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Abstract

Responsibility is at the heart of accountable multi-agent decision-making. With

increasing autonomy and complexity in AI, there is a need for frameworks that connect

reasoning with explanations grounded in what actually produced an outcome and who

caused it (causal responsibility), as well as what could have prevented it (strategic

responsibility).

I develop a unifying treatment of responsibility within a synchronous game-theoretic

setting based on situation calculus synchronous game structures (SCSGS), where

multiple agents may act concurrently. My first contribution is an account of ac-

tual causation based on joint moves, where a strict minimality condition prevents

over-determination while being immune to preemption. This proposal resolves long-

standing issues by capturing actual causation in more realistic concurrent domains.

On top of this causal layer, I formalize various responsibility notions. The active

and passive strategic notions evaluate whether an agent ensured or could have pre-

vented the outcome with available strategies, respectively; the causal notion, which is

novel to this thesis, states whether the agent’s contribution was necessary according

to some minimal causal chain. I show that these notions are extensionally distinct
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and introduce a combined attribution that considers both strategic intent and causal

contribution. I study some interesting properties of responsibility, including their

persistence. I then consider a formal example to analyze group responsibility.

Keywords: Actual Causality; Strategic responsibility; Causal Responsibility; Rea-

soning about actions; Situation Calculus Synchronous Game Structures (SCSGS);

Concurrent Multi-Agent Systems; Logic; Knowledge Representation;
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Chapter 1

Introduction

1.1 Background

As modern AI systems grow in autonomy and complexity, there is a growing need

for them to address issues in AI ethics. Responsibility is a central idea behind multi-

agent, accountable decision-making. Causation and responsibility are closely related

concepts. Actual causality asks what brought about an observed outcome in a given

scenario and involves identifying the precise actions/events that caused the observed

effect, given the history of actions/events (i.e., the scenario). It is different from

General Causality, which studies the general causal relationship between events. For

example, it is perceived that generally smoking is a cause of lung cancer, and lung

cancer is, in general, a cause of death. This is very different from studying whether a

particular accident was the cause of John’s paralysis, which is actual causality. Work

on responsibility involves determining who should be held accountable for a given

outcome, either due to something they did or for not behaving in certain ways.
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1.2 Motivation and Specific Problem

Pearl [1] was the first to advance a computational framework for actual causation.

Based on Pearl’s work, Halpern and Pearl [2, 3] and others [4] later developed this

further. These proposals, which are founded on structural equation models, were crit-

icized for having expressive limitations [5]. These also fail to handle some examples.

To deal with this, researchers have recently worked on formalizing actual causes in

formal action-theoretic frameworks, in particular in the situation calculus [6]. How-

ever, a major limitation of these proposals is that they take the scenario to be a

sequence of actions. In other words, while these accommodate actions by multiple

agents, these actions can only occur in a turn-taking fashion, and concurrent actions

by different agents are not allowed.

Independently, there has been much work on responsibility to address accountabil-

ity in AI, including strategic responsibility [7]. However, most of these are limited to

single agents; also, the connection between actual causality and responsibility remains

largely unexplored. In particular, to the best of my knowledge, no computational

study of responsibility due to actual causal contribution has yet been developed.

1.3 Contributions

In a direct response to the challenges presented above, in this thesis, I define a

formal model of actual causation within situation calculus concurrent game structures,

a game theoretic logic framework that allows concurrent moves by multiple agents.

2



Based on this, I propose two novel notions of responsibility by accommodating a

causal perspective. The contributions of this thesis are outlined below.

1. Accommodation of concurrent scenarios:

My proposal extends previous approaches to actual causation in the situation

calculus by modeling scenarios with concurrent actions. In my framework, at

every step, each agent synchronously and concurrently makes a move, and the

situation/state is updated based on their joint moves. In this framework, I

first show how one can identify which joint moves caused the observed effect.

I organize these causes in a causal chain. As we will see, in a synchronous

concurrent game theoretic setting, it is possible for such a causal chain to include

multiple independent sets of causes, each of which is sufficient to bring about

the effect. I show how one can untangle the causal chain and extract these sets.

2. Systematic Analysis of Causal and Strategic Responsibility:

Secondly, I extend previous proposals of strategic responsibility that were de-

fined for single agents to allow for coalitions of agents. In particular, I define

both active and passive notions of responsibility. The former pertains to an

agent ensuring some state of affairs occurs through their actions, while the latter

involves the agent’s failure to prevent that effect from occurring [7]. Following

[8], I also define two variants of passive responsibility, based on whether the rea-

soning occurs before or after the outcome. Passive responsibility anticipation

3



is a future-looking or ex-ante notion and involves determining whether a cer-

tain choice would incur some responsibility. Passive responsibility attribution,

on the other hand, is a retrospective or ex-post notion, which involves assign-

ing responsibility after the choices have been made. Once again, my proposal

can handle a coalition of agents, not just a single agent. Based on my notion

of actual cause in situation calculus synchronous game structures, I define a

new notion of causal responsibility, which, just like actual causation, is also an

ex-post notion. I also propose a combined notion of causal and strategic respon-

sibility. I show that causal, strategic, and combined notions of responsibility

are extensionally distinct.

3. Properties of Actual Cause and Causal Responsibility:

I prove a general property, showing that my definition of actual cause does not

suffer from overdetermination, which happens when a subset of the identified

causes would have been sufficient to bring about the effect. Finally, I also show

that my causes do not suffer from the preemption problem, which happens when

two competing events try to achieve the same effect, and the latter of these fails

to do so, as the earlier one has already achieved the effect.

On the responsibility side, I investigate the relationship between various notions

of responsibility. I also study temporal consistency between ex-ante and ex-post

notions of responsibility and list the conditions for the persistence of passive as

well as combined responsibility.
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4. Formal Examples:

Aside from the novel theoretical framework, the thesis includes some formal

examples based on the famous bottle example [4], which provide intuitive jus-

tification of my definition of actual cause and show that the account is indeed

free of common problems such as preemption and over-determination.

I also formalize an attempted murder scenario and illustrate multi-agent strate-

gic responsibility in it. Furthermore, using this example, I show that strategic

notions of responsibility cannot be used to capture all the subtleties of the

domain, and causal and combined notions of responsibility indeed enrich the

analysis.

1.4 Organization

The rest of this manuscript-style thesis is organized as follows.

• Chapter 2 – Literature Review.

In this chapter, I present an overview of existing approaches to actual causa-

tion. The survey includes discussion on classical counterfactual methods [9,

2], structural-equation-based causal models [10, 3], and early action-theoretic

frameworks [6, 11], with a specific focus on their limitations. In particular, I

show that these formalizations have limited expressivity and cannot handle con-

current, multi-agent environments properly. Further, a survey of previous work

on strategic responsibility and causal responsibility is also provided, outlining

5



the current landscape.

• Chapter 3 – Foundations.

This chapter introduces the basic formal framework within which I develop the

thesis. It details situation calculus, a second-order logic to reason about actions

and dynamic domains, and discusses previous work on encoding a first-order

variant of concurrent game structures within the situation calculus. It also

details earlier attempts to define actual achievement causes in the situation

calculus.

• Chapter 4 – On the Semantics of Actual Causality in situation calculus concur-

rent game structures.

After defining the formal definitions, this chapter goes on to explain the defi-

nition and examination of refined causes and causal chains within synchronous

game structures. Specific examples are provided to highlight how the approach

can state all the different complete chains of causes and determine the minimal

sets of moves that are necessary in each chain. Counterfactual analysis and

being immune to over-determination and preemption are highlighted in order

to illustrate the importance of the approach in multi-agent environments.

• Chapter 5 – Causal, Strategic, and Combined Responsibility Attribution in

situation calculus concurrent game structures.

In this chapter, I extend the framework developed in Chapter 4 to formalize
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responsibility attribution in concurrent multi-agent settings. The discussion

unifies causal and strategic perspectives on responsibility within the situation

calculus synchronous game structures (SCSGS). I first define an account of

actual causation in SCSGS that handles preemption and over-determination

correctly, forming the causal basis for responsibility. Building on this, I in-

troduce and compare distinct notions of responsibility—causal, strategic, and

combined—showing that each captures a different mode of accountability in syn-

chronous domains. The chapter also establishes key formal properties of these

notions, including their persistence and mutual distinctness. Through formal

examples, I demonstrate how causal reasoning complements strategic reasoning

to yield a more complete understanding of multi-agent responsibility. Finally, I

discuss the implications of this framework for explainability and accountability

in autonomous systems and related domains.

• Discussion and Conclusion

Finally, in this chapter, I summarize my contributions and point out the lim-

itations of the proposal. I conclude the thesis by identifying potential future

research directions.
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Chapter 2

Literature Review

2.1 Introduction

This chapter surveys the main lines of work that are relevant to this thesis. I

first review previous proposals on actual causality, beginning with Pearl’s structural-

equations model-based causal framework and its counterfactual foundations [10] , and

then consider Halpern and Pearl’s refinements that address preemption and over-

determination [2]. These models provide the baseline for identifying minimal causes

but remain limited in expressivity. I then discuss extensions that try to address some

of the restrictions of causal models. After that, I briefly point out recent work on

formalization of actual causality in action-theoretic domains.

Next, I turn to research on responsibility. Chockler and Halpern [12] propose

a structural-model account of responsibility and blame based on degrees of causal

contribution. Subsequent work studies responsibility attribution in Seeing to it that

(STIT) logics [13, 14]. More recent work consider temporal logics and planning,
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introducing ex-ante and ex post notions of responsibility anticipation and attribution.

Together, these reviews highlight both the strengths and the gaps of existing

accounts of causality and responsibility. In the next chapter, I will give more details

on some of these to establish the foundation upon which I develop my own framework

of actual cause and responsibility in situation calculus concurrent game structures.

2.2 Causality

Pearl, the Structural Model Approach Pearl’s causal model [10, 2] provides

one of the most influential formalizations of causality. In this setting, the world is

represented by a collection of structural equations. Variables are either exogenous,

determined outside the model, or endogenous, whose values are specified within the

model. Causal dependence is evaluated counterfactually: if changing X in the model

would alter the value of Y , then X is considered a cause of Y . This captures the

intuition of asking, “what would happen if X were different?”

David Hume’s notion of constant conjunction holds that causation is nothing

more than regularly repeated instance-pairs of a cause and effect—whenever the first

occurs, the second follows. [15, 16] Pearl’s counterfactual framework can be seen

as a formal development of this idea: rather than simply observing an association,

one asks whether φ would still hold were X⃗ forced to differ—thus restoring Hume’s

empirical insight into a more powerful structural-causal treatment.

Counterfactual reasoning remains central to contemporary accounts of causality.
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Before introducing these, it is useful to recall how counterfactual causation is tradi-

tionally formalized in the structural-causal models of Halpern and Pearl [2, 3].

Causal Models A causal model is given by M = ⟨S,F⟩, where

• S = ⟨U, V,R⟩ is a signature, consisting of a finite set U of exogenous variables,

a finite set V of endogenous variables, and a mapping R assigning each variable

X ∈ U ∪ V its range of values R(X).

• F assigns a structural equation to each X ∈ V , written X := fX(U⃗ , V⃗ ), which

determines the value of X.

The “But-For” Counterfactual Test. An early and widely used notion of causal-

ity is the but-for test, which Hume discussed [15], originating in philosophy. In-

tuitively, X⃗ = x⃗ is a cause of φ if φ is true in the actual model, but would not

hold had X⃗ been set differently. In the structural-equations account, a causal model

M = ⟨S,F⟩ is evaluated at a context u⃗ (an assignment to the exogenous variables).

A formula φ denotes an event about endogenous variables, typically a Boolean con-

dition such as a fluent (or a conjunction of fluents) being true in the solution induced

by (M, u⃗) [10, 2, 3]. An intervention on variables X⃗ to values x⃗′, written ⟨⟨X⃗← x⃗′⟩⟩,

replaces the structural equations for X⃗ by constants x⃗′, yielding the intervened model

in which all other equations are solved while holding X⃗ = x⃗′ fixed [10, 2]. Thus, the

10



standard “but-for” counterfactual test is expressed as

(M, u⃗) |= φ and (M, u⃗) |= ⟨⟨X⃗← x⃗′⟩⟩¬φ

However, for some alternative x⃗′ ̸= x⃗. While intuitive, this definition breaks down in

cases of preemption and over-determination.

Preemption. Preemption arises when an action masks the causal role of another

by occurring earlier. In the well-known bottle example [3, 17], both agents throw

stones, but Suzy’s reaches the bottle first. Under simple but-for analysis, neither

throw qualifies as a cause, since removing one still leaves the other.

Over-Determination. Over-determination occurs when multiple independent ac-

tions are each sufficient to produce the effect. For example, in a voting scenario [3]

where more than half of the votes are required to win the ballot, if eleven agents cast

their votes and eight supported Suzy, a naive account might identify all eight votes as

causes of Suzy winning the ballot. In fact, only six would have been sufficient. The

Halpern–Pearl framework [2, 18, 3] handles this by selecting any minimal subset of

six, while treating the rest as redundant under the contingency set W⃗ , as discussed

below.

11



Halpern and Pearl’s Refinements Halpern and Pearl refined Pearl’s definition

to address such problematic cases [3]. Justified using a handful of examples 1, their

frameworks capture actual causes even in examples involving preemption or over-

determination. A classic case is the bottle example, where two agents, Suzy and

Billy, throw stones, but only one shatters the bottle. Halpern and Pearl’s definition

correctly identifies Suzy’s throw as the actual cause, while excluding Billy’s preempted

action [18, 3], although using flawed reasoning; see [20]. In the following, I will give

their definition.

Actual Cause. Given a causal setting (M, u⃗), a candidate event X⃗ = x⃗, and

outcome φ, X⃗ = x⃗ is an actual cause of φ if the following conditions hold based on

Halpern and Pearl’s framework [2, 3].

AC1 (Actuality) (M, u⃗) |= (X⃗ = x⃗)∧φ, which states the candidate event X⃗ = x⃗ and

the outcome φ both hold in the actual causal setting (M, u⃗).

AC2 (Counterfactual Dependence under Contingencies) There exists a partition of

the endogenous variables into Z⃗ and W⃗ , with X⃗ ⊆ Z⃗, and there exist alternative

values x⃗′ and settings w⃗ such that when X⃗ is set to x⃗′ and W⃗ is set to w⃗, φ

becomes false; moreover, when X⃗ is held at its actual value and any subset of

W⃗ is set to w⃗, φ remains true.

AC3 (Minimality) The conjunction X⃗ = x⃗ is minimal: no strict subset of X⃗ satisfies

1Such example-driven development has proven to be susceptible to counter-examples [19]. In
fact, Halpern and Pearl proposed at least three definitions, each successive one to rule out newly
identified counter-examples. Here, I will discuss the latest ”modified” definition.

12



both AC1 and AC2.

Here, φ denotes the outcome of interest (typically a fluent or conjunction of fluents

that holds in the actual scenario) and thus represents what one seeks to explain as

resulting from the causal process.

In the bottle example, the above conditions AC1–AC3 capture Suzy’s throw as

the actual cause by considering the contingency W⃗ = {BT} with BT←0, reflecting

that Suzy’s action preempted Billy’s.

Despite this, the Halpern-Pearl proposal suffers from expressive limitations. For

instance, one cannot distinguish the occurrence of an event from its effects. There

is no notion of event ordering or concurrency; all events are simply assumed to have

happened.2 Again, all events are considered to be independent. Finally, as argued in

[20], the formalization forces one to reason about impossible worlds (e.g., one where

Billy threw but the stone did not hit the bottle, despite having the assumption of a

perfect throw!).

To deal with these issues, others have recently expanded Halpern–Pearl’s account

with additional features, such as temporal aspect [21] continuous variables [22], and

general notions of counterfactuals that are non-interventionist in nature [23].

Besides the structural-equations models-based accounts, there has also been work

on actual causation in other frameworks, for example, in formal action-theories using

2Indeed, it is not clear how one can even model the fact that Suzy’s throw was performed before
Billy’s.
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the notions of counterfactual dependence and production [20, 24], in the situation cal-

culus using first-principles reasoning [6]; in propositional non-monotonic logic frame-

works [25, 26] and from non-counterfactual “regularity” perspectives, such as [27]. Of

particular interest is the recent action-theoretic definition of actual cause proposed

by Batusov, Soutchanski [6]. This account has been extended to address knowledge

of causes and their dynamics [28], as well as the causes of intentions [29], which has

proven useful in explaining agent behavior. This work has also been extended to

deal with non-deterministic domains [30, 31]. Since I will use this theory as my base

framework, I will discuss this in detail in the next chapter.

2.3 Causal Responsibility

Independently, researchers have also investigated how to attribute responsibility

when an agent either brings about an effect or fails to prevent it. Chockler and

Halpern introduced a causal-model account of responsibility and blame [12]. In

their framework, the degree of responsibility depends on how many changes are re-

quired to make an agent’s action necessary for the outcome. For example, if Suzy’s

throw alone shatters the bottle, her responsibility is maximal. If many agents throw

stones, responsibility is distributed, since removing one action does not alter the out-

come. Blame is then defined as responsibility combined with the agent’s epistemic

state, linking causal models with reasoning about knowledge.

Formally, given a causal model M and context u⃗, the degree of responsibility of a
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setting X⃗= x⃗ for an outcome φ is defined as:

Resp(M,u⃗)(X⃗= x⃗, φ) =
1

k + 1
,

where k is the minimal number of additional variables that must be fixed so that

changing X⃗ changes the truth of φ. If X⃗ = x⃗ is not an actual cause, the degree of

responsibility is 0. An exclusive cause arises when no further variables must be fixed,

yielding responsibility of 1.

This account focuses primarily on distributing responsibility among causes by

degree. In contrast, my thesis emphasizes the definition of responsibility itself rather

than its degree, since causal contribution is not the only form of responsibility that

matters in multi-agent systems.

2.4 Strategic Responsibility

An alternative line of work employs STIT logic (Seeing To It That) to analyse

responsibility [32, 33, 34]. In this tradition, the primary focus is on what is often

called active responsibility. Intuitively, an agent is actively responsible for an event

when the agent has a choice among available actions and deliberately selects one that

ensures the event takes place. The STIT logic lineage begins with the pioneering work

of Belnap, Perloff, and Xu on “achievement” STIT, where agency is captured within

branching-time models of choice [35]. In this framework, responsibility is expressed

through statements of the form “the agent sees to it that φ,” linking responsibility

15



directly to strategic control over outcomes.

The STIT framework provides a rich formal tool for connecting deliberation,

choice, and counterfactual dependence, which means that if the agent had chosen

differently, the outcome would have been different. Extensions of STIT incorporate

notions of causal refinement [14, 36], highlighting that responsibility in multi-agent

settings can involve considerations of fairness and collective accountability. In this

sense, active responsibility is tied to the agent’s ability to ensure φ through a suitable

strategy.

By contrast, passive responsibility (also called counterfactual responsibility) con-

cerns cases where an agent is responsible because they failed to prevent an outcome.

This notion is rooted in Frankfurt’s principle of alternative possibilities [37]: an agent

is responsible for an outcome if the agent had the ability to avoid it but did not. Pas-

sive responsibility is therefore attributed not on the basis of producing the effect, but

on the ability to avoid it in the relevant counterfactual sense.

Responsibility in Multi-Agent Strategic Settings. In concurrent multi-agent

domains, responsibility must account for strategies. Yazdanpanah, Dastani, Alechina,

and Logan [7] formalize group responsibility based on the strategic ability of coalitions

to guarantee outcomes: a coalition C is responsible for φ if it possesses a strategy that

ensures φ regardless of how the remaining agents behave. Building on this view, De

Giacomo et al. [8] refine responsibility into active, weak-passive, and strong-passive

variants; these distinctions will be used later in this thesis.
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In situation calculus concurrent game structures (SCSGSs), responsibility is cap-

tured operationally through a coalition’s ability to enforce or prevent outcomes across

all possible continuations of play. Informally, a coalition C can force φ from situation

s if every path consistent with its strategy makes φ true.

Forward (Anticipatory) vs. Backward (Attributive) Responsibility. Re-

cent work further distinguishes between responsibility anticipation and responsibility

attribution.

• Anticipatory (Forward) Responsibility evaluates responsibility before ex-

ecution, at planning time: an agent is forward-responsible if, from the current

situation, it is strategically committed to an outcome across all possible fu-

ture continuations. Parker, Grandi, and Lorini formalize such anticipation in

multi-agent planning and LTLf settings [38, 8].

• Attributive (Backward) Responsibility evaluates responsibility after exe-

cution, given the actual course of events. Here, the question becomes whether

the agent (or coalition) could have prevented the outcome by deviating at some

earlier point [39, 7, 40].

Anticipation underpins attribution, meaning that if an agent knowingly proceeds into

a state where it anticipates responsibility, then, after the outcome occurs, responsi-

bility can be attributed to that agent [38, 8]. In chapter 5, I integrate these strategic,

active, and passive responsibility models within situation calculus concurrent game
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structures, and connect them to the causal framework developed in Chapter 3.4. This

allows both forward-looking reasoning about who will be responsible and backward-

looking reasoning about who is responsible in actual causal contribution.

2.5 Conclusion

In this chapter, I briefly reviewed the strands of work that are indirectly related

to this thesis. On actual causality, I surveyed Pearl’s causal model framework and

its counterfactual basis, together with Halpern and Pearl’s refinements that address

preemption and over-determination [10, 2, 3]. These accounts provide principled

criteria for identifying actual causes, but they are severely limited in expressivity. I

also outlined other related work on the actual cause.

On responsibility, I examined causal definitions of responsibility and blame that

quantify degrees of causal contribution [12], and strategic perspectives [32, 33, 34],

that distinguish active and passive as well as ex-post attribution from ex-ante antici-

pation [8, 38]. Together, these frameworks clarify how accountability can be assigned,

yet they do not fully capture responsibility in concurrent multi-agent settings or its

interaction with actual causation. As mentioned in the next chapter, I give details of

some of these accounts that form the foundations of my proposal.
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Chapter 3

Foundations

3.1 Introduction

In this chapter, I present the foundations for the rest of my thesis. In particular,

I begin by detailing the situation calculus, introduced by McCarthy and Hayes [41],

a language for representing and reasoning about dynamic domains. I then introduce

the situation calculus synchronous game structures (SCSGS) [42] in which, at each

timestamp, multiple agents can make concurrent moves. Finally, I discuss previous

work on actual causality within the situation calculus, outlining epistemic formula,

defining direct and indirect causes, and addressing preemption [9].

3.2 Situation Calculus

I briefly recall core notions of the Situation Calculus, a sorted (mostly) first-

order language for representing and reasoning about dynamic domains [43]. In this

language, there are three sorts, situations, actions and a generic object sort. Situations
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are first-order terms and denote histories of action. There is a distinguished initial

situation S0, representing the empty sequence of actions. Performing action a in

situation s yields do(a, s). Here, do(a, s) is a special function capturing the successor

situation to s after a has been performed. For example, executing a1 then a2 in S0

yield the situation do(a2, do(a1, S0)). Actions are also terms that evolve situations;

For example, drop(r , b) might be used to represent the robot r’s action of dropping

block b.Fluents describe situation-dependent properties and take a situation as their

last argument. For instance, Broken(b, do(drop(r,b), S0)) means that block b is

broken after the robot r has dropped it in situation S0. Fluents can be relational

or functional. A reserved predicate Poss(a, s) is used to represent that action a is

physically executable in situation s. s ⊏ s′ means that situation s’ can be reached

from situation s by performing one or more actions. s ⊑ s′ is an abbreviation of

s ⊏ s′ ∨ s = s′. s < s′ means s ⊏ s′ ∧ Executable(s ′), where Executable(s ′) means all

actions in the history of s′ was possible when they were executed. s ≤ s′ is defined

as s < s′ ∨ s = s′.

In the situation calculus, the dynamics of the domain are specified using a basic

action theory (BAT) [43], which has the following components.
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1. Foundational Axioms: These uniquely characterize the structure of situations,

the precedence operator ⊏, and specify that do is injective:

do(a1, s1) = do(a2, s2)→ a1 = a2 ∧ s1 = s2,

∀P.P (S0) ∧ ∀a, s.(P (s) ⊃ P (do(a, s))) ⊃ ∀s.P (s),

¬s ⊏ S0,

s ⊏ do(a, s′) ≡ s ⊑ s′.

2. Action Precondition Axioms: There is also an action-precondition axiom for

each action to state when actions are executable:

Poss(a, s) ≡ φa(s).

Here φa(s) is a formula that is uniform in s, meaning that it has no occurrence of

Poss, ⊏, or other situation terms besides s, and does not quantify over situations. For

instance, Poss(throw(agt,x),s) ≡ Holding(agt,x,s) says that the action throw(agt , x ),

i.e., an agent agt throws an object x, is possible in situation s if and only if agt is

already holding x in situation s.

3. Successor State Axioms (SSA): These are given one per fluent and specify

exactly when the fluent changes value after an action has been performed:

F (x̄, do(a, s)) ⇐⇒ γ+
F (x̄, a, s) ∨

(
F (x̄, s) ∧ ¬γ−

F (x̄, a, s)
)
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where γ+
F captures the conditions under which F becomes true and γ−

F those under

which it becomes false. Assume the fluent Broken(x , s), illustrating that the object

x is broken at situation s. Two actions affect this fluent: drop(agt , x ), which means

the agent agt drops the object x, and repair(agt , x ), which stands for the action of

repairing the object x by the agent agt . The successor-state axiom for this fluent is

as follows:

Broken(x, do(a, s)) ≡ (a = drop(agt, x) ∧ Fragile(x, s)) ∨

(Broken(x , s) ∧ a ̸= repair(agt, s))

The above axiom states that object x, is broken in the situation that results from

performing action a in situation s, if and only if action a is agt dropping x and x is

fragile, or the object was already broken in situation s and the agent did not perform

the action of repairing it. Here, the fluent Fragile(x , s) states that x is fragile in

situation s.

4. Unique Names Axioms for Actions: These state that distinct action symbols

denote distinct actions, ensuring unambiguous reference. These can be automatically

generated. For instance, pickup and drop actions are two different actions as stated

in the following:

pickup(agt , s) ̸= drop(agt ′, s ′)
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And two pickup actions are not the same if they do not involve the same agent or the

same object:

pickup(agt , s) = pickup(agt ′, s ′) ⊃ (agt = agt ′ ∧ s = s′)

5. Initial State Axioms: Assertions about fluents at S0 encode the initial state of

the domain. For example DS0 ⊃ ¬Broken(x , S0 ) means that object x is not broken in

the initial situation. Note that the initial situation need not be completely specified,

allowing us to capture incomplete knowledge.

Together, these axioms provide a complete description of how fluents evolve across

situations, enabling us to determine whether a property holds after the execution of

a sequence of actions. This is a central reasoning task in the situation known as

the projection problem. Rather than unfolding situations into long action sequences,

this reasoning is supported by regression [43]. Regression systematically rewrites a

formula referring to a future situation do(α, s) back into an equivalent formula about

the earlier situation s, using the successor state axioms to eliminate occurrences of

fluents at later situations. In doing so, all reference to do is removed, yielding a

formula that concerns only the initial situation S0. Thus, proving whether a property

holds after executing a complex action sequence reduces to checking a first-order

entailment at S0. This avoids the need for second-order frame axioms and provides a

tractable, uniform method for reasoning about dynamic change.
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3.3 Situation Calculus Concurrent Game Structures (SC-

SGS)

The standard situation calculus does not allow concurrent action occurrence. One

can thus only model turn-taking multi-agent systems there in. Many domains, how-

ever, feature agents that act synchronously. I adopt situation calculus concurrent

game structures (SCSGS) [42], which is a first-order extension of concurrent game

structures used with logics such as alternating time temporal logic (ATL*). In addi-

tion, SCSGS uses an action theory to specify how the agent moves make the fluents

change and address the frame problem. It extends the situation calculus so that,

at each timestamp, each of the n fixed agents performs a move, which jointly forms

a single action. In SCSGS, situations result from these joint moves. Fluents also

depend on joint moves, and successor-state axioms are stated accordingly.

To support this, SCSGS introduces an explicit subsort of agents (a finite set

Ag1, . . . , Agn). Each agent is denoted by a distinct constant, with unique-names

axioms agi ̸= agj for i ̸= j, and a domain-closure axiom stating that agent(x) holds

if and only if x is one of these constants, i.e., agent(x) ≡ (x = ag1 ∨ · · · ∨ x = agn).

Another subsort of object called moves is used to denote agent moves. For this, I

will use the function symbols Mi(x⃗) over objects x⃗:

Move(m) ≡
∨
i

∃x⃗. m = Mi(x⃗).
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Each agent may have many available moves in a given situation. Unique-names and

domain-closure axioms ensure the distinctness of these moves.

Mi(x⃗) ̸= Mj(y⃗) for i ̸= j,

Mi(x⃗) = Mi(y⃗) ⊃ x⃗ = y⃗.

At each timestamp there is exactly one joint action, the concurrent execution of

one move per agent, written tick(m1, . . . ,mn), where n is the fixed number of agents

and each mi is a move by agent i.

Legal moves. For each agent, availability of moves is specified using LegalM . For

agent Ag i and move Mi:

LegalM (Agi,Mi(x⃗), s)
def
= ΦAgi,Mi

(x⃗, s),

i.e., Agi is legally allowed to perform Mi(x⃗) in s iff the uniform formula ΦAgi,Mi
(x⃗, s)

holds.

Besides legality of moves, SCSGS also defines preconditions of tick actions:

Poss(tick(m1, . . . ,mn), s) ≡ ∧i=1,...,nLegalM (Agi,mi, s).

Again, successor-state axioms are specified for each fluent. Finally, I also need to

specify what is true initially in S0.
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In the next chapter, I develop a formalization of actual cause in SCSGS. But

before that, let me briefly go over previous work on actual cause in the situation

calculus.

3.4 Actual Causality in Situation Calculus

Actual Causality Batusov and Soutchanski [6] recently proposed a formalization

of actual causality in the situation calculus. In their meta-theoretic formalization,

they only considered sequences of actions as scenarios. They proposed a definition of

achievement cause, where the effect was false initially, but became true afterwards,

and one tries to figure out the actions that were responsible for achieving the effect;

And a definition of maintenance cause, where the effect is considered to be true before

and after the sequence of actions in the scenario occurred, and the goal is to determine

what ”maintained” it.

Khan and Lespérance [44] recently redirected Butusov and Soutchanski’s proposal

of achievement cause to embed it within the language of situation calculus and to

study epistemics of causation and its dynamics. In the following, I describe the

formalism, which I adopt in later chapters.

In this framework, causes are computed relative to a causal setting.

Definition 3.4.1 (Causal Setting). A causal setting C is a tuple ⟨D, σ, φ⟩, where D

is a basic action theory (BAT), σ is an executable situation, called the scenario, and

φ is a situation-suppressed formula that is uniform in s, representing the effect that
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was observed after the actions in the scenario have been performed.

In the situation calculus, all effects are the result of named actions. Thus, causes

of φ are actions from the scenario. To distinguish between multiple occurrences of the

same action within a scenario, Khan and Lesperance used a notion of the timestamp

of an action occurrence, which I also adopt

Definition 3.4.2 (Timestamp of a Situation). Given a situation σ, I define a function

timeStamp(σ) as:

timeStamp(S0) = 0,

∀a, s.timeStamp(do(a, s)) = timeStamp(s) + 1.

This assigns a unique timestamp to each action occurrence within a scenario [3].

Note that one can also use the situation calculus where the action occurred for this

purpose, but timestamps are more convenient in the context of causal knowledge and

its possible worlds semantics, where these provide a rigid designator for all possible

worlds.

In later developments, Khan and Lespérance extended this account to reason not

only about what actually caused an effect, but also about an agent’s knowledge of

causal relations across possible worlds [44]. This is done using dynamic (situation-

suppressed) formulae, which allow expressing how the truth of a proposition evolves

along the scenario without explicitly indexing situations. These dynamic formulae
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serve as the basis for evaluating causation within epistemic models, where different

possible histories compatible with an agent’s knowledge are considered. In this sense,

the causal analysis becomes epistemic: it distinguishes what is an actual cause in

the real scenario from what agents believe could have been a cause in alternative

epistemically accessible situations. This dynamic formula machinery will be used later

when I study how actual causality interacts with strategic responsibility in chapter 5.

I next give the definition of actual cause in the situation calculus, starting with

direct/primary cause, which is the action that directly brings about the effect. For

example, the shattering of a window might be directly caused by the throwing of a

stone in some scenarios with that action.

Definition 3.4.3 (Primary Cause).

CausesDirectly(a, ts, φ, s)
def
= ∃sa. timeStamp(sa) = ts ∧ (S0 < do(a, sa) ≤ s)

∧¬φ[sa] ∧ ∀s′.[do(a, sa) ≤ s′ ≤ s ⊃ φ[s′]].

They also defined indirect causes, which do not produce φ themselves, but are

necessary enablers for a direct cause—for instance, acquiring the stone needed to

perform the throw might be an indirect cause of the window shattering. Formally:

An action a indirectly causes φ at timestamp ts if there is a timestamp ts′ in

future situations, and an action b that directly or indirectly causes φ, and either:

1. Action a makes performing action b possible or,
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2. Without doing action a, φ would not hold after action b is executed.

Khan and Lesperance [28] also propose a definition for the actual cause that can

compute both primary and indirect causes.

Definition 3.4.4 (Actual Cause).

Causes(a, ts, φ, s)
def
= ∀P.[∀a, ts, s, φ.(CausesDirectly(a, ts, φ, s) ⊃ P (a, ts, φ, s))

∧ ∀a, ts, s, φ.(∃a′, ts′, s′.(CausesDirectly(a′, ts′, φ, s)

∧ timeStamp(s′)= ts′ ∧ s′ < s

∧ P (a, ts, [Poss(a′) ∧ After(a′, φ)], s′)

⊃ P (a, ts, φ, s))

] ⊃ P (a, ts, φ, s).

This states that Causes is the least relation P closed under (i) inclusion of direct

causes and (ii) propagation along enabling links: if a′ at ts′ is a primary cause of φ in s,

s′ precedes s with timeStamp(s′) = ts′, and a at ts is a cause of [Poss(a′)∧After(a′, φ)]

in s′ (ensuring a′ is executable and yields φ), then (a, ts, φ, s) ∈ P . Here, After(a′, φ)

means that after performing the action of a’, φ becomes true.

Integrating these notions into the situation calculus yields a clear, compositional

account of direct, indirect, and actual causation within executable scenarios, providing

the formal basis used throughout this thesis.
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3.5 Conclusion

This chapter established the formal groundwork for the thesis. I recalled the sit-

uation calculus, basic action theories in the situation calculus, and reasoning about

projection using regression. I then introduced a first-order variant of concurrent game

structures, called the situation calculus concurrent game structures (SCSGS). I also

introduced (epistemic) dynamic formula and presented the semantics of actual causal-

ity in the Situation Calculus. With these foundations in place, in the next chapter,

I develop a theory of actual causation within SCSGS, followed by responsibility at-

tribution that leverages this causal structure in synchronous multi-agent domains in

chapter 5.
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Chapter 4

On the Semantics of Actual Causality in

Situation Calculus Concurrent Game

Structures

Abstract

Key to the formalization of rationality is the study of actual causation. Halpern

and Pearl’s pioneering work on causal models is based on structural-equations mod-

els, which assumes an overly simplistic model of action and change. Although much

recent work within action-theoretic frameworks has appeared to deal with this, all

of these accounts share a common and strong limitation, that the scenario or his-

tory of actions in these are assumed to be linear sequences of actions or traces. To

deal with this, in this paper I study causation in a synchronous game-theoretic logic

framework that allows concurrent moves by multiple agents. my framework is based
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on situation calculus concurrent game structures. I show that my formalization has

some interesting properties and handles the issues associated with preemption and

over-determination well.

4.1 Introduction

Actual causality, also known as token-level causality, is the problem of identifying

the causes of an observed effect from a given history of events or actions (also called,

the scenario) [1]. Based on David Hume’s original proposal, this problem has been

studied extensively both from counterfactual perspectives (e.g., [2, 3, 4, 5, 1, 6, 7,

8, 9, 10, 11, 12]) as well as from regularity approaches (e.g., [13, 14, 15]). The

former involve studying causes by observing what would have happened had some

of the events in the original scenario not occurred, while the latter accounts define

causation from the observation that causes are regularly followed by their effects (one

interpretation of this, among many, states that a cause is an insufficient but necessary

part of a sufficient condition that is itself unnecessary for bringing about the observed

effect [13]). Others have attempted to combine these two approaches [16, 17].

In recent years researchers have become increasingly interested in studying cau-

sation within more expressive action-theoretic frameworks, in particular in that of

the situation calculus [18, 19, 16, 20, 21, 22]. In contrast to the popular structural

equations models-based or SEM-based causal models [23], these are based on a formal

theory of action, and thus incorporate important aspects such as action preconditions,
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effects, and frame conditions, and temporal order of action occurrence into the model,

allowing one to capture, e.g., non-persistent change supported by fluents and possible

dependencies between events. Moreover, this allows one to formalize causation from

the perspective of individual agents by defining a notion of epistemic causation [24]

and by supporting causal reasoning about conative effects, which in turn has proven

useful for explaining agent behaviour using causal analysis [25] and has the potential

for defining important concepts such as responsibility and blame [26].

A major limitation of these proposals, however, is that they take the scenario

to be a linear sequence of single-agent actions. In multi-agent settings, this means

that they are restricted to turn-taking games. To overcome these limitations, in this

paper, I consider causation in multi-agent synchronous games. My account is based

on Situation Calculus Synchronous Game Structures (SCSGS) [27], where I have a

single action tick whose effects depend on the combination of moves selected by the

players. Each agent selects its move without knowing which move is selected by the

other agents. As I will see, in domains with synchronous concurrency, besides the

usual preemption problem,1 I also face the problem of over-determination, as there

may be more than one subset of the moves that are sufficient to cause the effect. In

this paper, I extend previous accounts of actual causation in the situation calculus

[19, 24] to identify minimal subsets of moves by some of the agents that are causes

of the effect, i.e., sufficient to cause it. I also identify causal chains consisting of such

1Preemption happens when two competing events try to achieve the same effect, and the latter
of these fails to do so, as the earlier one has already achieved the effect.
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minimal sets of moves, and notice that there may be several of them in the scenario

for a given effect. I show that my notion of causal chains handles the issues associated

with preemption and over-determination well.

In the next section, I start by reviewing the situation calculus (SC) and SCSGS. I

also present my running example. In Section 3, I show how previous work on actual

causation in the SC can be modified to identify causal chains. In Section 4, I consider

minimal sets of agent moves as causes and the associated causal chains. In Section

5, I present some properties of my formalization. I conclude with some discussion in

Section 6.

4.2 Preliminaries

Situation Calculus (SC). The SC is a well-known second-order language for rep-

resenting and reasoning about dynamic worlds [28, 29]. In the SC, all changes are

due to named actions, which are terms in the language. Situations represent a pos-

sible world history resulting from performing some actions. The constant S0 is used

to denote the initial situation where no action has been performed yet. The distin-

guished binary function symbol do(a, s) denotes the successor situation to s resulting

from performing the action a. The expression do([a1, · · · , an], s)represents the situa-

tion resulting from executing actions a1, · · · , an, starting with situation s. As usual,

a relational/functional fluent representing a property whose value may change from

situation to situation takes a situation term as its last argument. There is a special
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predicate Poss(a, s) used to state that action a is executable in situation s. Also,

the special binary predicate s ⊏ s′ represents that s′ can be reached from situation s

by executing some sequence of actions. s ⊑ s′ is an abbreviation of s ⊏ s′ ∨ s = s′.

s < s′ is an abbreviation of s ⊏ s′ ∧ Executable(s′), where Executable(s) is defined as

∀a′, s′. do(a′, s′) ⊑ s ⊃ Poss(a′, s′), i.e. every action performed in reaching situation

s was possible in the situation in which it occurred. s ≤ s′ is an abbreviation of

s < s′ ∨ s = s′.

In the SC, a dynamic domain is specified using a basic action theory (BAT) D

that includes the following sets of axioms: (i) (first-order or FO) initial state axioms

DS0 , which indicate what was true initially; (ii) (FO) action precondition axioms Dap ,

characterizing Poss(a, s); (iii) (FO) successor-state axioms Dss , indicating precisely

when the fluents change; (iv) (FO) unique-names axioms Duna for actions, stating

that different action terms represent distinct actions; and (v) (second-order or SO)

domain-independent foundational axioms Σ, describing the structure of situations

[30]. Although the SC is SO, Reiter [29] showed that for certain type of queries ϕ,

D |= ϕ iff Duna ∪ DS0 |= R[ϕ], where R is a syntactic transformation operator called

regression and R[ϕ] is a SC formula that compiles dynamic aspects of the theory D

into the query ϕ. Thus reasoning in the SC for a large class of interesting queries can

be restricted to entailment checking w.r.t a FO theory [29].

Synchronous Game Structures (SCSGS). Following [27], I focus on games where

there are n players/agents each of whom chooses a move at every time step. All such
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moves are executed synchronously and determine the next state of the game. At each

time step, the state of the game is fully observable by all agents, as are all past moves

of every agent. To represent such multi-player synchronous games, I use a special class

of BATs, called situation calculus synchronous game structures (SCSGSs), which are

defined as follows.

Agents. A SCSGS D involves a finite set of n agents, and I use a subsort agents

of Objects which includes these finitely many agents Ag1, . . . , Agn, each denoted by

a constant, and for which unique names Agi ̸= Agj for i ̸= j and domain closure

agent(x) ≡ x = Ag1 ∨ · · · ∨ x = Agn hold.

Moves. I also use a second subsort Moves of Objects, representing the possible moves

of the agents. These come in finitely many types, represented by function symbols

Mi(x⃗), which are parameterized by objects x⃗, with Move(m) ≡
∨

i ∃x⃗.m = Mi(x⃗).

Given that the parameters range over Objects, each agent may have an infinite number

of possible moves at each time step. I have unique name and domain closure axioms

(parameterized by objects) for these functions Mi(x⃗) ̸= Mj(y⃗) for i ̸= j, and Mi(x⃗) =

Mi(y⃗) ⊃ x⃗ = y⃗.

Actions. In SCSGSs, there is only one action type, tick(m1, . . . ,mn), which represents

the execution of a joint move by all the agents at a given time step. The action tick

has exactly n parameters, m1, . . . ,mn, one per agent, which are of sort Moves and

corresponds to the simultaneous choice of the move to perform by the n different

agents.
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Legal moves. The legal moves available to each agent in a given situation are specified

formally using a special predicate LegalM , which is defined by statements of the

following form (one for each agent Agi and move type Mi): LegalM(Agi,Mi(x⃗), s)
def
=

ΦAgi,Mi
(x⃗, s), i.e., agent Agi can legally perform move Mi(x⃗) in situation s if and only

if ΦAgi,Mi
(x⃗, s) holds. Technically LegalM is an abbreviation for ΦAgi,Mi

(x⃗, s), which

is a uniform formula (i.e., a formula that only refers to a single situation s).

Precondition axioms. The precondition axiom for the action tick is fixed and specified

in terms of LegalM as follows: Poss(tick(m1, . . . ,mn), s) ≡ ∧i=1,...,nLegalM(Agi,mi, s).

Thus the joint action by all agents tick(m1, . . . ,mn) is executable if and only if each

selected move mi is a legal move for agent Agi in situation s. Since I only have one

action type tick, this is the only precondition axiom in Dposs.

Successor state axioms. I have successor state axioms Dssa, specifying the effects and

frame conditions of the joint moves tick(m1, . . . ,mn) on the fluents. Such axioms,

as usual in basic action theories, are domain specific, and characterize the actual

game under consideration. Within such axioms, the agent moves, which occur as

parameters of tick, determine how fluents change as the result of joint moves.2

Initial situation description. Finally, the initial state of the game is axiomatized in

the initial situation description DS0 as usual, in a domain specific way.

Example. I use a variant of the well-known “bottle” example [3], where Suzy and

2In many cases, moves don’t interfere with each other and the effects are just the union of those of
each move. One can also exploit previous work on axiomatizing parallel actions to generate successor
state axioms [29, 31].
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Billy are throwing stones at a bottle. Suzy’s stones are smaller and thus she requires

two throws to break the bottle while Billy’s stone is large and he needs just one

throw to break it. The available moves of ag ∈ {Suzy ,Billy} can be one of pickag ,

representing the picking of one or more stones by agent ag (I assume that Suzy can

pick both of her stones in one move), throwag , i.e. throwing of a stone by ag , and

a catchall otherag move, denoting anything other than picking and throwing. The

legality of these moves is specified below.

(a). LegalM (pickag , s)
def
= ¬Holding(ag , s),

(b). LegalM (throwag , s)
def
= Holding(ag , s), (c). LegalM (otherag , s).

Thus, for example, throwing a stone is a legal move for agent ag in situation s if she

is holding one or more stones in s. For simplicity, I assume that the otherag move is

always possible.

There are three fluents in this domain, Holding(ag , s), Broken(s), and SuzyThrown(s),

38



which means that the agent ag is holding their stones in situation s, the bottle is bro-

ken in s, and Suzy has already thrown once before in s, respectively. The successor-

state axioms of these fluents are as follows.

(d). Holding(ag , do(a, s)) ≡ [ag = Suzy ∧ ∃m. a = tick(pickSuzy ,m)] ∨

[ag = Billy ∧ ∃m. a = tick(m, pickBilly)] ∨

[ag = Suzy ∧ Holding(ag , s) ∧ ¬(∃m. a = tick(throwSuzy,m) ∧ SuzyThrown(s))]

∨[ag = Billy ∧ Holding(ag , s) ∧ ¬∃m. a = tick(m, throwBilly)],

(e). Broken(do(a, s)) ≡ [Broken(s)] ∨ [∃m. a = tick(m, throwBilly)] ∨

[∃m. a = tick(throwSuzy ,m) ∧ SuzyThrown(s)],

(f). SuzyThrown(do(a, s)) ≡ ∃m. a = tick(throwSuzy ,m) ∨ SuzyThrown(s).

Thus, e.g., (d) states that an agent ag is holding stones after the action a is performed

in situation s iff ag is Suzy and a is the tick action that involves her move of picking

up stones; or if ag is Billy and a is the tick action that involves his move of picking

up a stone; or ag is Suzy, who was already holding one or more stones in s, and a

does not refer to a tick action that involves her move of throwing the last stone in

hand; or ag is Billy, who already was holding a stone in s, and a is not a tick action

involving his move of throwing a stone.

Finally, I assume that initially the agents are not holding any stones and the bottle

39



is not broken, as specified by the following initial state axioms:

(g). ∀ag . ¬Holding(ag, S0), (h). ¬Broken(S0).

I will use Dbt to refer to this axiomatization.

4.3 Actual Causation in the SC

Based on Batusov and Soutchanski’s original proposal [19], Khan and Lespérance

(KL) recently defined achievement cause in the SC [24]. Both of these frameworks

study achievement causation, i.e. assume that the effect is false initially and becomes

true after the execution of the actions in the scenario. Also, both assume that the

scenario is a linear sequence of actions, i.e. these do not allow concurrent actions.

To formalize reasoning about effects, KL [24] introduced the notion of dynamic

formulae. An effect φ in their framework is thus a situation-suppressed dynamic

formula.3 Given an effect φ, the actual causes are defined relative to a scenario s.

When s is ground, the tuple ⟨φ, s⟩ is often called a causal setting [19]. Also, it is

assumed that s is executable, and φ was false before the execution of the actions in s,

but became true afterwards, i.e. D |= Executable(s)∧¬φ[S0]∧φ[s]. Here φ[s] denotes

the formula obtained from φ by restoring the appropriate situation argument into all

fluents in φ (see Def. 4.3.2).

Note that since all changes in the SC result from actions, the potential causes of an

3While KL also study epistemic causation, I restrict my discussion to objective causality only.
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effect φ are identified with a set of action terms occurring in s. However, since s might

include multiple occurrences of the same action, I need a way to uniquely identify

each action occurrence in the scenario s. To deal with this, KL required that each

situation be associated with a time-stamp, which can then be used to uniquely identify

an action occurrence. A time-stamp is an integer for their theory. KL assumed that

the initial situation starts at time-stamp 0 and each action increments the time-stamp

by one. Thus, their action theory includes the following axioms:

timeStamp(S0) = 0, ∀a, s, ts. timeStamp(do(a, s)) = ts ≡ timeStamp(s) = ts− 1.

With this, causes in their framework is a non-empty set of action-time-stamp pairs.

The notion of dynamic formulae is defined as follows:

Definition 4.3.1. Let x⃗, θa, and y⃗ respectively range over object terms, action terms,

and object and action variables. The class of dynamic formulae φ is defined induc-

tively using the following grammar: φ ::= P (x⃗) | Poss(θa) | After(θa, φ) | ¬φ |

φ1 ∧ φ2 | ∃y⃗. φ.

That is, a dynamic formula (DF) can be a situation-suppressed fluent, a formula that

says that some action θa is possible, a formula that some DF holds after some action

has occurred, or a formula that can built from other DF using the usual connectives.

Note that φ can have quantification over object and action variables, but must not

include quantification over situations or ordering over situations (i.e. ⊏). I will use φ

for DF.
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φ[·] is defined as follows:

Definition 4.3.2.

φ[s]
def
=



P (x⃗, s) if φ is P (x⃗)

Poss(θa, s) if φ is Poss(θa)

φ′[do(θa, s)] if φ is After(θa, φ
′)

¬(φ′[s]) if φ is (¬φ′)

φ1[s] ∧ φ2[s] if φ is (φ1 ∧ φ2)

∃y⃗. (φ′[s]) if φ is (∃y⃗. φ′)

I will now present a variant of KL’s definition of causes in the SC. The idea behind

how causes are computed is as follows. Given an effect φ and scenario s, if some action

of the action sequence in s triggers the formula φ to change its truth value from false

to true relative to D, and if there are no actions in s after it that change the value of

φ back to false, then this action is a primary or direct actual cause of achieving φ in

s.

Definition 4.3.3 (Primary Cause [24]).

CausesDirectly(a, ts, φ, s)
def
= ∃sa. timeStamp(sa) = ts ∧ (S0 < do(a, sa) ≤ s)

∧ ¬φ[sa] ∧ ∀s′.(do(a, sa) ≤ s′ ≤ s ⊃ φ[s′]).

That is, a executed at time-stamp ts is the primary cause of effect φ in situation s iff
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a was executed in a situation with time-stamp ts in scenario s, a caused φ to change

its truth value to true, and no subsequent actions on the way to s falsified φ.

Now, note that a (primary) cause amight have been non-executable initially. Also,

a might have only brought about the effect conditionally and this context condition

might have been false initially. Thus earlier actions in the trace that contributed

to the preconditions and the context conditions of a cause must be considered as

causes as well. The following definition captures this. It is as in [24], but here

I extend it to specify the causal chain that links the cause to the effect. It cap-

tures both primary and indirect causes and specifies the causal chains. It defines

CausesByChain(a, ts, cc, φ, s), meaning that action a at timestamp ts is a cause of

an effect φ in scenario s through causal chain cc: 4

4In this, I need to quantify over situation-suppressed DF. Thus I must encode such formulae as
terms and formalize their relationship to the associated SC formulae. This is tedious but can be
done essentially along the lines of [32]. I assume that I have such an encoding and use formulae as
terms directly.
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Definition 4.3.4 (Actual Cause Through Causal Chain).

CausesByChain(a, ts, cc, φ, s)
def
=

∀P.[∀a, ts, s, cc, φ.(CausesDirectly(a, ts, φ, s) ⊃ P (a, ts, ((a, ts)), φ, s))

∧ ∀a, ts, cc′, s, φ.(∃a′, ts′, s′.(CausesDirectly(a′, ts′, φ, s)

∧ timeStamp(s′)= ts′ ∧ s′ < s

∧ P (a, ts, cc′, [Poss(a′) ∧After(a′, φ)], s′)

∧ cc = Append(cc′, (a′, ts′))

⊃ P (a, ts, cc, φ, s))

] ⊃ P (a, ts, cc, φ, s).

Thus, CausesByChain is defined to be the least relation P such that if a executed

at time-stamp ts directly causes φ in scenario s then (a, ts, cc, φ, s) is in P , where

cc = ((a, ts)); and if a′ executed at ts′ is a direct cause of φ in s, the time-stamp of

s′ is ts′, s′ < s, and (a, ts, cc′, [Poss(a′) ∧ After(a′, φ)], s′) is in P (i.e. a executed at

ts is a direct or indirect cause of [Poss(a′) ∧ After(a′, φ)] in s′ through causal chain

cc′), then (a, ts, cc, φ, s) is in P , where cc = Append(cc′, (a′, ts′)). Here the effect

[Poss(a′) ∧ After(a′, φ)] requires a′ to be executable and φ to hold after a′. Also,

Append is defined as follows.

Definition 4.3.5 (Append).

Append(((a1, ts1), . . . , (an, tsn)), (a, ts))
def
= ((a1, ts1), . . . , (an, tsn), (a, ts)).
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Tick Actions as Causes in the SCSGS. The above formalization of actual causa-

tion was formulated for domains specified by BATs in the situation calculus. However,

it can be used directly for SCSGS domains, as long as one focuses on identifying the

tick actions in the scenario that caused the effect, and causal chains consisting of tick

actions. This is not surprising as SCSGS are special kinds of BATs. I illustrate this

in the example below.

Example (cont’d). Consider the scenario σ1, where: σ1 = do([tick(pickSuzy , otherBilly),

tick(throwSuzy , pickBilly), tick(otherSuzy , otherBilly), tick(throwSuzy , throwBilly)], S0).

I want to find the actual causes of the effect φ1 = Broken(s). Figure 4.1 shows each

action at each time-stamp of this scenario.

pickSuzy

otherBilly

throwSuzy

pickBilly

otherSuzy

otherBilly

throwSuzy

throwBilly

timest.
0 1 2 3

Figure 4.1: Concurrent stone throwing of Suzy and Billy.

I can show that:5

5Note that since Definition 4.3.4 inductively constructs the causal chain, considering some of
the causes, e.g., the primary cause, will only give us a suffix of the complete causal chain cc; for
simplicity, I thus only show the most indirect cause below, which captures the complete chain cc.
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Proposition 1 (Complete Causal Chain in σ1).

Dbt |= CausesByChain(tick(pickSuzy , otherBilly), 0, cc, φ1, σ1),

where cc = ((tick(pickSuzy , otherBilly), 0), (tick(throwSuzy , pickBilly), 1),

(tick(throwSuzy , throwBilly), 3)).

Explaining backward in cc, the last tick action executed at time-stamp 3 is included

in the causal chain as (either of the moves in) it directly caused the breaking of

the bottle. The second tick action executed at 1 is also included because it is a

(secondary/indirect) cause as it brought about the preconditions of the last tick

action (by making Billy’s throw legal), besides bringing about the context condition

(that SuzyThrown) under which Suzy’s second throw can brake the bottle. Finally,

the first tick action is also a cause as it made the second tick action executable.

While the above formalization provides some insight on what tick actions are

causes and can be used to identify the completely irrelevant tick actions, e.g. the one

at time-stamp 2, observe that some irrelevant moves might still be included in the

discovered causes, such as otherBilly at time-stamp 0 in my example. In other words,

my formalization of this does not specify what moves within the identified tick actions

are contributing to the effect. To deal with this, I next propose a formalization of

agent moves as causes.

46



4.4 Agent Moves as Causes in the SCSGS

I now go a step further by pinpointing the moves that actually contributed to

the effect within the tick actions that are identified as causes. Note that, since un-

like actions, agent moves within each tick action are concurrently performed, it is

possible that more than one alternative chain of subsets of moves in the scenario

are each by itself sufficient to bring about the effect. For instance, in my exam-

ple, either ((pickSuzy , 0), (throwSuzy , 1), (throwSuzy , 3)) or ((pickBilly , 1), (throwBilly , 3))

would have been sufficient to break the bottle. Just as with causal chains in the SC,

I will identify these refined causal chains in two steps. In the first step, I identify the

minimal set of moves in each action that is a direct cause of the effect in some refined

chain (e.g., throwBilly in the last tick of the second refined causal chain above). I call

these sets of direct causes minimal moves primary causes since they are minimal sets

of moves that are causes. However, I must consider that there might be more than

one minimal moves primary cause in one single action. For example in the last tick

of my example, I can consider either only Suzy’s throwing or Billy’s throwing to be a

minimal moves primary cause. In the second step, using refined causes, I define the

refined chains mentioned above, which I call minimal moves causal chains.

In keeping with the formalization of dynamic domains in the SC, I will con-

sider actions (but not moves) as (refined) causes.6 Thus my formalization of this

6Note that the action theory specifies how the situation changes when actions, i.e., joint moves,
are performed. This allows interfering or synergic effects to be specified.
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does not omit the irrelevant moves in each time-stamp altogether, but rather re-

places them with the special move wait within the tick action to remove their ef-

fects. wait has no effects (the domain modeler must ensure this) and is always legal:

∀ag, s. LegalM (ag,wait , s). Thus, for instance, in my example, one such refined action

that is a cause is tick(pickSuzy ,wait). I collect all of these for all causal chains in my

new definition of causes.

I now define minimal moves primary causes:

Definition 4.4.1 (Minimal Moves Primary Cause).

MinMovCausesDir(a, ts, (a′, ts), φ, s)
def
= ∃sa. timeStamp(sa) = ts ∧ (S0 < do(a, sa) ≤ s) ∧

¬φ[sa] ∧ ∀s′.(do(a, sa) ≤ s′ ≤ s ⊃ φ[s′]) ∧MinSuffSubset(a′, a, sa, φ, s).

The above definition is exactly as the definition of primary causes (Def. 4.3.4), but has

an additional parameter (a′, ts) that returns a tuple consisting of a minimal subset of

moves a′ of the primary cause a that, when executed in sa (i.e., the situation where

the primary cause was executed in the original scenario), is sufficient to cause the

effect φ in s (formalized using MinSuffSubset below), and the timestamp ts of a.

MinSuffSubset(a′, a, s′, φ, s) means that the tick action a′ consists of a sufficient

subset of moves of a in s′ to achieve φ up to s, and it is minimal.
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Definition 4.4.2.

MinSuffSubset(a′, a, s′, φ, s)
def
=

SuffSubset(a′, a, s′, φ, s) ∧ ¬∃a∗.a∗ ̸= a′ ∧ SuffSubset(a∗, a′, s′, φ, s).

a′ is a sufficient subset of moves of a in s′ to achieve φ up to s, i.e. SuffSubset(a′, a, s′,

φ, s), iff a′ is a subset of moves of a, and the execution of this subset a′ in s′ is suffi-

cient to cause φ in s, i.e. φ becomes true after a′ is executed in s′ and it remains true

after the subsequent actions between do(a, s′) and s are executed starting in do(a′, s′).

Definition 4.4.3.

SuffSubset(a′, a, s′, φ, s)
def
= SubsetMovs(a′, a) ∧ ∃s′′. timeStamp(s′′) = timeStamp(s) ∧ s′ < s′′

∧ ∀a1, s1, a′1, s′1.[(do(a, s′) < do(a1, s1) ≤ s ∧ do(a′, s′) < do(a′1, s
′
1) ≤ s′′ ∧

timeStamp(s′1) = timeStamp(s1)) ⊃ (a1 = a′1)]

∧ (∀s′1.(s′ < s′1 ≤ s′′) ⊃ φ[s′1]).

Here SubsetMovs(a′, a), meaning that the tick action a′ is exactly as a, but with some

of the moves possibly replaced with the wait move, is defined as follows:

Definition 4.4.4 (The Moves of a′ Consists of a Subset of the Moves of a).

SubsetMovs(a′, a)
def
= ∃m′

1, · · · ,m′
n,m1, · · · ,mn. a

′ = tick(m′
1, · · · ,m′

n)

∧ a = tick(m1, · · · ,mn) ∧ (∀j. 1 ≤ j ≤ n ⊃ (m′
j = mj ∨m′

j = wait)).

Using minimal moves primary causes, I next formalize minimal moves causal
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chains. I do this by defining a variant of CausesByChain that inductively constructs

the minimal moves chain instead.

Definition 4.4.5 (Minimal Moves Cause Through Causal Chain).

MinMovesCausesByChain(a, ts, cc, φ, s)
def
=

∀P.[∀a, ts, cc, a′, s, φ.(MinMovCausesDir(a, ts, (a′, ts), φ, s) ⊃ P (a, ts, ((a′, ts)), φ, s))

∧ ∀a, ts, cc′, s, φ.(∃a′′, a′, ts′, s′.(MinMovCausesDir(a′, ts′, (a′′, ts′), φ, s)

∧ timeStamp(s′)= ts′ ∧ s′ < s

∧ P (a, ts, cc′, [Poss(a′′) ∧After(a′′, φ)], s′)

∧ cc = Append(cc′, (a′′, ts′))

⊃ P (a, ts, cc, φ, s))

] ⊃ P (a, ts, cc, φ, s).

Thus MinMovesCausesByChain is the smallest set such that if a tick action a exe-

cuted at time-stamp ts directly caused the effect φ in scenario s with the minimal

moves primary cause (a′, ts), then (a, ts, cc, φ, s) is in that set, where cc = ((a′, ts));

and if a′ executed at ts′ is a direct cause of φ in s with minimal moves primary cause

(a′′, ts′), the time-stamp of s′ is ts′, s′ < s, and (a, ts, cc′, [Poss(a′′)∧After(a′′, φ)], s′)

is in P (i.e. a executed at ts is a direct or indirect cause of [Poss(a′′) ∧ After(a′′, φ)]

in s′ through minimal moves causal chain cc′), then (a, ts, cc, φ, s) is in P , where

cc = Append(cc′, (a′′, ts′)). This thus incrementally constructs the refined causal

chains using MinMovCausesDir .
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Example (cont’d). I can show the following result about refined causal chains.7

Proposition 2 (Complete Refined Causal Chains in σ1).

Dbt |= MinMovesCausesByChain(tick(pickSuzy , otherBilly), 0, cc1, φ1, σ1)

∧MinMovesCausesByChain(tick(throwSuzy , pickBilly), 1, cc2, φ1, σ1), where

cc1 = ((tick(pickSuzy ,wait), 0), (tick(throwSuzy ,wait), 1), (tick(throwSuzy ,wait), 3)),

and cc2 = ((tick(wait , pickBilly), 1), (tick(wait , throwBilly), 3)).

Thus, in my example, I have two distinct causal chains, one that stems from the

refined primary cause involving Suzy’s second throw move and Billy’s wait move at

time-stamp 3, and another originating from Billy’s throw and Suzy’s wait move, again

at time-stamp 3. Importantly, as I will show in the next section, there is no causal

chain that involves both Suzy and Billy’s throw moves at time-stamp 3, avoiding the

problem of over-determination (as each of these moves would have been sufficient for

breaking the bottle).

Note that in the above, all the minimal move causes involve a single (non-wait)

move. But this is not always the case. For example, if I replace the effect φ1 by

φ∗ = Broken(s) ∧ SuzyThrown(s), then a minimal move causal chain is:

((tick(pickSuzy ,wait), 0), (tick(throwSuzy , pickBilly), 1), (tick(wait , throwBilly), 3)).

7Again, as in Proposition 1, I choose the most indirect causes to show the complete refined causal
chains.
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pickSuzy

wait

throwSuzy

wait

throwSuzy

wait

cc1

wait

pickBilly

wait

throwBilly

cc2

time
0 1 2 3

Figure 4.2: Refined causal chains cc1 (Suzy’s moves) and cc2 (Billy’s moves).

4.5 Properties

I now show that my formalization of refined causes and refined causal chains have

some interesting properties. I start with the problem of preemption.

Preemption. Preemption occurs when there is more than one competing contributor

(actions) to an effect, but they happen one after another/consecutively. In such cases,

only the first of these should be identified as the actual cause. The (effects of the)

latter actions are said to be preempted by the actual cause. My definition of refined

causes and causal chains above is based on Khan and Lespérance’s formalization of

causes [24], which filter out the preempted contributors, and thus my formalization

also handles the preemption problem correctly. I illustrate this using the following

example.
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Example 2. Consider the new scenario σ2, where

σ2 = do([tick(pickSuzy , pickBilly), tick(throwSuzy , otherBilly), tick(throwSuzy , otherBilly),

tick(otherSuzy , throwBilly)], S0).

In this, I can show the following result.

Proposition 3.

Dbt |= ¬∃cc. CausesByChain(tick(otherSuzy , throwBilly), 3, cc, φ1, σ2)

∧ ¬∃cc,m. MinMovesCausesByChain(tick(m, throwBilly), 3, cc, φ1, σ2).

Thus as expected, Billy’s throw is not considered as part of any (refined) causal chain.

Over-determination. Over-determination happens when the effect is contributed

by some events, but a smaller subset of these would have been sufficient for the effect

to hold. For example, in a voting scenario, where 6 out of 10 votes are required for

a candidate to win, if 7 voters voted for candidate A, saying that all of these 7 votes

are the cause of candidate A’s winning the ballot would be over-determination as

any 6 of these would suffice. An acceptable solution to this is to only identify any

6-vote subsets to be an actual cause [23] (or refined causal chain, in my formalization).

Example (cont’d). Using my first bottle example where the scenario is σ1, I now ar-

gue that my notion of refined causal chains avoids over-determining causes. Note that
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in this example, my MinMovesCausesByChain construct avoids over-determination

by inductively specifying all possible sets of refined causal chains that are sufficient

to break the bottle. As discussed above, there are only two refined causal chains; the

first one only consists of Billy’s moves, and the second only consists of Suzy’s. The

definition MinMovesCausesByChain ensures that only these two chains exist, since if

I were to consider the chain that includes the time-stamp 3 throw moves of both Suzy

and Billy, it will not be a minimal one as either throw would have been sufficient to

break the bottle. Hence, I cannot have the moves of both agents involved in the same

refined causal chain. Formally, I can show that:

Proposition 4.

Dbt |= ¬∃a, ts, cc. MinMovesCausesByChain(a, ts,

Append(cc, (tick(throwSuzy , throwBilly), 3)), φ1, σ1).

Thus, tick(throwSuzy , throwBilly) at time-stamp 3 cannot be a part of any causal chain

for any action and timestamp.

In general, since refined causal chains are constructed to be minimal, if I have two

refined chains in the same timestamp, it cannot be the case that one of them is a

refined version of the other (i.e., has a subset of moves of the other).
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Theorem 4.5.1 (No Over-Determination).

D |= ∀a, a1, a2, ts, cc, φ, s.(MinMovesCausesByChain(a, ts,Cons((a1, ts), cc), φ, s) ∧

MinMovesCausesByChain(a, ts,Cons((a2, ts), cc), φ, s)

⊃ (a1 = a2 ∨ (¬SubsetMovs(a1, a2) ∧ ¬SubsetMovs(a2, a1))),

where Cons((a, ts), cc) denotes the sequence where (a, ts) is added to the front of cc.

Proof Sketch: By induction on the length of the minimal moves causal chain using

properties of minimal sufficient subsets of joint moves.

Persistence. Finally, I study the conditions under which (refined) causal chains

persist when the scenario changes.

Theorem 4.5.2 (Persistence of the Causal Chain).

D |= ∀s, s′, cc, ts, a, φ. CausesByChain(a, ts, cc, φ, s) ∧ s ≤ s′

∧ ∀s∗, a∗.(s ≤ do(a∗, s∗) ≤ s′ ⊃ φ[s∗])

⊃ CausesByChain(a, ts, cc, φ, s′).

Proof Sketch: By induction on the length of the causal chain.

That is, if a tick action a executed in ts is the cause of an effect φ in scenario

s through causal chain cc, then a in ts remains the cause of φ in all subsequent

situations/scenarios s′ if φ does not change after it was achieved in s. This is because

since the situation where φ was achieved does not change in the extended scenario,

55



neither does the causal chain.

A similar result can be shown for refined causal chains.

Theorem 4.5.3 (Persistence of Refined Causal Chains).

D |= ∀s, s′, cc, ts, a, φ. MinMovesCausesByChain(a, ts, cc, φ, s) ∧ s ≤ s′

∧ ∀s∗, a∗.(s ≤ do(a∗, s∗) ≤ s′ ⊃ φ[s∗])

⊃ MinMovesCausesByChain(a, ts, cc, φ, s′).

Proof Sketch: By induction on the length of the minimal moves causal chain using

properties of minimal sufficient subsets of joint moves.

4.6 Discussion and Conclusion

To support casual reasoning in multiagent domains, in this paper I proposed

a formalization of actual causation in SCSGSs. I showed that one can adopt the

definition of achievement causes in the SC to identify the relevant tick actions as

causes and the associated causal chain in SCSGSs. However, since the chain can now

include multiple sets of causes, each of which are independently sufficient to bring

about the effect, to avoid over-determination I also formalized refinements of the

identified causal chains. As shown, my account properly handles the problems with

preemption and over-determination.

Note that, while the popular SEM-based frameworks of actual causation and their
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derivatives seem to allow actions by multiple agents, these have other major limita-

tions. For instance, often these consider the occurrence of a set of events without

specifying their order of execution or whether they occur concurrently (all events are

simply assumed to have happened). Events are also considered to be independent,

which is another strong assumption. One cannot distinguish between the occurrence

of an event and its effect holding. While recent action-theoretic formalizations of

causality are meant to deal with these limitations, as mentioned earlier, these only

handle single-agent or turn-taking multi-agent scenarios. Indeed to the best of my

knowledge, my proposal is the first to accommodate synchronous concurrent moves by

multiple agents while studying actual causes in formal action-theoretic frameworks.

I am currently investigating how various notions of responsibility can be formalized

based on this framework.
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Chapter 5

Causal Responsibility Anticipation and

Attribution in Situation Calculus

Concurrent Game Structures

Abstract

Responsibility is a central concept in accountable decision making for multiagent

systems. As modern AI systems grow in complexity and autonomy, there is a growing

demand for them to address issues in AI ethics, prompting researchers to formalize

responsibility from diverse perspectives, including strategic responsibility. However,

causal responsibility, i.e. responsibility due to actual causal contribution, has received

much less attention. In this paper, we study variants of responsibility attribution

from both strategic and causal perspectives within a synchronous game-theoretic

logic framework that allows concurrent moves by multiple agents. Our formalization
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is based on Situation Calculus Synchronous Game Structures (SCSGS). We show

that by combining these perspectives, one can obtain novel forms of responsibility

attribution that are grounded on actual causation. While doing this, we propose an

account of actual causation in SCSGS. We prove that our formalization handles the

issues associated with preemption and over-determination well. We also study some

key properties of responsibility and demonstrate that causal, strategic, and combined

notions of responsibility are extensionally distinct.

5.1 Introduction

Responsibility is a central concept for accountable decision making in multiagent

systems. As modern AI systems grow in complexity and autonomy, there is a growing

demand for them to address issues in AI ethics, prompting researchers to formalize

responsibility from diverse perspectives, including that of structural equation models

[1], STIT logic [2, 3, 4, 5], ATL [6, 7], LTLf [8, 9], game-theory [10, 11, 12], and

logics of strategic and extensive games [13, 14, 15]. Much of this research formal-

izes strategic responsibility [9], which involves assessing whether an agent’s choice

led to or “caused” a given outcome.1 The literature distinguishes two main views on

this. One, associated with Frankfurt [17], holds that an agent is responsible only if

they could have acted otherwise. The other ties responsibility to making an outcome

inevitable, i.e. a “seeing-to-it” view linked to STIT logic. Based on this, in their

1In the literature, this is sometimes called “causal responsibility” [16, 9], which may lead to
confusion.
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action-based framework, [3] proposed two forms of strategic responsibility, active re-

sponsibility and passive responsibility. The former pertains to an agent ensuring that

some state of affairs occurs through their actions, while the latter involves the agent’s

failure to prevent that effect from occurring. [8] identified two variants of passive

responsibility based on whether the reasoning occurs before or after the outcome.

Passive responsibility anticipation is a future-looking or ex ante notion and involves

determining whether a certain choice would incur some responsibility. Passive re-

sponsibility attribution, on the other hand, is a retrospective or ex post notion, which

involves assigning responsibility after the choices have been made. Strategic notions

of responsibility focus on the choices that agents have and whether they promote the

outcome. In multiagent game settings, it is natural to see the outcome as being deter-

mined by the entire combination of agents’ moves. In this case, even doing nothing is

a choice that may lead to a particular outcome (e.g., a doctor’s absence might result

in a patient’s death).

The problem of determining Actual Causality is the problem of identifying the

causes of an observed effect from a given history of events or actions, which is also

called the scenario [18]. For instance, in a scenario where a prison guard A loads a gun

and prison guard B shoots an inmate with the gun, their actions may be identified

as the cause of the inmate’s death. In actual causality, one focuses on what effects

the actions have. Doing nothing is not an actual cause.

The notions of responsibility and actual causality are closely related. Despite

this, the connection between these remains largely unexplored. To deal with this,
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in this paper we make a distinction between passive causal responsibility attribution

(such as guard A’s loading) and passive strategic responsibility attribution (such as

the doctor’s absence). Based on this, we propose notions of responsibility grounded

in strategic reasoning as well as causal contribution. Our formalization is based on

the Situation Calculus Synchronous Game Structures (SCSGS) [19], a game-theoretic

logic framework that allows concurrent moves by multiple agents. We show that by

combining causal and strategic perspectives, one can obtain novel and stronger forms

of responsibility attribution that are extensionally distinct.

While doing this, we propose an account of actual causation in SCSGS. It over-

comes a major limitation of previous proposals of actual causation in action-theoretic

frameworks, which were in turn proposed to deal with the expressive limitations of

structural equations models-based causal models [20]: that the scenario is a linear se-

quence of single-agent actions, and is thus restricted to turn-taking multiagent games.

In contrast, we have a single action tick whose effects depend on the combination of

moves selected by the players. Each agent selects its move without knowing which

move is selected by the other agents. As we will see, in domains with synchronous

concurrency, besides the usual preemption problem,2 we also face the problem of over-

determination, as there may be more than one subset of the moves that are sufficient

to cause the effect. In this paper, we extend previous accounts of actual causation

in the situation calculus [21, 22] to identify minimal subsets of moves by some of the

2Preemption happens when two competing events try to achieve the same effect, and the latter
of these fails to do so, as the earlier one has already achieved the effect.
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agents that are causes of the effect, i.e., sufficient to cause it. We also identify causal

chains consisting of such minimal sets of moves, and notice that there may be several

of them in the scenario for a given effect.

Our contribution in this paper is thus fourfold: (i) We propose a formalization of

actual causation in SCSGS. (ii) We extend previously proposed single-agent notions

of strategic responsibility for coalitions of agents. (iii) Based on these, we formalize

new notions of passive causal, strategic, and combined responsibility attribution. (iv)

Finally, we prove some important properties of our formalization.

5.2 Preliminaries

Situation Calculus (SC). The SC is a well-known second-order language for repre-

senting and reasoning about dynamic worlds [23, 24]. In the SC, all changes are due

to named actions, which are terms in the language. Situations represent a possible

world history resulting from performing some actions. The constant S0 is used to de-

note the initial situation where no action has been performed yet. The distinguished

binary function symbol do(a, s) denotes the successor situation to s resulting from

performing the action a. The expression do([a1, · · · , an], s) represents the situation

resulting from executing actions a1, · · · , an, starting with situation s. As usual, a

relational/functional fluent representing a property whose value may change from sit-

uation to situation takes a situation term as its last argument. There is a special

predicate Poss(a, s) used to state that action a is executable in situation s. Also,
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the special binary predicate s ⊏ s′ represents that s′ can be reached from situation

s by executing some sequence of actions. Moreover, s ⊑ s′ is an abbreviation of

s ⊏ s′ ∨ s = s′. Again, s < s′ is an abbreviation of s ⊏ s′ ∧ Executable(s′), where

Executable(s) is defined as ∀a′, s′. do(a′, s′) ⊑ s ⊃ Poss(a′, s′), i.e. every action per-

formed in reaching situation s was possible in the situation in which it occurred.

Finally, s ≤ s′ means s < s′ ∨ s = s′.

In the SC, a dynamic domain is specified using a basic action theory (BAT) D

that includes the following sets of axioms: (i) (first-order or FO) initial state axioms

DS0 , which indicate what was true initially; (ii) (FO) action precondition axioms Dap ,

characterizing Poss(a, s); (iii) (FO) successor-state axioms Dss , indicating precisely

when the fluents change; (iv) (FO) unique-names axioms Duna for actions, stating

that different action terms represent distinct actions; and (v) (second-order or SO)

domain-independent foundational axioms Σ, describing the structure of situations

[25]. Although the SC is SO, Reiter [24] showed that for certain type of queries ϕ,

D |= ϕ iff Duna ∪ DS0 |= R[ϕ], where R is a syntactic transformation operator called

regression and R[ϕ] is a SC formula that compiles dynamic aspects of the theory D

into the query ϕ. Thus reasoning in the SC for a large class of interesting queries can

be restricted to entailment checking w.r.t a FO theory [24].

Synchronous Game Structures (SCSGS). Following [19], we focus on games

where there are n players/agents each of whom chooses a move at every time step.

All such moves are executed synchronously and determine the next state of the game.
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At each time step, the state of the game is fully observable by all agents, as are all

past moves of every agent. To represent such multi-player synchronous games, we

use a special class of BATs, called situation calculus synchronous game structures

(SCSGS), which are defined as follows.

Agents. A SCSGS D involves a finite set of n agents, and we use a subsort Agents

of Objects which includes these finitely many agents Ag1, . . . ,Agn, each denoted by

a constant, and for which unique names Ag i ̸= Ag j for i ̸= j and domain closure

agent(x) ≡ x = Ag1 ∨ · · · ∨ x = Agn hold.

Moves. We also use a second subsort Moves of Objects, representing the possible

moves. These come in finitely many types, represented by function symbols Mi(x⃗),

which are parameterized by objects x⃗, with Move(m) ≡
∨

i ∃x⃗.m = Mi(x⃗). Given

that the parameters range over Objects, each agent may have an infinite number

of possible moves at each time step. We have unique name and domain closure

axioms (parameterized by objects) for these functions Mi(x⃗) ̸= Mj(y⃗) for i ̸= j, and

Mi(x⃗) = Mi(y⃗) ⊃ x⃗ = y⃗.

Actions. In SCSGS, there is only one action type, tick(m1, . . . ,mn), which represents

the execution of a joint move by all the agents at a given time step. The action tick

has exactly n parameters, m1, . . . ,mn, one per agent, which are of sort Moves and

corresponds to the simultaneous choice of the move to perform by the n different

agents.

Legal moves. The legal moves available to each agent in a given situation are specified

formally using a special predicate LegalM , which is defined by statements of the
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following form (one for each agent Ag i and move type Mi): LegalM (Ag i,Mi(x⃗), s)
def
=

ΦAgi,Mi
(x⃗, s), i.e., agent Ag i can legally perform move Mi(x⃗) in situation s if and only

if ΦAgi,Mi
(x⃗, s) holds. Technically LegalM is an abbreviation for ΦAgi,Mi

(x⃗, s), which

is a uniform formula (i.e., a formula that only refers to a single situation s).

Precondition axioms. The precondition axiom for the action tick is fixed and specified

in terms of LegalM as follows: Poss(tick(m1, . . . ,mn), s) ≡ ∧i=1,...,nLegalM (Ag i,mi, s).

Thus the joint action by all agents tick(m1, . . . ,mn) is executable if and only if each

selected move mi is a legal move for agent Ag i in situation s. Since we only have one

action type tick , this is the only precondition axiom in Dap.

Successor state axioms. We have successor state axioms Dss, specifying the effects and

frame conditions of the joint moves tick(m1, . . . ,mn) on the fluents. Such axioms,

as usual in basic action theories, are domain specific, and characterize the actual

game under consideration. Within such axioms, the agent moves, which occur as

parameters of tick , determine how fluents change as the result of joint moves.3

Initial situation description. Finally, the initial state of the game is axiomatized in

the initial situation description DS0 as usual, in a domain specific way.

SCSGS, as defined above, are a first-order extension of the Concurrent Game

Structures used with logics such as ATL*, but they incorporate an action theory to

specify how agent moves change the fluents and address the frame problem.

3In many cases, moves don’t interfere with each other and the effects are just the union of those of
each move. One can also exploit previous work on axiomatizing parallel actions to generate successor
state axioms [24, 26].
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LTL Properties. In formalizing strategic responsibility, we will use LTL temporal

properties. To do this, we utilize the axiomatization of infinite paths in the SC intro-

duced by [27], which adds a new sort of paths to the language that provides a natural

way to talk about “infinite future histories”. Paths are infinite sequences of executable

situations. Following this work, we will use the special predicates OnPath(p, s) to

mean that situation s is on path p, Starts(p, s) to specify that the path p starts with

situation s, and Suffix (p′, p, s) to denote that the path p′ starts with s and contains

the same situations as p starting from s. Based on this, [28] defined a special predicate

Holds(ϕ, p) to specify that a given LTL property ϕ holds on path p. In the following,

we use ϕ to range over LTL formulae.

Bottle Example. We use a variant of the well-known “bottle” example [29], where

Suzy and Billy are throwing stones at a bottle. Suzy’s stones are smaller and thus

she requires two throws to break the bottle while Billy’s stone is large and he needs

just one throw to break it. The available moves of ag ∈ {Suzy ,Billy} can be one of

pickag , representing the picking of stone(s), one for ag = Billy or two for ag = Suzy ;

throwag , i.e. throwing of a stone by ag ; and a catchall otherag move, denoting anything

other than picking and throwing. The legality of these moves is specified below.

(a). LegalM (pickag , s)
def
= ¬Holding(ag , s). (b).LegalM (throwag , s)

def
= Holding(ag , s).

(c). LegalM (otherag , s). Thus, e.g., throwing a stone is a legal move for agent ag in

situation s is she is holding one or more stones in s. For simplicity, we assume that

the otherag move is always possible.
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There are three fluents in this domain, Holding(ag , s), Broken(s), and

SuzyThrown(s), which means that the agent ag is holding their stones in situation s,

the bottle is broken in s, and Suzy has already thrown once before in s, respectively.

The successor-state axioms are as follows.

(d). Holding(ag , do(a, s)) ≡

[ag = Suzy ∧ ∃m. a = tick(pickSuzy ,m)] ∨

[ag = Billy ∧ ∃m. a = tick(m, pickBilly)] ∨

[ag = Suzy ∧Holding(ag , s) ∧

¬(∃m. a = tick(throwSuzy,m) ∧ SuzyThrown(s))] ∨

[ag = Billy ∧Holding(ag , s) ∧

¬∃m. a = tick(m, throwBilly)],

(e). Broken(do(a, s)) ≡ [∃m. a = tick(m, throwBilly)] ∨

[∃m. a = tick(throwSuzy ,m) ∧ SuzyThrown(s)] ∨ Broken(s),

(f). SuzyThrown(do(a, s)) ≡

∃m. a = tick(throwSuzy ,m) ∨ SuzyThrown(s).

Finally, we specify what is true initially in S0: (g). ∀ag . ¬Holding(ag, S0). (h). ¬Broken(S0).

We will use Dbt to refer to this axiomatization.
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5.3 Actual Causation in the SC

Based on Batusov and Soutchanski’s [21] original proposal, Khan and Lespérance

[22] (KL) recently defined cause in the SC. Both assume that the scenario is a linear

sequence of actions, i.e. these do not allow concurrent actions.

KL introduced the notion of dynamic formulae. An effect φ in their framework

is a situation-suppressed dynamic formula.4 Given an effect φ, the actual causes are

defined relative to a scenario s. When s is ground, the tuple ⟨φ, s⟩ is called a causal

setting. Also, it is assumed that D |= Executable(s)∧¬φ[S0]∧φ[s]. Here φ[s] denotes

the formula obtained from φ by restoring the appropriate situation argument into all

fluents in φ (see Def. 4.3.2).

KL required that each situation be associated with a time-stamp, which can then

be used to uniquely identify an action occurrence. A time-stamp is an integer for their

theory. KL assumed that the initial situation starts at time-stamp 0 and each action

increments the time-stamp by one. Thus, their action theory includes the following

axioms: timeStamp(S0) = 0; ∀a, s, ts. timeStamp(do(a, s)) = ts ≡ timeStamp(s) =

ts− 1. With this, causes in their framework is a non-empty set of action-time-stamp

pairs.

The notion of dynamic formulae is defined as follows:

Definition 5.3.1. Let x⃗, θa, and y⃗ respectively range over object terms, action terms,

4While KL also study epistemic causation, we restrict our discussion to objective causality only.
Also, in the following, we will use the terms situation, scenario, and history interchangeably.
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and object and action variables. The class of dynamic formulae φ is defined induc-

tively using the following grammar: φ ::= P (x⃗) | Poss(θa) | After(θa, φ) | ¬φ |

φ1 ∧ φ2 | ∃y⃗. φ.

We will use φ for DF. φ[·] is defined as follows:

Definition 5.3.2.

φ[s]
def
=



P (x⃗, s) if φ is P (x⃗)

Poss(θa, s) if φ is Poss(θa)

φ′[do(θa, s)] if φ is After(θa, φ
′)

¬(φ′[s]) if φ is (¬φ′)

φ1[s] ∧ φ2[s] if φ is (φ1 ∧ φ2)

∃y⃗. (φ′[s]) if φ is (∃y⃗. φ′)

Recently, [30] proposed a variant of KL’s definition of cause that captures the

causal chain while identifying causes. Here we briefly discuss this. The idea behind

how causes are identified is as follows. Given an effect φ and scenario s, if some

action of the action sequence in s triggers φ to change its truth value from false to

true relative to D, and if there are no actions in s after it that change the value of φ

back to false, then this action is a primary or direct actual cause of achieving φ in s,

denoted using CausesDirectly(a, ts, φ, s).
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Definition 5.3.3 (Primary Cause (KL 2021)).

CausesDirectly(a, ts, φ, s)
def
= ∃sa. timeStamp(sa) = ts ∧

S0 < do(a, sa) ≤ s ∧ ¬φ[sa] ∧ ∀s′.(do(a, sa)≤s′≤ s ⊃ φ[s′]).

That is, a executed at time-stamp ts is the primary cause of effect φ in situation s iff

a was executed in a situation with time-stamp ts in scenario s, a caused φ to change

its truth value to true, and no subsequent actions on the way to s falsified φ.

Now, note that a (primary) cause amight have been non-executable initially. Also,

a might have only brought about the effect conditionally and this context condition

might have been false initially. Thus earlier actions in the trace that contributed to

the preconditions and the context conditions of a cause must be considered as causes

as well. CausesByChain(a, ts, cc, φ, s), which means that action a at timestamp ts is

a cause of an effect φ in scenario s through causal chain cc, inductively captures all

such primary and indirect causes and specifies the causal chain.5

5In this, we need to quantify over situation-suppressed DF. Thus we must encode such formulae
as terms and formalize their relationship to the associated SC formulae. This is tedious but can be
done essentially along the lines of [31]. We assume that we have such an encoding and use formulae
as terms directly.
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Definition 5.3.4 (Actual Cause Through Causal Chain).

CausesByChain(a, ts, cc, φ, s)
def
=

∀P.[∀a, ts, s, cc, φ.(CausesDirectly(a, ts, φ, s)

⊃ P (a, ts, ((a, ts)), φ, s))

∧ ∀a, ts, cc′, s, φ.(∃a′, ts′, s′.(CausesDirectly(a′, ts′, φ, s)

∧ timeStamp(s′)= ts′ ∧ s′ < s

∧ P (a, ts, cc′, [Poss(a′) ∧After(a′, φ)], s′)

∧ cc = Append(cc′, (a′, ts′))

⊃ P (a, ts, cc, φ, s))

] ⊃ P (a, ts, cc, φ, s).

Thus, CausesByChain is defined to be the least relation P such that if a executed

at time-stamp ts directly causes φ in scenario s then (a, ts, cc, φ, s) is in P , where

cc = ((a, ts)); and if a′ executed at ts′ is a direct cause of φ in s, the time-stamp

of s′ is ts′, s′ < s, and (a, ts, cc′, [Poss(a′) ∧ After(a′, φ)], s′) is in P (i.e. a exe-

cuted at ts is a direct or indirect cause of [Poss(a′) ∧ After(a′, φ)] in s′ through

causal chain cc′), then (a, ts, cc, φ, s) is in P , where cc = Append(cc′, (a′, ts′)). Here

the effect [Poss(a′) ∧ After(a′, φ)] requires a′ to be executable and φ to hold after

a′. Also, Append is defined as follows: Append(((a1, ts1), . . . , (an, tsn)), (a, ts))
def
=

((a1, ts1), . . . , (an, tsn), (a, ts)).
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Tick Actions as Causes in the SCSGS. The above formalization of actual

causation was formulated for domains specified by BATs in the situation calculus.

However, it can be used directly for SCSGS domains, as long as one focuses on

identifying the tick actions in the scenario that caused the effect, and causal chains

consisting of tick actions. This is not surprising as SCSGS are special kinds of BATs.

We illustrate this in the example below.

Example (cont’d). Consider the scenario σ1 = do([tick(pickSuzy , otherBilly),

tick(throwSuzy , pickBilly), tick(otherSuzy , otherBilly), tick(throwSuzy , throwBilly)], S0).We

want to find the actual causes of the effect φ1 = Broken(s). We can show that:6 Dbt |=

CausesByChain(tick(pickSuzy , otherBilly), 0, cc, φ1, σ1), where cc = ((tick(pickSuzy ,

otherBilly), 0), (tick(thr− owSuzy , pickBilly), 1), (tick(throwSuzy , throwBilly), 3)). Explain-

ing backward in cc, the last tick action executed at time-stamp 3 is included in

the causal chain as (either of the moves in) it directly caused the breaking of the

bottle. The second tick action executed at 1 is also included because it is a (sec-

ondary/indirect) cause as it brought about the preconditions of the last tick action

(by making Billy’s throw legal), besides bringing about the context condition (that

SuzyThrown) under which Suzy’s second throw can break the bottle. Finally, the

first tick action is also a cause as it made the second tick action executable.

While the above formalization provides some insight on what tick actions are

6Note that since the definition of CausesByChain inductively constructs the causal chain, consid-
ering some of the causes, e.g., the primary cause, will only give us a suffix of the complete causal chain
cc; for simplicity, we thus only show the most indirect cause below, which captures the complete
chain cc.
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causes and can be used to identify the completely irrelevant tick actions, e.g. the one

at time-stamp 2, observe that some irrelevant moves might still be included in the

discovered causes, such as otherBilly at time-stamp 0 in our example. In other words,

our formalization of this does not specify what moves within the identified tick actions

are contributing to the effect. To deal with this, we next propose a formalization of

agent moves as causes.

5.4 Agent Moves as Causes in the SCSGS

We now go a step further by pinpointing the moves that actually contributed

to the effect within the tick actions that are identified as causes. Note that, since

unlike actions, agent moves within each tick action are concurrently performed, it is

possible that more than one alternative chain of subsets of moves in the scenario are

each by itself sufficient to bring about the effect. For instance, in our example, ei-

ther ((pickSuzy , 0), (throwSuzy , 1), (throwSuzy , 3)) or ((pickBilly , 1), (throwBilly , 3)) would

have been sufficient to break the bottle. Just as with causal chains in the SC, we

will identify these refined causal chains in two steps. In the first step, we identify the

minimal set of moves in each action that is a direct cause of the effect in some refined

chain (e.g., throwBilly in the last tick of the second refined causal chain above). We

call these sets of direct causes minimal moves primary causes since they are minimal

sets of moves that are causes. However, we must consider that there might be more

than one minimal moves primary cause in one single action. For example in the last
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tick of our example, we can consider either only Suzy’s throwing or Billy’s throwing to

be a minimal moves primary cause. In the second step, using refined causes, we define

the refined chains mentioned above, which we call minimal moves causal chains.

In keeping with the formalization of dynamic domains in the SC, we will con-

sider actions (but not moves) as (refined) causes.7 Thus our formalization of this

does not omit the irrelevant moves in each time-stamp altogether, but rather re-

places them with the special move wait within the tick action to remove their ef-

fects. wait has no effects (the domain modeler must ensure this), and is always legal:

∀ag, s. LegalM (ag,wait , s).8 Thus, for instance, in our example, one such refined ac-

tion that is a cause is tick(pickSuzy ,wait). We collect all of these for all causal chains

in our new definition of causes.

We now define minimal moves primary causes:

Definition 5.4.1 (Minimal Moves Primary Cause).

MinMovCausesDir(a, ts, (a′, ts), φ, s)
def
=

∃sa. timeStamp(sa) = ts ∧ (S0 < do(a, sa) ≤ s) ∧ ¬φ[sa] ∧

∀s′.(do(a, sa)≤s′≤s ⊃ φ[s′]) ∧MinSuffSubset(a′, a, sa, φ, s).

The above definition is exactly as the definition of primary causes (Def. 5.3.3), but has

7Note that the action theory specifies how the situation changes when actions, i.e., joint moves,
are performed. This allows interfering or synergic effects to be specified.

8In many settings, an agent might be forced to make a non-wait move, e.g. in chess. But our
simplifying assumption that the agent can always wait is only used to extract the contributions of
her moves for the purpose of causation. We could add constraints to rule out such moves in real
play.
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an additional parameter (a′, ts) that returns a tuple consisting of a minimal subset

of moves a′ of the primary cause a that, when executed in sa (i.e., the situation

where the primary cause was executed in the original scenario), is sufficient to cause

the effect φ in s (formalized using MinSuffSubset), and the time stamp ts of a.

MinSuffSubset(a′, a, s′, φ, s) means that the tick action a′ consists of a sufficient subset

of moves of a in s′ to achieve φ up to s, and it is minimal.

Definition 5.4.2.

MinSuffSubset(a′, a, s′, φ, s)
def
= SuffSubset(a′, a, s′, φ, s)

∧ ¬∃a∗. a∗ ̸= a′ ∧ SuffSubset(a∗, a′, s′, φ, s).

a′ is a sufficient subset of moves of a in s′ to achieve φ up to s, i.e. SuffSubset(a′, a, s′,

φ, s), iff a′ is a subset of moves of a, and the execution of this subset a′ in s′ is suffi-

cient to cause φ in s, i.e. φ becomes true after a′ is executed in s′ and it remains true

after the subsequent actions between do(a, s′) and s are executed starting in do(a′, s′).
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Definition 5.4.3.

SuffSubset(a′, a, s′, φ, s)
def
=

SubsetMovs(a′, a) ∧ ∃s′′. timeStamp(s′′) = timeStamp(s)

∧ s′ < s′′ ∧ ∀a1, s1, a′1, s′1.[

(do(a, s′) < do(a1, s1) ≤ s ∧

do(a′, s′) < do(a′1, s
′
1) ≤ s′′ ∧

timeStamp(s′1) = timeStamp(s1)) ⊃ (a1 = a′1)]

∧ (∀s′1.(s′ < s′1 ≤ s′′) ⊃ φ[s′1]).

Here SubsetMovs(a′, a), meaning that the tick action a′ is exactly as a, but with some

of the moves possibly replaced with the wait move, is defined as follows:

Definition 5.4.4 (a′ Consists of a Subset of a).

SubsetMovs(a′, a)
def
=

∃m′
1, · · · ,m′

n,m1, · · · ,mn. a
′ = tick(m′

1, · · · ,m′
n)

∧ a = tick(m1, · · · ,mn)

∧ (∀j. 1 ≤ j ≤ n ⊃ (m′
j = mj ∨m′

j = wait)).

Using minimal moves primary causes, we next formalize minimal moves causal

chains, a variant of CausesByChain that inductively constructs the minimal moves

chain instead.
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Definition 5.4.5 (Min. Moves Cause by Causal Chain).

MinMovesCausesByChain(a, ts, cc, φ, s)
def
=

∀P.[∀a, ts, cc, a′, s, φ.[MinMovCausesDir(a, ts, (a′, ts), φ, s)

⊃ P (a, ts, ((a′, ts)), φ, s)]

∧ ∀a, ts, cc′, s, φ.[∃a′′, a′, ts′, s′.(

MinMovCausesDir(a′, ts′, (a′′, ts′), φ, s)

∧ timeStamp(s′)= ts′ ∧ s′ < s

∧ P (a, ts, cc′, [Poss(a′′) ∧After(a′′, φ)], s′)

∧ cc = Append(cc′, (a′′, ts′))) ⊃ P (a, ts, cc, φ, s)]

] ⊃ P (a, ts, cc, φ, s).

ThusMinMovesCausesByChain is the smallest set such that if a tick action a executed

at time-stamp ts directly caused the effect φ in scenario s with the minimal moves

primary cause (a′, ts), then (a, ts, cc, φ, s) is in that set, where cc = ((a′, ts)); and

if a′ executed at ts′ is a direct cause of φ in s with minimal moves primary cause

(a′′, ts′), the time-stamp of s′ is ts′, s′ < s, and (a, ts, cc′, [Poss(a′′)∧After(a′′, φ)], s′)

is in P (i.e. a executed at ts is a direct or indirect cause of [Poss(a′′) ∧ After(a′′, φ)]

in s′ through minimal moves causal chain cc′), then (a, ts, cc, φ, s) is in P , where

cc = Append(cc′, (a′′, ts′)). This thus incrementally constructs the refined causal

chains using MinMovCausesDir .

Minimal moves causal chains, as defined above, can be incomplete and might only
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include part of the chain. Thus, we also define a notion of complete chains.

Definition 5.4.6 (Complete Min. Moves Causal Chain).

CompleteMinMovesCausalChain(cc, φ, s)
def
=

∃a, ts. MinMovesCausesByChain(a, ts, cc, φ, s) ∧

∀cc′, ts′, a′.cc′ ̸=cc∧MinMovesCausesByChain(a′, ts′, cc′, φ, s)

⊃ (∃a∗, ts∗. (a∗, ts∗) ∈ cc ∧ (a∗, ts∗) /∈ cc′).

Thus cc is a complete minimal moves causal chain given effect φ and scenario s iff

cc is a minimal moves causal chain for some tick action a and timestamp ts, and cc

includes a minimal moves cause (a∗, ts∗) that no other distinct minimal moves causal

chains cc′ of φ and s includes. As shown below, there can be more than one complete

minimal moves causal chains.

Example (cont’d). We can show the following result.

Proposition 5 (Complete Causal Chains in σ1).

Dbt |= CompleteMinMovesCausalChain(cc1, φ1, σ1) ∧

CompleteMinMovesCausalChain(cc2, φ1, σ1),

where cc1=((tick(pickSuzy ,wait),0),(tick(throwSuzy ,wait),1),

(tick(throwSuzy ,wait), 3)), and cc2=((tick(wait , pickBilly),1),

(tick(wait , throwBilly),3)).
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Thus, in our example, we have two distinct complete causal chains, one that stems

from the refined primary cause involving Suzy’s second throw move and Billy’s wait

move at time-stamp 3, and another originating from Billy’s throw and Suzy’s wait

move, again at time-stamp 3.

5.5 Properties of Actual Causation in SCSGS

Preemption. Preemption occurs when there are more than one competing contribu-

tors (actions) to an effect, but they happen one after another/consecutively. In such

cases, only the first of these should be identified as the actual cause. The (effects of

the) latter actions are said to be preempted by the actual cause. We illustrate this

below.

Example 2. Consider the new scenario σ2 = do([tick(pickSuzy , pickBilly),

tick(throwSuzy , otherBilly), tick(throwSuzy , otherBilly), tick(otherSuzy , throwBilly)], S0). In

this, we can show the following result.

Proposition 6.

Dbt |= ¬∃cc. CausesByChain(tick(otherSuzy , throwBilly), 3,

cc, φ1, σ2) ∧ ¬∃cc,m. MinMovesCausesByChain(tick(m,

throwBilly), 3, cc, φ1, σ2).

Thus as expected, Billy’s throw is not considered as part of any (refined) causal
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chain.

Over-determination. Over-determination happens when the effect is contributed

by some events, but a smaller subset of these would have been sufficient for the effect

to hold. For example, in a voting scenario, where 6 out of 10 votes are required for

a candidate to win, if 7 voters voted for candidate A, saying that all of these 7 votes

are the cause of candidate A’s winning the ballot would be over-determination as any

6 of these would suffice. An acceptable solution to this is to only identify any 6-vote

subsets as causes [20].

Example (cont’d). In our first bottle example, there are only two refined causal

chains; the first one only consists of Billy’s moves, and the second only consists of

Suzy’s. The definition MinMovesCausesByChain ensures that only these two chains

exist, since if we were to consider the chain that includes the time-stamp 3 throw

moves of both Suzy and Billy, it will not be a minimal. Formally:

Proposition 7.

Dbt |= ¬∃a, ts, cc. MinMovesCausesByChain(a, ts,

Append(cc, (tick(throwSuzy , throwBilly), 3)), φ1, σ1).

Thus, tick(throwSuzy , throwBilly) at time 3 cannot be a part of any refined causal chain

for any action and timestamp.

In general, since refined causal chains are constructed to be minimal, if we have
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two refined chains in the same timestamp, it cannot be the case that one of them is

a refined version of the other (i.e., has a subset of moves of the other).

Theorem 5.5.1 (No Over-Determination).

D |= ∀a, a1, a2, ts, cc, φ, s.

(MinMovesCausesByChain(a, ts,Cons((a1, ts), cc), φ, s)

∧MinMovesCausesByChain(a, ts,Cons((a2, ts), cc), φ, s))

⊃ (a1=a2 ∨ (¬SubsetMovs(a1, a2) ∧ ¬SubsetMovs(a2, a1))).

Here Cons((a, ts), cc) denotes the sequence where (a, ts) is added to the front of cc.

Proof Sketch: By induction on the length of the minimal moves causal chain using

properties of minimal sufficient subsets of joint moves.

Persistence. Finally, we study the conditions under which (refined) causal chains

persist when the scenario changes.

Theorem 5.5.2 (Persistence of the Causal Chain).

D |= ∀s, s′, cc, ts, a, φ. CausesByChain(a, ts, cc, φ, s)

∧ s ≤ s′ ∧ ∀s∗, a∗.(s ≤ do(a∗, s∗) ≤ s′ ⊃ φ[s∗])

⊃ CausesByChain(a, ts, cc, φ, s′).

Proof Sketch: By induction on the length of the causal chain.

That is, if a tick action a executed in ts is the cause of an effect φ in scenario
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s through causal chain cc, then a in ts remains the cause of φ in all subsequent

situations/scenarios s′ if φ does not change after it was achieved in s. This is because

since the situation where φ was achieved does not change in the extended scenario,

neither does the causal chain.

A similar result can be shown for refined causal chains.

Theorem 5.5.3 (Persistence of Refined Causal Chains).

D |= ∀s,s′,cc,ts,a,φ. MinMovesCausesByChain(a, ts, cc, φ, s)

∧ s ≤ s′ ∧ ∀s∗, a∗.(s ≤ do(a∗, s∗) ≤ s′ ⊃ φ[s∗])

⊃ MinMovesCausesByChain(a, ts, cc, φ, s′).

Proof Sketch: By induction on the length of the minimal moves causal chain using

properties of minimal sufficient subsets of joint moves.

5.6 Causal, Strategic, Combined Responsibility

Before we can give our formalization of responsibility in SCSGS, we need to define

some notions to support strategic reasoning in SCSGS. We define an agent strategy fag

as a function from situations to agent ag’s move in that situation, i.e. fag(s) = mag(x⃗).

For a coalition of agents C, a joint strategy f⃗C = ∪ag∈Cfag and f⃗C,ag is fag ∈ f⃗C .

[28] defined a notion of an agent being able to force an LTL temporal property

ϕ by following a strategy f when operating in a nondeterministic domain, where the

environment determines the outcome of the agent’s actions. Here, we adapt this for
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multiagent settings modelled as SCSGS:

Definition 5.6.1 (Multi-Agent CanForceBy).

CanForceBy(C, ϕ, f⃗C , s)
def
= ∀p.Out(p, C, f⃗C , s) ⊃ Holds(ϕ, p),

where, Out(p, C, f⃗C , s)
def
= Starts(p, s) ∧

∀a, s′.OnPath(p, s′) ∧OnPath(p, do(a, s′)) ⊃

∀ag.(ag ∈ C ⊃ AgentMove(a, ag) = f⃗C,ag(s
′)),

and, AgentMove(tick(m1, ...,mi, ...,mN ), i) = mi.

That is, coalition C can force temporal property ϕ using strategy f⃗C starting in

situation s against any possible moves by agents outside C iff ϕ holds over all paths

that can result from C following f⃗C starting in s. Here, Out(p, C, f⃗C , s) means that

path p is a possible outcome trace when C executes strategy f⃗C starting from situation

s.

We also define a variant of the above that identifies the minimal set of agents that

can force an effect.

Definition 5.6.2 (Minimal Multi-Agent CanForceBy).

MinCanForceBy(C, ϕ, f⃗C , s)
def
= CanForceBy(C, ϕ, f⃗C , s)

∧ ¬∃C ′, f⃗C′ . C ′ ⊂ C ∧ CanForceBy(C ′, ϕ, f⃗C′ , s).

Note that, for a given ϕ and s, MinCanForceBy does not necessarily hold for a
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unique C.

Finally, we define a predicate stating that situation s is consistent with C following

strategy f⃗C starting from s′:

Definition 5.6.3 (Strategy f⃗C is Consistent with Sit. s).

ConsStrategySit(C, s, f⃗C , s
′)

def
=

∀a∗, s∗, ag. s′ < do(a∗, s∗) ≤ s ∧ ag ∈ C ⊃

f⃗C,ag(s
∗) = AgentMove(a∗, ag).

Strategic Responsibility. We are now ready to define various notions of strategic

responsibility. For this, we closely follow the definitions for the single agent case

presented in [8, 9], but extend these for a coalition C and SCSGS. In what follows,

we use path formulae in the context of CanForceBy and dynamic formulae in that of

causal chains.

We start with active responsibility. According to [8], an agent is actively respon-

sible for an outcome under some strategy if (i) the strategy she selected forces that

outcome, and (ii) it was possible for her to select an alternative strategy that would

have not forced that outcome for at least some environment response. We extend this

idea for a coalition of agents C with a strategy f⃗C .
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Definition 5.6.4 (Active Responsibility By).

ActiveRespBy(C, f⃗C , φ, s)
def
= MinCanForceBy(C,♢φ, f⃗C , s)

∧ ∃g⃗C , g⃗′C . CanForceBy(C ∪ C,□¬φ, (g⃗C , g⃗′C), s),

where (g⃗C , g⃗′C) represents the strategy for each agent i such that for any situation s,

(g⃗C , g⃗′C)(s) = gi(s) if i ∈ C, and (g⃗C , g⃗′C)(s) = g′i(s), otherwise.

Thus, a coalition C is actively responsible for φ using strategy f⃗C starting in

situation s iff it can force φ to eventually hold using f⃗C starting in s, and there is

another strategy g⃗C for C that could have been used to always avoid φ starting in s

at least for some strategy g⃗′C of the rest of the agents C.

Next, we define passive responsibility anticipation. According to [9], an agent

anticipates (weak) passive responsibility for an outcome under some strategy F if (i)

there exists an environment strategy G such that F and G together brings about the

outcome, and (ii) there exists an agent strategy F ′ such that F ′ along with the same

environment strategy (i.e. G) would not bring about φ. Again, we extend this idea

for a coalition of agents C:

Definition 5.6.5 (Passive Responsibility Anticipation By).

PassiveRespAntBy(C, f⃗C , f⃗C , φ, s)
def
=

CanForceBy(C ∪ C,♢φ, (f⃗C , f⃗C), s) ∧

∃g⃗C .CanForceBy(C ∪ C,□¬φ, (g⃗C , f⃗C), s),
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where (f⃗C , f⃗C) and (g⃗C , f⃗C) is as defined above in Def. 5.6.4.

Thus, C passively anticipates responsibility for φ using strategies f⃗C and f⃗C start-

ing in s iff C can force φ to eventually hold using f⃗C starting in s if the other agents

followed f⃗C , and C also has a strategy g⃗C to ensure that φ always remains false

starting in s if the other agents followed f⃗C .

Finally, we define a retrospective notion of passive responsibility. According to

[9], an agent has (weak) passive responsibility for some outcome under strategy F

and history H such that the outcome holds in H, if (i) there exists an environment

strategy G such that H is consistent with F and G, and (ii) there exists another agent

strategy F ′ such that when executed along with G, it would have brought about the

opposite outcome. We now generalize this for a coalition C:

Definition 5.6.6 (Passive Responsibility Attribution By).

PassiveRespAttribBy(C, f⃗C , f⃗C , φ, s)
def
=

φ[s] ∧ ConsStrategySit(C, s, f⃗C , S0) ∧

ConsStrategySit(C, s, f⃗C , S0) ∧ ∃s′.s′ < s ∧

PassiveRespAntBy(C, f⃗C , f⃗C , φ, s
′).

Thus, coalition C has passive responsibility for outcome φ in situation/history s

by strategies f⃗C and f⃗C iff φ is observed in s, s is consistent with both f⃗C and f⃗C

starting in the initial situation S0, and C could have anticipated passive responsibility
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for φ by f⃗C and f⃗C in an earlier situation s′ in the history of s.9

Attempted Murder Example. Consider a domain DAM , in which there are four

agents, two killers kllr1 and kllr2, a waiter, and a guard. The killers each can poison

a drink with 50% lethal strength, and can serve it to a victim. The waiter can also

serve the drink. The guard can intervene if the drink is poisoned, before it is served

(or at the same time it is being served). All agents can also instead choose to play

other moves. The outcome is MurderAttempted(s), which becomes true if the drink

is 100% poisoned and then served without the guard intervening.

Now, consider the following individual strategies fag of agent ag ∈ {kllr1, kllr2,

waiter, guard}. Agent kllr1 poisons in the first tick and plays the ‘other’ move in the

second and third. Agent kllr2 poisons in the first tick, plays other in the second,

and serves the drink in the third if it is not served yet, otherwise plays other in the

third tick as well. Agent guard simply plays other in all three ticks. Finally, agent

waiter serves in the second tick and chooses to play other in the first tick and in

the third tick. In the following, we will combine these individual strategies fag to

obtain strategies f⃗C for various coalitions C or their complements C. Thus, e.g., if

C1 = {kllr1, kllr2}, we will use f⃗C1 to denote the strategy of this coalition where the

individual strategies of each member ag of the coalition (in this case, kllr1 and kllr2 )

9Note that unlike in the case for active responsibility, our definitions of passive responsibility do
not ensure that the responsible group is minimal. With some effort, passive responsibility can also
be minimized. In fact it is the case that if PassiveRespAntBy(C, f⃗C , f⃗C , φ, s) and C ′ is a superset

of C, then PassiveRespAntBy(C ′, f⃗ ′
C , f⃗C′ , φ, s) (where the individual strategies are the same, i.e.

(f⃗C , f⃗C) = (f⃗C′ , f⃗C′)). Thus with our definition of passive responsibility anticipation, it is indeed
useful to focus on the minimal coalitions that have passive responsibility.
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are as specified above by fag ; and f⃗C1
to denote the strategy of C1 = {waiter, guard},

where, again, the individual strategies of waiter and guard are as specified above by

fag .

In the actual scenario, both killers poison the drink in the first tick and the waiter

serves it in the second. At all remaining ticks, the agents choose the other move,

so the guard never intervenes. We can show that the coalition C1 = {kllr1 , kllr2}

is passively responsible for the attempted murder by strategies f⃗C1 and f⃗C1
. The

waiter’s move is a cause, but if she does not serve, kllr2 can still deliver on the third

tick, so the waiter cannot prevent the outcome. Thus she is not passively responsible

by the strategies f⃗C2 and f⃗C2
, where C2 = {waiter}. The guard, however, could have

blocked delivery and thus prevented the outcome. We can show that by strategies

f⃗C3 and f⃗C3
, the coalition C3 = {guard} is also passively responsible. The following

figure shows passive responsibility attributions based on the mentioned strategies.

Coalition CausalResp PassiveResp Comb

{kllr1 , kllr2} ✓ ✓ ✓

{waiter} ✓ ✗ ✗

{guard} ✗ ✓ ✗

Figure 5.1: Responsibilities in the attempted murder scenario.

Causal Responsibility Attribution. While the above notions of strategic respon-

sibility account for the choices made by the coalition and their consequences, they do
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not capture the causal contributions to the outcome. For example, in the above sce-

nario, both {kllr1, kllr2} and {guard} are considered passively responsible, yet this

attribution overlooks their causal contribution to the attempted murder. To address

this, we now define causal responsibility. Since actual causality is a retrospective

notion, this is also defined relative to a history s, and is thus an ex post notion.

Definition 5.6.7 (Causal Responsibility Attribution).

CausRespAttrib(C,φ, s)
def
=

∃cc.CompleteMinMovesCausalChain(cc, φ, s) ∧

∀ag. ag ∈ C ⊃ ∃a, ts.(a, ts) ∈ cc ∧AgentMove(a, ag) ̸= wait .

Thus, coalition C is causally responsible for effect φ in situation s iff all agents

inside C contributed to the effect using a non-wait move in at least one (and the

same) complete minimal-moves causal chain.

Using this, we define a combined notion of responsibility.

Definition 5.6.8 (Passive Combined Resp. Attribution).

PassiveCombRespAttribBy(C, f⃗C , f⃗C , φ, s)
def
=

CausRespAttrib(C,φ, s) ∧ ConsStrategySit(C, s, f⃗C , S0) ∧

ConsStrategySit(C, s, f⃗C , S0) ∧

PassiveRespAttribBy(C, f⃗C , f⃗C , φ, s).
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Thus, C has combined responsibility for φ by f⃗C and f⃗C in s iff it is causally

responsible for φ in s, s is consistent with both f⃗C and f⃗C starting in the initial

situation S0, and C is passively responsible for φ by f⃗C and f⃗C in s. Note that, there

are cases where C has passive strategic responsibility for φ, but it is not causally

responsible for it.

Returning to our example, we can show that {kllr1, kllr2} and {waiter} are

causally responsible, while {guard} is not, allowing us to distinguish between coali-

tions that merely enable outcomes and those that bring them about. {waiter}’s

causal involvement however lacks strategic intent given the strategies of the others

agents, which is consistent with her innocent bystander role. See figure 5.1.

5.7 Properties of Responsibility

• Temporal Consistency: A direct consequence of Def. 5.6.5 and 5.6.6 is that

if a coalition is causally responsible in anticipation, then—if the anticipated structure

unfolds—it is also responsible in attribution.
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Corollary 5.7.1 (From Anticipation to Attribution).

D |= ∀C, f⃗C , f⃗C , φ, s. (PassiveRespAntBy(C, f⃗C , f⃗C , φ, s)

∧ ∃s∗. s∗ > s ∧ φ[s∗] ∧ ConsStrategySit(C, s∗, f⃗C , s)

∧ ConsStrategySit(C, s∗, f⃗C , s))

⊃ PassiveRespAttribBy(C, f⃗C , f⃗C , φ, s).

This also (trivially) holds in the other direction.

Corollary 5.7.2 (From Attribution to Anticipation).

D |= ∀C, f⃗C , f⃗C , φ, s. PassiveRespAttribBy(C, f⃗C , f⃗C , φ, s)

⊃ ∃s′. s′ < s ∧ PassiveRespAntBy(C, f⃗C , f⃗C , φ, s
′).

• Non-Redundancy of Causal Responsibility:

Theorem 5.7.3 (Causal vs. Strategic Responsibility).

D ̸|= ∀C, f⃗C , f⃗C , φ, s. PassiveRespAttribBy(C, f⃗C , f⃗C , φ, s)

⊃ CausRespAttrib(C,φ, s),

D ̸|= ∀C, f⃗C , f⃗C , φ, s. CausRespAttrib(C,φ, s)

⊃ PassiveRespAttribBy(C, f⃗C , f⃗C , φ, s).

Proof Sketch: By counterexample; see attempted murder example above.

• Responsibility Persistence: If a coalition C has passive responsibility for φ by
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f⃗C and f⃗C in s, then it will retain this responsibility in all subsequent situations s′ if

both C and C keep following these strategies from s to s′, and if φ holds in s′.

Theorem 5.7.4 (Persistence of Passive Responsibility).

D|=∀C, f⃗C , f⃗C , φ, s, s
′.[PassiveRespAttribBy(C, f⃗C , f⃗C , φ, s)

∧ s < s′ ∧ ConsStrategySit(C, s′, f⃗C , s)

∧ ConsStrategySit(C, s′, f⃗C , s) ∧ φ[s′]]

⊃ PassiveRespAttribBy(C, f⃗C , f⃗C , φ, s
′).

Proof Sketch: Follows from the antecedent and Definitions 5.6.5 and 5.6.6.

Moreover, if in addition φ remains true in all situations in between s and s′, then

the above persistence result can be extended for combined responsibility as well.

Corollary 5.7.5 (Persistence of Combined Responsibility).

D |= ∀C, f⃗C , f⃗C , φ, s, s
′.

[PassiveCombRespAttribBy(C, f⃗C , f⃗C , φ, s)

∧ s < s′ ∧ ConsStrategySit(C, s′, f⃗C , s)

∧ ConsStrategySit(C, s′, f⃗C , s)

∧ ∀a∗, s∗. (s ≤ do(a∗, s∗) ≤ s′ ⊃ φ[s∗])]

⊃ PassiveCombRespAttribBy(C, f⃗C , f⃗C , φ, s
′).

Proof Sketch: Follows from Definitions 5.4.6, 5.6.7, and 5.6.8, and Theorems 5.5.3
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and 5.7.4.

5.8 Conclusion

We proposed an account of causation as well as causal, strategic, and combined

responsibility attribution in a synchronous game-theoretic multiagent logic frame-

work. Our proposal builds on Batusov and Soutchanski’s [21] original formulation of

achievement causality in the situation calculus. The relationship between that frame-

work and Halpern and Pearl’s intervention-based counterfactual causality [20] was

also formally examined in that work. Closely related to our work is the preliminary

study in [30], which formalizes actual cause in the SCSGS; here we refine on this by

defining complete causal chains and using these to formalize responsibility. To our

knowledge, the only other work linking responsibility to actual causation is [1], where

degrees of responsibility are defined in terms of the number of changes required to

avoid the outcome.

Our proposal is nevertheless limited in many ways. We only dealt with achieve-

ment causation and considered objective responsibility exclusively. While we handled

the responsibility of coalitions, we did not consider how responsibility/blame should

be ultimately distributed between the members of the coalition. There are many

philosophical puzzles, such as the bystander effect and the circle-of-blame, that need

to be settled before such attribution can be formalized. In the future, it would be
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interesting to study maintenance causation in SCSGS. Also, responsibility attribu-

tion should account for the knowledge of the agent, which requires the integration of

epistemic logic with the current proposal. To rule out accidental effects, one must

integrate conative logic and notions of goals and intentions with responsibility. This

would allow one to distinguish responsibility incurred due to intentional actions and

accidental ones. Further, considering obligations and deontic logic might shed some

light on the bystander effect, e.g., by stipulating that due to her obligations, the day-

care worker should be held more strongly responsible than all other bystanders when

it comes to the muddy child. Finally, in the future, it would be interesting to look

into the practical aspects of this research.
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Chapter 6

Discussion and Conclusion

6.1 Summary of Contributions

In this thesis, I studied actual causation and causal and strategic notions of re-

sponsibility in situation calculus concurrent game structures (SCSGS), a first-order

extension of concurrent game structures with an action-theoretic underpinning. In

the following, I list the core novel contributions of this thesis.

• A formalization of actual causality in SCSGS. I gave a full account of

actual causation for synchronous concurrent multi-agent domains, extending

previous attempts that focused on turn-taking multi-agent systems exclusively

[12, 28]. The account captures primary (direct) and indirect causes and builds

causal chains inductively. For this, I started by utilizing previous proposals

on actual cause in the situation calculus to identify the tick actions that are

causes, as well as the associated causal chains. I then refined this causal chain

to untangle and identify all the minimal-moves causal chains. By retaining
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only necessary moves and replacing inessential ones with wait , I thus yield only

the minimal sets of moves, each of which might have caused the effect. This

minimization lets me avoid over-determination.

• Properties of actual cause in SCSGS. I prove that the framework does

not misclassify preempted actions as causes. My minimality condition also

avoids over-determination. I also study the persistence of actual causes in this

framework. To some extent, these results establish the intuitive correctness of

my proposal.

• A formalization of strategic and causal responsibility in SCSGS. I rede-

fined previously proposed notions of active responsibility, passive responsibility

anticipation, and passive responsibility attribution, now extended to deal with

coalitions of agents. For this, I used the SCSGS enriched with paths in the sit-

uation calculus and a previously proposed notion of CanForceBy (i.e., an agent

being able to force a Linear Temporal Logic property by following a strategy),

which I also extended to deal with coalitions (multi-agent CanForceBy).

Moreover, based on my formalization of actual cause in SCSGSs, I proposed

a novel notion of causal responsibility attribution. This allows us to formally

capture the coalitions that were responsible for causally contributing to the

outcome. I also defined a notion of combined (i.e., both passive strategic and

causal) responsibility.

• Properties of causal and strategic responsibility in SCSGS. I proved
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some interesting general properties, showing how causal and strategic responsi-

bility are related and investigating the conditions under which various types of

responsibility persist. I also studied temporal consistency between ex post and

ex ante variants of passive responsibility.

• Formal Examples. To demonstrate the proposed theory of actual cause in SC-

SGS, I formalized some variants of the famous bottle example and showed how

it avoids misclassifying irrelevant actions/moves as causes and does not suffer

from common causal problems such as preemption and over-determination.

To illustrate the usefulness of this new proposal of causal responsibility, I formal-

ized the attempted murder example, where the value of causal responsibility becomes

quite evident. It allowed me to show that causal, passive, and combined notions of re-

sponsibility have different extensions: a coalition can be causally responsible without

being passively responsible and vice versa.

6.2 Conclusion and Future Work

Halpern and Pearl’s causal models are not based on proper action theories and

do not assume any ordering of event occurrence. Recent proposal on action-theoretic

formalisms of actual cause, on the other hand, assumes linear scenarios. In con-

trast, my proposal allows one to model more realistic scenarios where agents can act

synchronously. I also studied causal responsibility within this setting.

The proposals in this thesis are nevertheless limited in many ways. I only dealt
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with achievement causation and considered objective responsibility. While I handled

the responsibility of coalitions, I did not consider how responsibility/blame should

be ultimately distributed between the members of the coalition. There are many

philosophical puzzles, such as the bystander effect and the circle-of-blame, that need

to be settled before such attribution can be formalized.

In the future, it would be interesting to study maintenance causation in SCSGSs.

Also, responsibility attribution should account for the knowledge (or lack thereof) of

the agent, which requires the integration of epistemic logic with the current proposal.

To rule out accidental effects, one must also integrate conative logic and notions of

goals and intentions with responsibility. This would allow one to distinguish respon-

sibility incurred due to intentional actions and accidental ones. Further, considering

obligations and deontic logic might shed some light on the bystander effect, e.g., by

stipulating that the daycare worker should be held strongly responsible than all other

bystanders when it comes to the muddy child. Finally, it would be interesting to look

into the practical aspects of this research.
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[19] Gregor Gößler, Oleg Sokolsky, and Jean-Bernard Stefani. “Counterfactual Causal-

ity from First Principles?” In: Proceedings 2nd Intl. Workshop on Causal Rea-

soning for Embedded and safety-critical Systems Technologies, CREST@ETAPS

2017. 2017, pp. 47–53.

[20] Shakil M. Khan and Mikhail Soutchanski. “Necessary and Sufficient Condi-

tions for Actual Root Causes”. In: ECAI 2020 - 24th European Conference on

Artificial Intelligence, 29 August-8 September 2020, Santiago de Compostela,

Spain, August 29 - September 8, 2020 - Including 10th Conference on Presti-

gious Applications of Artificial Intelligence (PAIS 2020). Ed. by Giuseppe De
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