijke, F. Diaz, and M. Dehghani. Group
Membership Bias. arXiv preprint arXiv:2308.02887, 2023.
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context of learning to rank (LTR), the term bias usually refers to unequal treatment of
items with equal utility by users [57]. For example, position bias occurs when items at
the top of a ranked list receive more clicks than those relevant lower down: higher items
in a list absorb more exposure. Studies show that such a bias, if left uncorrected, degrades
the ranking quality of a system trained on the user interactions [4, 58, 131]. This was the
focus of Chapters 2, 3, and 4, as well. Consequently, a system should return rankings
that strive to a certain extent for fairness of exposure. There are different definitions
for fairness of exposure in ranking, leading to different metrics [32, 105, 114, 134],
however, the core idea is the same: items with similar levels of utility should receive
similar exposures by the system. Studies show that without meeting fairness of exposure,
bias towards the privileged groups or individuals is reinforced, both in what the system
learns from the ongoing interactions [39, 51], and in users’ judgments about the utility
of items [61, 118].

Group bias. The system can only ensure that items with similar utility receive
comparable exposure to users by arranging them accordingly. However, this alone is
insufficient. Studies show that users’ judgments about the utility of items are affected
by their perception of the item’s group membership [61, 67, 118]. This means that, even
when the exposure of two high-utility items from two different groups is the same, the
users may judge them differently and one group may receive more clicks than the other.
We refer to this behavior as group membership bias or group bias for short. Our study
focuses on the scenario of two groups, where the term “affected” refers to the group
whose items are prone to underestimation and receive fewer clicks than they ideally
should. In this chapter, we answer the following question:

RQ4 What is the impact of group bias on the quality and fairness metrics in a ranking
and how to correct for this bias, without substituting equality for equity?

Theoretical and experimental analysis. We analyze the impact of group bias on
ranking quality and merit-based fairness of exposure metrics. We consider clicks as the
primary measure of user interactions, which are used in two ways: (i) For head queries,
clicks are memorized and the ranking is performed via tabular search. In this case,
the training labels are directly used to generate the ranking presented to the user, and
user preferences can often be obtained with high accuracy [97]. (ii) For tail queries the
clicks are used as supervision signals to train an LTR model. In this case, the outputs of
the LTR model are used to generate the ranking that is shown to the user. With that in
mind, we provide a theoretical analysis of the impact of group bias on various metrics
over the training labels. This gives us an understanding of the impact of group bias
on the head queries directly, and on the tail queries indirectly. Theoretically analyzing
the output of a LTR model involves considering the architecture and loss function of
the LTR model, which is beyond the scope of this chapter. For the experimental part,
however, we analyze the impact of group bias both on the training labels as well as the
outputs of an LTR model.

Impact on ranking. Previous work on implicit bias [23, 64] has shown that similar
to other types of bias, implicit bias can degrade the ranking quality of systems. In
this work, we add to their theoretical results by quantifying this degradation with an
approximation formula for the normalized discounted cumulative gain (NDCG) metric.
Furthermore, we provide an important part that is missing in previous work, i.e., an
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Figure 5.1: The impact of group bias on ranking performance for the Yahoo! dataset.

experimental analysis of the impact of group bias on the outputs of an LTR model.
Figure 5.1 shows an example of the impact of group bias on the ranking performance,
measured by NDCG. In these plots, the bars associated with the “(non-) affected group”
label show the NDCG@10 when only the relevant items from the (non-) affected group
are considered as relevant. Furthermore, lower group propensities mean more severe
group bias. On the left, we observe the impact on the training labels, i.e., tabular search,
while the right plot shows the impact on the outputs of a general LTR model. In both
plots, we observe that the affected group is hurt by the group bias, while the other group
has gained. Importantly, in both regimes, the overall ranking quality is degraded by
increasing the group bias.

Impact on fairness. Unlike other types of bias that may affect fairness indirectly,
group bias has a direct impact on fairness: Clicks suffering from group bias can lead
the system to undervalue the utility scores of a particular group (see, e.g., Figure 5.1).
Consequently, when the expected exposure is assigned to groups based on these biased
estimates of the utility, the ranking may not be truly fair. For our analyses, we consider
two widely used metrics for the fairness of exposure, namely disparate treatment
ratio (DTR) [114] and expected exposure loss (EEL) [15, 32]. Each metric has a
definition for the ideal expected exposure in terms of the utility, that leads to the fairest
ranking. Distinguishing between the true (unbiased) utility and observed (biased) utility,
we provide formulas for the change in the true fairness metrics, when the target expected
exposure is obtained from the biased utility. Figure 5.2 shows an example of the impact
of group bias on the DTR and EEL fairness metrics. DTR (left plot) is a multiplicative
metric, so we measure the ratio between the target exposure of the affected group, to
the target exposure of the non-affected group.1 We then normalize this ratio with the
ratio obtained from the full information case, i.e., using true utilities without group bias.
A DTR score of 1 means the fairest exposure. EEL (right plot) is an additive metric, so
we measure the `2 loss between the target exposure vector in the biased case and the
full information case. For EEL, a loss of 0 means the fairest exposure. In both metrics,
we observe that group bias leads to noticeable deviations from the full information case.

Correction. To correct for group bias, it should first be modeled. We follow previous

1We follow [114] and always keep the ratio below unity.
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Figure 5.2: The impact of group bias on fairness metrics for the Yahoo! dataset.

work on implicit bias [64] and model group bias with a multiplicative factor. This allows
us to use the inverse propensity scoring (IPS) method to correct for the bias [58, 131].
Measuring group bias, however, is not as simple as measuring position or trust bias.
We argue that group bias measurement requires some assumptions on the distribution
of the true utility scores of different groups. Following [23, 38, 64], one can assume
that the true utility scores of both groups come from the same distribution. Naively
assuming that the utility scores for each query should come from the same distribution,
leads to a trivial solution with equality instead of equity. In other words, equity is based
on the premise that exposure should be distributed based on utility, i.e., merit-based
fairness. Assuming that the utility of different groups is equal for each query, means
that different groups should receive equal exposure all the time, which means equality.
To counter this, we propose to aggregate the utility scores of items across all the queries
with similar expected group propensity and measure the group bias parameter over
this aggregated set of scores. We show that our correction method based on the above
amortized measurement of the bias parameter is effective for restoring both the ranking
quality and fairness metrics.

5.2 Related Work

There is an increasing number of studies indicating the existence of group bias. Implicit
bias, a special case of group bias, in which the preference of one group over the other
is unintentional, has been widely studied in human behavior studies [e.g., 20, 41, 59].
More recently, implicit bias has been formalized in the set selection problem [64] and
extended to the ranking scenario [23, 38].

Here, we list a small number of example studies indicating that group membership
affects users’ judgment. Studies by Lyness and Heilman [83] on performance evalua-
tions and promotions of managers indicate that standards for women’s promotion were
stricter, e.g., women had to show roughly twice as much evidence of competence as men
to be seen as equally competent. In [61], it is observed in a user study that in a career
search, results that are consistent with stereotypes for a career are rated higher. Sühr
et al. [118] pose the important question of whether “fair ranking improve[s] minority
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outcomes?” and arrive at the result that persistent gender preferences of employers
can limit the effectiveness of fair ranking algorithms, and that fair ranking is more
effective when the features of an underrepresented candidate are similar to the aver-
age overrepresented group features. Recently, Krieg et al. [67] in their user study on
gender sensitive queries from [66] show that perceived gender bias affects judgment.
Vlasceanu and Amodio [129] conduct two user studies and observe that societal and
algorithmic gender bias affect each other: the algorithmic outputs of search engines
track pre-existing societal-level gender biases; and, at the same time, exposure of users
to these biased results shape users’ cognitive concepts and decisions.

All of the above examples confirm that group bias exists in user interactions. In this
chapter, we study its impact on ranking and fairness measures and propose a method
to correct for it. Closest to this chapter is the work by Celis et al. [23] who show that
implicit bias degrades ranking quality and that by ensuring equality of exposure, the
ranking quality can be improved. What we add on top of this work is to provide a
formalization of the change of ranking and merit-based fairness metrics as a result of
group bias. We also provide extensive experimental analyses of the impact of group
bias on the output of an LTR model.

The idea of our amortized correction to counter sparsity and equality-instead-of-
equity has similarities to the notion of amortized fairness of exposure [13], where
the exposures and utilities of individuals (or groups) are aggregated across multiple
queries and the fairness metric is calculated according to the aggregated exposure and
utility. This corresponds to fairness evaluation. In contrast, we aggregate the items
associated with multiple queries to find the group bias parameter that minimizes the
distance between the utility distribution of the affected and non-affected groups. This
corresponds to group bias correction.

Remark 5.1. Our terminology of group membership bias should not be confused with
the in-group bias, where a user favors members from their own group over out of the
group members [91, 139]. In this study, we follow a body of previous work on implicit
and explicit bias and only focus on the group membership of the items and do not
consider the group of the users. Consequently, the issues related to in-group bias, such
as loyalty versus neutrality, are out of the scope of this chapter.

5.3 Group Membership Bias

5.3.1 Definitions

As discussed in Section 5.2, prior work shows that the judgment of a user about the
relevance of an item may be affected by the item’s group. Either unconsciously (as in
implicit bias [38, 64]) or due to stereotypical bias [61, 67], users tend to rate one group
higher than the other. In this chapter, we do not aim to deal with the source of this biased
behavior and only focus on its impact on algorithms and metrics. We call this behavior
the group membership bias. Following the well-known examination hypothesis [29]
that says: An item is clicked by a user if it is (i) examined; and (ii) found attractive by
that user, one can attribute group bias to the attractiveness part:

P (A | q, d, g) = f
�
P (R | q, d), g

�
, (5.1)
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where A, R, q and d stand for attractiveness, relevance, query and document, respec-
tively, and g is the group of which d is a member. Eq. (5.1) states that the attraction of
an item to the user not only depends on the item’s true relevance to the query, but is also
a function of the item’s group. Following the literature on implicit bias [64], we assume
this dependency to have a multiplicative form as follows:

P (A | q, d, g) = �g · P (R | q, d). (5.2)

We call �g the group propensity. Notice that �g is not necessarily fixed across all queries.

Remark 5.2. Here we consider one sensitive attribute for simplicity of notation. Ex-
tending our discussions to more attributes with intersectional groups is possible using
the formulation in [23, 89].

5.3.2 Ranking Regimes

Here, we distinguish between two LTR regimes: (i) tabular search for head queries;
and (ii) general LTR model for tail queries. Note that the majority of previous studies
focused only on the general LTR regime [e.g., 92, 115], or the tabular regime [e.g.,
13, 114]. In contrast, in this chapter and Chapter 6, we consider both LTR regimes.

Tabular search for head queries. In tabular search, users’ historical interactions with
the head queries are directly used to estimate items’ utilities [60, 69–71, 74, 104, 143].
In this regime, we assume that P (A) can accurately be inferred from clicks: other types
of bias such as position and trust bias are corrected for and only group bias remains in
the signals. Our theoretical results on the impact of group bias on different metrics, lie
in this regime.

General LTR model for tail queries. For new queries and ones that a tabular model
is not confident about, an LTR model is used. We assume that this LTR model is trained
over the accurate estimations of P (A) from the head queries. Writing rq,d for the
relevance of item d to query q, ranking metrics per query can usually be expressed in
the following form:

�q =
X

d

�q,d · rq,d, (5.3)

where � is a metric-specific coefficient, e.g., for discounted cumulative gain (DCG)
we have �

DCG
q,d = � log

�
1 + rank(d)

��1. Using attractiveness instead of the true
relevance to train an LTR model, means that instead of �q , the following metric is being
optimized:

�̂q =
X

d

�q,d · P (A | q, d)
(5.2)
=
X

g

�g

X

d2g

�q,d · P (R | q, d). (5.4)

Comparing equations (5.3) and (5.4), it is easy to see that �̂q is biased:

ER [�q] =
X

d

�q,d · P (R | q, d) 6= �̂q, (5.5)

unless �g is equal across all groups, i.e., there is no group bias. Similar to studies on
position and trust bias [2, 58, 121–123], in our experiments, we analyze the effect of
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group bias on the ranking quality of the LTR model (RQ1). Due to the relationship
between group bias and fairness concerns, we go one step further and assess how leaving
the group bias uncorrected affects the optimization of fairness metrics.

5.4 Theoretical Results

We assume that there are two groups GA (affected) and GN (non-affected), with group
propensities �A < 1 and �N = 1. We further assume binary relevance, i.e., r 2 {0, 1},
and assume that within each group, attractiveness is monotone with respect to relevance:

8d, d
0
2 Gi, if rd = 1 & rd0 = 0, then P (A | q, d) > P (A | q, d

0). (5.6)

For brevity, we write ad for the attractiveness probability of item d, assuming that there
is no confusion about the query. Let the number of candidate items for a query be n, out
of which nA and nN items belong to groups GA and GN , respectively. We indicate
the number of relevant items with n

+
A and n

+
N . To assess the impact of group bias

on different metrics, we measure the change in the target metric when the observable
attractiveness probabilities are considered as a proxy for the true relevance scores.

5.4.1 Ranking Quality

For ranking quality, we calculate the NDCG of the list obtained from sorting items
based on their attractiveness probability and measure its deviance from the ideal NDCG,
i.e., 1. By definition, group bias affects the attractiveness probabilities for one group
(here GA). Let a⇤ be the minimum attractiveness value for the relevant items of group
GN :

a
⇤ = min

d2GN
{ad | rd = 1}. (5.7)

Items of GA with higher attractiveness values than a
⇤, are ranked correctly with proba-

bility 1: Group bias has dampened their attractiveness probabilities, but still none of the
non-relevant items is ranked higher than them. We define an auxiliary random variable ⌫
to be the fraction of relevant items from the affected group GA that are ranked correctly
with probability 1:

⌫ =
|{d | d 2 GA & rd = 1 & ad > a

⇤
}|

|{d | d 2 GA & rd = 1}|
. (5.8)

For uniformly distributed scores in the interval of [0, 1], the mean value of ⌫ has a closed
form as follows:

E [⌫] =

(
2� 1

�A
, if �A > 0.5

0, otherwise.
(5.9)

Theorem 5.1. In the presence of group bias, for uniformly distributed attractiveness
scores, the change in the NDCG of the list, sorted based on the items attractiveness,
can be approximated by a linear function of E [⌫], i.e., the fraction of affected relevant
items that are still as attractive as the non-affected relevant items.
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Proof. Our monotonicity assumption of the within-group attractiveness, Eq. (5.6),
ensures that no relevant item is ranked lower than non-relevant items of GA. This means
that the 1� ⌫ fraction of the affected relevant items lies somewhere between n

+
N + ⌫n

+
A

and nN + n
+
A positions. The expected DCG of the list would be as follows:

E [DCG] =

n+
N+⌫n+

AX

i=1

1

log(1 + i)
+

nN+n+
AX

i=n+
N+⌫n+

A+1

⇠i

log(1 + i)
, (5.10)

where ⇠i depends on the distribution of the attractiveness scores. For a uniform distribu-
tion, we have:

⇠i =
(1� ⌫)n+

A
nN � n

+
N + (1� ⌫)n+

A
. (5.11)

Finally, using numerical analysis to approximate the average DCG in Eq. (5.10) by a
linear function of ⌫, leads to a small approximation error, e.g., a relative error of at most
5% in a top-20 setup.

5.4.2 Merit-Based Fairness Metrics

Next, to see the impact of group bias on fairness metrics, we analyze two well-known
merit-based fairness of exposure metrics, namely EEL and DTR. For both metrics, we
calculate the target exposure in two cases: the full information case where the true
relevance scores are used to compute the target exposure; and, the group biased case
where the attractiveness probabilities are used as proxies for relevance to compute the
target exposure. By change in true target exposure we mean the difference between the
above two cases.

EEL

In the next theorem, we calculate the change in the target exposure of GN as a result of
group bias.

Theorem 5.2. In the presence of group bias, assuming the position-based model (PBM)
user browsing model with logarithmic decay of exposure as in DCG,2 the change in the
target exposure of EEL can be approximated as follows:

�(EEL) = c · log

✓
# True relevant items

# Perceived relevant items

◆
, (5.12)

where c is a constant depending on n
+
N , nN , and n

+
N .

Proof. As we are working with two groups, and the sum of the group exposures is
fixed, to measure the change in the target exposure vector, it is sufficient to measure the
change in the target exposure of one group and multiply it by 2.

2Here we follow [37, 125] for this assumption. Similar analysis can be performed for other exposure
models.
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To compute the expected exposure for EEL, the utility values should be discrete.
With a slight abuse of notation, we assume that a⇤ (instead of Eq. (5.7)) is the threshold
used for discretization of the attractiveness probabilities,3 and we use ād for the dis-
cretized value of ad. Since �N = 1, we assume that ād = rd for d 2 GN . However,
for the affected items, because of �A < 1, not all the scores are necessarily correct.
We re-use ⌫ from Eq. (5.8) to show the fraction of affected relevant items that are still
recognized as relevant.

For the average exposure of the relevant and non-relevant items we use the following
two approximations:

1

m

mX

i=1

1

log(1 + i)
⇡ ↵ log(m) + c (5.13)

1

n�m

nX

i=m

1

log(1 + i)
⇡ ↵

0 log(m) + c
0
, (5.14)

where ↵ and ↵
0 are constants, obtained by numerical analysis. For example, for n = 20,

↵ = �0.146 and ↵
0 = �0.022 lead to relative approximation errors of at most 5%. In

the full information case, there are a total of n+
N +n

+
A relevant items, i.e., m = n

+
N +n

+
A

in Eq. (5.13) and (5.14). But with group bias, only m = n
+
N + ⌫n

+
A of the items are

recognized as relevant. Consequently, the change in the target exposure as a result of
group bias can be approximated as follows:

�(EEL) = 2
�
↵n

+
N + ↵

0(nN � n
+
N )
�
log

✓
n
+
N + n

+
A

n
+
N + ⌫n

+
A

◆
.

DTR

DTR is a multiplicative metric. To have a meaningful measure for the change in DTR in
the presence of group bias, one has to compute the ratio of the target expected exposure
in the full information (E) and group-biased (Ẽ) settings.

Theorem 5.3. In the presence of group bias, the change in the target exposure of
DTR, equals the fraction of affected relevant items that are still as attractive as the
non-affected relevant items.

Proof. Using the same notation as in the previous sections, and noting that because of
the binary relevance assumption, the utility of each group is equal to the number of its
relevant items, this ratio is computed as follows:

⇢(DTR) =
ẼA

ẼN
·
EN
EA

=
⌫n

+
N + ⌫n

+
A

n
+
N + n

+
A

= ⌫.

5.5 Group Bias Correction

Our multiplicative formulation of group bias in Eq. (5.2) allows us to use IPS to correct
for group bias, once we know the value of the propensity �. The unbiasedness proof of

3Usually a⇤ = 0.5 is the least controversial threshold.
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IPS for this case is exactly the same as that of position bias in [58, 131]. However, similar
to position bias, the unbiasedness proof depends entirely on the accurate estimation of
the bias parameter [123].

Unlike position bias, group bias cannot be measured by intervening in the ranked
list of items. The reason is that the bias attribute in position bias can be changed without
modifying the content of the items: Each item can be shown in different positions, hence,
detaching propensity from relevance. In contrast, for group bias, the bias attribute, i.e.,
group membership, is a characteristic of the item that cannot be changed. As such, users’
interactions with items cannot be measured for different values of the bias attribute.

Instead, to measure group bias, previous work on implicit bias (with the same
problem formulation as Eq. (5.2)), assumes that the utility scores of different groups
come from the same distribution [23, 38, 64]. Here, we use the same assumption, but
extend it to an amortized criterion.

5.5.1 Measurement

Let AA and AN be the set of (observed) attractiveness scores, and RA and RN be
the set of (latent) relevance scores of GA and GN , respectively. Let �D be a non-
parametric test for the equality of one-dimensional probability distributions such as the
Kolmogorov-Smirnov (KS) [85] test. The assumption that the utility scores of the two
groups come from the same distribution means that:

lim
|RA|,|RN |!1

�D (RA,RN ) = 0. (5.15)

Assuming Eq. (5.2) to be the relation between AA and RA, the best estimation of �A
is given by the following optimization problem:

�̂A = argmin
�A

�D

✓
AA
�A

,AN

◆
, (5.16)

where AA/�A is the set obtained by dividing all the scores in AA by �A. In our exper-
iments, we choose the KS test for �D and use grid search to solve the one-dimensional
optimization of Eq. (5.16).

It only remains to define how AA and AN sets should be constructed. Naively
constructing these sets per query has two issues: (i) Sparsity: Usually, we do not have a
large number of items with non-zero exposure, associated with one query in real-world
search engines. On the other hand, statistical tests measuring the distance between
probability distributions work best with large numbers of data points. This means that
considering the items of one query in Eq. (5.16) may not lead to reliable solutions
due to high variance. (ii) Equality-instead-of-equity: Assuming the same distribution
for the utility of different groups can make the notion of equity meaningless, as the
implicit assumption in merit-based fairness metrics is that different groups may not
necessarily have the same utility. Correcting the utility estimations in such a way that
the utility scores of different groups are forced to have close distributions makes the
target exposure of different groups almost equal.

Remark 5.3. Our assumption that the utility scores come from the same distribution
comes from the principle of maximum entropy: unless there are explicit and justified
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reasons indicating that different groups have different utility score distributions, it is
only reasonable to assume the same distribution. Prior work on implicit bias [23, 38, 64]
is based on this same assumption.

5.5.2 Amortized Correction

Instead of using Eq. (5.16) per-query, in the amortized correction method, we first ag-
gregate the items across queries with (almost) the same group propensity. The sets AA
and AN contain the attractiveness scores of these aggregated items. This aggregation
addresses both issues mentioned in Section 5.5.1: (i) With multiple queries, the size
of the sets AA and AN grows, reducing the variance. (ii) Amortized equality does
not force per-query equality. As an example, assume there are two queries with the
same group propensity 0.8, each with two items from different groups. The relevance
probabilities of the items from the affected group and non-affected group are 0.5 and 1
for the first query, and 1 and 0.5 for the second, respectively. In the per-query approach,
two different propensities are inferred for the two queries to make the corrected utilities
of the two groups equal in each query, leading to equality of exposure. However, in the
amortized approach, we have AA = {0.4, 0.8} and AN = {1, 0.5}. Solving Eq. (5.16)
gives us a single value for �. In this case, groups will have different utility scores after
correction, and equity of exposure has not been replaced by equality.

The amortized correction, however, introduces a new challenge: How to detect
queries with almost the same group propensity, before measuring their group propensity?
One way to break this cyclic dependency is by using extra knowledge. Notice that in
order to detect queries with almost the same group propensity, it is only required to
have a clustering of queries. Previous work shows that such a clustering exists for a
number of group attributes such as gender [66]. In this chapter, we assume that there
exists a given clustering of queries into clusters with almost the same group propensity.
After confirming the effectiveness of our amortized correction method, we further show
in our experiments that even loosely clustering the queries when an accurate and more
specific clustering is not available, improves the ranking quality and fairness metrics
over the naive case of not correcting for group bias.

5.5.3 Upshot

We relied on prior studies for the existence of group bias in user interactions and
provided theoretical results about its impact on the ranking and merit-based fairness
metrics. Then, we proposed an amortized correction method for group bias. Next, we
test our theoretical findings and arguments experimentally.

5.6 Experimental Results

We investigate the following questions regarding group bias in our experiments: (i) Is
the impact of group bias on degrading the ranking quality and fairness metrics consistent
for different sensitive attributes and in different datasets? (ii) Can our correction method
effectively correct for group bias? (iii) How does the amortized approach compare to
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the per-query approach for correction? (iv) How robust is our correction method to the
accuracy of clustering the queries based on their group propensity?

5.6.1 Setup

Dataset. We use four datasets with provided sensitive attributes and two with synthesized
sensitive attributes. (i) IIT-JEE: The dataset comprises the scores of candidates who
took the Indian Institutes of Technology Joint Entrance Exam (IIT-JEE) in 2009. This
information was made public in June 2009, following a Right to Information request [68].
It contains the scores of about 385k students, the student’s gender (98k women and 287k
men), their birth category (see [10]), and zip code. This dataset was used in prior work
on implicit bias [e.g., 23]. We normalize the scores to the [0, 1] interval using min-max
normalization. Furthermore, we simulate queries by grouping the students based on
their birth category and zip code. This gives 48.6k queries, among which we only keep
the ones with both genders and at least one normalized score above 0.5 and one below
0.5. The filtering gives us 2.9k queries with a total of 205k scores. (ii–iii) TREC 2019

and 2020: The academic search dataset provided by the TREC Fair Ranking track 2019
and 2020 [14]. These datasets come with 632 and 200 train queries, respectively, with
an average of 6.7 and 23.5 documents per query. Following [111, 125], we divide the
items (i.e., papers) into two groups based on their authors’ h-index. (iv) MovieLens 1M :
The classic movie recommendation dataset comprising 1M movie ratings that were
provided by 6k users for 3.9k different movies. We scraped IMDB to obtain the country
of origin and box office cumulative worldwide gross values for each item (i.e. movie).
For the sensitive attributes, we consider two groupings as follows. In MovieLens[Co.],
we divide the movies based on their first listed country of origin into United States (US)
and non-US groups with 2.7k and 1.2k movies and 807k and 193k ratings, respectively.
In MovieLens[BO], we divide the movies based on their box office with a threshold of
100M$ into high and low-grossing groups with 388 and 3.5k movies and 324k and
676k ratings, respectively.

LTR dataset. To analyze the impact of group bias in the general LTR regime,
following prior work on unbiased LTR research [55, 58, 122, 123], we use two well-
known LTR datasets: Yahoo! Webscope [25] and MSLR-WEB30k [102]. The Yahoo!
and MSLR datasets are represented by query-document feature vectors of lengths 501
and 131, respectively, and both have graded relevance labels from 0 to 4. For our
experiments on head queries and a tabular regime, we use the training set of the Yahoo!
and MSLR datasets, with 20k queries and 473k documents and 19k queries and 2.2M
documents, respectively. The Yahoo! dataset contains 6.7k test queries and 163k test
documents; MSLR contains 6k and 749k queries and documents in its test set. Test
queries are considered tail queries in our experiments and we analyze the impact of
group bias as well as the effectiveness of our correction method on the LTR outputs
over these queries.

Sensitive attribute for LTR datasets. We extend prior work [32, 125, 135] and
utilize a data-driven approach for selecting features as sensitive attributes and dividing
items into two groups based on some threshold on that feature. Our criterion for selecting
a feature as a sensitive attribute is as follows: For each feature we divide the items in
two groups based on a threshold equal to the mean minus one standard deviation of that
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Figure 5.3: Ratio of affected to non-affected group members in terms of population and
average utility score (relevance) for different sensitive attributes in Yahoo! and MSLR
datasets.

feature. If more than 95% of queries have at least one item from both groups, we select
the feature as a candidate for sensitive attribute. Based on this criterion, we have selected
features [5, 88, 100, 141, 155, 264, 393, 426] and [11, 14, 15, 126, 127, 130, 131, 132]
from the Yahoo! and MSLR datasets.4 Figure 5.3 gives an overview of the ratio of
affected to non-affected group members in terms of population and average utility score.
In what follows we use, e.g., Yahoo![426] for the Yahoo! dataset with feature number
426 as the sensitive feature. For each feature, we assume two groupings based on two
thresholds: (i) mean value; and (ii) mean minus one standard deviation. This gives us a
total of 32 different setups.

Bias simulation. To simulate group bias, we use Eq. (5.2), but to make the sim-
ulation more realistic, we add a normal noise to the �A value for each query. We
experiment with two propensities �A 2 {0.6, 0.8} and use �� = 0.1 for the standard
deviation of the normal noise. In Section 5.6.4, to add to the uncertainty of the setup,
we also experiment with higher noise variances of �� 2 {0.2, 0.3}. For our correction
method, we found that adding a amount of small noise to the scores for breaking the
ties, without swapping the order of the grades, helps to have a smoother curve for � in
Eq. (5.16).

LTR model. For the general LTR model (for tail queries) we use a neural network
with attention and LambdaRank Loss as in [101].

5.6.2 Impact of Group Bias

First, we show that group bias, on both tabular and LTR regimes, consistently has
a negative impact on the ranking quality and fairness metrics. To do so, we run
experiments on two datasets, namely Yahoo! and MSLR, each with 8 different features
as the sensitive attribute, and two different thresholds for separating the groups (see
the “Sensitive attribute” paragraph on Section 5.6.1). This gives us a total of 32
different setups. For each setup, we simulate the attractiveness probabilities with
�A 2 {0.8, 0.6}5 and compare NDCG@10, DTR and EEL metrics against the full

4Feature numbers start from 1.
5We report results for these two values as mild and severe cases of group bias. Our experiments with

other values led to monotone results.
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Figure 5.4: The impact of group bias on ranking quality for the Yahoo! and MSLR
datasets with different sensitive attributes.
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Figure 5.5: The impact of group bias on fairness metrics for the Yahoo! and MSLR
datasets with different sensitive attributes.

information case.
Figure 5.4 shows a summary of the impact of group bias on the ranking performance

of both tabular and LTR regimes. These results show that the observation of Figure 5.1
on one specific sensitive attribute is consistent across different datasets and other
sensitive attributes: Group bias degrades the ranking quality of the affected group in
the tabular regime and this damage is also reflected in the LTR output, trained over the
biased training labels. As a result of pushing down the relevant members of the affected
group, the non-affected group gains ranking quality, i.e., the NDCG of the non-affected
group with group bias is higher than the full information case. However, the overall
ranking is worsened with group bias. Comparing the tabular (left) and LTR output
(right) plots in Figure 5.4, we observe that increasing the severity of group bias from
0.8 to 0.6, affects the tabular regime more. This may be because unlike on the tabular
regime, the impact of group bias on the LTR outputs is indirect.

Figure 5.5 shows a summary of the change in fairness metrics of both tabular and
LTR regimes as a result of group bias. For example, a value of ⇢(DTR) = 0.5 in
the left plot means that on average, the target (i.e., ideal) exposure computed by the
biased attractiveness scores differs from the true target exposure computed in the full
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Table 5.1: The impact of our amortized group bias correction on ranking and fairness
metrics in the tabular regime, under mild group bias (� = 0.8). �̂A shows the estimated
value of the bias parameter as in Eq. (5.16). For each metric, the columns “B” and “C”
show the “Biased” and “Corrected” performances, respectively. Superscripts ⇤ indicate
a significant improvement over the biased case with p < 0.001.

�̂A
NDCG@10 " ⇢(DTR) " �(EEL) #

B C B C B C

Yahoo![426] 0.825 0.987 0.996⇤ 0.820 0.955⇤ 0.447 0.120⇤

MSLR[127] 0.843 0.975 0.991⇤ 0.813 0.948⇤ 1.687 0.308⇤

IIT-JEE 0.727 0.989 0.991 0.799 0.906⇤ 0.504 0.341⇤

MovieLens[Co.] 0.822 1.000 1.000 0.800 0.962⇤ 1.101 0.513⇤

MovieLens[BO] 0.781 1.000 1.000 0.799 0.974⇤ 2.330 0.895⇤

TREC 2019 0.838 0.997 1.000 0.888 0.954⇤ 0.041 0.020⇤

TREC 2020 0.821 0.995 0.999 0.815 0.954⇤ 0.356 0.114⇤

information case by a factor of 0.5. Similarly, a value of �(EEL) = 3 in the right
plot means that on average, the target exposure of the biased case has an `2 distance
of 3 to the full information target exposure. These results show that the observation
of Figure 5.2 on one specific sensitive attribute is consistent across different datasets
and other sensitive attributes: Group bias changes the target exposure in the tabular
regime and this change is reflected in the LTR output, trained over the biased training
labels. Consequently, when the system distributes the exposure according to the target
exposure to make a ranking fair, if the scores are suffering from group bias, the result is
not truly fair.

5.6.3 Amortized Correction

So far, our theoretical results in Section 5.4 and empirical results in Section 5.6.2
confirm the negative impact of group bias on ranking and fairness metrics. To correct
for this bias, we have proposed an amortized correction method (Section 5.5). In the
next set of experiments, we show the effectiveness of our proposed correction method
in compensating for the negative effect of group bias.

Tables 5.1 and 5.2 compare the ranking quality, in terms of NDCG@10, as well
as two merit-based fairness metrics, DTR and EEL, between the biased and corrected
cases in the tabular regime. In all datasets and both bias parameter values, our correc-
tion method improves the ranking quality and fairness metrics over the biased case.
With some exceptions for the ranking quality with mild group bias (� = 0.8), the
improvements are significant. For each bias parameter value, we have also included the
estimated value obtained from Eq. (5.16). We observe that our estimated bias values, i.e.
�̂A, are close to their corresponding true (but unknown during the correction) values �.

We further analyze the effectiveness of our correction method in the general LTR
regime. Tables 5.3 and 5.4 contain the comparison of ranking quality and fairness
metrics between the biased and corrected cases in our tested LTR datasets, i.e., Yahoo!
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5. Group Membership Bias

Table 5.2: The impact of our amortized group bias correction on ranking and fairness
metrics in the tabular regime, under severe group bias (� = 0.6). �̂A shows the
estimated value of the bias parameter as in Eq. (5.16). For each metric, the columns “B”
and “C” show the “Biased” and “Corrected” performances, respectively. Superscripts ⇤

indicate a significant improvement over the biased case with p < 0.001.

�̂A
NDCG@10 " ⇢(DTR) " �(EEL) #

B C B C B C

Yahoo![426] 0.626 0.885 0.988⇤ 0.641 0.941⇤ 1.809 0.172⇤

MSLR[127] 0.648 0.780 0.966⇤ 0.627 0.926⇤ 7.146 0.471⇤

IIT-JEE 0.547 0.970 0.985⇤ 0.600 0.901⇤ 1.401 0.410⇤

MovieLens[Co.] 0.612 0.998 1.000⇤ 0.602 0.958⇤ 7.113 1.908⇤

MovieLens[BO] 0.579 0.994 1.000⇤ 0.600 0.961⇤ 24.800 2.831⇤

TREC 2019 0.634 0.986 0.999⇤ 0.771 0.937⇤ 0.129 0.028⇤

TREC 2020 0.614 0.945 0.995⇤ 0.627 0.941⇤ 1.152 0.137⇤

Table 5.3: The impact of our amortized group bias correction on ranking and fairness
metrics in general LTR regime, under mild group bias (� = 0.8). For each metric, the
columns “B”, “C”, and “F” show the “Biased”, “Corrected”, and “Full info.” perfor-
mances, respectively. Superscripts ⇤ indicate a significant improvement over the biased
case with p < 0.001.

NDCG@10 " ⇢(DTR) " �(EEL) #

B C F B C F B C F

Yahoo![426] 0.61 0.64⇤ 0.65 0.32 0.43⇤ 0.48 1.97 0.74⇤ 0.67
MSLR[127] 0.28 0.31⇤ 0.32 0.67 0.68 0.68 4.38 2.02⇤ 1.78

and MSLR. We also report the full information case in the table. Similar to the tabular
regime, here we also observe performance improvements as a result of our correction
method, compared to the biased case. Except for the DTR metric in MSLR, all the
improvements are significant with p < 0.001. Compared with the full information case,
we observe that in the Yahoo! dataset, our correction method leads to full recovery
of NDCG@10, while in the MSLR dataset, there remains a slight gap toward the full
information quality. One reason for this difference could be the distribution of relevant
items in the affected and non-affected groups: In Yahoo![426] the ratio between the mean
relevance of items in GA to GN is 1.05, whereas the same quantity in MSLR[127] is
2.21. Therefore, the assumption of similar utility score distributions for both groups
is closer to reality in Yahoo![426] than in MSLR[127]. Similarly to NDCG, we observe
that DTR and EEL are almost fully recovered from group bias in the Yahoo! dataset,
whereas in the MSLR dataset, there remains a larger gap toward the full information
case after correction.

Finally, Figure 5.6 shows a summary of the ranking quality of biased (left) and
corrected (right) utility scores in the tabular regime on all 32 setups of the LTR datasets
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Table 5.4: The impact of our amortized group bias correction on ranking and fairness
metrics in general LTR regime, under severe group bias (� = 0.6). For each metric, the
columns “B”, “C”, and “F” show the “Biased”, “Corrected”, and “Full info.” perfor-
mances, respectively. Superscripts ⇤ indicate a significant improvement over the biased
case with p < 0.001.

NDCG@10 " ⇢(DTR) " �(EEL) #

B C F B C F B C F

Yahoo![426] 0.58 0.64⇤ 0.65 0.31 0.46⇤ 0.48 2.71 0.73⇤ 0.67
MSLR[127] 0.26 0.31⇤ 0.32 0.67 0.68 0.68 5.80 2.15⇤ 1.78
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Figure 5.6: The ranking performance of biased (left) and corrected (right) scores for the
Yahoo! and MSLR datasets with different sensitive attributes.

mentioned in Section 5.6.2. In all but two cases, we observe that our correction method
effectively improves the ranking quality over the biased case and achieves NDCG@10
close to 1. The two outlier cases correspond to Yahoo![5],6 where the ratio between
the average utility of the affected group and the non-affected group is as low as 0.3.
This is the same outlier as in Figure 5.3. As our correction method is based on the
same distribution assumption, this severe violation leads to inferred propensities that are
noticeably lower than the actual propensity (i.e., 0.49 and 0.36 instead of 0.8 and 0.6).
It is worth mentioning that in a slightly less severe violation of the same distribution
assumption, i.e., MSLR[130] with a utility ratio of 0.45, our correction method is able
to improve the ranking quality over the biased case. One interesting future direction
would be to find out if this phenomenon, i.e., having the true average utility of the
underrepresented group considerably lower than the other group, happens in real-world
settings and how to correct for the bias in such cases.
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Figure 5.7: The impact of cluster size of group propensity on the amortized correction
for group bias (�A = 0.8) on ranking performance for the Yahoo![426] dataset. Ranking
quality of corrected scores (a), and accuracy of the inferred group propensity (b).

5.6.4 Ablation Study

Impact of Cluster Size on Correction

In Section 5.5.2 we argued against measuring the group propensity for each query.
Here, we analyze the impact of cluster size on the correction method. We start from
the extreme case of one query per cluster and increase the cluster size until the ranking
quality converges. Figure 5.7 shows the ranking quality of the corrected scores as a
function of the cluster size. The overall ranking quality (red line) improves as the cluster
size grows and it converges to its final value at around a cluster size of 10. For the
severe group bias (�A = 0.6), which we omit due to space restrictions, the same pattern
is observed, but with a convergence point of 100. In both cases, using a cluster size
below the convergence point leads to corrected rankings that are even worse than the
biased ranking. Comparing the ranking quality of the affected group (black line) with
the non-affected group (golden line), we observe that smaller clusters result in over-
compensation of group bias. The reason is revealed in Figure 5.7(b): for smaller cluster
sizes, the inferred propensity is under-estimated, leading to larger corrected scores for
the affected group members. Consequently, the scores of the affected group are boosted
more than they really should. One other interesting observation in Figure 5.7(b) is the
high variance of the inferred propensity for small clusters (issue (i) in Section 5.5.2).

Impact of Clustering Accuracy

Finally, we address the challenge of inaccurate clustering of queries based on their group
propensity that we raised at the end of Section 5.5.2. The main goal of the following
sets of experiments is to show that our correction method, even when accurate clustering
of queries is not available, is still effective in improving the ranking quality over the
biased case. To confirm this, we add to the uncertainty of our simulation setup in two
different ways: (i) Higher variance: We increase the variance of the group propensity
when simulating the attractiveness probabilities. We consider �� 2 {0.2, 0.3}. With the

6For each feature, two different thresholds for separating the groups are used.
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Figure 5.8: Effectiveness of our amortized correction method when accurate clustering
based on group propensity is not available. Yahoo![426] dataset.

increased variance, the group propensity of queries can go far from the mean value, and,
as we correct the queries with a single inferred value for the propensity, the probability
of a mismatch between the actual propensity and the propensity used for correction
increases. (ii) Two modes: Instead of using a unimodal normal distribution to simulate
group propensity, we use a mixture model with two modes {0.6, 0.8}. This means that
for half of the queries, the group propensity follows a normal distribution with a mean
of 0.6 while for the other half, the normal distribution has a mean of 0.8 and during
inference, we are not given the information about which query belongs to which mode.

Figure 5.8 shows the ranking quality of the corrected scores with respect to different
cluster sizes in the increased uncertainty setups described above. In both plots, we
observe that increasing the variance of the simulated group propensity both increases the
negative impact of group bias on ranking (dotted lines) and makes it harder to correct
for the bias (solid lines). The important result of these experiments, however, is that
even though the uncertainty about group propensity is high, our amortized correction
method almost always improves the ranking quality over the biased case. Note that
in all setups, per-query correction as well as clusters with a small size lead to worse
ranking qualities than the biased scores. Interestingly, when there are two modes of
group propensity (right plot), our correction method, oblivious to the mode membership
and assuming a fixed propensity, is able to correct the scores and achieve a ranking
performance higher than the biased case.

5.7 Conclusion and Future Work

In this chapter, we have addressed group membership bias, which is based on the
observation that a user’s perception of an item’s group membership may affect their
judgment about the utility of an item. To address RQ4, we have provided extensive
theoretical and empirical analyses of the impact of group bias on the ranking quality
and two fairness of exposure metrics, DTR and EEL. By utilizing an auxiliary variable
⌫ as the fraction of affected relevant items that are still as attractive as the non-affected
relevant items, we have shown that, in the presence of group bias, NDCG and DTR
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change linearly with ⌫, while the change in EEL has a more complex form in terms of
⌫.

Correcting for group bias, which is a type of content-based bias, is not as easy as
context-based types of bias such as position and trust bias. To measure group bias,
assumptions based on fairness constraints should be made about the utility distribution
of different groups. However, such assumptions can potentially make the equity-based
notion of fairness meaningless. Amortized correction for group bias is our solution to
this issue, as global equality does not contradict local equity. We have experimentally
confirmed that our correction method, when its assumptions are met, is able to fully
recover the scores suffering from group bias, in the sense that the ranking and fairness
metrics after correction achieve the values of the full information case.

Our amortized correction, however, raises a challenge of its own, as it is not easy
to cluster queries with almost the same group propensity without knowledge of group
propensity. Our experiments have shown that even when an accurate clustering of
queries is not available, loosely clustering the queries for the amortized correction still
leads to better rankings than the biased scores. More interestingly, per-query correction
as well as clusters of small size lead to worse ranking qualities than the biased case.

There are several future directions to this study. Here, we analyzed a multiplica-
tive model of group bias, and our theoretical and empirical results are based on this
formulation. One way to extend our results is to consider more complex models for
group bias. Another possible future direction is to propose measurement and correction
methods that perform better with increased uncertainty of group propensity. Moreover,
as group bias is based on users’ perception of group membership, it can change over
time. Analyzing group bias in a dynamic setting is therefore another interesting future
direction. This study deals with the impact of group bias on fair exposure and, hence,
we only consider so-called treatment-based fairness metrics. In contrast, some studies
focus on impact-based fairness [108], where the objective is to make sure that items
receive a fair amount of impact, e.g., clicks. While our work suggests a way to correct
for group bias in historical clicks in order to make the exposure in future rankings fair,
a next direction would be to account for group bias when optimizing for impact-based
fairness.

In the next chapter, we re-examine the assumption of the availability of large number
of repetitive sessions for fairness optimization in stochastic rankings and propose a
novel representation for permutation distribution that can be used to optimize fairness
metrics both in deterministic and stochastic ranking systems.
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6
Optimizing for Fairness Metrics in

Ranking: Probabilistic Permutation Graph
Search

So far, we have studied several assumptions in the unbiased and fair counterfactual
learning to rank (CLTR) literature. In this chapter, we conclude the thesis by re-
examining the assumption of repetitive sessions for expected fairness and providing
a general framework for optimizing fairness metrics that is effective in both high-
repetition and low-repetition session settings. To elaborate, there are several measures
for fairness in ranking, based on different underlying assumptions and perspectives.
Plackett-Luce (PL) optimization with the REINFORCE algorithm can be used for
optimizing black-box objective functions over permutations. In particular, it can be
used for optimizing fairness measures. However, though effective for queries with a
moderate number of repeating sessions, PL optimization has room for improvement for
queries with a small number of repeating sessions.

In this chapter, to address RQ5, we present a novel way of representing permutation
distributions, based on the notion of permutation graphs. Similar to PL, our distribution
representation, called probabilistic permutation graph (PPG), can be used for black-box
optimization of fairness. Different from PL, where pointwise logits are used as the
distribution parameters, in PPG pairwise inversion probabilities together with a refer-
ence permutation construct the distribution. As such, the reference permutation can
be set to the best sampled permutation regarding the objective function, making PPG
suitable for both deterministic and stochastic rankings. Our experiments show that PPG,
while comparable to PL for larger session repetitions (i.e., stochastic ranking), improves
over PL for optimizing fairness metrics for queries with one session (i.e., deterministic
ranking). Additionally, when accurate utility estimations are available, e.g., in tabular
models, the performance of PPG in fairness optimization is significantly boosted com-
pared to lower quality utility estimations from a learning to rank model, leading to a
large performance gap with PL. Finally, the pairwise probabilities make it possible to
impose pairwise constraints such as “item d1 should always be ranked higher than item

This chapter was published as: A. Vardasbi, F. Sarvi, and M. de Rijke. Probabilistic permutation graph
search: Black-box optimization for fairness in ranking. In Proceedings of the 45th International ACM SIGIR
Conference on Research and Development in Information Retrieval, SIGIR ’22, pages 715–725, 2022.
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d2.” Such constraints can be used to simultaneously optimize the fairness metric and
control another objective such as ranking performance.

6.1 Introduction

Several fairness measures are being considered in the search and recommendation
literature. Different measures have been proposed based on different definitions of
fairness, aimed at different environments. For instance, Singh and Joachims [114]
consider the disparate treatment ratio (DTR), which ensures equity of exposure: each
group should get exposed proportional to their utility. DTR for group fairness can
be used for deterministic rankers, which produce one ranking per query, as well as
stochastic rankers, with different randomly sampled rankings per query. It also makes
no assumptions about the utility values of the ranked items. In contrast, the expected
exposure loss (EEL) is based on the premise that groups (or individuals) with the same
relevance level should have equal expected exposures [32]. By definition, EEL should
be used for stochastic rankers. It is also assumed in EEL that the relevance levels have
discrete values.

Optimizing fairness measures. The goal of this chapter is not to list and compare
different fairness definitions; much has already been written about this [106, 128].
Neither do we want to unify different fairness measures, since they deal with different
aspects of fairness, and more importantly, it has been shown that there is an inherent
trade-off between some fairness conditions [65], which makes it impossible to have a
unified fairness measure. What we aim to accomplish is to provide a general framework
that can be used for optimizing any fairness measure.

We focus on post-processing methods for fairness and assume that the utility value
of the items is given, either from external sources such as unbiased clicks or an estimate
computed by a learning to rank (LTR) model. In order to remain general, the frame-
work should work with black-box access to the function that evaluates ranking fairness.
Optimization of fairness in ranking is a special case of permutation optimization, and
reinforcement learning (RL) is usually the default paradigm for combinatorial optimiza-
tion: A model-free policy-based RL can be used for permutation optimization [11].
Using the well-known REINFORCE algorithm [133], and sampling from a PL distribu-
tion, it is possible to optimize any fairness objective function on permutations [115].

A PL distribution with the REINFORCE algorithm works very well for optimizing
stochastic ranking evaluation metrics such as EEL. However, there are two directions
in which PL-based optimization has room for improvement. First, when the number
of repeating sessions for a query is very small, the high variance of PL [43] leads to
sub-optimal results. Second, when an accurate estimate of the utilities is available, the
solutions obtained from PL are only slightly improved over the case of noisy utility
values. The first case has practical importance, as it is desirable to have a good fairness
solution as soon as possible, before there are a large number of repeating sessions, i.e.,
a method that provides fair solutions both for deterministic and stochastic rankings.
The second case has both theoretical and practical importance. From a theoretical
point of view, since fairness measures usually depend on utility values,1 noise in utility

1Both EEL and DTR metrics do.
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Figure 6.1: Examples of permutation graphs.

estimates propagates into the fairness optimization, whereas with accurate utility values,
the performance of the fairness optimizer is isolated and not affected by noise from
utility values. This gives a more accurate comparison between different optimization
algorithms. From a practical point of view, given enough historical sessions, unbiased
and accurate estimates of utility can be obtained from clicks [58, 74, 123, 143]. For
instance, extremely high-performance rankings can be achieved from tabular models
in practice [116]. We expect to observe a boost in fairness optimization when noisy
estimates are replaced with unbiased low-noise estimates of utility.

Black-box permutation optimization. To bridge the performance gap left by PL in
the above two cases, we seek to answer the following question in this chapter:

RQ5 Is it possible to have a single general fairness optimization method that performs
well for both stochastic and deterministic rankings?

We propose a novel permutation distribution for black-box permutation optimization
with the REINFORCE algorithm. Our permutation distribution is based on the notion
of permutation graphs [35]. A permutation graph is a graph whose nodes are the items
in a ranked list, and whose edges represent inversions in a permutation over the ranked
list. We refer to the initial permutation of the ranked list as the reference permutation.
Two examples of permutation graphs are given in Figure 6.1. In the left graph, over
the reference permutation of [d1, d2, d3, d4], d1 is moved from the first position to
the third, causing two inversions (d1, d2) and (d1, d3). In the right graph, over the
reference permutation of [d3, d2, d4, d1], d1 is brought forward, and d3 is swapped with
d2, causing a total of four inversions, as can be seen in the graph.

Building on permutation graphs, we define probabilistic permutation graph (PPG) as
a permutation distribution from which the REINFORCE algorithm can sample. Roughly
speaking, PPG is a weighted complete graph, whose edge weights are the probabilities
of inverting the two endpoints in a permutation. Unlike PL, in which pointwise logits
are used as distribution parameters, PPG is constructed from a reference permutation
together with pairwise inversion probabilities. The reference permutation in PPG helps
in deterministic scenarios, as it can be set to the best permutation sampled during the
REINFORCE algorithm. This is not possible for a PL distribution, as the deterministic
permutation of PL comes from sorting the items based on their logits and such a
permutation is not necessarily the best sampled permutation during training.

In addition to PPG’s gain over PL due to its reference permutation in deterministic
as well as accurate relevance estimation scenarios, the pairwise inversion probabilities
give PPG another useful property that PL lacks. In PPG, pairwise constraints can be
added during optimization, without any additional computational overhead: it is enough
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to set some edge weights to non-trainable parameters. For example, the constraint
of “item d1 should always be ranked higher than item d2” can be added by setting to
zero the weight of the (d1, d2) edge. Business related, time-aware, or context-aware
pairwise constraints can be thought of, all of which are easily handled by PPG (see
Section 6.3.4).

Our fairness optimization method is a post-processing method that acts on lists of
items, ranked based on utility. Compared to in-processing methods, such as [115], a
post-processing method allows for richer dynamics, in the sense that having the fairness
optimizer separate from the ranker, makes any change on the fairness side independent
of the ranking side. For example, with a post-processing method, if the sensitive groups
of attention change over time, either by adding new sensitive features to the existing
ones or replacing them, there is no need to re-train the ranker with a new set of group
labels. Our black-box fairness optimization method even adds to this flexibility, as the
objective fairness measure itself is allowed to change over time or in different contexts.
Adding to this flexibility, while in-processing fairness optimization methods are an
option in feature-based ranking models, they simply cannot be used in tabular models
where the best rankings are memorized.

Our contributions. Our contributions in this chapter are listed below:
1. We define probabilistic permutation graph (PPG), a novel permutation distribution.
2. We present PPG search as a general framework for optimizing fairness in ranking.

Our method is general in the sense that it works with black-box access to the objective
function. As such, PPG search can be used in contexts beyond fairness and diversity,
to find a permutation that optimizes a general objective function.

3. We experimentally show the effectiveness of PPG search on two popular objective
functions, EEL and DTR, and various public datasets by comparing its performance
with state-of-the-art methods for optimizing fairness.

4. We experimentally verify the effect of pairwise constraints on controlling the ranking
performance while optimizing for fairness.

6.2 Background and Related Work

Fairness. Widely used ranking algorithms at the core of many online systems such
as search engines and recommender systems raise fairness considerations, since these
algorithms can directly control the exposure each item receives and potentially have
societal impacts [8].

Similar to other areas of machine learning, various approaches have been proposed
to evaluate fairness in ranking. Zehlike et al. [141] distinguish two lines of work
based on how fairness is measured for a ranking policy: probability-based approaches
determine the probability that a given ranking is generated by a fair policy [7, 22, 23,
44, 117, 137, 140], while exposure-based methods aim to ensure that the expected
exposure is fairly distributed among items (individual fairness), or item groups (group
fairness) [13, 32, 52, 90, 92, 110, 111, 114, 115, 135].

From the methods belonging to the second category, many have followed the concept
of demographic parity, which enforces a proportional allocation of exposure between
groups [22, 44, 137, 140]. This approach to fairness does not consider merit and only
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takes into account the group size. On the other hand, disparate treatment is a merit-based
approach to fair ranking proposed in [114] which makes exposure allocation dependent
on the merit of each group. They developed a framework which allows for other forms
of fairness definitions that can be formulated as linear constraints.

Methods introduced in these publications are dependent on their notion of fairness.
However, fairness goals can be application specific. In this work, we propose a black-
box optimization method for fairness in ranking that is able to optimize a ranking policy
w.r.t. any arbitrary fairness definition.

Gradient estimators for permutations. The group of all permutations of size n

is called the symmetric group and is denoted by Sn. Permutation optimization can be
stated as follows:

min f(b), b 2 Sn,

where f : Sn ! R can be any general function on permutations. For this combinatorial
optimization problem, the gradient solution is not as clear as continuous differentiable
optimization. Instead, a policy-based RL approach can be used to optimize the expec-
tation of f(b) over a differentiable probability distribution P (b | ✓), represented by a
vector of continuous parameters ✓ [12]:

F (✓) = EP (b|✓) [f(b)] . (6.1)

F (✓) is optimized when P (b | ✓) is totally concentrated on b
⇤, the optimum solution of

f(b). For Eq. (6.1), the REINFORCE estimator [133] can be used:

r✓F (✓) = EP (b|✓) [f(b) ·r✓ logP (b | ✓)] . (6.2)

Finally, since Sn is exponentially large, the expectation in Eq. (6.2) can be estimated
through Monte-Carlo (MC) sampling:

r✓F (✓) ⇡
1

�

�X

i=1

f(bi) ·r✓ logP (bi | ✓), (6.3)

where b1, . . . , b� 2 Sn are samples drawn from P (b | ✓).
It remains to discuss the probability distribution on Sn. For a thorough exploration of

probability distributions for permutations we refer the reader to [42]. The PL model [82,
100] is by far the most widely used permutation distribution in the REINFORCE
algorithm, both in general permutation optimization [43] and the fairness literature [93,
115]. PL is represented by a parameter vector ✓ 2 Rn, and the probability of a
permutation b = [b1, . . . , bn] 2 Sn under PL is calculated as:

P (b | ✓) =
n�1Y

i=1

✓biPn
j=i ✓bj

. (6.4)

Sampling from PL and estimating the log derivative of the probability P (b | ✓) is usually
done using the Gumbel Softmax trick [48, 84].

In this work, we use the REINFORCE algorithm but with our novel PPG distribution
instead of PL.
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Tabular search. In practice, not all queries are served with a feature-based LTR
model. Tabular models usually achieve optimal performance for head and torso queries
for which enough user interactions are available [70]. In particular, underperforming
torso queries are given to the tabular models for a better memorized ranking [45, 86,
116, 120, 143]. The online LTR literature is filled with methods for tabular model
optimization [60, 70, 74]. As tabular models are not limited by the capacity of the LTR
model, they usually converge to extremely high ranking performance [97, 143].

This work relates to tabular search by exploiting its results as a use case. We
show in our experiments that, given accurate estimates of utility measures of the items,
e.g., their relevance labels, our proposed method for fairness optimization performs
significantly better than state-of-the-art fairness optimizers. Tabular models are practical
and important evidence to show that the availability of accurate relevance estimates is
not just hypothetical.

6.3 Probabilistic Permutation Graph Search

Given a list of items D, together with a black-box objective function f : Sn ! R
that can be queried for every permutation of D, our goal is to find a distribution over
permutations that optimizes f . We assume that the utility of items, e.g., their relevance
level, is given, or an estimate of the utility is obtainable using a LTR model. Therefore,
our task is to post-process a ranked list and output a permutation, or a sequence
of permutations, that optimize the given objective function. To do so, we use the
REINFORCE algorithm to search the permutation space and update the PPG distribution
parameters. Below, we first formally define PPG and provide a log derivative formula
for the PPG distribution. After that, we propose a method for efficiently sampling
from the PPG distribution. Finally, we discuss pairwise constraints, including practical
examples.

6.3.1 PPG Distributions

We define PPG to be a probabilistic graph from which permutation graphs are sampled.

Definition 6.1 (Probabilistic permutation graph (PPG)). Given a list of items D and
a reference permutation ⇡0 on D, a PPG corresponding to ⇡0 is a weighted complete
graph G = (D,E,w), whose edges are weighted by a probability value obtained from
w : E ! [0, 1]. For each edge e 2 E, its weight w(e) indicates the Bernoulli sampling
probability that e is included in a permutation graph over ⇡0 sampled from G.

In what follows, we write eij for the edge (di, dj) and weij for its weight (or wij

when no confusion is possible). According to the above definition, PPG represents
a permutation distribution. To sample a permutation from a given PPG, a Bernoulli
sampling process is run on the edges of G with their corresponding weights. Suppose
that, after edge sampling, E⇡ ⇢ E is the set of edges that are selected (i.e., positively
sampled) by the sampler and E\E⇡ is the set of remaining, left out edges (i.e., negatively
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sampled). The probability of this outcome is calculated as:

P (E⇡ | w) =
Y

e2E⇡

we ·

Y

e2E\E⇡

�
1� we

�
. (6.5)

Now, we notice that the set of all permutation graphs over a list of items D is only a
small subset of all possible graphs. This means that E⇡ may not correspond to the edges
of a valid permutation graph. If that happens, i.e., if the graph constructed from the E⇡

edge set is not a permutation graph, we drop E⇡ and repeat the sampling process until
we find a valid permutation graph. Checking if a given graph is a permutation graph or
not is possible in linear time [87]. We write P for the space of all permutation graphs.
Then, the probability that a randomly sampled graph from G is a permutation graph can
be computed in theory by:

⇢ =
X

E⇡2P
P (E⇡ | w). (6.6)

Note that in practice, computing ⇢ requires an exponential n! number of computations
and, hence, is not feasible. We will come back to this point in Section 6.4 below. Using
⇢, the permutation probability mass can be written as:

P (E⇡ | w,E⇡ 2 P) =
1

⇢

Y

e2E⇡

we ·

Y

e2E\E⇡

�
1� we

�
. (6.7)

It is not hard to show that repeatedly sampling graphs until we sample a valid per-
mutation graph will lead to the conditional probability distribution of Eq. (6.7). We
interchangeably use E⇡ 2 P for both the positively sampled edges of the permutation
graph, and the permutation corresponding to the graph.

To work with the REINFORCE algorithm (Section 6.2), we need to compute the
log derivative of the probability distribution of PPG. In what follows we assume that
E⇡ 2 P and drop the conditions from our notation for brevity. We start by using
Eq. (6.7) and taking the log derivative as follows:

@ logP (E⇡)

@we
=

@

@we
log

0

@
Y

e2E⇡

we ·

Y

e2E\E⇡

�
1� we

�
1

A

�
@

@we
log ⇢

=
I
�
e 2 E⇡

�
� we

we ·
�
1� we

� �
1

⇢

@⇢

@we
.

(6.8)

where I(·) is the indicator function. In Section 6.4 we show the second term can be
ignored to obtain the following approximation:

@ logP (E⇡)

@we
⇡

I
�
e 2 E⇡

�
� we

we ·
�
1� we

� . (6.9)

So far, we have defined the PPG and provided the log derivative of its probability
distribution. However, repeatedly dropping the sampled graphs until a valid permutation
graph is found, is not efficient. Next, we present an efficient method for sampling
permutations from the PPG distribution.
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d1
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d3

d4

d1

d2

d3

d4

d1
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d3

d4

Case 1: Case 2: Case 3:
[d2, d1, d3, d4] [d2, d3, d1, d4] [d2, d3, d4, d1]

Figure 6.2: Different cases in Example 6.1. Dotted lines show the impossible-to-be-
selected edges due to the position of d1 in the bottom sub-list.

6.3.2 Efficient Sampling of Permutation Graphs

In order to avoid redundantly sampling non-permutation graphs from a PPG, we propose
a divide and conquer approach for efficiently constructing a valid permutation graph.
The idea is to divide the list of items into two sub-lists, obtain a permutation on each of
the sub-lists by recursively sampling from the given PPG, and merge the two sampled
sub-lists into a single permuted list. Below, we discuss our merge sampling method in
more detail, but first, let us give an example to illustrate the general idea.

Example 6.1. Suppose a reference permutation [d1, d2, d3, d4] and a PPG are given. In
order to sample a permutation, we proceed as follows:

(I) Divide. We divide the list into two sub-lists [d1, d2] and [d3, d4].

(II) Sample sub-lists. Each sub-list is sampled independently according to PPG.
Here, each pair of [d1, d2] and [d3, d4] are swapped with a probability equal
to their weight, i.e., w12 and w34. Suppose only the first pair is swapped
[d1, d2] ! [d2, d1].

(III) Merge. Finally, we merge [d2, d1] and [d3, d4]. In doing so, we keep the order of
items in each sub-list unchanged, i.e., no new edges are added between the items
of the same sub-list. We start from the last item of the first sub-list, d1. d1 can go
to three possible positions as depicted in Figure 6.2: (Case 1) Before d3, so e13 is
negatively sampled. In this case, since the order of the first sub-list should remain
unchanged, d2 has only one possible position. (Case 2) Between d3 and d4, so
only e13 is positively sampled. In this case, d2 has two possible positions: before
and after d3. (Case 3) After d4, so both e13 and e14 are positively sampled and
d2 has three possible positions. These three possibilities are tested sequentially.
First, we sample e13. If it is not selected, it means d1 should remain before d3

and we are done (Case 1). Otherwise, d1 should go after d3. Then, we sample
e14 and stop if it is not selected (Case 2). Finally, if e14 is also selected, we have
case 3. After d1 has been merged, we repeat the above process for merging d2.

(IV) Probability correction. If e13 is negatively sampled, neither e14 or e23 can be
sampled (Figure 6.2, Case 1). Therefore, when sampling e13, we have to account
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for the impossible outcome of not selecting e13 but selecting at least one of e14
or e23. The probability of this event is calculated as:

q13 = (1� w13)(w14 + w23 � w14w23).

The sum of possible outcomes would then be equal to 1� q13 and the sampling
probability of e13 should be corrected by w13/

�
1� q13

�
. Similar arguments can

be given for Case 2, where e13 is positively sampled. Similarly, not selecting
e14 but selecting e24 is impossible. So, sampling of e14 should be done by a
probability equal to w14/

�
1� q14

�
, where q14 = (1� w14)w24. ⇤

In the above example, we saw the simplest case of merging two sub-lists of size two.
More generally, assume we want to merge two permuted sub-lists [d1, . . . , dT ] and
[dT+1, . . . , dn]. Here we re-indexed the items to simplify the notation. We start by
merging the last item from the top sub-list dT into the bottom sub-list. Assume dt+1

from the top sub-list is merged just after db in the bottom sub-list. Now, for merging dt,
we know that it should be placed before dt+1, meaning that at most it can be inverted
with db, but not any item after that in the bottom sub-list. Starting from dT+1 on the
bottom sub-list, we sample the inversions using the corrected probabilities and stop
as soon as one inversion was sampled negatively. Assume the inversions of dt with
dT+1, . . . , di�1 were positively sampled and we want to sample the inversion with di.
There are two independent impossible outcomes: eti is sampled negatively, but (A) at
least one of the etj for i < j  b is sampled positively; or (B) at least one of the et0i

for t0 < t is sampled positively. The probability of these impossibilities can easily be
calculated. We write qti for the probability of an impossible outcome due to negatively
sampling eti:

qti =
�
1� wti

��
P (A) + P (B)� P (A)P (B)

�
. (6.10)

As the sum of all possible events is 1� qti, the inversion of eti should be sampled with
the corrected probability of wti/

�
1� qti

�
.

The recursive algorithm of sampling a permutation graph is shown in Algorithm 6.1.
The main part of the algorithm is the Merge function in line 14. The pseudo-code for the
merge function is given in Algorithm 6.2. The worst-case complexity of calculating qti

by Eq. (6.10) is O(n) which makes the worst-case complexity of Merge (Algorithm 6.2)
equal to O(n3). In practice, we update the reference permutation each time a better
permutation with respect to the objective function was sampled during training. As
the training goes on, the reference permutation gets closer to the optimum permutation
and the model gets more confident in it. This means that the inversion probabilities
are constantly decreasing. In the extreme case when the probability of changing the
reference permutation becomes very small, the average complexity of Merge becomes
linear and the total complexity of Sample (Algorithm 6.1) becomes equal to O(n log n).

Experiments show that our efficient sampling method does not provide a uniform
sampling: in the trade-off between accurately sampling according to a given PPG
distribution and having an efficient sampler, our method is inclined to the latter. Our
experimental results in Section 6.6.1 verify that this sampling method is effective in
fairness optimization. Further analyzing the accuracy-efficiency trade-off of sampling
PPG distributions and proposing sampling methods with different degrees of accuracy
and efficiency is an interesting direction that we leave for future work.

91



6. Probabilistic Permutation Graph Search

Algorithm 6.1: Sample(D,G). Sampling Permutation Graphs
Input: D = [d1, d2, . . . , dn], G = (D,E,w)
Output: D

0 (a permutation on D, sampled from G)
1 if n == 2 then

2 Bernoulli sample with probability w12

3 if Positive then

4 Return [d2, d1]
5 else

6 Return [d1, d2]
7 end

8 end

9 Split D in half to Dt and Db

10 Set Gt to the upper left square of G corresponding to Dt

11 Set Gb to the lower right square of G corresponding to Db

12 D
0
t = Sample(Dt, Gt)

13 D
0
b = Sample(Db, Gb)

14 Return Merge(D0
t, D

0
b, G)

6.3.3 Learning PPG Weights

We use the REINFORCE algorithm to train the weights of our PPG distribution as
described in Section 6.2. For MC sampling from the permutation distribution as required
in Eq. (6.3), we use the Sample algorithm as described in Algorithm 6.1. The only
difference with the standard REINFORCE is that we keep track of the minimum value
for the objective function and the corresponding permutation. After each permutation
has been sampled and the objective function has been calculated, we update the reference
permutation with the best sampled permutation.

Algorithm 6.3 contains the pseudo-code for learning the PPG weights. In line 8, P
is the permutation matrix of E⇡i .

6.3.4 Pairwise Constraints

A good property of PPG search is that pairwise constraints on the permutations can be
handled without extra computational complexity. Pairwise constraints in the form of
forbidden inversions, can be handled by setting to zero the appropriate set of edges in
the PPG. Here we give some practical examples of this type.

Intra-group fixed-ranking. An intra-group constraint ensures that the ranking
of a group of items remains unchanged among themselves. Consider, for example,
D = [d1, d2, d3, d4] with the group g = {d2, d3, d4}. An intra-group fixed-ranking
constraint on g means that the ranking of the items within g should remain the same as
the reference permutation. The permutation [d2, d1, d3, d4] meets this constraint, but in
[d1, d3, d2, d4] or [d4, d1, d3, d2] the ranking of items of g is changed and the constraint
is violated. Multiple groups can be defined over the item list, and the groups need not be
disjoint. To handle intra-group constraints, in the initial PPG, we simply set to zero the
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Algorithm 6.2: Merge(Dt, Db, G). Merging Two Sampled Permutations
Input: Dt = [d1, . . . , dT ], Db = [dT+1, . . . , dn], G = (Dt [Db, E, w)
Output: D

0 (a merged permutation on Dt [Db, sampled from G)
1 Initialize the last merged index blast = n+ 1
2 for t from T down to 1 do

3 Insert dt on top of Db

4 for i from T + 1 to blast do

5 Calculate qti using Eq. (6.10)
6 Bernoulli sample with probability wti/

�
1� qti

�

7 if Negative then

8 blast = i

9 Break
10 else

11 Invert: [. . . , dt, di, . . . ] ! [. . . , di, dt, . . . ]

12 end

13 end

14 end

15 Return Db

weights of all the edges between items within the same group. This ensures that none of
these edges will be sampled during the learning process. As a result, no inversion is
performed over the items within the same group.

A use case for this constraint is in group fairness, where we post-process the output
of an LTR algorithm to make the ranking fair with respect to some grouping. Each
inversion in the output of the LTR algorithm means degradation in our estimated best
ranking. Therefore, the inversions are performed only to improve fairness. But inverting
two items from the same fairness group does not change the fairness metric. Such
inversions that degrade the ranking and do not improve fairness can be avoided by
setting an intra-group constraint on the permutations.

Inter-group fixed-ranking. Inter-group constraints can be used to ensure that
one group is ranked higher than the other group. Consider, for example, D =
[d1, d2, d3, d4, d5] with the groups g1 = {d1, d2} and g2 = {d4, d5}. The permu-
tation [d2, d3, d1, d4, d5] meets the inter-group constraint, as all the items of g1 are
ranked higher than all the items of g2, the same as the reference permutation. But
[d1, d4, d3, d2, d5] violates the constraint because d4 2 g2 is ranked higher than d2 2 g1.
To handle this constraint, in the initial PPG, we set to zero the weights of all edges
whose endpoints are in different groups. Consequently, there would be no inversion
between two items from different groups.

A use case for this constraint is in amortized fairness, where fairness is measured
over multiple sessions (with the same or different queries). Since the objective function
is calculated over multiple lists, in PPG search we can concatenate the lists and search
for a solution over the concatenated list. In this case, items from different sessions
should not be inverted: we are only allowed to change the permutation within each
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Algorithm 6.3: Learning PPG weights
Input: ⇡0, G = (D,E,w), f , ⌘
Output: Updated ⇡0 and G

1 while Not converged do

2 for i = 1, . . . ,� do

3 Use Algorithm 6.1 to sample a permutation E⇡i .
4 Use Eq. (6.9) to calculate the log derivative of PPG.
5 if f(E⇡i) < f(⇡0) then

6 ⇡0 = E⇡i

7 Update G accordingly:
8 G = P

T
·G · P

9 end

10 end

11 Use Eq. (6.3) to estimate gradients.
12 Update the weights by gradient descent, using learning rate ⌘.
13 end

14 Return ⇡0, G

session. Using an inter-group fixed-ranking constraint, with each session considered as
a group, is a simple solution for such a use case.

Time-aware ranking. In some scenarios, such as news search or job search, items
are associated with time and it is sometimes important not to rank very old items
before recent items. A time-aware ranking constraint is a special case of inter-group
fixed-ranking, where groups are defined based on time.

Context-aware ranking. Another special case of an inter-group fixed-ranking
constraint is context-aware ranking. Assume, for example, the case of sponsored links.
We want to post-process the ranking to make it fair, but in addition to that, we want to
have the relevant sponsored links to appear at the top of the list. We can define groups
based on the sponsored status of items and set an inter-group constraint on the PPG
graph.

We use the first two examples, namely intra-group and inter-group fixed-ranking, in
our experiments. With the intra-group constraint, we control the ranking performance
of permutations while minimizing the fairness, and with the inter-group constraint, we
train over multiple sessions of one query with a single PPG model.

6.4 Log Derivative of Probability Distribution

Here we discuss the approximate log derivative of the probability distribution, given in
Eq. (6.9). Rewriting Eq. (6.8), we have:

@ logP (E⇡)

@we
=

I
�
e 2 E⇡

�
� we

we ·
�
1� we

�
| {z }

↵w

�
1

⇢

@⇢

@we| {z }
�⇢,w

.
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The first term, ↵w, only depends on the weight we and sampled graph E⇡. However,
the second term, �⇢,w, depends on ⇢ which cannot be calculated feasibly because of the
exponential size of the permutation space. Consequently, we explain why it is save to
consider ↵w � �⇢,w ⇡ ↵w in gradient descent. First note that, fixing all the weights
other than we, ⇢ is a linear function of we:

⇢ = we ·A+
�
1� we

�
·B,

where A is the probability sum of all the permutation graphs containing e and B is the
probability sum of all the permutation graphs not containing e. Therefore, we have

�⇢,w =
A�B

we ·
�
A�B

�
+B

.

We know from graph theory that [35]:

E 2 P ) Ē 2 P, (6.11)

where Ē is the complement graph of E. For training the PPG weights, we initialize all
the weights to 0.5 and slightly change them using the gradients. Simple counting shows
that, when all the edges have a 0.5 probability of sampling, we have:

A = B =
n!

2
n(n�1)

2

, (6.12)

which means that for the initial weights �⇢,w = 0. We further show that, even when
�⇢,w 6= 0, the gradient and ↵w always have the same sign. This is a critical condition in
gradient descent with small learning rate, as the weights are guaranteed to update in the
correct direction. To show ↵w and ↵w � �⇢,w always have the same sign, we notice
that when ↵w and �⇢,w have different signs, the proposition is true. It remains to prove
the proposition for the case where ↵w and �⇢,w have the same signs:

1. Case 1: ↵w = 1
we

> 0 and �⇢,w > 0

we(A�B) +B > A�B
(A�B>0)
======) �⇢,w <

1

we
. (6.13)

2. Case 2: ↵w = �1
1�we

< 0 and �⇢,w < 0

A · we +B(1� we) > �(A�B)(1� we) > 0

(A�B<0)
======) ��⇢,w <

1

1� we
.

(6.14)

To sum up, we have shown that in the working range of weights, i.e. ⇡ 0.5, we have
�⇢,w ⇡ 0. And more importantly, in general, ↵w and ↵w � �⇢,w always have the same
sign, ensuring that the gradient descent updates the weights in the correct direction. Our
experiments show a very negligible sensitivity of PPG search to the learning rate, which
translates to negligible sensitivity to the gradient size.
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6.5 Experimental Setup

In order to show the effectiveness of PPG search, we perform experiments on real-world
public data and compare the performance of different fairness methods. Below, we
detail the datasets, experimental setup, and the baselines that we compare to.

6.5.1 Data

MSLR. This is a regular choice in counterfactual LTR research [58, 122, 123], as well
as fairness studies [32, 93, 135]. We use Fold 1 of MSLR-WEB30k [102] with 5-level
relevance labels. On average, MSLR has 120.19 documents per query. We follow [135]
and divide the items into two groups based on their QualityScore2 (feature id 133) with
a threshold of 10. This gives a 3:2 ratio between the groups’ population. We choose a
subset of the MSLR test set for post-processing based on the following criteria. We filter
the queries for which there is not at least one fully relevant item, i.e., level 4. We also
filter the queries that only contain relevant items from one group, as the DTR metric
cannot be used for such queries. For the remaining queries, we subsample queries with
long item lists to have a maximum of 20 items, based on their LTR score. The intuition
is that usually, a top-k cut of the items are shown to users in online search engines. This
is in line with previous fairness and online LTR studies [e.g. 122, 123, 135].

TREC. Our second dataset is the academic search dataset provided by the TREC
Fair Ranking track2 2019 and 2020 [14]. TREC 2019 and 2020 editions of the dataset
come with 632 and 200 train and 635 and 200 test queries, respectively, with an average
of 6.7 and 23.5 documents per test query. This dataset has been previously used in fair
ranking research [52, 63, 111]. Following [111], we divide the items (i.e., papers) into
two groups based on their authors’ h-index.

6.5.2 Setup

LTR model. We use a neural network with two hidden layers of width 256, ReLU
activations, dropout of 0.1, and a learning rate of 0.01. As it is important to have a
calibrated LTR for fairness, as noted in [32], we use a pointwise loss function in the
form of mean-squared error (MSE). We notice that the dynamic range of our LTR
model is limited: around 95% of the items are concentrated in an interval of length
0.05 in all of the datasets. As both DTR and EEL metrics rely on relevance estimates,
to calibrate the scores onto a realistic interval, we min-max normalize the scores per
query onto [0, 5) and then discretize them to integer grades from 0 to 4, similar to the
relevance grades in popular LTR datasets [102].

Metrics. We evaluate models for fair ranking in terms of user utility and item
fairness. For utility, we use normalized discounted cumulative gain (NDCG) and report
NDCG@10. For fairness we evaluate models using two metrics: DTR [114] and
EEL [32].

Given two item groups, G1 and G2, DTR, measures how unequal exposure (exp) is
allocated to the two groups based on their merit, which, in our case, translates to the

2https://fair-trec.github.io/
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average utility (u) of each group:

DTR(G1, G2 | P ) =
exp(G1 | P )/u(G1 | q)

exp(G2 | P )/u(G2 | q)
(6.15)

where P is the ranking policy. The optimal DTR value is 1: each group is exposed
proportional to their utility. Here, as we are minimizing the fairness metric, we always
keep the DTR > 1. This means that G1 and G2 may change for different queries.

EEL is defined to be the Euclidean distance between the expected exposure each
group receives and their target exposure in an ideal scenario where items with the same
utility have the same probability of being ranked higher than each other, while all the
items with higher utility should always be placed above lower utility items [32]. The
optimal value of EEL is 0.

Expectation over sessions. The fairness metrics DTR and EEL are generally
calculated as an expectation over multiple sessions of a query. For PPG search, when
taking the expectation over N sessions, we concatenate the list of items for each query
to itself, N times, and set the inter-group fixed-ranking constraint (Section 6.3.4) to
prevent items from different sessions from being mixed up.

6.5.3 Baselines

PL optimization is the state-of-the-art method for black-box optimization of fairness
metrics [93, 115], as well as general permutation functions [43]. As PPG is a substitute
for PL, the most important baseline in our experiments is PL optimization.3 Specific to
the EEL metric, an in-processing method is proposed in the original EEL paper [32],
which cannot be compared to our post-processing method. They also use result random-
izations based on PL and show it achieves good fairness-ranking trade-offs. Therefore,
to the best of our knowledge, the PL optimization of EEL is the sole state-of-the-art
algorithm available in the literature.

For DTR optimization we compare PPG to the state-of-the-art convex optimization
method introduced by Singh and Joachims [114], denoted by FOE. This method is
a post-processing approach to fair ranking that finds a utility-maximizing marginal
probability matrix P that avoids disparate treatment by solving a linear optimiziation
problem. To compute the stochastic ranking policy, it uses the Birkhoff-von Neumann
algorithm [16] to decompose P into permutation matrices that correspond to rankings.
Following [111] we use two variants of FOE based on hard vs. soft doubly stochastic
matrix constraints, and call them FOE

H and FOE
S , respectively.4 Similar to PPG,

this model generates a stochastic ranking policy that directly optimizes for DTR, making
it a suitable baseline to compare with.

In both the DTR and EEL case, we also include the ranking and fairness perfor-
mance of the LTR model without any post-processing, as well as the performance
of randomizing the items, i.e., picking permutations uniformly at random from Sn,
denoted by RAND. Given enough sessions per query, randomized rankings usually have
outstanding fairness but relatively bad ranking performance.

3We use the public implementation of [43] with some minor modifications.
4We used the implementation from https://github.com/MilkaLichtblau/BA_Laura.
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6.6 Results

We run experiments to address the following research questions:

RQ5.1 Compared to existing methods for ranking fairness optimization, what is the
effectiveness of PPG search in finding the fairest ranking for different fairness
measures?

RQ5.2 How does PPG search perform compared to PL for queries with a small number
of repeating sessions?

RQ5.3 Can the possibility of pairwise constraints in PPG search be used to control
other measures, e.g., ranking performance, while optimizing fairness?

RQ5.4 How does an accurate estimate of utility, e.g., the relevance labels, affect
different fairness optimization methods?

6.6.1 Fairness Optimization Performance

We first address (RQ5.1) and (RQ5.2) concerning the performance comparison of PPG
search to existing fairness optimization methods. Figures 6.3 and 6.4 show performance
comparison of our PPG search and PL for optimizing DTR and EEL, respectively, on
three datasets TREC 2019, TREC 2020, and MSLR, for different numbers of sessions
per query.5 For both fairness measures, lower means fairer, i.e., better. We omit FOEH

in this figure for better visualization, as it is surpassed by FOES in all three tested
datasets.

EEL. Regarding (RQ5.1), we observe in Figure 6.4 that for EEL, our PPG method
performs better than PL on all three datasets, both being far from the fairness obtained
from randomized items. The PL method, after enough sessions, converges to the fairness
performance of the LTR output. In terms of ranking performance when optimizing for
EEL, PPG is slightly worse than PL on the MSLR and TREC 2019 datasets.

DTR. When optimizing for DTR, PPG and PL both hurt the initial fairness of the
LTR output. Here, FOES , designed specifically for DTR optimization, has the best
performance on all three datasets. On the MSLR and TREC 2020 datasets, PPG and PL
perform closely to the randomized items. Comparing PPG and PL to each other, PPG is
slightly fairer on the TREC 2019 and MSLR datasets. In the case of DTR optimization
for the MSLR dataset, it is interesting to note that randomization slightly hurts fairness
of the LTR output, by around 3% relative difference. FOES correctly sticks to the
LTR output in this case. The message from comparing PPG and PL on the three tested
datasets is that, PPG leads to slightly fairer performance than PL when optimized for
EEL, while the two perform nearly the same when optimized for DTR.

Small number of sessions. When the number of sessions is limited (RQ5.2), we see
a decisive advantage for PPG compared to PL in EEL. For EEL, on all three datasets,
PPG converges at the first session, i.e., it finds a deterministic permutation for one
session of each query which has a better fairness value than the expected fairness of

5We discuss the “PPG + intra” legend in Section 6.6.2.
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Figure 6.3: LTR outputs as utility estimates. Performance comparison of PL and PPG
search for optimizing DTR fairness metric (lower is better). Top: TREC 2019; middle:
TREC 2020; bottom: MSLR. In all cases PPG search achieves comparable results to
the baselines (see Section 6.7 for more details).

PL-generated permutations after 32 sessions. In this sense, PL can be thought of as
the mean(·) aggregator, whereas PPG is the min(·) aggregator; mean(·) needs more
sessions to converge to the optimum value. For DTR, PPG needs 4 sessions to converge,
while PL converges after 8 sessions. Therefore, the answer to (RQ5.2) on our tested
datasets is that before a query is repeated many times, PPG is preferred to PL. The
reason is that in PPG the reference permutation is set to the best sampled permutation,
so in deterministic scenarios, i.e., with only one session per query, PPG is the go-to
method.

6.6.2 Pairwise Constraints

To answer (RQ5.3) about the effectiveness of pairwise constraints, we set the intra-group
fixed-ranking constraint on a PPG model as follows: The items in each fairness group
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Figure 6.4: LTR outputs as utility estimates. Performance comparison of PL and PPG
search for optimizing EEL fairness metric (lower is better). Top: TREC 2019; middle:
TREC 2020; bottom: MSLR. In all cases PPG search achieves comparable results to
the baselines (see Section 6.7 for more details).

are constrained to have the same ordering as the LTR output. This means that the
weight of each edge whose endpoints belong to the same fairness group is initialized by
zero and consequently will remain zero during training. This is a conservative way of
not hurting the ranking performance too much, while searching for a fair ranking (see
Section 6.3.4). The “PPG + intra” legend in Figure 6.3 and 6.4 shows the results. In this
figure, we see that in all the cases, the ranking performance, measured by nDCG@10,
is noticeably improved by adding the intra-group constraint over PPG. This ranking
performance improvement comes with a negligible cost of fairness degradation: in the
EEL case, “PPG” and “PPG + intra” have the same fairness performance, while for DTR,
there is a slight degradation of less than 3% relative difference in fairness performance
on all three datasets. So we can answer (RQ5.3) positively: using proper pairwise
constraints does help to improve other measures, while optimizing for fairness. This
possibility is very useful in scenarios where the true relevance labels are unknown and
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Figure 6.5: True relevance labels as utility estimates. Performance comparison of PL
and PPG search for optimizing DTR fairness metric. Top: TREC 2019; middle: TREC
2020; bottom: MSLR (see Section 6.7 for more details).

the exact ranking performance cannot be measured. Imposing intra-group fixed-ranking
constraints is a conservative way of not hurting our best estimation of the ideal ranking.

6.6.3 Accurate Utility Estimates

One advantage of post-processing for fairness optimization is the possibility of improv-
ing future fairness for the torso queries. In this section, we investigate the effectiveness
of different fairness optimization methods for specialized queries where highly confident,
accurate utility estimates are available through tabular models.

Figures 6.5 and 6.6 show the comparison of different fairness optimization methods
when accurate relevance labels are known, for optimizing DTR and EEL, respectively.
Here, we only include the results of “PPG + intra”, as we have shown its superiority
to the simple “PPG” in Section 6.6.2. For brevity, we only mention “PPG” instead
of “PPG + intra” in the following. The gap between the performance of PPG to other
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Figure 6.6: True relevance labels as utility estimates. Performance comparison of PL
and PPG search for optimizing EEL fairness metric. Top: TREC 2019; middle: TREC
2020; bottom: MSLR (see Section 6.7 for more details).

baselines is huge, for both fairness and ranking. PPG is the clear winner in all the tested
datasets and both fairness metrics. For EEL, PPG is able to achieve the optimal value
of 0. For DTR, PPG comes very close to the optimal value of 1 on the TREC 2019
and MSLR datasets. Compared with FOEH and FOES , we observe that knowledge of
accurate utility estimates helps PL and PPG more and causes them to perform better.
This is in contrast with our observation with noisy LTR outputs in Section 6.6.1.

In terms of the ranking performance, we observe that the intra-group fixed-ranking
has helped PPG to maintain the ranking near ideal, while minimizing the fairness
measure.
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Table 6.1: Results on 4 sessions with LTR generated labels.

Fairness NDCG@10

Model DTR # EEL # DTR " EEL "

T
R

E
C

2
0

1
9

FOE
S

1.898 - 0.805 -
FOE

H 1.944 - 0.803 -
PL 1.939 0.052 0.817 0.793

PPG 1.925 0.047 0.806 0.780
PPG + intra 1.938 0.047 0.812 0.790

LTR output 1.901 0.053 0.816 0.798
RAND 1.848 0.030 0.792 0.754

T
R

E
C

2
0

2
0

FOE
S

2.966 - 0.376 -
FOE

H 3.047 - 0.371 -
PL 2.981 0.180 0.369 0.388

PPG 2.969 0.158 0.361 0.378
PPG + intra 2.979 0.158 0.370 0.379

LTR output 3.004 0.173 0.373 0.386
RAND 2.948 0.118 0.334 0.352

M
S

L
R

-q
s

FOE
S

1.835 - 0.567 -
FOE

H 1.842 - 0.526 -
PL 1.885 0.123 0.517 0.535
PPG 1.868 0.108 0.459 0.510
PPG + intra 1.913 0.108 0.552 0.564

LTR output 1.824 0.114 0.572 0.572
RAND 1.893 0.081 0.395 0.392

6.7 Results for Small Number of Sessions

Table 6.1 and 6.2 contain the results of all models on 4 sessions with LTR outputs as
utility estimates and knowledge of the true relevance labels, respectively. In the case of
a limited number of sessions and LTR outputs as utility estimates (Table 6.1), PPG has
a slight advantage compared to PL when optimizing for both EEL and DTR in all three
tested datasets. In this case, FOES , specifically designed for DTR optimization, leads
to the fairest ranking in all three datasets. When the true relevance labels are known
(Table 6.2), PPG search outperforms the baselines by a noticeable margin (20%, 33%,
and 8% relative decrease for DTR and 100%, 100%, and 30% relative decrease for
EEL, compared to the runner up, in TREC 2019, TREC 2020, and MSLR, respectively),
obtaining the fairest ranking policies while achieving NDCG scores close to the ideal
ranking. Note that the scores reported in Table 6.1 and 6.2 are from two separate
experiments which explains the small differences in the results for the RAND baseline.

103



6. Probabilistic Permutation Graph Search

Table 6.2: Results on 4 sessions with true relevance labels.

Fairness NDCG@10

Model DTR # EEL # DTR " EEL "

T
R

E
C

2
0

1
9

FOE
S 1.898 - 0.799 -

FOE
H 1.885 - 0.799 -

PL 1.632 0.008 0.892 0.881
PPG 1.320 0.000 0.881 0.900
PPG + intra 1.309 0.000 0.978 0.989

Ideal ranking 1.668 0.014 1.000 1.000
RAND 1.870 0.031 0.794 0.754

T
R

E
C

2
0

2
0

FOE
S 2.974 - 0.368 -

FOE
H 3.044 - 0.357 -

PL 2.722 0.036 0.545 0.577
PPG 2.141 0.000 0.574 0.819
PPG + intra 1.825 0.000 0.894 0.984

Ideal ranking 2.538 0.023 1.000 1.000
RAND 2.957 0.107 0.337 0.349

M
S

L
R

-q
s

FOE
S 1.818 - 0.564 -

FOE
H 1.877 - 0.504 -

PL 1.429 0.030 0.810 0.873
PPG 1.395 0.021 0.619 0.821
PPG + intra 1.313 0.021 0.950 0.979

Ideal ranking 1.548 0.027 1.000 1.000
RAND 1.889 0.081 0.394 0.392

6.8 Conclusion

In this chapter, we have defined probabilistic permutation graph (PPG), a novel represen-
tation for permutation distributions. We used PPG as a substitute for Plackett-Luce (PL)
in black-box optimization of fairness metrics, using the REINFORCE algorithm. Un-
like PL, which is represented by pointwise logits, PPG is constructed by a reference
permutation together with pairwise inversion probabilities. The reference permutation
of PPG is very useful in deterministic scenarios.

Our experiments show that PPG search, compared to state-of-the-art post-processing
fairness optimization methods, is more robust in finding a deterministic fair permutation
for one session, while having comparable performance for expected fairness over larger
numbers of sessions. This means that PPG search can be considered as an answer to RQ5.
The pairwise inversion probabilities also allow us to impose pairwise constraints that
can control other objectives while optimizing for fairness. We experimentally verified
the effectiveness of such pairwise constraints on controlling the ranking performance.
Finally, we have shown that in scenarios such as tabular search, where high-quality
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estimates of utility are available, PPG performs outstandingly well, with a considerable
gap to other state-of-the-art fairness optimization methods.

As future work, it would be interesting to test the effectiveness of PPG on other
fairness metrics as well as other general permutation optimization problems. Another
possible line of work is to apply PPG for an in-processing method as a substitute for PL.

This concludes the final research chapter of this thesis. Next, we will conclude the
thesis by summarizing the answers to our research questions and proposing possible
directions for future work.
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7
Conclusions

In this thesis, we re-examined a number of existing assumptions in unbiased and
fair counterfactual learning to rank (CLTR). In preceding chapters, in terms of un-
biased CLTR we have discussed: (i) adapting inverse propensity scoring (IPS) for
cascade-based models (CBM) of user browsing; (ii) a generalization to IPS to also
correct for trust bias in addition to position bias; and (iii) breaking the cyclic depen-
dency between bias parameter and relevance estimation. Then, in terms of fairness of
ranking we have seen: (iv) the impact of group membership bias on the quality and
fairness of ranking; and (v) a novel representation for permutation distribution that
allows for fairness optimization both in deterministic and stochastic ranking systems.
In this chapter, we review the main findings of these topics and propose directions for
future work.

7.1 Main Findings

In this section, we revisit the research questions that were posed in Chapter 1 and
summarize the most important findings.

RQ1 How to go beyond position-based model (PBM) and consider user cascading
behavior when using IPS for position bias correction?

Through a number of semi-synthetic experiments, we confirmed that when the user
behavior follows a cascade model, PBM-IPS is not helpful for position bias correction,
in that it has a gap toward the full information case. Then, we derived closed-form
formulas for click propensities in three widely used cascade-based click models, to fill in
the gaps of the PBM-IPS performance on cascade-based clicks and have experimentally
shown the effectiveness of our CM-IPS to correct for position bias.

RQ2 How to effectively correct for trust bias in user click data?

The answer to this question is not “IPS” as we have proven that no IPS estimator can
correct for trust bias. Consequently, we have introduced the novel affine correction (AC)
method, which both reweights clicks and penalizes items for being displayed at ranks
where the users’ trust is high. We proved that the AC is unbiased w.r.t. both position
bias and trust bias, thus it is the first CLTR method that can deal with both of these
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biases simultaneously. We have confirmed our theoretical findings by semi-synthetic
experiments on two LTR datasets, showing that with AC the ranking performance can
reach to full information case, while with IPS it cannot.

RQ3 Is it possible to break the cyclic dependency between relevance and bias parame-
ters when correcting for position and trust bias?

We proposed a novel correction method, mixture-based correction (MBC), as an answer
to this question. Unlike IPS and AC methods, in which the unbiasedness relies on
accurate bias parameters estimation, the unbiasedness proof of MBC does not rely on
knowledge of relevance. We have shown that the cyclic dependency in the existing meth-
ods that use regression-based EM (rbEM), leads to at least three practical limitations:
(i) Severe sensitivity to the choice of the regression function; (ii) EM not necessarily
converging towards the zero gradient; and, (iii) Low efficiency due to repeated use of
the regression function. MBC solves all of these limitations as a side benefit. We have
also inspected our findings regarding IPS from RQ1 for the case of MBC. We have
observed that when clicks adhere to cascading models, while PBM is assumed by the
correction methods, both MBC and AC will remain biased, but MBC is more robust, in
the sense that its ranking performance is affected less compared to AC.

RQ4 What is the impact of group bias on the quality and fairness metrics in a ranking
and how to correct for this bias, without substituting equality for equity?

We have theoretically shown that, in the presence of group bias, NDCG and DTR change
linearly with the fraction of affected relevant items that are still as attractive as the non-
affected relevant items, while the change in EEL w.r.t. group bias has a logarithmic form.
We also confirmed these effects on the quality and fairness of ranking through extensive
experiments on various datasets. Regarding the bias correction part, we argued that
correcting for group bias, which is a type of content-based bias, is not as easy as context-
based types of bias such as position and trust bias. To measure group bias, assumptions
based on fairness constraints should be made about the utility distribution of different
groups. However, such assumptions can potentially make the equity-based notion of
fairness meaningless. We proposed to solve this issue by amortized correction for the
group bias, as global equality does not contradict local equity. We have experimentally
confirmed that our correction method, when its assumptions are met, is able to fully
recover the scores suffering from group bias, in the sense that the ranking and fairness
metrics after correction achieve the values of the full information case.

RQ5 Is it possible to have a single general fairness optimization method that performs
well for both stochastic and deterministic rankings?

We have introduced a new representation for the distribution of permutations, called
probabilistic permutation graph (PPG), constructed by pairwise inversion probabilities
instead of the pointwise logits in the Plackett-Luce (PL) representation. Our experiments
show that our PPG search method, compared to state-of-the-art post-processing fairness
optimization methods, is more robust in finding a deterministic fair permutation for
one session, while having comparable performance for expected fairness over larger
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numbers of sessions. The pairwise inversion probabilities also allow us to impose
pairwise constraints that can control other objectives while optimizing for fairness. We
experimentally verified the effectiveness of such pairwise constraints on controlling the
ranking performance. Finally, we have shown that in scenarios such as tabular search,
where high-quality estimates of utility are available, PPG performs outstandingly well,
with a considerable gap to other state-of-the-art fairness optimization methods.

7.2 Future Work

In this thesis, we have provided several solutions to make unbiased and fair CLTR
methods applicable in wider scenarios, i.e., RQ2 and RQ5, or with more realistic
assumptions, i.e., RQ1, RQ3, and RQ4, compared to existing work. Here, we list a
number of limitations and potential future directions for these solutions.

In Chapter 2 we derive formulas for three cascade-based models and our experiments
covered the results for one of them. There are other more complex user browsing models
in the literature [e.g., 17, 19, 78, 80] for which extending the IPS formulation may or
may not be straightforward. Exploring the interplay of more complex click models and
IPS or AC could be and interesting future direction.

Our affine correction (AC) method to correct for trust bias in Chapter 3 is more prone
to the high variance problem compared to IPS. The reason is that the denumerator in AC
is strictly less than the denumerator in IPS for all of the ranking positions. Furthermore,
as a result of penalizing incorrect clicks, corrected clicks in AC can have negative
values in contrast to IPS. While in terms of bias in the presence of trust bias AC is
favored to IPS, the aforementioned characteristics of AC may show high variances in
practice, especially for a low number of training clicks. As a future direction, variance
reduction solutions, similar to propensity clipping [119], could prove effective for the
AC method. Recent work in [94] is an example of this line where AC is extended to the
doubly-robust estimator for CLTR with a provable lower variance than AC itself.

In Chapter 4, our mixture-based correction (MBC) solution to break the cyclic
dependency between bias parameters and relevance estimation is based only on the
click-through rate (CTR), and the content features of the query and items are not used
for correction. Adding features to the correction process can be an interesting area
that is already initiated by two-tower models [136] as well as decomposed ranking
debiasing [142].

Our analysis regarding group bias in Chapter 5 considers feedback from users in
the form of judgements, e.g., clicks, job hires, etc. Increasingly, group bias can affect
more complex signals such as the tone or content of answers in a conversation. With the
prevalent use of pre-trained large language models (LLM), an interesting topic would
be to study the impact of group biased text, as the pre-training data or the examples for
in-context learning, on the quality and fairness of LLMs for downstream tasks. User
studies similar to [67, 107] with the aim of modeling group bias more precisely than
what we did using a multiplicative factor, could also lead to valuable lessons for the
community.

In Chapter 6 we presented an approximate but efficient method for sampling from a
probabilistic permutation graph (PPG) distribution. One line of theoretical continuation

109



7. Conclusions

would be to devise efficient sampling methods with tighter error bounds than our
proposed method. We used PPG for post-processing fairness optimization. Another
future direction is to apply PPG as an in-processing method as a substitute for PL. More
generally, as ranking fairness optimization is a special case of permutation optimization
where PL is a well-established representation, our work can be extended to see how
PPG representation compares to PL in terms of finding the optimum permutation in
general permutation optimization.

In this thesis, we have revisited several assumptions present in current unbiased and
fair counterfactual learning to rank methods. These insights can serve as a foundation
for questioning other prevalent assumptions in this field. For instance, we can question
the assumption of uniform examination, which assumes that users from various groups
examine items with the same probabilities. Additionally, we can think of the relevance
uniformity assumption, which considers interactions from all user groups as equally
informative and accurate. Looking ahead, we can expand the application of the ideas
explored in this thesis beyond information retrieval. This may involve ranking video
segments for video summarization based on user views or ranking user reviews for
opinion mining. Furthermore, a future direction involves investigating the extent to
which we can influence or alleviate user biases without violating privacy concerns.
For example, we can explore the impact of combining various contextual factors,
such as item position and visual effects, to encourage a more equitable distribution of
examination probabilities. Alternatively, we can analyze the effectiveness of displaying
more results from minority groups at the top of the ranking in reducing group bias over
time, and also its potential damages to user satisfaction.
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Summary

Online search engines are a means to satisfy users’ information needs, but they can
also form the knowledge of crowds. To keep up with the continuous changes in
information as well as user taste, search engines learn from user interactions, and since
user interactions come with bias, an important focus of research in this field lies in
developing methods to correct for the bias of interactions. To ensure that sensitive
groups and individuals are not hurt by the way of representing the results, a growing
body of research focuses on making rankings fair.

In this thesis, we re-examine the assumptions of existing methods for bias correction
and fairness optimization in ranking. Consequently, we propose methods that are more
general than the existing ones, in the sense that they rely on less assumptions, or they
are applicable in more situations. On the bias side, we first show that the click model
assumption matters and propose cascade model-based inverse propensity scoring (IPS),
on top of the existing position-based IPS. Next, we prove that the unbiasedness of IPS
relies on the assumption that the clicks do not suffer from trust bias. When trust bias
exists, i.e., users are more likely to click incorrectly on highly ranked items, we extend
IPS and propose the affine correction (AC) method and prove that, in contrast to IPS,
it gives unbiased estimates of the relevance. Finally, we show that the unbiasedness
proofs of IPS and AC are conditioned on an accurate estimation of the bias parameters,
and propose a bias correction method that does not rely on relevance estimation and,
furthermore, is less sensitive to the users’ true click behavior compared to IPS and AC.
On the fairness side, we re-examine the implicit assumption that fair distribution of
exposure leads to fair treatment by the users. Relying on the existing studies showing
that the perceived group membership of an item affects users’ judgments about its utility,
we argue that fairness of exposure is necessary but not enough for a fair treatment and
propose a correction method for this type of bias. Finally, we notice that the existing
general post-processing framework for optimizing fairness of ranking metrics is based
on the Plackett-Luce distribution, the optimization of which has room for improvement
for queries with a small number of repeating sessions. To close this gap, we propose a
new permutation distribution based on permutation graphs.
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Samenvatting

Online zoekmachines zijn een middel om in de informatiebehoefte van gebruikers te
voorzien, maar ze kunnen ook de kennis van de massa vormen. Om gelijke tred te houden
met de voortdurende veranderingen in informatie en de smaak van gebruikers, leren
zoekmachines van gebruikersinteracties, en aangezien gebruikersinteracties gepaard
gaan met vooringenomenheid, ligt een belangrijke focus van onderzoek op dit gebied op
het ontwikkelen van methoden om de vooringenomenheid van interacties te corrigeren.
Om ervoor te zorgen dat gevoelige groepen en individuen geen schade ondervinden van
de manier waarop de zoekresultaten worden weergegeven, richt een groeiend aantal
onderzoeken zich op het eerlijk maken van ranglijsten.

In dit proefschrift onderzoeken we de aannames van bestaande methoden voor
bias-correctie en eerlijkheidsoptimalisatie bij ranking. We stellen methoden voor die
algemener zijn dan de bestaande, in de zin dat ze op minder aannames berusten, of dat
ze in meer situaties toepasbaar zijn. Aan de bias-kant laten we eerst zien dat de aanname
van het klikmodel ertoe doet en stellen we op cascademodellen gebaseerde inverse
propensity scoring (IPS) voor, bovenop de bestaande positiegebaseerde IPS. Vervolgens
bewijzen we dat de onbevooroordeeldheid van IPS berust op de veronderstelling dat de
klikken geen last hebben van vertrouwensbias. Als er sprake is van vertrouwensbias, dat
wil zeggen dat gebruikers eerder geneigd zijn om verkeerd te klikken op items met een
hoge ranking, breiden we IPS uit en stellen we de affiene correctiemethode (AC) voor.
We bewijzen dat deze, in tegenstelling tot IPS, onpartijdige schattingen van de relevantie
geeft. Ten slotte laten we zien dat de onbevooroordeeldheidsbewijzen van IPS en AC
afhankelijk zijn van een nauwkeurige schatting van de biasparameters, en stellen we een
biascorrectiemethode voor die niet afhankelijk is van relevantieschatting en bovendien
minder gevoelig is voor het echte klikgedrag van de gebruiker, vergeleken met IPS en
AC. Wat eerlijkheid betreft, onderzoeken we opnieuw de impliciete veronderstelling
dat een eerlijke verdeling van de blootstelling leidt tot een eerlijke behandeling door
gebruikers. Op basis van bestaande onderzoeken die aantonen dat het waargenomen
groepslidmaatschap van een item het oordeel van gebruikers over het nut ervan beïn-
vloedt, beargumenteren we dat eerlijkheid van de blootstelling noodzakelijk is, maar
niet genoeg voor een eerlijke behandeling. We stellen een correctiemethode voor dit
soort vooringenomenheid voor. Ten slotte merken we dat het bestaande algemene naver-
werkingsraamwerk voor het optimaliseren van de eerlijkheid van rankingstatistieken
gebaseerd is op de Plackett-Luce-distributie, waarvan de optimalisatie ruimte voor
verbetering biedt voor zoekopdrachten met een klein aantal herhalende sessies. Om
deze kloof te dichten, stellen we een nieuwe permutatieverdeling voor op basis van
permutatiegrafen.
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