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Abstract

Ensuring responsible use of artificial intelligence (AI) has become imperative as
autonomous systems increasingly influence critical societal domains. However,
the concept of trustworthy AI remains broad and multi-faceted. This thesis
advances knowledge in the safety, fairness, transparency, and accountability of
Al systems.

In safety, we extend classical deterministic shielding techniques to become re-
silient against delayed observations, enabling practical deployment in real-world
conditions. We also implement both deterministic and probabilistic safety shields
into simulated autonomous vehicles to prevent collisions with road users, vali-
dating the use of these techniques in realistic driving simulators.

We introduce fairness shields, a novel post-processing approach to enforce group
fairness in sequential decision-making settings over finite and periodic time
horizons. By optimizing intervention costs while strictly ensuring fairness con-
straints, this method efficiently balances fairness with minimal interference.

For transparency and accountability, we propose a formal framework for assess-
ing intentional behaviour in probabilistic decision-making agents, introducing
quantitative metrics of agency and intention quotient. We use these metrics to
propose a retrospective analysis of intention, useful for determining responsibil-
ity when autonomous systems cause unintended harm.

Finally, we unify these contributions through the “reactive decision-making”
framework, providing a general formalization that consolidates previous ap-
proaches. Collectively, the advancements presented contribute practically to
the realization of safer, fairer, and more accountable Al systems, laying the
foundations for future research in trustworthy Al






Kurzfassung

Die Sicherstellung eines verantwortungsvollen Umgangs mit Kiinstlicher Intel-
ligenz (KI) ist unabdingbar geworden, da autonome Systeme zunehmend kri-
tische gesellschaftliche Bereiche beeinflussen. Dennoch bleibt das Konzept ver-
trauenswiirdiger KI breit gefachert und facettenreich. Diese Dissertation erweit-
ert das Wissen tiiber Sicherheit, Fairness, Transparenz und Rechenschaftspflicht
von KI-Systemen.

Im Bereich der Sicherheit erweitern wir klassische deterministische Shielding-
Techniken, sodass sie auch gegeniiber verzogerten Beobachtungen widerstandsfihig
sind. Dadurch ermoglichen wir deren praktischen Einsatz unter realistischen Be-
dingungen. Zudem implementieren wir sowohl deterministische als auch proba-
bilistische Sicherheitsschilde in simulierte autonome Fahrzeuge, um Kollisionen
mit Verkehrsteilnehmern zu verhindern, und validieren so den Einsatz dieser
Techniken in realitdtsnahen Fahrsimulatoren.

Wir fiihren Fairness-Schilde ein, einen neuartigen Post-Processing-Ansatz zur
Durchsetzung von Gruppenfairness in sequenziellen Entscheidungssituationen
iiber endliche und periodische Zeithorizonte. Durch die Optimierung der Inter-
ventionskosten bei strikter Einhaltung von Fairness-Beschréankungen ermdéglicht
diese Methode eine effiziente Balance zwischen Fairness und minimalem Eingriff.

Fiir Transparenz und Rechenschaftspflicht schlagen wir einen formalen Rah-
men zur Bewertung intentionalen Verhaltens bei probabilistischen Entschei-
dungsagenten vor und fithren quantitative Mafe fiir Handlungsfahigkeit (Agency)
und Intentionsquotienten ein. Diese Mafle nutzen wir fiir eine retrospektive
Analyse der Absicht, die hilfreich ist, um Verantwortung festzustellen, wenn
autonome Systeme unbeabsichtigte Schiden verursachen.

Schliellich vereinigen wir diese Beitrige im Rahmen der “reaktiven Entschei-
dungsfindung” und bieten so eine allgemeine Formalisierung, die bisherige Ansétze
integriert. Die vorgestellten Fortschritte leisten insgesamt einen praktischen
Beitrag zur Realisierung sicherer, fairer und verantwortungsvollerer KI-Systeme
und bilden eine Grundlage fiir zukiinftige Forschung zu vertrauenswiirdiger KI.
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Chapter 1

Introduction

Aeikvivar 01) el Toi§ TowUtoig ot €0t mdy T mpdypa oidv Te kai
o1 owv mpayudtwy kai 6oov movov éyel. O yap dikodoag, éav jév
drTws 1) iléoopos oikeiss te kai d&og tol mpdyuatog Ueiog &y, 666v
Te nyeitar Javpaotny dknkoévar ovvtatéoy te €ivar viv kai o0 Pirwtov
dAMw¢ mowlvti: petd tolito 01 ourteivag avTo§ Te kail Tov 17yoUevoy
Ty 080v, ovk dvinow mpiv dv 1) télog émlfj ndow, §j AdBn dUvapuy
&ote avTog avTov xwpis tol Oeiortog duratos eivar Todnyeiv.
— Plato, seventh letter.

1.1 Motivation

As Al systems increasingly permeate critical domains such as healthcare, fi-
nance, mobility, and human resources; ensuring the responsible and trustworthy
behaviour of these autonomous systems becomes imperative. Without proper
safeguards, Al models can make decisions that are unsafe, biased, or other-
wise misaligned with societal values. The need for trust in Al has gathered
the attention of different stakeholders, including academic institutions, private
corporations, and regulatory bodies [Eur21; |Whi22|.

The concept of trustworthy Al is broad, recent, and aspirational. Given its
nascent stage, there is no consensus on what makes an Al system trustwor-
thy or who has the authority to define it. Different stakeholders emphasize
certain aspects over others, whether to serve their own interests or to build
trust incrementally by addressing specific challenges. Meanwhile, many public
and private institutions strive to be pioneers in deploying autonomous systems
for critical decision-making, aligning their ambitions with the pursuit of more
trustworthy AI. One of the most influential attempts to shape the meaning and

1«One should show such people what philosophy is in all its extent; the range of studies
by which it is approached, and how much labour it involves. For the person who has heard
this, if she has the true philosophic spirit and that godlike temperament which makes her a
kin to philosophy and worthy of it, thinks that she has been told of a marvellous road lying
before her, that she must forthwith press on with all her strength, and that life is not worth
living if she does anything else.”

19



20 CHAPTER 1. INTRODUCTION

requirements for the broad concept of trustworthy AI is the “Ethics guidelines”
document |[Com19| produced by the High-Level Expert Group on Al a diverse
group of experts from both academia and industry appointed by the European
Commission.

In [Com19], trustworthy Al is generally defined to be lawful, ethical, and robust.
The document outlines seven key requirements to achieve trustworthy AI, which
can be seen as seven different fields of study that we need to collectively develop
and understand. In a nutshell, these requirements are:

1. Human agency and oversight. Al systems should be designed ensuring
oversight through human-in-the-loop, on-the-loop, and in-command mech-
anisms.

2. Technical robustness and safety. Al systems must be resilient, secure,
and reliable, with fallback mechanisms to ensure safety in unexpected
situations and protection against potential attacks.

3. Privacy and data governance. Al systems must respect privacy and data
protection while ensuring data integrity, and legitimate access through
robust governance mechanisms.

4. Transparency. Al systems must be transparent, with traceability mech-
anisms and clear explanations tailored to stakeholders. Users should be
aware of Al interactions and understand its capabilities and limitations.

5. Diversity, non-discrimination, and fairness. Al systems must prevent
unfair bias to avoid marginalization and discrimination while fostering
diversity and accessibility.

6. Societal and environmental well-being. Al systems should benefit all,
including future generations, by being sustainable and environmentally
friendly.

7. Accountability. Al systems must have accountability mechanisms, includ-
ing auditability for assessing algorithms, data, and design. Clear redress
processes should be in place, especially for critical applications.

While all requirements are important, in this thesis, we present advances in the
directions of safety, fairness, transparency, and accountability, so we will only
focus on these fields. In the following Sections and we introduce
each field of study, presenting first a broad approximation to the main problems
and debates, followed by a concrete problem inside of each field that motivates
the work presented in this thesis. We start with safety, follow with fairness and
end with transparency and accountability. We bundle transparency and ac-
countability together because our contribution, while mostly motivated by the
accountability requirement, is essentially a method to better understand the
behaviour of an Al system, and thus fits as well in the category of transparency.
A floating contribution of this thesis is a novel formalization that unifies previ-
ously existing concepts. Just as the list of requirements in [Com19] can be seen
as what an Al system needs to be trustworthy, formal methods are a popular
answer to how to implement these requirements. We dedicate Section [1.5] in
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this chapter to present a broad motivation for the use of formal methods and
summarize our novel formalization.

1.2 Safety

1.2.1 Background

Safety in Al broadly refers to ensuring that a system does not produce harmful
or unintended consequences. It encompasses a range of issues, from preventing
system failures to aligning AI decisions with ethical and legal standards. A
key concern is technical robustness, which ensures that AI functions correctly
under both normal and unexpected conditions. Examples of unexpected condi-
tions that have been particularly studied are adversarial examples [GSS15] and
distributional shifts in the input data [Wil4-22].

A fundamental concept in Al safety is verification and validation, where formal
methods are used to mathematically prove the correctness of an AI model’s
behaviour. In safety-critical applications like aviation and medical diagnostics,
regulatory frameworks often require rigorous validation before deployment. Ad-
ditionally, fail-safe mechanisms must be in place to handle unexpected situations
gracefully, allowing the system to revert to a safe state when necessary [Cre+07}
Set+98].

Ensuring Al robustness requires designing models that generalize well beyond
their training phase. Techniques such as adversarial training improve resilience
by exposing Al models to perturbed or adversarial examples during training,
making them less susceptible to manipulation [Bai+21la|. Formal verification
methods, such as model checking [BKO§| and theorem proving [Har09], pro-
vide mathematical guarantees on system behaviour, ensuring that certain safety
properties always hold.

Another crucial approach is certifiable AI, where models are designed to pro-
vide provable guarantees about their predictions |[Fis+21]. This approach has
gathered particular attention for neural networks, where verification techniques
can analyze how slight variations in input data affect model outputs, helping
establish bounds on safe behaviour [Alb21].

Al-driven control systems, particularly those used in robotics, autonomous vehi-
cles, and industrial automation, require additional safety considerations [PT20).

1.2.2 Safe Reinforcement Learning

Reinforcement learning (RL) [SB18] is one of the most successful approaches to
several types of problems where an agent interacts with a probabilistic environ-
ment, modelled as a Markov decision process (MDP). Notable examples beating
human performance at complex games [Mni+15} |Sil+16] and discovering higher
order structures of proteins [Jum+21]. RL poses unique safety challenges be-
cause it learns optimal behaviour through trial and error, often by exploring
unknown states. This exploration can lead to catastrophic failures if the system
takes unsafe actions while learning. Safe RL methods aim to mitigate such risks
by integrating safety constraints into the learning process.
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One common approach in safe RL is reward shaping [NHR99], where the re-
ward function is designed to penalize unsafe actions, guiding the agent away
from hazardous behaviours. Another method is constrained RL, where poli-
cies are optimized under predefined safety constraints [SJS21} [WT18]. These
methods can be used not only to produce safe results but also to ensure safe
exploration [Wie+23; [Yan+23a].

Constraints can be implemented directly to the MDP |Alt21; | GBA21; WS20|, or
as regularizers to the corresponding loss functions in learning schemes like con-
strained policy optimization [Ach+17] and trust region-based approaches [Sch+15],
which steer the policy updates away from unsafe behaviours.

Another popular approach to safe RL is the use of restraining bolts [DG+19;
DG+20], which steer the learning process towards safe policies by restricting
unsafe behaviour. Another recent approach is to learn a controller together
with a certificate that proves the controller to be safe [Cha+23].

Shielded RL [Als+18; |Gia+21} |Car+23; [Yan+23b| is another promising ap-
proach, where a safety layer acts as a filter that prevents the agent from taking
dangerous actions. This can be achieved using formal verification techniques to
ensure that the learned policy remains within safe bounds. Shields can be placed
before the agent, serving as a mask of allowed actions (pre-shields), or after the
agent, overwriting unsafe actions by safe ones (post-shields). We illustrate these
two settings in Figure While shielding methodologies are popular and col-
lision avoidance in autonomous driving is among the common motivations, the
work presented in this thesis is the first implementation of shielding techniques
for collision avoidance in realistic driving simulators.

In this thesis, we present two contributions to shielding techniques for ensuring
safety, that constitute Chapters[@and[f] In Chapter ] we develop the theory of
deterministic shields resilient to delayed observations, and present experiments
in a gridworld and in the CARLA driving simulator. In Chapter 5] we report
on our experience in using probabilistic shielding for autonomous valet parking.
Since probabilistic shielding requires a more complex model of the agent and
the environment, Chapter [p] strongly focuses on how to build a realistic model.

1.2.3 Contribution: Deterministic Shielding Resilient to
Delayed Observations (Chapter |4)

Deterministic shields ensure system safety by constructing a safety game from an
environmental model and a formal safety specification [Konl19]. The maximally-
permissive winning strategy allows all actions that won’t cause safety violations
over an infinite horizon. Shields allow any action allowed by the maximally-
permissive winning strategy, and overwrite potentially unsafe actions by safe
ones.

Real-world control systems face delays due to data collection, processing, or
transmission. Ignoring delays can cause safety-critical failures. We propose
delay-resilient pre- and post-shields to guarantee safety under delays in the ob-
servations. To synthesize shields, we extend the safety game to include worst-
case delays, introducing imperfect state information. Both pre- and post- shields
require the maximally-permissive winning strategy for the corresponding safety
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Figure 1.1: Shielding scheme.

game under delayed observation. We compute it following the algorithm pro-
posed in [Che+18].

For post-shields, we need to define which of the available correct actions the
shield will use to overwrite each potentially unsafe action. To do so, we compute
shields that maximize a given fitness function of states, and propose two fitness
criteria: robustness and controllability. The robustness of a state measures how
close it is to an unsafe state in the safety game graph. The controllability of
a state is the maximal amount of delay under which that state can still be
considered safe.

We tested deterministic shields resilient to delayed observations in the open
source simulator CARLA |[Dos+17], for avoiding collisions with pedestrians as
well as car-on-car collisions in intersections. We used the default driver available
in CARLA as our shielded agent.

1.2.4 Contribution: Probabilistic Shielding for Autonomous
Valet Parking (Chapter

Unlike deterministic shields, which enforce safety strictly, probabilistic shield-
ing accounts for low-probability events but only intervenes when the risk of a
collision exceeds a predefined threshold. This approach reduces unnecessary
interventions, and uses the Markov decision process (MDP) as its underlying
model, instead of the safety game.

The shield evaluates control commands by mapping sensor data and prior ac-
tions to an MDP state, then estimating the probability of avoiding collisions if
the command is executed. If this probability falls below the threshold, the shield
overrides the command. These probability computations rely on probabilistic
model checking, requiring a well-structured MDP representation of the vehicle
and its environment.

Building an appropriate MDP model is challenging—it must balance accuracy
with computational feasibility. The model consists of the ego car and the pedes-
trians. The ego car is represented via an abstraction of the Simrod digital
twin [Debl9], with discretized actions and states to handle uncertainty. The
pedestrians are modeled with movement speeds following a normal distribution,
varying across adults, elders, and children.

we tested probabilistic shields as part of a more complex agent developed as a
shared effort in the FOCETA project [Ben+23|. In this case, the simulator used
was Prescan, a proprietary tool partially developed within the project, and the
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goal of the shield is to act together with an emergency brake system to avoid
collisions with pedestrians.

1.3 Fairness

1.3.1 Background

Fairness in Al is essential to prevent discriminatory outcomes, ensuring that
automated decisions do not reinforce or exacerbate societal biases. Al models,
trained on historical data, often inherit biases present in society, leading to dis-
criminatory outcomes that disproportionately affect marginalized groups [BHN23].
Since Al systems play an increasingly significant role in decision-making pro-
cesses across domains such as hiring, lending, healthcare, and law enforcement,
ensuring fairness and preventing discrimination have become critical concerns
and the focus of a burgeoning field of research |[ZMS23; Blu+18; |Che+20;
CD+17; DI1Y; [Elz+19; |Ge+21; (Gra+22; SGD23; [Wan+23]. Addressing these
biases is essential to developing ethical Al systems that align with societal values
of justice and equality.

Group fairness vs. individual fairness. Fairness in Al is typically framed
in terms of two broad categories: group fairness and individual fairness. Group
fairness ensures that different demographic groups (e.g., based on race, gender,
or age) receive similar outcomes from an Al system. This can be formalized us-
ing constraints such as demographic parity (equal selection rates across groups)
or equalized odds (equal error rates across groups). Individual fairness [GK21],
on the other hand, requires that similar individuals receive similar treatment,
independent of their group membership. This is typically formulated using sim-
ilarity metrics that measure how closely two individuals resemble each other in
relevant attributes.

Balancing these two notions is challenging, as enforcing strict group fairness
constraints may sometimes lead to violations of individual fairness and vice
versa. Different fairness interventions prioritize one over the other, depending
on the context and ethical considerations. In this thesis, we focus on group
fairness properties.

Sources of bias. Al systems can exhibit bias due to different models of the
world that induce disparities. These biases can be broadly classified into two
categories: intrinsic and extrinsic.

Intrinsic bias stems from biased training data that reflects historical inequalities
or prejudices. For example, a hiring algorithm trained on past hiring decisions
may reinforce gender disparities in hiring practices. Extrinsic bias arises from
the way AI models process and generalize information. Even if the data it-
self is unbiased, the learning algorithms may still introduce disparities due to
optimization choices, feature selection, or model architecture.

Understanding the origin of bias is crucial in determining appropriate mitigation
strategies. If the bias is intrinsic, interventions may involve adjusting the data
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representation, while extrinsic bias may require changes to the model’s learning
process.

A key discussion in fairness research is whether lower accuracy on paper equates
to a more just and correct model. If the training data shows an intrinsic bias
against a certain group, it stands to reason that maximizing accuracy with
respect to the biased dataset does not induce the most accurate model with
respect to the real underlying unbiased data. Therefore, an unbiased model,
that will achieve lower accuracy with respect to the training data, is not only
more fair, but arguably more accurate. However, it is not possible in many cases
to determine what is the best-performing compromise. This compromise and
the impossibility to find a solution that satisfies all constraints has been studied
in [SG21].

Types of fairness-inducing methods. Fairness interventions can be broadly
categorized into three main approaches:

e Pre-processing methods: These focus on modifying the training data to
remove bias before model training. Techniques include re-weighting sam-
ples, adjusting labels, and generating fair representations that obfuscate
sensitive attributes [KC12; [Zem+13).

e In-processing methods: These modify the training procedure to incorpo-
rate fairness constraints directly into the learning process. Regularization
techniques and adversarial training are commonly used to ensure that the
model does not learn biased patterns [ZLMI18; Kam+12].

e Post-processing methods: These adjust the model’s predictions after train-
ing to equalize outcomes across demographic groups without altering the
underlying model [HPS16].

Each approach has advantages and trade-offs. In summary, preprocessing en-
sures fairness at the data level but may not generalize well, while in-processing
methods provide direct fairness guarantees but can be computationally expen-
sive. Post-processing methods are easy to implement but tend to compromise
individual fairness.

1.3.2 Fairness in Sequential Decision-Making Problems.

In sequential decision-making settings, such as loan approvals or criminal risk
assessments, fairness concerns are magnified due to the compounding effects
of biased decisions. Biased initial decisions can lead to feedback loops, where
disadvantaged groups receive consistently lower opportunities over time, exac-
erbating inequalities.

Fairness interventions in sequential decision-making often involve tracking dis-
parities over multiple time steps and designing policies that compensate for
historical disadvantages.

Group fairness properties are described in terms of the joint probability distri-
bution of the population and the outcomes. For example, demographic parity
states that the probability of a favourable outcome must be independent of
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group membership. In a sequential setting, these probabilities can be estimated
using the relative frequencies of each outcome for each group.

For example, consider a company building a large team, with a population that
we can divide into two groups, A and B, with respect to which the decisions
must be fair. After T = 1000 candidates, ns candidates were from group A,
out of which nl; were offered a job. The rest np candidates were from group
B, and of them n} were offered a job. We can estimate the probability of a
candidate from groups A and B of getting an offer as:

1

ny nh ny
P(offer| A) ~ -4, and P(offer| B) ~ —£ = ,
na np T—na

Demographic parity is formally expressed as P(offer | A) = P(offer | B), and in
terms of relative frequencies it would mean that

1 1
lim (”A - "B> =0. (1.1)
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However, in many cases, if the convergence is too slow, it is not enough to guar-
antee fairness in the long run. Group fairness metrics are emerging properties,
which by their own nature cannot be expected when only looking at a few de-
cisions. After seeing T' = 6 candidates, three from each group, and hiring one
from group A and two from group B, the difference between relative frequen-
cies is 1/3, far from 0, but the process has just started, so it is not reasonable
for demographic parity to emerge yet. If the company continues the interview
process and after T'= 1000 the acceptance ratio of group A is still 2/3 and the
acceptance ratio of group B is only 1/3, we can argue for an underlying bias.
This concept can be formalized by stating that after a certain finite horizon
of T decisions, the relative frequencies may differ by no more than a certain
threshold « € [0,1].

One way of looking at the study of fairness in a bounded horizon is with a
monitoring perspective: if a process is biased after T = 1000 decisions, it is
likely to be fundamentally biased, in the sense that the limit in Equation |1.1
does not converge to 0, so we raise the alarm. However, even if the relative
frequencies would converge in the limit to the same value, it can be the case
that the convergence is too slow. In such cases, finding a considerable disparity
between relative frequencies should not be interpreted as a proxy for a bias in
the limit, but as a tangible bias that is a problem in itself.

On the other hand, once a finite horizon T has been predefined, an algorithm
may act with fairness until the 7T-th decision, and then act with bias after that,
satisfying fairness in the bounded horizon, but failing in the unbounded horizon.
To this end, we also study the concept of T-periodic fairness, where we require
the relative frequencies to differ by no more than a certain threshold x after
k- N decisions, for all k € {1,2,3,...} |Ala+24].

1.3.3 Contribution: Fairness Shielding (Chapter [6]

In this thesis, we present fairness shields as a post-processing group fairness en-
forcement solution for bounded and periodic horizons in sequential classification
problems.
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Figure 1.2: The operational diagram of fairness shields.

gender, age, ...

As we illustrate in Figure the shield monitors the decisions of a potentially
biased classifier and has the power to override them. Given a predefined fairness
criterion and a time horizon or period, the shield observes individuals’ protected
attributes, the classifier’s recommendations, and the cost of modifying decisions.
It then ensures fairness while minimizing intervention costs.

To guarantee fairness in finite horizons, fairness shields are computed as bounded
horizon optimal control problems with a hard fairness constraint and a soft cost
constraint. The fairness constraint ensures that empirical bias remains below a
threshold, measured either at the end of the horizon or periodically. The soft
cost constraint discourages excessive interventions by minimizing total expected
costs.

The problem becomes harder for periodic horizons, as there are infinitely many
input sequences that the shield has to potentially deal with. We conjecture
that optimal shields for periodic horizons cannot be described with finite re-
sources, and propose three “best effort” solutions that modify the computation
of bounded horizon shields to obtain periodic shields. With these solutions, we
lose the hard fairness guarantee for all traces. As a remedy, we study condi-
tions on the incoming traces that ensure the shields achieve fair outputs. These
solutions can be classified into the static approach, and the dynamic approach.

The static approach consists of resetting and reusing the same shield after each
time period. If the shield has been computed for a finite horizon T, at step
T + 1, the internal counters are reset to zero and the shield enforces fairness
in the segment from T + 1 to 27 in the same way as it did for the segment
from 1 to T'. A static shield applies the same fairness criterion for each segment
of decisions of length T, with the hope that the same fairness criterion applies
when concatenating all segments of length 7. The advantage of this approach
is simplicity, both in design and computational complexity. The main drawback
is that the hard guarantees hold for small subsets of traces.

The dynamic approach consists of recomputing the shield after each period,
modifying the fairness condition to account for the accumulated decisions of the
trace so far. The advantage of this approach is that the fairness criterion is
tracked more accurately, so these shields tend to interfere less often with the
classifier while ensuring fairness in a large subset of traces. The main drawback
is that the synthesis algorithm has to be executed at the end of each period.
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To understand the difference between the static and dynamic approach, recall
the example of hiring applicants from groups A and B, trying to enforce a
threshold on demographic parity no larger than x = 0.2. After the first T =
1000 decisions, the acceptance rate for group A is 0.5, and the acceptance rate
for group B is 0.35. Thus, this segment is biased towards group A, but not
more than the threshold. A dynamic shield would allow the next segment of T'
decisions to have an acceptance rate for group A of 0.5 and 0.72 for group B.
Even if looking at the segment from T + 1 to 27, the difference in acceptance
rates is larger than the threshold, the dynamic shields knows that group B can
overcompensate for the low rate in the first segment, as long as demographic
parity is kept in the threshold for the longer segment of the first 27" decisions.
On the other hand, a static shield would not allow B to overcompensate, being
more restrictive than the dynamic shield.

Shields rely on a known or learned distribution of future decisions and costs.
Even if the distribution is imprecise, fairness guarantees remain intact—only
cost-optimality may be affected. Shields are computed via dynamic program-
ming, optimized to run in polynomial time for a wide variety of group fairness
metrics by abstracting traces to a relevant set of counters.

1.4 Transparency and Accountability

1.4.1 Background

Beyond ensuring that Al systems behave safely and fairly, they must also be
explainable. Trust in AI depends not only on its performance but also on its
transparency — users and stakeholders must understand why a system made
a particular decision. Moreover, when AI systems cause harm, it is essential
to have robust accountability mechanisms in place to determine responsibility
and take corrective action. Explainability is also key for accountability: if an
AT system causes harm or fails in an unexpected way, it must be possible to
trace its reasoning to diagnose the issue and assign responsibility. Without
explainability, Al remains a “black box”, making it difficult to audit, improve,
or justify its decisions in legal and ethical contexts. By integrating explainability
into AT design, we can build systems that foster trust, enable human oversight,
and ensure accountability in decision-making.

Explainability and accountability are closely intertwined. In human account-
ability processes, understanding why a person acted in a certain way is essential
for assigning responsibility and determining degrees of culpability. Courts, for
example, consider intent, circumstances, and explanations when assessing guilt.
Similarly, for Al systems, understanding why a particular decision or action was
taken is crucial in determining liability when harm occurs.

Accountability in software systems has long been a topic of interest in fields
such as cybersecurity, safety-critical systems, and software engineering [FJW11;
Jag+09; KTV10]. Traditional software accountability often relies on clear speci-
fications, audit logs, and formal verification techniques to determine responsibil-
ity when a system fails or produces an unexpected outcome [Kro+17}; [FJW20).

However, Al-based systems, particularly those leveraging machine learning,
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present unique challenges. Unlike traditional rule-based software, many AT mod-
els operate effectively as black boxes, making it difficult to trace the logic behind
their decisions. This lack of transparency complicates accountability, as it be-
comes unclear whether failures arise from design flaws, biased training data,
unforeseen interactions, or user misuse.

1.4.2 The Role of Intention in Accountability

A crucial aspect of human accountability is the notion of intention. Under-
standing whether an action was intentional, accidental, or due to negligence is
key in determining degrees of responsibility. Courts, for instance, distinguish
between premeditated actions and unintended mistakes, applying different legal
consequences accordingly [Knol6).

For AI, the concept of intention requires further study. As a caveat, we explic-
itly avoid the debate on whether Al systems may have consciousness or free
will [But01; (CM13]. In any case, a large part of the theoretical development on
the concept of intention can be applied to any rational planning agent that acts
with goals and constrained resources [BIP88; |Bra87]. This general definition
also applies to many Al agents, regardless of the working notion of conscious-
ness and free will. Al systems exhibit functionally intentional behaviour, such
as pursuing a specified objective or optimizing for a particular reward. Under-
standing intentional behaviour in AI can help refine accountability frameworks
by distinguishing between different sources of harm.

1.4.3 Contribution: Intentional Behaviour in Agents op-
erating on MDPs (Chapter (7))

Interpreting the decision-making processes of modern machine-learning-based
agents in probabilistic settings presents significant challenges due to the ab-
sence of explicit goals or intentions in their models. Traditionally, intention is
connected to planning in both cognitive and computational reasoning [BIP88|.
In this thesis, we consider intention as the “state of the world” an agent plans
toward, serving as a proxy for its internal reasoning. Since modern agents,
particularly those trained using reinforcement learning, do not have explicitly
modeled beliefs or reasoning processes, their intentions can only be inferred
probabilistically.

Our proposed framework quantitatively assesses whether an agent’s behaviour
exhibits evidence of intentionality. Instead of making binary assertions about
intention, it provides confidence levels and quantified evidence.

We model autonomous agents as policies within a probabilistic environment as
MDPs. Key to our framework are the notions of agency and intention quotient.
The agency measures the agent’s ability to influence outcomes, defined as the
probability difference between optimally achieving or avoiding a goal. The in-
tention quotient is a normalized value between 0 and 1 that measures how close
the policy of the agent is to achieving or avoiding a goal. Intention quotient
quantifies the degree of apparent intentional behaviour, with values close to 1
indicating high evidence of intentionality.
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These notions can be used to study an agent preemptively by calculating agency
and intention quotients towards a particular goal around the states of interest.
With the mindset of serving a potential accountability process, we also propose
a retrospective methodology to study concrete traces that end up in a harmful
state. When the trace under study does not offer enough evidence for a con-
fident assessment, we produce counterfactual traces and use them to increase
confidence.

Our method can help understand whether an agent shows evidence of acting
intentionally towards an end. While this is a necessary step for accountability
processes, it is not the only one, and questions such as who is responsible or
who has to pay for the harm intentionally produced by the agent are out of the
scope of this work.

1.5 Formal Methods

In the field of computer science, formal methods can be broadly described as rig-
orous mathematical techniques used to specify, verify, and prove system proper-
ties. Rigorous formalizations not only have the advantage of providing provable
guarantees, but also a deep understanding of those guarantees.

Formal methods have long been a cornerstone of trusted computing, being used
in safety-critical domains like controllers in avionics and medical devices, as well
as performance-critical system code like arbiters and process managers [Woo-+09;
Bee+24]. Because of this history, many researchers and practitioners think that
formal methods for AT are destined to play a central role in the future of trust-
worthy AT [Li+23]. By applying logical reasoning, theorem proving, and model
checking, formal methods provide strong guarantees about software and hard-
ware systems. Unlike testing, which only checks for correctness in specific sce-
narios, formal verification provides mathematical certainty for all possible cases
within a given model. However, the guarantees are only as good as the model,
and, as the popular saying goes, all models are wrong — albeit some of them are
useful. This should serve as a constant reminder throughout the thesis that all
results and guarantees hold in the ideal model, and any consequences of those
results on reality are mediated by how good the model is as a description of the
real world.

1.5.1 Contribution: The Reactive Decision Making Frame-
work (Chapter (3))

The frameworks used to formalize the different contributions in this thesis use
different models: safety games are used for deterministic safety shielding, MDPs
are used for probabilistic safety shielding and intention analysis, and sequential
classification problems are used for fairness shielding.

However, these frameworks always have in common an agent interacting with an
environment. In this thesis, we introduce the reactive decision making frame-
work as a formal generalization of the aforementioned formal models. We also
formalize the concept of shielding in the reactive decision making framework,
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generalizing previously differentiated notions [Konl9] and refining the defini-
tions to account for edge cases that had been previously mistreated.

1.6 Outline of the Thesis

Chapter [2 introduces the notation and previously established concepts that are
required throughout the thesis. While this chapter, and the thesis as a whole,
is self-contained, the exposition may be too succinct for an unfamiliar reader.
For a deeper understanding of the background material, we give pointers to
adequate reference materials. Chapter[3]introduces the reactive decision making
framework and the notion of shielding. We show how the formal frameworks
used in this thesis are particular cases of this general formalization. We also show
how previous notions of shielding for safety properties correspond to shielding
as described in the reactive decision making framework.

Chapters [4 and [5] explore shielding for safety properties with some source of
uncertainty in the context of autonomous driving. Chapter [4] explores deter-
ministic shielding for safety properties resilient to delayed observations. We
show how shields can be extended to guarantee a safety specification even with
imperfect information, and study different methods to choose a corrective ac-
tion. In Chapter [bl we report our experience on using probabilistic shielding on
an autonomous car operating in a parking lot with the objective of avoiding col-
lisions with pedestrians. We describe how to build realistic models of a car and
pedestrians in its vicinity, and report the results of a comparative test between
our shields and an automatic emergency brake system.

We move our focus from safety to fairness in Chapter [6] where we introduce
the notion of fairness shields and describe how to compute different types of
fairness shields for finite and periodic time horizons. We validate the usefulness
of fairness shields on an extensive evaluation against standard benchmarks from
the literature on algorithmic fairness.

Chapter [7] moves away from runtime enforcement towards explainability and
accountability. In this chapter, we present our framework for studying inten-
tional behaviour on agents operating in MDPs using the notions of agency and
intention-quotient. We present our retrospective methodology, intended for ac-
countability processes after harm has occurred, and showcase how it would work
in a toy example.

Chapter [§] rounds up the thesis with future work and concluding remarks, fol-
lowed by an appendix detailing the publications associated with the completion
of the PhD program.

While the landscape of Al research is currently very English-centric, its fruits
shouldn’t be. As a nod to diversity, each chapter is preceded by a famous quote,
mostly in languages other than English. Do not take them too seriously. The
last pages of this document contain a cheat sheet meant to help the reader go
through the notation. Let the power of well-structured indices prevail when the
power of well-written text may fail.
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Chapter 2

Preliminaries

ATEQMETPHTOYX MHAEIY, EISIT. [
— Inscription above the entrance of Plato’s Academy. E|

In this chapter, we will briefly cover the basic concepts that will be used through-
out the thesis. This serves the double purpose of being a lightweight introduction
to the topics and fixing the notation used throughout the thesis.

2.1 Basic Notation

Sets, numbers, and functions. We use B = { L, T} to denote the Boolean
domain, N = {0, 1, ...} to denote the set of natural numbers, Z to denote the set
of integer numbers, and R to denote the set of real numbers. Given a < b € R,
we use (a,b) to denote the open interval between a and b, [a,b] to denote the
closed interval, and (a,b] to denote the interval open at one end and closed at
the other. Given a real number a € R, we use |a] to denote the largest integer
that is less or equal than a (i.e., the floor of a), [a] to denote the smallest integer
that is greater or equal than a (i.e., the ceiling of a) and |a] to indicate the
integer that is closest to a (i.e., the result of rounding a). We use the standard
convention that |a] = [a] when a is at the same distance of |a| than [a]. In
general, it is true that a — 1 < |a] < a < [a] < a+ 1. Given a,b € R, we
use the notation a < b to indicate that a is much smaler than b, and a > b to
indicate that a is much greater than b, where how much is much depends on
the context.

Given a finite set X, we denote its cardinality by |X|. Given a function f: X —
Y, and a subset X C X, the image set is f(X)={y €Y : Jx € X, f(z) =y}
Similarly, given a subset Y C ), the antiimage set is f~1(Y) = {z : f(z) € Y}.
Given an arbitrary domain X and a function f: X — R™, the support of f is
Supp(f) = {z € X : f(x) # 0}. Let X be a subset X C X, we define the

1Let no one ignorant of geometry enter here.

2The existence of this inscription is a disputed fact, since the earliest known documents
that mention it date about 700 years after Plato’s death. It has become, however, a powerful
meme.
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indicator function of X in X as 1x: X — {0,1}, such that 1x(z) = 1 if and
only if z € X. We will use the equivalent notation 1[z € X|. In the special case
where the set is a single element, X = {y}, we will use the notation 1[z = y].
Similarly, if X = X\ y, we will denote the indicator function as 1[z # y].

Words and languages. An alphabet ¥ is a finite set. A word (or trace) in
an alphabet is a sequence of elements in the alphabet. We use X to denote the
set containing words of length 4 in the alphabet 3 and ©=F to denote the set
of words of length at most k in ¥, i.e., 5% = UF_ 7. We use X* for the set
of all words of finite length, i.e., ¥* = U,;";OE’“. We use ¥ to denote the set of
infinite words in ¥, and ¥ = *UX¥. We will also use 2% to denote the power
set of ¥. Given a word w € 3°°, we use |w| to refer to its length. Given a word
w = ogoy -+ € B, for n,m such that n < m < |wl|, we will use the notation
Winim] = OnOn+1---0m, and in the case n = 0 we will use the notation w.y,
to refer to W(0:m]- Given two words w1 = 0¢...0,, W2 = Opt1...0ptm N 2,
the concatenation is the word wy - wg = 0g...0,0p41 . Ontm. Given a finite
word w = 01 ...0,, we use w* to denote the resulting word of concatenating w
infinitely many times. A set of words L C ¥*° is called a language.

2.2 Probability Theory

In this section, we define some basic notions of probability theory. We refer the
reader to [Durl9, Chap. 1] for a more detailed discussion.

Let Q be a non-empty set, a o-algebra is a set F C 2 that satisfies: (i) Q € F,
(i) if A € F, then Q\ A € F, and (iii) if {A4;}2, is a countable collection of
sets in F, then |J;2; A; € F. The tuple (2, F) is a measurable space. Given
a set  and a subset F' C 29, the o-algebra generated by F is the smallest
o-algebra F such that F' C F. The most commonly used measurable space is
(R™, B™), where B™ is the Borel o-algebra on R", i.e., the o-algebra generated
by the open sets of R™. Let (2, F) and (€', F’) be two measurable spaces, a
function f: Q — Q' is measurable if for every B € F', f~1(B) € F.

A probability space is a tuple (Q,F,P), where (2, F) is a measurable space
and P: F — [0,1] is a function satisfying: (i) P(Q) = 1, (ii) if A € F, then
P(Q\ A) =1—P(A), and (iii) for any countable collection {A;}2, of disjoint
sets in F, we have P (U;o; Ai) = > o P(A;). P is called a probability measure
over (Q, F). A random variable on € is a measurable function X : Q@ — R from
a probability space (2, F,P) to (R, B). We typically think of a random variable
as a symbol that takes a value in B € B with probability P(X~1(B)). We also
denote P(X ~1(B)) as P[X € B]. When B = {b}, we may denote P(X~!(B)) as
P[X = b].

A random variable X induces a a probability measure p on (R, B), called its
probability distribution (or simply distribution), by setting p: B — R, u(A) =
P(X € A). The distribution of a random variable is usually described using its
distribution function F: R — [0,1], defined as F(x) = P(X € (—o0,z)). We
say that X follows the distribution F', and denote it by X ~ F. The set of
distributions over R is the set of probability measures over (R, B), and denoted
as D(R). For a countable set Q, a distribution over ) is any function d: Q — R,
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such that there exists a probability space (2, F,P) satisfying for all w € Q that
{w} € F and P({w}) = d(w). We denote the set of distributions over © as D(1Q).

The expected value of a random variable is E[X] = [, X (w)dP(w), where [ is
the standard Lebesgue integral on the measure given by P.

2.3 Deterministic Two-Player Games

2.3.1 Games with Perfect Information

The deterministic two-player game is a widely used formalism to model deter-
ministic interactions between an agent and an environment, where the environ-
ment is considered adversarial.

Formally, a deterministic two-player game is a tuple G = (S, S0, Senv, Sag, A, T, Acc),
where S = Sepny U Sqq is a finite set (the state space), composed of the disjoint
sets Seny (states of the environment) and S,, (states of the agent). There
is a special state, sg € Seny, the initial state. A is the set of actions, 7 C
(Senv X Sag) U (Sag X A X Sepny) is the transition relation and Acc C S“ is the
winning condition for the agent. For convenience, we usually write s = s’ for
(s,0,8') € T, and s % s for (s',s) € T, where u stands for “undefined”. The
state space is required to be deadlock-free, i.e., for all s € S.,,, there exists
s’ € S,44 such that (s,s’) € T. Similarly, for all s € S,q, there exist o0 € A and
$ € Seny such that (s',0,s) € T. The transition relation is deterministic for the
agent, i.e., for any s € S,y and 0 € A, if s = s’ and s = s” then s’ = s". It is
useful to think of G as a bipartite graph, where the set of nodes is partitioned
into Sgg and Seyny, the edges from Syg to Sen, are labeled with symbols in A,
and the edges from Sey, to Suy are unlabeled.

On some occasions, it will be useful to work with a concrete set of actions for
the environment. An environment action set is a set Ae¢y,, that uniquely labels
each transition of the environment, making the transition relation deterministic
for the environment. That is, for every pair of states s € Sepy, 8" € Sgq such that
(s,8') € T, there exists a unique label z € A, associated with the pair. We
write this relation as s — s’. To make the environment transitions deterministic,
we require that given s € S, T € Aeny, there is at most one state s’ € Sag
such that s = s'.

Note that a set Ay, has at least as many labels as the maximum out-degree of
T for states in Sepy, that is

| Aeno| > Iensax [{s" € Sag : (5,8) € T} (2.1)
S env
Furthermore, this bound is tight: since the condition on the transition is defined
independently for every environment state, we can reuse labels without any issue
for different environment states.

Plays. The game is played by two players: the agent and the environment. In
the safety game, at every state s € S,4, the agent chooses a transition s 4§,
and at every state of the environment s € S.,,, the environment chooses a
transition s — s'. Together, they produce a trace of states 7 = [sg, s1,...],
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where for all 7 € N, s9; N soi+1 and there exists o; such that sg;—3 Tiy 595
In the game context, a trace of states is also called a play. Sometimes, it is
useful to consider the concrete actions of the agent that give rise to a play.
For a given play T = [so, $1, S2, . . . ], the corresponding state-action play is T =
[$0, 81,071, S2, 83,02, S4], where for all i € N, 59;_1 Ziy s9;. Since the actions are
determined by state transitions, it is equivalent to talking about plays as state
sequences or state-action sequences. We will use state-action plays whenever
concrete actions take an essential role. The set of all plays of a game G is
denoted by II(G) C (Senv X Sag)®.

Strategies. A strategy for the agent is a function &: (Seny X Sag)* — 24
that given a trace T € S*, and produces a set of actions {(s) C A. A strategy is
memoryless if it only depends on the last state of the trace. In such cases, we
will denote it as a function £: S,, — 2. A strategy is deterministic if V7 € S*,
|€(7)] = 1. When it is clear from context that a strategy £ is deterministic, we
will denote it as a function &£: Sen, X S;g — A, and as a function §: Sgg — A
when it is also memoryless. A play 7 = [sg, $1,...] is valid under a strategy & of
the agent if for all ¢ € N, there exists 0; € £(s2;—1) such that so;_1 Ziy $9;. The
set of behaviours Beh(G, £) consists of all plays following &, that is:

Beh(G,&) = {7 = [s0,51,...] €II(G) : Vi € N, Jo;, s.t. 0; € &(s2:-1)}. (2.2)

A strategy £ is winning for the agent if Beh(G,&) # 0 and for all 7 € Beh(G, §)
we have 7 € Acc. A winning strategy £ is maximally permissive if Beh(G, ') C
Beh(G, &) for every winning strategy &’.

An output-restricted strategy is a function &: S,,x24 — 24, satisfying that Vs €
Sug, VS € 24, £(s5,%) C 2. Each output-restricted strategy ¢ has an equivalent
unrestricted strategy &, defined as & (s) = &(s, A). An output-restricted strategy
is deterministic if Vs € Soy, V5 € 24, |¢(s,%)| = 1. The previous definitions for
winning and maximally permissive strategy apply to the unrestricted strategy.

Synthesis of winning strategies of safety games. A game G is a safety
game if its winning condition is defined by the game staying in a set of safe states
F C S. That is, if Acc = F“. It is a classical result [Tho95] that the maximally
permissive strategy of a safety game, if it exists, is unique, memoryless, and can
be computed in O(|S| - |A|). This is done by computing the so-called winning
region. The winning region is the set W of states that are part of a trace valid
under a winning strategy:

WS €S : IT=5081...5 and I : Sy — 24, such that (2.3)
o & is winning and 7 is valid under &, '

With the help of the winning region, we can define the strategy &nax.pern. as
bnaxpern.(8) ={c €A : s 5§, for s’ € W} (2.4)

This strategy has the property of being winning and maximally permissive [Tho95|.
In safety games, we often say that a state s is safe when s € W.
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2.3.2 Games Under Delay

Delayed games follow the intuition that the system does not have access to the
most recent inputs, forcing it to make decisions having only partial information
on the current state. In this section, we summarize the construction of delayed
safety games from |[Che+21], with two differences. The first one is that we con-
sider delays as full-step and not half-step delays. This is not a conceptual change
but rather a change that lightens notation in some definitions. The second is
that we extend the definitions to include an arbitrary amount of memory.

Game graph under delay. Introducing delays does not change the game
graph itself, but we add two parameters, one for the amount of delay and one
for the amount of memory available. Formally, a deterministic two-player game
with delay 6 and memory p is a tuple Gs,, = (S, 50, Senv, Sags A, T, Acc, 0, 1),
where § € N, represents the delay in the input observation, u € N represents
the length of the register (memory) of own outputs allowed to the agent, and
G = (S, 50, Senv, Sag, A, T, Acc) is a two-player game.

Game play under delay. A delay of § causes the agent to be unaware of the
last § transitions produced by the environment. The agent is aware of its own
actions and can store them in a register of size p used to limit the uncertainty
about the current (partially unknown) state of the game. We give the name of
observed state of the agent to the state from which a strategy chooses which
action to take. We give the name of current state of the agent to the state in
which the action chosen by the agent is applied. In perfect information games
(i.e., when 6 = 0), the current state and the observed state of the agent are
the same. In delayed games, the current state of the agent is d agent states
ahead of the observed state. Therefore, a strategy under delay § is aware that
an observed state s and output register & limits the possible current states, and
has to choose an action to be applied, knowing it will be applied in one of the
possible current states, without explicit knowledge of which one.

Strategies under delay. In a game with delay J, the agent can only observe
the first state after § steps in the game, and has to play the first moves “blindly”.
In this initial transient period, the agent needs to ensure it can travel from the
initial state to a state with a defined winning strategy. Therefore, we also need
to define the strategy for an unobserved state. Let Sqg« = Saq U {e}, where €
represents the unobserved state.

A strategy for the agent under delay 6 with memory p is a function &5, Sags X
ASH — 24 When ¢ and p are clear from context or irrelevant, we will denote
it simply as £. A state-action play 7 = [sg, s1,01,...] is valid under strategy &
if Vi € N,

0i € E(Sa0i-9)-1) [Oimpr -5 041]) s (2.5)

with s, 0; = € for any j < 0, to account for the transient period.

Most of the time, the strategy takes as input a state s € S, and a sequence
of actions & € A" representing the last u actions executed by the agent. The
state s is the observed state, and the strategy has to take care that any action
o' € £(s,7) will be executed in the current state, about which the agent has
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only partial information given by s and @. Note that the state-action trace used
in Equation is 7 = [sg, 81,01, S2, 83,02, 84, . . .|, where s; is a state of the
agent or the environment depending on the parity of i. More concretely, for
all 7, we have s9;_1 € Sag, 52i € Senv, and sz;_1 2% s9i. The strategy has to
define the action o; to take in the (unknown) current state so;—1, using only
information of the p latest actions and the observed state sp(;_s)—; that is &
observations behind the current state.

At the beginning of the game, before there are § environment transitions, the
agent has not had time to observe any state yet, and thus the observed state
is represented by the empty state . Similarly, if there have only been v < p
actions played by the agent, the action register is @ € A”. This transient phase
is the reason why we need to define the strategy also for the domain {e} x AS#.

As in the undelayed setting, we define the behaviour Beh(Gs ,,&), as the set
of traces that are valid under £, and a strategy £ is winning if all traces valid
under ¢ are inside winning set Acc. A winning strategy £ is mazimally per-
missive if Beh(Gs ,,,&") C Beh(Gs . &) for every winning strategy &’. Chen et
al. showed that a safety game G with delay § and memory p = § is equiv-
alent to a safety game with no delay G’ with a set of states S’ = (S X .,45) U
({sh} x A=°) |Che+21, Lemma 2]. In particular, this result, together with [Tho95],
proves that for any game that can be solved with delay ¢, there exists a winning
strategy with 4 = 6 memory. Some games have winning strategies with less
or no memory. We refer to strategies with less memory as memory-restricted
strategies, with the special case of memoryless strategies when p = 0.

Synthesis of winning strategies under delay. We outline the algorithm
to solve delayed safety games with delay § and memory p = §, as presented
in [Che+21]. A more detailed version of the algorithm is given is presented as
part of Chapter 4] where we extend it to strategies with any amount of memory
<6,

The algorithm to solve a delayed safety game iteratively constructs and solves
the safety game with increasing delays d = 0,1,...,d and memory size y =
d. At every iteration in d, the maximally permissive strategy for the agent is
computed using the strategy for the previous delay d—1, followed by a reduction
of the game graph aiming to mitigate the exponential blow-up in the state
space and the computation of the transient phase. To compute the maximally

Eo=1u=1(8, [a]) = {a} N {a, b} N {a,b} = {a}
fézl,u:l(sa [bD = {a7 b} N {b} N {b} = {b}
Es=1u=0(8) = &E=1=1(8, [a]) N &= u=1(5, [a])

={ajnfo} =0

X N% SSNSN %N

Figure 2.1: Computation of winning strategies under delay § = 1 with memory
u = 0,1. In this example, the observed state is s, and the current state is
one of s3,s4,55,56, or s7. From state s € S,4, if the last action was a, the
agent knows the environment has made a transition from state s, making b
potentially unsafe. Similarly, if the last action by the agent was b, the current
state is one of s5, sg, or sy, making a unsafe. If the agent cannot store its last
action in memory, there is no winning strategy from s.
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permissive strategy using previous delays, for each state s € S,y and output
register [y1,...,yaq], we compute the set Z, ,,, containing all states s” € Sgq
that can be reached by a pair of transitions s 2% ¢/ % §”. The intersection
of the actions allowed by the maximally permissive strategy for delay d — 1 in
states of Z ,, corresponds then to the actions allowed with delay d in state s
with output register [y1,...,yq]. Figure shows an example of computing the
maximally permissive winning strategy under delay 6 = 1 from the one under
delay § = 0, for memory p € {0,1}.

2.4 Markov Decision Process

A Markov decision process (MDP) is a tuple M = (S, A,P), where S is a
countable set of states, A is a countable set of actions, and P: S x A — D(S) is
the probabilistic transition function. Given a state s € S and an action a € A,
P(s,a) is a distribution of states. It is common in the literature to denote the
probability of a state s’ € S under the distribution P(s, a) as P(s,a,s’) instead
of P(s,a)(s’"). Sometimes, an MDP is described together with a special state
so € S, indicating it is the initial state. Sometimes, instead of a single initial
state, the MDP is accompanied by a distribution of initial states ¢ € D(S). A
policy m: S — D(A) is a function mapping each state s € S to a probability
distribution over the actions in A.

A Markov chain (MC) is a tuple M = (S,P), where S is a countable set
of states and P: § — D(S) is a transition function. Similarly to the nota-
tion used in MDPs, for s, € S, it is usual to denote the probability of s’ in
the distribution P(s) as P(s,s’). Given an MDP M = (S, A,P) and a pol-
icy m: § — D(A), the Markov chain induced by 7 is M, = (S, Pr), where
Pr(s,8) =D peam(s)(a)-P(s,a,s).

An infinite trace (also known as path in the literature) in a MC M is a sequence
T = 508182 ... where P(s;,s;41) > 0 for all ¢ > 0. We denote the set of all
infinite traces by QM.

A distance in an MDP is a function d: S xS — Rx¢ such that for all z,y,z € S,
we have

e Simmetry: d(z,y) = d(y, x).
e Triangular inequality: d(z,y) < d(z,z) + d(z,y).
e Identity: d(z,y) = 0 if and only if x = y.
A ball of radius 7 > 0 centered at state s € S is the set
B.(s)={s €8 : d(s,s) <r}.
Similary, a ball of radius r > 0 centered at a set of states S C S is the set

B.(S)={s €8 :3IseS.d(s,s)<r}
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Product MDP. Given two MPDs M; = (81, A1, P1) and My = (S, A2, P2),
the product MDP of M and My is the MDP M = (81 x Sz, A1 x Ag, P),
where the transition function P is defined as follows. For each (s1, s3), (8], $5) €
&1 x Sz, and for each (a1, az2) € A; x Asg, the transition probability is defined as

79((81782), (01,02), (51175/2)) =P (81,01,5/1) ‘7)(82,0215/2)-

Similarly, we can define the product between an MDP and a Markov chain.
Given an MDP Mp = (Sp, A, Pp) and a Markov chain M¢ = (S¢, Pc), the
product MDP of Mp and Mc¢ is the MDP M = (Sp; x S¢, A, P), where the
transition function is defined as follows. For each (sp,sc), (s, s) € Sp X S¢
and each a € A, the transition probability is defined as

P((SD, sc),a, (S/D,S/C)) =Pp(sp,a,sp) - Pc(sc,se).

2.4.1 Cylinder Set Construction

To define a probability measure over traces, we use the cylinder set construction.
This is a standard construction in the literature; details can be found in [BKO0S,
Chap. 10]. Let M = (S,P) be a Markov chain. For a finite trace prefix w =
8081 - - - Sn, the cylinder set generated by w, denoted Cyl(w), is the set of all in-
finite traces starting with w. Formally: Cyl(w) = {w’ € Q : w’ begins with w}.
The probability of the cylinder set Cy1(w) is defined as PM(Cy1(w)) = [17=y P(si, si+1)-
The o-algebra associated with M, denoted by FM, is the o-algebra gener-
ated by all Cyl(w), where w is a finite trace prefix. With this construction,
QM FM PM) is a probability space that lets us measure the probabilities of
finite trace prefixes (as the probability of its corresponding cylinder set), and in
the limit lets us measure the probability of infinite traces.

Let M = (S, A,P) and 7: S — D(A) be a policy. We cannot define a proba-
bility space on M. To talk about probabilities in an MDP, we need to make a
cylinder set construction on the Markov chain induced by an MDP and policy.
The construction for MDPs is slightly different, as we include actions as part of
the trace.

An infinite state-action trace is a sequence w = sgagps1ay - .., where 7(s;)(a;) > 0
and P(si,ai, si+1) > 0 for all ¢ > 0. We denote the set of all infinite state-
action traces as QM and make the same cylinder set construction to define the
sigma algebra on QM generated by all cylinder sets of finite state-action trace
prefixes, and the corresponding probability measure, where for a given trace
prefix w = spagsiay - - - Sy, the probability of the cylinder set associated with
it is PM(Cyl(w)) = H?:_Ol m(si)(a;)P(si, 8i+1). We will denote the generated
probability space as (QM, FM PM).

2.4.2 Reachability Properties

A reachability property is defined as the probability of reaching a given set of
target states T C S from an initial state s € S under a policy 7 after at most
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k € NU{oo} transitions. Formally, we define the reachability probability of T'
in M from sy using the policy 7 in less than k transitions as:

PM(Reach<y (s, T)) = PM ({we QM sg=sand In<k,s,€T}). (2.6)

Similarly, we may be interested in computing a reachability probability after a
particular action has been fixed. The probability of reaching 7" in M from s
after performing action a € A is defined as:

PM(Reach<y(s,a,T)) = Z P(s,a, )P ({we QM : so =5 and In <k, s, € T}).
s’eS
(2.7)

Sometimes, it is of interest to know the maximum and minimum values of the
reachability probability when considering the space of all policies. We define
these probabilities as:

Pﬁn(ReachSk(s,T)) = gg(A) Pfrw (Reach<y(s,T)),
Pilix(Reachar(s, 7)) = max  Pr(Reachey(s,T)),
Bl (Reachei(s,0, 7)) = min | B (Reachei (s, 7)),
}P’ﬁx(Reachqﬁ(s,a, T))= max IP’:TV[ (Reach<i(s,a,T)).

- 7: S—D(A) -

It may also be interesting to consider the maximum and minimum values when
restricting to a certain subset of available policies II C {n: § — D(A)}. In such
cases, the definitions are analogous and we denote them as

Pﬁn‘H(Reach<k(s,T)) = milgIlIP’ﬁM(Reach<k(s, T)),
< ] <
P%XlH(Reachgk(&T)) = maxPM(Reach< (s, T)),

mell
]P’ﬁnln(Reach<k(s, a,T)) = milr% PM(Reach<y(s,a,T)),
< o <

HJ)M

max|IT

(Reach<y(s,a,T)) = max PM(Reach<y(s,a,T)).

TE

Avoidance properties. With the same spirit, we define the avoidance prob-
ability as the complement of the reach probability. We use the notation
Avoid<y(s,T) = - Reach<y(s,T), and define it as

PM(Avoid<y (s, T)) = 1 — PM(Reach<y (s, T)). (2.8)

We also consider the minimum and maximum probabilities as described before
for avoidance probabilities. Since the avoidance property is the complement of
the corresponding reachability property, the policy that maximizes one mini-
mizes the other, and viceversa. That is:

Prﬂrﬂn(AvoidSk(s,T)) =1- P{:{LX(Reachgk(s,T)), and
PM (Avoid<i(s,T)) = 1 — PM (Reach<y(s, T)).

The same reasoning applies in the case that an action has already been decided
— Phiin / max(Avoid<x(s,a,T)) — and the case when there is a restriction on
the set of policies — Pyyin / max|m(Avoid<i (s, T)).
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Bounded and unbounded properties. When k£ € N, we say that these are
bounded reachability/avoidance properties. When k = oo, we say that these
are unbounded reachability/avoidance properties. In such cases, we may drop
the explicit reference to k in our notation, writing P (Reach(s,T))) instead of
PM(Reach<(s,7T)) for unbounded reachability.

The probabilities for bounded and unbounded reachability can be computed
using probabilistic model checking algorithms [Kat16].

2.4.3 Reinforcement Learning

Reinforcement learning (RL) [SB1§] is a category of machine learning where an
agent learns to select actions from observations through trial and error, with
the goal of maximising the long-term returns defined by a reward function. A
reinforcement learning problem is formalized with an MDP M = (S, A, P).

In RL problems, the MDP is accompanied by a reward function R: Sx AxS —
R. An RL agent executes a policy 7: S — D(A) in the MDP. A state-action
trace is a sequence of states, actions and rewards 7 = sgagr1, s1a172 ..., where
S081 ... is a trace in the MDP induced by 7 and r;11 = R(s;, a;, Si+1)-

The interaction between the environment and the agent generates state-action-
reward traces as follows. At each step, the agent observes the current state
s; € S, selects an action a; € A, the environment transitions to a next state
si+1, sampled from the probability distribution P(s;, a;), and the agent receives
a reward R(s;,a;, si+1). Note that adding the rewards is just a formalism,
since a state-action trace already determines the corresponding state-action-
reward trace. The discounted return for a state-action-reward trace 7 is G(7) =
Y oreo're, where v € [0,1) is the discount factor. Note that if R is a bounded
function, v < 1 guarantees that G(7) is finite for any 7. Since 7 can be seen
as an element of QM G is a random variable on Q2 so we can consider
its expectation E(G). When it becomes important to state which policy 7 is
being used to induce an MC and generate a probability space, we will write

ETNTr(G(T))~

The goal of the agent is to find a policy that maximises the expected discounted
return. Formally, the goal of the agent is to find 7*: § — D(A) such that

7" € argmax E. . [G(7)].
m: S—D(A)

There are many algorithms to approximate the optimal policy from available
traces; see [SPC23]| for a recent survey. We will use in this thesis the Q-learning
algorithm [WD92], which is one of the most classic approaches to the problem.

2.5 Classification Problems and Fairness

Classification problems are a standard setting in supervised machine learning
where there is an input space X C R", a discrete set of labels Y C N and a
ground truth distribution 8 € D(X x ¥). An element x = (z1,...,2,) € X is
an instance, and each of the x;’s are the different features.
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The classification problem consists on finding f: X — ) that minimizes the
expected loss, defined as L(f) = E, y)~o[Lly # f(2)]], when given a set of
samples (2o, %0),-- ., (Zn,yn) sampled from 6.

In some problems, there are concrete features of the instances that are considered
protected or sensitive features, and it is of utmost importance to protect against
bias with respect to those features. For example, in the problem of screening
applications for a job, one of the protected features may be the applicant’s
gender. There are many metrics used to determine whether a classifier is biased
with respect to sensitive features. When talking about fairness with respect to
a given feature, it is useful to partition the input space into X = F x G, where
G represents the sensitive feature, and F represents the rest of the features. It
is also useful to think of X as a random variable on X that follows the input
part of the ground truth distribution #, and f(X) as a random variable on
the label space Y. Similarly, X = (F,G), where F is a random variable on F
and (G is a random variable on G. In this thesis, we will use fairness metrics
based on demographic parity and equal opportunity that assume the sensitive
feature can only take a finite set of values, i.e., G = {g1,...,9k}. A classifier
f+ F x G — Y satisfies demographic parity (DP) if for all i € {1,...,k}, we
have E[f(X) | G = ¢;] = E[f(X)]. When Y = {0,1}, a classifier f: F x G — Y
satisfies equal opportunity (EqOpp) if for all ¢ € {1,...,k}, we have E[f(X) |
G=gi,y=1=E[f(X)[y=1].

The literature on enforcing fairness properties in classification problems is vast
and rich (see [BHN23| for a recent account of the state of the art).
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Chapter 3

Reactive Decision Making
Framework

If I seem to wander, if I seem to stray, remember that true stories
seldom take the straightest way. — Patrick Rothfuss, The Name of
the Wind.

3.1 Motivation and Outline

This thesis presents different lines of work with the common motivation of ad-
vancing trust in autonomous systems, using different formal models. While each
chapter can be seen as a standalone contribution towards this goal, the formal
models and methods used in each chapter can be encompassed as part of a
general framework.

In this chapter, we introduce the reactive decision-making framework, which
generalizes the many models used throughout the thesis. Following the general
definition, we justify how safety games, MDPs, and classification problems can
be expressed as particular cases in this framework.

We also introduce a generalized definition of shielding, a method that is used in
most of the chapters in this thesis. We present a unified definition and justify
how this adapts to different notions of shielding in the literature.

Outline. In Section[3.2] we introduce the reactive decision-making framework
and show how other formalizations used in the paper can be viewed as particular
cases of it. In Section we introduce a generalized definition of shielding and
in Section we show how classical notions of shielding can be expressed in
this generalized framework.

Declaration of sources. This chapter is the original work of the author of
this thesis and, at the time of writing, remains unpublished.
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3.2 Reactive Decision-Making

The reactive decision-making framework is an abstract framework that models
the different problems presented in this thesis. In a reactive decision-making
framework, an agent interacts with an environment, depicted in Figure |3.1
There is a set of observations O, controlled by the environment, and a set of
actions A, controlled by the agent. An environment is a tuple & = (0, A, 7),
where 7 : (O x A)* — D(0). We call J the environment transition function .
An agent is a tuple Ag = (O, A, ), where m: (O x A)* x O — D(A). We call
7 the agent policy function. Given O and A, the set of all policies is Po1(QO, A).
An environment and an agent are compatible if they share the same set of
observations and actions.

An environment & = (0, A, 7) is deterministic if for all input 7 € (O x.A)*, the
support of the environment transition function, Supp(.7 (7)), has only a single
element. In such cases, we would write the environment transition function as
T:(0x A)* - O. An agent Ag = (O, A, ) is deterministic if for all input
(1,0) € (O x A)* x O, Supp(n(7,0)) has only a single element. In such cases,
we would write the policy function as 7: (O x A)* x O — A. Given a policy
m: (O x A)* x O — D(A), a determinization of 7 is any deterministic policy
Taet: (O x A)* x O — A, such that for all (7,0) € (O x A)* x O, we have that
Taet(T,0) € Supp (7 (T, 0)).

An environment & = (0, A, J) is memoryless if the transition function depends
only on the last pair of action and observation, that is, if for all (0,a) € O x A
and for all 7,7 € (O x A)*, we have I (7 (0,a)) = J (7" - (0,a)). Similarly,
an agent Ag = (O, A, w) is memoryless if the policy function depends only on
the last observation. Formally, if for all 0 € O and for all 7,7 € (O x A)*,
m(1,0) = w(7/,0).

Note that the definitions we give of agents and environments are strictly func-
tional, so we do not consider how the elements are internally designed. For
example, an agent may be designed as an automaton, with internal states and
internal transition functions. For the general theory presented in this chapter,
we do not model such details of the inner structure; we just study agents and
environments as abstract functions that produce an output when given an input.

An observation-action trace is a (finite or infinite) sequence of observations
and actions 7 = (0pao), (01a1),--- € (O x A)>®. Given an environment & =
(0, A, 7)and an agent Ag = (O, A, 1), an observation-action trace is valid if for
all k < |7|, we have that ox4+1 € Supp(7 (7)) and ar11 € Supp(n(7k, Ok+1))-
In other words, a trace is valid if it could have been produced by the pair
agent-environment.

An observation trace is a (finite or infinite) sequence of observations 1o =
00,01,-.. € 0. An action trace is a (finite or infinite) sequence of actions
TA = apay,...A®. Given an observation trace 7o and an action trace 74, we
can produce an observation-action trace 7 = (0pag), (01a1),-- € (O x A)* by
interlacing them. We will denote this by 7o]|74.

Given an environment &, an observation trace 7o is valid if there exists an agent
Ag and an action trace 74 such that 7o||7a is valid for & and Ag. Given an
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o~ (1)

a ~ 7(T,0)

Figure 3.1: Reactive decision-making framework.

agent Ag, an action trace 74 is wvalid if there exists an environment & and an
observation trace such that 7o||74 is valid for & and Ag.

Probability of traces

Given an environment & = (0, A, ) and an agent Ag = (O, A, ), we can make
a similar cylinder set construction as in Section to define a probability
measure on the space of finite and infinite traces.

Let Q49 be the set of all observation-action traces. Let w = o1a1,. .., 0pay, be
a finite prefix, the cylinder set generated by w is

Cyl(w) = {w' € Q%49 . W begins with w}.

The probability of the cylinder set Cyl(w) is

n

P49 (Cyl(w)) = H T (wpi-1) (03) - T (Wii—1]5 04) (as).-

=0

Let F&49 be the o-algebra generated by the cylinder sets of all finite traces w.
The space (249, F& A9 PE.49) ig a probability space.

Sometimes it is useful to talk about traces of a given length and assign proba-
bilities to them, instead of thinking of infinite traces. Let Qf’Ag be the set of

(”(Dﬂ 5
traces of length equal to k. Since Qf’Ag is countable, we can use ff’Ag — 22y

as our o-algebra. Let w € Qf’Ag , its probability is defined as Pf’Ag (w) =
P49 (Cy1l(w)). Then (Qf’Ag,.Ff’Ag,]P’f’Ag) is a probability space.

Note that in Qf‘Ag, a trace w is valid if and only if ]P’f’Ag (w) # 0. This is not
true for infinite traces.

3.2.1 Deterministic Two-player Games

In this section, we show how a deterministic two-player game corresponds to a
memoryless environment in the reactive decision-making framework, where the
sets of observations and actions are both finite, and all probability distributions
over observations and actions are uniform over their support.

A deterministic two-player game is formalized as a tuple G = (S, so, Senwv, Sag, A, T, Acc)
(Section . The set S,4 corresponds to the set of observations O in the reac-
tive decision-making framework, and the set Se,, corresponds to O x A. The
set of actions A is the same for both formalisms. Given o € S,4, and o € A, the
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transition is trivially o = (0,0). Given (0,0) € Seny, the allowed transitions
(0,0) = o' are those for which o’ € 7 (o, 0).

Note that a play in the safety game, T = [so, s1, S2, .. .|, always has the form

7 = [(00,00),01, (01,01), 02, (02,02), . ..], where s3; = (0;,0;) and S2i41 = 0j41,
so it naturally corresponds to an observation-action trace.

In a deterministic two-player game, the concrete value of the probability of
a given observation or action is unimportant, it is only relevant whether the
probability is non-zero. Therefore, the transition functions can be expressed as
T:0xA—29and 7: (O x A)* x O — 24 instead of 7: O x A — D(29)
and 7: (O x.A)* x O — D(24). Note that this is an interpretation of the model.
All allowed transitions are considered to have the same probability because the
only thing that matters is whether the probability is non-zero. In the game
setting, the environment is considered adversarial, so any action with a non-
zero probability (no matter how low), needs to be considered when computing
strategies for the agent.

3.2.2 Markov Decision Processes

In the reactive decision-making framework, a Markov decision process corre-
sponds to a memoryless environment. In typical MDP notation, as introduced
in Section [2.4] observations are called states, denoted as S (instead of ©). Since
the environment transition function is memoryless, it is written with (S x .A) as
its domain — instead of (S x A)* —, denoted by P: S x A — D(S), and called
the probabilistic transition function.

3.2.3 Classification Problems

In classification problems, the observation space is the input space of the prob-
lem, i.e., following the notation of Section O = X. It is standard to
assume that there is a single distribution from which problem instances are
sampled. This would correspond with an environment transition function that
does not depend in any way on the current trace. This is a stronger condi-
tion as being memoryless since we are imposing that for all 7,7 € (O x A)*,
(1) = Z (7). Therefore, we can simply represent the environment as a dis-
tribution ©®x € D(O). There is also literature studying classification problems
where the data distribution changes according to the actions (accepts or rejects)
given by a classifier. This phenomenon has been studied as it relates to fairness
in [D’A+20]. Our framework is well adapted to such cases, as it would mean
just keeping a full environment transition function.

Another characteristic of classification problems is that the set of actions rep-
resents the labels available for classification, i.e. A= ).

3.2.4 Delayed Observations

In some use cases, it is interesting to consider agents that work with uncertain
observations. We are particularly interested in the case of agents that receive
information about observations produced by the environment delayed by a cer-
tain number of steps, in the same spirit as safety games with delayed input
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presented in Section [2.3.2] These delays are a common challenge when deal-
ing with asynchronous control architectures. In this section, we provide two
formalizations of the delayed framework and show that they are equivalent.

The first formalization is intended to be an intuitive one, while the second
formalization is an operational one, that we will use to develop the theory of
shielding resilient to delayed observations. We will show that both formulations
are, in fact, equivalent in Section [3.2.4.3]

3.2.4.1 Delayed Observations through Modified Agents

We can formalize delays as part of the reactive decision-making framework by
considering a variation of the actions available to the agent, as depicted in
Figure[3.:2] The environment is the same, and samples are the next observation
from the full observation-action trace. On the other side, the agent does not
have access to the last § observations produced by the environment. In the initial
transient phase, the agent only has access to its own action record. After the
transient phase, after J steps, the agent starts receiving the first observations,
entering the steady observation phase.

Given an environment & = (O, A, 7), an agent under delay § has a policy
function 7: Delayed; (O, A) — D(A), where

A< (01,01, -y 0nyQpy Qpg1y e oy Gpgs—1) ©
Delayed; (O, A) = A>° U { 0O aicAn>0 } . (3.1)

In other words, the agent has either access to a trace longer than § with the §
last observations removed (steady observation phase), or it has access to a trace
shorter than § composed of only actions (transient phase). This is similar to
how we defined strategies in games under delay in Equation (2.5)).

3.2.4.2 Delayed Observations through Restriction to Agnostic Agents

While Figure [3.2]is a more intuitive formulation, we will use an equivalent for-
mulation that is more operational, in terms of considering only agents restricted
to a certain domain.

Definition 3.1 (Delayed-observation agent). Let & = (0,4, ) be an envi-
ronment and 6 > 0. An agent Ag = (O, A, ) works with observations delayed

)
T

On+1 ™~ 3(017 ajy ... Op, Hm,)

Environment

a~ 7T(017 QA1 ... 0n—5, @pn—g; On—54+10n—5+1, Apn—5+42 - - - aw,)

Figure 3.2: Reactive decision-making framework with delayed observations.
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by ¢ if it is agnostic to the last § observations. That is, if for all 7 € (O x A)*,
all (ai,...,a5) € A%, and all (o1, ...,05),(0},...,05) € O°

71'((7' “(o1,a1),...,(05_1, 0,5_1)),05) = 71'((7' <(0},a1),...,(05_1, a(;_l)),d;)
(3.2)
We denote the set of agents working with observations delayed by 4 as IIS.

3.2.4.3 Equivalence

The equivalence between Definition[3.1)and an agent with domain Delayed; (O, A)
as in Equation stems from the fact that if an agent m with domain
(O x A)* x O is agnostic to the last § observations, it is fully determined by the
agent ': Delayed; (O, A) — D(A), and vice versa.

For every 7 € (Ox.A)*x O, we can factor it as 7 = ((01, a1)y. s (Onyan)y vy (Onto—1, Qnis—1), 05),
and then define (1) as

7(7) =7 ((01,a1)s -, (OnyGn), A1y - - -, Anps—1)-

For the backwards direction, given 7 € Delayed; (O, A), we can determine 7’(7)

as follows. The element 7 € Delayed;(O, A) is of the form 7 = (01,a1,...,0n,n, Gnt1,- -, Gnts—1)s
for some n € N, 0, € O and a; € A. We choose § arbitrary observations
(Oni1y--->0nts) € O and define 7' (7) as

71'/(7') = F(((Ol, al), ey (On+5,1, an+5,1))70n+5> .

The distribution corresponding to 7/(7) is well defined, i.e., does not depend on
the choice of observations 0,41, ...,0n1s, by virtue of Equation (3.2)).

3.3 Shielding
3.3.1 Definitions

A shield is an element that modifies the behaviour of an agent, filtering actions
either before (pre-shield) or after (post-shield) the agent decides on them. Fig-
ure illustrates the introduction of a pre-shield in a reactive decision-making
pair, while Figure illustrates it if for a post-shield. We use the symbol U,
intended to be read as “shield”.

aUGA

0€ 0 AgcA
0e O
a€ AU ace A

(a) Pre-shield. (b) Post-shield.

Figure 3.3: Shielded reactive decision-making framework.
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Definition 3.2 (pre-shield-ready agent). A pre-shield-ready agent is a function
Agpe: (OxA)* xOx24 — D(A), such that for any input (7,0, A) € (Ox.A)* x
O x 24, the agent only proposes actions in A, i.e., Supp(Ag,,..(T,0, A)) C A.

Definition 3.3 (Pre-shield). A pre-shield is a function U: (O x A)* x O — 24,
that, given a trace and an observation, produces a set of allowed actions. A
pre-shield together with a pre-shield-ready agent form a new agent AgD: (O x
A)* x O — D(A), defined as Ag(7,0) = Ag,,.(7,0,U(7,0)).

Given a pre-shield-ready agent Ag: (O x A)* x O x 24 — D(A), it induces a
regular agent Ag,.,: (O x A)* x O — D(A), by considering only unrestricted
actions. That is, for any input (7,0) € (O x A)* x O, Ag,., is defined as
Ag,eq(T,0) = Ag(7,0,A). We call this the regular agent induced by Ag.

Definition 3.4 (Post-shield). A post-shield is a function U: (Ox A)*xOx A —
A that given a trace, an observation and an action, produces a new distribution
of allowed actions. A shield together with an agent Ag,,, form a new agent

Ag: (O x A)* x O — D(A), defined as Ag(t,0) = U(7, 0, Agp,(T,0)).

Note that the probabilistic nature of a post-shielded agent AgD does not come
from the shield itself, but from the fact that given (7,0), Ag,,,(7,0) is a distribu-
tion of actions, which induces a distribution of shielded actions U(7, 0, Ag,,(7; 0)).

As mentioned for the environment-agent construction, our definitions of shields
are strictly functional, so we develop the general theory of shielding without
discussing how these functions are to be computed or implemented. The dis-
cussions on implementation are specific for each type of shielding and are a
substantial part of the content of Section and Chapter [6]

3.3.2 Shielding Induced by Agents

A trivial way of building shields is through the induced shield construction.

Definition 3.5 (Induced pre-shield). Let Ag: (O x A)* x O — D(A) be an
agent. The pre-shield induced by Ag is the pre-shield Uﬁ{;, defined for any
(1,0) € (O x A)* x O as

AT;(T, 0) = Supp (Ag(T,0)).

To build the induced post-shield, we also need a determinization of the agent.

Definition 3.6 (Induced post-shield). Let Ag: (O x A)* x O — D(A) be an
agent, and let Ag,.,, a determinization of Ag. The post-shield induced by Ag
and Ag ., is the post-shield )", defined for any (7,0,a) € (O x A)* x O x A
as

0s if a € Supp (Ag(7,
et Ag40:(T,0)  otherwise.

Any agent shielded with these shields will produce only traces that are valid for
Ag.
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With a similar spirit, we can also build agents from given shields. However, a
shield may be compatible with many agents. We formalize this concept with
the following definitions.

Definition 3.7 (Agents associated with a pre-shield). Let U: (O x A)* x O —
24 be a pre-shield. An agent Ag: (O x A)* x O — D(A) is associated with U if
AT; - D

Definition 3.8 (Agents associated with a post-shield). Let U: (O x A)* x O x
A — A. An agent Ag: (O x A)* x O — D(A) is associated with U if there exists
a determinization of Ag, named Ag,,,;, such that D{)‘XO;Agdet =U.

For both pre- and post-shields, the set of agents associated with a shield U is
denoted by II.

Given a set of agents II, the set of shields associated with II is X1 defined as

S = {D Bigte H} . (3.3)

We can characterize certain aspects of a shield by its set of associated agents. For
example, we have the following technical result, that will be used to characterize
shields in a delayed observation setting as shields whose set of associated agents
is inside IIS for some § € N.

Lemma 3.1. Let & = (0, A, .7) be an environment, 6 € N, and letU be a shield
such that HU C H?. Then U is also agnostic to the last & observations. That is,

for all 7 € (O x A)*, all (ay,...,a5-1) € A%, and all (01,...,0s), (0, ...,05) €
0% we have:

1. If O is a pre-shield, i.e., O: (O x A)* x O — 24, then

U((7’~(01,al)7 ey (05,1,%,1),)705) = U((r(o’l,al), e (ogfl,atg,l),),og).

(3.4)
2. If U is a post-shield, i.e., U: (O x A)* x O x A — A, then for all action
as € A
U((T~(01,a1), oy (051, ag_l),),05,a5) = U((T-(O’l, ar),...,(05_ 1, ag_l),),og,a(;).
(3.5)

Proof. This results follows directly from the definitions. Suppose U is a pre-
shield and let Ag € . Since Ag is associated with U, we have that for any
trace 7 € (O x A)* and any observation o € O, U(r,0) = Supp(4g(7,0)) (by
Definition . Using the hypothesis that Y- C II$ we have that Ag e IIS,
so the condition in Equation is satisfied by virtue of Definition The
proof is analogous for the case of U being a post-shield. O

3.3.3 Correctness

The idea behind shielding is that a shielded agent should satisfy a certain de-
sirable property, while being as close as possible to the original agent. In its
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most general form, a property can be defined as a language of correct traces

L C (0 x A)>=.

Definition 3.9 (Correctness). Let £ C (O x A)*. An agent is correct with
respect to L if any trace 7 that is valid under Ag is in £. A pre-shield-ready
policy Ag: (O x A)* x O x 24 — D(A) is correct if the regular policy induced
by Ag is correct. A (pre- or post-) shield is correct with respect to £ if any
shielded policy AgD is correct with respect to L.

A correct shield always exists as long as a correct agent exists, since we can

build a shield that strictly follows a correct agent, using the induced shield

construction from the previous section. Therefore, if we pick Ag to be correct

with respect to a specification £ C (O x A)*>, then any agent shielded by U}
0S . .

or Uyg ag,., Will also be correct with respect to £.

While it is good to know that a correct shield always exists, it is not very useful
to build a shield that is trivially correct by not caring about the underlying
agent.

3.3.4 Interference

Another desirable property in shields is that they minimize their interference
with the agent being shielded. Intuitively, a post-shield interferes with its agent
every time that it overwrites the agent’s action. For pre-shields the intuition is
a bit different. A pre-shield interferes with an agent every time that the action
the agent would take if it had no restrictions is not allowed by the shield. We
formalize these ideas in the following definition.

Definition 3.10 (Interference set of a shield). Let U: (O x A)* x O — 24 be a
pre-shield, and Ag,,.: (O x A)* x O x 24 — D(A) be a pre-shield-ready agent.
The interference set of U applied to Agpe is

Jg(Agpe) = {(1,0) € (O x A)* x O : Ja € Supp (Ag,,.(7,0,A)), a ¢ U(r,0)}.

Let U: (OxA)*xOx A — Abe apost-shield, and Ag,,,: (OxA)*xO — D(A)
be an agent. The interference set of U applied to Agpes is

JD(AngS) = {(’T, 0) € (O x A)* x O : Ja € Supp (AngS(T, 0)) ,a % U(T,o,a)}.

A non-interfering shield always exists, independent of whether there exist correct
agents or not, we call it the transparent shield. It is built as follows. The
transparent post-shield is Obor - defined for any (7,0,a) € (O x A)* x O x A as

trans

Op (1,0,a) = a.

trans

The transparent pre-shield is ¢ defined for any (7,0) € (O x A)* x O as

trans

Dgfg:;ns (T7 0) = A

As in the case of the trivially correct shield, this transparent shield is an inter-
esting theoretical construct, but it is not of much utility, because it is generally
not correct.
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Definition 3.11 (Equivalence modulo interference). Let U, and T be two post-
shields. We say that U and U are equivalent modulo interferences, denoted it
by U=, U, if for all (1,0,a) € (O x A)* x O x A, we have that U(r,0,a) = a if
and only if U (7, 0,a) = a.

Interference sets are useful because a shield is determined by its interference
sets, and the interference set of a shield induced by an agent Ag on that same
agent Ag is always empty. We formalize these properties in the following result.

Lemma 3.2. Let & = (0, A,.7) be an environment and I be a set of agents.
The following are true.

1. Let U,T" be two pre-shields, 0,0 C Sy, and such that for any pre-shield-
ready agent Ag € 11, we have J5(Ag) = Jy(Ag). Then U= d.

2. Let U,T be two post-shields, U,0 C Sy, and such that for any agent
Ag € 11, we have Jg(Ag) = Iy (Ag). Then U=, d.

3. Let Ag: (O x A)* x O x 24 — D(A) be a pre-shield-ready agent, Ag,., be
the regular agent induced by Ag and U’;‘Ze be the shield induced by Ag,.,-
Then JD;:TE (Ag) = @

4. Let Ag: (O x A)* x O — D(A) be an agent and U’X’;Agm be any shield
induced by Ag. Then Jpes  (Ag) = 0.

A9,A9det

Proof. We argue all cases by contradiction.

1. Suppose U # U, and let (1,0) be an input such that U(r,0) # D/(T, 0).
Without loss of generality, we may assume there exists a € A such that a €
O(r,0) and a ¢ U(7,0). Consider a pre-shield-ready agent Ag such that
Supp (Ag(7,0)) = {a}. Since a € Supp (Ag(7,0)) = {a}, but a ¢ T(7,0),
we have that (7,0) € Jy(Ag). However, since Supp (4g(r,0)) € U(r,0),
we have that (7,0) ¢ J(Ag), contradicting J(Ag) = J (Ag).

2. Suppose U #; U, and let (7,0,a) be an input making them so. Without
loss of generality, we may assume that U'(7,0,a) # a, and U(7, 0,a) = a.
Consider an agent Ag such that Ag(r,0) = a. As in the previous point,
this implies that (7,0) € J7(Ag), but on the other hand (7,0) ¢ J5(Ag),
contradicting J5(Ag) = Jy(Ag).

3. Suppose (7,0) € Jpre(Ag). Then there would exist a € Supp (Ag(, 0, A)),
Ag

such that a ¢ AT;. However, by definition, AT;(T, 0) = Supp (Ag,.eg (7, 0))7
and Ag,.,(7,0) = Ag(7,0,A). Therefore, such a cannot exist, contradict-
ing (1,0) € "HUZ"E(Ag)'

4. Suppose (1,0) € Jppes (Ag). Then there would exist a € Supp (Ag(r,0)),
A9 Agget )
such that a # Uﬂ?(r, 0,a). However, by definition, DZX);,AQM (r,0,a) = a
for all a € Supp (Ag(7,0)). Therefore, such a cannot exist, finishing the
proof.

O
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3.3.5 Minimal Correctness

The goals of generating correct traces and minimizing interference often conflict.
As we have seen, one can construct a correct shield from a correct policy by
simply overwriting any action proposed by the agent with the corresponding
action from the correct policy. However, this approach results in significant
interference for many agents. At the other extreme, a fully transparent shield
imposes no interference at all, leaving interference sets empty. An ideal shield
balances these objectives, ensuring correctness while keeping interference sets
as small as possible. Formally, we define this as follows.

Definition 3.12 (Minimal correctness). Let & = (O, .A,.7) be an environment
and II be a set of agents. A shield U € Xp is minimally correct restricted to
IT if it is correct and for all agent Ag € II (pre-shield-ready in case of pre-
shield, regular in case of post-shield), and for all correct shield U e n, we

have J5(Ag) C Iy (Ag).

Theorem 3.1. Let & = (0, A,.7) be an environment, L C (O x A)* be a
specification, II be a set of agents, and U be a minimally correct shield. Then:

1. IfU is a pre-shield, U is unique.
2. If U is a post-shield, U is unique modulo interferences.

3. For any correct agent Ag € 11 (pre-shield-ready in case of pre-shield, reg-
ular in case of post-shield), we have J(Ag) = 0.

Proof. Uniqueness is a consequence of Lemma Suppose U and U are min-
imally correct. Since U is minimally correct and U’ is correct, we have for any
agent Ag that JD(Ag) - JDr(Ag). And using that U is minimally correct and
U is correct, we have that Jry(Ag) € J(Ag), leading to J(Ag) = Jy (Ag).
By Lemma this implies U = U’ for pre-shields and U=; U for post-shields.

Since Uis minimally interfering, for any correct shield U, we have that JD(Ag) -

JD/(Ag). In particular, since Ag is correct, we can choose T to be the shield
induced by Ag. By Lemma JU(Ag) = (). Therefore, JD/(Ag) is a subset of
the empty set, so it can only be that JUI(Ag) = 0. O

While this will be our operational definition of a useful shield for most problems,
we want to note that it is not without drawbacks. We explore now its two main
drawbacks: non-existence and cost-independence.

Existence of minimally correct shields. The first drawback of this defi-
nition is that there are environments and specifications for which a minimally
correct shield does not exist, even if correct agents do exist. Consider an envi-
ronment with a single possible observation O = {0}, two actions A = {a, b}, and
a specification £ = {w : w contains at least one a}. Given this specification,
the transparent shield cannot be correct, since there exists the agent that only
outputs b, which is not correct. Suppose U is a correct post-shield. Then there
exists (1,0) € (O x A)* x O such that U(r,0,b) = {a}. Let k = |7|. Consider
the agent Ag such that Ag(7’',0) = b if |7/| < k and Ag(7',0) = a if |7'| > k.
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Clearly Ag is a correct agent, however, J;g(Ag) # 0. By Theorem 3.1} U cannot
be minimally correct. An analogous construction can be made for pre-shields.
In Section we explore some concrete cases where the existence of minimally
correct shields is guaranteed.

Uniform cost. The second drawback is that all interferences are given the
same importance. Depending on the problem, it may be useful to assign a
numerical cost to each intervention and ask which is the shield that guarantees
certain correctness properties while having minimal cost. We explore this in the
context of fairness shields in Chapter [6]

3.4 Classical Shielding through the Lens of the
Reactive Decision-Making Framework

Shielding has been successfully used for specifications of the safety type in de-
terministic two-player games and in MDPs. In this section, we explain how
these methods can be seen in our framework.

3.4.1 Shielding in Safety Games with Perfect Information

Shielding was first introduced in safety games [Blo+15|. Recall (Section
how safety games can be regarded in the reactive decision-making framework
as memoryless environments with a uniform transition function. Also, when
considering the perfect information regime, i.e., no delayed observations, mem-
oryless strategies are enough to define any winning strategy.

Following the general definition (Definition , and adapting to the fact that
transitions in a safety game are memoryless, a pre-shield is a function U: S,, —
24, Given a strategy of the safety game ¢: Sag — 24 we call D?re = £ the
pre-shield induced by the strategy &.

Given a strategy £: Sqq — 24 and a deterministic strategy x: Sag — A, we call
U’go)f the post-shield induced by the pair of strategies (£, x), defined as:

a ifa €é&(s)
x(s) otherwise.

Uex(s,a) = {

A pre-shield can be added before an output-restricted strategy £: Sqq X 2A 5 24
to generate a regular strategy SU: Sag — 24, Similarly, a post-shield is a
function U: Sqg x A — A. A post-shield can be added after a regular strategy
£ Sag — 24 to generate a new regular strategy Swk Sag = 24,

Note that, by definition, if £ is a winning strategy of &, then U:gm is a correct
pre-shield. Similarly, if £ is a winning strategy and x is a determinization of &,
then U% is a correct post-shield.

Theorem 3.2. Let G = (S, 50, Senvs Sag: A, T, F) be a safety game with a win-
ning strategy. Let & be the mazximally permissive winning strateqy of G. Then:

1. The minimally correct pre-shield exists and is Ugre,
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2. For any deterministic winning strateqy x, the shield U’goi
correct.

is minimally
Proof. (1.) We argue the first point by contradiction. Since £ is a winning
strategy, U’ge is correct by construction, so we only have to argue the minimality
property. Suppose that ng is not minimally correct. Then there exists a pre-
shield-ready agent Ag: Sgq X 24 — 24 a correct pre-shield U: Sag — 24 and
8 € Sag such that s € Jpre(Ag), but s ¢ J(Ag). Since s ¢ J7(Ag), then
¢
Ag(s, A) € U(s). Since s € Jgpre(Ag), then there exists a € A such that
¢

a € Ag(s, A) € U(s), but a ¢ U7™(s). Since U is implemented with the
maximally permissive winning strategy, by definition (recall Equation (2.4)) we
have s % s, with s’ ¢ W, where W is the winning region of G.

On the other hand, consider an pre-shield-ready agent Ag" such that Ag’(s,0(s)) =
{a}, which exists since a € U(s). Let Ag’D be the agent resulting from apply-
ing U on Ag’. This agent is correct because U is correct, and by construction,
Ag'D(s) = a. But then s’ would be part of a valid trace under a winning strat-

egy, so s € W. This is a contradiction, as we had previously established that
s'gW.

(2.) As for the second point, the shield is correct since ¢ is winning and x is
a determinization of &, and we will use a similar argument to prove minimality
by contradiction. Suppose Uz-’o; is not minimally correct. Then there exists an
agent Ag: Sqg — 24, a correct post-shield U: Sag x A = A and s € S,y such
that s € JU§°;<A9>’ but s ¢ J(Ag).

Since s ¢ J(Ag), then for all a € Ag(s), we have U(s,a) = a. Since s €
JUzre(Ag), then there exists a € Ag(s) such that Dgo)‘z(s, a) # a. Since Ug‘;‘? is
implemented with the maximally permissive winning strategy £, and a deter-

minization of it y, it means that a ¢ £(s), and thus s’ defined by s % s’ is not
in the winning region W.

On the other hand, consider an agent Ag’: S,, — 2% satisfying Ag(s) = a, and
consider Ag'D, that same agent shielded with U. We know that Ag'D is correct,
because U is correct. Since U(s,a) = a, we have that Agb(s) = a. The proof
finishes by noting that in such case s’ € W, contradicting s’ ¢ W. O

While the definition of minimally correct shields with interference sets is original
to this work, the construction of shields using the maximally permissive strategy
of the underlying safety game is the same as has been described in the original
shielding literature |[Blo+15} [Kon—+17}; [Als+18; [Kon19].

The definition presented in this work captures corner cases that previous defi-
nitions did not, as we show in the following example.

Example 3.1. Consider the safety game G = (95, S0, Senv, Sag, A, T, F) illus-
trated in Figure where the Seny, = {S0,52,53,87}, Sag = {51, 54,55, 56},
A ={a,b}, F = S\ {s¢,s7}, and T is as described in the figure. The win-
ning region of this safety game is W = {so, s1, 83, 84, S5}, and therefore no trace
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Figure 3.4: Safety game illustrating Example

containing so would be allowed by a shielded agent. However, according to the
definition of shield as minimally interfering in previous work [Kon+17, Def. 1],
a trace T = $9815284(8385)” should be allowed by a shielded agent since it does
leave F at any time.

3.4.2 Shielding in Safety Games with Delayed Observa-
tions

When considering games under delay, we need to be aware that memoryless
strategies are not enough, as discussed in Section [2.3.2]

From a reactive decision-making framework point of view, the correspondence
between a game Gs, = (S, S0, Senvs Sag, A, T, Acc, 0, 1), and an environment
& = (0,A,.7) is the same as the correspondence described in the previous
section for games with § = = 0.

The only relevant difference is that we consider only agents restricted to the set
of agents agnostic to the last § observations, and with a restricted memory pu.
Therefore, the shields we consider are going to have the same restrictions.

In Sectionwe have defined, for a given environment & = (O, A, 7), the set
of agents II$ as those agnostic to the last ¢ observations, and we have explained
how restricting to this set of agents is equivalent to considering agents that work
with delayed observations.

A characteristic of safety games is that the transition relation 7 depends only
on the state — and not the trace leading to that state. Therefore, the agents
relevant for solving safety games under delay § are only not agnostic to the 64 1-
th observation, counting from the tail. Formally, mirroring Definition |3.1] an
agent Ag = (O, A, w) works only with the last §+1-th observation if for all 7,7’ €
(O x A)*, all o € O, all (ag,ay,...,as) € A° and all (o1,...,05), (0},...,05) €
0%, we have

w((r(o, ap), (01,a1),.. ., (05,17(15,1)),05) = 71'((7'/-(0, ap), (0},a1),...,(05_1, ag,l)),of;).
(3.6)

Following the same equivalence as in Section[3.2.4.3] the agents satisfying Equa-
tion are equivalent to agents working on the domain A< U (O x A?). In-
troducing a restriction on memory, as described for safety games in Section|2.3.2
is also modelled as a restriction to agents agnostic to certain parts of the input.
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Concretely, the part of the input that corresponds to actions that overflow the
memory.

Putting these two concepts together, we have the following definition.

Definition 3.13. Let G5, = (S, 50, Senvs Sag, A, T, Acc) be a two player game
and let & = (0, A, 7) be its corresponding environment. Let § € N and u < §
be two integers representing delay and memory. An agent Ag = (O, A, 7) works
in the safety game with memory pu and observations delayed by ¢ if for all 7,7 €
(O x A), all (as—p;...,a5-1) € A", all (ao,...,a5—y-1),(ap, ... a5_, 1) €
A°=# all 0 € O, and all (o1, ...,05), (0}, ...,05) € O%, we have:

W((T -(0,a0), (01,a1), .., (05—p—1,05—p—1) (05—, A5—pu)s - - - (0571,%71)),05) =
’/T((T/ : (07 a6)7 (OI17 all)a cey (0:5—#—17 a:s—p—l)v (0:5—#7 aé—,u)a sy (03_17 ats—l))a 0:5)
(3.7)

The set of agents in this regime is denoted as Hg u

Again, following the same equivalence as in Section [3.2.4.3] the agents in II§ "

can be characterized as agents of the form 7: A* U (O x A*) — 24, which
is the same form as that of strategies in games with delay § and memory u

(Section [2.3.2)).

This serves as the basis for the result analogous to Theorem for games with
delayed observations.

Theorem 3.3. Let G = (S, 50, Senv, Sag; A, T, F, 0, 1) be a safety game under
delayed observation § with a winning strategy with memory p. Let §: Sage X
ASH — 24 be the mazimally permissive winning strategy of G. Then, restricting

to the set of agents H?W we have that:

1. The minimally correct pre-shield exists and is ngre €Yo -
S,p

POS

2. For any deterministic winning strategy x, the shield D&x

€Yo s min-
. 5
imally correct.

The proof of Theorem [3.3] follows the same argument as the proof of the anal-
ogous theorem for regular safety games (Theorem , since games under de-
lay are equivalent to regular games with exponentially many states |[Che+21]
Lemma 2]. In any case, we include it here for the sake of completeness.

Proof. (1.) We argue the first point by contradiction. Since £ is a winning
strategy, Ugm is correct by construction, so we only have to argue the minimality
property. Suppose that Ugre is not minimally correct. Then there exists a pre-
shield-ready agent Ag: Sgge X ASH X 24 — 24 a correct pre-shield U: Sagx X
ASH — 24 and (s,7) € Sugx X ASH such that (s,7) € J]DZW (Ag), but (s,7) ¢
Jo(Ag). Assuming E| s # ¢, we have 7 € A", thus it is of the form & =
(05—pt1s---,05). Since (s,7) & Jg(Ag), then Ag(s, 7, A) C U(s). Since (s,7) €

1We show at the end of the proof how to treat the case s = e.
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Jngre (Ag), then there exists a € A such that a € Ag(s,7,.A4) C U(s), but a ¢

Ugre(s,ﬁ). Since Ugre is implemented with the maximally permissive winning
strategy, this means that there exists s/,...,s55,, € S, and (01,...,05-,) €
A%# such that

52)8/11)8/20—2>...ﬁ>5,25_11>5/251>5/26+17 (38)
and such that (s5,@") is not part of any winning strategy, where & = (o5_p42,...,05,a) €

AH,

On the other hand, consider a pre-shield-ready agent Ag’ such that Ag’(s,7,U(s,7)) =
{a}, which exists since a € U(s, 7). Let Ag'D be the agent resulting from apply-

ing Jon Ag’. This agent is correct because U is correct, and by construction,
Ag’U(s,E) = a. But then s}, would be part of a valid trace under a winning
strategy. This is a contradiction, as we had previously established that (s5,7")
cannot be part of any winning strategy.

(2.) The shield is correct since & is winning and x is a determinization of &, and
we use a similar argument to prove minimality by contradiction. Suppose 270;
is not minimally correct. Then there exists an agent Ag: Syg« X ASH 5 24 4
correct post-shield U: Sy g, x ASH x A — Aand (s,0) € Sags X ASF such that

(s,0) € JUgox (Ag), but (s,0) & J(Ag).

Since (s,7) ¢ Jj(Ag), then for all a € Ag(s,7), we have U(s,7,a) = a. Since
(s,0) € JUzTe(Ag), then there exists a € Ag(s,@) such that U}% (s,7,a) # a.

Since UEO; is implemented with the maximally permissive winning strategy &,
and a determinization of it x, it means that a ¢ £(s,7), and thus (s},7’) defined
by the same procedure as Equation (3.8) cannot be part of any winning strategy.
To build (s5,7)" we need to assume again that s # e.

On the other hand, consider an agent Ag": Sz« X ASF — 24 satisfying Ag(s,7) =
a, and consider Ag'D, that same agent shielded with U. We know that Ag’D is
correct, because U is correct. Since U(s, 7, a) = a, we have that Ag/D(s,E) =a.
The proof finishes by noting that in such case (s4,7’) as obtained in Equa-
tion is part of a valid trace under a winning strategy, contradicting the
previously established point.

Initial phase. In both proofs we have assumed that s # e, and therefore
o € A" in order to obtain the construction in Equation (3.8). The case for

s = ¢ follows the same argument, only considering that ¢ = (o1,...,0,) for
some v < p and thus fewer transitions in Equation (3.8)). O

3.4.3 Probabilistic Shielding in Markov Decision Processes

Probabilistic safety shielding in MDPs was introduced in |[Jan+20]. We present
probabilistic safety shielding adapting the definitions in |[Jan+20] to our frame-
work. The main difference of shielding in MDPs is that the safety specification
has a probabilistic nature. A probabilistic shield blocks an action when the
probability of the action causing harm is larger than some threshold A.
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Property specification.

Let M = (S, A,P) be an MDP, T C S be a set of “unsafe” states to avoid,
k € NU {oco} a step horizon, and A € [0,1]. The language specifying correct
traces will be denoted Lr x . A trace 7 = (sg,a0,S1,a1,...) is in Lp » if for
every ¢ > (0, we have

IPM

max

(Avoidy(s;,a;,T)) > \-PM

max

(Avoidy(s;,T)). (3.9)

This means that for an action a; to be safe at state s;, the probability of not
reaching a bad state if the agent behaves “optimally” has to be at least A times
the probability of an agent that is optimal in avoiding bad states.

For example, if A = 1/2, and the policy that best avoids T reaches it with a 10%
probability, any action from which T can be avoided with a 20% probability is
considered to be “safe enough”. In general, the larger the value of A\, the more
restrictive or cautious the shield is. In the extremes, when A = 0, any action is
allowed, and when A\ = 1, only the safest actions are allowed, i.e., the actions
for which PM_ (Avoid<y(si,ai, T)) = PM _(Avoid<k(si, T)).

max max

An agent m: § — D(A) is correct with respect to a specificaiton Lr 5 if any
valid trace of 7 is in L7 . Following the same notation convention as in
Section [2.4.2] when we are considering unbounded properties, i.e., when k = oo,
we may drop the k£ from our notation, writing the specification as L1y instead
of ET,)\,oo-

Shield synthesis.

Since the environment and the safety specification are defined in a memoryless
manner, we can also consider shields as memoryless. We define the shields
induced by a specification L7y, as one would expect.

A pre-shield in an MDP is a function U: S — 24 A pre-shield-ready agent in an
MDP is a function 7: S x 24 — D(A). A post-shield in an MDP is a function
U:SxA— A

Let T C S, k€ NU{oo}, and X € [0, 1] defining a probabilistic safety specifica-
tion L7 . The pre-shield induced by T', k, and A is U?i defined as:

Trik(s) = {a cA: ]P’ﬁaLX (Avoid<y(si,ai,T)) > A- ]P’ﬁ’;x (Avoidgk(si,T))} .

Similarly, let 7: S — D(A) be a correct agent. The post-shield induced by T,
A, and mis U} | defined as

05 a if }P’%x (Avoid<k(s;,ai, T)) > A- ]P’ﬁax (Avoid<k(s;,T))
T,)\,Ic,w(sa a) = N N

m(s) otherwise.

Theorem 3.4. Let M = (S, A, P) be an MDP. Let T C S, k € NU {oo}, and
A € [0,1] forming a probabilistic safety specification L x . Then:

1. The minimally correct pre-shield exists and is UpTrik
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2. For any correct agent 7, the shield UT/\ k. 08 minimally correct.

Proof. Correctness should be clear by construction in both cases, so we only
need to argue for minimality. The arguments to prove minimality are similar to
the arguments used to prove Theorem

(1.) We argue the first point by contradiction. Assume that U7} ;. is not
minimally correct. Then there exists a pre-shield-ready agent Ag: S x 24 —
D(A) and a correct pre-shield U such that JDW (Ag) Z Jg(Ag). Therefore,
there exists s € S such that s € JDpre (Ag) but s ¢ Jo(Ag). Since s € Jpre,

T\

there exists a € Supp(4g(s,.A)) with a ¢ 7 .k (5). By the definition of Dl}rik,
the action a is not in the allowed actions of the shield only if
P (

Avoid<(si,ai, T)) < A-PM (Avoid<y(si, T)). (3.10)

max (
On the other hand, since s ¢ Jg(Ag), it means that Supp(Ag(s,.A)) € U(s).
In particular, @ € U(s). Consider a pre-shield-ready agent Ag’ such that
Ag'(s,U(s)) = {a}. Let Agy be the shielded agent resulting from applying
U to Ag’. This is a correct agent such that Ag’(s) = a. But then the fragment
(s,a) would be part of a correct trace, meaning that

]P)M

max (

which contradicts Equation (3.10]).

(2.) We also argue the second point by contradiction. Suppose there ex-
ists 7: S — D(A) correct such that U573 ;. is not minimally correct. Then
there exists an agent Ag: S — D(A) and a correct post-shield U such that
JDpos (Ag)  J5(Ag). Therefore, there exists s € S such that s € JU§°§ . ﬂ(Ag)

but s é? JU(Ag)

Avoid<k(si,ai, T)) > X -PM (Avoid<y(s;, T)),

max (

Since s ¢ Jj(Ag), it means that for all a € Supp(Ag(s)), we have U(s,a) = a.
Since s € Jpes , there exists a € Supp(Ag(s)) with a # Trakn(s,a). In

T>\k7|'

particular, since a € Supp(4g(s)), we have U(s,a) = a. This means that

M
Pmax max

(AVOidS}C(Si, a;, T)) <A IP (AVOidS}C(Si, T)) . (311)
On the other hand, consider an agent Ag': S — D(A) such that Ag'(s)(a) > ¢
for some € > 0, i.e., an agent that from s outputs a with a positive probability.
The shielded version of Ag’, denoted by Ag’U is a correct agent, and Agb(s) =a
with probability e. Therefore, (s,a) is a fragment contained in valid traces of a
correct agent, and thus satisfies

PM (Avoid<y(si,ai, T)) > A -PM_(Avoid<y(s;, T)),

max ( max (

which contradicts Equation (3.11]). O

While this is our operational definition of a probabilistic shield and the one we
will be using in Chapter |5, there are certain variations that have been proposed
in the literature
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Figure 3.5: MDP described in Example

Absolute threshold

The value of A in Equation is considered a relative threshold, as it states
what the minimum probability of reaching an unsafe state can be relative to
the best choice of action. An alternative that has been studied in the litera-
ture [Pra+21a] is to use A as an absolute minimum threshold on the probability
of not reaching a bad state. In such shields, the condition to let an action pass
is

Pirix (Avoidey(si, a;, T)) > . (3.12)

Note that if an action satisfies Equation (3.12)), then it also satisfies Equa-

tion making shields with absolute threshold more restrictive than shields
with relative threshold.

This choice has the advantage of being properly restrictive in the more “critical”
states. For example, consider a threshold A\ = 0.6. In a state s € S with
P (Avoid<k(s,a,T)) = 0.75, the shield with an absolute threshold would only
let actions pass with an optimal probability of avoiding an unsafe state between
0.6 and 0.75. On the other hand, the shield with A as a relative threshold would
allow actions with the optimal probability of avoiding an unsafe state as low as
0.45.

The main downside of the “absolute” approach is that in some states there may
not be any “allowed” action. In such states, one should just resort to the optimal
actions (that would always be allowed with a relative threshold approach).

Global guarantees

The property defined in Equation (3.9) is local for every decision. A desirable
property would be that a shield U synthesized for a specification Lr 5 would
satisfy for every agent Ag and any initial state of the MDP s, that we have
P%D(Avoidgk(s,T)) > A

This is not the case. In fact, the following example shows that we can make
]P’Q(;D (Avoid<y(s,T')) arbitrarily small while keeping A arbitrarily large.

Example 3.2. Let ,0 € (0,1). Consider the MDP M = (S, A, P) illustrated
in Figure with S = {so, $1, 82,53}, A = {a,b} and P as described in the
figure, where any transition that is drawn and has no number on it has probability
1. Consider T = {s3} and k = co. The only state where the agent’s decision
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matters is sg, so an agent can be described as P,, the probability of taking action
a in sg. If an agent chooses a, it reaches s with probability 1 — e and goes back
to so with probability . If an agent chooses b, it reaches s3 with probability o
and avoids s3 altogether with probability 1 — 6. The optimal strategy to avoid
sz 1s clearly p, = 0, and in such case Py, (Reach(sg, {ss})) = d. For a general
agent pg, we have

P,, (Reach(sg,a,{s3})) =1 —e+¢c-P,, (Reach(sp,{s3})),
P,, (Reach(so, b, {s3})) = 0,
P,. (Reach(so, {s3})) =pa - [1 —€+¢-Pp, (Reach(sg, {s3}))] + (1 — pa)d.
(3.13)
Therefore, with a threshold A, action a is allowed by the shield if
1-(1—e+ed)>N1-9),

which is equivalent to € > A. On the other hand, isolating from Equation|3.1
we get:

pa(1_€)+(1 _pa)6 -1 (1_pa)(1_6)
1 —pac 1—pee

P,, (Reach(sg, {ss})) = (3.14)

Once € is fized, we can make the value in Equation [3.1]] arbitrarily close to 1
by modifying 0 and p,.

A potential solution for such cases would be to define the set of correct agents
as those agents that satisfy

Py (Avoid(s,T)) > A. (3.15)

This would require us to change the concepts used to define shields, as the
property described in Equation [3.15| cannot be described in terms of traces.



Chapter 4

Safety Shielding Resilient
to Delayed Observation

No oblideu mai que si ens llevem ben d’hora, pero ben d’hora ben
d’hora, i no hi ha retrets ni hi ha excuses, i ens posem a pencar, SOm
un pais imparable. E] — Josep Guardiola i Sala.

4.1 Motivation and Outline

Incorporating delays into safety computations is essential for nearly all real-
world control problems. These delays, arising from data collection, processing,
or transmission, are ubiquitous in systems operating within complex environ-
ments [HL72; |Bal92; [Nil198} |Tri04; |Ber+08; |Che+16; HFM17]. When not prop-
erly addressed, such delays can become the root cause of critical safety issues.

Example 4.1. Consider a scenario where a car detects a pedestrian at position
(z,y) and accounts for a known time delay § between sensing and acting. The
vehicle must plan its actions to ensure safety for any possible position of the
pedestrian within the interval (x £+ e,y £ €), where € is determined based on
assumptions about the pedestrian’s velocity and the delay 6.

Safety shielding is often used to guarantee safe execution of an agent in an
environment that a safety game can model. However, traditional safety shields
assume no delay between sensing and acting, which limits their applicability in
real-world scenarios.

In this chapter, we introduce synthesis algorithms for delay-resilient safety
shields, i.e., shields specifically designed to maintain safety even when input
delays are present. These algorithms account for the uncertainties introduced
by delays, enabling robust performance in dynamic environments. Figure
illustrates the shielding setup under delayed conditions.

INever forget that if we get up very early, but very early, very early, and there are no
reproaches or excuses, and we get down to business, we are unstoppable.

65
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Figure 4.1: Delay-resilient shielding scheme.

To synthesise delay-resilient shields, we incorporate a worst-case delay in the
safety game, which induces imperfect state information, and use the algorithm
proposed in |[Che+18; [Che+21] to compute the maximally permissive winning
strategy. The delay-resilient pre-shields are then computed from the maximally
permissive winning strategy in the delayed safety game. For post-shields, in
addition to the maximally permissive winning strategy, we need a deterministic
winning strategy that will be used to obtain a fixed replacement action for any
unsafe action. To do so, we can define a property over the state space and
set the action maximising such property as the one fixed by the shield. We
study two such properties: controllability and robustness. The controllability
value assigns to any state s the mazimal delay on the input under which s stays
safe. The robustness value of a state s is the length of the minimal path from
s to any unsafe state. We discuss how to maximise a state property under the
uncertainty introduced by the delayed input.

Finally, we evaluate delay-resilient shields in two case studies. The first one
is a gridworld in which we implemented all proposed types of delay-resilient
shields and compare computation cost and interference rates. We show that
delay-resilient post-shields that choose corrective actions maximising either ro-
bustness or controllability tend to stabilise the execution, requiring fewer inter-
ferences by the shield. In the second case study, we integrate shielding under
delay in the driving simulator CARLA [Dos+17] to enforce collision avoidance
for autonomous driving agents at intersections with cars and pedestrians under
delayed observations. Our results show the effects of delays on the safety analy-
sis and that our method is scalable enough to be applied in complex application
domains. The source code and scripts to reproduce the experiments, along
with videos from our experiments in CARLA, are available on the accompaning

repositoryﬂ

Contribution. The work presented in this chapter can be summarized in the
following contributions.

o We formalize the concept of pre-shield and post-shield resilient to delayed
observation, showing how to compute them with the maximally permissive
strategy of the corresponding safety game.

e We describe in detail the algorithm to compute the maximally permissive
strategy of a safety game under delay with restricted memory, extending

*https://github.com/filipcano/safety-shields-delayed
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the algorithm presented in [Che+21].

e We introduce the concepts of robustness and controllability and how to
build post-shields maximising each one.

e We provide theoretical insight about the differences and similarities of
the controllability and the robustness criterion when choosing a corrective
action in post-shielding.

e We validate our approach in two use cases: a gridworld and a realistic
driving scenario. As far as we know, we present the first integration of
shields in a realistic driving simulator.

Outline. We use in this chapter the formalism of two-player safety games with
delayed inputs as defined in Section[2.3] In Section[4.2]we present the concept of
shields resilient to delays and explain the algorithm required to computed them
by finding the maximally permissive winning strategy of the underlying safety
game undel delayed information. In Section we present the two properties
proposed to guide the synthesis of post-shields and how to synthesise shields,
maximising them. In Section [4.4] we explore the relation between robustness
and controllability, proving that they can be arbitrarily different. Finally, in
Section we present the results of our experimental evaluation on two use
cases and in Section .6l we discuss limitations and related work.

Declaration of sources. This chapter is partially based and reuses material
from the following source previously published by the author of this thesis:

|CC+23b] FiLip CANO CORDOBA, ALEXANDER PALMISANO, MARTIN FRANZLE,
RODERICK BLOEM, and BETTINA KONIGHOFER. “Safety Shielding under De-
layed Observation”. In: Proceedings of the International Conference on Auto-
mated Planning and Scheduling (ICAPS) 33.1 (2023), pp. 80-85.

4.2 Delay Resilient Shields as Strategies in Safety
Games

As we have described in Sections and a safety game can be seen as
a particular case of the reactive decision-making framework, where minimally
correct shields (Definition correspond to maximally permissive winning
strategies of the corresponding safety game.

Following the construction outlined in Section [2.3.2] given a safety game,
G = (S, 50, Senv, Sag, A, T, F), we consider the corresponding game played with
delay § and memory pu, for given values of §, u € N, p < 6.

As described in Section [3.4.2] specifically stated in Theorem [3.3] computing
minimally correct shields in safety games under delay § and memory u corre-
sponds to computing the maximally-permissive strategy £ of the corresponding
game. Then, using the notation in Section [3.4:2] given the maximally permis-
sive winning strategy &, the minimally correct pre-shield is Ugm, and minimally
correct post-shields are computed as U?O; , where x is a determinization of .
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The following section describes the algorithm used to compute such strategies.
As mentioned before, this is a natural extension of the algorithm presented
in |[Che+21] for games where the amount of memory and the delay are the
same.

4.2.1 Computation of Maximally Permissive Winning Strate-
gies in Safety Games under Delay

The algorithm is given in pseudocode in Algorithm [I} The method to solve a
delayed safety game consists of iteratively constructing and solving the safety
game with increasing delays d = 0,1,...,0 and memory size m = min(d, u),
starting with d = m = 0, which corresponds to the case without delays, as
presented in Section At every iteration in d, the maximally permissive
strategy for the agent is computed using the strategy for the previous delay
d — 1 (lines 4,5 or 9,10 depending on the value of m), followed by a reduction
of the game graph aiming to mitigate the exponential blow-up in the state
space (line 11) and the computation of the transient phase (line 12). Note that,
following the convention in Equation the action register [y1,...,¥m] is in
reversed order, i.e., the last action performed by the agent is y,,.

The method to compute the maximally permissive strategy using the previous
delays is slightly different for the case of full memory (m = d) and the case of
restricted memory m < d.

Algorithm 1: Maximally Permissive Strategy under Delay, memory
1 <6 (adapted and extended from [Che+18|, Algorithm 1]).

input : Safety Game G, maximum delay §, memory p
1 & « StrategyPerfectInfo(G);

2 ford=1,...,6 do

3 m <— min(d, p);

a for s € Sag, [y1,...,ym] € A™ do

5 if m = d then

6 Ty, < {s" €81 : s L% ¢ L s}

7 fd,m(sv [y17 sy ym]) A ns”eIsyym gd—l,m—l(5/,7 [yly ceey ym—l])F
8 else

9 LIS<—{5”651:si>s’1>s”,y€A};

10 gd,m(s’ [yly B ym}) <~ ms"eIS gdfl,m(suf [y17 ce. ,ym]);
11 Shrink(€q,m );

12 | InitialMoves(§4,m);

13 return &5,

e Case m = d. To compute the maximally permissive strategy using previ-
ous delays, we compute I, (line 6), corresponding to the set of states
that the agent can get as the next observation when the current observa-
tion is state s and the chosen action is y,,. From states where the agent
has already decided upon an output, it is equivalent to playing with delay
d — 1. Therefore, the strategy allows the actions that would be safe for
delay d — 1 on all possible next observations, eliminating the last executed
action, y,,, from the action register (line 7).
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e Case m < d. To compute the maximally permissive strategy using previ-
ous delays, we compute I, (line 9), corresponding to the set of states that
the agent can get as the next observation when the current observation is
state s and chosen action is any y € A. In this case, y is undetermined
because of the restricted memory: the output that is provided just next to
the observed state has already been forgotten by the system. From states
where the agent has already decided upon an output, it is equivalent to
playing with delay d — 1. Therefore, the strategy allows the actions that
would be safe for delay d—1 in all possible next observations, maintaining,
in this case, the same memory [y, ..., Y] (line 10).

The method StrategyPerfectInfo (line 1) computes the maximally permissive
strategy for the game with perfect information [Tho95|. The method Shrink
(line 11) ensures that in case the intersection in lines 5 or 10 is empty, the
maximally permissive strategy in a state s” € Z ,, or s” € Z, does not contain
the output y,, [Che+21, Algorithm 3]. The method InitialMoves (line 12)
computes the strategy for the transient period, before the agent can get any
observed state, see Algorithm [2}

Algorithm 2: InitialMoves: Strategy for the transient period
(adapted from [Che+18, Algorithm 1]).
input : Safety game G, ongoing maximally permissive strategy &g m,
1 J={s: sog—>s};
for [y1,...,ym—-1] € A™"! do
| Cam(s [yt ym—1]) < {ya : Uses &a(s [y, 915 ym—1]) # 0};
fork=m—2,...,0do
L for [yi1,...,yx] € A* do

w N

o o B

| €amle i, ukl) < {vo ¢ Lamle [yo,y1, -5 uk]) # 0}

7 return &g .,

Complexity analysis. Algorithm |I| computes each strategy &g ,, for increas-
ing values of d = 1,...,d (main loop, lines 2-12). For each strategy, the al-
gorithm goes over all states in S,y and registers in A™ (loop in lines 4-10),
and at each iteration, computes an intersection of A.,, elements. The cost of
Shrink({yn) and InitialMoves(& ) is negligible in comparison.

Therefore, the cost of computing the strategy &4, is O(Saq - [Al™ - | Aensl)s
and the total cost of computing &s ,, is O (|Sag| - [Aeno| - (1 - |A[* + (6 — p).AM)),
simplified to

@ (5 |Sag| ' ‘Aenv| AM) (41)

Recall that A, represents a set of actions for the environment. As discussed in
Equation (2.1)), without loss of generality, we can assume |Aep,| is the maximum
out-degree of the environment transitions.
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4.3 Determinization of Strategies Resilient to
Delays

The synthesis procedure for a delay-resilient post-shield relies on the construc-
tion of a deterministic winning strategy, denoted by xs,,. This section outlines
the process for deriving such a strategy.

In Section [£:3:1] we describe the method for computing the deterministic strat-
egy that maximises a given fitness value, considering both memory and delay.

We present two examples of fitness functions in Sections and These
are specifically designed to minimise the number of instances where the post-
shield must interfere due to delays in the input.

4.3.1 Determinisation of Delayed Strategies Maximising a
Fitness Function

When deciding which action to use as a corrective action for post-shields, we
want to decide on an action that maximizes a certain criterion. In this section,
we assume the existence of a fitness function ¢: S — R that assigns a fitness
value to each state. We will show how to find the actions that maximize an
abstract fitness value, and in the following sections, we will apply this method to
concrete fitness functions designed to prevent unsafe transitions due to delayed
inputs.

Our goal is to choose at each state the action that maximises this fitness function
among all actions allowed by &5 ,. However, because of the uncertainty of the
transitions of the environment, it is not clear what it means to maximise the
fitness function, since the agent has no complete control over the state of the
safety game after each of the agent’s actions.

For this computation, we will take the implicit assumption that from a given
state s € Seny, and a given number of transitions n, all traces from s with
n transitions are equally probable. In this sense, we say that the strategy we
compute maximises the expected fitness value — with the implicit understanding
that the expectation is taken under the assumption of a uniform probability
environment. This assumption can be refined to include more accurate repre-
sentations of the probabilistic nature of the environment whenever such models
are available. We leave this extension for future work.

For our computation, we need to define the k-forward multiset of states Fy(s,7),
which captures the states reachable from s within k£ steps respecting a given
memory o € A", i.e. the last p actions of the agent.

Definition 4.1 (k-Forward Multiset of States). Let @ = [21...2,] € A" be a
register of actions. For a state s € S,q, the k-forward multiset is

Sok 2 sy, ..., 8061 €5, and Iy, ..., yr € Asuch that
Fy(s,7) = ()Vi=1...p, Ye—pti = 2i, and ;
Y1 u Y2 u u Yk u
(2)8—>81 — SS9 —>» 83 — ... —> S9k—2 —> S2k—1 — S2k

where each state sgi is counted as many times as there are distinct sequences
S1y...,82x—1 € S and y1,...,yr € A satisfying conditions (1) and (2).
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The expected fitness value is computed over the k-forwarded multiset of states,
thus, each state adds to the value as many times as it appears in the multiset.

Definition 4.2 (Expected Fitness Value). Let s € S be a state, ¢ € A" a
register of actions and ¢ : S — R a fitness function. For a given delay J, the
expected fitness value E,(s,7) is defined as the average of the fitness values of
all states s’ in Fs(s,0),

1 J
]EW(S?O') - |F§(S,E>| Z (p( )

s'€Fs(s,0)

The strategy Xs,u: Sag X A* — A that maximises the expected value of ¢ is:

Xou(s,[z1-..24]) =  argmax By (s, [y,21...24]).
y€§(s‘u(5»[zl»--zu])

Complexity of strategy determinisation. The deterministic strategy is
computed for |S,,|-|A|* states. Each forward multiset contains at most [Aep,|° - [A]P~H
states, where A.,, is a set of actions for the environment. For each of these
states, the fitness value ¢ is computed. Assuming c(y) is the computational

cost of computing ¢ for one state, and ¢ is stored in a lookup table, the total
complexity adds up to

O (Sag] - (JAenw x Al° +¢(9))) - (4.2)

4.3.2 Post-Shields that Maximise Controllability

In this section, we define and compute a fitness function called the controllability
value. that assigns to each state the maximum delay for which a safe output
exists. For any state s € S, the controllability value ¢, : Sqq — R is the largest
delay for which a register of actions exists that makes s safe. To formally define
the controllability value, we use the notion of controllable states.

Definition 4.3 (Controllable State). A state s € S,q is controllable under
delay ¢ and memory p if there exists & € A* such that & ,(s,7) # 0, and
uncontrollable otherwise. A state s € Se,, is controllable under delay § and
memory g if all states s’ € S,4 such that s X s’ are controllable under delay §
and memory pu.

Definition 4.4 (Controllability Value). The controllability value with memory
w of a state s € S is the maximum delay § for which s is controllable with delay
0 and memory p. We denote it as @, (s).

To unpack this definition, for an agent state s € S,4, we say that p.(s) = 6
if there exists @ € A" such that &5 ,(s,7) # 0 and for all @ € A*, we have

§5+1,u(s7 EI) = 0.

In Deﬁnition guaranteeing only the existence of & € A* such that &5 ,(s,7) #
() might seem too weak because one does not know in advance what the action
register may be when observing a state. Note that, however, Algorithm [I] guar-
antees that an agent following &5, can only go through pairs (s,7) € Sgg. X A*
such that & ,,(s,o) is non-empty. This is one of the main consequences of the
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Figure 4.2: (a) Effects of delay on state observation. (b) Gridworld depicting
the least delay-resilient states. (¢) Gridworld with ¢4, values for all states. (d)
Gridworld with ¢,.s values for all states.

Shrink method in Algorithm |1} and is extensively discussed in |[Che+21, Algo-
rithm 3.

If a state s is inside the winning region W of the safety game without delay, it
has a controllability value greater or equal to 0. Furthermore, note that as a
consequence of the iterative computation of winning strategies for safety games
under delay, if a state s is controllable for delay § > 0, it is also controllable
for delay § — 1. By convention, if s ¢ W, i.e., there is no delay ¢ that makes it
controllable, we say that ¢.(s) = —1.

A shield that maximizes controllability will tend to steer the agent towards
states that can be safe even with large delays. In a setting with variable delay,
the shield always operates with the worst-case delay in mind, but the agent may
make a more refined use of the variable delay, so steering the agent towards high-
controllability states translates to more freedom for which actions to choose in
the future, as there are fewer paths leading to uncontrollable states.

Since the maximal delay possible can be very large and the state space of the
corresponding safety game grows exponentially with the delay, we introduce a
cutoff value dpmax and compute the maximally-permissive winning strategy until

5max M

Example 4.2. We showcase the computation of p. on a simple 7 x 9 grid-
world, depicted in Fig. (a). Initially, a robot is placed at (1,9). The en-
vironment and the agent can move the robot by one field in alternating turns.
The safety specification requires that the robol never visits the fields (4,4) nor
(6,7). Encoding the model and the specification leads to the safety game G =
<Sa Sag; Sen'ln A7 Ta ]:>

¢ S=XxXxY B, where X ={1,...,7},Y = {1,...,9} represent the robot’s
position and B = {T, L} indicates whether it is the turn of the agent (T)
or the environment (L) to move the robot. The states of the environment
are Seny = X XY x {1}, and of the agent are Sqg = X x Y x {T}.

e The unsafe states are S\ F = {(4,4),(6,7)} x B.
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e The agent’s actions are A = {U,D,R,L,N} to move the robot one field
up, down, Tight, left, or to hold. Formally: (x,y,T) = (z,y + 1,1),
(2,9, T) = (x,y—1,1), (2,9, T) = (x+1,y, 1), (2,9, T) = (z— Ly, 1),
(2,9, T) = (2,5, 1).

o The actions of the environment player to move the robot are Aep, =
{U',D/,R/,L/,N'}, with a meaning analogue to those of the agent’s actions.

Mowes that would lead the robot outside of the game’s boundary are replaced
by N. For this game G, we now compute the controllability values p.(s) for all
states s € Saq.

First, we illustrate in Fig. (a) the effects of delays on the state information
of the play. In the example, we have a delay 6 =1 and memory p =1, and the
observed state of the game is s = (2,5, T) (green robot) with memory & = [U].
The set of possible current states is Fy(s,7) (marked green). To check whether
a next action y = R is safe, we compute Fy(s,[R,U]) (marked blue or green).
Since Fy(s, [R,U]) C F, R is a safe action from (s, [U]).

Next, we exemplify the computation of the controllability values for the states
(5,5),(6,6),(7,7) and (7,8). In Fig. (b), each field of the grid is coloured
according to the smallest distance to one of the unsafe states for distances 1, 2
and 8. With this colour coding, the state (x,y, T) is controllable with delay ¢ if
there exists sequence of actions & of size §, that takes the robot outside of the
region coloured with 6. The reader can see that all states are controllable for de-
lay 6 = 1,2, but for 6 = 3, states (5,5),(6,6),(7,7) and (7,8) are uncontrollable
(marked with a black robot).

Fig. (c) illustrates the controllability value @.(s) for all states. Each field of
the grid is coloured according to its controllability value. Next, we exemplify how
to compute a deterministic strategy xs5—1,u=1(s,7) that mazimizes the average of
e over all possible current states. Consider a state s = (3,4, T) (black robot)
with memory @ = [U]. The only two outputs allowed by &1.1(s,51) are U and
L since any other output would lead the robot to a state at a distance two or
less from an unsafe state. The forward multiset Fy(s,[L,U]) is marked with a
dashed green line and results in the expected value Ey, (s, [L,U]) = 74/26. The
expected value Ey, (s, [U,U]) = 73/26 is computed analogously. A delay-resilient
post-shield that maximises the controllability value corrects the outputs R, D, and
N in state ((3,4,T),[U]) to the output L.

Complexity of computing controllability values. Computing the con-
trollability value as a fitness function only requires computing the maximally
permissive winning strategy for the delay d,.x chosen as the cutoff value — see

Equation (4.1)).

4.3.3 Post-Shields that Maximise Robustness

In this section, we define an alternative fitness function. The robustness value
pr S — R assigns to every state the shortest distance to any unsafe state in
the game graph. Intuitively, a large robustness value suggests that the system is
in a state that “easily” satisfies the specification, while values near zero suggest
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that the system is close to violating it. A shield that maximises robustness
potentially requires fewer corrections in the near future.

Definition 4.5 (Robustness Value). Let G = (S, so, Senv, Sag, A, T, F) be a
safety game with winning region W — as defined in Equation . For any
state s € Sqq, the robustness value ¢, (s) is defined as the smallest &k such that
there exists & € A such that Fy(s,5) € W.

Note that in our definition, we are counting distance only in states of the agent.
That is, when a state has a robustness value of k, there exists a trace with 2k
states — half of them of the agent, half of them of the environment — that leads
to a state outside of the winning region.

Example 4.3 (Continuation of Example. We exemplify the computation of
©r(8) on the gridworld of Fig. (d). Each field of the gridworld is colored with
or(8) of its corresponding agent state s. For any s, the fitness function ¢,(s)
is computed as the distance to the closest unsafe state. From s = (3,4, T) with
o = [U] at delay 6 =1 and memory pn =1, &1.1(s,7) allows the actions U and L.
Since the expected robustness value E,.(s, [U,U]) is greater than E,(s, [R,U]), the
deterministic strategy x1,1(s, [U]) that mazimizes @, would choose U as corrective
output.

A shield that maximizes robustness will steer the agent towards states that are
as far away as possible in the game graph from unsafe states. While this is a
useful heuristic, note that distance in the safety game may not translate to real
safety under delayed observations, as there may be states that are far away from
the unsafe region, but with well-defined paths that the environment can force
the agent to take toward unsafe states. We explore some of these examples in
the following section.

Complexity of computing robustness values. The fitness function ¢, can
be computed as a breadth-first search on the states, so all robustness values can
be computed in O(|S]) time and memory.

4.4 Relation between Robustness and Control-
lability

Once we have shields that maximize robustness and controllability, we would like
to find results that guarantee certain safety properties when using these shields.
By construction, the post-shields defined in the previous sections maximize their
corresponding fitness function.

By increasing the value of §, we can make post-shields that guarantee a certain
controllability value. Similarly, we can add a buffer zone to the winning region
W, to force that only states at a distance at least d from unsafe states are ever
visited.

A more interesting guarantee would be some result that guarantees robustness
values in terms of controllability, and vice-versa. In this section, we study the
relationship between robustness and controllability values.
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Although the intuition behind robustness and controllability is very similar, and
in our experiments, we found them to be equal most of the time, we show that
only very basic relations hold in general. We show that there are example games
where robustness is arbitrarily higher than controllability (Theorem , and
vice-versa (Theorem [4.3). These examples would break any result of guarantee-
ing controllability when maximizing robustness, or robustness when maximizing
controllability.

4.4.1 Relation between Robustness and Controllability for
Memory-Restricted Strategies.

For strategies with a restricted memory. i.e., with u < §, we show a single result
and explore its consequences for the edge cases.

Theorem 4.1. Let G be a safety game with delay 6 and memory size . For
any controllable state s € Sqq4 it holds that

or(s) > 36—+ 1. (4.3)

Proof. We prove the result by contradiction. Let s € S,4 be controllable, i.e.
with &5 ,,(s,) # 0, for some & € A*. Assume that ¢,(s) < 6 — p+ 1, or
equivalently, ¢, (s) < 0 — p.

Then, there exists a trace of length § — u leading outside of the winning region
W. Let 7 = 8,81,...,595_,) be such trace, where so5_,) ¢ W and s <5
u Y2 u u Ys—n u .

51 — 82 = 83 — ... — S3(5_p—1) — 52(5—pu)—1 — 52(5—p), fOT some actions

Yis-o oy Ys—p € A

Since the memory of the agent is limited to p, when the observed state is s,
the agent only knows that the current state is s’ at a distance ¢ from s, with a
trace where the last p actions are known. However, this would already be too
late: whatever the last u actions are, any trace starting with 7 — of which the
agent has no control — will pass through sy(5_,) ¢ W. Therefore, s cannot be
controllable with delay 6 and memory p. This proves the result. O

A corollary of Theorem [{.1]is that ¢, (s) > ¢c(s) —p+1, since the controllability
value is a valid delay for which a state s is controllable.

This result gives us information about the minimum amount of memory required
for a winning strategy. The argument is as follows.

A safety game G admits a winning strategy under delay ¢ if any state s € Sy

with sg — s is controllable under delay 6. Therefore, the minimum amount of
memory required for a winning strategy is

H > 0— @T(SO) + 1L (44)

This implies that for a fixed game G and increasing delay J, the amount of
memory needed to have a winning strategy increases after a certain threshold.
At some point, the delay is so high that no memoryless strategies exist: if we
set u =0 in Equation ([£.4)), we get § < ¢, (so) — 1.
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On the other extreme case, if we set = § in Equation , we get ¢, (s0) >
0 — 0+ 1 =1, which just means sy € W. More generally, if we set p = § in
Equation , we get that any state s that is controllable satisfies ¢, (s) > 1,
which just means that s is in the winning region. Therefore, Theorem
provides no bound for ¢, in terms of ¢, .

4.4.2 Relation between Robustness and Controllability for
Strategies with Full Memory.

In this section, we will prove two results that give counterexamples to any
possible bound of ¢. in terms of ¢, and vice-versa, for strategies with full
memory, i.e., with y = 4.

Theorem 4.2. For all delay § > 0, and all k > 0, there exists a safety game
Q(’{H:(; = (S5, 50, Sag, Senv, A, T, F) with one state s € S satisfying

we(s) <0  and  p.(s)>5+Ek+1.

Proof. We will do the proof by induction on k for any delay 4.

Base Case. For k = 0, we need to construct a safety game (]f; containing a state
s, that is uncontrollable for delay §, but at least § 4+ 1 steps are needed to get
to an unsafe state. A game with a section as depicted in Figure [f.3] serves as an
example, with action set A = {z,y}.

For any given delay 6, the dotted pattern in the middle of the figure repeats
0 — 3 times. In this case, we will prove that state s is not controllable for delay
6. The environment has a choice in s, for the next state to be § or 5. When
the observed state is s, the current state is either § or §. Any action register
will consist of a sequence of x’s and y’s, and the only information relevant in
the register is the parity of ¢’s: an even number of y actions takes the state of
the game from 5 to &’ or from 5 to 5, while an odd number of y actions takes
the state of the game from 5 to 5’ or from § to §’.

Therefore, in this game graph, without knowing the first choice of the environ-
ment — state § or § —, the agent cannot know whether the current state is §' or
§'. Since a safe action in §’ leads to the unsafe state sy when taken from § and
vice versa, the state s is uncontrollable for delay §.

Induction step. For a general k, we use the property for £k — 1. Consider the
game graph Q(’;“*l satisfying the hypothesis.

This graph contains a state s uncontrollable for delay ¢ and with a robustness
value of at least 6 + (kK — 1) + 1 = 6 + k. Without loss of generality, we assume
that the robustness value is exactly ¢,.(s) = d + k. If ¢, (s) was larger, GF ' at
state s would serve already as Q(’; and the induction step would be finished.

State s being uncontrollable means that for any action register @ = (y1 ...ys),
the forward multiset Fj(s, ) contains at least another new uncontrollable state
s’ — which may be inside or outside W. The same argument can be applied to
the newly introduced uncontrollable states. Therefore, for any action register
7, following repeatedly transitions from uncontrollable state to uncontrollable
state, eventually leads to a state outside of the winning region W.
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Oe Smlz:

@ € S,y

Figure 4.3: Construction for base case of Theorem Square nodes represent
states of the environment, circle nodes represent states of the agent. The dash-
dotted line represents the divide between the winning region and the rest of the
game. Except for states s, and sy, only states and transitions of the agent are
labelled.

We define IIy(s) as the set of all paths starting from s that end outside of
the winning region in exactly § 4+ k transitions. That is, paths of the form
T = 8,51,...,52(5+k), With Sa(54%) & W. This set is non-empty because ¢, (s) =
d + k. We enumerate paths in IIy(s) = {r; : i € I} with some appropriate
index set I.

While these paths are longer than §, each of them contains at least one state
that is uncontrollable because it leads directly outside the winning region W.
For each i € I, the path 7; contains a state s° that is uncontrollable for de-
lay 0 because it leads directly outside the winning region (and not to a state
uncontrollable but inside the winning region).

Since s’ leads directly outside the winning region and is uncontrollable, we have
the following construction, illustrated in Figure [{.4]

From state s°, there is at least a path of length & that ends in a state s® € Sag)
for which one transition with label x leads to a state outside of the winning
region sq ¢ W. Since s, € W, there is another transition y leading to a safe
state s°. Since s’ is uncontrollable for delay §, there is at least another state s,
with a transition to an unsafe state s/, labeled by y, and a transition to a safe
state s, labelled by another action z. This builds a tuple of states and actions
(8, Sd,x), as illustrated in Figure We do not keep track of the rest of the
states and actions defined but keep in mind that they exist.

Note that sp # s}, s # s* and © # y # z. All the other states and actions could
be the same. In particular, Fig. is drawn assuming sq = s/;.

There may be other tuples of states and outputs bordering with the unsafe
region. We enumerate them as (sp,sq, )%/, where i is the index of s* and
Jj € {1,...,n;}, where n; is the number of different tuples when fixed ¢ € I.
When it is convenient to distinguish concrete states and actions for each index
(i,7), we use the equivalent notation (s;”,s;’,z"7) instead of (sp, sq,)".

For each i, we make the following construction. Consider all the tuples (s, 557, z%9)
as previously described for j € {1,...,n;}. We construct a new game g(’;*l from
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Figure 4.4: Construction of a tuple (sp,sq,2) on the border of the winning
region as described in the text. Most ¢ superscripts are omitted to make the
image cleaner. Marked in bold are the elements that are part of the tuple.

D e S(ﬁTL'U

0 € Sy

Figure 4.5: Construction of the bipartite complete graph described in the proof,
for a single index i and n; = 3. For the sake of simplicity all all three unsafe
states s}’ for j € {1,2,3} are collapsed into a single unsafe state sx ¢ W.

gj; where we add a state of s!, € S, such that sZ’j =7, st for all 4,5. Then
we add new states sy’ € Sgq, one for each tuple. We connect these states as
follows, for all 4 € I and all j € {1,...,n;}:

i U i,g i,j T 2,9
Si —> Sy, and 857 = 877

We also add another family of states, indexed by k, denoted t}:C € Seny- We add
as many of them to make it such that for all 7,j and all action = # "7, there
exists k such that
NS
We also connect all ¢; with all the newly added agent states, that is
L sl for all i, j, k.

The unsafe states in Q(’;“ are inherited from Q(];_l. In particular, recall that the
states le’j are unsafe by construction for all ¢ and j.

In Figure we illustrate this construction for the case of three tuples (n; =
3) on a single index ¢ and an action set comprised of three actions (A =
{x', 22, 23}). For each value of 4, there would correspond a similar separate con-
struction. For larger values of n;, the corresponding complete bipartite graph
would become larger.

The first observation is that the states s%/ are only controllable for delay § = 0.
This is because for any register of action @ = [z], s%7 = t;, for some k, and then
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Figure 4.6: Game graph where @.(sg) is arbitrarily large, and ¢, (sg) = k.

te = 599" for all i’,j’. So when the observed state is 557, the current state
(with delay 6 = 1), can be any of the states s’ . By construction, any possible

action z will be z = '+’ for some i/, j', and would lead to the state sg’j/ ¢ w.

With this construction, the state s; is still uncontrollable for delay 4, because
any strategy that made it uncontrollable before leads now to s!,, which is un-

controllable for any delay larger or equal to one, as we have explained in the
previous paragraph.

The existence of at least one of the ti for each i € I is enough to ensure that
states s/ are safe, i.e., sy € W for all 4,j. By adding enough states ¢} we
ensure that each state newly added to S,, has a defined transition for each

action in A.

Since the states s are safe, the path 7; needs to be extended by length 2 to
arrive at an unsafe state, which would be one of the s}”.

Repeating this construction for each path 7; of length d+k, we make all previous
paths of length §+k go through a construction as illustrated in Figure [4.5] before
reaching any unsafe state, making it take at least one more action to reach any
unsafe state. Thus, the robustness value of s is increased to § + &k + 1 in the new
game graph g{; , while the controllability value of s stays the same as it was in

G~
O

Theorem 4.3. For all delay § > 0, and all k > 0, there exists a safety game
g[;)M:& = (S5, 50,5ag: Senv, A, T, F) with one state s € S satisfying

or(s) <6 and  @(s) >+ k.

Proof. Consider a safety game where the environment has only one choice in
each state. In these kind of games, a player with memory can know exactly
where it is making the next move, so each safe state is controllable. With this
idea in mind, we construct a family of safety games G* for which the initial state
so satisfies ¢,.(sg) = k and is controllable with memory for any delay. Figure
illustrates this family of games.

O

4.5 Experimental Evaluation

For our experimental evaluation, we evaluate different types of shields resilient
to delays with full memory on two use cases: a simple gridworld and a more
complex scenario based on a realistic driving simulation.
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Figure 4.7: Gridworld with possible states after delay 6 = 1.

4.5.1 Shielding in a Gridworld

Setting. Our first case study is an extension of the one from |[Che+21]. Fig-
ure illustrates a grid world of size 3n+4x 9, where the width is parameterised
by the number of pairs of dead-ends n. There are two actors that operate in
the grid world: a robot (controlled by the agent), and a kid (controlled by the
environment). The safety specification requires the robot to avoid any collision
with the kid.

Game graph. The game graph encoding the relevant safety dynamics for the
grid world is G = (S, s0, Sag, Senv, A, T, F), defined as follows.

o S = Xeno X Yeno X Xag X Yag x B\ Px PxB, where Xog/en0 = {1,...,2n+

5} and Y, eny = {1,...,9} represent the (z,y) position of the robot
(agent) and the kid (environment), respectively. B indicates whether it is
the turn of the robot or the kid, and P represents the illegal positions,
marked in grey in Figure Formally, P = {((z,5),(2k+ 1,y) : x €
{3,....2n4+ 3}, y € {3,...,7}, k € {1,...,n+ 1}}. The initial state is
s0 = (0,0,2n+5,9, L), indicating that the robot is in the lower left corner,
the kid is in the upper right corner and it is the kid’s turn to move.

The unsafe states are

S \ F = {(xen’ua Yenvs Lags Yag, b) : (xem) = xug) A (yenv = yag)}-

The moves of the kid are defined by an action set A.p, = {U’,D’,R/,L'},
with the usual meanings of up, down, right, left. We define a richer action
set for the robot to compensate for the existence of delays in the input. The
action set is A = {N,U,D,R, L, UU, DD, RR, LL, UR, RU, UL, LU, DR, RD, DL, LD,
UUR, UUL, DDR, DDL, RRU, RRD, LLU, LLD}. In summary, the robot can move
zero, one or two steps in each direction, and can also perform three-step
L-shaped moves.

The transitions work as expected. Environment transitions modify the
position of the kid (Zenw, Yenwv), while the agent’s actions modify the po-
sition of the robot (Zag,Yag). Any illegal transition (those that would go
out of boundaries or clash with the grey region depicted in Figure is
changed to N (“no move”).
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Delay (steps) 0 1 2 3
Pre-shield 50.1 36.0 346 30.2
Score Robustness 425 343 315 26.8
Controllability 41.3  33.9 31.8 275
Pre-shield 1174 150.4 160.1 182.2
Interventions Robustness 90.9 107.5 114.1 122.0

Controllability 85.0 959  106.9 122.7

Table 4.1: Performance of different shielding strategies.

Results: interference rates. To evaluate the interference of the shields dur-
ing runtime, we implemented a robot with the goal of collecting treasures that
are placed at random positions in a grid world with 4 dead ends. At any time
step, there is one treasure placed in the grid world. As soon as this treasure is
collected, the next treasure spawns at a random location. Collecting a treasure
rewards the agent with +1 score points. The kid is implemented such that it
chases the robot in a stochastic way.

The interference results are presented in Table In the table, the first three
rows show the score obtained by the robot, and the last three rows show the
number of times the shield intervenes. Both score and number of interventions
correspond to the amount accumulated over a game of 2000 steps. We compare
pre-shields with post-shields that maximise either robustness or controllability.
Since both the robot and the kid are implemented with stochastic behaviour,
each data point in the table is the average of 100 plays.

The results show that the agent’s score decreases with the delay, as expected.
Since the shield has more uncertainty about the current position of the kid, it
enforces a larger distance between the current position of the robot and the last
observed position of the kid. For the same reason, the shields need to interfere
more frequently with increasing delays. In general, pre-shields compare to post-
shields show a better performance in terms of score and a worse performance in
terms of number of interventions, as it was expected. Additionally, we compared
the corrective actions chosen by post-shields that maximise controllability with
the actions chosen by shields that maximise robustness. We noticed that in
most states, both shields pick the same corrective action, which is reflected in
the similar results obtained.

Results: synthesis times. We compute all types of presented shields. The
synthesis times are presented in Figure [I.8] where Figure [4.8a] corresponds to a
fixed delay of § = 2, and Figure [4.8b| corresponds to a fixed-size grid with four
dead-ends, i.e., n = 2.

In the figure we compare the synthesis times for the synthesis of shields, max-
imising robustness (—A-) and controllability (-8-). We also include the cost of
computing the maximally permissive winning strategy, which is required for all
shields and is the only cost associated with synthesising pre-shields. To com-
pare with a baseline, we show the cost of computing the maximally-permissive
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Figure 4.8: Shield synthesis times for the grid world experiments.

strategy in the delayed safety game for our implementation («®-) and the imple-
mentation of [Che+21] ().

The improvement of our method compared to the baseline results from a faster
implementation in C++, with only minor algorithmic reasons. The cutoff value
for controllability is set to dax = 3. Since the cost for computing shields grows
exponentially with &, the synthesis times for shields maximising robustness grow
exponentially. This effect does not show for shields maximising controllability,
as they always compute the maximally permissive strategy until delay dpax
irrespective of the particular delay 0.

4.5.2 Shielded Driving in Carla

We implemented our delayed shields in the driving simulator CARLA [Dos+17].
In all scenarios, the default autonomous driver agent in CARLA is used with ade-
quate modifications to make it a more reckless driver. To capture the continuous
dynamics of CARLA using discrete models, we designed the safety game with
overly conservative transitions, i.e., accelerations are overestimated, and brak-
ing power is underestimated. In both scenarios, we use delay-resilient shields,
maximising robustness.

4.5.2.1 Shielding against Collisions with Cars

We consider a scenario in which two cars (one of them controlled by the driver
agent) approach an uncontrolled intersection. The shield has to guarantee col-
lision avoidance for any braking and acceleration behaviour of the uncontrolled
car while the observation of the uncontrolled car is delayed. A screenshot of the
CARLA simulation is given in Figure

Game graph. To compute delay-resilient shields, the scenario is encoded as
a safety game G = (S, so, Sag, Senv, A, T, F), defined as follows.

The set of states is defined as S = P,g X Peny X Vag X Veny, where Py and Py
represent, respectively, the distances of the agent’s car and the environment’s
car to the crossing, and V,, and Vi, represent the velocity of the agent’s car
and the environment’s car, respectively. The range of modeled distances is
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Figure 4.9: Screenshots of the CARLA simulator.

P,y = Penv = {0,2,4,...,100} m. The range of modelled velocities is Vigent =
Veme = {0,1,2,...,20} m/s.

Each time step in the game corresponds to At = 0.5 s in the simulation. Each car
can perform three actions: a (accelerate), b (brake) or ¢ (coast, touch no pedal).
Therefore, the set of environment actions is Aepy = {@env, Penvs Cenv} and the
set of actions of the agent is A = {aaq, bag, Cag}. In our model, braking and
throttling have the effect of applying a constant acceleration of a = 42 m/s?.
Therefore, the position p; and the velocity vy at time step ¢ is updated as

Ditar = Pr — VeAt — %aAtZ, Verar = Uy + aAt. (4.5)

Unsafe states represent collisions, therefore Synsafe = {(Pagent, Vagent Penv; Venv) :
Pagent = Denv}. From the safety game, we compute delay-resilient shields that
maximise the expected robustness. Note that in the transitions in Equation
the velocity is applied as negative because the car gets closer to the intersection
at every step.

In this use case, we implemented post-shields that always correct to the most
conservative safe action, with the understanding that ¢ (coast) is more conser-
vative than a (accelerate) and that b (brake) is more conservative than both a
and c.

Results. In Figure we present the speed of the agent’s car over time,
alongside the occurrences of shield interventions, represented as coloured bars,
for various delays measured in increments of At = 0.5 s. As anticipated, the
duration of shield interference increases with larger delays.

For a delay of 0, the agent’s car brakes continuously until it exits the danger
zone. However, as the delay increases, the shield intervenes earlier, ensuring
the car accounts for the worst-case behaviour of the other vehicle. The shield
always assumes the most adverse environmental conditions, even when these
conditions fail to materialise. This conservative approach explains the frequent

Delay (in steps) 0 1 2 3
Car example 1.5 13 48 167
Pedestrian example 0.8 9 34 119

Synthesis times (in s)

Table 4.2: Shield synthesis times (in seconds).
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Figure 4.10: Experimental results on the driving simulator. In these experi-
ments, we measure when and how often the shields get activated in each sce-
nario.

switching between active and inactive shield states within the same execution,
particularly for larger delays.

We evaluated the shields across multiple safety-critical scenarios by varying ini-
tial positions and velocities. In all cases, the shields successfully prevented col-
lisions, demonstrating their robustness. Table provides the synthesis times
required to compute the shields. Each delay step listed in Table corresponds
to an increment of At = 0.5 s.

4.5.2.2 Shielding against Collisions with Pedestrians

In the second experiment, we compute shields for collision avoidance with pedes-
trians. Similar to before, the shields guarantee safety under delay, even under
the worst possible behaviour of the pedestrians. A screenshot of the CARLA
simulation is given in Figure [£:9b]

Shield computation. The car, which is controlled by the driver agent, is
modelled in the same manner as before. Pedestrians are controlled by the en-
vironment and only have their position as state variables. In our model, we
assume that a pedestrian can move 1 m in any direction within one timestep of
At = 0.5 s. We consider a state to be unsafe whenever the ego car moves fast
while being close to a pedestrian and the pedestrian is closer to the crosswalk
than the car. Formally

Sunsafe = {(pagvvagvpped) : ('Uag > 2 m/s A ‘pag _pped‘ <5m A Pped < pag)}

Results. In Figure[£.10b] we illustrate the shield’s interference points by plot-
ting the distance to the pedestrian and the car’s speed at the moment of each
shield intervention. Because pedestrians are modelled to potentially move to-
ward the car, the shield must account for closer pedestrian positions than those
directly observed, as delays in sensing introduce uncertainty.

With larger delays, this uncertainty grows, requiring the shield to initiate brak-
ing earlier to ensure safety. This conservative approach ensures that the shield
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compensates for any positional ambiguity introduced by the delay. The synthe-
sis times required for the shield computation are provided in Table

In our experiments, we occasionally observed the system entering states with
no available strategy due to discretisation errors. However, despite these occur-
rences, the safety specification was never violated. Our findings suggest that by
using a sufficiently fine-grained model, these discretisation errors can be min-
imised to the point of being negligible, ensuring the system operates reliably
under all tested conditions.

4.6 Discussion

4.6.1 Limitations

We have demonstrated with our experiments that shielding can be a useful
tool to ensure safety specifications in an application so complex as autonomous
driving. However, this is still a methodology that is not ready to be implemented
in today’s technology. In this section, we discuss the main limitations that
hinder the applicability of our method. Further research and development is
needed to address these challenges.

Requiring a deterministic model. One of the foundational assumptions of
our method is the availability of a deterministic model of the system and its
environment. While we tackle one of the sources of uncertainty in this chapter
by proposing shields resilient to delayed information, this assumption may still
be unrealistic. Many real-world systems operate in inherently stochastic envi-
ronments, where uncertainties arise due to sensor noise, unpredictable human
behaviour, or dynamic external factors. Attempting to model such systems de-
terministically may lead to oversimplifications, resulting in shields that fail to
capture the full complexity of the environment. In our driving simulator ex-
periments, we circumvent this limitation by finding a rather conservative model
that reflects the reality most of the time, and observed that this model was good
enough in our experiments to enforce the safety specification. This is an im-
perfect solution and requires fine-tuning the model for each application, making
the implementation of shielding more labour-intensive.

Overly conservative strategies Safety shields are designed to handle worst-
case scenarios, ensuring that safety is maintained regardless of how adverse
conditions may become. While this is the only way to get the strong safety
guarantees that shielding provides, it can lead to overly conservative strategies
that limit the agent’s performance and utility excessively. Furthermore, the
handling of delayed observations only accentuates the shield’s conservativism.
Over-conservatism can also erode user trust, as the system may appear unnec-
essarily cautious or suboptimal in typical operational conditions. This trade-off
between safety and performance poses a significant challenge and calls into ques-
tion whether deterministic shielding can be a viable solution.

Handling divergences from the model A fundamental limitation of safety
shielding lies in its reliance on a predefined safety game model. In practice, the
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real world may diverge from these models due to inaccuracies in modeling or
changes in the environment over time. When such divergences occur, the shield
is forced to react to situations that were not considered reachable in the original
safety game. In our current approach, the shield’s behaviour is undefined in
these situations.

Overcoming these challenges will be essential for deploying safety shielding tech-
niques in increasingly complex and dynamic real-world systems.

4.6.2 Related Work

Runtime enforcement is a technique in which a monitor modifies the execution
of a system to comply with a specified property [FP19; [Ren+19|. Shields for
discrete systems were introduced in [Blo+15] and several extensions and ap-
plications have already been published [Als+18} [Els+21; [Pra+21bj |[Jan+20;
Yan+23b].

Chen et al. [Che+18; |Che+21]| first investigated the synthesis problem for time-
delay discrete systems by the reduction to solving two-player safety games. We
base our shields on the proposed algorithm for solving delayed safety game. Note
that the delayed games discussed by Zimmermann et al. [KZ15a; KZ15b} |Zim17;
WZ20] follow a concept different from the delayed safety games considered in
this paper. In their setting, a delay is a lookahead that grants an advantage to
the delayed player: the delayed agent player P1 lags behind the environment
player PO in that P1 has to produce the ¢-th action when ¢ + j environment
actions are available. In contrast to Zimmermann et al., we do not grant a
lookahead into future inputs but consider delays in the input data. It was
shown in [Che+18| that the different concepts of delays could not be exchanged
for each other by a swap of roles i.e., by exchanging the players and then giving
a lookahead of j to the input player in order to simulate a delay of j for the
output player.

The notion of delay employed in this paper is different from that in timed
games [Beh+07]. In timed games, delay refers to the possibility of deliberately
delay the next single action. However, both players have full and up-to-date in-
formation in timed games. In [Dav+13| a general framework on using UPPAAL-
TIGA with partial observability was presented. Combining both approaches to
synthesise delay-resilient shields from timed automata specifications is potential
future work.

For runtime enforcement in continuous dynamical and hybrid systems, control
barrier functions [Ame+19] are used to verify and to enforce safety properties.
Prajna and Jadbabaie extended the notion of barrier certificates to time-delay
systems [PJ05]. Bai et al. [Bai+21b] introduced a new model of hybrid sys-
tems, called delay hybrid automata, to capture the continuous dynamics of
dynamical systems with delays. However, this work does not address the fact
that state observation in embedded systems is de facto in discrete time and
that a continuous-time shielding mechanism, therefore would require adequate
interpolation between sampling points, which could be an interesting future
endeavour.



Chapter 5

Probabilistic Shielding for
Autonomous Valet Parking

Qui no s’arrisca no pisca. E] — Catalan popular saying.

5.1 Motivation and Outline

In this chapter, we present work done in the framework of the FOCETA [Ben+23|
project. One of the two use cases of the project consists of building an au-
tonomous driving car capable of operating safely and effectively in a parking
lot. To achieve this goal, various partners incorporate different components
for perception, planning, and movement execution. The work presented in this
chapter is the theoretical conception and experimental evaluation of a safety
element in the form of a probabilistic shield designed to prevent car collisions
with pedestrians in the parking lot.

We have already demonstrated the usability of deterministic shields in au-
tonomous driving use cases in Chapter In this chapter, we present an al-
ternative approach using probabilistic shielding. By assuming a probabilistic
model of the environment, the shield can consider low probability events as pos-
sible but only react to them when the probability of a harmful event goes over
a particular threshold value.

A probabilistic shield (see Section is an enforcer that overwrites control
commands when the probability of violating a safety specification is larger than
some state-dependent thresholds. While probabilistic shielding does not enforce
safety with full reliability, a probabilistic safety guarantee makes the use of costly
measures like emergency braking less intrusive during execution. In our use
case, the agent being shielded is an RL-based controller trained to follow a pre-
computed trajectory along the parking lot. Probabilistic shielding is especially
well-suited for RL-based controllers, since, in both cases, the underlying model
of the system is a Markov Decision Process (MDP).

1The one who does not risk, does not gain.

87
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When given a control command a, the shield maps the information available
(from sensors, previous actions, etc.) to a state in the MDP and checks that the
maximum probability of avoiding a collision with a pedestrian after executing a
in the MPD is large enough. In case it is not, the shield overwrites the control
command appropriately. This probability is computed using probabilistic model
checking techniques [Katl16]. To do so, we need an explicit description of the
MDP.

Constructing an appropriate MDP model is a challenging task. The MDP must
faithfully represent the agent and its environment while remaining compact
enough to enable feasible model-checking computations. However, our model
only needs to capture the safety-relevant dynamics of the system. Our approach
factors the model into two components: the ego car, controlled by our agent,
and the pedestrians. For the ego car, we build an abstraction based on the dig-
ital twin model of the Simrod vehicle [Deb19]. To derive a tractable MDP from
the digital twin [Jon+20; [Sin421], we discretise actions and states, incorporat-
ing uncertainty into transitions to account for discretisation errors. Pedestrian
behaviour is modelled with movement speeds following a normal distribution,
varying the parameters for three different types of pedestrians: adults, elders,
and children.

Finally, we evaluate our shielding strategy in several scenarios of the car in-
teracting with moving pedestrians. These scenarios are implemented using the
proprietary driving simulator Presca.rﬂ The goal of our experiments is to show
that shielding provides a more gentle and efficient safety layer than the coarser
approach of an automatic emergency brake (AEB) based only on the expected
time to collision.

Contribution. The work presented in this chapter constitutes the first in-
stance of implementing a probabilistic shielding approach in a realistic driving
simulation environment. To make it possible, we had to:

e Design a suitable MDP structure for the car and the pedestrian, and
populate it by mimicking a digital twin model of the car and suitable
behavioural models of the pedestrians.

e Implement our shielding pipeline and integrate it into an existing agent
controlling an autonomous vehicle in a simulated environment.

e Validate experimentally the fitness of the model as well as the effectiveness
of shielding as a safety measure.

Outline. In Section [5.2] we explain how we build the models required for
shielding, as well as the integration of shielding into the existing controller-
simulation framework. In Section [5.3] we show the results of our experimental
evaluation. Finally, in Section we discuss limitations and related work.

Declaration of sources. This chapter is based on work performed by the
author of this thesis in the framework of the FOCETA project [Ben+23], and it
reuses material from currently unpublished deliverables of said project.

’https://plm.sw.siemens.com/en-US/simcenter/autonomous-vehicle-solutions/prescan
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Figure 5.1: Screenshot of the Prescan simulation. The path of the ego vehicle is
marked with a dashed purple line. The two pedestrians that are currently being
shielded, the ones that are close enough, are marked with red dotted circles.

5.2 Methodology

In this section, we discuss the methodology used to adapt the theoretical con-
cept of shielding to our realistic use case. We discuss the shielding setting, the
constructions of MDP models for the ego car and the pedestrians, the compu-
tation of shields for the models and the integration of the shielding module on
the whole autonomous driving controller.

5.2.1 Modeling Scenarios as Markov Decision Processes

In Figure 5.1} we illustrate the use case with a car being controlled by our
shielded agent and several pedestrians that move around the parking lot. The
global car controller is broadly composed of a path-planning module and an RL
agent that controls the pedals and steering wheel. Given an initial position and
orientation of the ego car, a target position and orientation, and a map with
the static elements of the parking lot, the path-planning module computes the
path to follow, and the RL agent controls the pedal and steering commands to
best follow said path. While the goal of the RL agent is to follow the predefined
path, the goal of the shield is to ensure that the car does not collide with any
of the pedestrians while following the path.

Instead of having a unique shield that models interactions with all other pedes-
trians, we develop shields that model the interaction between the ego car and
a single pedestrian. For each pedestrian detected in the vicinity of the ego car,
we instantiate a shield that ensures collision avoidance against that one pedes-
trian. All instantiated shields work then cooperatively: each shield computes
the set of actions that are safe according to its own safety specification. Finally,
the action proposed by the agent is checked against the intersection of all safe
actions and overwritten if needed.

This approach lets us use models that are less complex, with fewer states and
transitions, by not modelling pedestrian-to-pedestrian interactions. The re-
duced complexity of the models permits using accurate models with low com-
putational cost, as well as producing models that are easier to develop, test,
and understand.
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Figure 5.2: Representation of absolute and local coordinate systems. The dotted
grid represents the local-discrete system.

The drawback is that we have no theoretical guarantee that the intersection of
all safe actions is non-empty. It is theoretically possible to have a scenario with
two pedestrians in which the only way to avoid colliding with the first pedestrian
is accelerating, while the only way to avoid colliding with the second pedestrian
is braking. In such cases, the behaviour of the shield is undefined. While this is
theoretically possible, we have not encountered such cases in our experiments,
since braking at maximum strength is typically a safe action at relatively low
speeds, regardless of the positions of the pedestrians.

5.2.2 MDP Structure and State Discretisation

We need to model the relevant dynamics of the ego car and the behaviour of
pedestrians with an MDP with finite sets of states and actions. The states
are built from sensor readings, with relevant magnitudes such as positions and
velocities being continuous. We need a discrete representation of those readings.
Similarly, the set actions proposed by the agent are continuous, so we will need
to find a suitable discretisation for the action space.

As stated before, we instantiate an individual shield for each pedestrian. Under
the assumption that the behaviour of the pedestrian and the ego vehicle are
independent, we can build the model for a shield as a product MDP M = M., X
Moped, where Mear = (Scary A, Pear) is an MDP that encodes the dynamics
of the ego vehicle and Mpeq = (Sped, Pped) is @ Markov chain that encodes
the behaviour of the pedestrian. For both M, and Mg, the transition-
probability function models transitions of a fixed timestep At.

In the following sections, we describe Mg, that models the ego vehicle’s dy-
namics, and Mpeq that models the behaviour of a pedestrian. But before that,
we need to introduce the three coordinate systems we will be using for building
the shields.

5.2.2.1 Coordinate Systems.

Both sets of states Scar and Speq are defined in terms of positions and velocities
of the ego vehicle and the pedestrian, respectively. To define positions and
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velocities, we work with three coordinate systems, depicted in Figure We
call them absolute, local-continuous and local-discrete.

e Absolute. The absolute coordinate system has its origin at an arbitrary
reference point O, and two orthogonal axes X and Y. This coordinate
system does not move during an execution, and the input from sensors
is assumed to be given in absolute coordinates. Coordinates can be any
real numbers, and values are in units of metre (m) and metre per second
(ms™1).

e Local-continuous. The local-continuous coordinate system is a reference
frame that moves with the ego vehicle and is oriented in such a way that the
X axis is always parallel to the ego vehicle’s velocity. In local-continuous
coordinates, the position of the ego vehicle is always (0, 0), and the velocity

is ( v2 —l—vg,()), where v = (vg,vy) is the velocity of the ego car in
absolute coordinates. Coordinates can be any real numbers, and values
are in units of m and ms~!. The difference between the absolute and local-

continuous systems is a translation and a rotation. Therefore, magnitudes
stay constant, and the formula to change from local to absolute coordinates

T cary cosf —sinf x’
= + : : / )
Y] ubs cary| . sinf  cosf Y ] ioe
where 6 is the angle between the absolute X-axis and the velocity of the

ego car, as depicted in Figure[5.2] The rotation matrix can be inverted to
change from absolute to local coordinates.

e Local-discrete. The local-discrete coordinate system is a discretization
of the local-continuous system. This is the coordinate system used in-
ternally in the shield. We define two multipliers fipos, fivet € R for the
magnitudes of distance and velocity, respectively. Magnitudes in local-
discrete coordinates are therefore given in units of ﬁ m for positions

1
Hvel
continuous coordinates, it is transformed to local-discrete as X = | - x],

where p is the corresponding multiplier for the type of magnitude x and
| z] is the result of rounding z to its closest integer.

and ms~! for velocities. Given a distance magnitude x in local-

Since both local-continuous and local-discrete coordinate systems share the same
X-axis and Y-axis, we will call them in the following the local X-axis and local
Y -axis, without specifying discrete or continuous.

Finding adequate multipliers ppos and fivel is a matter of finding a suitable
compromise. Larger values provide coarser discretisations, so the models are
smaller and easier to work with. However, coarse discretisation incurs larger
modelling errors. After some trial and error, we found fipos = fivel = 1/2 to be
a good value for our experiments.

The absolute reference is the reference frame used by the simulator. Global
variables monitored in the experiments, such as vehicle and pedestrian positions
and velocities, are logged in this reference system. The local continuous is the
system used internally by the car sensors. The information that arrives to the
shield, such as the relative positions of pedestrians to the ego car is obtained



92 CHAPTER 5. PROBABILISTIC SHIELDING

in this reference frame. Finally, the local-discrete is the internal system that
the shield uses to represent states in the MDP and to decide on the safety of
actions depending on the results given by the model checker. During execution,
the conversion from local-continuous to local-discrete and back is necessary for
every action taken, as the information needs to arrive to the shield and be
given back to the car controller. In contrast, conversion from absolute to local-
continuous is only required to interpret the results of the experiments.

5.2.3 Model of the Car

The model of the car is based on the digital twin model of the Simrod vehi-
cle [Deb19]. The digital twin model was provided to us as a functional mock-up
unit (FMU) compatible with both C++ and Simulink. We are only allowed to
interact with this unit as a black box: we can initialise certain variables such as
positions and velocities, set an action profile, and let the digital twin run for a
given span of time At. At the end, we read the new values of the variables of in-
terest. The digital twin only models the dynamics of the car on an empty road,
so any interactions of the ego car with other road users have to be modelled on
top of it.

5.2.3.1 State Space

We consider the position and velocity along the X-axis of the local-discrete
coordinate system. Since we only shield for throttle and brake, we can assume
that the direction of the ego vehicle stays locally unchanged.

Moreover, the MDP model used by the shield is constrained to positions no
greater than a predefined limit, zax, and velocities not exceeding a threshold,
Umax- Lhe value of vy is set slightly above the maximum speed permitted on
the road, ensuring realistic constraints. In contrast, .y is a more flexible pa-
rameter, chosen to be sufficiently large to encompass all possible consequences of
the ego vehicle’s decisions made at the origin of the local-continuous coordinate
system.

Formally, we consider Scar = Xcar X Vear, Where Xcar = [0, ..., Zmax| represents
the position of the ego car along the X-axis and Viay = [0, ..., Umax| represents
the velocity of the ego car. The values in X.,, are integers and represent posi-
tions in units of ﬁ m, while values in V_,, are integers representing velocities

in units of - ms™1.
Mvel

5.2.3.2 Action Space

Following the convention found in the Simrod model, we consider actions in
the range [—1,1]. For an action a € [—1,1], the sign indicates which pedal
to press (brake for a < 0, throttle for @ > 0), and |a| indicates how much
the pedal is pressed. Since the MDP needs to work with a discrete set of
actions, we define a set of representative actions A = {aq,...,a,}, satisfying
1< <---<a, <1

For both space and action spaces, the input received by sensors and controller
is rounded to the closest value in the MDP discretisation.



5.2. METHODOLOGY 93

Simrod initial state Simrod final state
x x+ Az
Apply command
1 )
Y a€([-1,1] y+ Ay
Uy for a time At vy + Av,

Uy vy + Av,

Figure 5.3: Overview of an experiment on the Simrod model.

For the sake of simplicity, the shield can only overwrite the throttle and brake
commands and leaves the steering command untouched.

5.2.3.3 Transition Probabilities

We obtain the transition probabilities for our model by probing the Simrod
digital twin model at concrete values, as we will describe in this section. These
experiments are best thought of within the local-continuous coordinate system.

Given an initial position (z,y) and initial velocity (vz,v,) for the ego car, a
driving command a € [—1,1] and a timestep At, the Simrod digital twin pro-
vides us with a new position (z+ Az, y + Ay) and velocity (vy + Avg, v, + Avy),
as the result of applying the driving command ¢ for a duration of At. Figure
illustrates such an experiment. In an ideal scenario, we would execute the ex-
periment in Figure for each combination of initial positions, velocities and
driving commands. However, this is unfeasible because of the complexity of
the digital twin model, and the need to account for a discretised MDP model.
Therefore, we build the transition probabilities by adjusting them to experimen-
tal data obtained by the Simrod model. We design the following experiment:

e We define m reference velocities, 0 < v1 < -+ < vy, < Unmax. For each
reference velocity v;, the interval rv; = [(vj—1+v,)/2, (vj+v,+1)/2) is the
range of velocities that have v; as its reference velocity, i.e. for all v € rvy,
v; is the closest velocity to v among the set of reference velocities. For
the first and last ones, we include the minimum and maximum velocities,
respectively, i.e. 7vg = [0, (v1 + v2)/2) and TV, = [(Vm—1 + Vm)/2; Vmax)-

e Similarly, for each value in the action space a;, we define the action range
ra; = [(@i—1 + ;)/2, (o + @;41)/2), with the special cases of ray =
[0, (a1 + a2)/2) and ra, = [(@n-1 + @n)/2, dmax]. In Figure we
provide a visual representation of these ranges for actions. The ranges for
velocities are analogous.

e We choose a value N of the number of samples used for each reference
action and velocity. For each action range ra; and velocity range rv;, we

sample N pairs (af,u;‘?), for k € {1,..., N} uniformly at random from
rog X rvj.
e For each pair (a¥, u;“ ), we perform the experiment described in Figure

setting the initial velocity in the X-direction to v, = uf , the remaining
initial parameters to zero (i.e. x =y = v, = 0) and the driving command
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Figure 5.4: Scheme of reference actions and action ranges.

to af. We label the position and velocity increases as Az = Amﬁj and
Av, = Avf’ i

To build the transition probabilities of P, from the available data, we adopt
the following two assumptions:

o Assumption 1. The increase in velocity, Avﬁ ;» primarily depends on the
reference action (a;) and the velocity at which it is applied (uf ;), and
does not depend significantly on other variables such as position, previous
accelerations, or the concrete applied action (aF).

o Assumption 2. The increase in position, Axf’ ; 1s proportional to the initial
velocity (uf ;) and the proportionality factor primarily depends on the
applied action (a¥).

Assumption 1 implies that transition probabilities should be derived as statis-
tical measures based on the experimental data described earlier, with a single
probability distribution for each reference action a;. Assumption 2 suggests that
for each reference velocity v; and each reference action «;, there exists a value
7i,; such that Agcf, ;R vf’fjuﬁ ; provides a good approximation. To determine
7,5, we minimise the error using the following optimisation criterion. For each
iell,...,nJand j€[1,...,m]:

N

. 2
vi; = argmin Z (A:ci,j — yuﬁj) . (5.1)
vER 1

With all this data, we compute the transition probabilities as follows. For each
s = (X,V) € Scar and action «o; € A, let v; be the corresponding reference
velocity to V, i.e., the only j for which V/ue € rv;. Then for each s’ =
(X +AX,V + AV) such that AX = |, ;V]:

Pear (5, v, 8') = %# {kell,...,m] : LAUZ]-“J- ivel] = AV} (5.2)

For any s’ such that AX # |v; ;V'], the transition probability is Pear(s, a;, ") =
0. In Equation (5.2), the transition probability for a given velocity increase AV
is defined as the relative frequency of the increase in velocity that gets discretized
into AV.

5.2.4 Model of the Pedestrian

The behaviour of the pedestrian is modelled by a Markov chain Mpeq = (Sped; Pped),
in which the states Spea = Xped X Yped represent the position of the pedestrian
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(a) Scatter plot of action («) vs. Av. (b) Scatter plot of velocity (vs) vs. Ax.

Figure 5.5: Scatter plots to validate Mc,,. The high correlation factor (R) in
both cases validates the assumptions on probabilities for the ego car model. In
particular, the high correlation between the chosen action and the increase in
velocity (a) validates Assumption 1, while the high correlation between velocity
and Az (b) validates Assumption 2.

relative to the same coordinate origin as the car in the local-discrete system.
The probability transition function Ppeq determines how the pedestrian behaves
in a stochastic manner.

At each timestep, the pedestrian moves in the X-axis and the Y-axis following
two independent Gaussian distributions. The distributions are centred at 0 m/s
so that the pedestrian is equally likely to move in any direction. The standard
deviation op,eq indicates how erratic the movement of the pedestrian tends to
be. We set opeq = 2 m/s for adults, opea = 1 m/s for elders and opeq = 3 m/s
for children. With this model, the average speed of a pedestrian is \/iaped.

A limitation of this model is that pedestrians, as we model them, are non-
inertial, i.e., their velocity at one step does not influence their velocity at the
next step. While inertial pedestrians would certainly be more realistic, the issue
is mitigated by the fact that the pedestrian’s velocities are small.

5.2.5 Shield Computation

A safety specification is given in the form of a set of states Scrash € Scar X Sped
representing collisions, a safety threshold A € (0,1), and a bounded horizon
k € N. Given the models M, and Myeq and a safety specification, we use
TEMPEST to compute a shield that enforces the safety specification,
as described in Equation . For each tuple (Scar, Sped; @) € Scar X Sped X A,
TEMPEST determines whether executing action a at (Scar, Sped) is safe according
to the specification. An action a is considered safe from state s if

PM (Avoid<y(s,a, Scrash)) > A - pM (Avoid<g(s, Scrash)) -

max max

TEMPEST produces a lookup table that specifies, for each state, a safe alternative
action to replace any unsafe action. This lookup table constitutes the shield.
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5.3 Experimental Evaluation

Our experimental evaluation pursues two primary objectives. First, we em-
pirically validate the assumptions underlying the construction of the car MDP
derived from the digital twin FMU model. Next, we assess whether the inte-
grated shields can effectively prevent collisions with pedestrians and determine
if their approach outperforms the automated emergency braking system.

5.3.1 Validation of the Car Model

In Section [5.2:3] we describe a method to obtain experimental data from the
Simrod model in a structured way, that we then use to build our MDP model
of the car. The transition probabilities are built from the data, taking two
assumptions on the dependency of the increases in velocity and position (Av
and Azx) on the actions applied and the current velocity.

We can validate experimentally the assumptions made to build this model by
checking the correlations in the data obtained from the experiment described.
In Figure we show that both key correlations between Av and « (Assump-
tion 1), and between Az and v, (Assumption 2) are very high. The data comes
from performing the experiment for reference velocities v = [0, 1,2,...,10] m/s,
action set A = [—0.75,—0.5,—0.25,0,0.25,0.5,0.75], and a number of samples
N = 100. The high correlation factor (R) in both cases validates the assump-
tions on probabilities for the ego car model.

In Figure there are some data points that look a bit odd for brake actions
(v < 0), where the decrease in velocity —Awv is smaller than expected. These
data points correspond to individual experiments where the initial velocity is
already very small, so that the brake action applied is more than enough to
fully stop the car, even with a deceleration smaller than typical for such action.
We also observe a steeper curve in the throttle range than in the brake range.
This indicates that, for this car, the deceleration produced by the brake pedal is
more potent than the acceleration produced by the throttle pedal at the same
level. This is a standard safety feature in automobiles.

5.3.2 Safety Shielding vs. Automatic Emergency Brake

To evaluate the performance of the shield, we integrate it as part of the agent
controlling the ego vehicle developed by several partners in the FOCETA project.

In evaluating the performance of the safety shield, we focus on how effective the
shield is in enforcing the safety specification. We also assess whether the shield
is an improvement with respect to the AEB in terms of efficiency, perceived
safety by other road users, and comfort of the passengers. Figure [5.6illustrates
a case where the shield mitigates collision risks more efficiently and earlier than
the standard emergency brake, resulting in lower usage of the brake pedal and
more gentle deceleration. To evaluate the performance of the safety shield in a
systematic way, we created a scene in the AVP scenario with fixed initial and
goal positions and added several pedestrians. We produced 20 configurations
of the pedestrians’ initial positions and moving patterns by random sampling
the pedestrians’ initial positions and velocities. We executed the scene for a
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Figure 5.6: Example of the advantage of shielding with respect to an automated
emergency brake, avoiding the collision in a smoother and more efficient way.

fixed timespan of 20 seconds, having (a) only the shield as a safety enforcer, (b)
only the emergency brake as a safety enforcer and (c) both the shield and the
emergency brake together. In the latter case, whenever both systems propose

an enforcement action, the emergency brake takes priority over the shield. We
tested the following metrics.

e Effectiveness in avoiding collisions.

— Distance to pedestrian. The average distance from the front of the
car to the pedestrian. Larger values indicate increased safety.

— AEB activation. The percentage of time in the 20-second experiment
where the automated emergency brake is active.

e Efficiency in driving.

— Brake pedal. The average value of the brake pedal signal. Recall

that both pedals have a signal from 0 — not activated — to 1 — fully
activated.

— Throttle pedal. Use of the throttle pedal, analogous to the brake
pedal. A higher value for either pedal metric suggests a driving style
that may accelerate the wear and tear on the vehicle.

— Distance to goal. Average distance to the goal position during the

experiment. Lower values indicate increased efficiency in reaching
the goal.

e Comfort.

— Acceleration. Average value of the acceleration of the ego car. The
average is taken in absolute value. Lower values indicate increased
efficiency and comfort.
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Test Only AEB Both Only shield
Distance to pedestrian (m) 4.20+1.00 3.95£0.86 4.07£0.96
AEB activation (%) 19+11 8+38 —
Brake pedal (avg. use, 0 to 1) 0.394+0.22 0494026 0.2940.27
Throttle pedal (avg. use, 0 to 1) | 0.51+0.21 0.46+0.24 0.40+0.18
Distance to goal (m) 13.2+49 142+44 12.8+5.2
Acceleration (m/s?) 049+0.21 044+£0.18 0.36+0.20
Jerk (m/s®) 1.00£0.80 0.93+0.86 0.65=+0.65
Time to collision (s) 42+1.38 44+1.6 4.0+2.0

Table 5.1: Quantitative analysis of probabilistic shielding. Marked in boldface
the best result for each metric on average.

— Jerk. Average value of the jerk felt by the ego car, that is, the
variation in acceleration. This is a standard measure of comfort.

— Time to collision. The hypothetical time that it would take to collide
with the closest pedestrian if the car would maintain its current speed
and trajectory. It is a measure of perceived safety by other road users.

In Table we present the results we obtained. For each metric being mea-
sured, we provide mean and standard deviation across all our experiments. We
do not include the number of collisions as the scenarios are designed in such a
way that there would be a collision, but the safety mechanism (be it the shield,
the AEB, or both) has to act to prevent it.

In terms of effectiveness, we can see that the three methods show a similar
performance in terms of maintaining a safe distance with respect to the closest
pedestrian, and we see that when the shield is active, the use of the emergency
brake is down by half. In terms of driving efficiency, we see that the shield tends
to produce less use of both the brake and throttle pedals while maintaining a
low distance to the goal. In our results, however, we do observe that having both
enforcing systems together produces higher use of the brake pedal and higher
distance to the goal, suggesting that the resulting controller may be overly
conservative. In terms of comfort, we observe mainly a notable difference in
jerk, where shielding significantly reduces the discomfort to the passengers due
to high jerk, associated with a harsh use of the brake and throttle pedals. The
data from acceleration supports this claim as well, albeit in a lower magnitude.
Time to collision proves to be very similar across the board, with the shielded
controller showing a slight reduction.

5.4 Discussion

5.4.1 Limitations

Probabilistic safety guarantees. The approach towards safety using prob-
abilistic shielding mitigates two of the main concerns discussed in the previous
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chapter with regard to deterministic shields, namely the requirement of a deter-
ministic model of what are sometimes inherently stochastic phenomena, and the
worst-case scenario guarantees generating overly conservative controllers. This
step up is made available at the price of relaxing the safety guarantees. This
relaxed specification is also somewhat unintuitive, as we have seen in Exam-
ple which can work towards eroding the trust of the user in the runtime
enforcement method.

Model size and control variables. Discretising both the observation and
action spaces inevitably introduces errors in the model. However, this trade-off
is necessary to keep the model size manageable, enabling the use of probabilistic
model-checking methods with reasonable resource consumption. This affects, in
our case, both the car and the pedestrian models. For the pedestrian, a richer
model of their behaviour, distinguishing behaviour modes depending on their
context or having a more fine-grained account of their velocities would make
the model significantly more useful. For the car, allowing a larger model would
allow us to introduce steering as a control variable to be shielded. While steering
is not required to enforce safety in our use case, some pedestrians can be more
efficiently avoided by a gentle steer than the use of the brake pedal.

5.4.2 Related Work

Probabilistic shielding in MDPs was first introduced in [Jan+20|, and has been
extended to partially observable MDPs [Car+23|. To the best of our knowledge,
probabilistic shielding on MDPs has not been previously used for realistic self-
driving use cases.

Probabilistic model checking tools. Several tools implement probabilistic
model checking to verify the safety of RL agents. COOL-MC |Gro+22b] takes a
Gymnasium [Tow—+24] environment and an MDP model as inputs, querying the
agent’s decisions across all MDP states and using the resulting Markov chain
to verify a user-defined property. MoGym |Gro+22a] converts a user-provided
MDP into a Gymnasium-compatible environment, enabling RL policy training
and statistical model checking through policy queries. Unlike these verification-
based approaches, shielding does not verify the agent’s policy but ensures its
correct execution at runtime. The most widely used tools for probabilistic
model checking include STORM [Hen+22|, Prism |[KNP11|, MopesT [HH14],
and PET [MW24]. Our work utilises TEMPEST [Pra+21lal, a fork of STORM
specifically designed to synthesise shields for Markov decision processes and
stochastic multiplayer games.

Shielding methods for autonomous driving. RL has been one of the main
methods to develop autonomous driving agents [Kir+21; Pan+17].

There is further work on probabilistic safe RL methods that fit in the shielding
framework, even though they do not use the same formalism of model check-
ing on MDPs. Most of this work focuses on collision avoidance and safe driv-
ing [Bou+19; [KWA20} [Lin+24; He+23; [Sax+19]. Shielding methods for RL
have been used to optimise the navigation path of a self-driving car [HWL24;
VDL24] or a platoon of self-driving cars [BLS24]. Moreover, they have also
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been used for vehicle trajectory tracking control tasks , as well as to
optimise self-driving car fuel consumption during traffic congestion .
Most of the work that integrates any type of shielding for self-driving car applica-
tions has been tested in simulation |Che+19; BLS24} HWL24} XZ1.22; VDL24].
There is also recent work implementing autonomous driving capabilities in car
scale prototypes such as the F1Tenth to validate the proposed solu-

tions [Koc+23].




Chapter 6

Fairness Shields: Enforcing
Fairness Properties for

Bounded and Periodic
Horizons

Jeder nach seinen Fihigkeiten, jedem nach seinen Bedirfnissen
— Popular socialist slogan.

6.1 Motivation and Outline

With the rise of machine learning (ML) in human-centric decisions, such as
banking and college admissions, concerns about bias based on protected at-
tributes like gender and race have grown [DF18; |(Obe+19; [SPB19} Liu+18;
Ber+21]. Mitigating such biases is a crucial and active research area in Al

Most bias prevention methods rely on design-time interventions, such as pre-
processing training data [KC12;|CZ13|, modifying loss functions |[Aga+18; Ber+17]
— known as in-processing methods —, or post-processing decisions with cali-
brated output functions [HPS16; |CH20]. We introduce fairness shielding, the
first run-time intervention method to safeguard fairness in deployed decision-
makers.

Fairness shields address fairness in sequential decision-making, where observa-
tions come one after the other, and decisions have to be made without knowl-
edge of the following observations. While fairness has traditionally been studied
in a history-independent way, the sequential setting better models real-world
decisions |ZL21]. Prior work mostly focuses on fairness over the long run in

1From each according to their ability, to each according to their needs.
2While it was Karl Marx who most popularized this saying, it was a common slogan within
the socialist movement of the XIX century, and its origin is still a disputed fact.

101
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Figure 6.1: The operational diagram of fairness shields.
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unbounded horizons [HZ22|, but finite-horizon and periodic fairness — evalu-
ating fairness over fixed timeframes — better align with real-world regulatory
assessments [Ala+24]. Our fairness shields enforce these fairness guarantees by
monitoring decisions and intervening only when necessary.

Figurel6.1|illustrates fairness shielding. Given a predefined fairness criterion and
time horizon, the shield observes the protected attribute, classifier (agent) rec-
ommendation, and the cost of altering that recommendation. The final decision
ensures fairness while minimizing intervention costs, with costs either specified
by the decision-maker or assumed constant.

Example 6.1 (Running example - Bilingual team). Consider the process of
assembling a customer service team for a company in a bilingual country, where
language A and B hold both official status. Because of the nature of the task,
it is essential to maintain a balanced representation of native speakers of both
languages. To achieve this, the company enforces a policy requiring that the dif-
ference between the number of employees proficient in each language must not
exceed 20% of the total team size. The hiring process operates within a bounded
time horizon, with a fized number of T candidates to be screened. Candidates
apply sequentially, and decisions about each applicant must be made before con-
sidering future candidates. Suppose the company uses an ML model to screen
candidates, which is designed without considering linguistic balance, as it is ir-
relevant in other regions where the company operates, and is biased towards
language A candidates. Relying solely on this ML model’s recommendations
could lead to an unbalanced team composition. The recruitment team could fol-
low the ML models’ recommendation until achieving a balanced team becomes
impossible, and then hire some language B candidates. This would create a sit-
uation in which many qualified language A candidates might have to be rejected.
Furthermore, it could also prolong the process of finding suitable language B
candidates. Fven if the ML model aims for long-term workforce balance, an
influz of strong candidates from one language group could still skew the team’s
composition.

A fairness shield can be deployed, which will monitor and intervene in the de-
cisions at runtime to guarantee that the final team is linguistically balanced as
required while keeping the deviations from the decision-maker’s at a minimum.
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Computation of fairness shields. Fairness shields are computed by solving
bounded-horizon optimal control problems, which incorporate a hard fairness
constraint and a soft cost constraint designed to discourage interventions. For
the hard fairness constraint, we consider the empirical variants of standard group
fairness properties, like demographic parity and equal opportunity. We require
that the empirical bias remains below a given threshold with the bias being
measured either at the end of the horizon or periodically. This hard constraint
corresponds to the shield being “correct” with respect to a given specification

(Definition .

For the soft cost constraint, we assume that the shield receives a separate cost
penalty for each decision modification. The shield is then required to minimize
the total expected future cost, either over the entire horizon or within each
period. The definition of cost may vary by application. In general, the cost
should be associated to the confidence in the classification, with high-confidence
recommendations requiring high costs.

For shield computation, we assume that the distribution over future decisions
(of the agent) and costs are known, either from the knowledge of the model
or learned from queries. Fairness shields are computed through dynamic pro-
gramming. While the straightforward approach would require exponential time
and memory, we present an efficient abstraction for the dynamic programming
algorithm that reduces the complexity.

Types of fairness shields. We propose four types of shields: (i) FinHzn,
(ii) Static-Fair, (iii) Static-BW, and (iv) Dynamic shields. FinHzn is specific
to the bounded-horizon problem, ensuring fairness in every run while being
cost-effective. The other three are suited for the periodic setting, guaranteeing
fairness under diverse assumptions on how often individuals from each group will
appear in a period. Static-Fair and Static-BW reuse a statically computed FinHzn
shield for each period, while Dynamic shields require online re-computation of
shields at the start of each period.

Experiments. We empirically demonstrate the effectiveness of fairness shield-
ing on various ML classifiers trained on well-known datasets. While unshielded
classifiers often show biases, their shielded counterparts are fair in every run
in the bounded-horizon setting and in most runs in the periodic setting. In
most cases, the shielded classifiers exhibit a slightly lower classification accu-
racy as their unshielded counterparts. This discrepancy is more pronounced
under stricter fairness conditions and less pronounced, if the classifier was al-
ready trained to be fair.

Contributions. The contributions presented in this work can be summarized
as follows.

e We formalize the concept of fairness shields, the first runtime interven-
tion procedure for safeguarding the fairness of already deployed decision-
makers.

e We propose an efficient algorithm for synthesizing fairness shields for fi-
nite horizons and explain how it can be extended to fairness shields in a
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periodic setting.

e We study the problem of safeguarding for periodic fairness and propose
three solutions formalized in three types of shields: static-fair, static with
bounded welfare, and dynamic. For each of the proposed solutions, we
study under which assumptions they guarantee periodic fairness.

o We evaluate our shields with extensive experiments on several benchmark
datasets, shielding ML agents trained with state of the art in-processing
fairness learning methods. In our experiments, we show the effectiveness
of our shields, validating our theoretical results and evidencing the gap
between theoretical and practical guarantees.

Outline. In Section [6.2] we present the formal setting and how it fits within
the general reactive decision-making framework presented in Chapter 3] In
Section we present our main algorithm to synthesize fairness shields for the
finite horizon, which is later re-used for the periodic fairness setting. We present
a general algorithm and a more efficient version for typical fairness properties.
In Section we present diverse approaches to extend finite horizon shields to
an unbounded horizon in a periodic manner. In the periodic setting we loose the
strong fairness guarantees of the finite horizon setting, so we focus most of the
section on results studying under which conditions fairness can be guaranteed.
We present our experimental evaluation in Section and finish the chapter
in Section discussing edge cases, limitations, and related work.

Declaration of sources. This chapter is partially based and reuses material
from the following source previously published by the author of this thesis:

[Can+25a] FiLip CaNO, THOMAS A. HENZINGER, BETTINA KONIGHOFER,
KONSTANTIN KUEFFNER, and KAUSHIK MALLIK. “Fairness Shields: Safeguard-
ing against Biased Decision Makers”. In: Proceedings of the AAAI Conference
on Artificial Intelligence (AAAI). AAAT Press, 2025,

[Can+24b] Fiuip CANO, THOMAS A. HENZINGER, BETTINA KONIGHOFER,
KONSTANTIN KUEFFNER, and KAUSHIK MALLIK. Fairness Shields: Safeguard-
ing against Biased Decision Makers (extended version). 2024. arXiv: [2412.
11994.

6.2 Fairness Shielding Setting

In this section, we present the setting and notation elements that will be used
throughout this chapter. As illustrated in Figure the problem of fair classi-
fication in this chapter can also be interpreted in the general reactive decision-
making framework. As we have done in previous chapters, we will use a slightly
adapted notation, focusing on the relevant elements of the work presented in
this chapter. In particular, in this chapter we use for the first time shields
that are not minimally correct, but are rather synthesized minimizing a certain
cost function. We continue using the bilingual team-building problem as our
running example to illustrate the notation elements being introduced. We re-
serve Section[6.2.3|to connect the formalization of this chapter with the general
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framework presented in Chapter

6.2.1 Environment and Shielding Setting

Data-driven classifier. We are given a population of individuals, described
by features. Among them, we consider one binary feature to be protected or
sensitive. Typical protected features are race, gender, language, etc. Without
loss of generality, the protected feature takes values in the set G = {a,b}, and
the population can be therefore partitioned into groups a and b, according to
the value of the protected feature. We consider a data-driven classifier that at
each step samples one individual from the population, and outputs a recom-
mended decision from the set B = {1,0} along with an intervention cost from
the finite set C C R>(. As convention, decisions “1” and “0” will correspond
to “accept” and “reject,” respectively. We assume that the sampling and clas-
sification process gives rise to a given input distribution 0 € D(X), where the
set X == (G x B x C) is called the input space. The non-protected features
of individuals are hidden from the input space because they are irrelevant for
shielding. We will assume that 6 is given, i.e., the shields are computed using
knowledge about #. When doing experiments, we estimate an approximation of
0 from the available data, as we detail in Section

Example 6.2 (Continuation of Example . In the bilingual team example,
an individual is represented by a tuple (g,2) € G X Z, where G = {a,b} denotes
the language in which the candidate is proficient, and Z encompasses all non-
protected features relevant to evaluating a candidate’s suitability for the job, such
as years of experience, relevant education, and so on. For simplicity, we assume
that a candidate is proficient in only one of the two languages.

The company uses a classifier f: G x Z2 — B x C, which outputs a prelimi-
nary decision for each candidate (accept or reject) along with a cost associated
with altering that decision. The cost reflects the classifier’s confidence: candi-
dates who are clearly good or bad incur a high cost for decision changes, while
borderline candidates can have their decisions reversed at a lower cost.

Shields. A shield is a symbolic decision-maker that selects the final decision
from the output space Y = B after observing a given input from X', and possibly
accounting for past inputs and outputs.

Formally, a shield is a function 7: (X x Y)" x X — Y, and its bounded-horizon
variants are functions of the form (X x y)ft x X — )Y, for a given t. Fol-
lowing the notions introduced in Chapter [3] a fairness shield is a particular
case of a post-shield (Definition . In particular, its output is a concrete
accept/reject decision, and not a set of allowed decisions. Note that the in-
put of a shield is (7, z), where 7 € (X x Y)* a sequence of previous inputs and
outputs, and z € X is a tuple & = (g, b, c) representing the last individual, for
which a final decision has not yet been made, where g € G is the group member-
ship, b is the accept/reject recommendation of the classifier and ¢ € C is the
cost of overwritting the classifier’s recommendation. We will write IT and II* to
respectively denote the set of all shields and the set of bounded-horizon shields
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with horizon tﬁ The concatenation of a sequence of shields 7y, ms,... € II* is a
shield 7, such that for every trace 7, if 7 can be decomposed as 77/ with |7| = jt
for some j and 7’ < t, then 7n(7,2) = w41 (7', ).

Sequential decision making setting. We consider the sequential setting
where inputs are sampled from 6 one at a time, and the shield 7w needs to
produce an output without seeing the inputs from the future. Formally, at
every time ¢ = 1,2,..., we sample an input z; = (g;,7;,¢;) from 6. The
probability of getting input z; is 6(x;) > 0. The shield’s output at time i
isy; = m([(z1, 1), -, (Tiz1,yi—1)], xi). After applying this process of sampling
input and getting the corresponding shield output for ¢ time-steps, the resulting
finite sequence 7 = (x1,y1),- ., (x¢,y¢) is called a trace induced by 6 and T,
and the integer ¢ is called the length of the trace, denoted as |7|. We use FTj
to denote the set of every such trace. For every ¢, the probability distribution 6
and the shield 7 induce a probability distribution P(; §, ) over the set (X x ))!
as follows. For every trace 7 € (X x ))*,

¢ N .
P(r10,7) = {OHi_l 0(x;) ifT€FT) . 6.1)

otherwise.

The notation P(7; 0, 7) is to be read as “the probability of obtaining the trace 7
when sampling inputs from the input distribution #, and applying shield outputs
from 7. Note that § and 7 are parameters of the distribution, i.e., P(-; 0, 7) is
a probability distribution, while 7 is the element in the sample space (denoted
Q) in Section that has a certain probability to be sampled. Given a prefix
7, the probability of observing the trace 7 - 7/, for some 7 € (X x Y)*, is
P(r' | 7;0,7) =P(r-7';0,7)/P(7; 0, 7). Note that the statistical dependence of
7/ on 7 is due to 7’s history-dependence.

Cost. LetT = (21,91),..., (2t yt) be atrace of length ¢, where x; = (g5, 74, ¢;).
At time ¢, the shield pays the cost c¢; if its output y; is different from the
recommended decision r;. The total (intervention) cost incurred by the shield
on 7 up to a given time s <t is

cost(T; s) == Z ci-1lrs #ui. (6.2)

The cost incurred up to time ¢ (the length of 7) is simply written as cost(7),
instead of cost(r;t). For a given time horizon ¢, we define the expected value of
cost after time ¢ as

E[cost; 0, . t] == Z cost(t) - P(7;0,7), (6.3)
TE(XXY)t

and if additionally a prefix 7 is given, the conditional expected cost after time
t (from the end of 7) is

Elcost | 750, m,t] == Z cost(t') - P(7" | 7;0,7). (6.4)
TIe(XXY)t

3We define bounded shields and the set IT* to emphasize that our synthesis algorithm only
defines the behaviour for traces T with a length at most ¢.
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Note that the difference between Equations and is that in the second
one, the prefix 7 is given as part of the trace to the shield. One can see Eq. (6.3))
as a particular case of Eq. when the prefix is the empty trace 7 =¢. If 7
is “very fair”, i.e., (1) < K, the cost of enforcing fairness in the next ¢ steps
will be generally lower than the case where 7 is on the limit of being fair, i.e.,
(1) = k. This effect is amplified with longer prefixes.

The shield 7 is an element external to the classifier. It takes the protected
feature of the candidate and the classifier’s recommendation as inputs and has
the authority to issue a final accept/reject decision. If the shield’s decision
differs from the classifier’s, the incurred cost is as specified by the classifier. The
shield’s inputs are the features of candidates, the classifier’s decisions, and the
costs, and the input distribution is assumed to be known in advance.

Note that, from the shield’s perspective, the distribution of non-protected fea-
tures is unimportant, as these features are already processed by the data-driven
classifier and summarized into a single cost value. By sampling individuals from
the candidate pool and processing them through both f and 7, we obtain a trace
7 that records the individuals and their decisions. In the case of our running
example, this trace encapsulates the results of the hiring process, including the
linguistic distribution of hired candidates and the total cost incurred by the
shield.

6.2.2 Fairness Enforcement with Minimal Cost

Fairness. We model (group) fairness properties as functions that map every
finite trace to a real-valued bias level through intermediate statistics. A statistic
1 maps each finite trace 7 to the values of a finite set of counters, represented as a
vector in N?| where p is the number of counters. The welfare for group g € {a, b}
is a function WF9: NP — R. When p is irrelevant or clear from the context, we
will write WF9(7) instead of WF9(u(7)). A fairness property ¢ is an aggregation
function mapping (WF?(7),WF®(7)) to a real-valued bias. Table m summarize
how existing fairness properties, namely demographic parity (DP) [Dwo+12],
disparate impact (DI) [Fel+15], and equal opportunity (EqOpp) [HPS16] can
be cast into this form.

Estimating EqOpp requires the ground truth labels of the individuals be re-
vealed after the shield has made its decisions on them. To accommodate
ground truth, we introduce the set Z = {0, 1}, such that traces are of the form
T=(21,Y1,21), -, (@4, Y1, 2t) € (X x Y x Z)*, where each z; is the ground truth
label of the i-th individual. The shield is adapted to (X x Y x Z2)* x X — ),
where the set Z is treated as another input space and the probability distribu-
tion P(Z = z; | X = ;) is assumed to be available.

Example 6.3 (Continuation of Example . In the bilingual team example,
the welfare of a linguistic group g is defined as the fraction of the team proficient
in language g. A more nuanced interpretation considers the welfare of group g as
the fraction of accepted candidates among those proficient in language g, which
is the empirical variant of demographic parity (DP). This measure accounts
for the possibility that the linguistic distribution of the population may not be
evenly split. If one language is more prevalent in the target population, the hired



108 CHAPTER 6. ENFORCING FAIRNESS PROPERTIES

Name Counters WF9 ®

Demographic parity (DP) NayrMals by Myl Ng1 /Mg |WE(T) — WEP(7)]
Disparate impact (DI) NayMal, Mo, 1 Ng1/ng  [WF(T) = WFP(T)]
Equal opportunity (EqOpp) — nj,nj,,nj,ny,  nly/ny,  [WE*(T) — WFP(T)]

a

Table 6.1: Empirical variants of fairness properties: For g € {a, b}, the counters
ng and ng; represent the total numbers of individuals from group g who ap-
peared and were accepted, respectively. Counters n'g and nél denote the total
numbers of appeared and accepted individuals whose ground truth labels are
“1.” If a welfare value is undefined due to a null denominator, we set ¢ = 0.

team should proportionally include more members proficient in that language.
To obtain an empirical variant of equal opportunity (EqOpp), we would need
to assume the existence of a ground truth on whether a candidate is actually a
good employee for this job. This can typically only be assessed after the candidate
actually works for some time with the team, so it is not easy to estimate a priori.
In such case, the welfare of a group would be the fractions of hired candidates
with respect to the actually good candidates for each linguistic group.

Bounded-horizon fairness shields. From now on, we use the convention
that 6 is the input distribution, ¢ is the fairness property, and x is the bias
threshold. Let T be a given time horizon. The set H?;{r of fairness shields over

time T is the set of every shield that fulfills ¢(-) < & after time T, i.e.,

%t = {re nr | vr e FTZ;,Tr (1) < K} (6.5)

fair
We now define optimal bounded-horizon fairness shields as below.

Definition 6.1 (Finite Horizon Shields). Let T' > 0 be the time horizon. A
finite horizon shield (usually abbreviated to FinHzn) is the one that solves:

7w = argmin E[cost; 0, 7, T'. (6.6)
renl:l
Note that even if the input distribution 6 is learned and imprecise, as long
as it shares the same support as the true distribution, the fairness guarantees
provided by the shield remain unaffected; only the cost-optimality may be com-
promised.

Periodic fairness shields. FinHzn shields stipulate that fairness be satis-
fied at the end of the given horizon. However, in many situations, it may be
desirable to ensure fairness not only at the end of the horizon but also at inter-
mediate points occurring at regular intervals. For instance, a human resources
department that is required to maintain a fair distribution of employees over
the course of a quarter might also need to ensure a similar property for their
yearly revision, after four quarters. This type of fairness is referred to as peri-
odic fairness in the literature [Ala+24]. For this class of fairness properties, we
define the set of T-periodic fairness shields as

Heairper = {7 €1 |Vm € N. VT € FT§'L . (1) < K}. (6.7)
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Note that Iltairper does not force every subtrace of length T', or mT for some
m € N, to satisfy a certain fairness constraint. The reader may think of the
multiples of the period T,2T,3T,... as “examination dates”: the trace will be
inspected at time mT, and by then it has to be correct. Therefore, subtraces of
any length that do not end in an examination date may have bias values slightly
over the threshold.

Definition 6.2 (Optimal T-periodic fairness shield). Let 7' > 0 be the time
period. An optimal T-periodic fairness shield is given by:

7" = argmin sup Elcost | ;0,7 T). (6.8)
mE€lfairper MEN
TEFT T

Equation requires fairness at each m7-th time (measured from the be-
ginning), and minimizes the maximum expected cost over each period. The
existence of this minimum remains an open question. In Section [6.4] we pro-
pose three ”best-effort” approaches to compute periodically fair shields (under
mild assumptions) that are as cost-optimal as possible.

6.2.3 Fairness Shielding within the Reactive Decision Mak-
ing Framework

The sequential input can be modelled by an environment & = (O, A, J), with
O = X (what we called the input space, ¥ = GxBxC), A = ), and a transition
function 7 characterized by a single input distribution. That is, for all trace
7 € (O x A)*, there is a unique distribution 6 € D(X) such that 7 (1) = 6.

The main difference between this shielding setting and those presented in Chap-
ters [4) and [f] is that correctness is not established by avoiding concrete obser-
vations states, but rather correctness depends on the whole trace via a series
of counters. In fact, every observation has a probability that is independent
from the behaviour of the agent or the shield. Another notable difference in
this case is that we are not interested in the notion of minimal interference as
expressed in Definitions [3.10] and [3:12} In contrast, we assign a specific weight,
or cost, to each interference, and build the shield that minimizes interferences
in expectation.

6.3 Algorithm for Finite Horizon Shield Synthe-
sis

We present our algorithm for synthesizing FinHzn shields as defined in Defini-
tion A FinHzn shield 7* computes an output y = 7*(7, z) for every trace
7 € (X x Y)=T and every input x € X. Our synthesis algorithm builds 7* re-
cursively for traces of increasing length, using an auxiliary value function v(T)
that represents the minimal expected cost conditioned on traces with prefix 7.
To define v(7), we generalize fairness shields with the condition that a certain
trace has already occurred. Given a time horizon ¢ and a trace 7, whose length
can differ from t, the set of fairness shields over time t after T is defined as

fair

2l = {7r el |vr' e (X x V) .77 ¢ FT‘GT’JTH = p(r7) < n}.
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Then v(7) is given by:

o(T) = eII(lii‘El|r\)|T Elcost | 730, 7, T — |7|]. (6.9)
melly,

fair

For every trace 7 and every input « € X, the optimal value of the shield is
(7, x) = argmin, ¢y, v(7, (7,y)).

In Section [6.3.1] we present a recursive dynamic programming algorithm for
computing v(7), whose complexity grows exponentially with the length of 7. In
Section [6.3.2] we present show how the algorithm proposed in Section [6.3.1] can
actually be adapted to use only the p counters defining the fairness property,
thus solving the synthesis problem more efficiently, with polynomial complexity
for the vast majority of fairness properties.

6.3.1 Recursive Computation of the Value Function

We compute the value function recursively, defining a trivial value for traces of
length |7| = T', and showing how the value function for traces of lenght |7| < T
can be computed by simulating a single optimization step by the shield and
using the value function for traces of length |7| 4 1.

Base case. Let T be the time horizon and 7 be a trace of length T'. Since the
horizon has already been reached, if ¢(7) < k, then the expected cost is zero
because fairness is already satisfied and no more cost needs to be incurre. On
the other hand, if ¢(7) > k, the expected cost is infinite, because, no matter
what cost is paid, fairness can no longer be achieved. Formally,

o(r) = {O o) < £, (6.10)

oo otherwise.

Recursive case. Let 7 be a trace of length smaller than 7. The probability
of the next input being x = (g,7,¢) is 8(x), and the shield decides to output y
that either agrees with the recommendation r (the case y = r) or differs from
it (the case y # r)—whichever minimizes the expected cost. When y = r, the
trace becomes (7 - (z,y = r)). Therefore, no cost is incurred and the total cost
is the same as v(7 - (z,y = r)). When y # r, the trace becomes (7 - (z,y # r)).
Thus, the incurred cost is ¢ and the new total cost becomes ¢+ v(7 - (z,y = r)).
Therefore

_ mind 0@y =71)),
v(ir)= > O { r (M# )4 e } (6.11)

z=(g,r,c)EX

Equations (6.10) and (6.11]) can be used to recursively compute v(7) for every 7
of length up to 7', and the time and space complexity of this procedure is O(|X x

Y|T). The correctness of Equation (6.11]) is formally proven in Lemma
Before formalizing the argument, let us see an example of its inner workings.

Example 6.4 (Continuation of Example [6.3). Consider the task of hiring a
linguistically balanced team with a horizon of T = 50 candidates and a target
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demographic parity property ¢ with a threshold k = 0.2, i.e., 20%. By the end
of the process, a trace T of |T| = 50 candidates must satisfy o(T) < K.

Consider the following situation. Suppose 7' be the trace obtained after observing
the first 48 candidates, i.e., |7'| = 48, and just two more candidates are going
to be observed before the horizon ends. In 7', 24 candidates have been observed
for each language proficiency group among A and B, and among them 12 from
group A and 17 from group B have been accepted, resulting in o(7') = |12/24 —
17/24] = 0.208 > k. This temporary violation of DP is allowed since the process
is ongoing. Suppose a new candidate x = (g,r,c) appears, with g = B. The
classifier tentatively accepts x and informs the shield that reversing this decision
would incur a cost c. If the shield accepts x, the shield will be forced to reject
the next candidate proficient in B or accept the next candidate proficient in A,
regardless of the cost. Conversely, if the shield rejects x, it incurs an immediate
cost of ¢ but balances the languages to a point where intervention will not be
required for the next decision. The shield must therefore weigh its options: either
incur a known cost ¢ now by rejecting x or risk an unknown future cost ¢
by accepting x. If the candidate is exceptionally qualified, i.e., the classifier
recommends acceptance with a high cost of modifying its decision, the shield
might choose to accept x, accepting the potential rTisk of rejecting another well-
qualified candidate proficient in B in the next round. On the other hand, when
the shield is considering a borderline candidate, it may be better to pay a small
price with the current candidate and ensuring that the agent’s decision will be
respected for the next candidate, whatever the decision is.

Lemma 6.1. Let 6 € D(X) be a given joint distribution of sampling individuals
and the output of the agent, let k > 0 be a given threshold for a fairness property
@, and let T > 0 be a time horizon. For a trace 7 € (X x Y)<T, let v(7) be the
minimum expected cost after T, formally defined as

o(T) = Elcost | 730,71, T — |7]].

min
rem T -Irhir

Then for T with length |7| =T
<
Mﬂ={0 P(r) < . (6.12)

oo otherwise,
for T with |7] < T
o(T) = Z f(z) - min v(r - (2,y = 1), (6.13)
B (g.rc)EX o(r - (zy#1)) tcf’ '
z=(g,r,c

and the shield defined as 7 (7, z) := argmin, ¢, v(7, (7, y)) is an optimal fairness
bounded horizon fairness shield, i.e.,

7" = argminE[cost; 0, 7, T). (6.14)

Proof. Consider the term to be minimized:

Elcost | 30, m,T — |7|] = Z cost(t') -P(r" | T;0,7). (6.15)
Tre(XxY)T=I7l
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The sum over traces 7/ € (X x Y)T~I7l can be partitioned into a sum over inputs
r € X and traces 7’ € (X x Y)T~I7I=1 by taking 7/ = an(r,z)7". The cost
term is then

cost(1") = cost(xm(r,x)7") = cost(t") + cost(zn (T, 2)).
If = (g,7,¢), then

0 ifr=mn(rx)

cost(xm(T,2)) = {

¢ otherwise.
The probability term is then:
P(r' | 7;0,7) = P(an(r,z) | 730,7) - P(r" | Tan(7,2);0,7)
The value in Equation can be written as
Z cost(t') - P(r' | 7;0,7) = A+ B, (6.16)

T e(XxY)T=I7]
where
A= Z Z cost(") - P(xrm(r,x) | 730,7) - P(r" | Tan(r,2);0,7),

TEX (X xY)T—ITI-1

(6.17)
and

B=Y" > cost(zm(r,x))-Plar(r, x) | 730, 7)P(r" | rar(r, 2); 0, 7).
rxeX -,—”e(Xxy)T—IT\—l
(6.18)
Note that the term P(xw(7,z) | 7;0,7) appears several times. This is the
probability of getting a trace xm(7,z) after having seen a trace 7. This is, by
definition P(zw (7, z) | 7;0,7) = 0(x).

Since () does not depend on 7", the sum in A can be rearranged as
A= Z 0(x) - Z cost(t") - P(7" | Tam(T, 2);0,7), (6.19)
vEX (X xY)T-ITI-1

and therefore

A= Z 0(x) - E[cost | Tam(r,x); 0,7, T — || — 1]. (6.20)
reX

The term B can be similarly rearranged, taking into consideration that in this
case cost(xm(T,2)) is also independent of 7”:

B= Z cost(xm(r,x)) - 0(x) - Z P(r" | ram(r,2);0,7). (6.21)

zEX T//E(Xxy)T—\r\—l

The hanging term is the sum of probabilities, so by definition adds up to 1:

Z P(r" | ron(r,z);0,7) = 1.

T/le(XXy)T—\T\—l
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Therefore

B=> 0(x) - cost(xn(r,x)) (6.22)

rzeX

Putting A and B together we get:

Elcost | 30,7, T —|7|] =

= Z 0(z) - (cost(anr(r, x)) + Elcost | ram(r,2); 0,7, T — || — 1]) (6.23)

This partitions the value of E[cost | 7; 6,7, T — |7|] into a sum of cost of current
decision (cost(zm(7,2))) and expected cost in the rest of the trace. For every z,
the optimal value of the shield (7, z) is the one that minimizes

cost(zm(r,z)) + Elcost | Tan(r,x); 0,7, T — || — 1].
This is precisely, the recursive property that we want to prove.

Finally, to prove Equation (6.14)), just note that for the empty trace 7 = ¢, we

have Hﬁ;ﬁ*“')“ = Hf;{r, which is precisely the set of shields set as minimization

domain in Equation (6.14]). O

6.3.2 Efficient Value Function Computation through Trace
Abstraction

We now present an efficient recursive procedure for computing FinHzn shields
that runs in polynomial time and space. The key observation is that ¢ is a
fairness property that depends on 7 through a statistic that uses p counters,
as defined in Section Consequently, the value function v(7) in Equa-
tion and Equat depends only on counter values, not on exact
traces. This allows us to define our dynamic programming algorithm over the
set of counter values taken by the statistic . Let R, C NP be the set of values
the statistic p can take from traces of length at most 7. We have the following
complexity result.

Theorem 6.1. Solving the bounded-horizon shield-synthesis problem requires
O(|Rur|-|X]|)-time and O(|R,, 7| - |X|)-space.

Proof. In this section we have described a dynamic programming approach to
synthesize the shield by recursively computing v(7) for all possible traces 7 €
(X x Y)=T. As explained before, these computations do not depend directly on
7, but rather on the statistic p, that depends on p counters, taking values in
the set R, 7. We need to build a table with the shield values for every pair of
counter values and input. Therefore, the table occupies a space O(|R,, |- |X]).
Every element of the table has to be computed only once, and it is done as a
sum over all elements of x, thus the cost in time is O(|R,, | - | X]). O

Most fairness properties, e.g., DP and EqOpp, have a range of R, r = [0,T]?,
where p is the number of counters (p = 4 for DP, and p = 5 for EqOpp), making
the complexity polynomial in the length of the time horizon.
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6.4 Algorithms for Periodic Shield Synthesis

Until now, we have described a method to synthesize finite-horizon shields,
that is, shields that ensure fairness after a finite horizon T' (Definition [6.1). In
this section we explore the problem of synthesizing T-periodic shields, which
guarantee fairness for unbounded traces at every T decisions (Definition .
As previously noted, we leave the question of computing optimal T-periodic
shields open, and present three “best-effort” solutions to the problem, each
with different costs and guarantees.

We present algorithms for computing periodic fairness shields for a broad sub-
class of group fairness properties, which we call difference of ratios (DoR) prop-
erties. A statistic pu is single-counter if it maps every trace 7 to a single counter
value, i.e., u(7) € N, and additive if pu(7-7") = p(7) + pu(r’) for any traces 7 and
7/. A group fairness property ¢ is DoR if

(a) for each group g, WF9(7) = num9(7)/dend(7), where num9(7) and den9(r)
are additive single-counter statistics, and

(b) @(7) = [WF*(T) — WF*(7)|.

Many fairness properties, including DP and EqOpp, are DoR. See, for exam-
ple, [BHN23, Table 3.5] for a non-exhaustive list. In this case, DI is an exception
because it violates the condition (b).

For DoR fairness properties, we propose two approaches for constructing pe-
riodic fairness shields: static and dynamic, and we explore their respective
strengths and weaknesses.

6.4.1 Periodic Shielding: The Static Approach

In the static approach, a periodic shield is obtained by concatenating infinitely
many identical copies of a statically computed bounded-horizon shield m, synthe-
sized with the time period T as the horizon. We present two ways of computing
7 so that its infinite concatenation is T-periodic fair.

6.4.1.1 Approach I: Static-Fair Shields.

Definition 6.3 (Static-Fair shields). A shield is called Static-Fair if it is the
concatenation of infinite copies of a FinHzn shield (from Definition [6.1)).

Unfortunately, Static-Fair shields do not always satisfy periodic fairness. Con-
sider a trace T = T ...7,, for an arbitrary m > 0, generated by a Static-Fair
shield, such that each segment 7; is of length T'. It follows from the property of
FinHzn shields that ¢(7;) < k for each individual i. However, T-periodic fairness
may be violated because ¢(7) need not be bounded by «.

Example 6.5. Consider DP with0 < k < 1—2/T. Suppose 11 and T2 are traces
of length T', defined as follows. The first trace 71 contains 1 candidate from group
A, T — 1 candidates from group B, and none were accepted. The second trace
To contains T — 1 candidates from group A, 1 candidate from group B, and all
were accepted. Both traces are fair, since o(11) = @(12) = 0. Howewver, when
concatenating the two traces together, the resulting trace T - T s very biased,



6.4. ALGORITHMS FOR PERIODIC SHIELD SYNTHESIS 115

since it contains T candidates from both group A and B, but only one accepted
candidate from group B, while having T — 1 candidates accepted from group A.
Concretely, o(t172) = (T —1)/T —1/T|=1-2/T > & (biased). This example
is summarized in Table[6.2.

An important feature of these counter-examples is the excessive skewness of
appearance rates across the two groups. We further explore this phenomenon
in Section We show that Static-Fair shields are T-periodic fair if the
appearance rates of the two groups are constant across every period.

Theorem 6.2 (Conditional correctness of Static-Fair shields). Let ¢ be a DoR
fairness property. Consider a Static-Fair shield 7w, and let T =711 ...7 € FTmT
be a trace such that |7;| = T for all i < m. If deng(TZ) = deng(T]) for every
1,7 <m and g € {a,b}, then the fairness property (1) < Kk is guaranteed.

Proof. Given the condition, we can name den® and den® to the unique values
of den(7;) and den®(7;). For each i < m, we have the condition that

num(7;) num®(7;)
b

< k. (6.24)

den® den

We want to prove a fairness condition for the trace 7y ...7,,, that is expressed

" ‘z " nunt(n) ST, nun(r)

m - den? m - den®

< k. (6.25)

Because of the denominators being the same across all traces, we can reorder
the left-hand-side of Equation ([6.25)) as

Zm: (nliarfzi) - numb(bn)) ‘ (6.26)

‘ den
i=

1

m

Applying the triangular inequality to Equation (6.26]) and the condition in Equa-

tion (6.24), we get

Ly~ (momtr) _ mun(r) )| L g momt() _ nun' ()
m | = den® den® m p den® den® |~
1
<—-mK=~K
m
]
| T Na1 n,  mp DP(p) | p <k?
el 1 0 T-1 0 0 v
Ty T—-1 T-1 1 1 0 v
TITy T T-1 T 1 1-2/T X

Table 6.2: Counterexample showing that Static-Fair shields may not be period-
ically fair for DP. Suppose the bias threshold is 0 < K < 1 — 2/T. The traces
71, T2 fulfill DP but their concatenation does not.
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While the condition in Theorem appears conservative, we show in Sec-
tion (Theorem that it is in fact tight. The tightness result is ex-
pressed in terms of balanced traces, which is a concept that will appear also in
the following section.

Definition 6.4 (Balanced traces). Let u®, u’: (X x Y)* — N be a pair of
single-counter statistics, T > 0 be a given time horizon, and N < T/2 be a
given integer. A trace 7 of length T is N-balanced with respect to p® and u® if
both (1) > N and pb(7) > N. We denote the set of all N-balanced traces of
length t as BT (u®, ub, N).

A particular case of Theorem [6.2] is that fairness is guaranteed when all traces
are (T'/2)-balanced with respect to the denominators. In Theorem|[6.5] we show,
for the case of demographic parity, with p®, u® = den®, den®, for every &, there
exist m and | (T — 1)/2]-balanced traces 71, ..., T such that ppp(7;) < Kk for
each 4, but ¢pp(71 ... 7m) > k. However, these are worst-case scenarios and are
uninteresting from a practical point of view. In our experiments, Static-Fair
shields fulfill periodic fairness in a majority of cases even if the traces violate
the condition in Theorem [6.2]

6.4.1.2 Approach II: Static-BW Shields.

When the condition of Theorem is violated, Static-Fair shields cannot guar-
antee fairness as the bound on the bias is not closed under concatenation of
traces (see Example . A stronger property that is indeed closed under con-
catenation is when a bound is imposed on each group’s welfare. Let [,u be
constants with 0 <1 < u < 1. A trace 7 has bounded welfare (BW) if for each
group g € G, WFY(7) = num?(7)/den?(7) belongs to [/, u]. The pair (I,u) will be
called welfare bounds. We show that BW is closed under trace concatenations,
which depends on the additive property of num? and den9.

Lemma 6.2. Let (I,u) be given welfare bounds, and WF9(-) = num9(-)/den?(+)
for additive num9, dend. For a trace T = T1...Tpm, if for each i, WFI(7;) € [I,u],
then WF9(7) € [I,u].

To prove Lemma we first need to prove the following auxiliary result.

Lemma 6.3. Let ay,...,ay, b1,...,by be positive real numbers. Then

m
LA _ ) a i
min — < ==l t

< —. 2
ie{l..m} b; — Zi:l b, — zE?lla}in} b; (6 7)

Proof. This is an extension of the following known inequality: given positive
numbers w, x,y, z, if w/x < y/z, then 2 < ’;’TJ“: < Z. We can restate it as:

min (g,g) < wty < max (g,y) (6.28)
Tz x4+ z Tz

We prove this result by induction on m. The base case for m =1 is trivial.



6.4. ALGORITHMS FOR PERIODIC SHIELD SYNTHESIS 117

For a general m, we start applying inequality (6.28) with w = Z;’;}l a;, T =

Z:r:ll bi, Y = G, and z = b,,, to obtain:
-1
2%1 % _ o Z%il%aﬂ ,
Zi:l bi Zi:l b; b
Applying the induction hypothesis we have that

>t a ai
] — 7 1
Lai=l T max

Sy T ie{lm—1} b’

i=1

(6.29)

and therefore:

m
.1 Q4 a; a
%gma}( max % m) _
Zi:lbi i€{l...m—1} b;" b,

This proves the right-side inequality of Equation (6.27)). The left-side is analo-
gous. O

a;
max -—.
ie{l..m} b;

Proof (Of Lemma[6.9). Let n¢ = den”(7;), n?* = num®(7;), n! = den’(r;), and

K2

nb! = den’(7;). Applying Lemma [6.3) we have for all g € G that

gl n gl gl

.oomn Cn n;
min — < 2111_1 - < max  —o-. (6.30)

ic{l..n} N Do N ic{l..n} nj

And we also know that all welfare values are bounded by [ and u. That is, for

allie{l...n}andallge g
gl

1< <u (6.31)

n?
In particular, Equation (6.31) applies to the maximum and minimum welfare

values. This, together with Equation (6.30) finishes the proof. O

For DoR properties, BW implies fairness when v — [ < k. Combining this
with Lemma [6.2] we infer that if 7 is a bounded-horizon shield that fulfills
BW on every trace 7 of length T for welfare bounds (I,u) with v — 1 < &,
then the concatenation of infinite copies of m would be a T-periodic fairness
shield. The natural course of action for computing shields that fulfill BW is to
mimic Definition [6.1] replacing the condition on ¢ with a condition on welfare.
However, if we define the set of BW-fulfilling shields as

Mg = {r € 1| Vr € FT} . . Vg € {a,b} .1 <WFI(1) < u},

the set Hg‘;,T can be empty for some T, [, u. Following is an example.

Example 6.6. Suppose WF9(T) = ng1/ng, where ng and ng are the total num-
bers of accepted and appeared indiwiduals from group g (as in DP). Suppose
T=21=02,u=0.4. It is easy to see that no matter what the shield does, for
every T of length 2, WF9(7) € {0,0.5,1}. Therefore, H[20.2,0.4] = 0.
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The emptiness of Hg;,T is due to a large disparity between the appearance rates
of individuals from the two groups, which occurs for shorter time horizons and
for datasets where one group has significantly lesser representation than the
other group. To circumvent this technical inconvenience, we make the following
assumption on observed traces.

Assumption 6.1. Let [,u be welfare bounds, and 7 = 1 ... T € FTZ?}; be a
trace with |7;| = T for each i. Every 7; is N-balanced w.r.t. den® and den® for

N =[1/(u—1)].

Assumption may be reasonable depending on [, u, T, and the input distri-
bution 6. Intuitively, for a larger T" and a smaller skew of appearance prob-
abilities for individuals between the two groups, the probability of fulfilling
Assumption is larger (for a given finite m). At the end of this section
(Equation ) we quantify it as the probability of a sample from a binomial
distribution lying between N and T'— N.

Definition 6.5 (Static-BW shields). Let I, u be given welfare bounds, and 7" be
a given time period. A Static-BW shield is the concatenation of infinite copies
of the shield 7* solving

7" = arg min E[cost; 0, 7, T], (6.32)

meng N
where N = [1/(u — )], and

"™ = {7 € I | Vr € FT} . NBTX. Vg € {a,b} .1 <WFI(1) <u}.

With the following technical result prove that Hgg,T’N is indeed non-empty when

Assumption is fulfilled. We do so by constructing the shield that keeps
WF9(7) just above [ and showing that it also guarantees WF?(7) < u when the
trace is sufficiently balanced.

Lemma 6.4. Let ¢ be a DoR property with o(1) = |[WF() — WF®(7)|, and
WF9(7) = num9(7)/dend(7). Let 0 <1 < u <1 be a pair of welfare bounds. The
set of shields

I, = {7 € I | ¥r € FT) . NBTX . Vg € {a,b} .1 <WF'(r) < u}

is not empty for N > [ﬁ—‘

Proof. For a shield to exist that can enforce bounds [/, u] on the welfare, there
must exist, for every value of den?(7), at least one way of deciding for increasing
or not numd(7) that maintains the welfare in the desired bounds. Since we do
not know a priori the value of den?(7), this decision must be incremental, and
be such that the welfare is maintained for any value of den9(7).

To express this, there needs to exist a sequence (z,) C N for all n > N such

that r
1< ﬁ <u, and x,41—z, € {0,1}. (6.33)
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Given [, and wu, if den9(7) is at least N for a given group g, the shield can force
num?(7) to be exactly x,, to ensure the bound on welfare is met.

The condition in Equation (6.33]) can be reformulated as In < x, < un, and
since x,, needs to be an integer, we can tighten it to

[in] <z, < |un]. (6.34)

One option is to try z, = [In]. We have to prove that this choice satisfies two
conditions: (i) Zn4+1 — @y € {0,1}, and (ii) Equation (6.34)).

(i) This is true for any sequence x,, built as the integer part of nl, where
[ € [0,1]. For any number z, it is known that v = [z] — {z}, where
0 < {z} < 1. Applying this inequality twice, we get

Tnt1—Tp = [In+1)]=[In] <ln+1)—[ln] <l(n+1)—Iln=1+1<2.

Since [I(n+1)] — [In] is an integer strictly smaller than 2, it is smaller or
equal than 1. It is also clearly non-negative, so it has to be either 0 or 1.

(ii) By construction, In < [In]. Now we have to see that [in] < un. If
[in] = In, then for any n > 1, we have x,, < un on account of I < w. If
[in] =In+ 1, we need In+ 1 < un, which is equivalent to n > ﬁ Since

n needs to be an integer, selecting N = [ﬁ—‘ ensures this condition is

satisfied for all n > N.
O

This result guarantees that the optimization problem in is feasible, and
thus Static-BW shields are well-defined. Intuitively, we obtain a “best-effort”
solution for 7*: when a trace satisfies Assumption [6.1] 7* guarantees that 7 sat-
isfies BW with minimum expected cost. Otherwise, 7* has no BW requirement,
and thus for traces that violate Assumption the shield will incur zero cost
by never intervening, voiding any potential fairness guarantee.

Synthesis of Static-BW shields follows the same approach as in Section [6.3] with
Equation (6.10)) replaced by:

o) = {0 if 7 & BTGV Aoy WF(7) € [1 0],

. (6.35)
o0 otherwise.

We summarize the fairness guarantee below.

Theorem 6.3 (Conditional correctness of Static-BW shields). Let ¢ be a DoR
fairness property. Let l,u be welfare bounds such that w —1 < k. For a given
Static-BW shield w, let T = 11...Tm € FT;’?}; be a trace with |m;| = T for
each i < m. If Assumption holds, then the fairness property o(1) < Kk 1is
guaranteed.

Proof. This is a direct consequence of Lemmas and If Assumption [6.1
holds, Lemmal6.4] ensures that the set of shields is non-empty. Furthermore, any
such shield satisfies the fairness condition ¢(7) < s for any trace in 7 € FT™T
by Lemma 6.2 O
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Existence of Static-BW shields. The feasiblity of the condition N > [ ;1]

in real cases depends on the values of [ and u to enforce, as well as the incoming
probability distribution. This condition, formulated as Assumption is the
key to guarantee the existence of Static-BW shields in Theorem In its most
simplified form, if we just care about the group membership of any incoming
candidate, the distribution of incoming candidates follows a Bernoulli distribu-
tion B(p), where p is the probability to receive a candidate of group A. After
a time horizon T', the number of incoming candidates of group A follows a bi-
nomial distribution Bin(T),p), and the probability to see at least N candidates
of each group is the probability of the binomial being between N and T — N,

which is
T-N /p
> () )rta-nr (6.36)
k=N
In practice, this corresponds to the probability that our shield will encounter a
trace where demographic parity with the given bound on acceptance rates can
be enforced. It is up to the user to evaluate whether this guarantee is enough
for a given application.

6.4.2 Periodic Shielding: The Dynamic Approach

While the static approaches repeatedly use one statically computed bounded-
horizon shield, the dynamic approach recomputes a new bounded-horizon shield
at the beginning of each period, and thereby adjusts its future decisions based
on the past biases. We formalize this below.

Definition 6.6 (Dynamic shields). Suppose we are given a parameterized set of
available shields II'(7) C II where the parameter T ranges over all finite traces.
A Dynamic shield 7 is the concatenation of a sequence of shields 7y, 7o, ... such
that for every trace T € FTQ?;F with m > 0, for every 7/ € (X x Y)<T, and for
every input x € X, we have w(7 - 7/, 2) = mpm41(7’, ), where

Tma1 = argmin E[cost | 750, 7', T). (6.37)
! €I’ (7)

The set II'(7) restricts the available set of shields that can be used for the next
period for the given history 7. A naive attempt for IT'(7) would be to choose

Ir'(r) = erillf for every 7, so that fairness is guaranteed at the end of the
current period. However, there exist histories for which H?;?I‘T would be empty,
implying that Equation (6.37)) would not have a feasible solution for some T,

and the Dynamic shield would exhibit undefined behaviors.

This happens because there may be traces of length jT that satisfy a certain
fairness constraint, but no shield can guarantee the next trace will satisfy the
same constraint.

Example 6.7. Consider ¢ = DP, k = 0.1, T = 100, and a trace T such that
ng(7) = 2, na1(7) = 1, np(r) = 98, and np1 (1) = 49. The trace T satisfies
DP(7) = |1/2 — 49/98| = 0. Now assume we build a shield for the next frag-
ment, and in generating the next trace 7', only individuals from group b have
appeared for the first 99 samples. Let 7{1:99] denote this trace, and let Accy, denote
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WEPT - Tl1.99)- Then DP(7 - T[/l:gg]) = |1/2 — Accy|. If the last individual of 7" hap-
pens to be from group a, the acceptance rate of group a moves from 1/2 to either
1/3 (if it gets rejected) or 2/3 (if it gets accepted). There is no possible value of
Accy, that simultaneously guarantees |1/3 — Accy| < K and |2/3 — Accy| < k.

To circumvent this technical inconvenience, we make the following mild assump-
tion on the set of allowed histories, requiring II'(7) to fulfill fairness only if 7
fulfills this assumption.

Assumption 6.2. For a given trace T € FT?{‘; with j > 0, every valid suffix 7/
of length t, i.e., 7' € {T” e xW 1" e FTé{:l)T}, fulfills:

1

_l’_
den®(77')  den®(77’)

< ht ().

The set of shields IT'(-) available to the Dynamic shield in Definition [6.6|is then
defined as:

H/(T) _ H@,T — fair

— “fair-dyn

0,T|1 .
(7) = {H 7 fulfills Assumption [6.2 (6.38)

11 otherwise.

0,7

With the following technical result, we prove that I1;,;," is non-empty whenever

7 fulfills Assumption implying that H?;?r_dyn(r) is non-empty for every 7.
This is the analogous result to Lemma [6.4] for dynamic shields.

Lemma 6.5. Let ¢ be a DoR fairness property with (1) = [WF%(T) — WF®(7)|,
and WF9(7) = num9(7)/dend(7). Let 71 be a trace and k > 0. There exists a
shield w € 11 such that every trace 7o € FT({7T NS satisfies (71 - 12) < K, where

1

+
den®(m172)  den®(Ty7y)

S{TQG(XXJJ)T: §n+90(71)}.

Proof. The proof of this result is analogous to that of Lemma|[6.4] with a slightly
more convoluted argument.

Let nl = den®(y), nk; = nun®(71), n} = den’(y), and n};, = nun’(ry). With-
out loss of generality, we can assume that nl, /nt —n}, /n} > 0. The alternative
case is analogous.

For a shield to exist that can enforce ¢(7172) < k there must exist, for every value
of den9(m72) (in demographic parity, the amount of individuals of a group), at
least one way of deciding acceptance and rejection (value of num?(7172)) that
maintains the fairness property in the target bound. Since we do not know
a priori how many individuals of each group will appear, this decision must
be incremental, and be such that the fairness property is maintained for any
number of individuals.

If we name n, = den®(m) > N, and ny = den’(m2) > Nj, a new trace 7 is
enforceable if we can choose N, and N, satisfying the following condition: there
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exist two sequences (z,, ), (yn,) € N such that for all n® > N, and n® > N,

1 1
Ng1 +Tn, Nyt Yny

1
nt +ng ny, + np

<k, (6.39)

and for both sequences x,,,+1 — 2, € {0,1} and yn,+1 — yn, € {0,1}.

With the spirit of maintaining the welfare bounds as a proxy to maintaining
fairness, we try

1 1
n n
. al ._ bl
Ty, = TNl and  yp, = |5 M| -
n; ny

Using the same argument as in the proof of Theorem point (i), the conditions

on z,, and y,, incrementing by 0 or 1 are met by the fact that nl; < nl and
1 1

Ny < ny.

By definition of the floor function and ceiling functions

1
1 4 Ny
n<111 + Tp, Na1 + n},l Na . nll
nt+n, = nl+n, nt’
1
1 Dpy
M+ Yy o LT W™ g
ng+ny . ng+mn ng
Therefore ) ) ) )
Ng1 +Tp, Ny + Yn Ng1 N
N N oEY: (6.40)
n, + Ng ny +ny n, ny
To prove Equation (6.39)), we still have to prove that
nll + xy, nél + Yn
al T e Dbl T o g (6.41)
n, + Ng ny +ny
By the definition of the floor function
1 nt, + n‘lﬂn -1 1
Ng1 + Tn, > al nt e 2 1
nl+n, nt +ng nt  nl+ng’
and by the definition of the ceiling function
1 ni; + n—’l’ln +1 1
Ny + Yny b1 T 1 _ My 1
ng+ny ng + np ng  np+ny

Putting the previous two inequalities together, we have

1 1

Ng, + Ny, + 1 1

a} Na b} Yny, > @(Tl) — ( T -+ I ) .
Ng + Ng ny + np n, + N ny + np

To ensure that Equation (6.41)) holds, it is sufficient to ensure that

( ) 1 n 1 S
) — —K.
T nt+ng, ni+ny) "
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Rewriting the previous inequality we arrive to

( LRI ><H+s0(ﬁ), (6.42)

1
ni4+ng  ny+mny

which is the condition defining the set S. Therefore the proposed sequences
(zn,) and (yn,) satisty Equation (6.39) for traces in S. O

Technically, this guarantees that the optimization problem in (6.37)) is feasi-
ble and 7,41 always exists, making Dynamic shields are well-defined (Defini-
tion . Intuitively, we obtain a “best-effort” solution: If Assumption is

fulfilled then 7,41 is in Hf;{rlT and achieves fairness for the minimum expected
cost. Otherwise, m,,4+1 can be any shield in II that only optimizes for the ex-
pected cost; in particular, 7,11 will be the trivial shield that never intervenes

(has zero cost).

Synthesis of Dynamic shields involves computing the sequence of shields my, 7o, . . .,
which are to be concatenated. We outline the algorithm below.

1. Generate a FinHzn shield (Definition 7 for the property ¢ and the
horizon T'. Set 7 == .

2. For ¢ > 1, let m be the concatenation of the shields my,...,m;, and let
T € FT;' be the generated trace. Compute 7;y; that uses the same

approach as in Section with Equation (6.10]) being replaced by:

oo otherwise.

o(r') = {0 prr') < £ (6.43)

We summarize the fairness guarantee below.

Theorem 6.4 (Conditional correctness of Dynamic shields). Let ¢ be a DoR
fairness property. Let w be a Dynamic shield that uses H?;{r_dyn() as the set of
available shields. Let T = 11 ...7 € FTQ?I be a trace with |1;] = T for each
i < m. Suppose for every i < m, 7y ...7; fulfills Assumption [6.3. Then the

fairness property o(7) < K is guaranteed.

6.5 Experimental Evaluation

6.5.1 Experimental Setup

We demonstrate the effectiveness of fairness shields by testing them in the task
of shielding several ML classifiers in tasks that are standard benchmarks in the
fairness literature. We consider several state-of-the-art learning algorithms from
literature of in-processing fairness, i.e., methods that enforce fairness during the
learning process, typically by means of adding fairness-inducing regularizers to
the loss functions. To preserve consistency among our experiments, we use the
same neural architecture for every dataset and learning algorithm.
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Sensitive Features 0o Y1 ga Gy Stat.
Dataset Task Attribute Instances Num./Cat. Zé/é Z(/7o g% g% Par.
Adult  income race 43131 5/7 75 25 10 90 0.14
Adult  income gender 45222 5/7 75 25 33 68 0.20
Bank credit age 41188 9 /10 89 11 2.6 97 0.13
Compas recid.  gender 6172 5/4 54 46 19 81 0.13
Compas recid. race 6172 5/4 54 46 66 34 0.10
German credit gender 1000 6/13 30 70 31 69 0.07
German credit age 1000 6 /13 30 70 19 81 0.15

Table 6.3: Datasets characteristics. The columns yg,; represent the percentage
of instances where the ground truth is “accept” (1) and “reject” (0), respectively.
The columns g,/ represent the percentage of instances that belong to group a
and b, respectively. The last column is the statistical parity, representing the
inherent bias in the dataset.

Computing infrastructure. All experiments were performed with a work-
station with AMD Ryzen 9 5900x CPU, Nvidia GeForce RTX 3070Ti GPU,
32GB of RAM, running Ubuntu 20.04.

Datasets. We used four tabular datasets in our experiments, all common
benchmarks in the fairness community: Adult [BK96], COMPAS [Kir+16], Ger-
man Credit [Hof94] and Bank Marketing [MCR12|. Details on the task, sensitive
attributes, size of the dataset, number of numerical and categorical features, as
well as existing bias can be found in Table

Training ML classifiers. To train our ML models, we adapted the imple-
mentation provided by the FFB benchmark [Han+24], using the same neural
network, train-test splits, and most training hyper-parameters set as default in
their implementation, tuning only the hyper-parameters related to fairness. The
classifiers receive the full set of features as their input, including the protected
feature, which is marked as a special feature. This is appropriate, since the
learning algorithms that enforce fairness are of the in-processing type, so they
use the protected feature as part of their input, and typically include a term in
the loss function that depends especially on the protected feature.

We use fixed architecture multi-layer perception (MLP) with three hidden layers
with sizes 512, 256, and 64 in all our experiments. In each case, the model is
trained for 150 epochs with batches of 1024 instances, with the exception of the
German dataset, which we trained with batches of 128, as the dataset has only
1000 instances. We use the Adam optimizer [KB15|, with a learning rate of
0.01.

Learning algorithms. To train our classifiers, we used the following methods
from the in-processing fairness literature:

e Differential Demographic Parity (DiffDP) is a gap regularization method
for demographic parity. Diff DP introduces a term in the loss function that
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acc ap auc f1 DP EqOpp

ERM 91 62 94 57 11 3.7
DiffDP 90 57 93 40 34 26
HSIC 91 63 94 57 7.0 6.6
LAFTR 91 60 94 40 6.0 44
PR 91 59 93 49 3.3 34

Table 6.4: Performance of the ML models. Dataset: Bank.

race gender

acc ap auc f1 DP EqOpp | acc ap auc f1 DP EqOpp

ERM 8 79 91 66 11 6.1 8 79 91 66 16 9.6
DiffDP 84 76 90 62 5.4 4.0 8 71 87 54 02 33
HSIC 8 79 91 64 87 3.1 83 73 87 57 18 28
LAFTR 84 78 91 62 10 8.2 8 79 91 65 14 1.5
PR 84 76 89 61 56 4.0 83 71 87 53 0.1 33

Table 6.5: Performance of the ML models. Dataset: Adult.

penalizes differences in the prediction rates between different demographic
groups |[CM21].

e The Hilbert-Schmidt Independence Criterion (HSIC) is a statistical test
used to measure the independence of two random variables. Adding an
HSIC term measuring the independence between prediction accuracy and
sensitive attributes to the loss has been used as a fair learning method [PS+17].

e Learning adversarially fair and transferable representations (LAFTR) is
a method proposed by |[Mad+18|, where the classifier learns an interme-
diate representation of the data that minimizes classification error while
simultaneously minimizing the ability of an adversary to predict sensitive
features from the representation.

e Prejudice Remover (PR) [Kam+12] adds a term to the loss that penal-
izes mutual information between the prediction accuracy and the sensitive
attribute.

As a baseline, we trained a fifth classifier simply minimizing empirical risk. We
call it the empirical risk minimizer (ERM).

Hyperparameter tuning. FEach of the in-processing fairness algorithms de-
pends on the value of certain parameters that indicate the trade-off in the loss
function between prediction accuracy and fairness. For each training algorithm,
we manually fine-tuned the parameters to obtain a good performance with the
same parameter values across all benchmarks. Unfortunately, the parameters
of different algorithms have different interpretations and characteristic dimen-
sions, so comparing them is not informative. We detail the ones we used in our
experiments, and their meaning.



126 CHAPTER 6. ENFORCING FAIRNESS PROPERTIES

gender race

acc ap auc f1 DP EqOpp | acc ap auc f1 DP EqOpp

ERM 65 63 69 59 16 18 65 63 69 60 14 16
DiffDP 63 63 69 55 12 11 65 62 68 58 9.1 15
HSIC 64 63 69 56 15 98 64 62 68 57 8.2 11
LAFTR 65 64 70 60 17 15 65 64 70 60 13 18
PR 63 63 69 55 12 8.0 64 62 68 57 89 13

Table 6.6: Performance of the ML models. Dataset: CoMPAsS.

gender age

acc ap auc fl1 DP EqOpp | acc ap auc f1 DP EqOpp

ERM 76 87 77 83 53 55 75 86 76 82 14 15
DiffDP 73 8 74 81 1.1 3.5 72 8 75 80 0.5 1.8
HSIC 73 8 T4 81 14 1.1 74 8 T4 82 42 6.0
LAFTR 73 87 76 81 82 4.1 73 8 T4 81 10 64
PR 73 8 73 81 5.7 4.1 75 86 75 83 6.5 4.8

Table 6.7: Performance of the ML models. Dataset: German.

e For Diff DP, a parameter A\ controls the contribution of the regularization
term in the loss. We tried a range of A € [0.5,10]. We use A = 1.

e In HSIC, a parameter A controls the importance of the HSIC term in the
loss function. We tried a range A € [10,500]. We use A = 100.

e In LAFTR, the loss is composed of three terms: one that penalizes re-
construction error (L), one that penalizes prediction error (L, ), and one
that penalizes the adversary’s error when trying to obtain information
about sensitive features from the representation (L,). Three parameters
Az, Ay, A, control the weights of each term in the loss. We use A, = 8,
A, =4, A, =2.1. We tried a range or [1,10] for each parameter.

e For PR, a parameter A controls the weight of the loss term that penal-
izes mutual information between prediction accuracy and the sensitive
attribute. We tried a range of A € [0.01,0.5]. We use A = 0.06.

In Tables we show the metrics of each trained model on each
dataset. For each case, we present accuracy (acc), average precision (ap), area
under the curve (auc), and the F'1 score (£f1) as performance metrics, while
demographic parity (DP) and equal opportunity (EqOpp) are presented as fairness
metrics. The numbers are presented as percentages. In each column, the best
performer is marked in boldface.

Approximation of the input distribution. For shield synthesis, we need a
distribution of the input space 6 € D(GxBxC). In the ideal case, 6 € D(G xB x
C) is the exact joint distribution of group membership, agent recommendation
and cost. However, this is unrealistic most of the time, as it assumes knowledge
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Figure 6.2: Resource usage for shield synthesis with increasing time horizons.

of the underlying distribution and the classifier. Furthermore, the distribution
of cost given by the agent may be continuous, but we assume that there is a
finite set C of costs allowed.

For our experiments, we used a simple approach that is agnostic to the ML
classifier. We assume there is a cost set of k possible values C = {¢1,...,¢cr}
uniformly distributed in the interval [0,1], and that any recommendation is
equally likely. Therefore for all ¢; € C, g € G and r € B, we have 0(g,b,¢;) =
1/4k. This approximation is easy to compute and agnostic to the ML classifier.

Cost given by the classifier. While 6 is the theoretical distribution that
has to be used to synthesize the shield, at the time of deployment the classifier
has to choose an output in the form of a recommendation and a cost. In this
case, the natural choice is given by the last layer of the neural network. The
last layer in a neural network for classification is usually a softmax layer that
assigns for each label a value between 0 and 1, that we can interpret it as the
“confidence value” that the classifier gives to that label being true. We use this
“confidence value” as the cost.

6.5.2 Shield Synthesis Computation Times

As pointed out in Theorem our shield synthesis algorithm has a polynomial
complexity for both DP and EqOpp, and the degree of the polynomial is the
number of counters required to keep track of the fairness property. For DP it is
sufficient to track 4 counters: the number of instances appeared and accepted
of each group. For EqOpp, we also need 4 counters for the number of instances
appeared and accepted of each group, counting only those for which z = 1.
Furthermore, we need two extra counters: one to count all instances with z = 0,
and one to keep track of the last decision for which ground truth has not yet
been revealed, for a total of 6 counters.

In Figure we show the computation time and memory usage of our shield
synthesis algorithm for a fixed problem with increasing time horizon. Figure[6.2]
does not show variability, because the synthesis algorithm, as described, is de-
terministic.
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Ql Median Q3 Mean St. Dev. Above

bp No Shield  0.38 0.83 159  1.22 1.29  42.46 %
Static-Fair  0.18 042 0.74  0.46 031 0.00%

BaOy, No Shield  0.67 1.76 3.62  2.76 3.0l 65.06 %
AYPP - gtatic-Fair  0.00 021 050 0.27 0.28  0.00 %

Table 6.8: Statistic of normalized fairness for finite horizon shields.
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Figure 6.3: Distribution of normalized bias, i.e. Bias / k, across all runs with
(left) and without shield (right) for both demographic parity and equal oppor-
tunity.

6.5.3 Performance of Finite Horizon Shields

In this group of experiments, we investigate the performance of FinHzn shields
on a single period. We use a time horizon of 7' = 100 for DP and T = 75 for
EqOpp, with fairness thresholds x € {0.05,0.1,0.15,0.20}. For each setting we
synthesized a FinHzn shield and simulated 30 runs.

Performance in terms of fairness. In Table[6.8we present the aggregated
results of our experiments in terms of normalized fairness, i.e., the fairness value
divided by the given fairness threshold. When normalized, a value smaller than
1 indicates that the algorithm is within the constraints, while a value larger
than 1 indicates the algorithm is being too biased. In Figure [6.3] we illustrate
the same distributions on a more graphical way, by plotting the corresponding
value distributions. In the table we summarize the distribution by showing
mean, median, standard deviation, Q1 (i.e., the 25% quantile) and Q3 (i.e.,
the 75% quantile). The last row shows the percentage of the samples that go
over the fairness constraint, i.e., with a normalized fairness value larger than
1. As expected, all shielded samples are compliant with the fairness constraint.
Note that most runs with shield achieve a fairness value significantly below the
threshold. Another common trend is that equal opportunity is in general a
harder constraint to satisfy than demographic parity in our experiments.

Performance in terms of utility loss. The utility of classification tasks is
measured by classification accuracy. Interventions by the fairness shield, which
occasionally convert “correct” classifications into “incorrect” ones for fairness,
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(a) DP (top, green) and EqOpp (bottom, blue) with x = 0.15.
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(b) DP (top, green) and EqOpp (bottom, blue) with k = 0.2.

Table 6.9: Comparison of utility loss (in %). Left: finite horizon shields and
different ML models. Right: periodic shields only on the ERM model.

typically reduce this utilityﬂ We measure wutility loss on a given run as the
difference in utility between the unshielded and shielded runs, relative to the
utility of the former.

Table (left) shows the average utility loss across all simulations for a thresh-
old of Kk = 0.15 and xk = 0.2, respectively, for finite horizon shields. We can
observe that the mean utility loss is smaller when the classifier is trained to be
fair, as fewer interventions are needed. In general, utility loss increases as the
bias threshold x decreases, with more pronounced differences between classifiers
for smaller k. We also observe that that most of the variability comes from
the dataset rather than from the ML algorithm. These observations are also
supported by Figure [6.4] which provide insight into the distribution of utility
loss for each ML algorithm accross all datasets.

Finally, we compared the values of utility loss to the cost incurred by the shield.
We do this to validate our approach: we compute shields by minimizing their
expected cost, but our real target when deployed is to minimize the utility loss.

4The scary quotes in “correct” and “incorrect” are here to emphasize that we are consider-
ing correctness with respect to the ground truth of the given — potentially biased — dataset.
We do not enter here in the debate of whether a classifier that is more fair and less accurate
with respect to the trained data is more or less correct in a general sense.
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Figure 6.4: Distribution of utility loss (in %) incurred by FinHzn aggregated
across all environments for DP (left) and EqOpp (right). The hight of the
boxes indicate the spread of the distribution.
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Figure 6.5: Regression plot depicting the relationship between utility loss and
cost for k = 0.2 for each dataset. The results for other values of k are analogous.
DP (left) and EqOpp (right).

In Figure [6.5 we show that indeed shield cost and utility loss are very much
correlated, validating the use of one as a proxy for the other.

6.5.4 Periodic Shielding

In this group of experiments, we investigate the performance of periodic shields.
We synthesized Static-Fair, Static-BW, and Dynamic shields with 7' = 50 for DP
and EqOpp, with fairness thresholds x € {0.05,0.1,0.15,0.20}, and simulated
them for 10 periods. We compare the models’ performances, with and without
shielding, across 20 simulated runs.

Guaranteed fairness vs. actual fairness. Since in the periodic case we
have lost the hard fairness guarantees, we first aim to determine how effective are
different types of periodic shields in enforcing their corresponding fairness prop-
erty. We summarize our results in Table [6.10] The “Assumption” column is a
reminder of the theoretical assumption under which each of the shields works, as
seen in Theorem [6.2]for Static-Fair shields, Assumption [6.1]for Static-BW shields,
and Assumption [6.2] for Dynamic shields. For each type of shield and fairness
property, we present how often the assumption is satisfied across all experi-
ments, and how often the fairness property is satisfied. Since each assumption
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Assumption Fairness

Assumption 2 satisfied satisfied
Static-Fair  den®’(7;) = den®’(7;) E(Pl)opp 88 ZZ 9150;;2
Static-BW  den®(7;),den’(7i) > [-1;] EEOpp 44??18(% ggi;ﬁ
Dynamic dena%”/) + denb%ﬂ/) <k +e(7) E(I:Opp ig%(é 18852

Table 6.10: Comparison of different types of fairness shields.
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Figure 6.6: Variations of bias over time for the ERM classifier on the Adult
dataset with and without periodic shielding.

has its corresponding result guaranteeing fairness (Theorems and ,
we know a priori for each instance that the fairness target is going to be sat-
isfied at least as often as the assumption. We observe that the assumption
for Static-Fair is almost never met, the assumption for Static-BW is also often
violated, and the assumption for Dynamic is almost always satisfied. Neverthe-
less, both Static-Fair and Static-BW still perform well as heuristics, with many
runs satisfying the fairness constraint. It is notable that Static-Fair offers better
empirical performance than Static-BW, even though the balance assumption is
almost never met. The more expensive Dynamic shields outperform both static
approaches in terms of both assumption satisfaction and fairness satisfaction.

It is in principle unclear what to do in cases where the fairness guarantees are
not satisfied. Static-fair shields have a defined behaviour regardless of the input.
However, Static-BW and Dynamic shields, we synthesize them by modifying the
conditions in the base case of the recursion (Equation (6.10))) for a condition on
the new fairness target and the assumption. Concretely, the traces that do not
satisfy the fairness guarantee are given cost zero if they also fail to satisfy the as-
sumption. The concrete conditions are detailed in Equations and .
This choice ensures that traces outside the assumption do not hinder the opti-
mization process. This translates in deployment as shields that work for ensur-
ing fairness until the trace reaches a point where it can no longer recover from
failing the corresponding assumption. If and when this point arrives, the shield
“gives up” and becomes transparent until the beginning of the next period.
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Figure 6.7: Distribution of normalized bias, for each period. Each run below
the red line satisfies the fairness condition, in terms of DP (left) and EqOpp
(right).

Performance in terms of fairness. As an illustrative example, we show in
Figure a single run of the ERM trained model on the Adult dataset, with
fairness shields synthesized for k = 0.1, with gender as the sensitive feature.
Recall from Table[6.3] that the statistical parity of the dataset is 0.2, so fairness
enforcement will be required. The different colors indicate the different types
of shields. The main observation is that only Dynamic shields show the truly
periodic behaviour, where fairness is guaranteed at the end of each period by a
minimal margin.

In Figure [6.7] we provide insight into the distribution of the normalized bias.
The former aggregates over all runs, while the latter considers only those runs
for Static-BW and Dynamic that satisfy the assumption. We can observe that
Static-BW shields has a relatively high rate of violation in general (Figure7
while at the same time being overly conservative when the assumption is sat-
isfied (Figure . This problem does not exist with Dynamic shields, as the
normalized fairness of the average run is only slightly below the threshold. In
all cases we can report an improvement over the unshielded runs in terms of
fairness satisfaction.

Performance in terms of utility loss. Table (right) shows the average
utility loss for the ERM model across all simulations for a threshold of k = 0.15
and k = 0.2, respectively, for periodic shields. In general, if the assumptions
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Figure 6.8: Percentage of total utility loss (in %) for each period incurred by
Static-Fair, Static-Fair and Dynamic across all runs for x = 0.15. DP (left) and
EqOpp (right).

are satisfied, Dynamic shields incur the least loss and Static-BW shields incur
the most, which is due to their stricter BW objectives. However, an assumption
violation forces both Dynamic and Static-BW shields to go inactive incurring
no additional utility loss. Therefore, the low utility loss of Static-BW shields
in EqOpp can be explained by the frequent assumption violations. For demo-
graphic parity, Dynamic shields outperform Static-Fair and Static-BW shields,
with Static-BW shields experiencing the highest utility loss due to their stricter
BW objective. For EqOpp, the difference is less pronounced, partly because for
Static-BW the frequent assumption violation forces the shield to go idle. We
also observe, as expected, that the utility loss decreases when increasing k.

We finish by studying the distribution of utility loss incurred across the different
periods, as depicted in Figure[6.8 That is, for each run we normalize the utility
loss per period by the total utility loss of the run. We observe that Dynamic
shields incurr most of their losses in the earlier periods, a trend not observed
for the other shields. Negative values indicate some rare periods in which the
shield actually increases the utility of the classifier.

6.6 Discussion

6.6.1 Existence and Composability of Finite Horizon Shields

When approaching the problem of enforcing fairness properties through finite
horizon shielding, there are two phenomena that can appear unintuitive in the
beginning. The first is the fact that finite horizon shields always exists for DoR
properties, independent on the specification threshold, time horizon or trace
balance. The second is that finite horizon shields for a certain specification allow
arbitrarily biased traces when concatenating them on a static manner — what
we called Static-Fair shields. In this section we explore these two phenomena
and shed some light on the type of edge cases where we observe them.

6.6.1.1 Existence of Finite Horizon Shields

The set of feasible solutions of the optimization problem in Equation (6.6 is
nonempty for DoR properties, because the fairness-shield that always accepts or
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always rejects each candidate from each group is a solution that trivially fulfils
(1) < k. In fact, in these cases, the feasible traces always satisfy ¢(7) = 0.

Even nontrivial optimal fairness-shields may exhibit such degenerate behaviors
at runtime, when the order of appearances of individuals from the two groups
is excessively skewed. Consider the following example for ¢ = DP (demographic
parity). Let T € N be a time horizon and x < 1/T. As we know, given a trace
7, demographic parity is defined as

_|na(r)  n(r)
DP(T) =170 ~ )

Suppose at time T' — 1, all the individuals seen so far were from group a (i.e.,

=T —1 and np = 0). If some of the individuals were accepted and the
rest rejected, then 0 < ng1 < ng, implying £ < 2 < 1 — x. Now if the T-th
individual « is from group b, n, becomes 1, and 1o matter which action the
shield picks, DP will be violated: If x is accepted then ny, = "*’bl =1, and if

n

is rejected, then ny = 72t = 0. In both cases, DP (1) > «. Therefore, the shield
must have made sure that each individual until time 7" — 1, all of whom were
from group a, were either accepted or rejected. Luckily, the chances of such
skewness of appearance orders are rare in most applications, so that FinHzn as
in Definition exhibit effective, non-trivial behaviours in most cases, as seen

from our experiments.

6.6.1.2 Counterexample Families for Static-Fair Shields Being Not
Composable

We have already shown in Example that traces can have zero bias in terms
of DP, and when composed have a bias arbitrarily close to 1. While the family
of counterexamples presented in Example is quite degenerate in the sense
that acceptance rates are always either 0 or 1, we present here another family
of counterexamples that is less degenerate. We write these examples for demo-
graphic parity, but the same ideas can be applied to build counterexamples for
any DoR property.

Let T > 0and 0 < K < T/2. The family of counterexamples will be parametrized
by (T, K). For a pair (T, K) consider traces 1, 72 such that (nq1, ng, ne1, m)(171) =
(LK, 1,T — K), and (nq1,ng,np1,m)(2) = (T - K —-1,T - K, K — 1, K).

In the trace 7, exactly one element of each group was accepted, while in the
trace 79, all but one element of each group were accepted. The values of demo-
graphic parity are:

— 2K
DP(71)r ‘ =T K‘ T RE (6.44)
T-K—-1 K-1 T 2K
DP(T2)1, K = ' R & ‘ “ T KK (6.45)
T-K K| T-2K
DP(TlTQ)TJ( = ‘ E— (646)

T T| T
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These pairs of traces are not a counterexample for every pair (T, K'). However,
we can observe that, once fixed K, the limit when 7" — oo of Equation (6.44))
and Equation is 1/K, but the limit when T — oo of Equation
1. Therefore, for every e, we can find K large enough such that 1/K < £/2,
and then find 7' large enough such that the corresponding DP values are close
enough to the limit.

We now build a different family of counterexamples that show that the condition
for correctness of Static-Fair shields given in Theorem is as tight as can be.

Theorem 6.5. For all k > 0, there exists k1 and kg k1 < Kk < Ko, such that
fori € {1,2}, there exists t; and traces 7;, 7, that are | 5] -balanced such that

DP(7;) < ki, DP(7}) < ki, and DP(1y7]) > K;.

Before we start the proof, let us unpack the meaning of this theorem: for any
value of k, we can find traces that are just one value off of being (7'/2)-balanced
where composability of Static-Fair shields yields a traces outside of the fairness
constraint. The reason why the result is in terms of ki, k2 surrounding k is
because in the prove we have to use at some point values of k that have a
certain rational form, so we cannot prove our result for all x € [0, 1], but for all
k in a dense subset of [0, 1].

Proof. We prove this theorem by constructing families of counterexamples. For
this proof, we use the (slightly abusive) notation that a trace is composed by
its four counters, so 7 = (na(7), na1(7), Mp(7), np1(7)).

Let t = 2T + 1 with T even. Consider the traces 1 = (T'+ 1,T/2+ 1,T,T/2)
and o = (T,7/2,T + 1,T/2). Both traces are T-balanced. Let’s compute
demographic parity:

T/2+1 T/2 1
DP(ry)=—t—- -2
() =77 T 2T +1)
T/2  T/2 1
DP(7y) = —— — =
) =~ T T T
T+1 T 1
DP(TlTQ) +

TO9T+1 2T +1 2T +1

It is clear that DP(r;) = DP(72) < DP(7172). Ideally, we would choose T such
that ﬁ = K, which can be rewritten to T = 15}3". However, this may not
be an integer. So, given x, we take

1 -2k 1 -2k
T = T =
1 \‘ 2% J7 and 2 " 2% -‘7

_ 1
and define k; = ST
This finishes the construction for an odd ¢. For an even ¢, we show a similar

construction. Let ¢ = 27T". Consider the traces 71 = (T'+ 1,2, T — 1,1), 7o =
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(T'-1,1,T+1,1). Both traces are (T'—1)-balanced. Let’s compute demographic
parity:

DB () 2 1 T-3
T = _ =
VT rT-1 T 121
DB () = 1 12
PET T T+1 T2 —1
T+1 T 1
DP = — = .
(nm) =T "9 1 - a1
This finishes the proof. O

The construction proving the theorem is for time horizons ¢ that are ¢t = 1(
mod 4). Similar constructions can be found for other congruence classes.

6.6.2 Limitations

Static vs. dynamic shielding in the periodic setting. Static shields
are computationally cheaper than Dynamic shields and have no runtime over-
head, making them ideal for fast decision-making applications like online ad-
delivery [Ali4+19]. However, they can’t adjust decisions based on the actual
history, leading to overly restrictive and frequent interventions—particularly in
the long run. In contrast, Dynamic shields adapt to historical data, resulting in
fewer interventions over time, making them suitable for applications like banking
where decision-making can afford longer computation times [Liu+18§].

On the assumptions in periodic shielding. All three periodic shielding
approaches come with assumptions on the numbers of individuals seen from the
two groups in each period. For Static-Fair shields, the assumption provides a
tight sufficient condition for the fairness guarantee to be satisfied. For Static-
BW and Dynamic shields, the assumptions (Assumption rule out “edge
cases” like in Example to give the shield enough advantage to be able
to uphold fairness. We argue that in real-world scenarios and particularly for
longer time periods, such edge cases are indeed rare.

On the existence of periodic shields. The existence of the optimal T-
periodic shield, as defined in Definition [6.2] is left as an open question, but we
conjecture it will be true. First, the same argument of Section applies to
show that Ilsairper is not empty because it contains a trivial “reject-all” shield.
We still need to prove that there actually exists a shield that minimizes the

expression in Equation .

A more interesting question is whether there exists an optimal T-periodic shield
that can be computed with finite resources. We conjecture that such shield does
not exist. Our best solution is in the form of dynamic shields, which we can
only synthesize on-the-go because a complete description would require infinite
memory. And even with dynamic shields, there are still some rare feasible
traces that fail the fairness constraint, so dynamic shields are technically not in

1_[fair—per .
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On the feedback effect in sequential decision-making. In the sequen-
tial setting, decisions that seem fair from a standalone perspective may create
biases in the population over time |Liu+18 |D’A+20; [Sun23|. This can be mod-
eled by making the input distribution € be a function of the trace seen so far.
In this chapter, we assumed 6 to remain constant, thereby leaving out such
feedback effects that are inherent in sequential decision-making. We point out
that our basic recursive synthesis algorithm from Section [6.3| could potentially
be adapted to trace-dependent # by modifying Equation , although a de-
tailed extension is out of the scope of this work.

On considering unrealistic traces. As discussed in Section [6.6.1.1] our
shields consider the possibility of very skewed traces. This can be seen as overly
conservative, as we could safely assume in most realistic applications that such
degenerate traces will not occur, and optimize cost under such assumptions.
The price to pay, from a theoretical perspective, is that the probability of an
input would be different depending on the trace history. While this is out of the
scope of this thesis, we believe this restriction can be modelled using conditional
MDPs [Bai+14].

Fairness shields with humans in the loop. In some applications, decisions
are made by human experts, and Al-based systems (like classifiers) are deployed
to guide the decision-making process |[GC19]. In these cases, shields may not
have the authority to make final decisions. But they can serve as a runtime
“fairness filter,” which would modify and de-bias the original outputs of the
decision-maker before passing them on to the human expert. This way they can
compliment the decision-making process from the fairness standpoint.

6.6.3 Related Work

Existing works on fairness address the question of how to specify, design, and
verify Al decision makers that are fair in their decisions. From the speci-
fication standpoint, several criteria have been proposed to quantify fairness
between groups [Fel+15; [HPS16] and between individuals [Dwo+12|. From
the design standpoint, many approaches have been developed to ensure that
decision-makers are fair with respect to a given fairness objective [HPS16;
Gor+19; [Zaf+19; |Aga+18; WBT21|. From the verification standpoint, sev-
eral static |[Alb+17; [BZSL19; Sun+21; | GBM21; MAD21; |LWW23| and run-
time [AV19; Hen+23a; Hen+23b; [HKM23| approaches have been invented for
verifying how fair or biased a given decision-maker is. Our fairness shielding
combines the design and verification aspects, as shields are verified to be fair by
design. Additionally, the design of our fairness shields do not require any knowl-
edge about the underlying decision-maker, and therefore they can be used as
trusted third-party intervention mechanisms to guarantee fairness of arbitrary
Al-based decision makers.

Traditionally, fairness is defined using the decision-maker’s output distribution.
However, it has been shown that a decision-maker that is fair according to
its output distribution may exhibit biases over short horizons, which could be
undesirable in many situations |[Ala+24]. To mitigate this issue, we adopt the
recently proposed bounded-horizon fairness properties [Ala+24], which require
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that decisions remain empirically fair over a given finite horizon. To the best of
our knowledge, our work is the first to provide systematic algorithmic support
for guaranteeing bounded-horizon fairness properties.

We consider the setting of sequential decision making, where a fairness shield
needs to make decisions without knowing the inputs from the future. Similar
problems has been extensively studied under the umbrella of optimal stopping
problems [Shi07; Ban+18; AKK19; BY24; PV17; |[Kal22]. The focus of these
works has been the analytical design of policies that are as close as possible to the
hypothetical policy having the perfect foresight about the future. Unfortunately,
statistical properties like fairness remain beyond the reach of existing algorithms
from the optimal stopping literature.

Our design algorithms for fairness shields are inspired by a recent work [Can-+24a],
which proposed sequential decision making algorithms for the general class of
finite-horizon statistical properties. They showed that the standard dynamic
programming algorithm gets computationally significantly cheaper and produces
the same output if the statistically indistinguishable traces are combined to-
gether. This idea is mirrored in our design algorithm for finite horizon shields
as well, where traces with the same counter values remain indistinguishable.



Chapter 7

Analyzing Intentional
Behaviour in Autonomous
Agents
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s’infecta la ferida. E] — Guillem Gisbert, El Miquel i I’Olga tornen.

7.1 Motivation and Outline

In this chapter, we focus on explaining the decisions of autonomous agents in
terms of intentional behaviour. Beyond explainability, understanding intention
is also key to accountability. Since formal verification of software for autonomous
agents is often infeasible, these agents may cause harm. In such instances, deter-
mining whether an agent acted intentionally, negligently, or accidentally helps
clarify accountability. The study of intention thus not only strengthens explain-
ability but also serves as an essential tool for assessing responsibility. Because
we cannot predict when harm may occur, examining the agent’s software after
the incident is necessary to address accountability questions. Although a com-
prehensive liability framework for autonomous agents has yet to be developed,
it is reasonable to hold manufacturers of agents that intentionally cause harm to
a higher standard than those whose agents cause harm negligently or acciden-
tally. Therefore, defining and understanding intention is crucial for establishing
accountability.

Historically, symbolic Al has produced a substantial body of work focused on
formally specifying and designing “rational” autonomous agents. Such agents
explicitly derive decisions based on their beliefs, desires, and intentions, in the

1Save your strength, good people, maybe we’ll see each other another day. We know you
wanted to do more, but what can we do, that’s life: you wear the wrong uniform and shoot
the one you love the most; you use the wrong remedy, and the wound gets infected.

139
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so-called BDI approach [Bra87; RG95|. Determining whether an autonomous
agent has acted with a given intention is straightforward for BDI agents. Their
intentions are explicitly encoded in their inner workings and can, therefore, be
readily examined. However, the statistical nature of modern machine-learning-
based agents makes interpreting their decision-making in probabilistic settings
a much greater challenge, since intentions are not explicitly present in such
models.

Traditionally, intention is connected to planning through either cognitive or
computational reasoning. Intention is a nuanced term in legal and philosophical
contexts; here, we use it in the restricted sense of the “state of the world”
the agent plans towards. Whether human or machine, a rational agent with
bounded resources must plan towards a goal to successfully achieve it |[Bra87;
CL90]. Modern machine-learned agents plan implicitly through techniques like
reinforcement learning [SB18|.

A sizeable portion of the literature on intention in Al relates to the internal
beliefs of an agent [RG95; HKW18]|. Since we do not model the internal beliefs
or reasoning processes of the agent, we can only claim that an agent shows evi-
dence of intending something. While an intentional agent would behave in this
way, a random agent might also exhibit such behaviour by chance. We model
uncertainty arising from diverse sources as probabilistic behaviour, aligning with
modern machine-learning techniques for designing autonomous decision-makers.
Therefore, our definitions are inherently quantitative. Rather than stating that
an agent shows evidence of intending something, we provide concrete values
quantifying the amount of evidence and the confidence level in our assessment.

Quantitative assessment of agent intentions. We consider an autonomous
agent operating within a probabilistic environment. Specifically, we model the
environment as a Markov Decision Process (MDP), and the agent as a policy
within the MDP (recall Section . We express goals as reaching certain sets
of states in an unbounded time horizon. Our aim is to analyze whether the
agent’s decision-making policy shows evidence of intentional behaviour towards
a goal.

At the core of our methodology lie the concepts of agency and intention quotient.
From a given state of the world, an agent employing the optimal policy to
reach a goal would achieve it with a certain probability, which we call Py ..
Conversely, an agent using the optimal policy to avoid the same goal would
reach it with a smaller probability, denoted as Ppi,. We define the difference
between P, and Py, as the agency — or scope of agency, or extent of agency —,
as it indicates how much the agent can affect the outcome in terms of reaching
the goal. If the difference is one, it means the agent has complete command
over the outcomes: it can ensure either reaching the goal or avoiding it with
certainty. If the difference is close to zero, it means the probability of reaching
the goal does not change significantly regardless of the agent’s actions.

Between P, and Ppax lies the probability that the agent, with its specific
policy, will reach the goal; we denote this probability as FP,s. The relative
position of P,, with respect to Pupin and Ppax indicates the extent of effort
the agent is showing towards reaching the goal, always within the constraints
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imposed by the extent of agency allowed to the agent. We call this relative
position the intention quotient (IQ). Whenever P,, is close to Ppax, we say
that the agent shows evidence of intentional behaviour, with IQ representing
the amount of evidence and the scope of agency representing the confidence
level of the assessment. We use probabilistic model checking to compute these
probabilities.

Using the concepts of agency and intention quotient, we can assess an agent’s
intention at a single state of the world. Extending to all relevant states of
the world, these concepts can be directly used for a quantitative analysis of
intentional behaviour in an agent.

Retrospective methodology for analyzing intentional behaviour. Mo-
tivated by the problem of accountability “after the fact”, we propose a method
to analyse intentional behaviour in a retrospective mannerﬂ We assume a given
sequence of events has occurred and we aim to assess whether an agent would
show intentional behaviour toward reaching a certain goal along said sequence.

Given an agent, a goal, and a sequence of states of the world, which corresponds
to a trace, we start by computing the intention quotients at the states in the
trace, and aggregating them through a weighted average, where the weights
are proportional to the agency. If the aggregated intention quotient is not
sufficiently high or low, or if the confidence in the assessment (average agency
along the trace) is too low, we conclude that the given trace does not provide
enough evidence and that we need to analyze counterfactual scenarios.

If the evidence is not sufficient, we generate a diverse set of counterfactual traces
close to the original sequence of events under study and repeat our assessment
by aggregating results from all states in the counterfactual traces. This loop
of counterfactual generation and intention assessment can be repeated until the
confidence level of the assessment is sufficiently high or a threshold number of
iterations is reached.

This retrospective method is more involved, and it is intended for use in an
accountability process after harm has occurred, where the focus is not so much
to understand the agent in general but rather to understand the behaviour of
the agent in a concrete sequence of events leading to a harmful consequence.

Our framework is strongly inspired by methods for explainability and account-
ability using counterfactual analysis [WMR17; |Gui24]. In computing the in-
tention quotient, we are asking “what could the agent do differently?”, and in
investigating counterfactual traces we are asking “what would the agent do in
different situations?”.

Contributions. The contributions of the work presented in this chapter are:

e We present a framework for studying intentional behaviour of agents in
MDPs directly from policies. Our method uses model checking to auto-
matically relate the agent’s policy to any other possible policy.

2For example, an autonomous driver crashes a car against a tree. After the harm has
occurred, we study the actions of the agent leading to that harm to determine accountability.
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e We propose a specific methodology for assessing evidence of intentional
behaviour after a concrete sequence of events has happened, designed to
be used as part of an accountability process. Furthermore, our method
applies counterfactual reasoning to increase the reliability of the assess-
ment.

e To showcase the usefulness of our retrospective method, we provide a case
study in which we analyze potential intentional behaviour in the same
scenario for different implementations of driving agents.

Outline. In Section we describe the main concepts that we use to quan-
titatively assess intention throughout the paper and how they are grounded in
previous notions. In Section [7.3] we present our specific methodology for retro-
spective analysis of intention, which builds counterfactuals to a reference trace
and uses them to make an assessment. We report the results of a case study us-
ing our retrospective methodology in a traffic-related scenario in Section[7.4] We
conclude the chapter in Section discussing potential limitations, extensions,
and relation to other work in the literature on intention analysis in Al

Declaration of sources. This chapter is partially based and reuses material
from the following source previously published by the author of this thesis:

|CC+23a] FiLip CANO CORDOBA, SAMUEL JUDSON, TIMOS ANTONOPOULOS,
KATRINE BJGRNER, NICHOLAS SHOEMAKER, SCOTT J SHAPIRO, RUZICA PISKAC,
and BETTINA KONIGHOFER. “Analyzing Intentional Behavior in Autonomous
Agents under Uncertainty”. In: Proceedings of the International Joint Confer-
ence on Artificial Intelligence (IJCAI). ijcai.org, 2023, pp. 372-381.

7.2 Modelling Intentional Behaviour in Agents
on MDPs

In this section, we give the definitions for evidence of intentional behaviour of
policies in the presence of uncertainty. We use an MDP M = (S, A, P) to model
the interaction of the agent and the environment. In the following sections, we
will then propose and implement a method to analyze intentional behaviour
according to the definitions of this section.

7.2.1 Modelling Environment, Agents, and Intentions

We model the environment as a Markov decision process (MDP) E|M =(S,A,P),
together with a finite set of atomic propositions AP and a valuation function
Val: AP — 25. A state represents “one way the world can exist”, so any infor-
mation available to the agent for deciding what to do is included in the state
of the MDP. The set A contains every possible action that can be taken by the
agent. As usual, given s,s’ € S and a € A, P(s,a, s) represents the probability
to transition to state s’ from state s’ when executing action a. Also, for each
scSandac A )Y sP(s a,5) €{0,1}.

3Recall definitions in Section
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The literals in AP indicate properties of interest of the MDP, like goal or
collision, and the valuation function Val indicates, for each property, which
states satisfy it. The valuation function can be extended to any Boolean formula
over AP with the standard conventions as follows. For any pair of formulae Z, J:

o Val(Z A J) = Val(J) N Val(.7),
e Val(ZV J) = Val(Z)U Val(J), and
o Val(—Z) = S\ Val(Z).

Given a Boolean formula Z, we denote the set of states where it is satisfied as
Sz = Val(Z).

The agent is modelled by a memoryless and deterministic policy 7: S — A
over M that assigns an action to each state. In Section we discuss how
our method can be extended to consider strategies with non-determinism and
memory.

We model potential goals as Boolean expressions over AP and express inten-
tions as reachability properties of goals with an unbounded horizon. Given Z,
a Boolean expression over AP, and a state s € S, we are interested in the
properties of the type ¢ = Reach(s, S7).

7.2.2 Intention of Agents with Perfect Information

Following classic works in BDI models [RG95|, an intention of an agent is a
set of states the agent committed to reach. In our case, we model the set of
states with a Boolean formula Z over AP, whose corresponding set of states is
St = Val(Z). Therefore, the agent that intends Z should act towards reaching
S7 to the best of its knowledge.

Let us assume that the agent has perfect knowledge about the environment and
is optimally implemented. For a formula Z to be an intention of an agent, the
agent has to implement a policy 7 that maximizes the probability of reaching
S7. Formally, 7 is an intention of the agent =, if and only if for any s € S

P, (Reach(s, S7)) = Pnax(Reach(s, S7)). (7.1)

The policies considered to compute P, can be restricted to a set of policies II, if
there are policies that should be excluded for comparison. For example, we may
only be interested in policies for comparison that satisfy certain properties like
fairness or progress properties. In such cases, the right-hand side of Equation[7.1
transforms into Py, . r(Reach(s, S7)).

Definition 7.1 (Intention in perfect-information settings). An agent 7 shows
evidence of intentional behaviour in a state s towards Z among policies in II if
7 maximizes the probability of reaching Sz, i.e.,

P (Reach(s, S7)) = Puax|m(Reach(s, S7)).
Note that we do not phrase Definition [7-1]in terms of the optimal policy Tmax,

because there may not be a unique policy that maximizes reachability proba-
bilities.
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7.2.3 Intention of Agents Under Uncertainty

The definition of intention presented earlier assumes perfect knowledge of the
environment and that the agent implements an optimal policy for reaching S7.
However, our goal is to analyze intention quantitatively, recognizing that agents
acting intentionally do not necessarily follow the optimal policy.

An agent intending to reach Sz may deviate from the optimal policy for various
reasons. We distinguish three primary categories of such deviations:

o Imperfect training. The agent is trained to reach Sz, but training con-
cludes before convergence to an optimal policy.

e Trade-off among multiple goals. The agent is trained with several goals
simultaneously, with reaching S7 being only one among these objectives.
Consequently, the learned policy might be suboptimal due to balancing
multiple conflicting goals.

o [mperfect environment modeling. The agent is trained to reach Sz in an
MDP M’ that slightly differs from the actual environment model M.

In the third scenario, discrepancies between M’ and M might exist solely in
transition probabilities or extend to the action and state spaces. When M’
shares the same action and state sets as M but differs slightly in transition
probabilities, the resulting policy may be suboptimal due to either insufficiently
precise modeling of environmental uncertainty or distributional shifts occurring
between training and deployment. Such discrepancies naturally emerge from
attempts to model real-world uncertainties.

Alternatively, one of the models might represent an abstraction of the other. For
instance, an agent could be trained in a continuous environment M’, which must
then be abstracted into a discrete model M for intention analysis. Although
abstraction generally preserves overall agent behavior, some fine-grained details
might be lost.

In all cases described, we assert that an agent still demonstrates intention
through policies that, while potentially suboptimal, remain close to optimal.
This observation motivates a relaxation of Definition enabling a quantita-
tive measure of intention under conditions of uncertainty, irrespective of the
uncertainty’s origin.

7.2.3.1 Single State Analysis

In order to analyze an agent 7 under uncertainty, we first define the intention
quotient for a state s € S, which represents how close 7 is to the policy optimal
for satisfying Z from state s.

Definition 7.2 (Intention quotient). Given an agent 7 at a state s € S and a
formula Z over AP, the intention quotient is defined as follows:

P (Reach(s, S7)) — Pinjr(Reach(s, S7))
Pmax|r(Reach(s, S1)) — Puinr(Reach(s, S7))

px(s,L) =



7.2. MODELLING INTENTIONAL BEHAVIOUR 145

Whenever 7 is clear by context, we may drop it from the notation. In contrast
to the case of perfect information, the uncertainty in the agent’s knowledge and
resources implies uncertainty in the assessment of intentional behaviour.

In general, the higher the value of the intention quotient p,(s,Z), the more
evidence the policy 7 shows of intentionally trying to satisfy Z. The lower the
value of p,(s,Z), the more evidence the policy m shows on acting without the
intention to satisfy Z, although high values at a single state may be explained
by other means.

An additional source of uncertainty is introduced by the agency of a state. In
situations where the agent’s actions have little effect on satisfying Z, there is not
enough evidence to support a claim of intentional behaviour. For this reason,
we take the agency into account for our assessment of intentional behaviour.

Definition 7.3 (Agency). Given a state s € S and a formula Z over AP, the
agency o(s,I) at a state s is defined as the gap between the best and the worst
policy in terms of satisfying Z. Formally, it is given by

0(8,Z) = Ppaxji(Reach(s, St)) — Ppin i (Reach(s, S7)). (7.2)

7.2.3.2 Multiple-State Analysis

The concepts of agency and intention quotient apply to a single state in the
MDP. However, when studying an agent in particular, we are not only interested
in how the agent behaves in one state, but in many states. We extend the
definition of agency by averaging the value along a set of states.

Definition 7.4 (Agency for sets of states). For a set of states S C S and a
formula Z, the agency of S is

o(S,T) = ﬁ > a(s,1) (7.3)

seS

Since the scope of agency indicates how important is a given state in assessing
the outcome of an agent’s actions, we aggregate the intention quotients of the
individual states using the agency as the weighting factor. This way, the weight
of the decision at each state is directly proportional to the impact that an agent
can have in that state towards satisfying Z.

Definition 7.5 (Intention quotient for sets of states). For an agent 7 operating
around a set of states S C S, and a formula Z over AP, the intention quotient
(S, 7) is given as the weighted average

1

D SPETeN 3]

ZU(&I)pﬂ(s,I).

seS

We consider two types of sets of states that are of interest from the point of
view of studying intentional behaviour: balls and traces.
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Balls. A ball around a set Sz represents the states that are close to Sz,
according to some distance in M. Sometimes, instead of analysing the agent in
the whole environment, we are interested in how an agent behaves in the vicinity
of a set of states. For example, we may be interested in a car’s behaviour towards
crashing into a wall only when a wall is nearby. This may also be useful for
practical reasons: instead of trying to model and understand the agent in a large
environment with too many states, we can focus on a ball of a certain radius of
influence, where states outside of this radius can be considered unimportant.

Traces. A trace introduces an order and a concept of time passing to a set
of states, and we will especially focus on analyzing traces in the retrospective
method. Traces are also useful because we know that agents will follow valid
traces when deployed. In Figure we depict the concepts of agency and inten-
tion quotient over a trace. In the hypothetical case represented in Figure
we see an agent that behaves towards satisfying a certain formula Z most of
the time, with most of the states, especially those with high agency, showing a
probability close to the maximum. The only exception is the last state, where
the probability is closer to the minimum at that state. Even in such a case, this
would be too little and too late to exonerate the agent.

This ordering in time allows us to define a notion of commitment. Since very
prominent existing theories of intention in autonomous systems take commit-
ment as a central concept [CL90; [van+20], we give here our take, defining
commitment for traces in a quantitative way, using the concepts of agency and
intention quotient.

Definition 7.6 (Commitment along a trace). For an agent 7, a trace 7 =
(81y...,8n), a threshold dp € (0,1), and a threshold d; € (0,1), we say that the
agent is commited towards satisfying Z if there exists k € [1,n| such that for all
1>k,

((]P’maxm(Reach(si, S1)) > 65)A(Poinjri (Reach(s;, Sz)) < 1—53)) — prlsi,T) > 6y

The intuition behind this definition is that an agent shows evidence of being com-
mitted to satisfying Z if its intention quotient exceeds a certain threshold (d7)
whenever the agent believes that satisfying 7 is still feasible (P, ax r(Reach(s;, S7)) >
dp), and that 7 has not yet been achieved (Ppnr(Reach(s;, S7)) <1—6p).

For this definition, §; is assumed to be relatively high, while dp is close to
zero. By setting dp > 0, we allow the agent to “give up” if fulfilling Z becomes
too unlikely, or to “focus on something else” if reaching S7 is almost certainly
guaranteed. The definition can be made stricter by setting dp = 0.

7.3 Methodology for the Retrospective Analysis
of Intention

7.3.1 Setting and Problem Statement

Setting. We have a model of the environment in the form of an MDP M =
(S, A, P) that captures all relevant dynamics and possible interactions for an
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Figure 7.1: Example of the computation of agency and intention quotient. The
grey arrows represent agency, while the blue dots inside the 0 to 1 ruler indicates
the value of the intention quotient.

agent. We also have a concrete scenario to analyze in the form of a trace
Tref = (81,...,8n). The trace Tref is a sequence of visited states in M that leads
to a state in Sz, i.e., s, € S7. The agents considered comparable are defined by
a set of allowed policies II, and the implementation of the agent under study is
given in the form of a policy = € II. The underlying intentions of the agent are
unknown.

Problem statement. Given this setting, we want to analyze whether there
is evidence of intentional behaviour of the agent 7 towards satisfying Z in the
scenario represented by 7., considering policies in II.

Example 7.1. Let us consider a scenario in which an autonomous car collides
with a pedestrian crossing the road, as illustrated in Figure [7.3. To analyze
to which degree the car is accountable for the accident, we are interested in
whether causing harm was the intention of the car. In such an example, M
captures all relevant information necessary to analyze the accident, like positions
and velocities of car and pedestrian, car dynamics, road conditions, etc. The
scenario Tref = (81,...,8n) is defined via the sequence of states prior to the
collision. The set of states St represents collisions. We want to analyze whether
the policy m shows evidence of intentional behaviour towards satisfying Z. To
avoid unfair comparison with unrealistic policies, we define a set of policies 11
that excludes unreasonably slow-moving cars (e.g., cars that stop even though
there is no other road user close by).

Since both agency and intention quotient are quantitative tools, to determine
whether there is or there is not evidence of intentional behaviour, we define the
following thresholds that indicate how much evidence we need to give a positive
or a negative assessment.

Definition 7.7 (Evidence of intentional and non-intentional behaviour in traces).
Given lower and upper thresholds 0 < 5PL < 55 < 1 for intention quotient and
an agency threshold 0 < d, < 1, we say that there is evidence of intentional
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Figure 7.2: Tllustration of the scenario in Example n The red line represents
the trajectory of the car, the green dot represents the pedestrian and the green
line the trajectory of the pedestrian. There is a water puddle in the road
that makes the floor slippery and a parked truck that blocks visibility of the
pedestrian.

behaviour towards satisfying Z along a trace 7 if
o(1t) > 6, and pg(1)> (Sg.

We say that there is evidence of non-intentional behaviour towards satisfying 7
along a trace 7 if
o(1) > 6, and pg(7) < 6;;‘.
Otherwise, i.e., in the cases that
o(r) < d, or 55 < pr(T) < 55, (7.4)

we say that we have not enough evidence for intentional behaviour.

The thresholds 55 , 65, and J, have to be defined using domain knowledge for
each concrete application, and make our method adaptable to different evidence
standards required for different accountability processes. For example, to con-
vict a person of a criminal offense, it is typically required to prove the person
committed the crime “beyond a reasonable doubt”, while in many systems,
civil litigations are resolved with the “preponderance of the evidence” standard,
which is much less stringent [CS02]. The evidence thresholds can be adapted to

suit different standards.

7.3.2 Evidence Augmentation through Counterfactual Gen-
eration

In this section, we propose a concrete methodology to analyze retrospectively
whether there is evidence an agent acted intentionally towards satisfying Z. Our
method is illustrated in Figure|7.3

As depicted in the figure, we start the analysis of the reference trace Tef by
computing the intention quotient pr(7ref) and the agency o (7yef). If o(Tref) > 05,
we may be able to draw conclusions about intentional behaviour:

o If pr(Trep) > 55, then we conclude that there is evidence of intentional
behaviour towards satisfying Z.

o If pr(Tref) < 5£ , then we conclude that there is evidence of non-intentional
behaviour towards satisfying Z.



7.3. RETROSPECTIVE ANALYSIS OF INTENTION 149

—
% [" i Intentional ]
Enough evidence .
— High | .
> High
p = 6p — 8p g
X Inconclusive 1
N Counterfactual N
| 4 Generation JE
P

‘ T = {11,72, Trer}

s=lo)ssl) L.

Unintentional

X Inconclusive 5 < slow |
e Aggregate Enough evidence P =09
Results — O

Figure 7.3: Overview of our approach for retrospective analysis of intentional
behaviour.

In cases without enough agency, i.e., where o (7ef) < dr, or where the intention
quotient falls between the lower and upper thresholds, i.e., (55 < pr(Tref) < 5,[)],
we say that we do not have enough evidence to reach a conclusion. In such cases,
we propose to generate more evidence by analyzing counterfactual scenarios.

A counterfactual scenario 7 is a scenario close to 7,.f according to some distance
notion. Our method generates a set of counterfactual scenarios 1.f and computes
whether there is evidence for intentional or non-intentional behaviour for each
trace 7 € T = Tef U {Tyef}. We fix beforehand the number of counterfactual
scenarios to generate to some parameter N.

As before, we draw conclusions about intentional behaviour based on the ag-
gregated results of agency o(T) and intention quotient p,(T). If o(T) < §, or
65 < pr(T) < 6Y, there is still not enough evidence for intentional or non-
intentional behaviour, with o(T') being the agency averaged over all traces in
T, and p,(T) being the average intention quotient for the set of traces in T'.

In such cases, our algorithm iterates back and extends the set 1% by generating
N more counterfactual scenarios to be analyzed. The algorithm stops when
enough evidence has been generated to draw a conclusion or when the number
of generated counterfactual scenarios exceeds some user-defined limit. In the
following, we discuss the generation of counterfactual scenarios in detail.

In Figure [7.3] we show this augmentation loop, where at each iteration we may
stop if there is enough evidence to draw a conclusion.

7.3.3 Counterfactual Generation

To gather sufficient evidence for our assessment of intentional behaviour, we
generate scenarios that serve as counterfactuals for 7. There are various ap-
proaches to generating counterfactual traces, each requiring different levels of
domain knowledge. Here, we present three alternative methods, ordered by
decreasing reliance on expert knowledge and involvement. The first approach
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is highly dependent on human expertise, while the last operates with minimal
human intervention.

7.3.3.1 Counterfactual Generation via a Human Expert

Asking and analyzing counterfactual questions is a standard procedure in ac-
countability processes [MB20]. Usually, such counterfactual questions are pro-
posed by a domain expert. We transfer this concept to analyzing intentional
behaviour on MDPs. The counterfactual questions posed by the expert are
translated to counterfactual traces T in the model M.

Example 7.2. Recall Example[7.1 Some counterfactual questions posed by an
expert in the traffic scenario could be: (Q1) What if the car had driven slower?
(Q2) What if the pedestrian had been visible earlier? (Q3) What if the road
conditions were different? Each of Q1-Q3 translates to a counterfactual trace,
which we can analyze in our framework.

The method of generating counterfactuals using a human expert imposes a heavy
burden of work on the expert. Next, we propose two methods to automatically
generate counterfactuals to mitigate the need for human effort.

7.3.3.2 Counterfactual Generation on a Factored MDP

Since M models the interactions of the agent with its environment, M is typi-
cally given in form of a factored MDP. In factored MDPs, the state space of M
is defined in terms of state variables S = X1 X - -+ X Xp,.

In this approach for counterfactual generation, we assume domain knowledge
about which variations of state variables generate interesting counterfactual sce-
narios. In particular, we assume that the state variables can be partitioned into
integral, which contain the most characteristic information about the sequence
of events, and environmental or peripheral state variables, which define environ-
mental characteristics and are fixed during the sequence of events under studyf}]

Example 7.3. In Ezample[71], integral state variables represent the position
and velocity of the car and the position, velocity, and visibility status of the
pedestrian. State variables that represent the position of the parked truck, the
location of the water puddle and the amount of water in it are properties of
the environment that stay fived during the sequence of events, since they would
change at a much slower rate, so they would be tagged as peripheral state vari-
ables. Traces with the same sequence of values for the integral state variables
and different values for the peripheral state variables can effectively represent
the same sequence of events in a slighlty different world.

Studying agency and intention quotient in traces with modified values of the
peripheral state variables is our way of asking counterfactual questions such as
“What would you have done if you could see the pedestrian?”, or “What would
have happened if the road was not so slippery?”. To generate informative coun-
terfactuals, we are interested in traces that maintain the values of the integral
variables (i.e., maintain the characteristic sequence of events), while changing

4Note that the convention on which variables are integral and peripheral differs from that
it in [CC+23a).
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some values of the peripheral variables (i.e., changing some of the environmen-
tal factors). We do not provide a more formal or concrete definition of integral
and peripheral variables, because they have to be defined in each scenario from
domain knowledge.

We automatically generate counterfactual traces by exploring variations of the
peripheral variables. Let the state space be factored as S = X} x - - - X X, where

variables X, ..., X} are integral and Xy 1,..., X,, are peripheral. For any state
s=(x1,...,Tm), we write its factorization into integral and peripheral variables
as s = (s"[sP"). Let sicf = (Trt1,...,%m) be the value of the peripheral

variables at any state of 7, This is well-defined since the values of peripheral
variables do not evolve along the trace. We define the set of counterfactual
values as:

Cle(ster) = {Wrt1y -+ Ym) € Xpgr X - X X 0 Vi, |2y — yi] < &4},

where € = (€g41,...,&m) contains, for each peripheral variable, the range of
variation that is still considered valid. For a given trace Ty = (s1,...,5y), the
counterfactual traces that we consider are

ref

= (s™|sP¢7), (s}, .., 5),) is valid, and s], € St}.

To(Trep) = {(s15- -5 8,) + Fshm € Cl(shey), Vi=1...n:
st ot

To unpack this definition, a trace 7 is in T (7Tr) if the following conditions are
satisfied.

e At each stage of the trace 7, the value of the integral variables corresponds
to the value in 7.

e The value of the peripheral variables in 7 is constant along the trace and
close to that of 7,.f, as defined by a distance vector e.

e The trace 7 is still a valid trace of the MDP, meaning that for every pair
of consecutive states in sj, s;,; in 7, there exists an action a such that the

oy a 1.
transition s; — s, ; has a non-zero probability.

Note that the search for counterfactual traces is limited to those peripheral
variables X; for which &; > 0, thus by setting some of the ¢; to zero, we can fix
their value in the counterfactual generation process.

From T, we sample N traces to be used for the counterfactual analysis. For
the trace selection, emphasis can be put on traces with higher scopes of agency.
7.3.3.3 Counterfactual Generation Using Distances on MDPs

This method for generating counterfactual scenarios requires to have given a
distance d: S xS — R>( defined over states in the MDP. Given such a distance
metric d over the states, the set of counterfactual traces is given as

To(Tre) = {(s1,....8),) : Vi=1...n,
d(si, st) <m, (s,...,s)) is valid, and s, € Sz},
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Figure 7.4: Probabilities associated with agency and intention quotient along
the reference trace 7,.f in the experiments.

where 1 > 0 is a distance that represents states being ‘close enough’ to be
compared as counterfactuals.

In case there is no distance defined in the MDP, there are bisimulation dis-
tances that are well defined intrinsically in any MDP [Son+16; [Fer+06; |Fer03;
WDS19|. They depend on the intrinsic structure of the MDP, defined mainly
by similarities in terms of the transition function. The main caveat of this ap-
proach is that distances are expensive to compute, and the explanation of why
two states are assigned a given distance becomes more obscure to the user.

7.4 Experimental Validation

In this section, we showcase our retrospective method on a traffic-related sce-
nario related to Examples 1-2, and illustrated in Figure In this scenario,
a car was driving on a road with a crosswalk. A pedestrian at the crosswalk
decided to cross. Close to the crosswalk, there was a parked truck that blocked
the visibility of the car. Furthermore, the previous rainy conditions generated a
water puddle that made the road slippery in the region covered by the puddle.
In this region, both braking and accelerating are less effective than normal, as
the friction between the tires and the road is weak. While crossing, the pedes-
trian was hit by the car. We want to study the behaviour of the car for signs of
the hit being intentional.

All experiments were executed on an Intel Core i5 CPU with 16GB of RAM
running Ubuntu 20.04. We use a modified version of TEMPEST |[Pra+21a] as
our model-checking engine.

7.4.1 Model of Environment

The environment is modeled as an MDP M = (S, A, P). The set of states is
a triple S = S x §P°? x S where S models the position and velocity
of the car, SP* models the position of the pedestrian, and S¢* models other
properties that do not change during a scenario. These properties include the
slipperiness factor of the road and the existence of the truck blocking the car’s
view of the pedestrian.

The car’s position is defined via the integers z. and y. with 0 < z. < 60 m and
3 < y. < 13 m. The velocity of the car is in {0,1,...,5} m/s. The position
of the car is updated at each step, assuming a uniform motion at the current
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velocity. The car has the following set of actions A: hitting the brakes, pressing
down on the accelerator, and coasting. If the car is on a non-slippery part of
the road, the action of accelerating increases the velocity stochastically (by 1
or 2 m/s), braking decreases the velocity stochastically (by 1 or 2 m/s) and
coasting maintains or decreases the velocity (by 1 m/s). If the car is on a
slippery part of the road, the probabilistic consequences of the selected action
on the velocity are different and include the possibility of no modification to the
current velocity for both the actions of braking and accelerating.

The pedestrian’s position is given via the integers z, and y, with 0 < =z, <
60 m and 0 < y, < 15 m. The pedestrian can move 1 m in any direction, or
not move at all. The probabilities of moving in each direction are given by a
stochastic model of the pedestrian, designed in such a way that the pedestrian
favours crossing the street through the crosswalk while avoiding being hit by
the car. The probabilities in the pedestrian’s position update can be influenced
by a hesitance factor, which captures how likely it is that the pedestrian puts
themselves at a hitting distance from the car. The resulting MDP consists of
about 120k states and 400k transitions, so the model-checking calls have a trivial
computational cost, generally under one second.

7.4.2 Analysis of a Trace

In the described environment, we are given a scenario 7, as illustrated in Fig-
ure and an agent 7: S — AP} As thresholds to evaluate evidence of inten-
tion, we use 55 = 0.25, 5[[,] = 0.75 and é, = 0.5 as reasonable arbitrary choices.
In real-world scenarios, these thresholds should be adapted to concrete problem
and evidence standard, and ideally agreed upon beforehand by all stakeholders.

We restrict the set of policies II to policies that do not stop the car if no
pedestrian is within a range of 15m of the car. The collision states are described
by the formula

T = (Jxp — 2| <5)V (lyp = yel <5).

Given this setting, we analyze 7,.s for evidence of intentional behaviour towards
reaching the set of states Sz. Therefore, we first compute the agency and
intention quotient along 7.

Results of analysing 7,.s. In Figure @, we show the results of the model
checking calls for reaching Sz for states in 7,.s. The lower line (-%-) represents
Poin, the upper (-A-) represents Py, and the line in the middle (-@-) represents
P for every state in 7,.;. The shaded area, between P, and Ppax, represents
the agency at each state. The figure shows the agent is close to the line of
Prax, but the agency is very small, with p(7.r) = 0.73 and o(7f) = 0.18.
Since o(Tref) < 0, our method concludes that there is not enough evidence for
intentional behaviour yet and moves on to the step of generating counterfactual
scenarios.

5Both the trace and the agent are handcrafted for this experiment to illustrate our method.
The agent is programmed to get to the end of the street and opportunistically hit the pedes-
trian if possible. The trace has the car collisiding with the pedestrian. The same analysis
method would apply to different agents and any trace ending in a collision.
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Slinit sl end Slfact hfact vis
Value 7f 20 45 2.5 0.5 1
Range [10,30] [35,55] [1,4] [0.1,0.9] {0,1}

Table 7.1: Ranges to use in counterfactual generation.

Counterfactual analysis. We generate counterfactual scenarios by exploit-
ing domain knowledge about integral and peripheral variables of the MDP. We
change the values of the following peripheral variables:

e Slipperiness range. The street is considered to be slippery between the
positions sl;,;; and slepg.

e Slipperiness factor. The strength of the slippery effect is measured by
the slippery factor slf,.;, which is analogous to the inverse of the friction
coefficient in classical dynamics. The effect of slipperiness is to make the
acceleration and brake less effective, increasing the probability that both
acceleration and brake have no effect on the speed of the car. The larger
the value of slscs, the more effect, with slf.; = 1 being the minimum
value, where the road is considered to be ‘not slippery at all’.

e Hesitancy factor. The pedestrian, in general, tends to cross the street
through the crosswalk. The hesitancy factor modifies the probabilistic
model of the pedestrian, to make them more or less prone to put them-
selves at a hitting distance from the car. In the limit, a pedestrian with
hesitancy factor hf,.: = 0 is a completely cautious pedestrian, that under
no circumstance would put themself at a position where they could be hit
by the car. On the contrary, a pedestrian with hesitancy factor hgeer = 1
completely disregards the position and velocity of the car, and would not
hesitate to cross even with a fast car approaching.

o Visibility. In the given scenario, there is a truck blocking the visibility of
the car, corresponding to vis = 1. In case vis = 0, the visibility block is
eliminated.

The variables and the ranges considered for generating counterfactuals are sum-
marized in Table [Z.1]

Results of analyzing counterfactual scenarios. We build the counterfac-
tuals in batches of N = 5, by sampling uniformly on the ranges described in
Table We show the results in terms of intention quotient and agency in
Table We report the averaged values and standard deviations over 5 runs.
As we can see from the table, with 21 traces in T' we have p,(T') > 65 = 0.75
and o, (T) > §, = 0.5. Thus, our method concludes that the agent under study
does present evidence of intentional behaviour to hit the pedestrian.

7.4.3 Comparative Analysis of Several Agents

In this section, we illustrate how our method can be used to compare different
agents in terms of intentional behaviour. We compare three different agents
1,2, T3 in the same scenario 7,.r. The agent 7 corresponds to the policy 7
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|T| 6 11 16 21
p=(T) 0.78+0.03 0.81£0.02 0.83+0.02 0.844+0.01
or(T) 0.334+0.02 0.44+£0.03 0.48+0.01 0.5040.01
time (s) 53 + 16 147 + 42 227 + 32 318 + 64
Table 7.2: Results of the counterfactual evaluation.
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Figure 7.5: Comparison of 7. (left) with a high-agency counterfactual scenario
(right).

in Section The agent 75 is designed as a reckless driver that completely
disregards the position of the pedestrian, while 73 is designed as a cautious

driver.

In Figure we show the probabilities for reaching Sz for the policies 71, ms, 73
for two different traces: left for 7,.f, right for a counterfactual trace 7 € T' with a
high agency. The figure illustrates how even a single counterfactual trace can be
a powerful tool for distinguishing between policies that seem impossible to dif-
ferentiate with any confidence in the original trace 7,.. In general, high agency
values are achieved by minimizing the slippery range and factor, increasing the
hesitancy of the pedestrian and eliminating the visibility block.

A second insight is illustrated in Table In this table, for each agent mq, o, 73,
we show the number of counterfactuals needed to generate enough evidence of
intentional behaviour, together with the final values of the intention quotient
and agency. Both 7w and 73 are clear-cut, but for mo our algorithm reaches the
limit of |T'| = 100 without finding enough evidence. In this case, the intention
quotient of the agent seems to converge to a value of about 0.53, sitting in the
middle of the lower and upper threshold.

Finally, in Figure[7.6] we show the values of intention quotient against the scope

1 ) T3
T 21 100 26
p=(T) 0.86 0.53 0.14
or(T) 052 0.64 0.50

Table 7.3: Final values of p(T) and o, (T') for different strategies.
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Figure 7.6: Scatter plot of intention quotient vs agency for different agents.

of agency for 100 counterfactual traces sampled from the ranges in Table [7.1]
This serves as a visual representation of the same facts presented in Table [7.3
concluding that m; (-@-) is clearly showing evidence of intentionally hitting the
pedestrian, 7o (-#-) is showing evidence of intentionally hitting the pedestrian
in a lower magnitude, which would be considered enough or not depending on
the thresholds, and 73 (-#-) is showing clear evidence of acting without the
intention of hitting the pedestrian.

The results of these experiments are in agreement with the way we designed the
agents. This just serves to showcase our method. A more thorough validation
would require a human-subject experiment, where real users give their subjective
perception of the intention of different agents, and we measure how close their
perception is to our notion. This is, however, out of the scope of this thesis.

7.5 Discussion

7.5.1 Limitations

We believe that our approach has great potential. However, there are aspects
that need to be addressed to make the method applicable in challenging scenar-
ios.

Modelling the agent and the environment. Our method requires having
a correct model of the environment that captures everything relevant to analyze
a scenario. In many cases, such models are not available. Recent work on digi-
tal twin technologies and the existence of realistic simulators
provides optimism for more and more accurate models of agents and their envi-
ronment. Our method also requires the agent be given as a policy in an MDP.
In case we are given a different implementation, e.g., as a neural network, we
would need a sample-efficient method to translate the implementation into a
policy in the MDP, at least for the relevant parts of the state space.

Computational complexity. While current probabilistic model-checking en-
gines achieve impressive performance |Bud+21|, computing exact probabilities
is costly (polynomial complexity). An alternative would be to use statistical
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model checking [AP18], which is less demanding, albeit also less precise. Statis-
tical model checking has been successfully used to validate autonomous driving
modules [Bar+19).

Knowledge of the agent’s beliefs. An intrinsic limitation of studying poli-
cies in MDPs is the lack of knowledge of the agent’s beliefs about the world.
Belief plays a fundamental role in the study of intentions: an agent that intends
St must act believing that their acts are a good strategy to reach Sz |Brag7).
Belief is also central to the definitions of responsibility and blameworthiness in
structural causal models [CHO4; HKW18]. Partially for this reason, together
with the uncertainties derived from a probabilistic setting, we can make claims
about evidence of intentional behaviour instead of supporting stronger claims
on the actual intention of the agent.

For example, an autonomous driving agent may have a faulty perception element
that confuses the numbers 30 and 80 in speed limit signals. Thus, when the agent
is in a low-speed area with a speed limit of 30 km/h, it accelerates to 80 km/h.
This agent may show evidence of intentionally overspeeding only in low-speed
areas with our definition, while an inspection of the internal belief system may
show that it is actually just trying to go as fast as the speed limit. While this is
an inherent limitation of our method, we still think our method is valuable for an
accountability process. From the perspective of other road users, overspeeding
does not happen by accident or in some failure cases, but it is rather a systematic
flaw that is functionally equivalent to intentional overspeeding. By functionally
equivalent we mean that the behaviour of our faulty agent and the behaviour
of an intentionally harmful agent are the same.

Distinction between negligence and intentional harm. As we have de-
scribed in the previous overspeeding example, our method may characterize
negligent or faulty systems as intentional when they are functionally equivalent
to intentionally harmful systems.

In our framework, negligence and recklessness can be expressed as mid-range
intention quotients towards a harmful set of states, especially in counterfactual
traces. In our running example studied in Section [7.4] an intentionally harmful
driver would behave very differently when the pedestrian is far from crossing
the street, waiting for them to be vulnerable, while a reckless or negligent driver
would not care about the state of the pedestrian. This difference is then reflected
in the values of the intention quotients.

7.5.2 Avoidance Properties

In our analysis, we have focused on reachability properties, answering questions
of the type “Does the agent show evidence of intending to reach a state that
satisfies Z7”. A symmetric approach would be to consider avoidance properties,
as defined in Equation [2.8

With this spirit, we could rephrase the definitions of agency and intention quo-
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tients from Definitions [7.3] and [T.2] as:

0'(8,T) = Praxmi(Avoid(s, S7)) — Py (Avoid(s, S7)) and
P~ (Avoid(s, S7)) — Puinm(Avoid(s, S7))

/
7)) = ’
pw(Sa ) ]P)maxu_[(Avoj‘d(s’ SI)) — ]P’minll—[(Avoid(s7 SI))

With the next result, we will show that the reachability and avoidance versions
are very much related to one another.

Proposition 7.1. Let M = (S, A, P) be an MDP, w: S — A be a policy, s € S,
and T a formula over AP. The following holds:

e 0'(s,I7)=0(s,T), and

® pr(s,Z) =1—px(s,I).

Proof. By the definition of avoidance properties, we know that

Praxj(Avoid(s, S7)) = 1 — Py n(Reach(s, S7))  and
Pmin\H(AVOid(Sa SI)) =1- Pmaxﬂ_[(ReaCh(s? SI))
The agency result follows directly.
Similarly, for the intention quotient, we have
J(5.T) = Pr(Avoid(s, Sz)) — Puinm(Avoid(s, S7))
T o(s,7)
1 —Pr(Reach(s, S7)) — (1 — Ppaxu(Reach(s, S7)))
B o(s,I)
Ppaxim(Reach(s, S7)) — Pr(Reach(s, S7))

- o T . (7.5)

On the other hand
1—p(s,7) = []P’max(Reach(s7 S7)) — Pinji(Reach(s, Sz))—

(P (Reach(s, Sz)) — Ppinrr (Reach(s, SI)))] Jo(s,T)

_Pmax|H(ReaCh<s7 SI)) - ]P)T{' (ReaCh(S, SI))
= 6T . (7.6)

The proof is concluded by observing that the expressions in Equations [7.5
and [Z.6] are the same. O

7.5.3 Generalized Policies

We briefly discuss how to treat policies with memory and non-determinism.
Our definitions naturally extend to non-deterministic policies with memory,
although it is not evident whether the probabilities required to measure intention
quotients (Definition are easy to compute.
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Computing extreme probabilities, i.e., Ppax and Py, is equally hard for gen-
eral policies, since the maximum and the minimum can be achieved with mem-
oryless deterministic policies. If the policy has a finite amount p of memory,
P, (Reach(s, S7)) can be computed using probabilistic model checking, with a
cost of p times that of the memoryless case [BKO08|. In case the non-determinism
is unknown to us, to compute P, (Reach(s, St)) we need to sample the decisions
of the agent often enough to get an accurate approximation of its decision-
making probabilities, making it more costly, although recent heuristics for de-
terminization may help [Ash+20].

7.5.4 Single-Agent Setting

In our framework, all relevant parts of the environment are modeled by an MDP,
and all the agency in the model is attributed to the agent, i.e., the only actor
choosing actions in the MDP is the agent. We argue that this decision is reason-
able to study the behaviour of an individual agent: from the perspective of an
agent, it makes no difference whether the decisions of other actors are governed
by a sophisticated policy or by random events in the environment, as long as
the MDP model contains accurate transition probabilities. The emergence of
intrinsically multi-agent phenomena, like shared intentions in cooperative set-
tings, would require a multi-agent extension of our framework and is out of the
scope of this thesis. In particular, we do not explore how to assign moral respon-
sibility to large groups of agents (the so-called “problem of many hands” [Tho80;
Poel5]). Another problem we do not explore is the existence of responsibility
voids [BH11], i.e., situations in which a group of agents should be held account-
able for an outcome, while at the same time, no individual agent intended that
outcome.

7.5.5 Related Work

Intention in artificial intelligence. The concept of intention is a contested
term in artificial intelligence. Since the early work from Bratman [Bra87), it
has been used in the design of rational agents |[Woo03]. A consensus on a
formal definition remains, however, an open problem. In their seminal book
on multiagent systems |[SLBO§|, Shoham and Leyton-Brown call the attempt
on a formal definition of intention the road to hell. We comment on some
relevant concepts of intention in artificial intelligence and how they relate to
our quantitative measure.

The work in [RG95; RG91] is the main conceptualization of agents with the
belief-desire-intention models, and BDI models have also been used to model
agency |[Geo+98]. A good survey of the BDI literature can be found in [Woo03],
and a more recent one in [DSML20]. On a more specific note, [SP11] builds an
analogy between optimal BDI-based and MDP-based agents, that serves us as
our basis for the definition of intention in MPD agents under perfect information.

Cohen and Levesque’s work [CL90] is foundational to the concept of commit-
ment as part of intention. In simple terms, they define intention through the
notion of persistent goals. A persistent goal is a goal to which an agent re-
mains committed until it believes either the goal is unattainable or it has been
achieved. While we do not adopt their formalism, our concept of commitment
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aligns with this high-level idea: an agent demonstrates commitment to a goal if
its intention quotient remains persistently high from a certain point onward, and
only decreases significantly when the agent believes the goal has been accom-
plished or is no longer feasible. Since our approach is quantitative, we translate
the agent’s beliefs about goal achievement or feasibility into quantitative mea-
sures, using maximum and minimum probabilities to capture these judgments.
The formalism of [CL90| has been criticized for being too convoluted, and more
modern approaches include [Sin92} Wob95; HWO03; [DHJWO07; HLO4} Her+17;
van+20]. However, these modern approaches focus on providing a more usable
formalism and do not challenge the core idea of persistent goals.

More recent contributions include [Mot+23] on a formalization of a logic for in-
tention in probabilistic models, [Zha+23] on recognizing intentions when study-
ing multiple agents, and [War+424| on modelling intentions as instrumental goals.

Intention in philosophy. Characterizing and understanding the concept of
intention in rational agents, both humans and non-humans, is one of the fun-
damental problems in the philosophy of action [Pau20]. Most influential is the
work of G.E.M. Anscombe [Ans57], who poses the problem of intention present-
ing itself in three forms: (i) intention for the future, as I intend to finish this
thesis by the end of the year; (ii) intention with which someone acts, as in I
am typing these words in order to have my thesis finished; and (iii) intentional
action, as I am working on my thesis intentionally. Since these three forms are
distinct, but we use the same concept for them, a theory of intention has to be
such that it reconciles them. Much effort has been dedicated to the building of
theories that explain the unity of these facets, see [Set22] for a summary of the
main theories. While we get most of our inspiration in the planning theory of
intention [Bra87; [Bra99], it is important to note that much of the debate circles
around beliefs and states of mind, which we do not model. Therefore, from
a functional perspective, our concept of intention quotient is consistent with
other theories [Vel07; Mel92; Dav63|, since typical objections such as intending
something believed to be impossible, intending something while not doing it,
or intending A while believing that B is better; do not affect the functional
effect of intending something. The concept of agency has also been extensively
studied in this context |Lis21; [Shald; BH11; |Geo+98§|, although most of the
problematization concentrates on the relation between individual and collective
agency.

There is an ongoing debate in the philosophy of mind, between those that con-
sider that an agent’s reasoning is sufficient to explain their actions [Qui69],
and those who maintain that extrinsic information must be imported through
a “Principle of Charity” [Dav63]. By building a model of the agent’s knowledge
(the MDP) to inquire about their behaviour, we are assuming the latter position.
Recent work attempts to answer similar questions from the former [Jud+24b;
Jud+24a.

Responsibility and accountability. The concepts of intention and agency
are also fundamental as they relate to concepts in moral responsibility [BH12;
ScalQ]. The concept of agency is a necessary element in assigning respon-
sibility, leading to issues when the agency is diluted among many individu-
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als [Shal4; |BH11|. Intention and agency are also very important in the context
of accountability processes; both in criminal [Moo03; Mool0; [Pauld| and civil
cases |[GCCO06; |GJ91).

Causality and blame attribution. A basic element for a complete account-
ability process is the study of causality [HP05a; [HPO5b|, which is also a neces-
sary condition for legal responsibility [Mool9; [Moo09]. The foundational work
of [CHO4] introduced a quantitative notion of causality, by studying degrees of
responsibility and blame. Responsibility and blame allocation have been exten-
sively developed in the context of non-probabilistic structures (see, e.g., [Ale+17]
for the characterization of complexity or [YD16] for a multi-agent framework).
More recent and more closely related to our approach is the work of [BFM21b;
BFM21a|, studying responsibility allocation and blame attribution in Marko-
vian models. The study of harm from a causality perspective is also gaining
attention recently, with [BCH22} [BCH23| studying harm from an actual causal-
ity perspective, and |[RBT22] studying harm from a probabilistic perspective,
heavily relying on counterfactuals. Counterfactual analysis [Lew13] is a key con-
cept in causality |[Pea09; LGZ13|, used in an analogous way to our generation
of counterfactual scenarios. We go one step further by relating the implementa-
tion of the agent to the best and worst implementation for reaching an intended
event.

Another recent approach to blame attribution is [TSR21], which studies multi-
agent Markov decision processes from a game-theoretic perspective, and [Dat+15],
which builds on actual causes as a theory for accountability.

Policy-discovery methods. Since the popularization of reinforcement learn-
ing, there exist several methods for obtaining representations of a black-box
agent, by studying traces of such agents. In inverse reinforcement learning
(IRL) |[NROO; |AD21], the agent is assumed to be maximizing an unknown re-
ward function, and the objective is to find the reward function that best ex-
plains the agent’s performance over a set of traces [BJD23; Big+21]. A similar
approach is imitation learning, where an agent has to learn to perform a task
from successful demonstrations. The demonstrations can either be provided by
a human, by an expert autonomous agent, or be the result of filtering the best
traces from random execution [Hus+17]. These methods could potentially be
used as a pre-processing step to apply our framework to black box agents. In
any case, the obtained representations must be accurate enough before using
them for any accountability process.

There is also literature on RL methods that hide their true goals or intentions,
generally known as deceptive RL methods [MS17; LM23], so IRL methods could
be vulnerable to deceptive RL agents.

Explainability. Explainability in machine learning has gained much traction
in recent years [DVK17; |[LL17; [DLH19; [MCB20; Bai+21c] as a useful tool
for both development and accountability. One of the most influential works
in explainability of Al is |Mill9|, which studies how explainability should rely
on concepts from social sciences. More recently [Win+21] uses the built-in
notions of desire, beliefs, and intentions to study explainability of BDI models,
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relying on concepts from the sociology literature. While the main paradigm
in explainable reinforcement learning is applying techniques from explainable
machine learning [PV20], our analysis of intentional behaviour can be used as a
method to aid the interpretability of agents operating in MDPs, using concepts
from the philosophy of action [Bra87].



Chapter 8

Conclusion

S’ha acabat el broquil. E| — Catalan popular saying.

8.1 Future Work

There are many avenues for future endeavours that are ripe for exploring.

8.1.1 Shields for Safety.

Shielding in the deterministic setting has been recently extended for specifica-
tions in the safety fragment of LTL modulo theories [Rod+25| and with ab-
stracted MDPs [CBG25], which offer the potential to study the delayed setting
in new shielding use-cases.

Another natural extension is to develop shields for models with continuous time
and states, using tools like control barrier functions [Ame+19).

Shielding is mainly thought of as a method that is agnostic to the controller.
However, learning performance and safety cooperatively is an approach that has
had some recent success [Cha+23|, and it would be enlightening to explore how
the shield can improve the training process of the agent, or how the agent can
inform the shield on more efficient interventions.

From the user perspective, the shield is a sort of black box that decides on
the safety of a given action to follow a certain specification. However, there is
no more information to the user on why a given action may be unsafe. Self-
explainable shields could include a language model layer that would explain a
concrete decision in terms of potential transitions by the environment, or could
abstract shields into more succinct representations like decision trees, maybe
trading minimality of intervention for a more understandable shield.

1The broccoli is over.
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8.1.2 Fairness in Bounded Horizons.

Similarly to shields for safety, shields for fairness are considered agnostic to the
agent, and we want to explore how such shields can be used to improve the
learning process, effectively turning our post-processing fairness intervention
into an in-processing one.

In this thesis we leave open the question of whether optimal T-periodic shields
exist and can be described with finite resources. We believe they do exist,
but cannot be described with finite resources. However, it may be possible to
still obtain T-periodic shields sacrificing some of the cost-optimality with hard
fairness guarantees. Our closest solution is that of dynamic shields, but they
are still limited in the sense that they cannot guarantee fairness for some traces.

As we have described them now, fairness shields operate in windows of T' deci-
sions. While this is natural in some use cases, it is unnatural in others, and we
want to explore ways to eliminate this window-like constraint in future work.

Finally, our T-periodic shields guarantee fairness in the sense that the bias is
smaller than a certain threshold. Typically, fairness properties are defined as
the bias tending to zero as the sequence gets longer. Therefore, there are traces
that satisfy fairness in the periodic sense but not in the more classical long-run
average sense. Understanding these traces and modifying our shielding methods
to prevent them would go a long way toward unifying the concepts of fairness
for bounded, periodic, and unbounded horizons.

8.1.3 Intention Analysis

In future work, we want to extend our current analysis by considering a multi-
tude of possibly conflicting intentions of the agent, as has been done with other
intention approaches |Zha+23|.

Another interesting line of work is to extend the study of intentional behaviour
to multi-agent systems, in which cooperative or competitive intentions may
arise, and study the emergence of responsibility voids [BH11].

We also want to study long executions, where the agent has time for reconsid-
eration, and where it would be very helpful to use the notion of commitment
that is so central in many theories of intention |CL90; [van+20].

Furthermore, we want to transcend the simple toy example shown in this thesis
and implement our framework to study reinforcement learning agents in chal-
lenging application areas.

8.2 Concluding Remarks

The rapid advancement of Al technologies has brought both immense opportu-
nities and significant challenges. This thesis has explored key issues in ensuring
AT systems operate safely, fairly, and transparently. By focusing on formal meth-
ods, verification techniques, and reinforcement learning safety mechanisms, we
have contributed to the development of more robust Al systems that align with
ethical and legal standards.
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One of the central themes of this thesis has been shielding mechanisms, which
provide runtime guarantees to Al systems by enforcing constraints on their be-
haviour. Our work on deterministic shielding in the presence of delayed observa-
tions demonstrates how real-world uncertainties can be systematically addressed
to ensure safety. Similarly, our contributions to probabilistic shielding illustrate
the potential of balancing safety guarantees with the need for flexible and effi-
cient Al decision-making, particularly in applications such as autonomous valet
parking.

Beyond safety, this thesis has examined fairness in Al decision-making, partic-
ularly in sequential settings. We introduced fairness shields as a mechanism for
enforcing group fairness constraints over finite and periodic horizons. By for-
mulating fairness as an optimization problem with hard fairness constraints and
soft intervention costs, we developed shields that can correct biased decision-
making processes while minimizing unnecessary alterations.

Transparency and accountability remain crucial for AI systems, particularly
those operating in high-stakes environments. Our proposed framework for mea-
suring intentional behaviour in reinforcement learning agents provides a novel
approach to evaluating Al decision-making processes. By quantifying agency
and intention quotient, we offer a methodology that aids in both explainability
and accountability, enabling better assessments of Al responsibility in cases of
failure or harm.

Looking ahead, the intersection of neurosymbolic Al, reinforcement learning
safety, and algorithmic fairness presents exciting opportunities to further ad-
vance the field. Additionally, as regulatory landscapes evolve, the need for
robust and interpretable Al systems will only grow, reinforcing the importance
of the work presented in this thesis.

In conclusion, responsible deployment of Al systems is a multifaceted challenge
that requires a combination of theoretical insights and practical implementa-
tions. By leveraging formal methods, we take a step towards Al systems that
not only perform effectively but also uphold critical societal values. This thesis
contributes to this broader goal, laying the groundwork for future advancements
in trustworthy Al



166 CHAPTER 8. CONCLUSION



List of Publications

Publications the thesis is based on

[CC+23a] FiLip CANO CORDOBA, SAMUEL JUDSON, TIMOS ANTONOPOU-
LOS, KATRINE BJORNER, NICHOLAS SHOEMAKER, SCOTT J SHAPIRO, RuzicA
PiskAc, and BETTINA KONIGHOFER. “Analyzing Intentional Behavior in Au-
tonomous Agents under Uncertainty”. In: Proceedings of the International Joint
Conference on Artificial Intelligence (IJCAI). ijcai.org, 2023, pp. 372-381.

[CC+23b] Firip CANO CORDOBA, ALEXANDER PALMISANO, MARTIN FRANZLE,
RoODERICK BLOEM, and BETTINA KONIGHOFER. “Safety Shielding under De-
layed Observation”. In: Proceedings of the International Conference on Auto-
mated Planning and Scheduling (ICAPS) 33.1 (2023), pp. 80-85.

[Can+25a] Fiip Cano, THOMAS A. HENZINGER, BETTINA KONIGHOFER,
KONSTANTIN KUEFFNER, and KAUSHIK MALLIK. “Fairness Shields: Safeguard-
ing against Biased Decision Makers”. In: Proceedings of the AAAI Conference
on Artificial Intelligence (AAATI). AAAT Press, 2025.

Other peer-reviewed publications

|Tap+22] MARTIN TAPPLER, FiLIP CANO CORDOBA, BERNHARD K. AICH-
ERNIG, and BETTINA KONIGHOFER. “Search-Based Testing of Reinforcement
Learning”. In: Proceedings of the International Joint Conference of Artificial
Intelligence (IJCAI). ijcai.org, 2022, pp. 503-510.

[Bjg+23] KATRINE BJ@RNER, SAMUEL JUDSON, FiLiP CANO, DREW GOLD-
MAN, NICK SHOEMAKER, RuzicA PISKAC, and BETTINA KONIGHOFER. “For-
mal XAI via Syntax-Guided Synthesis”. In: Bridging the Gap Between AI and
Reality (AISoLA). 2023.

[Ben+23] SADDEK BENSALEM, PANAGIOTIS KATSAROS, DEJAN NICKOVIC, BRIAN
HsuaN-CHENG L1Ao, RICARDO Ruiz NovLAscO, MOHAMED ABD EL SALAM
AHMED, TEWODROS A. BEYENE, FiLIP CANO, ANTOINE DELACOURT, HASAN
ESEN, ALEXANDRU FORRAI, WEICHENG HE, X1AOWEI HUANG, NIKOLAOS
KEKATOS, BETTINA KONIGHOFER, MICHAEL PAULITSCH, DORON PELED, MATTHIEU
PONCHANT, LEV SOROKIN, SON TONG, and CHANGSHUN Wu. “Continu-

ous Engineering for Trustworthy Learning-Enabled Autonomous Systems”. In:
Bridging the Gap Between AI and Reality (AISoLA). 2023.

167



168 LIST OF PUBLICATIONS

[Jud+24a] SAMUEL JUDSON, MATTHEW ELACQUA, FiLip CANO, TIMOS ANTONOPOU-
LOS, BETTINA KONIGHOFER, SCOTT J. SHAPIRO, and RuzicA Piskac. “Put

the Car on the Stand’: SMT-based Oracles for Investigating Decisions”. In:
Proceedings of the Symposium on Computer Science and Law (CSLAW). ACM,

2024, pp. 73-85.

[Jud+24b] SAMUEL JUDSON, MATTHEW ELACQUA, FiLIP CANO, TIMOS ANTONOPOU-
LOS, BETTINA KONIGHOFER, SCOTT J. SHAPIRO, and RUZICA PISKAC. “soid:

A Tool for Legal Accountability for Automated Decision Making”. In: Proceed-

ings of the International Conference on Computer Aided Verification (CAV).
Lecture Notes on Computer Science. Springer, 2024, pp. 233-246.

[Can+24a] FiLip CaNo, THOMAS A. HENZINGER, BETTINA KONIGHOFER,
KONSTANTIN KUEFFNER, and KAUSHIK MALLIK. “Abstraction-Based Decision
Making for Statistical Properties”. In: International Conference on Formal
Structures for Computation and Deduction (FSCD). vol. 299. LIPIcs. Schloss
Dagstuhl - Leibniz-Zentrum fiir Informatik, 2024, 2:1-2:17.

Preprints and technical reports

|[Can+25b] FiLip CANO, FABIO RUTTER, BERNHARD RAMSAUER, OLIVER HOF-
MANN, and BETTINA KONIGHOFER. “Building Ensembles of Molecules via Deep
Reinforcement Learning”. In: Preprint pending review (2025).

[K+24] BETTINA KONIGHOFER, JOSHUA A. KROLL, RUZICA PISKAC, MICHAEL
VEALE, and FILIP CANO CORDOBA. “Accountable Software Systems (Dagstuhl
Seminar 23411)”. In: Dagstuhl Reports 13.10 (2024), pp. 24-49.

[Des+24] JYoTIRMOY DESHMUKH, BETTINA KONIGHOFER, DEJAN NICKOVIC,
and FILip CANO. “Safety Assurance for Autonomous Mobility (Dagstuhl Sem-
inar 24071)”. In: Dagstuhl Reports 14.2 (2024), pp. 95-119.



Bibliography

If I have seen further it is by standing on the shoulders of Giants.
— Isaac Newton

[Ach+17]  JosHuA AcHIAM, DAVID HELD, AvIV TAMAR, and PIETER ABBEEL.
“Constrained policy optimization”. In: Proceedings of the Inter-
national Conference on Machine Learning (ICML). PMLR. 2017,
pp. 22-31.

[AD21] SAURABH ARORA and PRASHANT DOSHI. “A survey of inverse re-
inforcement learning: Challenges, methods and progress”. In: Ar-
tificial Intelligence 297 (2021), p. 103500.

[Aga+18] ALEKH AGARWAL, ALINA BEYGELZIMER, MIROSLAV DUDIK, JOHN
LANGFORD, and HANNA WALLACH. “A reductions approach to fair
classification”. In: Proceedings of the International Conference on
Machine Learning (ICML). PMLR. 2018, pp. 60-69.

[AKK19]  STEFAN ANKIRCHNER, MAIKE KLEIN, and THOMAS KRUSE. “A
verification theorem for optimal stopping problems with expec-
tation constraints”. In: Applied Mathematics & Optimization 79
(2019), pp. 145-177.

[Ala+24] PARAND A. ALAMDARI, TORYN Q. KLASSEN, ELLIOT CREAGER,
and SHEILA A. MCILRAITH. “Remembering to Be Fair: Non-Markovian
Fairness in Sequential Decision Making”. In: Proceedings of the In-
ternational Conference on Machine Learning (ICML). Vol. 235.
PMLR, 2024, pp. 906-920.

[Alb+17) Aws ALBARGHOUTHI, LoRris D’ANTONI, SAMUEL DREWS, and
ADITYA V NoORI. “Fairsquare: probabilistic verification of program
fairness”. In: Proceedings of the ACM on Programming Languages
(OOPSLA) 1 (2017), pp. 1-30.

[Alb21] Aws ALBARGHOUTHL. Introduction to Neural Network Verification.
2021. arXiv: 2109.10317.

[Ale+17] GADI ALEKSANDROWICZ, HANA CHOCKLER, JOSEPH Y. HALPERN,
and ALEXANDER IVRII. “The computational complexity of structure-
based causality”. In: Journal of Artificial Intelligence Research 58
(2017), pp. 431-451.

169


https://arxiv.org/abs/2109.10317

170 BIBLIOGRAPHY

[Ali419] MUHAMMAD ALI, PIOTR SAPIEZYNSKI, MIRANDA BOGEN, ALEK-
SANDRA KOROLOVA, ALAN MISLOVE, and AARON RIEKE. “Dis-
crimination through optimization: How Facebook’s Ad delivery can
lead to biased outcomes”. In: Proceedings of the ACM on Human-
Computer Interaction (HCI) 3.CSCW (2019), pp. 1-30.

[Als+18] MOHAMMED ALSHIEKH, RODERICK BLOEM, RUDIGER EHLERS,
BETTINA KONIGHOFER, SCOTT NIEKUM, and UFUK TOPCU. “Safe
Reinforcement Learning via Shielding”. In: Proceedings of the AAAI
Conference on Artificial Intelligence (AAAI). AAAT Press, 2018,
pp. 2669-2678.

[Alt21] E1TaAN ALTMAN. Constrained Markov Decision Processes. Rout-
ledge, 2021.

[Ame+19] AARON D. AMES, SAMUEL COOGAN, MAGNUS EGERSTEDT, GEN-
NARO NOTOMISTA, KOUSHIL SREENATH, and PAULO TABUADA.
“Control Barrier Functions: Theory and Applications”. In: Pro-
ceedings of the FEuropean Control Conference (ECC). IEEE, 2019,
pp. 3420-3431.

[Ans57] GERTRUDE ELIZABETH MARGARET ANSCOMBE. Intention. Har-
vard University Press, 1957.

[AP18] GUuL AGHA and KARL PALMSKOG. “A Survey of Statistical Model
Checking”. In: ACM Transactions on Modeling and Computer Sim-
ulation 28.1 (2018), pp. 1-39.

[Ash+20]  PRANAV ASHOK, MATHIAS JACKERMEIER, PUSHPAK JAGTAP, JAN
KRETINSKY, MAXIMILIAN WEININGER, and MAJID ZAMANI. “dt-
Control: decision tree learning algorithms for controller represen-
tation”. In: Proceedings of the International Conference on Hybrid
Systems: Computation and Control (HSCC). ACM, 2020, 17:1-
17:7.

[AV19] Aws ALBARGHOUTHI and SAMUEL VINITSKY. “Fairness-aware pro-
gramming”. In: Proceedings of the Conference on Fairness, Ac-
countability, and Transparency (FAceT). 2019, pp. 211-219.

[Bai+14] CHRISTEL BAIER, JOACHIM KLEIN, SASCHA KLUPPELHOLZ, and
STEFFEN MARCKER. “Computing Conditional Probabilities in Marko-
vian Models Efficiently”. In: Proceedings of the Conference on Tools
and Algorithms for the Construction and Analysis of Systems (TACAS).
Springer Berlin Heidelberg, 2014, pp. 515-530.

[Bai+21la] Tao Bal, JINQI Luo, JUN ZHAO, BIHAN WEN, and QIAN WANG.
“Recent Advances in Adversarial Training for Adversarial Robust-
ness”. In: Proceedings of the International Joint Conference on Ar-
tificial Intelligence (IJCAI). Survey Track. ijcai.org, 2021, pp. 4312—
4321.

[Bai+21b]  YUuNJUN BAI TING GAN, L1 J1A0, BICAN XI1A, BAI XUE, and NAI-
JUN ZHAN. “Switching controller synthesis for delay hybrid systems
under perturbations”. In: Proceedings of the International Confer-
ence on Hybrid Systems: Computation and Control (HSCC). ACM,
2021, 3:1-3:11.



BIBLIOGRAPHY 171

[Bai+21c]

[Bal92]

[Ban+18]

[Bar+19]

[BCH22]

[BCH23]

[Bee+24]

[Beh+07]

[Ben+23]

CHRISTEL BAIER, CLEMENS DUBSLAFF, FLORIAN FUNKE, SIMON
JANTSCH, RUPAK MAJUMDAR, JAKOB PIRIBAUER, and ROBIN
ZIEMEK. “From Verification to Causality-Based Explications”. In:
Proceedings of the International Colloquium on Automata, Lan-
guages, and Programming (ICALP). Vol. 198. Leibniz International
Proceedings in Informatics (LIPIcs). Schloss Dagstuhl — Leibniz-
Zentrum fiir Informatik, 2021, 1:1-1:20.

SILVANO BALEMI. “Communication delays in connections of in-
put/output discrete event processes”. In: Proceedings of the Con-
ference on Decision and Control (CDC). 1992, pp. 3374-3379.

ELENA BANDINI, ANDREA C08S0, MARCO FUHRMAN, and HUYEN
Puam. “Backward SDEs for optimal control of partially observed
path-dependent stochastic systems: a control randomization ap-
proach”. In: The Annals of Applied Probability 28.3 (2018), pp. 1634—
1678.

MATHIEU BARBIER, ALESSANDRO RENZAGLIA, JEAN QUILBEUF,
LukAs RUMMELHARD, ANSHUL PAIGWAR, CHRISTIAN LAUGIER,
AXEL LEGAY, JAVIER IBANEZ-GUZMAN, and OLIVIER SIMONIN.
“Validation of Perception and Decision-Making Systems for Au-
tonomous Driving via Statistical Model Checking”. In: Proceed-
ings of the IEEE Intelligent Vehicles Symposium (IV). IEEE, 2019,
pp. 252-259.

SANDER BECKERS, HANA CHOCKLER, and JOSEPH Y. HALPERN.
“A Causal Analysis of Harm”. In: Advances in Neural Information
Processing Systems (NeurIPS). Vol. 35. Curran Associates, Inc.,
2022, pp. 2365-2376.

SANDER BECKERS, HANA CHOCKLER, and JOSEPH Y. HALPERN.
“Quantifying Harm”. In: Proceedings of the International Joint
Conference on Artificial Intelligence (IJCAI). ijcai.org, 2023, pp. 363—
371.

MAURICE H TER BEEK, ROD CHAPMAN, RANCE CLEAVELAND,
HUBERT GARAVEL, RONG GU, Ivo TER HORST, JEROEN JA KEIREN,
THIERRY LECOMTE, MICHAEL LEUSCHEL, KRISTIN YVONNE ROZIER,
et al. “Formal methods in industry”. In: Formal Aspects of Com-
puting 37.1 (2024), pp. 1-38.

GERD BEHRMANN, AGNES COUGNARD, ALEXANDRE DAVID, EM-
MANUEL FLEURY, KIM GULDSTRAND LARSEN, and DIDIER LIME.
“UPPAAL-Tiga: time for playing games!” In: Proceedings of the
International Conference on Computer Aided Verification (CAV).
Vol. 4590. Lecture Notes in Computer Science. Springer, 2007,
pp. 121-125.

SADDEK BENSALEM, PANAGIOTIS KATSAROS, DEJAN NICKOVIC,
BRIAN HSUAN-CHENG L1AO, RICARDO RUIZ NOLASCO, MOHAMED
ABD EL SaLaM AHMED, TEWODROS A. BEYENE, FiLip CANO,
ANTOINE DELACOURT, HASAN ESEN, ALEXANDRU FORRAI, WE-
ICHENG HE, X1AOWEI HUANG, NIKOLAOS KEKATOS, BETTINA
KONIGHOFER, MICHAEL PAULITSCH, DORON PELED, MATTHIEU



172

[Ber+-08]

[Ber+17]

[Ber+21]

[BFM21a]

[BFM21b)

[BH11]
[BH12]

[BHN23]

[Big+21]

[BIPSS]

[BJD23]

BIBLIOGRAPHY

PONCHANT, LEV SOROKIN, SON TONG, and CHANGSHUN WuU.
“Continuous Engineering for Trustworthy Learning-Enabled Au-
tonomous Systems”. In: Bridging the Gap Between AI and Reality
(AISoLA). 2023.

DIETMAR BERWANGER, KRISHNENDU CHATTERJEE, LAURENT DOYEN,
THOMAS A. HENZINGER, and SANGRAM RAJE. “Strategy Con-
struction for Parity Games with Imperfect Information”. In: Pro-
ceedings of the International Conference on Concurrency Theory
(CONCUR). Vol. 5201. Lecture Notes in Computer Science. 2008,

pp. 325-339.

RicHARD BERK, HODA HEIDARI, SHAHIN JABBARI, MATTHEW
JOSEPH, MICHAEL KEARNS, JAMIE MORGENSTERN, SETH NEEL,
and AARON ROTH. A convex framework for fair regression. 2017.
arXiv: [1706.02409.

RicHARD BERK, HODA HEIDARI, SHAHIN JABBARI, MICHAEL KEARNS,
and AARON ROTH. “Fairness in criminal justice risk assessments:
The state of the art”. In: Sociological Methods & Research 50.1
(2021), pp. 3-44.

CHRISTEL BAIER, FLORIAN FUNKE, and RUPAK MAJUMDAR. “A
Game-Theoretic Account of Responsibility Allocation”. In: Pro-

ceedings of the International Joint Conference on Artificial Intel-
ligence (IJCAI). ijcai.org, 2021, pp. 1773-1779.

CHRISTEL BAIER, FLORIAN FUNKE, and RUPAK MAJUMDAR. “Re-
sponsibility Attribution in Parameterized Markovian Models”. In:
Proceedings of the AAAI Conference on Artificial Intelligence (AAAI).
AAAI Press, 2021, pp. 11734-11743.

MATTHEW BRAHAM and MARTIN VAN HEES. “Responsibility voids”.
In: The Philosophical Quarterly 61.242 (2011), pp. 6-15.

MATTHEW BRAHAM and MARTIN VAN HEES. “An Anatomy of
Moral Responsibility”. In: Mind 121.483 (2012), pp. 601-634.

SOLON BAROCAS, MORITZ HARDT, and ARVIND NARAYANAN.
Fairness and Machine Learning Limitations and Opportunities.
MIT Press, 2023.

ARIYAN BIGHASHDEL, PANAGIOTIS MELETIS, PAVOL JANCURA,
and G1Js DUBBELMAN. “Deep adaptive multi-intention inverse re-
inforcement learning”. In: Proceedings of the European Conference
on Machine Learning and Principles and Practice of Knowledge
Discovery in Databases (ECML PKDD). Springer, 2021, pp. 206—
221.

MicHAEL E. BRATMAN, DAVID J. ISRAEL, and MARTHA E. POL-
LACK. “Plans and resource-bounded practical reasoning”. In: Com-
putational Intelligence 4 (1988), pp. 349-355.

ARIYAN BIGHASHDEL, PAVOL JANCURA, and G1JS DUBBELMAN.
“Model-free inverse reinforcement learning with multi-intention,
unlabeled, and overlapping demonstrations”. In: Machine Learn-
ing 112.7 (2023), pp. 2263-2296.


https://arxiv.org/abs/1706.02409

BIBLIOGRAPHY 173

[Bjo+23] KATRINE BJORNER, SAMUEL JUDSON, FiLip CANO, DREW GOLD-
MAN, NICK SHOEMAKER, RUZICA P1SKAC, and BETTINA KONIGHOFER.
“Formal XAI via Syntax-Guided Synthesis”. In: Bridging the Gap
Between AI and Reality (AISoLA). 2023.

[BKO0S] CHRISTEL BAIER and JOOST-PIETER KATOEN. “Principles of Model
Checking”. In: MIT Press, 2008.

[BK96] BARRY BECKER and RONNY KoHAVI. Adult. UCI Machine Learn-
ing Repository. DOI: https://doi.org/10.24432/C5XW20. 1996.

[Blo+15]  RODERICK BLOEM, BETTINA KONIGHOFER, ROBERT KONIGHOFER,

and CHAO WANG. “Shield Synthesis: - Runtime Enforcement for
Reactive Systems”. In: Proceedings of the International Conference
on Tools and Algorithms for the Construction and Analysis of Sys-
tems (TACAS). Springer, 2015, pp. 533-548.

[BLS24] ASGER HORN BRORHOLT, KIM GULDSTRAND LARSEN, and CHRIS-
TIAN SCHILLING. Compositional Shielding and Reinforcement Learn-
ing for Multi-Agent Systems. 2024. arXiv: 2410.10460.

[Blu+18] AVRIM BLUM, SURIYA GUNASEKAR, THODORIS LYKOURIS, and
NATI SREBRO. “On preserving non-discrimination when combin-

ing expert advice”. In: Advances in Neural Information Processing
Systems (NeurIPS) 31 (2018).

[Bou+19] MAXIME BOUTON, JESPER KARLSSON, ALIREZA NAKHAEI, KIKUO
FuisiMURA, MYKEL J. KOCHENDERFER, and JANA TUMOVA. Re-
inforcement Learning with Probabilistic Guarantees for Autonomous
Driving. 2019. arXiv: [1904.07189.

[Bra87] MicHAEL E. BRATMAN. Intention, Plans, and Practical Reason.
Harvard University Press, 1987.

[Bra99] MICHAEL E. BRATMAN. Faces of Intention: Selected Essays on In-
tention and Agency. Cambridge Studies in Philosophy. Cambridge
University Press, 1999.

[Bud+21] CaArLos E. BUDDE, ARND HARTMANNS, MICHAELA KLAUCK,
JAN KRETINSKY, DAVID PARKER, T1M QUATMANN, ANDREA TUR-
RINI, and ZHEN ZHANG. “On Correctness, Precision, and Perfor-
mance in Quantitative Verification”. In: Proceedings of the Interna-

tional Symposium on Leveraging Applications of Formal Methods
(ISoLA). Springer, 2021, pp. 216-241.

[But01] GIORGIO BUTTAZZO. “Artificial consciousness: Utopia or real pos-
sibility?” In: Computer 34.7 (2001), pp. 24-30.
[BY24] ERHAN BAYRAKTAR and SONG YAO. “Optimal stopping with ex-

pectation constraints”. In: The Annals of Applied Probability 34.1B
(2024), pp. 917-959.

[BZSL19]  OsBERT BASTANI, XIN ZHANG, and ARMANDO SOLAR-LEZAMA.
“Probabilistic verification of fairness properties via concentration”.
In: Proceedings of the ACM on Programming Languages (OOP-
SLA) 3 (2019), pp. 1-27.


https://arxiv.org/abs/2410.10460
https://arxiv.org/abs/1904.07189

174 BIBLIOGRAPHY

[Can+24a] Fiuip CANO, THOMAS A. HENZINGER, BETTINA KONIGHOFER,
KONSTANTIN KUEFFNER, and KAUSHIK MALLIK. “Abstraction-
Based Decision Making for Statistical Properties”. In: Interna-
tional Conference on Formal Structures for Computation and De-
duction (FSCD). Vol. 299. LIPIcs. Schloss Dagstuhl - Leibniz-
Zentrum fiir Informatik, 2024, 2:1-2:17.

[Can+24b] FiLip CaNO, THOMAS A. HENZINGER, BETTINA KONIGHOFER,
KONSTANTIN KUEFFNER, and KAUSHIK MALLIK. Fairness Shields:
Safequarding against Biased Decision Makers (extended version).
2024. arXiv:12412.11994.

[Can+25a] Fiuip CANO, THOMAS A. HENZINGER, BETTINA KONIGHOFER,
KONSTANTIN KUEFFNER, and KAUSHIK MALLIK. “Fairness Shields:
Safeguarding against Biased Decision Makers”. In: Proceedings of
the AAAI Conference on Artificial Intelligence (AAAI). AAAT Press,
2025.

[Can+25b] Fiuip CANO, FABIO RUTTER, BERNHARD RAMSAUER, OLIVER
HorMANN, and BETTINA KONIGHOFER. “Building Ensembles of
Molecules via Deep Reinforcement Learning”. In: Preprint pending
review (2025).

[Car+23]  STEVEN CARR, NILS JANSEN, SEBASTIAN JUNGES, and UFUK
Toprcu. “Safe reinforcement learning via shielding under partial
observability”. In: AAAT Press, 2023. 1SBN: 978-1-57735-880-0.

[CBG25] EpwiN HAMEL-DE LE COURT, FRANCESCO BELARDINELLI, and
ALEXANDER W. GOODALL. “Probabilistic Shielding for Safe Re-

inforcement Learning”. In: Proceedings of the AAAI Conference on
Artificial Intelligence (AAAI). 2025.

[CC+23a] FiLip CANO CORDOBA, SAMUEL JUDSON, T1MOS ANTONOPOU-
LOS, KATRINE BJGRNER, NICHOLAS SHOEMAKER, SCOTT J SHAPIRO,
Ruzica PIskAC, and BETTINA KONIGHOFER. “Analyzing Inten-
tional Behavior in Autonomous Agents under Uncertainty”. In:
Proceedings of the International Joint Conference on Artificial In-
telligence (IJCAI). ijcai.org, 2023, pp. 372-381.

[CC+23b]  FiLip CANO CORDOBA, ALEXANDER PALMISANO, MARTIN FRANZLE,
RODERICK BLOEM, and BETTINA KONIGHOFER. “Safety Shielding
under Delayed Observation”. In: Proceedings of the International
Conference on Automated Planning and Scheduling (ICAPS) 33.1
(2023), pp. 80-85.

[CD+17] SAM CORBETT-DAVIES, EMMA PIERSON, AvI FELLER, SHARAD
GOEL, and Aziz HuqQ. “Algorithmic decision making and the cost
of fairness”. In: Proceedings of the International Conference on
Knowledge Discovery and Data Mining (KDD). ACM, 2017, pp. 797—
806.

[CHO4] HANA CHOCKLER and JOSEPH Y. HALPERN. “Responsibility and
Blame: A Structural-Model Approach”. In: Journal of Artificial
Intelligence Research 22 (2004), pp. 93-115.

[CH20] SIMON CATON and CHRISTIAN HAAS. “Fairness in machine learn-
ing: A survey”. In: ACM Computing Surveys (2020).


https://arxiv.org/abs/2412.11994

BIBLIOGRAPHY 175

[Cha-+23]

[Che+16]

[Che+18)]

[Che+19]

[Che+20]

[Che+21]

[CL90]

[CM13]

[CM21]

[Com19]

[Cre+07)

KRISHNENDU CHATTERJEE, THOMAS A HENZINGER, MATHIAS
LECHNER, and DORDE ZIKELIC. “A learner-verifier framework for
neural network controllers and certificates of stochastic systems”.
In: Proceedings of the International Conference on Tools and Al-
gorithms for the Construction and Analysis of Systems (TACAS).
Springer. 2023, pp. 3-25.

M. CHEN, M. FRANZLE, Y. L1, P. M0osAAD, and N. ZHAN. “Val-
idated Simulation-Based Verification of Delayed Differential Dy-
namics”. In: Proceedings of the International Symposium on For-
mal Methods (FM). Vol. 9995. Lecture Notes in Computer Science.
2016, pp. 137-154.

MINGSHUAI CHEN, MARTIN FRANZLE, YANGJIA L1, PETER NAZIER
MosaAD, and NAIJUN ZHAN. “What’s to Come is Still Unsure -
Synthesizing Controllers Resilient to Delayed Interaction”. In: Pro-
ceedings of the International Symposium on Automated Technology
for Verification and Analysis (ATVA). Springer, 2018, pp. 56-74.

RICHARD CHENG, GABOR OROSZ, RICHARD M. MURRAY, and
JOEL W. BURDICK. “End-to-End Safe Reinforcement Learning
through Barrier Functions for Safety-Critical Continuous Control
Tasks”. In: Proceedings of the AAAI Conference on Artificial In-
telligence (AAAI) 33.01 (2019), pp. 3387-3395.

YIirANG CHEN, ALEX CUELLAR, HAIPENG LU0, JIGNESH MoDI,
HERAMB NEMLEKAR, and STEFANOS NIKOLAIDIS. “Fair contex-
tual multi-armed bandits: Theory and experiments”. In: Proceed-
ings of the Conference on Uncertainty in Artificial Intelligence
(UAI). PMLR. 2020, pp. 181-190.

MINGSHUAI CHEN, MARTIN FRANZLE, YANGJIA LI, PETER N.
MosAAD, and NAIJUN ZHAN. “Indecision and delays are the par-
ents of failure—taming them algorithmically by synthesizing delay-
resilient control”. In: Acta Informatica 58.5 (2021), 497-528.

PuiLip R. CoHEN and HECTOR J. LEVESQUE. “Intention is choice
with commitment”. In: Artificial Intelligence 42.2 (1990), pp. 213—
261.

ANTONIO CHELLA and RICCARDO MANZOTTI. Artificial conscious-
ness. Andrews UK Limited, 2013.

CHING-YAO CHUANG and YOUSSEF MROUEH. “Fair Mixup: Fair-
ness via Interpolation”. In: Proceedings of the International Confer-
ence on Learning Representations (ICLR). OpenReview.net, 2021.

EUROPEAN COMMISSION. Fthics guidelines for trustworthy Al Pub-
lications Office, 2019. DOI: |[doi/10.2759/346720.

TANYA L. CRENSHAW, ELSA L. GUNTER, CRAIG L. ROBINSON,

Lut SHA, and P. R. KuMAR. “The Simplex Reference Model: Lim-

iting Fault-Propagation Due to Unreliable Components in Cyber-

Physical System Architectures”. In: Proceedings of the Interna-

tional Real-Time Systems Symposium (RTSS). IEEE, 2007, pp. 400—
412.


https://doi.org/doi/10.2759/346720

176 BIBLIOGRAPHY

[CS02) KEvVIN M CLERMONT and EMILY SHERWIN. “A comparative view
of standards of proof”. In: The American Journal of Comparative
Law 50 (2002), p. 243.

[CZ13) TooN CALDERS and INDRE ZLIOBAITE. “Why unbiased compu-
tational processes can lead to discriminative decision procedures”.
In: Discrimination and Privacy in the Information Society: Data
mining and profiling in large databases (2013), pp. 43-57.

[D’A+20] ALEXANDER D’AMOUR, HANSA SRINIVASAN, JAMES ATWOOD,
PALLAVI BALJEKAR, DAVID SCULLEY, and YONI HALPERN. “Fair-
ness is not static: deeper understanding of long term fairness via
simulation studies”. In: Proceedings of the Conference on Fairness,
Accountability, and Transparency (FAceT). 2020, pp. 525-534.

[Dat+15] ANUPAM DATTA, DEEPAK GARG, DILSUN KAYNAR, DIVYA SHARMA,
and ARUNESH SINHA. “Program Actions as Actual Causes: A Build-
ing Block for Accountability”. In: Proceedings of the Computer Se-
curity Foundations Symposium (CSF). IEEE. 2015, pp. 261-275.

[Dav+13]  ALEXANDRE DAvID, KIM G. LARSEN, MARIUS MIKUCIONIS, OMER
NGUENA-TIMO, and ANTOINE ROLLET. “Remote Testing of Timed
Specifications”. In: Proceedings of the International Conference on
Testing Software and Systems (ICTSS). Vol. 8254. Lecture Notes
in Computer Science. Springer, 2013, pp. 65-81.

[Dav63] DoNALD DAVIDSON. “Actions, Reasons, and Causes”. In: The Jour-
nal of Philosophy 60.23 (1963), pp. 685-700.
[Deb19] JAN DEBILLE. Good digital twins don’t lie. Visited on 31/01,/2025.

2019. URL: https://blogs.sw.siemens.com/simcenter/good-
digital-twins-dont-1lie/|

[Des+24]  JYOTIRMOY DESHMUKH, BETTINA KONIGHOFER, DEJAN NICKOVIC,
and FiLip CANO. “Safety Assurance for Autonomous Mobility (Dagstuhl
Seminar 24071)”. In: Dagstuhl Reports 14.2 (2024), pp. 95-119.

[DF18] JuLia DRESSEL and HANY FARID. “The accuracy, fairness, and
limits of predicting recidivism”. In: Science advances 4.1 (2018),
eaa0H580.

[DG+19]  GiuseppE DE Giacomo, Luca IoccHI, MARCO FAVORITO, and
FaB1O PATRIZI. “Foundations for restraining bolts: Reinforcement
learning with LT Ly /LD Ly restraining specifications”. In: Proceed-
ings of the International Conference on Automated Planning and
Scheduling (ICAPS). Vol. 29. AAAT Press, 2019, pp. 128-136.

[DG+20] GI1usepPE DE Giacomo, Luca ToccHl, MARCO FAVORITO, and
FABI10 PATRIZI. “Restraining bolts for reinforcement learning agents”.
In: Proceedings of the AAAI Conference on Artificial Intelligence
(AAAI). Vol. 34. 09. 2020, pp. 13659-13662.

[DHJWO07] WIEBE VAN DER HOEK, WOJCIECH JAMROGA, and MICHAEL
WOOLDRIDGE. “Towards a theory of intention revision”. In: Syn-
these 155 (2007), pp. 265—290.

[DI19] CyNTHIA DWORK and CHRISTINA ILVENTO. “Fairness Under Com-
position”. In: 2019.


https://blogs.sw.siemens.com/simcenter/good-digital-twins-dont-lie/
https://blogs.sw.siemens.com/simcenter/good-digital-twins-dont-lie/

BIBLIOGRAPHY 177

[DLH19] MENGNAN Du, NINGHAO L1u, and X1A Hu. “Techniques for In-
terpretable Machine Learning”. In: Communications of the ACM
63.1 (2019), pp. 68-77.

[Dos+17] ALEXEY DOSOVITSKIY, GERMAN RoS, FELIPE CODEVILLA, AN-
TONIO LOPEZ, and VLADLEN KOLTUN. “CARLA: An Open Urban
Driving Simulator”. In: Proceedings of the Conference on Robot
Learning (CoRL). PMLR, 2017.

[DSML20] LAVINDRA DE SiLva, FELIPE RECH MENEGUZZI, and BRIAN Lo-
GAN. “BDI agent architectures: A survey”. In: Proceedings of the
International Joint Conference on Artificial Intelligence (IJCAI).
ijeai.org, 2020, pp. 4914-4921.

[Dur19] RICK DURRETT. Probability: theory and examples. Vol. 49. Cam-
bridge university press, 2019.

[DVK1T7] FINALE DosHI-VELEZ and BEEN KiM. Towards a Rigorous Science
of Interpretable Machine Learning. 2017. arXiv: [1702.08608.

[Dwo+12] CyNTHIA DWORK, MORITZ HARDT, TONIANN PrTASSI, OMER
REINGOLD, and RICHARD ZEMEL. “Fairness through awareness”.
In: Proceedings of the 3rd Innovations in Theoretical Computer
Science Conference (ITCS). ACM, 2012, 214-226.

[Els+21] INcGY ELSAYED-ALY, SUDA BHARADWAJ, CHRISTOPHER AMATO,
RUDIGER EHLERS, UFUK Torcu, and LU FENG. “Safe Multi-
Agent Reinforcement Learning via Shielding”. In: Proceedings of

the International Conference on Autonomous Agents and Multia-
gent Systems (AAMAS). ACM, 2021, pp. 483-491.

[Elz+19] HaDI ELZAYN, SHAHIN JABBARI, CHRISTOPHER JUNG, MICHAEL
KEARNS, SETH NEEL, AARON ROTH, and ZACHARY SCHUTZMAN.
“Fair algorithms for learning in allocation problems”. In: Proceed-
ings of the Conference on Fairness, Accountability, and Trans-

parency (FAccT). 2019, pp. 170-179.

[Eur21] EUROPEAN COMMISSION. Proposal for a Regulation of the Eu-
ropean Parliament and of the Council Laying Down Harmonised
Rules on Artificial Intelligence (Artificial Intelligence Act) and
Amending Certain Union Legislative Acts. https://eur-1lex.
europa.eu/legal-content/EN/TXT/?uri=CELEX:52021PC0206.
Accessed: 2024-08-01. 2021.

[Fel+15] MICHAEL FELDMAN, SORELLE A FRIEDLER, JOHN MOELLER, CAR-
LOS SCHEIDEGGER, and SURESH VENKATASUBRAMANIAN. “Certi-
fying and removing disparate impact”. In: Proceedings of the In-
ternational Conference on Knowledge Discovery and Data Mining
(KDD). 2015, pp. 259-268.

[Fer03] NoORMAN FrANCIS FERNS. “Metrics for Markov Decision Processes”.
In: (2003).
[Fer+06] NorM FERNS, PABLO SAMUEL CASTRO, DOINA PRECUP, and

PRAKASH PANANGADEN. “Methods for Computing State Similar-

ity in Markov Decision Processes”. In: Proceedings Conference in
Uncertainty in Artificial Intelligence (UAI). 2006.


https://arxiv.org/abs/1702.08608
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52021PC0206
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52021PC0206

178

[Fis+21]

[FIW11]

[FIW20]

[FP19)

[GBA21]

[GBM21]

[GC19]

[GCCO6]

[Ge+21]

[Geo+98]

[Gia+21]

BIBLIOGRAPHY

MICHAEL FISHER, VIVIANA MASCARDI, KRISTIN YVONNE ROZIER,
BERND-HOLGER SCHLINGLOFF, MICHAEL WINIKOFF, and NEIL
YORKE-SMITH. “Towards a framework for certification of reliable
autonomous systems”. In: Autonomous Agents and Multi-Agent
Systems 35 (2021), pp. 1-65.

JOAN FEIGENBAUM, AARON D. JAGGARD, and REBECCA N. WRIGHT.
“Towards a Formal Model of Accountability”. In: Proceedings of the
New Security Paradigms Workshop (NSPW). 2011, pp. 45-56.

JOAN FEIGENBAUM, AARON D. JAGGARD, and REBECCA N. WRIGHT.
“Accountability in Computing: Concepts and Mechanisms”. In:
Foundations and Trends in Privacy and Security 2.4 (2020), pp. 247—
399.

YLiES FALCONE and SRINIVAS PINISETTY. “On the Runtime En-
forcement of Timed Properties”. In: Proceedings of the Interna-
tional Conference on Runtime Verification (RV). Vol. 11757. Lec-
ture Notes on Computer Science. Springer, 2019, pp. 48-69.

ATHER GATTAMI, QINBO BAI, and VANEET AGGARWAL. “Rein-
forcement Learning for Constrained Markov Decision Processes”.
In: Proceedings of the International Conference on Artificial Intel-
ligence and Statistics (AISTATS). PMLR. 2021, pp. 2656—2664.

BIisSHWAMITTRA GHOSH, DEBABROTA BASU, and KULDEEP S MEEL.
“Justicia: A stochastic SAT approach to formally verify fairness”.
In: Proceedings of the AAAI Conference on Artificial Intelligence
(AAAI). Vol. 35. 2021, pp. 7554-7563.

BEN GREEN and YILING CHEN. “The principles and limits of
algorithm-in-the-loop decision making”. In: Proceedings of the ACM
on Human-Computer Interaction (HCI) 3.CSCW (2019), pp. 1-24.

PETER Z. GROSSMAN, REED W. CEARLEY, and DANIEL H. COLE.
“Uncertainty, Insurance and the Learned Hand Formula”. In: Law,
Probability and Risk 5.1 (2006), pp. 1-18.

YINGQIANG GE, SHUCHANG Liu, RUOYUAN GAO, YIKUN XIAN,
YunQr L1, XIANGYU ZHAO, CHANGHUA PEI, FEI SUN, JUNFENG
GE, WENWU OU, et al. “Towards long-term fairness in recommen-
dation”. In: Proceedings of the International Conference on Web
Search and Data Mining (WSDM). ACM, 2021, pp. 445-453.

MICHAEL GEORGEFF, BARNEY PELL, MARTHA POLLACK, MILIND
TAMBE, and MICHAEL WOOLDRIDGE. “The belief-desire-intention
model of agency”. In: Proceedings of the International Workshop on
Agent Theories, Architectures, and Languages (ATAL). Springer.
1998, pp. 1-10.

MIRCO GIACOBBE, MOHAMMADHOSEIN HASANBEIG, DANIEL KROEN-
ING, and HJIALMAR WDIK. “Shielding Atari Games with Bounded
Prescience”. In: Proceedings of the International Conference on Au-
tonomous Agents and Multiagent Systems (AAMAS). ACM, 2021,
pp. 1507-1509.



BIBLIOGRAPHY 179

[GJO1]

[GK21]

[Gor+19]

[Gra+22]

[Gro+22a]

[Gro+22b)]

[GSS15]

[Gui24]

[Han+24]

[Har09]

[He+23]

THOMAS C. GALLIGAN JR. “Strict Liability in Action: The Trun-
cated Learned Hand Formula”. In: Lousiana Law Review 52 (1991),
p. 323.

SWATI GUPTA and VIJAY KAMBLE. “Individual fairness in hind-
sight”. In: The Journal of Machine Learning Research 22.1 (2021),
pp. 6386—6420.

PaurLA GORrDALIZA, EUusTASIO DEL BARRIO, GAMBOA FABRICE,
and JEAN-MICHEL LOUBES. “Obtaining fairness using optimal trans-
port theory”. In: International Conference on Machine Learning.
PMLR. 2019, pp. 2357-2365.

RiccARDO GRAZZI, ARYA AKHAVAN, JOHN [.F. FALK, LEONARDO
CELLA, and MASSIMILIANO PONTIL. “Group meritocratic fairness
in linear contextual bandits”. In: Advances in Neural Information
Processing Systems (NeurIPS) 35 (2022), pp. 24392-24404.

Timo P. GRos, HOLGER HERMANNS, JORG HOFFMANN, MICHAELA
KrLAuck, MAXIMILIAN A. KOHL, and VERENA WOLF. “MoGym:
Using Formal Models for Training and Verifying Decision-making
Agents”. In: Proceedings of the International Conference on Com-
puter Aided Verification (CAV). Ed. by SHARON SHOHAM and
YAKIR VIZEL. Springer International Publishing, 2022, pp. 430-
443.

DENNIS GROSS, NILS JANSEN, SEBASTIAN JUNGES, and GUILLERMO
A. PEREZ. “COOL-MC: A Comprehensive Tool for Reinforcement
Learning and Model Checking”. In: Proceedings of the Interna-
tional Symposium on Dependable Software Engineering. Theories,
Tools, and Applications (SETTA). Vol. 13649. Lecture Notes in
Computer Science. Springer, 2022, pp. 41-49.

IaN J. GOODFELLOW, JONATHON SHLENS, and CHRISTIAN SZEGEDY.
“Explaining and Harnessing Adversarial Examples”. In: Proceed-
ings of the International Conference on Learning Representations

(ICLR). 2015.

RiccArRDO GuUIDOTTI. “Counterfactual explanations and how to
find them: literature review and benchmarking”. In: Data Mining
and Knowledge Discovery 38.5 (2024), pp. 2770-2824.

XIAOTIAN HAN, JIANFENG CHI, YU CHEN, QIFAN WANG, HAN
ZHAO, NA Zou, and X1A Hu. “FFB: A Fair Fairness Benchmark
for In-Processing Group Fairness Methods”. In: Proceedings of the
International Conference on Learning Representations (ICLR). 2024.

JOHN HARRISON. Handbook of practical logic and automated rea-
soning. Cambridge University Press, 2009.

XIANGKUN HE, JINGDA WU, ZH1YU HuANG, ZHONGXU Hu, JUN
WANG, ALBERTO SANGIOVANNI- VINCENTELLI, and CHEN Lv. “Fear-
Neuro-Inspired Reinforcement Learning for Safe Autonomous Driv-
ing”. In: IEEFE Transactions on Pattern Analysis and Machine In-
telligence (2023), pp. 1-13.



180 BIBLIOGRAPHY

[Hen+22]  CHRISTIAN HENSEL, SEBASTIAN JUNGES, JOOST-PIETER KATOEN,
Tim QUATMANN, and MATTHIAS VOLK. “The probabilistic model
checker Storm”. In: International Journal on Software Tools for
Technology Transfer 24.4 (2022), pp. 589-610.

[Hen+23a] THOMAS A. HENZINGER, MAHYAR KARIMI, KONSTANTIN KU-
EFFNER, and KAUSHIK MALLIK. “Monitoring Algorithmic Fair-

ness”. In: Proceedings of the International Conference on Computer
Aided Verification (CAV). Springer-Verlag, 2023, 358-382.

[Hen+23b] THOMAS A. HENZINGER, MAHYAR KARIMI, KONSTANTIN KU-
EFFNER, and KAUSHIK MALLIK. “Runtime Monitoring of Dynamic
Fairness Properties”. In: Proceedings of the Conference on Fair-
ness, Accountability, and Transparency (FAccT). ACM, 2023, pp. 604—
614.

[Her+17] ANDREAS HERZIG, EMILIANO LORINI, LAURENT PERRUSSEL, and
ZHANHAO XI1A0. “BDI logics for BDI architectures: old problems,
new perspectives”. In: KI-Kiinstliche Intelligenz 31 (2017), pp. 73—
83.

[HFM17]  ZHENQI HUANG, CHUCHU FAN, and SAYAN MITRA. “Bounded in-
variant verification for time-delayed nonlinear networked dynam-
ical systems”. In: Nonlinear Analysis: Hybrid Systems 23 (2017),
pp- 211-229.

[HH14] ARND HARTMANNS and HOLGER HERMANNS. “The Modest Toolset:
An Integrated Environment for Quantitative Modelling and Ver-
ification”. In: Proceedings of the International Conference on Tools
and Algorithms for the Construction and Analysis of Systems (TACAS).
Vol. 8413. Lecture Notes in Computer Science. Springer, 2014,
pp. 593-598.

[HKM23]  THOMAS A. HENZINGER, KONSTANTIN KUEFFNER, and KAUSHIK
MALLIK. “Monitoring algorithmic fairness under partial observa-
tions”. In: Proceedings of the International Conference on Runtime

Verification (RV). Springer, 2023, pp. 291-311.

[HKW18]  JosepH Y. HALPERN and MAX KLEIMAN-WEINER. “Towards For-
mal Definitions of Blameworthiness, Intention, and Moral Respon-
sibility”. In: Proceedings of the AAAI Conference on Artificial In-
telligence (AAAI). AAAT Press, 2018, pp. 1853-1860.

[HLO4] ANDREAS HERZIG and DOMINIQUE LONGIN. “C&L Intention Re-
visited”. In: vol. 4. 2004, pp. 527-535.
[HL72] FREDERICK A. HoscH and LAWRENCE H. LANDWEBER. “Finite

Delay Solutions for Sequential Conditions”. In: Proceedings of the
International Colloquium on Automata, Languages, and Program-
ming (ICALP). North-Holland, Amsterdam, 1972, pp. 45—60.

[Hof94] HANS HOFMANN. Statlog (German Credit Data). UCI Machine
Learning Repository. DOI: https://doi.org/10.24432/C5NC77. 1994.
[HPO5a] JOSEPH Y. HALPERN and JUDEA PEARL. “Causes and Expla-

nations: A Structural-Model Approach. Part I: Causes”. In: The
British Journal for the Philosophy of Science 56.4 (2005), pp. 843—
887.



BIBLIOGRAPHY 181

[HPO5Db] JosEPH Y. HALPERN and JUDEA PEARL. “Causes and Explana-
tions: A Structural-Model Approach. Part II: Explanations”. In:
The British Journal for the Philosophy of Science 56.4 (2005),
pp. 889-911.

[HPS16] MoriTZ HARDT, ERIC PRICE, and NATI SREBRO. “Equality of
Opportunity in Supervised Learning”. In: Advances in Neural In-
formation Processing Systems (NeurIPS). 2016, pp. 3315-3323.

[Hus+17]  AHMED HUSSEIN, MOHAMED MEDHAT GABER, EYAD ELYAN, and
CHRISINA JAYNE. “Imitation learning: A survey of learning meth-
ods”. In: ACM Computing Surveys 50.2 (2017), pp. 1-35.

[HWO03] WIEBE VAN DER HOEK and MICHAEL WOOLDRIDGE. “Towards a
logic of rational agency”. In: Logic Journal of IGPL 11.2 (2003),
pp. 135-159.

[HWL24]  PIERRE HARITZ, DAVID WANKE, and THOMAS LIEBIG. “Enhanc-
ing Safety for Autonomous Agents in Partly Concealed Urban
Traffic Environments Through Representation-Based Shielding”.
In: Proceedings of the Intelligent Vehicles Symposium (IV). IEEE.
2024, pp. 1758-1763.

[HZ22] YAOWEI HU and LU ZHANG. “Achieving long-term fairness in se-
quential decision making”. In: Proceedings of the AAAI Conference
on Artificial Intelligence (AAAI). Vol. 36. 2022, pp. 9549-9557.

[Jag+09] RADHA JAGADEESAN, ALAN JEFFREY, CORIN PITCHER, and JAMES
RIELY. “Towards a Theory of Accountability and Audit”. In: Eu-
ropean Symposium on Research in Computer Security (ESORICS).
Springer. 2009, pp. 152-167.

[Jan+20] NILs JANSEN, BETTINA KONIGHOFER, SEBASTIAN JUNGES, ALEX
SERBAN, and RODERICK BLOEM. “Safe Reinforcement Learning
Using Probabilistic Shields (Invited Paper)”. In: Proceedings of
the International Conference on Concurrency Theory (CONCUR).
Schloss Dagstuhl - Leibniz-Zentrum fiir Informatik, 2020, 3:1-3:16.

[Jon+20] DaviD JONES, CHRIS SNIDER, AYDIN NASSEHI, JASON YON, and
BEN Hicks. “Characterising the Digital Twin: A systematic lit-
erature review”. In: CIRP Journal of Manufacturing Science and
Technology 29 (2020), pp. 36-52.

[Jud+24a] SAMUEL JUDSON, MATTHEW ELACQUA, FI1LIP CANO, TIMOS ANTONOPOU-
LOS, BETTINA KONIGHOFER, SCOTT J. SHAPIRO, and RuzicA
PiskAc. “’Put the Car on the Stand’: SMT-based Oracles for In-
vestigating Decisions”. In: Proceedings of the Symposium on Com-
puter Science and Law (CSLAW). ACM, 2024, pp. 73-85.

[Jud+24b] SAMUEL JUDSON, MATTHEW ELACQUA, FILIP CANO, TIMOS ANTONOPOU-
LOS, BETTINA KONIGHOFER, SCOTT J. SHAPIRO, and RuzicA
PiskAc. “soid: A Tool for Legal Accountability for Automated De-
cision Making”. In: Proceedings of the International Conference on
Computer Aided Verification (CAV). Lecture Notes on Computer
Science. Springer, 2024, pp. 233—246.



182

[Jum+-21]

[K+24]

[K:122]

[Kam+12]

[Kat16]

[KB15]

[KC12]

[Kir+16]

[Kir+21]

[Knol6)

[KNP11]

[Koc+23]

BIBLIOGRAPHY

JOHN JUMPER, RICHARD EVANS, ALEXANDER PRITZEL, TIM GREEN,
MicHAEL FIGURNOV, OLAF RONNEBERGER, KATHRYN TUNYASU-
VUNAKOOL, RUSs BATES, AUGUSTIN ZiDEK, ANNA POTAPENKO,

et al. “Highly accurate protein structure prediction with AlphaFold”.
In: Nature 596.7873 (2021), pp. 583-589.

BETTINA KONIGHOFER, JOSHUA A. KROLL, RUzicA PI1SKAC, MICHAEL
VEALE, and FiLip CANO CORDOBA. “Accountable Software Sys-
tems (Dagstuhl Seminar 23411)”. In: Dagstuhl Reports 13.10 (2024),

pp. 24-49.

SIGRID KALLBLAD. “A dynamic programming approach to distribution-
constrained optimal stopping”. In: The Annals of Applied Proba-
bility 32.3 (2022), pp. 1902-1928.

TOSHIHIRO KAMISHIMA, SHOTARO AKAHO, HIDEKI ASOH, and
JUN SAKUMA. “Fairness-aware classifier with prejudice remover
regularizer”. In: Proceedings of the European Conference on Ma-
chine Learning and Knowledge Discovery in Databases (ECML
PKDD). Springer. 2012, pp. 35-50.

JoosT-PIETER KATOEN. “The Probabilistic Model Checking Land-
scape”. In: Proceedings of the Symposium on Logic in Computer
Science (LICS). ACM, 2016, pp. 31-45.

DieDERIK P. KINGMA and JiMMYy BA. “Adam: A Method for
Stochastic Optimization”. In: Proceedings of the International Con-
ference on Learning Representations (ICLR). 2015.

FarsarL KAMIRAN and TOON CALDERS. “Data preprocessing tech-

niques for classification without discrimination”. In: Knowledge
and Information Systems 33.1 (2012), pp. 1-33.

LAUREN KIRCHNER, SURYA MATTU, JEFF LARSON, and JULIA
ANGWIN. “Machine Bias”. In: ProPublica (2016). URL: https://
www.propublica.org/article/machine-bias-risk-assessments-—
in-criminal-sentencing (visited on 06/04/2024).

B. Ravi KIRAN, IBRAHIM SOBH, VICTOR TALPAERT, PATRICK
MANNION, AHMAD A. AL SALLAB, SENTHIL YOGAMANI, and
PATRICK PEREZ. “Deep reinforcement learning for autonomous
driving: A survey”. In: IEEE Transactions on Intelligent Trans-
portation Systems 23.6 (2021), pp. 4909-4926.

GEERT-JAN ALEXANDER KNOOPS. Mens Rea at the International
Criminal Court. Brill Academic Publishers, 2016.

MARTA KWIATKOWSKA, GETHIN NORMAN, and DAVID PARKER.
“PRISM 4.0: Verification of Probabilistic Real-time Systems”. In:
Proceedings of the International Conference on Computer Aided
Verification (CAV). Springer, 2011, pp. 585-591.

NikLAS KOCHDUMPER, HANNA KRASOWSKI, X1A0 WANG, STAN-
LEY BAK, and MATTHIAS ALTHOFF. “Provably Safe Reinforce-
ment Learning via Action Projection using Reachability Analysis
and Polynomial Zonotopes”. In: IEEE Open Journal of Control
Systems 2 (2023), pp. 79-92.


https://www.propublica.org/article/machine-bias-risk-assessments-in-criminal-sentencing
https://www.propublica.org/article/machine-bias-risk-assessments-in-criminal-sentencing
https://www.propublica.org/article/machine-bias-risk-assessments-in-criminal-sentencing

BIBLIOGRAPHY 183

[Kon+17]  BETTINA KONIGHOFER, MOHAMMED ALSHIEKH, RODERICK BLOEM,
LAURA HUMPHREY, ROBERT KONIGHOFER, UFUK ToPCU, and
CHAO WANG. “Shield synthesis”. In: Formal Methods in System
Design 51.2 (2017), pp. 332-361.

[K6n19] BETTINA KONIGHOFER. “Shield synthesis: runtime enforcement
for reactive systems”. PhD thesis. Graz University of Technology,
2019.

[Kro+17]  Josuua A. KroLL, JOANNA HUEY, SOLON BAROCAS, EDWARD
W. FELTEN, JOEL R. REIDENBERG, DAVID G. ROBINSON, and
HARLAN YU. “Accountable Algorithms”. In: University of Penn-
sylvania Law Review 165.3 (2017), p. 633.

[KTV10] RALF KUSTERS, TOMASZ TRUDERUNG, and ANDREAS VOGT. “Ac-
countability: Definition and Relationship to Verifiability”. In: Pro-
ceedings of Conference on Computer and Communications Security
(CCS). ACM, 2010, pp. 526-535.

[KWA20] HANNA KRASOWSKI, X1A0 WANG, and MATTHIAS ALTHOFF. “Safe
Reinforcement Learning for Autonomous Lane Changing Using
Set-Based Prediction”. In: Proceedings of the International Con-
ference on Intelligent Transportation Systems (ITSC). 2020, pp. 1-
7.

[KZ15a] FELIX KLEIN and MARTIN ZIMMERMANN. “How Much Lookahead
is Needed to Win Infinite Games?” In: Proceedings of the Inter-
national Colloguium on Automata, Languages, and Programming
(ICALP). Vol. 9135. Lecture Notes in Computer Science. Springer,
2015, pp. 452-463.

[KZ15b] FELIX KLEIN and MARTIN ZIMMERMANN. “What are strategies
in delay games? Borel determinacy for games with lookahead”. In:
Proceedings of the Conference on Computer Science Logic (CSL).
Vol. 41. Schloss Dagstuhl-Leibniz-Zentrum fiir Informatik. 2015,

pp. 519-533.

[Lew13] DavID LEwiS. Counterfactuals. Originally published in 1973. John
Wiley & Sons, 2013.

[LGZ13] DAaviD A. LAGNADO, TOBIAS GERSTENBERG, and RO’I ZULTAN.

“Causal responsibility and counterfactuals”. In: Cognitive Science
37.6 (2013), pp. 1036-1073.

[Li4-23] Bo L1, PENG QI, Bo Liu, SHUAI Di1, JINGEN Liu, JIQUAN PEI,
JINFENG Y1, and BOWEN ZHOU. “Trustworthy AI: From principles
to practices”. In: ACM Computing Surveys 55.9 (2023), pp. 1-46.

[Lin+24] HaonoNG LiN, WENHAO DING, ZUXIN LiU, YARU NIU, JIACHENG
ZHU, YUMING N1U, and DING ZHAO. “Safety-aware causal rep-
resentation for trustworthy offline reinforcement learning in au-

tonomous driving”. In: IEEE Robotics and Automation Letters
(2024).

[Lis21] CHRISTIAN LisT. “Group agency and artificial intelligence”. In:
Philosophy € Technology 34.4 (2021), pp. 1213-1242.



184 BIBLIOGRAPHY

[Liu+18] Lypia T Liu, SARAH DEAN, ESTHER ROLF, MAX SIMCHOWITZ,
and MORITZ HARDT. “Delayed impact of fair machine learning”.
In: Proceedings of the International Conference on Machine Learn-
ing (ICML). PMLR. 2018, pp. 3150-3158.

[LL17] ScorT M LUNDBERG and SU-IN LEE. “A unified approach to in-

terpreting model predictions”. In: Advances in Neural Information
Processing Systems (NeurIPS) 30 (2017).

[LM23] ALAN LEwIS and TiM MILLER. “Deceptive Reinforcement Learn-
ing in Model-Free Domains”. In: Proceedings of the International
Conference on Automatic Planning and Scheduling (ICAPS). AAAT
Press, 2023, pp. 587-595.

[LWW23]  YANNAN L1, JINGBO WANG, and CHAO WANG. “Certifying the
Fairness of KNN in the Presence of Dataset Bias”. In: Proceedings

of the International Conference on Computer Aided Verification
(CAV). Springer, 2023.

[Mad+18] DAvVID MADRAS, ELLIOT CREAGER, TONIANN P1TASSI, and RICHARD
ZEMEL. “Learning adversarially fair and transferable representa-

tions”. In: Proceedings of the International Conference on Machine
Learning (ICML). PMLR, 2018, pp. 3384-3393.

[MAD21]  ANNA MEYER, AWS ALBARGHOUTHI, and LORIS D’ANTONI. “Cer-
tifying Robustness to Programmable Data Bias in Decision Trees”.
In: Advances in Neural Information Processing Systems (NeurIPS)
34 (2021), pp. 26276-26288.

[MB20] PETER MENZIES and HELEN BEEBEE. “Counterfactual Theories
of Causation”. In: The Stanford Encyclopedia of Philosophy. Meta-
physics Research Lab, Stanford University, 2020.

[MCB20]  CHRISTOPH MOLNAR, GIUSEPPE CASALICCHIO, and BERND BIs-
CHL. “Interpretable Machine Learning — A Brief History, State-of-
the-Art and Challenges”. In: Proceedings of the European Confer-
ence on Machine Learning and Knowledge Discovery in Databases
(ECML PKDD). Springer. 2020, pp. 417-431.

[MCR12]  SERGIO MORO, PAULO CORTEZ, and PAULO RITA. Bank Market-
ing. UCI Machine Learning Repository. DOI: https://doi.org/10.24432/C5K306.

2012.

[Mel92] ALFRED R. MELE. Springs of Action: Understanding Intentional
Behavior. Oxford University Press, 1992.

[Mil19] TimM MILLER. “Explanation in artificial intelligence: Insights from

the social sciences”. In: Artificial Intelligence 267 (2019), pp. 1-38.

[Mni+15]  VOLODYMYR MNIH, KORAY KAVUKCUOGLU, DAVID SILVER, AN-
DREI A Rusu, JOEL VENESS, MARC G BELLEMARE, ALEX GRAVES,
MARTIN RIEDMILLER, ANDREAS K FIDJELAND, GEORG OSTRO-
VSKI, et al. “Human-level control through deep reinforcement learn-
ing”. In: Nature 518.7540 (2015), pp. 529-533.

[Moo03] MICHAEL S. MOORE. “For What Must We Pay-Causation and
Counterfactual Baselines”. In: San Diego Law Review 40 (2003),
pp. 1181-1272.



BIBLIOGRAPHY 185

[Moo09] MICHAEL S. MOORE. Causation and Responsibility: An FEssay in
Law, Morals, and Metaphysics. Oxford University Press, 2009.

[Moo10] MICHAEL S. MOORE. Act and Crime: The Philosophy of Action
and its Implications for Criminal Law. Oxford University Press,
2010.

[Moo19] MICHAEL MOORE. “Causation in the Law”. In: The Stanford En-
cyclopedia of Philosophy. Ed. by EDWARD N. ZALTA. Winter 2019.
Metaphysics Research Lab, Stanford University, 2019.

[Mot+23] NIMA MOTAMED, NATASHA ALECHINA, MEHDI DASTANI, DRA-
GAN DODER, and BRIAN LOGAN. “Probabilistic Temporal Logic
for Reasoning about Bounded Policies”. In: Proceedings of the In-
ternational Joint Conference on Artificial Intelligence (IJCAI). ij-
cai.org, 2023, pp. 3296-3303.

[MS17] PETA MASTERS and SEBASTIAN SARDINA. “Deceptive Path-Planning.”
In: Proceedings of the International Joint Conference on Artificial
Intelligence (IJCAI). 2017, pp. 4368-4375.

[MW24] ToBI1AS MEGGENDORFER and MAXIMILIAN WEININGER. “Playing
Games with Your PET: Extending the Partial Exploration Tool to
Stochastic Games”. In: Proceedings of the International Conference
on Computer Aided Verification (CAV). Ed. by ARIE GURFINKEL
and VIJAY GANESH. Springer Nature Switzerland, 2024, pp. 359—
372.

[NHR99] ANDREW Y. NG, DAIsHI HARADA, and STUART RUSSELL. “Policy
invariance under reward transformations: Theory and application
to reward shaping”. In: Proceedings of the International Conference

on Machine Learning (ICML). Vol. 99. Citeseer. 1999, pp. 278-287.

[Ni198] JOHAN NILSSON. “Real-time control systems with delays”. In: De-
partment of Automatic Control 1049 (1998).
[NROO] ANDREW Y. NG and STUART RUSSELL. “Algorithms for Inverse

Reinforcement Learning”. In: Proceedings of the International Con-
ference on Machine Learning (ICML). 2000, pp. 663-670.

[Obe+19]  Z1AD OBERMEYER, BRIAN POWERS, CHRISTINE VOGELI, and SEND-
HIL MULLAINATHAN. “Dissecting racial bias in an algorithm used
to manage the health of populations”. In: Science 366.6464 (2019),
pp. 447-453.

[0’k+20] MATTHEW O’KELLY, HONGRUI ZHENG, DHRUV KARTHIK, RAHUL
MANGHARAM, HUGO JAIR ESCALANTE, and RAIA HADSELL. “FITENTH:
An Open-source Evaluation Environment for Continuous Control
and Reinforcement Learning”. In: Proceedings of the NeurIPS 2019
Competition and Demonstration Track. Vol. 123. PMLR, 2020,
pp. 77-89.

[Pan+17]  XINLEI PAN, YURONG YOU, ZIYAN WANG, and CEWU Lu. “Vir-
tual to Real Reinforcement Learning for Autonomous Driving”. In:
Proceedings of the British Machine Vision Conference (BMVC).
BMVA Press, 2017.



186 BIBLIOGRAPHY

[Paul4] SARAH PAUL. “Embarking on a Crime”. In: Law and the Philos-
ophy of Action. Ed. by ENRIQUE VILLANUEVA V. Rodopi, 2014,
pp- 101-24.

[Pau20] SARAH PAUL. Philosophy of Action: A Contemporary Introduction.
Routledge, 2020.

[Pea09] JUDEA PEARL. Causality. Cambridge University Press, 2009.

[PJO5] STEPHEN PRAJNA and ALI JADBABAIE. “Methods for Safety Veri-

fication of Time-Delay Systems”. In: Proceedings of the Conference
on Decision and Control (CDC). IEEE, 2005, pp. 4348-4353.

[Poel5) IBO VAN DE POEL. “The problem of many hands”. In: Moral
responsibility and the problem of many hands. Routledge, 2015,
pp- 50-92.

[Pra+21a] STEFAN PRANGER, BETTINA KONIGHOFER, LUKAS POSCH, and
RODERICK BLOEM. “TEMPEST - Synthesis Tool for Reactive Sys-
tems and Shields in Probabilistic Environments”. In: Proceedings
of the International Symposium on Automated Technology for Ver-
ification and Analysis (ATVA). Vol. 12971. Lecture Notes in Com-
puter Science. Springer, 2021, pp. 222-228.

[Pra+21b] STEFAN PRANGER, BETTINA KONIGHOFER, MARTIN TAPPLER,
MARTIN DEIXELBERGER, NILS JANSEN, and RODERICK BLOEM.
“Adaptive Shielding under Uncertainty”. In: Proceedings of the
American Control Conference (ACC). IEEE, 2021, pp. 3467-3474.

[PS+17] ADRIAN PEREZ-SUAY, VALERO LAPARRA, GONZALO MATEO-GARCIA,
JorDI MUNOz-MARI, Luis GOMEZ-CHOVA, and GUSTAU CAMPS-
VALLS. “Fair Kernel Learning”. In: Proceedings of the FEuropean
Conference on Machine Learning and Principles and Practice of
Knowledge Discovery in Databases (ECML PKDD). Springer, 2017,
pp. 339-355.

[PT20] ANA PEREIRA and CARSTEN THOMAS. “Challenges of machine
learning applied to safety-critical cyber-physical systems”. In: Ma-
chine Learning and Knowledge Extraction 2.4 (2020), pp. 579-602.
[PV17] AARON ZEFF PALMER and ALEXANDER VLADIMIRSKY. “Optimal

stopping with a probabilistic constraint”. In: Journal of Optimiza-
tion Theory and Applications 175 (2017), pp. 795-817.

[PV20] ERIKA PutuTTA and ERIC VEITH. “Explainable Reinforcement
Learning: A Survey”. In: Proceedings of the International Cross-

Domain Conference for Machine Learning and Knowledge Extrac-
tion (CD-MAKE). Springer. 2020, pp. 77-95.

[Qui69] WILLARD VAN ORMAN QUINE. Ontological Relativity and Other
Essays. Columbia University Press, 1969.

[RBT22] JONATHAN RICHENS, RORY BEARD, and DANIEL H. THOMPSON.
“Counterfactual harm”. In: Advances in Neural Information Pro-
cessing Systems (NeurIPS). Vol. 35. 2022, pp. 36350-36365.



BIBLIOGRAPHY 187

[Ren+19] MATTHIEU RENARD, YLIES FALCONE, ANTOINE ROLLET, SRINI-
VAS PINISETTY, THIERRY JERON, and HERVE MARCHAND. “En-
forcement of (Timed) Properties with Uncontrollable Events”. In:
International Colloguium on Theoretical Aspects of Computing (IC-
TAC). Lecture Notes on Computer Science. 2019, pp. 542-560.

[RGI1] ANAND S. RAO and MICHAEL P. GEORGEFF. “Modeling Rational
Agents within a BDI-Architecture”. In: Proceedings of the Interna-
tional Conference on Principles of Knowledge Representation and
Reasoning (KR). Morgan Kaufmann, 1991, pp. 473-484.

[RG95] ANAND S. RAO and MICHAEL P. GEORGEFF. “BDI Agents: From
Theory to Practice”. In: Proceedings of the International Confer-
ence on Multiagent Systems (ICMAS). MIT Press, 1995, pp. 312—
319.

[Rod+25]  ANDONI RODRIGUEZ, GUY AMIR, DAVIDE CORSI, CESAR SANCHEZ,
and Guy Karz. “Shield Synthesis for LTL Modulo Theories”.
In: Proceedings of the AAAI Conference on Artificial Intelligence
(AAAI). 2025.

[Sax+19]  DHRUV MAURIA SAXENA, SANGJAE BAE, ALIREZA NAKHAEI, KIKUO
FuJiMmurA, and MAXIM LIKHACHEV. “Driving in Dense Traffic
with Model-Free Reinforcement Learning”. In: Proceedings Inter-
national Conference on Robotics and Automation (ICRA) (2019),
pp. 5385-5392.

[SB18] RICHARD S. SUTTON and ANDREW G. BARTO. Reinforcement
learning: An introduction. MIT press, 2018.

[Scall] THOMAS MICHAEL SCANLON. Moral Dimensions: Permissibility,
Meaning, Blame. Harvard University Press, 2010.

[Sch+15] JOHN SCHULMAN, SERGEY LEVINE, PIETER ABBEEL, MICHAEL
JORDAN, and PHILIPP MORITZ. “Trust Region Policy Optimiza-
tion”. In: Proceedings of the International Conference on Machine
Learning (ICML). Vol. 37. PMLR, 2015, pp. 1889-1897.

[Set22] KIERAN SETIYA. “Intention”. In: The Stanford Encyclopedia of
Philosophy. Ed. by EDWARD N. ZALTA and URI NODELMAN. Win-
ter 2022. Metaphysics Research Lab, Stanford University, 2022.

[Set+98] DANBING SETO, BRUCE KROGH, LU1 SHA, and ALONGKRIT CHUTI-
NAN. “The Simplex architecture for safe online control system up-
grades”. In: Proceedings of the American Control Conference (ACC).
IEEE, 1998, pp. 3504-3508.

[SG21] HARINI SURESH and JOHN GUTTAG. “A Framework for Under-
standing Sources of Harm throughout the Machine Learning Life
Cycle”. In: Proceedings of the ACM Conference on Equity and
Access in Algorithms, Mechanisms, and Optimization (EAAMO).
ACM, 2021.

[SGD23] MEIRAV SEGAL, ANNE-MARIE GEORGE, and CHRISTOS DIiMmI-
TRAKAKIS. “Policy Fairness and Unknown Bias Dynamics in Se-
quential Allocations”. In: Proceedings of the Conference on Equity
and Access in Algorithms, Mechanisms, and Optimization (EAAMO).
ACM, 2023, pp. 1-10.



188 BIBLIOGRAPHY

[Shal4] ScoTT J. SHAPIRO. “Massively Shared Agency”. In: Rational and
Social Agency: The Philosophy of Michael Bratman (2014), pp. 257—
293.

[Shi07] ALBERT N. SHIRYAEV. Optimal stopping rules. Vol. 8. Springer
Science & Business Media, 2007.

[Sil+16] DAvVID SILVER, AJA HuaNG, CHRIS J MADDISON, ARTHUR GUEZ,

LAURENT SIFRE, GEORGE VAN DEN DRIESSCHE, JULIAN SCHRIT-
TWIESER, I[OANNIS ANTONOGLOU, VEDA PANNEERSHELVAM, MARC
LANCTOT, et al. “Mastering the game of Go with deep neural net-
works and tree search”. In: Nature 529.7587 (2016), pp. 484-489.

[Sin+21] MAULSHREE SINGH, EVERT FUENMAYOR, EOIN P. HINCHY, YUAN-
SONG QIAO, NIALL MURRAY, and DECLAN DEVINE. “Digital twin:
Origin to future”. In: Applied System Innovation 4.2 (2021), p. 36.

[Sin92] MUNINDAR P. SINGH. “A critical examination of the Cohen-Levesque
theory of intention”. In: Proceedings of the Furopean Conference
on Artificial Intelligence (ECAI). 1992, pp. 364-368.

[SJS21] THIAGO D. SIMAO, NILS JANSEN, and MATTHIJS T. J. SPAAN.
“AlwaysSafe: Reinforcement Learning without Safety Constraint
Violations during Training”. In: Proceedings of the International

Conference on Autonomous Agents and Multiagent Systems (AA-
MAS). ACM, 2021, pp. 1226-1235.

[SLB08] Yoav SHOHAM and KEVIN LEYTON-BROWN. Multiagent systems:
Algorithmic, game-theoretic, and logical foundations. Cambridge
University Press, 2008.

[Son+16] JINHUA SONG, YANG GAO, HAO WANG, and Bo AN. “Measuring
the Distance between Finite Markov Decision Processes”. In: Pro-

ceedings of the International Conference on Autonomous Agents
and Multiagent Systems (AAMAS). ACM, 2016, pp. 468-476.

[SP11] GERARDO I. SIMARI and SIMON D. PARSONS. Markov Decision
Processes and the Belief-Desire-Intention Model: Bridging the Gap
for Autonomous Agents. New York: Springer, 2011.

[SPB19] MORGAN KLAUS SCHEUERMAN, JACOB M PAUL, and JED R BRUBAKER.
“How computers see gender: An evaluation of gender classification

in commercial facial analysis services”. In: Proceedings of the ACM
on Human-Computer Interaction (HCI) 3.CSCW (2019), pp. 1-33.

[SPC23] AsHisH KUMAR SHAKYA, GOPINATHA PILLAI, and SOHOM CHAKRABARTY.
“Reinforcement learning algorithms: A brief survey”. In: Ezpert
Systems with Applications 231 (2023), p. 120495.

[Sun+21]  BING SUN, JUN SUN, TING DAI, and LIJUN ZHANG. “Probabilis-
tic verification of neural networks against group fairness”. In: Pro-
ceedings of the International Symposium on Formal Methods (FM).
Springer. 2021, pp. 83-102.

[Sun23] Y1 SuN. “Algorithmic Fairness in Sequential Decision Making”.
PhD thesis. Massachusetts Institute of Technology, 2023.



BIBLIOGRAPHY 189

[Tap+22]  MARTIN TAPPLER, FILIP CANO CORDOBA, BERNHARD K. AICH-
ERNIG, and BETTINA KONIGHOFER. “Search-Based Testing of Re-
inforcement Learning”. In: Proceedings of the International Joint
Conference of Artificial Intelligence (IJCAI). ijcai.org, 2022, pp. 503~
510.

[Tho80] DENNIS F. THOMPSON. “The Moral Responsibility of Public Offi-
cials: The Problem of Many Hands”. In: American Political Science
Review 74.4 (1980), pp. 905-916.

[Tho95] WOLFGANG THOMAS. “On the synthesis of strategies in infinite
games”. In: Proceedings of the Symposium on Theoretical Aspects
of Computer Science (STACS). Springer, 1995, pp. 1-13.

[Tow+24] MARK TOWERS, ARIEL KWIATKOWSKI, JORDAN TERRY, JOHN U.
BaLis, GIANLUCA DE CoLA, TRISTAN DELEU, MANUEL GOULAO,
ANDREAS KALLINTERIS, MARKUS KRIMMEL, ARJUN KG, RoO-
DRIGO PEREZ-VICENTE, ANDREA PIERRE, SANDER SCHULHOFF,
JuN JET TA1, HANNAH TAN, and OMAR G. YOUNIS. Gymnasium:
A Standard Interface for Reinforcement Learning Environments.
2024. arXiv: 2407.17032.

[Tri04] STAVROS TRIPAKIS. “Decentralized control of discrete-event Sys-
tems With bounded or Unbounded Delay communication”. In:
IEEE Transactions on Automatic Control 49.9 (2004), pp. 1489—
1501.

[TSR21] STELIOS TRIANTAFYLLOU, ADISH SINGLA, and GORAN RADANOVIC.
“On Blame Attribution for Accountable Multi-Agent Sequential
Decision Making”. In: Advances in Neural Information Process-
ing Systems (NeurIPS). Vol. 34. Curran Associates, Inc., 2021,
pp. 15774-15786.

[van+20] MARC VAN ZEE, DRAGAN DODER, LEENDERT VAN DER TORRE,
MEHDI DASTANI, THOMAS ICARD, and ERIC PAacuIT. “Intention
as commitment toward time”. In: Artificial Intelligence 283 (2020),
p. 103270.

[VDL24] FABIAN VU, JANNIK DUNKELAU, and MICHAEL LEUSCHEL. “Val-
idation of Reinforcement Learning Agents and Safety Shields with
ProB”. In: Proceedings of the NASA Formal Methods Symposium
(NFM). Springer. 2024, pp. 279-297.

[Vel0T7] J. DAVID VELLEMAN. “What good is a will?” In: Action in context
(2007), pp. 193-215.

[Wan+23]  YIFAN WANG, WEIZHI MA, MIN ZHANG, YIQUN L1U, and SHAOP-
ING MA. “A survey on the fairness of recommender systems”. In:
ACM Transactions on Information Systems 41.3 (2023), pp. 1-43.

[War+24]  Francis RHYS WARD, MATT MACDERMOTT, FRANCESCO BE-
LARDINELLI, FRANCESCA TONI, and ToM EVERITT. “The Reasons
that Agents Act: Intention and Instrumental Goals”. In: Proceed-
ings of the International Conference on Autonomous Agents and
Multiagent Systems (AAMAS). 2024, pp. 1901-1909.


https://arxiv.org/abs/2407.17032

190 BIBLIOGRAPHY

[WBT21] MIN WEN, OSBERT BASTANI, and UFUK Topcu. “Algorithms for
fairness in sequential decision making”. In: International Confer-
ence on Artificial Intelligence and Statistics (AISTATS). PMLR.
2021, pp. 1144-1152.

[WD92] CHRISTOPHER J.C.H. WATKINS and PETER DAYAN. “Q-learning”.
In: Machine Learning 8 (1992), pp. 279-292.

[WDS19]  HAO WANG, SHAOKANG DONG, and LING SHAO. “Measuring Struc-
tural Similarities in Finite MDPs”. In: Proceedings of the Interna-
tional Joint Conference on Artificial Intelligence (IJCAI). ijcai.org,
2019, pp. 3684-3690.

[Whi22] WHITE HOUSE OSTP. Blueprint for an Al Bill of Rights: Making
Automated Systems Work for the American People. https://www.
whitehouse.gov/ostp/ai-bill-of-rights/. Accessed: 2024-08-
01. 2022.

[Wie+23]  PATRICK WIENHOFT, MARNIX SUILEN, THIAGO D. SIMAO, CLEMENS
DUBSLAFF, CHRISTEL BAIER, and NILS JANSEN. “More for Less:
Safe Policy Improvement with Stronger Performance Guarantees”.
In: Proceedings of the International Joint Conference on Artificial
Intelligence (IJCAI). ijcai.org, 2023, pp. 4406-4415.

[Wil+22] Orivia WILES, SVEN GOWAL, FLORIAN STIMBERG, SYLVESTRE-
ALvISE REBUFFI, IRA KTENA, KRISHNAMURTHY DJ DVIJOTHAM,
and ALl TAYLAN CEMGIL. “A Fine-Grained Analysis on Distri-
bution Shift”. In: Proceedings of the International Conference on
Learning Representations. 2022.

[Win+21] MICHAEL WINIKOFF, GALINA SIDORENKO, VIRGINIA DIGNUM,
and FRANK DiGNUM. “Why bad coffee? Explaining BDI agent
behaviour with valuings”. In: Artificial Intelligence 300 (2021),
p. 103554.

[WMR17] SANDRA WACHTER, BRENT MITTELSTADT, and CHRIS RUSSELL.
“Counterfactual Explanations Without Opening the Black Box:
Automated Decisions and the GDPR”. In: Harvard Journal of Law
& Technology 31.2 (2017), pp. 841-887.

[Wob95] WAYNE WOBCKE. “Plans and the revision of intentions”. In: Aus-
tralian Workshop on Distributed Artificial Intelligence (DAI). Springer.
1995, pp. 100-114.

[Wo003] MICHAEL WOOLDRIDGE. Reasoning about rational agents. MIT
press, 2003.

[Woo+09] Jim WooDcOCK, PETER GORM LARSEN, JUAN BICARREGUI, and
JOHN FITZGERALD. “Formal methods: Practice and experience”.
In: ACM Computing Surveys 41.4 (2009), pp. 1-36.

[WS20] AxIFuMi WACHI and YANAN Sul. “Safe reinforcement learning
in constrained Markov decision processes”. In: Proceedings of the
International Conference on Machine Learning (ICML). PMLR.
2020, pp. 9797-9806.

[WT18] MiIN WEN and UrFUk Topcu. “Constrained cross-entropy method
for safe reinforcement learning”. In: Advances in Neural Informa-
tion Processing Systems (NeurIPS) 31 (2018).


https://www.whitehouse.gov/ostp/ai-bill-of-rights/
https://www.whitehouse.gov/ostp/ai-bill-of-rights/

BIBLIOGRAPHY 191

[WZ20) SARAH WINTER and MARTIN ZIMMERMANN. “Finite-state strate-
gies in delay games”. In: Information and Computation 272 (2020),
p. 104500.

[XZ1L22] CHENGBIN XUAN, FENG ZHANG, and HAK-KEUNG LaM. “SEM:

Safe exploration mask for g-learning”. In: Engineering Applications
of Artificial Intelligence 111 (2022), p. 104765.

[Yan+23a] QISONG YANG, THIAGO D. SiMAO, NILS JANSEN, SIMON H. TIN-
DEMANS, and MATTHIIS T. J. SPAAN. “Reinforcement Learning
by Guided Safe Exploration”. In: Proceedings of the Furopean Con-
ference on Artificial Intelligence (ECAI). Vol. 372. I0S Press, 2023,
pp- 2858-2865.

[Yan+23b] WEN-CHI YANG, GIUSEPPE MARRA, GAVIN RENS, and Luc DE
RAEDT. “Safe Reinforcement Learning via Probabilistic Logic Shields”.
In: Proceedings of the International Joint Conference on Artificial
Intelligence (IJCAI). ijcai.org, 2023, pp. 5739-5749.

[YD16] VAHID YAZDANPANAH and MEHDI DASTANI. “Distant group re-
sponsibility in multi-agent systems”. In: Proceedings of the Inter-

national Conference on Principles of Practice in Multi-Agent Sys-
tems (PRIMA). Springer, 2016, pp. 261-278.

[Zaf+19] MUHAMMAD BILAL ZAFAR, ISABEL VALERA, MANUEL GOMEZ-
RODRIGUEZ, and KRISHNA P. GUMMADI. “Fairness constraints: A
flexible approach for fair classification”. In: The Journal of Ma-
chine Learning Research 20.1 (2019), pp. 2737-2778.

[Zem+13] RiCcH ZEMEL, YU WU, KEVIN SWERSKY, TONI P1TASSI, and CYN-
THIA DWORK. “Learning fair representations”. In: Proceedings of
the International Conference on Machine Learning (ICML). PMLR.
2013, pp. 325-333.

[Zha+23] ZHANG ZHANG, YIFENG ZENG, WENHUI JIANG, YINGHUI PAN,
and JING TANG. “Intention recognition for multiple agents”. In:
Information Sciences 628 (2023), pp. 360-376.

[Zim17] MARTIN ZIMMERMANN. “Finite-State Strategies in Delay Games”.
In: Proceedings of the International Symposium on Games, Au-
tomata, Logics, and Formal Verification (GandALF). Vol. 256.
2017, pp. 151-165.

[ZL21] XUERU ZHANG and MINGYAN Liu. “Fairness in learning-based se-
quential decision algorithms: A survey”. In: Handbook of Reinforce-
ment Learning and Control. Springer, 2021, pp. 525-555.

[ZLM18] BRrIAN HU ZHANG, BLAKE LEMOINE, and MARGARET MITCHELL.
“Mitigating unwanted biases with adversarial learning”. In: Pro-
ceedings of the Conference on Al, Ethics, and Society (AIES).
ACM, 2018, pp. 335-340.

[ZMS23] QUAN ZHOU, JAKUB MARECEK, and ROBERT SHORTEN. “Fairness
in Forecasting of Observations of Linear Dynamical Systems”. In:
Journal of Artificial Intelligence Research T6 (2023), pp. 1247-
1280.



192 BIBLIOGRAPHY



Nomenclature

But Taborlin knew the name of all things, and so all things were
his to command. — Patrick Rothfuss, The Name of the Wind.

Symbol

Usage

generic action, a € A

a .
generic number a € R
generic action when a is already in use, b € A, for example in
b Fig. 2.1]
generic number b € R
generic element of B, b € B
c generic cost, ¢ € C, Chap. [6
COSt(TS) cost incurred by a fairness shield on a trace 7 up to a certain time
' s <|7], Eq. Chap‘@
used to denote a generic probability distribution, Sec lﬁ|
d when computing maximally permissive strategies under delay, the
value of the intermediate delay, Sec.[2.3.2] Alg.
used to denote a generic distance function in MDPs, Sec. [2.4]
Chap. [7]
used to denote a generic function f: X — Y
f in classification problems, used to denote an ML-based classifier,
Chap. 6]
used to denote a generic group in group fairness, typically g €
g {a, b}, Chap. @
i,J used as generic counters
& used to indicate the length of a trace in reachability and avoidance
properties in MDPs, Eq.
used as a generic counter
! lower bound on welfare for bounded welfare shields, Sec. 6.4.1.2|7
Chap. 6]
m when computing maximally permissive strategies under delay, the

value of the intermediate memory, m = min(d, ), Alg.

Notation index, lowercase latin alphabet, part 1.
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Symbol  Usage

n used in general to denote lengths of traces or sequences
n in group fairness measures, number of candidates in a tracce of
A group A, Chap. [f]
in group fairness measures, number of candidates in a tracce of
np
group B, Chap. 0]
1 in group fairness measures, number of accepted candidates in a
Uy
tracce of group A, Chap. @l
nl in group fairness measures, number of accepted candidates in a
B

tracce of group B, Chap. [f]

used to denote a generic observation in the reactive decision mak-
ing framework, o € O, Chap.

in fairness shield, the number of counters required by the statistic
p to compute the fairness property, Sec. [6.2.2, Thm. Chap. [6]

a generic radius of a ball, Sec.

" recommendation of the ML-based classifier, Chap. [6]
s generic state of a state set, s € S
used to denote a point or time in the trace in Eq. l§_2]
s 1n1t1al.st.ate of a sa.fe“cy. game, Sec. [2.3}[3.2.1} Chap. 4]
when it is unique, initial state of an MDP, Sec. [2.4]
t used as a generic time or length of a trace
u upper bound on welfare for bounded welfare shields, Sec. 6.4.1.2[,
7777777777777777 Chap. [6]
uk k-th velocity datapoint for reference action «; and reference ve-
©J locity v;, Eq. , Chap.
v used to indicate a generic velocity, Chaps. |4 5 IZI
v(T) value function associated with trace 7, Sec. (6.3} Eq.[6.9]
w sometimes used to refer to a generic word of an alphabet, Sec. lﬂl
. generic element of a set x € X

used to denote a generic input in fairness shields, Chap. H

used to denote a generic action in the action register for safety
Yy games under delay, Sec. [2.3.2] Chap.

in fairness shields indicates the final accept/reject decision of

the shield, y € ), Chap. |§|

Notation index, lowercase latin alphabet, part 2.
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Symbol  Usage
A in group fairness, abstract groups are typically names groups A
and B, used mostly in Chap. [f]
Acc """"" winning condition of a two-player game, given by a set of accepting
traces, Sec.
“Ag agent in the reactive decision making framework, Chap. H
AP set of atomic propositions to label an MDP, Chap. lﬂ
in group fairness, abstract groups are typically names groups A
B .
and B, used mostly in Chap. [f]
B(z) ball of radius r centered at point x, Sec. [2.4]
Beh Set of behaviours of a strategy in a safety game, Eq.
Cyl cylinder set construction, Sec. [2.4.1|
D “down” action in gridworlds, Chap.
r generic cummulative distribution function of a random variable,
Sec.
Fy(s,5)  k-forward multiset of states, Def. |4.1] Chap. 4]
FT set, of feasible traces of length ¢ sampling inputs from distribution
0,m 6 and using shield 7, Sec. [6.2.1} Chap. [0]
discounted return in RL, Sec. |2.4.3|
G random variable representing group membership of a candidate in
fairness classification problems, Sec. Chap. [§]
L “left” action in gridworlds, Chap. @
number of samples used to build the transition probability func-
N . .
tion for the car model in Chap. [f]
N “neutral” or “no operation” action in gridworlds, Chap. @
P set of positions of the ego car, Sec.
set of positions of the environment, either other car or pedestrian,
Fenv Sec. [1.5]
R “right” action in gridworlds, Chap.
R when p is a fairness statistic and 1" is a time horizon, R, 7 is
wT the range of values that p can take on traces of length up to T,
Theorem Chap. [6]
g set of states of a deterministic two-player game, Sec. 13.2.1]
Chap. IZ'
g set of states controlled by the agent of a deterministic two-player
e game, Sec. [3.2.1] Chap.
g set of states controlled by the agent of a deterministic two-player
agx game, plus an extra void state e, used for defining strategies in
delayed games, Sec. [2.3.2] Chap. [4]
g set of states controlled by the environment of a deterministic two-
e player game, Sec. [2.3] [3.2.1} Chap.
Supp(f) support of a function f, Sec. |2_1|

Notation index, uppercase latin alphabet, part 1.
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Symbol Usage

T set of target states in reachability properties, Sec. m
time horizon when computing fairness shields, Chap. [6]

U “up” action in gridworlds, Chap.

%

Vag set of velocities of the ego car, Sec.

Venv set of velocities of the environment’s car, Sec. |4_5|

Val valuation function in a labelled MDP, Val: AP — 2%, Chap. [7|

W winning region of a safety game, Eq. , Chaps.

WFY welfare function of group g € G, Chap. [6|

De used to denote a generic set
used to denote a generic random variable

Notation index, uppercase latin alphabet, part 2.
Symbol  Usage
A Set of actions available to the agent in all formalisms
.A """""" Set of actions of the environment in safety games, Sec. [2.3]
env Eq

B Borel o-algebra, Sec.

D set of probability distributions, given a set X, D(X) is the set of
distributions over X, defined in Sec.[2:2] and used through all the
thesis
generic g-algebra, Sec. lﬁl

F set of safe states of a safety game, Sec. [2.3] Sec.|3.4.1] Sec.|3.4.2]
Chap.
in classification problems, the input is factored as G x F, where G
is the space of the protected features, and F is that of the other
features, Sec.

G game graph of a two-player determinisitc game, Sec. @I, Chap. lﬂ
protected feature (a.k.a. group membership) in fairness for clas-
sification problems, Sec. Chap. []

Gs game graph, emphasizing that the plays are with delay ¢ and the

strategies are allowed a memory p, Sec. 2.3 Chap. [

Notation index, mathcal latin alphabet, part 1.
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Symbol  Usage

generic Boolean formula over the set of atomic propositions asso-
7777777777777777 ciated with the MDP, that defines a potential intention in Chap.
Zs auxiliary set of states used in Alg. |1

Ly auxiliary set of states used in Alg. |1
set of reachable states from sy, Algorithm@
J . - —
generic Boolean formula over the set of atomic propositions asso-
ciated with the MDP, that defines a potential intention in Chap. m
c Loss function of a classification problem, Sec.
7777777777777777 set of correct traces, Chap. [3] Def. [3.9|
r set of correct traces for probabilistic shields in MDPs, where T is
T:Ak a subset of states to reach, A € (0,1) is the safety threshold and
k is the step horizon, Sec. [3.4.3
M used throughout the thesis to indicate a Markovian model, either

a Markov chain or a Markov decision process, depending on the
context
Mear MDP model of the car, Chap. [5|
Mped Markov chain model of the pedestrian, Chap. H
“Big O” notation for stating complexity results
observation space in reactive decision making framework, Chap. H
transition probability function of a Markovian model, either an
MDP or a Markov chain, depending on the context, defined in
Sec. used throughout
R reward function in an RL problem, Sec. |2.4.3|

set of states of a Markovian model, either an MDP or a Markov

S chain, depending on the context, defined in Sec.[2.4] used through-
out
T transition relation of a safety game, Sec. Sec. [3.2.1

7 environment transition function in the reactive decision making
framework, Chap. [3]

X input space in fairness shields, Chap. @

Y

Z

output (or decision) space in fairness shields, || = 2, Chap. @
in classification problems with a protected feature, Z represents
the set of non-protected features, Chap. |§|

Notation index, mathcal latin alphabet, part 2.



198 NOMENCLATURE
Symbol Usage
B Boolean domain, B = {1, T}, sometimes equivalently B = {0, 1},
Sec. 2.1}, Chap. [0]
C Set of costs in Chapter@ It is understood that C is finite.
E Expected value, defined in Sec. [2.2] used throughout Chap. [6]
E[cost: 0, 1] expected cost of a trace of length ¢ produced sampling inputs from

E[cost | 7;0, 7, 1]

0 € D(X) and using the shield 7, Chap. @, Eq. (6.3)

expected cost of a trace of length ¢ produced sampling inputs from
6 € D(X), and using the shield 7 with 7 as a prefix, Chap. |§|,

Eq.

J interference set of a shield, Def. |3.10|, Chap.
N Set of natural numbers, N = {0,1,2,...}
P probability measure in a probability space, Sec.
probability measure over sets of finite traces, Chap. H
M probability measure associated with the Markov chain M, Sec.[2.2
IF’M/IP’ """""""""" probability measure associated with the MDP M and the policy
™ /T m. Whenever M is clear from context, we may drop it from the
77777777777777777777777777777777 notation, Sec. Chap. [5] Chap.
pM probability measure associated with the MDP M and the policy
omax that maximizes a certain property, Chap. [5, Chap. [7]
pM probability measure associated with the MDP M and the policy
min

that minimizes a certain property, Chap. [5} Chap. [7]

probability measure associated with the MDP M and the policy
that maximizes a certain property among policies in the set II,

Chap. [} Chap. [7]

probability measure associated with the MDP M and the policy

P P
m1n|H/ min|II that minimizes a certain property among policies in the set II,
Chap. [5, Chap.
R Set of real numbers.
R>o Set of non-negative real numbers.
Z Set of integer numbers.

Table 1: Notation index, mathbb latin alphabet.
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Symbol

Usage

(07

each of the individual actions in the available set of actions, A =

{a1,...,a,}, Chap.

discount factor in RL, Sec. [2.4.3)

experimental proportionality factor between Axz and wu, Equa-
tion

delay in safety games, Sec. |2.3.2l, Chap. |4

delay in reactive decision making, Sec.[3.2.4] Sec. [3.4.2]

cutoff value of the delay when computing controllability values,

Chap.

thresholds for intention quotient, used in the retrospective method
for assessing intentional behaviour Sec. Def. [7.7]

threshold for agency, Sec. [7.3] Def. [7.7]

thresholds on “belief” and intention quotient to define a notion of
commitment, Def.

representation of a general unobserved state in safety games under

delay, Sec. [2.32

used to indicate a generic small number, Ex. |4.2

€ = (€k+1,-.-,Em) indicates, for each integral variable, the range
of variation to consider counterfactuals valid when generating
counterfactuals on a factored MDP, Sec. [7.3.3.2

distance between two traces to consider a counterfactual valid,

Sec.[7.3.3.3

probability distribution of the input in classification problems,

0 € D(X), Sec. Chap. [6]

distribution of initial states of an MDP, Sec.

threshold on the fairness metric, as part of the specification of

fairness shields, Chap. @, Eq. (6.5)

safety threshold in probabilistic shields, Sec.[3.4.3] Chap. [j|

parameter that regulates fairness interventions in different in-
processing fairness algorithms, Sec.[6.5.1

generic probability measure, Sec. |2.2|

memory in a strategy for a safety game with delay, Sec. |2.3.2]
Chap.

statistic that maps a trace to the relevant counters used to com-
pute a fairness property, defined in Sec. used throughout
Chap. Iﬁl

multiplier to convert positions between local-continuous and local-
discrete coordinates, Chap.

multiplier to convert velocities between local-continuous and local-
discrete coordinates, Chap.

used as a counter in the proof of Thm. (3.3

a generic strategy in a safety game, Sec. 2.3|, Chap.

sometimes, when clear from context, especially in Chap. |4] & de-
notes the maximally permissive winning strategy

maximally permissive winning strategy of a safety game, Eq. (2.4))

in Chap. [4] to specify that the strategy works with delay ¢ and
memory [

policy in an MDP, Sec. Sec. [2.4.3 Chap.

agent policy function, Chap. [3] Sometimes 7 is used to refer to
the agent Ag = (O, A, ) following 7

Notation index, lowercase greek alphabet, part 1.
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Symbol  Usage

elements of a word, Sec. |ﬂ|
generic action in a safety game, usually to denote actions of the
action memory, Sec. Sec. [3.2.1] Sec.[3.4.2] Chap.
7777777777777777 agency of a state or a set of states, Chap
T action memory or register, @ = (o1, ...,0,), Chap.

parameter of the model of the pedestrian in Chap. |5 indicating

Tped how volatile is their behaviour
trace (a.k.a. path) in a safety game, Sec. [2.3] Sec.[3.2.1] Chap. |4
T trace i(n reactive d)ecision making, T € (O )*, C|hap.l7@
trace of a fairness shield, 7 € (X x ))*, Chap. [f]
trace of states of the MDP, Chap. [7]
KV action trace, 74 € A*, Chap. 3
0 observation trace, 7o € O*, Chap. B|
7_ """""" reference trace in the retrospective method to analyze intention,
ref Sec. [7.3] Sec. [7.4]
fitness function, Chap.
© fairness metric, Chap. [6]
a generic reachability property, Chap. [7|
Qe controllability fitness function, Sec. 4.3} Chap. 4]
o robustness fitness function, Sec. |4.3] Chap. 4]
X a deterministic winning strategy, usually to build a post-shield,
Sec. [3.4.1} Sec.[3.4.2} Chap []
w sample of a probability space w € Q, Sec. Sec.

finite trace prefix in the cylinder set construction, Sec. |2.4.1|
used to denote infinite repetitions, e.g., X“ is the set of infinite
sequences of elements in X

Notation index, lowercase greek alphabet, part 2.
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Symbol  Usage
A increment of a variable, e.g., At, Sec. m Chap. |3|
(C) distribution of input O € D(O), Sec.[3.2.3|
Subset of available policies when computing maximum and mini-
I mum reachability properties in MDPs, Sec. 2.4.2, Chap.[7]
Set of agents to which a shield is restricted to work with, Chap. B|
set of all fairness shields, Chap. H
It set of all fairness shields with bounded horizon ¢
leair set of fair shields for a given specification, Chap. [6]
... set of all periodic fair shields for a given specification, Chap [6}
,,,,, e g
set of all fair shields with respect to a bounded welfare specifica-
s tion, Chap. [6]
) p'
Mlfairayn  set of all dynamic fair shields for a given specification, Chap. 6]
II(G) set of plays in a deterministic two player game G, Sec. [2.3
Ty (s) set of paths or traces in a safety game starting from s that end
outside of the winning region in exactly § 4+ k transitions, in the
proof of Thm.
> generic alph@bet, .Sec. .
subset of actions in a safety game, ¥ € 2%, Sec. @I
o set of shields associated with a set of agents II, Chap. [3, Eq.
Q sample set of a measurable space or a probability space, Sec. |ﬁ|
QM """"" sample space of the probability measure associated with an MDP
™ M and a policy , Sec.
O Ag set of all observation-action traces associated with an environment
& and an agent Ag, Sec.
OF A9 set of all observation-action traces of length k associated with an
E

environment & and an agent Ag, Sec.

Notation index, uppercase greek alphabet.
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Symbol Usage
U Shield, Chap. [3|
""" re  preshield induced by an agent Ag, defined to follow the actions
Ag of the agent, Def. Chap.
0s post-shield induced by an agent Ag and a determinization of the
Ag,Agae, agent, Ag,.,, Def. [3.6] Chap. [3]
1 Indicator function, for subset set X C X, 1x: X — {0,1} is
defined as Iy (z) = Lif z € X, and 1x(z) = 0if ¢ X, Sec. 2.1]
9X when X is a set, 2% denotes the power set of X, that is, the set
of subsets of X, Sec.
FOX), F-1(Y) when f: X — Y is,a funct.ion and X C X, f(X) is the image set
’ of X; for Y C Y, f~1(Y) is the antiimage set, Sec. Iﬂ
>, K much greater / much smaller than, Sec. Sec. [6.2.1]

floor of a, i.e., the greatest integer that is smaller or equal to a,
Sec.

ceiling of a, i.e., the smallest integer that is greater or equal to a,

Sec.

rounded of a, i.e., the closest integer to a, and the ceiling of a if
a is equidistant to |a| and [a], Sec.

|al when a is a number, |a| denotes the absolute value of a
ol when v is a vector, |v] denotes the magnitude of the vector
|7—| """"""""""" when 7 is a word, a trace, or a sequence of some kind, [7] denotes
its length
|X| """""""""" when X is a set, |X| denotes the cardinality of the set, i.e., the
number of elements
in safety games, when s € Se,, and s’ € Sgq, we use s N
2 to denote that there is an environment transition from s to s,
without specifying an action of the environment; where u stands
for “undefined”, Sec. [3.2.1] Chap.
0 the empty set

Notation index, special symbols.
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