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Preface

These are the proceedings of the Workshop on Logics for the Formation and Dynamics of Social
Norm (LFDSN2019), which takes place in Hangzhou, China, 4-5 May, 2019. The workshop is
funded jointly by the Convergence Research Project for Brain Research and Artificial Intelligence
of Zhejiang University (titled “Logic, Cognition and Artificial Intelligence Research Team”) led by
Beishui Liao at Zhejiang University, and the National Project “Logics of information Flow in Social
Networks” led by Fenrong Liu at Tsinghua University.

Dedicated to the two projects, the aim of this workshop is to look in new systematic ways at
the contrast between individual values and social values. We go beyond traditional preference or
judgment aggregation, placing a focus on agents’ communication at a micro-level in social networks
of a human society or human-machine integrated community. In that process, agents share new
evidence or arguments and they change their preferences or values. Over time, norms then emerge,
where some norms die out, while others stabilize. We want to understand this complex of phe-
nomena, with an emphasis on the interplay between social structure and dynamic communication.
Parts of these social processes have been studied in different paradigms such as evolutionary game
theory, or simulation-based computer science. In this workshop our focus is on also bringing in
methods from dynamic-epistemic logic and argumentation theory, broadly conceived, to understand
how norms emerge and survive, tied to the agents’ reasoning at each stage. We consider case stud-
ies, such as autonomous driving and the emergence of norms to resolve conflicts, but also general
themes, such as the relation between legal rules, individual and social values.

An open call for papers was issued, inviting projects team members as well as other researchers in
highly related areas to submit full papers or extended abstracts. Finally, we accepted 14 contributed
papers. These papers nicely cover the main topics of this workshop, including collective attitudes
and social interaction, social choice and decision making, formal argumentation and reasoning,
evidences and games, probability and reasoning, reasons and beliefs, laws and ethics, etc. The
overall mission of the workshop was to provide a platform for the diverse communities interested
in this intersection.

In addition to the contributed talks, the conference program consists of four invited talks by
leading international researchers in the fields of philosophy, logic, computer science and game the-
ory. They are “Agreement and Disagreement in a Non-Classical World” by Adam Brandenburger,
“Rethinking the Epistemology of Belief Dynamics” by Hanti Lin, “Towards Reasoning about Col-
lective Memory” by R. Ramanujam, and “Deliberation, Single-Peaknedness, and Voting Cycles”
by Olivier Roy.

We are grateful to the program committee members for their effort in helping us shaping the
program. We thank our keynote speakers and all the authors who submitted their papers to our
workshop for their contributions. Moreover, we would like to extend our gratitude to the local
organizing committee for taking care of all the details that make this workshop possible. These
proceedings appear in their dedicated CEUR at http://ceur-ws.org. Through the organization
of the LFDSN workshop, we moreover enjoyed financial support from the Convergence Research
Project for Brain Research and Artificial Intelligence of Zhejiang University and the National
Project “Logics of information Flow in Social Networks” of Tsinghua University.

May 2019 Beishui Liao, Fenrong Liu, and Huimin Dong
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Agreement and Disagreement in a Non-Classical
World

(Extended Abstract)

Adam Brandenburger ∗ Patricia Contreras-Tejada †

Pierfrancesco La Mura ‡ Giannicola Scarpa § Kai Steverson ¶

∗¶ New York University † Instituto de Ciencias Matemticas, Madrid
‡ HHL Leipzig Graduate School of Management § Universidad Complutense de Madrid

In the domain of classical probability theory, Aumann (1976) proved the fundamental result
that Bayesian agents cannot agree to disagree. Two agents Alice and Bob begin with a common
prior probability distribution on a state space. Next, they each receive different private information
about the true state and form their conditional (posterior) probabilities qA and qB of an underlying
event of interest. Then, if these two values qA and qB are common knowledge between Alice and
Bob, they must be equal: qA = qB. By “common knowledge” is meant that Alice knows Bob’s
probability is qB, Bob knows Alice’s probability is qA, Alice knows Bob knows her probability is
qA, Bob knows Alice knows his probability is qB, and so on indefinitely.

This result applies in the classical domain where classical probability theory applies. But in
non-classical domains (such as the quantum world), classical probability theory does not apply,
and so we cannot assume that the same facts about agreement and disagreement between Bayesian
agents hold when they observe non-classical phenomena.

Inspired by their use in quantum mechanics, we employ signed probability measures (“quasi-
probabilities”) to investigate the epistemics of the non-classical world and ask, in particular: What
conditions lead to agreement or allow for disagreement when agents may use signed probabilities?

We establish three results:

a. In a non-classical domain, and as in the classical domain, it cannot be common knowledge
that two agents assign different probabilities to an event of interest.

b. In a non-classical domain, and unlike the classical domain, it can be common certainty that
two agents assign different probabilities to an event of interest.

c. In a non-classical domain, it cannot be common certainty that two agents assign different
probabilities to an event of interest, if communication of their common certainty is possible –
even if communication does not take place.

Copyright c© 2019 by the paper’s authors. Copying permitted for private and academic purposes.

In: B. Liao, F. Liu, and H. Dong (eds.): Proceedings of the Workshop on Logics for the Formation and Dynamics of
Social Norm (LFDSN 2019), Hangzhou, China, 4-5 May 2019, published at http://ceur-ws.org.
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Rethinking the Epistemology of Belief Dynamics

Hanti Lin

University of California, Davis

There are three major approaches to the epistemology of belief dynamics: 1. Belief revision
theory (grouped with nonmonotonic logic and dynamic epistemic logic). 2. Bayesianism (broadly
construed to include Bayesian statistics). 3. Learning theory (grouped with a significant part
of frequentist statistics). Those three approaches may appear to compete with one another. For
example, reliability is pursued by some but mostly ignored by others. Coherence is praised by
some but set aside by some other. The qualitative modeling of belief is employed by some but
banished by some other. Despite the difference among those three approaches, I argue that there
is a way to make them work together as a unified whole. This is done by (i) identifying the core
epistemological thesis and the moving parts of each of the three approaches, and (ii) reinterpreting
some results that have been proved to connect or disconnect the three. The upshot is this: although
almost each of us needs to slightly change the way how things get done (and this definitely applies
to me), we are stronger together.

Copyright c© 2019 by the paper’s authors. Copying permitted for private and academic purposes.
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Towards Reasoning about Collective Memory

R. Ramanujam

Institute of Mathematical Sciences, HBNI

Abstract

We offer a very simple model of how collective memory
may form. Agents keep signalling within neighbourhoods,
and depending on how many support each signal, some sig-
nals “win” in that neighbourhood. By agents interacting
between different neighbourhoods, ‘influence’ spreads and
sometimes, a collective signal emerges.

1 Background
Strictly speaking, there is no such thing as collective memory – part of the same family
of spurious notions as collective guilt. But there is collective instruction . . . All memory
is individual, unreproducible; it dies with each person. What is called collective memory
is not a remembering but a stipulating: that this is important, and this is the story about
how it happened, with the pictures that lock the story in our minds.

Susan Sontag (2003)

Any discussion on individual values and social values visits the question, How are we to act?
at some point. The question, of course, is, who is this we referred to here ? Clearly this we is
a social construction, one that depends on the very social norms and social values that we wish
to reason about. Integral to such social construction of a collective is the memory ascribed to
that collective. Group identity is constructed structurally by ascribing memory to the group, and
in turn, such identity shapes its memory. Remembrance has a crucial impact on preferences and
values, influences action.

It is here that Susan Sontag’s quote above assumes significance. Sontag calls collective mem-
ory a process of stipulation. Somehow the collective ascribes importance to an item of memory,
authenticates it and symbolizes it; then on, the symbolism “locks” the memory item, in Sontag’s
account.

Copyright c© 2019 by the paper’s authors. Copying permitted for private and academic purposes.
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Note that this is a significant departure from the structural conception of memory, that visualises
memory as a notebook, and remembering as looking it up. Wittgenstein strongly attacked such a
conception of memory. Scholars like Sutton (2014) have discussed this at length. For Wittgenstein,
social acts were important in shaping memory, and based on this, scholars like Rusu (2013) even
talk of social time, and modern theories of connectionism and distributed memory build on many
such notions.

For us, these remarks are relevant from two viewpoints. The 1950’s saw the development of
automata theory as a study of memory structures, and in theory of computation, automata provide
a model of memory that Wittgenstein might have approved of. In this view, memory is not a table to
be looked up, but is constituted by states of being of the automaton. Observations cause changes in
state, some states remember (some of the past) and some forget. Thus, memory is built into system
structure. Such a view is important for seeing memory and reasoning as interdependent rather
than as separate (as psychologists used to consider). Logicians are used to equating automata and
logics, as in the case of monadic second order logics of order. (Wittgenstein would have approved.)

The other viewpoint relates to distributed memory, where interacting agents rely on memory
external to them. Computer science has evolved impressive models of highly flexible interaction
and memory that has literally changed the everyday life of much of humanity in the last few
decades.

In social theory, the notion of collective memory is influential. Maurice Halbwachs (1980)
talked of how an individual’s understanding of the past is strongly linked to a group consciousness,
which in turn is a form of group memory that lives beyond the memories of individuals that form
the group.

For the logician, these notions pose an interesting challenge: what are the logical properties
of collective remembering ? What is the rationale followed by a group in ascribing / stipulating
collective importance to events and their remembering ? Why is a particular idealisation chosen
? These are difficult questions to answer, but a more modest reformulation of such questions
offers an approach to solutions. If the memory of an automaton is describable via logic, we can
perhaps build a model of group and individual memory based on automata whose interactions lead
to collective memory, which in turn influences behaviour of individual automata.

Why should one bother ? In (Parikh 2012) Rohit Parikh speaks of cultural structures providing
an infrastructure to social algorithms (much as data structures do for computational algorithms). A
queue is one such structure according to him, and we can see how it enables a specific kind of social
behaviour. Epistemic reasoning is an essential component of social algorithms, as persuasively
argued by Parikh. We can then see collective memory as an essential gradient of its infrastructure
creating the ‘common ground’ in which social objectives and communications are interpreted.

What follows is a very simple, perhaps very simplistic, attempt at formalization of this no-
tion, inspired by the study of population protocols in distributed computing (Aspnes and Ruppert
2009). We offer this formal model tentatively, as an initial step of a (hopefully) detailed research
programme.

2 A model
Let N denote a fixed finite set of agent names. Let C ⊆ 2N be a nonempty set of nonempty subsets
of N , referred to as neighbourhoods over N .

For presenting the model we will make some simplifying assumptions. We fix an alphabet pair
(Σ,Γ) where Σ is a finite input alphabet, Γ is a finite signal alphabet, both common to all agents.

8



Let Γ = {γ1, . . . , γm}.
Let I ∈ C and |I| = k. A distribution over I is an m tuple of integers y = (y1, . . . , ym) such

that yj ≥ 0 and Σm
j=1yj = k, 1 ≤ j ≤ m. That is, the jth component of y gives the number of

agents in the neighbourhood I who give signal γj . Let Y[I] denote the set of all signal distributions
of a neighbourhood I and let Y =

⋃
I∈C Y[I].

The main idea is this. All agents initially receive an external input and assume some state. At
each state, an agent produces a signal. Interactions occur in neighbourhoods nondeterministically,
and an agent who is a member of many, could be interacting in different neighbourhoods. Each
interaction induces a state transition that is determined only by the distribution of signals: it does
not depend on who is signalling what, but how many are producing each signal. Such interactions
keep occurring repeatedly until a stable configuration is reached.

Below, for I ∈ C, we use the notation ΓI for a vector of signals, one for each of the agents in I .
Note that every such vector induces a distribution over Γ in Y[I].

Definition 1. A group automaton over C is a pair M = (δ, ι), where ι : Σ→ Γ, and δ is a finite
family of transition relations δI ⊆ (Y[I]× ΓI), where I ∈ C.

A configuration χ is an element of ΓN . The dynamics of M is given by a configuration graph
GM whose vertices are configurations and edges are labelled by neighbourhoods: an edge (χ, I, χ′)
is present when the signal distribution induced by χ causes a transition to ΓI , and χ′ = χ ⊕ ΓI

(with some abuse of notation). Note that ι induces an initial configuration χ0. A history ρ is any
finite or infinite path in GM starting from χ0. Let HM denote the set of all maximal histories of
M .

When we have stable configurations, we see them as formation of collective memory. For this
it is of course essential that a history allows for signalling to spread across neighbourhoods; if
some neighbourhoods never interact, then signalling can remain confined within pockets. So we
may often consider only spanning histories where we impose the condition that every interaction
that is infinitely often enabled (according to the transition rule) in an infinite history takes place
infinitely often. This is a typical fairness condition used in the theory of computation, but weaker
conditions may be sufficient for many systems. For instance, we might simply ask that the union
of neighbourhoods in a history span all of N ; this merely says that all the agents have interacted at
least once.

As an example consider a system with two signals {g, b}, standing for “good” and “bad”. Ini-
tially every agent perceives some global event as good or bad. The transition rule is simple: for any
neighbourhood I , if more than half in I signal x, then all agents in I signal x in the new state. If
they are exactly even, they continue evenly matched. Now if we ensure that δ offers a sufficiently
rich interaction, we have either of the two perceptions becoming stable, depending on how many
receive the input, as well as the structure of C.

Theorem 1. Given a system M , whether a stable configuration is reachable is decidable.

Unfortunately, the size of the configuration graph can be very large (though finite) as also the
description of δ, so decidability amounts to very little.

3 Discussion
We began with the intention of reasoning about collective memory. How do systems of signalling
in neighbourhoods embody reasoning ?

9



Firstly, it should be clear that the history model is rich enough to interpret the formulas of a
propositional temporal logic, and hence we can indeed talk in a logical language about the “re-
membrance of things past”. Further, a natural equivalence relation ∼i can be defined, that equates
histories for agent i, when the signal sequence projected to the ith component in each of them is
identical. Thus we can employ an epistemic temporal logic to discuss the dynamics.

Such a logical exercise is not sufficient in itself to uncover the process of stipulation mentioned
by Sontag, or the interdependence between memory and reasoning demanded by Wittgenstein.
However, in our opinion, the model holds considerable promise. For achieving the richness re-
quired, we hold two features to be essential: reinforcement of memory that comes through repeated
interactions inside local neighbourhoods, but not confined to those neighbourhoods; complex so-
cial rules that determine influence in signalling. Both are present in this model.

What we have here is obviously a model in its infancy. Whether it can grow into a healthy tool
for reasoning about collective memory is as yet a matter of hope.
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Deliberation, Single-Peaknedness, and Voting Cycles

Soroush Rafiee Rad Oliver Roy

University of Bayreuth

Deliberation in social networks can help avoiding voting cycles. This claim is usually made
via the notion of “meta-agreements” which, it has been claimed, entails that the group members’
preferences are single-peaked, which in turn guarantees the existence of a Condorcet winner. We
provide evidence from simulations that this detour through meta-agreement, or even single-peaked
preferences, is in general unnecessary. To the extend that deliberation induces a process of ratio-
nal preference change, it almost completely avoids voting cycles. Whether it does so through the
creation of single-peaked preferences depends on the whether the participants rank only strictly
the alternatives or are allowed to be indifferent. In the former case deliberation does eliminate cy-
cles by creating single-peaked preferences. In the latter case, however, single-peaked preferences
play little to no role in the elimination of voting cycles. This, on the one hand, supports an opti-
mistic view about the outcome of group deliberation. It does, on the other hand, puts important
qualifications to the centrality of single-peaked preferences in that process.

Copyright c© 2019 by the paper’s authors. Copying permitted for private and academic purposes.
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Pluralism about Reason Accrual

Davide Fassio

Zhejiang University

Abstract

One of the most complex and mysterious phenomena dis-
cussed in the literature on reasons is the so-called ‘accrual
of reasons’. This phenomenon concerns the ways in which
a set of reasons can interact and be combined to determine
deliberative outcomes and overall obligations. Reasons ac-
crue in variable and complicated ways. Philosophers have
provided several models of this phenomenon. Unfortunately,
none of them seems exempt from problems. The aim of this
paper is to critically consider the various models advanced
in the literature and show that they are all wanting because
incomplete. While each model has considerable explanatory
virtues, none of them alone can fully explain the many ways
in which reasons accrue. My tentative solution is to assume
that different mechanisms of reason accrual are operative in
different contexts. This sort of ‘accrual pluralism’ could ex-
plain all the cases while avoiding problematic consequences
of other approaches.

Normative reasons are considerations that count in favour of or against certain attitudes, actions
or omissions. For example, that Tom promised to be on time at the party is a reason for her to
do so, that the butler’s fingerprints are on the murder weapon is a reason to believe that he is the
culprit, and that a joke is funny is a reason to appreciate it. Many philosophers consider reasons as
the most fundamental building blocks of normativity, to which other normative notions could be
reducible, or in terms of which they could be explained.1 Moreover, the notion of reason plays an

Copyright c© 2019 by the paper’s authors. Copying permitted for private and academic purposes.
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important role in our everyday normative reasoning. Reasons are considered the most important
‘contributory’ elements in normative discourse: reasons’ combinations contribute to make better or
worse cases for actions and attitudes, determining all things considered normative conditions, such
as whether an agent is all things considered permitted, obliged or forbidden to perform a certain
action or hold a certain attitude.2

One of the most complex and mysterious phenomena discussed in the literature on reasons is
the so-called ‘accrual of reasons’. This phenomenon concerns the ways in which a set of reasons
can interact and be combined to determine deliberative outcomes and overall obligations. Reasons
accrue in variable and complicated ways. In some circumstances, this accrual resembles a mere
weight of different strengths of reasons, and the outcome an additive function of these weights.
However, in other situations, the outcome is some more complex factor of the combination. For
example, it may happen that the combination of two reasons for a certain act or attitude F results
in a weaker normative support for F, or even in an obligation to refrain from F-ing. As Jonathan
Dancy observed,

“[reasons] can combine in peculiar and irregular ways [. . . ]. There is no guarantee
that the case for doing an action, already made to some extent by the presence of one
reason, will be improved by adding a second reason to it. Reasons are like rats, at least
to the extent that two rats that are supposedly on the same side may in fact turn and fight
among themselves; similarly, the addition of the second reason may make things worse
rather than better” (Dancy 2004, p.15).

Later we will consider several examples of this complex phenomenon.
Philosophers have provided several models of reason accrual. Unfortunately, none of them

seems exempt from problems. Some accounts lead to implausible consequences. Others lack the
resources to explain some of the relevant cases of accrual. The aim of this paper is to critically
consider the various models advanced in the literature and show that they are all wanting because
incomplete. While each model has considerable explanatory virtues, none of them alone can fully
explain the many ways in which reasons accrue. I shall also tentatively argue that the solution
to this problem consists in assuming that different mechanisms of reason accrual are operative in
different contexts. This sort of ‘pluralism’ about reason accrual could explain all the cases while
avoiding problematic consequences of other approaches.

This is the plan of the paper. In the next four sections (1-4) I shall consider four models of
reasons’ accrual: the ‘weighing’ account, the ‘independent reason’ account, the mixed account, and
the holistic account. I shall argue that each of them is affected by several problems. These models
seem either unable to fully explain the complexity of the phenomenon or doomed to implausible
consequences. However, I shall also argue that these models are not radically misleading. Each of
them seems particularly well fit to explain a restricted range of cases. In 5 I shall tentatively argue
that the right approach to the accrual of reasons is pluralist. We should accept that there is not a
single mechanism regulating the ways in which reasons combine to determine overall obligations.
Rather, there is a plurality of mechanisms appropriate in different contexts.

Before proceeding further, let me add three clarificatory remarks: first, this paper is concerned
with reason accrual in situations in which the strength of reasons is not derivative. I will set aside
discussions of weighing mechanisms of what many call ‘instrumental reasons’, whose strength
is derivative from source reasons. The peculiar mechanisms of weight and accrual for such type

2See, e.g., (Dancy 200; Lord and McGuire 2016).
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of reasons would deserve a special treatment that unfortunately I cannot offer here.3 Second, the
weight of reasons and the way they accrue may be grounded in very different kinds of property. A
short list includes prudence, authority (moral, aesthetic, social), convention, specificity, reliability,
and second-order reasoning.4 In this paper I will be exclusively concerned with the general mech-
anisms of reason accrual. My discussion will remain neutral on the underlying metaphysical and
explanatory grounds of such mechanisms. My third remark is methodological. In this paper I will
privilege arguments based on inference to the best explanation. I will assess different accounts of
reason accrual based on how well they fare in explaining different sorts of cases. Moreover, I shall
assess such accounts based on (i) how well they preserve intuitive differences between the con-
sidered cases, and (ii) whether they are well suited to provide a complete explanation of all cases.
As we will see, various available accounts offer good explanations of some such cases but not of
others. My contention is that no available account can satisfactorily explain all the different ways
in which reasons accrue or fail to accrue. This will urge us to rethink the phenomenon of reason
accrual as based on a plurality of independent mechanisms, and eventually to endorse a pluralist
account of such a phenomenon.

1 The ‘Weighing’ Account
According to the ‘weighing’ account, each reason possesses a specific strength. This can be un-
derstood as a sort of weight or alternatively as a force, by analogy with physical forces.5 When
reasons interact, their weights are compared and combined, and the outcome of a combination is
a further weight that is an increasing function of the weights of its components.6 An agent should
(overall) perform the action (hold the attitude) that receives the greatest weight.

The weighing conception is well illustrated by an example suggested by John Horty (2012,
p.59):

(Two Aunts) I have been invited to the wedding of a distant relative at a difficult time
of year. I am not particularly close to this relative, and, since the wedding falls at such an
inconvenient time, I would rather not go. But suppose I learn that the guests will include

3The relations between derivative and source reasons are commonly expressed by weight transmission principles.
An example is the Sufficient Means Transmission Principle according to which if the weight of A’s reason to x is n and
y-ing is a sufficient means to x-ing, then there is a reason to y with weight m, where m is not greater than n (Lord and
Maguire 2016, p.13-14). For overviews of reason transmission mechanisms see (Kolodny and Brunero 2018, 2) and
(Lord and Maguire 2016, 2). It is worth mentioning that some philosophers do not consider ‘instrumental reasons’ to
be reasons at all. See in particular Horty’s austere view of reasons (e.g., (Horty 2012, p.44)).

4See (Horty 2012, p.18-19 and ch.5).
5An early presentation of this model can be found in a letter of Benjamin Franklin (1772, p.348-349). For a recent

endorsement of the weighing conception see (Broome 2004). For the ‘force’ interpretation see (Ross 2002) (though
Ross’ focus is on prima facie duties). For a discussion of the ‘weight’ and ‘force’ interpretations see (Horty 2012,
p.3-5).

6One may conceive this increasing function as completely additive: where ri and rii are reasons, their combined
weight is W(rii+rii). The example in the text seems to suggest such kind of fully additive accrual. However the
increasing function must not be necessarily understood as completely additive. I’ve here in mind, in particular, a model
of accrual for probabilistic weights, particularly apt to formalize the interaction of epistemic reasons for credences
(partial beliefs). Probabilities are only partially additive: the combination of two probabilities is not identical to their
sum when the probabilities are not independent. Another example in which the resulting weight may be an increasing
function of the initial weights without being their additive outcome is the non-linear variation of utility due to the
effect of risk aversion – at least if one interprets risk-aversion as due to intrinsic properties of utilities; of course, this
is not the only available interpretation of this phenomenon. See (Buchack 2013) for an alternative view.
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my two old aunts, Olive and Petunia, whom I enjoy and who I know would like to see
me. Here it is perfectly sensible to imagine that, even though I would still choose not
to attend the wedding if only one of the two aunts were going, the chance to see both
Aunt Olive and Aunt Petunia in the same trip offers enough value to compensate for the
inconvenience of the trip itself.

We can easily imagine a representation of this situation within a weighing conception: the in-
convenience of the trip has a certain numerical weight that outweighs the benefits of seeing each
aunt alone. However, when the weight of the value of seeing Aunt Olive is added to the weight of
seeing Aunt Petunia, the additive weight of the two reasons together outweighs the disvalue of the
inconvenient trip.7

Despite its intuitive appeal, this account doesn’t seem sufficient to explain all cases of reason
accrual. Here it is an example from Horty (2012, p.61):

(Heat+Rain) Suppose I am deliberating about an afternoon run, and that both heat
and rain, taken individually, function as negative reasons, arguing against a run; still, the
combination of heat and rain together might function as a positive reason, favoring the
run as refreshing.

In this example, heat and rain, taken individually, provide negative weights against a run. If the
weighing account were right, we should then expect that their combined weight is a higher disvalue
of a run. But this is not the case. In fact the two reasons combined together provide positive weight
favoring running. Consider a similar but funnier example, inspired by Dancy (2004, p.16): the fact
that food is terrible may be a reason against going in a restaurant, the fact that portions are too
small is another reasons to avoid that restaurant. However if food is terrible, small portions seem
better than big ones. Differently from (Heat+Rain), here the reasons’ accrual does not change
the polarity of the weight (from negative to positive). Nonetheless, the weight resulting from the
combination of the two reasons is less than that of each reason taken individually: other things
being equal, I would prefer to go in a restaurant where food is terrible and portions are small (of
course, assuming that for reasons of etiquette I should finish the meal). In this example, the accrual
works as an attenuator of the respective reasons.8 This is incompatible with a simple weighing
conception of the accrual of reasons.

2 The ‘Independent Reason’ Account
According to the ‘independent reason’ account, accrual of two or more reasons is not a function of
these reasons. Rather, the facts that individually constitute basic reasons when conjoined together
constitute a more complex independent reason. This complex reason may well recommend what
the more basic reasons recommend and with a higher degree of strength. According to this account,
this is precisely what happens in (Two Aunts) where, while the individual facts that Aunt Olive will

7Another interesting example is the following (from (Nair 2016, p.56)): suppose that in order to get to that side of
town I must cross a bridge that has a $25 toll. The toll is a reason not to cross the bridge. The movie is a reason to
cross the bridge and the restaurant is also a reason to cross the bridge. It may be that if there were just the movie to
see, it wouldn’t be worth it to pay the toll and if there were just the restaurant, it wouldn’t be worth it to pay the toll.
But given that there is both the movie and the restaurant, it is worth it to pay the toll.

8For further examples and discussion see (Lord and Maguire 2016, 2.2; Nair 2016, 1). See also (Dancy 2004, ch.1,
2) for other interesting examples illustrating the inadequacy of a simple weighing model.
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be at the wedding and that Aunt Petunia will be at the wedding are not strong enough reasons to
outweigh the inconvenience of the trip, the further fact that the two Aunts will be present success-
fully outweighs the inconvenience. In other cases the complex reason can bear a weaker strength
than the more basic reasons, and sometimes even possess an inverted polarity with respect to them.
This is what happens in (Heat+Rain) where, while heat supports not to run and rain supports not
to run, the joint presence of heat and rain supports to run.

Observe that, according to this account, in all cases of accrual the complex reason is not a
factor of the weights of the more basic reasons, but a completely new, independent reason. Strictly
speaking, according to this account it isn’t quite right to talk of ‘accrual’ of reasons. As a matter of
fact, there is no accrual of basic reasons into a complex one. Rather, complex reasons are further
independent normative considerations which add up to the basic ones and in normal circumstances
fully outweigh them.

The ‘independent reason’ account has enjoyed a certain degree of popularity,9 and it is quite
resistant to counterexamples. Unfortunately, also this account leads to a number of implausible
consequences.10 In most cases involving reason accrual it doesn’t seem right to think of complex
reasons as completely independent from basic ones. Consider again (Two Aunts). Does it make
sense to say that the reason constituted by the presence of the two aunts has absolutely nothing
to do with the separate more basic reasons constituted by the presence of Aunt Olive and the
presence of Aunt Petunia? This sounds strikingly counterintuitive. It seems pretty obvious that the
normative force of the complex reason strictly depends on the normative import of the basic ones.

Another related problem is that this account unduly multiplies the number of reasons. It seems
that in (Two Aunts) it is inappropriate to describe the case as one involving four reasons bearing
on the choice whether to attend the wedding: the inconvenience of the trip, the presence of Aunt
Olive, the presence of Aunt Petunia, and the presence of Aunt Olive and Aunt Petunia. This seems
a vicious double counting of the relevant normative considerations. Similar considerations are
valid for (Heat+Rain). It doesn’t seem right to describe the case as one in which there are three
reasons: that it’s hot, that it rains, and that it’s hot and it rains why then not to add further even
more complex reasons to the list, such as the complex fact that [(it’s hot and rains) and that it
rains]?

Another problem for this account is that if the complex reason is completely different from the
basic ones, we should expect the latter reasons to survive in the background of our normative
considerations and preserve their force and polarity, even though merely as outweighed, defeated
reasons.11 However often this is clearly not the case. Consider again (Heat+Rain). I wouldn’t
describe this situation as one in which, despite the facts that it is hot and it rains individually clearly
speak against running, the fact that it’s hot and rainy is a stronger reason to run and outweighs the
other two considerations for not running. This description of the case sounds pretty odd, at least to
my hears. Rather, I would say that in a context in which heat and rain are both present and speak
in favor of running, each of the components alone, the heat and the rain, both contribute positively
to the normative status of running. In other words, the co-presence of rain and heat doesn’t merely
defeat the basic reasons against running, but completely changes the polarity of these individual

9See, for example, Pollock (1995, p.101102), who treats complex reasons as independent of basic ones. (Schroeder
2007, Ch. 7) can be interpreted as endorsing a similar approach.

10Some such consequences have been put forward by Horty and Nair. See (Horty 2012, p.60; Horty and Nair 2018,
5).

11As Dancy has observed, “a contributory reason on one side is not necessarily destroyed by the presence of a reason
on the other side. This does happen sometimes, I agree, but it is far from the standard case” (Dancy 2004, p.15).
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considerations from negative to positive: we can say that in this scenario these considerations are
reasons for running (though not sufficient if taken individually), not reasons against. To reinforce
this point, think of the absurdity of the following considerations, which would be appropriate if the
independent reasons account were right: “There are good reasons not to run: that it is hot and that
it’s raining. However fortunately there is a stronger reason to run: that it’s hot and rainy!”.

Indeed it is important to stress that a few cases could be properly described as involving complex
reasons independent of their constituent basic ones and weighed against them. Here is an example:

(Two promises) Tom promised to Mary that he would go to her birthday party. He
also promised Matt that he would go to Mary’s party. However a terrorist threatens to
kill Tom’s family if Tom makes two promises and keeps one of them.

In this case it seems that the fact that Tom made the two promises is a decisive reason not to go to
the party, even though each premise individually remains a (defeated) reason to go. Importantly, in
this case the promises do not change their polarity as in (Heat+Rain). Rather, they provide pro tanto
reasons to go to the party, even though their force is completely defeated by the terrorist’s threat.
This is confirmed by the fact that, even if Tom should not go to the party, he should nonetheless
call Mary and Matt and tell them that he will not be able to keep his promises and apologize for
this. Such reparative duties are clues that the reasons constituted by each promise preserve their
force and polarity and clash with the further separate reason-fact that Tom made the two promises.

While the ‘independent reason’ account fits well with this sort of examples, the important differ-
ences between this case and others such as (Two Aunts) and (Heat+Rain) should make us recon-
sider once more the account as inadequate to explain all cases of reason accrual. This reinforces
my hypothesis that this model of reason accrual, as others discussed in the literature, is not com-
pletely out of track, but is incomplete insofar it only accounts for a specific aspect of the more
general phenomenon.

3 The Mixed Account
So far we considered two accounts of reason accrual: the ’weighing’ account and the ’independent
reason’ account. We found problematic both accounts: while they provide correct diagnoses of
some cases, they are unable to account for others. However one may suggest a mixed account
according to which in some cases reasons accrue according to what the weighing account predicts,
while in others an independent reason determines the outcome by outweighing other basic reasons.

How to decide which accrual model we should apply in a given circumstance? When exactly
would an independent complex reason enter in the weight? Answer: when there is such a reason. In
(Two Promises) there is such an independent reason (namely, that Tom made two promises) which
outweighs the strength of basic reasons. However in other cases such as (Two Aunts) there is no
complex independent reason and the basic reasons accrue by combining their respective weights.
The general idea behind the mixed account is that, by default, reasons accrue by combining their
weight according to the weighing model. This default rule is defeated when the combination of
facts constituting basic reasons is itself a further independent reason relevant for the same deci-
sion.12

12To my knowledge nobody ever suggested such an account. (Prakken 2005) could be interpreted as defending a
version of it, though some passages in that article seem to suggest otherwise. While I shall argue that the present
account doesn’t seem to work in special cases, I must admit my sympathy for it. Compared to other non-pluralist
accounts, this is the one I find most promising.
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This account can avoid the problem put forward by Horty and Nair. In (Two Aunts) the reasons
to attend the wedding are just the two basic ones: that Aunt Olive will be at the wedding and that
Aunt Petunia will be at the wedding. As we saw above, the account has also no difficulties in
explaining cases like (Two Promises). Such explanation mirrors the one of the independent reason
account. Moreover, the account doesn’t unduly multiply the number of reasons. In (Two Aunts),
the account predicts that there are exactly three reasons: the inconvenience of the trip, the presence
of Aunt Olive, and the presence of Aunt Petunia. The joint presence of the two aunts doesn’t count
as further reason. The account also predicts that in (Two Promises) there are three reasons: the
promise that Tom made to Mary, the one he made to Matt, and the two premises together. Here it
seems appropriate to assume the existence of a further independent complex reason in addition to
the two basic ones, also given its different normative source the former being the result of acts of
promising, while the latter being the proper response to a life threat.

However the account seems to founder on the further problems advanced against the ’indepen-
dent reason’ account. The mixed account has no easy explanation of cases such as (Heat+Rain).
We already saw that in such cases the accrual cannot be fully explained by a mere weighing con-
ception. Therefore the mixed account must explain the case with a further independent reason.
However this would amount to interpret (Heat+Rain) as a case in which each of heat and rain
speak against running, but the fact that it’s hot and rainy is a stronger reason to run and outweighs
the other two considerations for not running. As we said above, this description of the case sounds
deeply wrong. Heat and rain both seem to contribute positively to the normative status of running.
The two considerations change their normative polarity when they are jointly present. This cannot
be easily explained by the mixed account.

4 The Holistic Account
There is an account of reason accrual that can explain (Heat+Rain). According to the holistic ac-
count, all things considered obligations are never factors of the conglomeration of a specific subset
of reasons; rather, they are always determined by the totality of facts. According to a specfic ’defla-
tionary’ version of this view, talk about reasons is a mere pragmatic device. What we call ’reasons’
are just specific facts included in a more general net of normative explanations that we pick up and
separate from other conditions only because of their salience in a conversational context. They are
not ontologically substantive entities carving normative nature at its joints. Alternatively, we may
think of reasons as the set of facts standing in an holistic net of normative relations, ontologically
substantive but overdeterminated by the context as a whole. In both versions of the view, reason
accrual is not an aggregative phenomenon, but a way of describing a certain local configuration
of facts determined by the totality of normative relations. According to this account, reasons do
not literally accrue; rather, they stand in specific relations as part of a more general normative
explanation.13

As I just said, the holistic account can easily explain cases such as (Heat+Rain). In circum-

13Holistic accounts of reasons and reason accrual seem to be presupposed, at least implicitly, by ought-first views
(e.g., (Broome 2013)), and by specific normative frameworks such as Bayesianism in formal epistemology. (Schroeder
2011) could be interpreted as defending a holistic account of reason accrual, even though for him the context dependent
holistic features are the weights of reasons, not reasons themselves. Dancy (2004) famously used reasons holism to
defend particularism. However, it is important not to conflate holism about the grounds of reasons and holistic accounts
of reason accrual. While the two things may go together, they are quite independent. In particular, one can be a reason
holist without endorsing an holistic account of reason accrual.
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stances in which there is heat but not rain, or rain without heat, the obtaining fact counts against
running given the totality of facts (at least other things being equal). However, in circumstances in
which heat and rain are both present, other things being equal, the heat and the rain will be both
reasons to run – individually insufficient but jointly sufficient. Holism can explain well why and
how reasons sometimes completely change their force and polarity when embedded in different
contexts. This account assumes that what an agent ought to do is not a factor of reasons; rather,
reasons are ’read off’ from the totality of normative facts and relations. They can be used as de-
vices for explaining the structure of overall obligations but cannot determine and ground the latter.
In this perspective, a change in what one ought to do may have effects on the overall network of
normative relations, possibly changing polarity and force of virtually any reason.14

One worry with such account is that it doesn’t respect our intuitions about how normal people
reason about normative matters. It’s clear that our deliberative practice rarely follow holistic pat-
terns. In our deliberation about what to do, we almost never proceed via a general consideration
of the totality of facts or all the facts relevant to a certain decision. Rather, we proceed from de-
feasible premises and conclude to what we should do. The overall normative conclusion is almost
always constructed from more fundamental contributory elements, by combining together specific
considerations with mere pro tanto weight. We normally start assuming by default that some fact
counts as a reason for some act or attitude, and then we proceed bottom-up modifying our con-
clusion on the basis of further information. If, as it seems plausible, our deliberative practice is
supposed to reflect the structure of normative reasons, we must conclude that the holistic account
doesn’t provide a realistic account of the accrual of reasons in general.

A related problem is that according to this account, whether something is a reason would depend
on a fully qualified, complete list of facts. This would commit us to consider in our reasoning
every possible relevant fact in the circumstance before concluding that something is a reason for
something else. But this is an unrealistically complex, never-ending work for a human being.15

Consider a specific example of defeasible reasoning: if Tweety is a bird, then Tweety can fly.
If we were to reason holistically about whether the fact that Tweety is a bird counts as a reason
to believe that Tweety can fly, we should consider all possible defeasible circumstances such as
whether Tweety is not a penguin, that Tweety is not a duck, that is not unable to fly due to particular
circumstances such as that it is a baby bird, a sick bird, his wings are clipped, its fits are stuck in
cement, and so on. Only after considering all facts we will be in a position to conclude whether the
fact that Tweety is a bird really counts as a reason in favor of believing that Tweety can fly. The list
of relevant facts is open-ended, just impossible to consider for any human being. The conclusion
would be that human beings are almost never in a position to know whether some fact is a reason
for something, or whether the fact counting as reason promotes that thing or adverse it.

Finally, notice that a holistic explanation of other cases considered above would be far less
intuitive than that provided by other accounts. As way of example consider (Two Aunts). Here it
seems odd to say that the decision to attend the wedding is not motivated by the consideration of
the facts that my aunts will be at the wedding, but by an infinity of other considerations which I
am not attending now, such as whether my aunts have not been substituted by robot replicants or

14The holistic account seems to be particularly well suited to describe specific normative properties such as aesthetic
and prudential values. See (Moore 1993, p.70-80)’s principle of organic unities and his application to the aesthetic
domain. Other normative domains, such as the moral and legal ones, seem less susceptible to a holistic interpretation.

15This worry is inspired by the discussions in (Horty 2012, p.55 and ff). The worry is related to the “potato in the
tailpipe problem” much discussed in the literature on artificial intelligence.
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whether there will be a terrorist attack during the wedding. The case seems to be better described
as one in which what the agent ought to do is the product of the interaction and weight of just three
reasons.

The above considerations indicate that the holistic account doesn’t provide a realistic account of
the accrual of reasons in general. This doesn’t mean that we can’t apply holistic criteria to small
sets of facts in order to determine the set of reasons operative in a given context. (Heat+Rain) seems
precisely to be a case in which we reason in this holistic way, by considering the meteorological
situation as a whole, not as the combination of specific meteorological aspects such as heat and
rain. Such kind of deliberation, moving from the consideration of whole sets of information about
specific matters, would help explaining a range of cases, while leaving open the possibility of
accounting for other cases by means of different mechanisms.16

5 Pluralism about Reason Accrual
Let’s take stock. So far we have considered four accounts of reason accrual. I argued that none of
these accounts is satisfactory. Each account fails to explain the phenomenon in all its complexity.
We saw that some of these accounts have seriously implausible consequences. It also emerged
that some accounts can explain certain cases better than others, and some accounts cannot explain
certain cases at all. This doesn’t mean that these accounts are completely wrong. On the contrary,
each of them seems particularly well fit to explain a restricted range of cases.

Someone may suggest that these failures are sufficient reasons to give up any attempt to deter-
mine how reasons accrue. Maybe there is something deeply wrong with the ideology of reasons
and we should abandon the idea of construing rational and normative frameworks by appealing
to this notion. Or maybe there is nothing wrong with reasons in themselves. Rather the problem
is with our epistemic power to understand the complexity of certain aspects of reasons’ logics.
However I do not think it is already time to surrender to pessimism. This because I think that there
is room for a correct account of reason accrual. My tentative suggestion is that we should endorse
a pluralist model of reason accrual. If we want an account of this phenomenon, I think that we
should start recognizing that there is not a single mechanism regulating the ways in which reasons
combine to determine overall obligations. Rather, there is a plurality of mechanisms, each one
appropriate in different contexts. Sometimes the mechanism could consist in the simple weight of
the reasons’ strength; other times it would involve the presence of independent complex reasons;
still others it would be explainable by an holistic approach to a specific range of facts.

How would the different mechanisms interact in the various contexts? Which conditions would
trigger certain mechanisms rather than others? Unfortunately I’ve not an answer to these difficult
questions. However, my guess is that the right model starts from something like the mixed account
described in 3 and implements further holistic mechanisms. In cases in which there are no inde-
pendent complex reasons as in (Two Aunts) specific reasons would accrue following a weighing
model. This would be the default mechanism of accrual. However, when an independent complex

16In this survey and critical discussion of models of reasons’ accrual I didn’t consider the account provided by (Nair
2016), according to which accrual mechanisms would be influenced by whether reasons are derivative or not. The
reason of this omission is that I consider Nair’s discussion and proposal orthogonal to the present discussion. In par-
ticular, Nair doesn’t advance a specific account of the mechanisms of accrual for derivative reasons (which, from how
Nair characterizes the distinction, constitute the very wide majority of reasons). I also think that the derivative/non-
derivative reason distinction is orthogonal to the distinction between different mechanisms of reason accrual. Unfor-
tunately I must postpone a critical discussion of Nair’s proposal to a further occasion.
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reason enters in the game, this should also be weighed with the others and could determine a dif-
ferent outcome, defeating more basic reasons as in (Two Promises) or weakening their strength
as in Dancy’s restaurant case. Moreover, in some circumstances the structure of a specific set of
reasons could be re-shaped by holistic considerations about a relevant range of facts. For example,
in (Heat+Rain), where facts about weather are considered holistically, the reasons’ strength and
polarity are not a factor of specific weather conditions, but of the whole meteorological situation.

This pluralistic approach to reason accrual is supported, on the one hand, by the failure of other
accounts, and, on the other hand, by the observation that each of these accounts is successful in
specific contexts but not others. The new approach is here advanced as a mere hypothesis. It would
be interesting to test it on a wider range of cases across different normative domains. Unfortunately
I must postpone a comprehensive discussion of the approach to a future occasion. For now, the
more modest conclusion is that specific accounts of reason accrual, though ingenious and capable
of explaining a wide range of cases, have been so far unsuccessful, and that a possible solution
may lie at their intersection.
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Reason-based Probabilistic Preference Lifting

Xiaoxuan Fu
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1 Motivation: Lifting by Sampling
A preference order ≤ on a set W of worlds is a reflexive, antisymmetric and transitive relation

on W . As has been discussed in the literature (e.g., (Liu 2011b; van Benthem 2011)), there are
four kinds of rules for lifting preference orders from worlds to set of worlds, which are usually
defined as follows:

a. ∀∃-rule: a set Y is preferred to a set X if ∀x ∈ X ∃y ∈ Y : x ≤ y

b. ∀∀-rule: a set Y is preferred to a set X if ∀x ∈ X ∀y ∈ Y : x ≤ y

c. ∃∀-rule: a set Y is preferred to a set X if ∃x ∈ X ∀y ∈ Y : x ≤ y

d. ∃∃-rule: a set Y is preferred to a set X if ∃x ∈ X ∃y ∈ Y : x ≤ y

Generally, the first two rules are often used in practice. Halpern (1997) provided an axiomati-
zation for the lifted preference by the first rule. Van Benthem et al. (2011) argued that the notion
of preference defined with ∀∀-rule was what Von Wright had in mind when he studied preference
in this book (von Wright 1963). However, in many real life scenarios, an agent α often forms his
preference order without exhausting the worlds that are in the scope of ∀-quantifier. In such case,
α only selects a certain number of worlds as samples from X and Y respectively, and then lifts his
preference order after a stepwise comparison between those paring samples. Accordingly, instead
of comparing all the worlds in X or Y , α’s job changes to compare paring samples from these two
sets step by step. This stepwise comparing procedure can be illustrated as follows:

Without loss of generality, suppose that there are two sets A = {a0, a1, ...} and B =
{b0, b1, ...}. Now an agent α has to choose a more preferred set between them, and his
strategy is using the following repeated random sampling method:

step 1: α randomly chooses ai and bj from A and B separately. Then he finds out a more
preferred one between ai and bj .
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step 2: repeat step 1.

... ...

step n: α finds out which set is more preferred and terminate the comparing procedure.

where n ∈ N+.

For the purpose of making this method concrete, we provide a simple example here:

Example 1. There are two baskets, A = {a0, a1, ...am} and B = {b0, b1, ...bm}, of apples 1. An
agent α chooses a more preferred basket between them by the use of the following method:

step 1. α chooses an apple from each basket separately, and then decides which one is
more preferred, and finally, put them back;

step 2. repeat step 1;
... ...

step n: α make his decision and terminate the comparing procedure.
(n ∈ N+)

During the comparing procedure, agent α has his own criteria of what kinds of properties are
better. For example, α’s preference among apple’s colors, size and so on. Without loss of general-
ity, suppose that α’s criteria on apple’s properties is as follow:

red� big� ...� round

It’s obvious that α will choose basket A if the following conditions meet:

1. with finitely random sampling, α gets more red apples in A; Or, α gets the same number of
red samples in both A and B, then

2. α gets more big apples in A; Or, α gets the same number of big apples in both A and B, then

... ...

n. α gets more round apples in A.

This comparing procedure ends whenever α finds out a better basket on the basis of his criterion.

Since A and B have the same number of apples, the result in Example 1 says that:

A is more preferred than B if

1. the probability of getting a red apple in A is higher than B; Or, the probabilities are
the same, then

2. the probability of getting a big apple in A is higher than B; Or, the probabilities are
the same, then

1The two basket of apples are supposed to have the same size, otherwise α is taking the risk of choosing one basket
that he does not really prefer.

For example, A = {a1, a2} and B = {b1, b2, . . . , b10}, where

• a1 has the most preferred property, yet a2 is extremely bad.

• b1, b2, . . . , b10 have the secondary preferred property.

In this case, α may still choose B under mostly practical circumstance.
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... ...
n. the probability of getting a round apple in A is higher than B.

In light of the above description, in what follows, we will provide a formal semantics and a logic
system to capture the ideas behind it.

2 Language and Semantics
Definition 1 (Language). Given a nonempty set P of propositional letters and a nonempty finite
set G of agents, the language Lpref is defined as follows:

φ ::= > | p | ¬φ | φ ∧ φ | φ ≺α ψ
where p ∈ P and α ∈ G, and moreover, φ&ψ are propositional letters or only constructed by
boolean operations respectively.

Semantically, every propositional letter p denotes a property P of an object, and φ ≺α ψ means
that agent α prefers the property ψ to φ.

Definition 2 (Criterion Order). Given a nonempty set P of propositional letters and an agent α, a
criterion order for α is a tuple Cα =< Π,�>, where

• Φ ⊂ P and |Π| ∈ ω,

• � is a strict linear order on Π.

Definition 3 (Preference Probabilistic Models with Cα ). A preference probabilistic model for an
agent α with respect to Cα is a tuple M = 〈W,V,P〉 where

• W is a non-empty countable set of objects.

• V assigns to every w ∈ W a subset of P.

• P is a probability distribution from W to [0.1].

There are some thoughts to be noted here:

• propositional letters are taken as properties here, and all of them can be resulted in a pref-
erence order. Recall our choosing-apples example, and suppose that a and b are two apples
from separate basket. Clearly, when we compare them, their properties (such as redness) are
the criteria of comparison. The idea is similar to (Liu 2011a).

• according to Definition 3, an apple a, which is composed of lots of properties, can be taken
as an object in W .

• for any w inW , P(w) is the probability of choosing w inW . Moreover, the probability P(A)
of choosing a subset A of W is

∑
w∈A P(w). While taking an arbitrary property into consid-

eration, we can use a conditional probability to represent for the occurrence of that property

in A: P(π |A) =
P(π(A))

P(A)
, where π ∈ Π and π(A) = {w ∈ A : w has the propertyπ}.

For instance, assume that π is the property of red and A is a basket of apples. Then P(π |A)
stands for the probability of red apples in A.
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Definition 4. Give a nonempty finite set G of agents and α ∈ G, and a preference probabilistic
models with Cα for the language Lpref . The satisfaction relation � between pointed models and
formulas is defined as follows:

JφK := {w ∈ W : M, w |= φ}
| JφK | is the cardinality of JφK
π(JφK) := {w ∈ JφK : M, w |= π}, where π ∈ Π

M, w |= > iff always
M, w |= p iff w ∈ V (p)
M, w |= ¬φ iff M, w 2 φ
M, w |= φ ∧ ψ iff M, w |= φ and M, w |= ψ
M, w |= φ ≺α ψ iff M, w |= φ ≺nα ψ, where φ ≺nα ψ are defined as:

•φ ≺1
α ψ := P(π1 | JφK)× | JφK | < P(π1 | JψK)× | JψK |

•φ ≺k+1
α ψ := φ ≺kα ψ or,

φ 'kα ψ&P(πk+1 | JφK)× | JφK | < P(πk+1 | JψK)× | JψK |
(k ∈ n, πi � πi+1 in Cα, and φ 'kα ψ whenever neither φ ≺kα ψ nor ψ ≺kα φ)

The last clause satisfied at w if and only if it holds in the whole model. It implies that agent
α prefers the ψ-set to the φ-set. In the ψ-set, he can get a greater number of preferred objects
by the use of his criterion order. Since the cardinality of φ-set may be different from ψ-set, both
cardinalities of sets and probabilities of properties should be taken into account. However, in our
sampling example, we always compare two sets with the same size. Based on this presupposition,
we provide a new rule of lifting preference order here.

Definition 5 (Sampling Rule). Suppose that π1 � ... � πn (n ∈ ω) is a criterion order. Then a
set Y is preferred to a set X (X / Y ) if the following recursive conditions meet:

1. X /1 Y := P(π1 | X) < P(π1 | Y )

2. X /k+1 Y := X /k Y ∨ ((X =k Y ) ∧ (P(πk+1 | X) < P(πk+1 | Y ))

3. X / Y := X /n Y
where k ∈ n, X =k Y whenever neither X /k Y nor Y /k X .

3 Axiomatization
Let Lpref be the logic which is complete for the above semantics. In what follows, we provide

some axioms in Lpref :
A1 (> ≺α φ)→ φ

A2 (φ ≺α ψ)→ > ≺α (φ ≺α ψ)

A3 (⊥ ≺α φ) ∨ (⊥ 'α φ)

A4 (φ ≺α >) ∨ (φ 'α >)

A5 (φ ≺α ψ) ∧ (ψ ≺α χ) −→ φ ≺α χ
A6 ¬(φ ≺α ψ) ∧ ¬(ψ ≺α φ)→ (φ 'α ψ)

A7 (φ ∧ > ≺α ψ ∧ >) −→ φ ≺α ψ
A8 (φ1 ≺α ψ1) ∧ (φ2 ≺α ψ2) −→ (φ1 ∧ φ2 ≺α ψ1 ∧ ψ2)

A9 ¬(φ ≺α ψ) −→ (> ≺α ¬(φ ≺α ψ))

As rules of inference we take Modus Ponens (MP).
The definitions of theorems and consistency are as usual.
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4 Further Issues
The further use of sampling rule in sequential random sampling cases. Actually, there is nothing

really matter if we use repeated random sampling rather than sequential random sampling here.
Because both of them will approximates the overall preference order which is obtained by ex-
hausting all the possibilities. It can be proved that we would gain the same expected result in both
ways with adequate times of sampling. The main purpose of this part is to show that our logic can
be used as a simply way to deal with the sequential sampling cases.
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Evidence-based Expectation and Doubt

Haibin Gui

Tsinghua University

1 Motivation
Doubt is an attitude that has been highly appreciated in both philosophy and sciences. Our

history abounds with great cases in which doubt leads to amazing new ideas and discoveries.
However, there is rarely any logical study about doubt, as an attitude, itself. We aim to make a first
attempt in this paper. Let’s first consider the following example:

Example 1. An ornithologist stayed in the southern hemisphere and observed that a group of
penguins do not fly. Nevertheless, they do have feathers, airbags, and are warm-blooded, hence
are considered to be birds. In other words, he had expected that those penguins can fly too. Given
the new observation, he started to doubt that all birds can fly.

We can see that the ornithologist gathered new evidence that is contrary to his “expectation”.
Without those evidence, he would have still believed that all birds can fly (p). But now he is in a
mental state of doubt, where he believes neither p nor ¬p.

Clearly, the notion of doubt is closely related to evidence, belief and expectations. We will adopt
the evidence-based belief framework proposed in [Ben and Pac11] and extend it to study the new
notions.

2 Preliminary Definitions
Definition 1 (evidence language). Let At be a set of atomic propositions, p ∈ At. L0 is the smallest
set of formulas generated by the grammar below.

L0 := p | ¬φ | φ ∧ ψ | Bφ | 2φ | Aφ

“Bφ” is read as “an agent believes that φ”, “2φ” is read as “an agent has evidence for φ, A is a
universal modality.

Definition 2 (evidence model). An evidence model is a tuple M = (W , E, V ), where W is an
non-empty set, E ⊆W × P(W), V is a propositional valuation: At −→ P(W).
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E(w) is the set {X |wEX} with ∅ /∈ E(w) and W ∈ E(w). A family X of subsets of W has
the finite intersection property (f.i.p) if

⋂X 6= ∅. We say X has the maximal f.i.p if X has the f.i.p
but no proper extension of X does.

Definition 3 (truth conditions). Given an evidence model, the truth condition of a formula is de-
fined as follows.

• M, w |= 2φ iff there is an X with wEX and for all v ∈ X ,M, v |= φ

• M, w |= Bφ iff for each max f.i.p X ⊆ E(w) and for all v ∈⋂ X ,M, v |= φ

• M, w |= Aφ iff for all v ∈W ,M, v |= φ.

According to the above definitions, the fact concerning the relationship between evidence and
belief holds:

Fact 1. LetM = (W , E, V ) be an evidence model, if X ∈ E(w) and X is some evidence for φ,
thenM, w |= ¬B¬φ.

Proof. Let X be an arbitrary max f.i.p family ofM:

Case 1: If X is an evidence set for φ and it does not intersect with other sets in the model, then {
X } is a max f.i.p family itself. Then it must be that case that for all v ∈ X ,M, v |= φ. Then
it does not hold thatM, w |= B¬φ, that is,M, w |= ¬B¬φ.

Case 2: If X is an evidence set for φ and it intersects with other sets in the model, then there is a
max f.i.p family X s.t. for all u ∈⋂X ,M, u |= φ. Similarly, we haveM, w |= ¬B¬φ.

It essentially says that if there is some evidence for φ in a model, ¬φ cannot be believed.

3 From Expectation to Doubt
To formalize the ideas of doubt in Section 1, we need to extend the language L0.

Definition 4 (extended language). We extend language from L0 to L1:

L1 := p | ¬φ | φ ∧ ψ | Bφ | 2φ | Aφ | Eφ

“Eφ” expresses that φ is expected. Now in this language we will define “φ is doubtful” (Dφ) as
Eφ ∧ 2¬φ.

Definition 5 (truth conditions). LetM = (W,E, V ) be an evidence model, for each w ∈ W such
that E(w) is defined as before. Let E¬φ−(w) = E(w) – { X | X is an evidence for ¬φ } and we
assume that E¬φ−(w) 6= ∅.1

1Suppose E¬φ−(w) is empty, all evidence in E(w) is ¬φ-evidence. Then the agent would believe that ¬φ previ-
ously, which is not the case we are interested.
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• M, w |= Eφ iff for each maximal f.i.p. family X ⊆ E¬φ−(w) and for all v ∈⋂X ,M,v |= φ.

• M, w |= Dφ iffM, w |= Eφ ∧ 2¬φ

For us, expectation is not a belief but can be thought to be a virtual state where one might believe
φ if some evidence regarding ¬φ is filtered out in a given evidence model. “φ being doubtful” is
more an attitude about situation with uncertainties in which one expects φ but having evidence
supporting ¬φ.

Return to Example 1, disregarding the new observations, the ornithologist would have believed
that all birds can fly, because that is what the old evidence had suggested. But after one month’s
observation, he can no longer say that he believes that all birds can fly, instead he might say “I had
expectated that all birds can fly, but...”.

Figure 1: Example 1

As shown in Figure 1, barring evidence against p, an agent would believe that p, but the thing is
that he does have evidence against p.

Remark. [Pro and Ols13] mentioned a possible definition of doubt when they discuss group beliefs,
namely, thinking of “φ is doubtful” as ¬Bφ ∧ ¬B¬φ. Interestingly, for them, “¬φ is doubtful”
would be ¬Bφ ∧ ¬B¬φ, too. This would not be the case in our evidence model. Our language
can distinguish doubt about φ and about ¬φ, as they are expressed differently in the language.

4 Valid Principles
Fact 2. The following principles are valid.

(1) Eφ→¬A¬φ

(2) Dφ→ Eφ

(3) Bφ→ Eφ

(4) Bφ→¬Dφ
(1) reflects our assumption thatE¬φ−(w) is not empty. (2), (3) and (4) are describing the relation

between belief, expectation and doubt, and the other direction of these implications do not hold.
In particular, we have the following:
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Fact 3. E(φ→ ψ)→ (Eφ→ Eψ) is not valid.

A counter-example is as follows, one can see easily that the implication does not hold:

Figure 2: A counter-example for E(φ→ ψ)→ (Eφ→ Eψ)

This means, we may need non-normal logics to characterize the operator of expectation.

5 Further Issues
We have made a first step, but there are immediate issues to be studied,here we list a few:

• The current text has treated doubt as a static operator. It seems natural to think of doubt as
a dynamic process with changing in evidence. It is intriguing to study how one’s belief or
expectation changes before and after the evidence-based doubt takes place. We have started
to look at it that way.

• A new notion of monotonic bisimulation was introduced in [Han, Kup and Pac09] and then
adopted in [Ben and Pac11] w.r.t the evidence operator 2. We now have an extended language,
and we would like to study its expressive power.

• We have looked at a few valid and invalid principles of the logic in this paper. Some of
them are very interesting, expressing the relationship between belief, doubt and expectations.
Their further connection will be studied in a more systematic manner in terms of possible
axiomatization.

• Our discussion has been restricted to a single case, it makes a lot of sense to consider multi-
agent scenarios where we can say that agent a doubts that agent b doubts that p, or agent a
doubts that agent b believes that p. Moreover, we do want to look at some particular doubt
that is shared in a group or a community.

We leave all these issues for future.
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Abstract

This paper investigates the equivalence between games rep-
resented by state transition models and its applications. We
first define a concept of bisimulation equivalence between
state transition models and prove that it can be logically char-
acterized by Game Description Language (GDL). Then we
demonstrate with real games that bisimulation equivalence
can be generalized to characterize more general game equiv-
alent. We also introduce a concept of quotient state transition
model. As the minimum equivalent of the original model, it
allows us to improve the efficiency of model checking for
GDL. Finally we establish a characterization for the defin-
ability of GDL and show that exactly the properties of state
transition models closed under k-bisimulation are definable
in GDL. This provides a powerful tool to identify the expres-
sive power of GDL.

1 Introduction
General Game Playing (GGP) is concerned with creating intelligent agents that understand the
rules of previously unknown games and learn to play these games without human interven-
tion (Genesereth et al. 2005). To represent the rules of arbitrary games, a formal game description
language (GDL) was introduced as an official language for GGP in 2005. GDL is originally a
machine-processable, logic programming language (Love et al. 2006). Most recently, it has been
adapted as a logical language for game specification and strategic reasoning (Zhang and Thielscher
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2015b). The epistemic and dynamic extensions have been also developed (Zhang and Thielscher
2015a; Jiang et al. 2016).

Although GDL is a logical language for representing game rules and specifying game properties,
its logical properties, especially its expressive power have not been fully investigated yet. For
instance, which game properties are definable or non-definable in GDL? How to show a game
property is not definable in GDL? When two game descriptions are equivalent? In this paper, we
will address these questions through a bisimulation approach.

The notion of bisimulation plays a pivotal role to identify the expressive power of a logic. It
was independently defined and developed in the areas of theoretical computer science (Park 1981;
Henness and Milner 1985) and the model theory of modal logic (van Benthem 1977, 1984). Since
bisimulation-equivalent structures can simulate each other in a stepwise manner, they cannot be
distinguished by the concerned logic. An appropriate notion of bisimulation for a logic allows us
to study the expressive power of that logic in terms of structural invariance and language indistin-
guishability (Grädel and Otto 2014).

Besides identifying the expressivity of a logic, bisimulation equivalence also allows us to obtain
the minimum equivalent of the original model, called the quotient model, which can be used to
improve the efficiency of model checking (Baier et al. 2008). Moreover, in terms of GDL, bisimu-
lation equivalence tells us when two game structures are essentially the same, and thus gives us a
natural criterion on the equivalence between games. Exploiting game equivalence may provide a
bridge for knowledge transfer between a new game and a well-studied game in GGP (Zhang et al.
2017).

Based on the above consideration, we will use in this paper a concept of bisimulation as a tool
to investigate the expressive power of GDL. We first define a concept of bisimulation equivalence
between state transition models and prove that it coincides with the invariance of GDL-formulas on
state transition models. This justifies that the notion of bisimulation equivalence is appropriate for
GDL. Then we demonstrate with real games that bisimulation equivalence can be generalized to
capture a wider range of game equivalence. We also provide a characterization for the definability
of GDL, and show that a class of state transition models is definable in GDL iff they are closed
under k-bisimulation. This allows us to establish non-definability of a property in GDL. Finally we
introduce a concept of quotient state transition model and show that it is bisimulation-equivalent
to its original model.

The rest of this paper is structured as follows: Section 2 introduces the framework for game
description. Section 3 defines the concept of bisimulation equivalence and introduces the notion of
quotient model. Section 4 generalizes bisimulation equivalence to characterize more general game
equivalence. Section 5 identifies the expressive power of GDL. Finally, we conclude with related
work and future work.

2 The Framework
All games are assumed to be played in multi-agent environments. Each game is associated with a
game signature. A game signature S is a triple (N,A,Φ), where

• N = {1, 2, · · · ,m} is a non-empty finite set of agents,

• A is a non-empty finite set of actions such that it contains noop, an action without any effect
, and
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• Φ = {p, q, · · · } is a finite set of propositional atoms for specifying individual features of a
game state.

Through the rest of the paper, we will consider a fixed game signature S, and all concepts are based
on the game signature unless otherwise specified.

2.1 State Transition Models

In this paper, we focus on synchronous games where all players move simultaneously. These
games can be specified by state transition models defined as follows:

Definition 1. A state transition (ST) model M is a tuple (W,w0, T, L, U, g, π), where

• W is a non-empty finite set of possible states.

• w0 ∈ W , representing the unique initial state.

• T ⊆ W , representing a set of terminal states.

• L ⊆ W ×N ×A is a legality relation, specifying legal actions for each agent at game states.
Let Lr(w) = {a ∈ A : (w, r, a) ∈ L} be the set of all legal actions for agent r at state w.
To make a game playable, we assume that (i) each agent has at least one available action at
each state, i.e., Lr(w) 6= ∅ for any r ∈ N and w ∈ W , and (ii) each agent can only do action
noop at terminal states, i.e., Lr(w) = {noop} for any r ∈ N and w ∈ T .

• U : W ×A|N | → W\{w0} is an update function, specifying the state transition for each state
and legal joint action, such that U(w, 〈noopr〉r∈N) = w for any w ∈ W .

• g : N → 2W is a goal function, specifying the winning states of each agent.

• π : W → 2Φ is a standard valuation function.

Note that the turn-based game structure involved in (Zhang and Thielscher 2015b) is a special
case by allowing a player only to do “noop” when it is not her turn. For convenience, let D denote
the set of all joint actions A|N |. Given d ∈ D, we use d(r) to specify the action taken by agent r.

The following notion specifies all possible ways in which a game can develop.

Definition 2. Let M = (W,w0, T, L, U, g, π) be an ST-model. A path δ is an infinite sequence of

states and joint actions w0
d1→ w1

d2→ · · · dj→ · · · such that for any j ≥ 1 and r ∈ N ,

1. wj 6= w0 (that is, only the first state is initial.)

2. dj(r) ∈ Lr(wj−1) (that is, any action that is taken by each agent must be legal.)

3. wj = U(wj−1, dj) (state update)

4. if wj−1 ∈ T , then wj−1 = wj (self-loop after reaching a terminal state.)

Let P(M) denote the set of all paths in M . For δ ∈ P(M) and a stage j ≥ 0, we use δ[j] to
denote the j-th state of δ and θr(δ, j) to denote the action taken by agent r at stage j of δ.
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2.2 The Language

Let us now introduce a language based on GDL from (Zhang and Thielscher 2015b) for game
specification.

Definition 3. The language L for game description is generated by the following BNF:

ϕ ::= p | initial | terminal | legal(r, a) | wins(r) | does(r, a) | ¬ϕ | ϕ ∧ ψ | ©ϕ

where p ∈ Φ, r ∈ N and a ∈ A.

Other connectives∨,→,↔,>,⊥ are defined by¬ and∧ in the standard way. Intuitively, initial
and terminal specify the initial state and the terminal states of a game, respectively; does(r, a)
asserts that agent r takes action a at the current state; legal(r, a) asserts that agent r is allowed to
take action a at the current state, and wins(r) asserts that agent r wins at the current state. Finally,
the formula©ϕ means that ϕ holds in the next state.

We use the following abbreviations in the rest of paper. For d = 〈ar〉r∈N , does(d) =def∧
r∈N does(r, ar), and©kϕ =def ©· · ·©︸ ︷︷ ︸

k

ϕ. To help the reader capture the intuition of the lan-

guage, let us consider the following example.

Example 1 (Number Scrabble). Two players take turns to select numbers from 1 to 9 without
repeating any numbers previously used. The first player who selects three numbers that add up to
15 wins.

The game signature SNS is given as follows: NNS = {b,w} denoting two game play-
ers; ANS = {α(n) | 1 ≤ n ≤ 9} ∪ {noop}, where α(n) denotes selecting number n, and
ΦNS = {s(r, n), turn(r) | r ∈ {b,w} and 1 ≤ n ≤ 9}, where s(r, n) represents the fact that
number n is selected by player r, and turn(r) says that player r has the turn now. The rules
of Number Scrabble can be naturally formulated by GDL-formulas as shown in Figure 1 (where
r ∈ {b,w} and −r represents r’s opponent).

1. initial↔ turn(b) ∧ ¬turn(w) ∧
9∧
i=1

¬(s(b, i) ∨ s(w, i))

2. wins(r)↔
(∨3

i=2(s(r, i) ∧ s(r, 4) ∧ s(r, 11− i))∨∨2
i=1(s(r, i) ∧ s(r, 6) ∧ s(r, 9− i))∨∨4

l=1(s(r, 5− l) ∧ s(r, 5)∧s(r, 5 + l))
)

3. teminal↔ wins(b) ∨ wins(w) ∨
9∧
i=1

(s(b, i) ∨ s(w, i))

4. legal(r, α(n))↔ ¬(s(b, n) ∨ s(w, n)) ∧ turn(r) ∧ ¬terminal

5. legal(r, noop)↔ turn(−r) ∨ terminal

6. ©s(r, n)↔ s(r, n) ∨ (¬(s(b, n) ∨ s(w, n)) ∧ does(r, α(n)))

7. turn(r) ∧ ¬terminal→©¬turn(r) ∧©turn(−r)

Figure 1: A GDL description of Number Scrabble.
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Formula 1 says at the initial state, player b has the first turn and all numbers are not selected.
The next two formulas specify winning states of each player and the terminal states, respectively.

The player who succeeds in selecting three numbers that add up to 15 wins the game (Formula 2).
The game ends if one of the players wins or all numbers are selected (Formula 3).

The preconditions of each action (legality) are specified by Formula 4 and Formula 5. The
player who has the turn at a non-terminal state can select any number that is not selected before.
A player can do action noop if it is not her turn or the game terminates.

Formula 6 is the combination of the frame axioms and the effect axioms (Reiter 1991). It states
that a number is selected by a player in the next state if the player selects that number at the current
state or the number has been selected by her before. The last formula specifies the turn-taking.

2.3 The Semantics

The semantics of this language is based on ST-models with respect to a path and a stage of the
path.

Definition 4. Let M = (W,w0, T, L, U, g, π) be an ST-model. Given a path δ of M , a stage j ≥ 0
and a formula ϕ ∈ L, we say ϕ is true (or satisfied) at j of δ under M , denoted M, δ, j |= ϕ,
according to the following definition:

M, δ, j |= p iff p ∈ π(δ[j])
M, δ, j |= ¬ϕ iff M, δ, j 6|= ϕ
M, δ, j |= ϕ1 ∧ ϕ2 iff M, δ, j |= ϕ1 and M, δ, j |= ϕ2

M, δ, j |= initial iff δ[j] = w0

M, δ, j |= terminal iff δ[j] ∈ T
M, δ, j |= wins(r) iff δ[j] ∈ g(r)
M, δ, j |= legal(r, a) iff a ∈ Lr(δ[j])
M, δ, j |= does(r, a) iff θr(δ, j) = a
M, δ, j |=©ϕ iff M, δ, j + 1 |= ϕ

A formula ϕ is valid in an ST-model M , written M |= ϕ, if M, δ, j |= ϕ for any δ ∈ P(M) and
j ≥ 0. A formula ϕ is called satisfied at a state w in M , written M,w |= ϕ, if it is true for all paths
going through w, i.e., M, δ, j |= ϕ for any δ ∈ P(M) and any j ≥ 0 with δ[j] = w. It follows that
M,w0 |= ϕ iff M, δ, 0 |= ϕ for all δ ∈ P(M).

3 Bisimulation Equivalence
In this section, we define the concept of bisimulation equivalence over state transition models
and show it coincides with the invariance of GDL-formulas. We also introduce the quotient state
transition model in terms of such relation.

3.1 Bisimulation

Inspired by the notion of bisimulation in (Blackburn et al. 2002, 2006), we define the concept of
state-based bisimulation equivalence between ST-models as follows:

Definition 5. Let M = (W,w0, T, L, U, g, π) and M ′ = (W ′, w′0, T
′, L′, U ′, g′, π′) be two ST-

models. We say M and M ′ are bisimulation-equivalent, (bisimilar, for short), written M ≈ M ′, if
there is a binary relation Z ⊆ W ×W ′ such that w0Zw

′
0, and for all states w ∈ W and w′ ∈ W ′

with wZw′, the following conditions hold:
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1. π(w) = π′(w′);

2. w = w0 iff w′ = w′0;

3. w ∈ T iff w′ ∈ T ′;

4. a ∈ Lr(w) iff a ∈ L′r(w′) for any r ∈ N and a ∈ A;

5. w ∈ g(r) iff w′ ∈ g′(r) for any r ∈ N ;

6. If U(w, d) = u, then there is u′ ∈ W ′ s.t. U ′(w′, d) = u′ and uZu′;

7. If U ′(w′, d) = u′, then there is u ∈ W s.t. U(w, d) = u and uZu′.

Note that ≈ is an equivalence relation over ST-models. When Z is a bisimulation linking two
states w in M and w′ in M ′, we say that w and w′ are bisimilar, written M,w - M ′, w′. In
particular, if M ≈M ′, then their initial states are bisimilar, i.e., M,w0 - M ′, w′0.

Another way to understand bisimulation equivalence is to observe that M is bisimilar to M ′ iff
each path that can be developed in one model can also be induced in the other. To formalize this
idea, we need generalize the notion of bisimilar over states to paths as follows:

Definition 6. Consider two ST-models M and M ′. Given two paths δ := w0
d1→ w1

d2→ · · · in M

and δ′ := w′0
d′1→ w′1

d′2→ · · · in M ′, we say δ and δ′ are bisimilar, written M, δ - M ′, δ′, iff for
every j ≥ 0 and r ∈ N , M, δ[j] - M ′, δ′[j] and θr(δ, j) = θr(δ

′, j).

That is, two paths are bisimilar if (i) all the corresponding states are bisimilar, and (ii) each agent
takes the same action at every stage. With this, the above idea is restated as follows:

Lemma 1. Given two ST-models M and M ′, M ≈ M ′ iff (1) for every δ ∈ P(M), there is
δ′ ∈ P(M ′) such that M, δ ' M ′, δ′, and (2) for every δ′ ∈ P(M ′), there is δ ∈ P(M) such that
M, δ 'M ′, δ′.

Proof. (⇒) This direction holds directly by Condition 6 & 7 of Def 5.
(⇐) Let Z = {(w,w′) | there are δ ∈ P(M), δ′ ∈ P(M ′) and j ≥ 0 such that δ[j] = w, δ′[j] =

w′, the local properties Condition 1-5 in Def 5 hold for δ[j] and δ′[j], and θr(δ, j) = θr(δ
′, j)}.

Such a relation Z exists due to the assumption. It is easy to show that Z is a bisimulation between
M and M ′.

3.2 Invariance

Let us now turn to the logical characterization of bisimulation equivalence. We begin with the
invariance of GDL-formulas under path-bisimulation.

Proposition 1. Let M , M ′ be two ST-models. For every δ ∈ P(M) and δ′ ∈ P(M ′), if M, δ -
M ′, δ′, then (M, δ, j |= ϕ iff M ′, δ′, j |= ϕ) for any j ≥ 0 and ϕ ∈ L.

It is routine to prove this by induction on ϕ. That is, two bisimilar paths preserve GDL-formulas
at each stage. Note that the other direction does not hold. Here is a simple counter-example. Let
M and M ′ be two ST-model depicted in Figure 2, where N = {r} and Φ = ∅. Now consider two
paths δ = w0

a→ w1
b→ · · · in M and δ′ = w′0

a→ w′1
b→ · · · in M ′. As w3 6∈ T and w′3 ∈ T ′, then
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M,w3 6' M ′, w′3, i.e., the successors of w1 and w′1 are not bisimilar, so M,w1 6' M ′, w′1. Thus,
δ and δ′ are not bisimilar, i.e., M, δ 6' M ′, δ′. But it is easy to check that at each stage, δ and δ′

satisfy the same GDL-formulas.

Figure 2: δ and δ′ are not bisimilar. Figure 3: M and M ′ are not
bisimulation-equivalent.

Next we provide the logical characterization of bisimulation equivalence as follows:

Theorem 1. Let M and M ′ be any two ST-models. Then M ≈ M ′ iff they satisfy the same
GDL-formulas.

Proof. Assume M ≈ M ′. For symmetry, it suffices to prove one case. For every ϕ ∈ L, assume
ϕ is satisfied in M . then there is δ ∈ P(M) and stage j ≥ 0 such that M, δ, j |= ϕ. By the
assumption and Lemma 1, there is δ′ ∈ P(M ′) such that M, δ - M ′, δ′. And by Proposition 1, we
have M ′, δ′, j |= ϕ. Thus, ϕ is satisfied in M ′.

To prove the other direction, we need one additional notion. For each path δ := w0
d1→ w1

d2→
· · · dj→ · · · inM , we induce a trace V (δ) = V (w0)·does(d1)·V (w1) · · · does(dj−1)·V (wj) · · · . Let
trace(M) denote the set of all traces in M , i.e., trace(M) = {V (δ) | δ ∈ P(M)}. Then it holds
that for two ST-models M and M ′, M ≈ M ′ iff trace(M) = trace(M ′). Now assume M 6≈ M ′,
then by above fact there is δ ∈ P(M) for all δ′ ∈ P(M ′) V (δ) 6= V (δ′). It follows that for each
δ′ ∈ P(M) there is k ≥ 0 such that either does(dk+1) 6= does(d′k+1) or V (δ[k]) 6= V (δ′[k]). From
the former, we obtain a formula does(r, ak+1) (for r ∈ N and ak+1 ∈ A) such that M, δ, k |=
does(r, ak+1) and M ′, δ′, k 6|= does(r, ak+1). From the latter, we obtain a formula χ ∈ Atm such
that either (i) M, δ, k |= χ and M ′, δ′, k 6|= χ, or (ii) M, δ, k |= ¬χ and M ′, δ′, k 6|= ¬χ. Let ϕδ′
be the formula of the form ©kdoes(r, ak+1), ©kχ or ©k¬χ to distinguish δ from δ′. It follows
by the construction that M, δ, 0 |= ϕδ′ and M ′, δ′, 0 6|= ϕδ′ . Let ∆ be the conjunctions of all such
obtained formulas for all paths in M ′, i.e., ∆ :=

∧
δ′∈P(M ′) ϕδ′ . Note that ∆ is well-formed due to

the fact that M ′ is finite-branching. Let us now consider formula initial∧∆. Then it is satisfied in
M , i.e., M, δ, 0 |= initial ∧∆. But it is unsatisfied in M ′. Otherwise, there are some δ′ ∈ P(M ′)
and j ≥ 0 such that M ′, δ′, j |= initial ∧∆, then M ′, δ′, 0 |= ∆, so M ′, δ′, 0 |= ϕδ′ , contradicting
with M ′, δ′, 0 6|= ϕδ′ . Thus, M and M ′ fail to satisfy the same set of GDL-formulas.

This theorem asserts that bisimulation equivalence and the invariance of GDL-formulas match
on ST-models. On the one hand, this result justifies that the notion of bisimulation equivalence is
natural and appropriate for GDL; On the other hand, it allows us to show the failure of bisimulation-
equivalence easily. Two ST-models are not bisimulation-equivalent if there is a GDL-formula that
holds in one model and fails in the other. For instance, let us consider two ST-models depicted in
Figure 3, where N = {r} and Φ = ∅. One can find formula initial ∧©2does(r, c) that holds in
M , but fails in M ′. This leads to M 6≈M ′.

Let T (M) = {ϕ ∈ L | M |= ϕ} be the set of all valid GDL-formulas in M , called the theory
of M . It follows that
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Corollary 1. Let M and M ′ be two ST-models. Then M ≈M ′ iff T (M) = T (M ′).

Thus, two ST-models are bisimulation-equivalent if and only if they enjoy exactly the same
properties. Alternatively, two ST-models are not bisimulation-equivalent if one has a property that
the other does not have.

3.3 Bisimulation Quotient

In this subsection, we provide an alternative perspective to consider bisimulation as a relation
between states within a single ST-model. Then we introduce the quotient ST-model under such
relation.

Definition 7. Let M = (W,w0, T, L, U, g, π) be an ST-models. A bisimulation is a binary relation
Z ⊆ W ×W s.t. for all states w1, w2 ∈ W with w1Zw2,

1. π(w1) = π(w2);

2. w1 = w0 iff w2 = w0;

3. w1 ∈ T iff w2 ∈ T ;

4. a ∈ Lr(w1) iff a ∈ Lr(w2) for any r ∈ N and a ∈ A;

5. w1 ∈ g(r) iff w2 ∈ g(r) for any r ∈ N ;

6. If U(w1, d) = u1, then there is u2 ∈ W s.t. U(w2, d) = u2 and u1Zu2;

7. If U(w2, d) = u2, then there is u1 ∈ W s.t. U(w1, d) = u1 and u1Zu2.

States w1 and w2 are bisimulation-equivalent, denoted by w1 ∼M w2, if there is a bisimulation Z
for M with w1Zw2.

It follows that a bisimulation over states for ST-model M is a bisimulation over ST-models for
the pair (M,M). Clearly, ∼M is an equivalence relation on W . For w ∈ W , let [w]∼M

be the
equivalence class of state w under ∼M , i.e., [w]∼M

= {w′ ∈ W | w ∼M w′}. We next define the
quotient ST-model under such bisimulation equivalence.

Definition 8. For an ST-model M = (W,w0, T, L, U, g, π) and a bisimulation equivalence ∼M ,
the quotient ST-model M/ ∼M= (W ′, w′0, T

′, L′, U ′, g′, π′) is defined as follows:

• W ′ = {[w]∼M
| w ∈ W} is the set of all ∼M -equivalence classes;

• w′0 = [w0]∼M
;

• T ′ = {[w]∼M
| w ∈ T};

• a ∈ L′r([w]∼M
) iff a ∈ Lr(w) for any r ∈ N and a ∈ A;

• U ′([w]∼M
, d) = [u]∼M

iff U(w, d) = u′ for some u′ ∈ [u]∼M
;

• [w]∼M
∈ g′(r) iff w ∈ g(r) for any r ∈ N ;

• p ∈ π′([w]∼M
) iff p ∈ π(w) for any p ∈ Φ.
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Note that the defined quotient ST-model is indeed a state transition model, and it is minimum
as ∼M is the coarsest bisimulation for M . Moreover, an ST-model and its quotient ST-model are
bisimulation-equivalent.

Proposition 2. For any ST-model M , M ≈M/∼M .

Proof. It follows from the fact that Z = {(w, [w]∼M
) | w ∈ W} is a bisimulation between M and

M/∼M .

Combining this result and Theorem 1 allows us to perform model checking on the bisimulation-
equivalent quotient ST-model. A GDL-formula holds for the quotient if and only if it also holds
for the original ST-model. This provides a way to improve the efficiency of model checking for
GDL in (Ruan et al. 2009; Jiang et al. 2016). Note that an adaption of bisimulation-quotienting
algorithms for a finite transition system in (Baier et al. 2008) can be used to compute the quotient
ST-model.

4 Bisimulation and Game Equivalence
State transition models may be viewed as representations of games, and bisimulation equivalence
tells us when two state transition models are essentially the same. Thus, bisimulation equivalence
provides a criterion on the equivalence between games, i.e., two games are equivalent if their state
transition models are bisimulation-equivalent. In this section, we generalize this concept to capture
more general game equivalence.

4.1 Structure Bisimulation

Let us consider two games: Number Scrabble in Example 1 and Tic-Tac-Toe specified as follows:

Example 2 (Tic-Tac-Toe). Two players take turns in marking either a cross ‘x’or a nought ‘o’ on
an 3 × 3 board. The player who first gets three consecutive marks of her own symbol in a row
(horizontally, vertically, or diagonally), wins this game.

The game signature for Tic-Tac-Toe, written STT , is given as follows: NTT = {x,o} denoting
the two game players; ATT = {ai,j | 1 ≤ i, j ≤ 3} ∪ {noop}, where ai,j denotes filling cell (i, j),
and ΦTT = {pri,j, turn(r) | r ∈ {x,o} and 1 ≤ i, j ≤ 3}, where pri,j represents the fact that cell
(i, j) is filled by player r. The rules of this game is given in Figure 6.

The initial state, each player’s winning states, the terminal states and the turn-taking are given
by formulas 1-3 and 7, respectively. Two players, x and o take turns marking the spaces in a
3 × 3 board (Formula 7). All cells are empty in the initial state, and player x has the first turn
(Formula 1). The player who succeeds in placing three respective marks in a horizontal, vertical,
or diagonal row wins the game (Formula 2). The game ends if one of the players wins or all cells
are filled (Formula 3).

The preconditions of each action (legality) are specified by 4 and 5. The player who has the turn
at non-terminal states can fill any cell that is empty. The player can only do action noop if she
does not have the turn or the game terminates.

Formula 6 is the combination of the frame axioms and the effect axioms (Reiter 1991). It states
that a cell is marked with a player’s symbol in the next state if the player takes the corresponding
action at the current state or the cell has been filled by her symbol before.
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1. initial↔ turn(x) ∧ ¬turn(o) ∧
3∧

i,j=1

¬(px
i,j ∨ po

i,j)

2. wins(r)↔
3∨
i=1

2∧
l=0

pri,1+l ∨
3∨
j=1

2∧
l=0

pr1+l,j ∨
2∧
l=0

pr1+l,1+l ∨
2∧
l=0

pr1+l,3−l

3. teminal↔ wins(x) ∨ wins(o) ∨
3∧

i,j=1

(px
i,j ∨ po

i,j)

4. legal(r, ai,j)↔ ¬(px
i,j ∨ po

i,j) ∧ turn(r) ∧ ¬terminal

5. legal(r, noop)↔ turn(−r) ∨ terminal

6. ©pri,j ↔ pri,j ∨ (does(r, ai,j) ∧ ¬(px
i,j ∨ po

i,j))

7. turn(r) ∧ ¬terminal→©¬turn(r) ∧©turn(−r)

Figure 6: A GDL description of Tic-Tac-Toe.

Although the two games appear different in their game descriptions, they are actually equivalent
(isomorphic) (Michon 1967; Pell 1993). Unfortunately, bisimulation equivalence is not able to
capture such game equivalence as they are based on different game signatures. Considering this,
we generalize the notion of bisimulation equivalence as follows:

Definition 9. Consider two ST-models MS = (W,w0, T, L, U, g, π) with S = (N,A,Φ) and
M ′
S′ = (W ′, w′0, T

′, L′, U ′, g′, π′) with S ′ = (N ′,A′,Φ′). MS and M ′
S′ are structure-equivalent,

written MS ∼M ′
S′ , if there are bijections f1 : N 7→ N ′, f2 : A 7→ A′, f3 : Φ 7→ Φ′, and a relation

Z ⊆ W ×W ′ such that w0Zw
′
0 and for all states w ∈ W and w′ ∈ W ′ with wZw′, the following

conditions hold:

1. p ∈ π(w) iff f3(p) ∈ π′(w′);

2. w = w0 iff w′ = w′0;

3. w ∈ T iff w′ ∈ T ′;

4. a ∈ Lr(w) iff f2(a) ∈ L′f1(r)(w
′) for any r ∈ N and a ∈ A;

5. w ∈ g(r) iff w′ ∈ g′(f1(r)) for any r ∈ N ;

6. If U(w, d) = u, then there is u′ ∈ W ′ s.t. U ′(w′, 〈f2(d(r))〉r∈N) = u′ and uZu′;

7. If U ′(w′, d′) = u′, then there is u ∈ W s.t. U(w, 〈f−1
2 (d′(r′))〉r′∈N ′) = u and uZu′.

Note that∼ is an equivalence relation over ST-models (with different game signatures). Clearly,
≈ is a special case of ∼ when S = S ′. We say that two games are equivalent if their ST-models
are structure-equivalent.

Let us back to the examples. As we expected, the equivalence between Number Scrabble and
Tic-Tac-Toe can be captured by structure equivalence. The mapping between their state transition
models is demonstrated in Table 1. The basic idea is that filling a cell corresponds to selecting
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the number in the cell, and the fact that a cell is filled amounts to the fact that the corresponding
number is selected. For instance, filling the left-bottom cell corresponds to selecting number 4,
i.e., f2(a1,1) = α(4), and the fact that the center is filled by player x maps the fact that number 5
is selected by player b, i.e., f3(px

2,2) = s(b, 5). And the structure-bisimulation relation starts from
their initial states and can be constructed step by step according to the mapping. For example, the
states depicted in Table 2 and Figure 7 are structure-bisimilar.

2 7 6
9 5 1
4 3 8

Table 1: The Mapping.

X

Table 2: Filling the Center.

{1,2,3,4,5,6,7,8,9}
b

Figure 7: Selecting Number 5.

Similarly, we say that w and w′ are structure-bisimilar, written MS , w -s M
′
S′ , w

′, if Z links

two states w in MS and w′ in M ′
S′ . In particular, for two paths δ := w0

d1→ w1
d2→ · · · dj→ · · · in

MS and δ′ := w′0
d′1→ w′1

d′2→ · · ·
d′f→ · · · in M ′

S′ , we say that δ and δ′ are structure-bisimilar, written
MS , δ -s M

′
S′ , δ

′, iff for every j ≥ 0 and r ∈ N , MS , δ[j] -s M
′
S′ , δ

′[j] and f2(θr(δ, j)) =
θf1(r)(δ

′, j). Similar to Bisimulation Equivalence, the following result displays that two ST-models
are structure-equivalent if and only if each path that can be developed in one model can be also
simulated in the other.

Lemma 2. Given two ST-models MS and M ′
S′ , MS ∼ M ′

S′ , iff for every δ ∈ P(MS), there is
δ′ ∈ P(M ′

S′) such that MS , δ -s M
′
S′ , δ

′, and vice versa.

4.2 Logical Characterization of Structure Equivalence

Let us turn to the logical characterization of structure equivalence. We begin with the transforma-
tion of GDL-formulas. The translation between languages is defined as follows:

Definition 10. Consider two game signatures S = (N,A,Φ) and S ′ = (N ′,A′,Φ′) with the same
bijections f1 : N 7→ N ′, f2 : A 7→ A′ and f3 : Φ 7→ Φ′ of Definition 9. A translation tr is a
bijective mapping from LS onto LS′ such that for p ∈ Φ, r ∈ N and a ∈ A,

tr(p) = f3(p) tr(initial) = initial
tr(terminal) = terminal tr(wins(r)) = wins(f1(r))
tr(legal(r, a)) = legal(f1(r), f2(a)) tr(does(r, a)) = does(f1(r), f2(a))
tr(¬ϕ) = ¬tr(ϕ) tr(ϕ ∧ ψ) = tr(ϕ) ∧ tr(ψ)
tr(©ϕ) =©tr(ϕ)

Note that such a translation exists as there is a bijective mapping between the game signatures.
The following result holds that if two paths are structure-bisimilar, then they preserve the corre-
sponding GDL-formulas at each stage.

Lemma 3. Let MS , M ′
S′ be two ST-models. For every δ ∈ P(MS) and δ′ ∈ P(M ′

S′), if MS , δ -s

M ′
S′ , δ

′, then MS , δ, j |= ϕ iff M ′
S′ , δ

′, j |= tr(ϕ) for any ϕ ∈ LS and j ≥ 0.

Note that the converse to this proposition does not hold. Please refer to Figure 2 for a counter-
example. We now provide the following logical characterization result that structure equivalence
and the invariance of the corresponding GDL-formulas coincide on ST-models.
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Proposition 3. Let MS , M ′
S′ be two ST-models. The following are equivalent.

1. MS ∼M ′
S′

2. for every ϕ ∈ LS , ϕ is satisfied in MS iff tr(ϕ) is satisfied in M ′
S′ .

Proof. The direction from Clause 1 to Clause 2 follows from Lemma 2 and Lemma 3. To prove
the other direction, we need the following notion.

Consider two ST-models MS = (W,w0, T, L, U, g, π) with S = (N,A,Φ) and M ′
S′ =

(W ′, w′0, T
′, L′, U ′, g′, π′) with S ′ = (N ′,A′,Φ′). Given bijections f1 : N 7→ N ′, f2 : A 7→ A′ and

f3 : Φ 7→ Φ′, let tr be a translation defined in Definition 10. A translation Tr is a bijection from
trace(M) to trace(M ′). For every V (δ) ∈ trace(M), Tr(V (δ)) = tr(V (w0)) · tr(does(d1)) ·
tr(V (w1)) · · · tr(does(de−1)) · tr(V (we)) where tr(V (wj)) = {tr(ϕ) ∈ LS′ : ϕ ∈ V (wj)}
for any 0 ≤ j ≤ e, and tr(does(dj)) =

∧
r∈N tr(does(r, dj(r))) for any 1 ≤ j ≤ e. Let

Tr(trace(M)) = {Tr(V (δ)) | V (δ) ∈ trace(M)}. Then the fact holds that MS ∼ M ′
S′ iff

Tr(trace(M)) = trace(M ′). With this, let us now prove the direction from Clause 2 to Clause 1.
Assume MS 6∼ M ′

S′ , then by the fact Tr(trace(M)) 6= trace(M ′), so there is a path δ ∈ P(M)
such that for any path δ′ ∈ P(M ′), Tr(V (δ)) 6= V (δ′). It follows that for each δ′ ∈ P(M) there is
k ≥ 0 such that either tr(does(dk+1)) 6= does(d′k+1) or tr(V (δ[k])) 6= V (δ′[k]). From the former,
we obtain a formula does(r, ak+1) (for r ∈ N and ak+1 ∈ A) such that M, δ, k |= does(r, ak+1)
and M ′, δ′, k 6|= tr(does(r, ak+1)). From the latter, we obtain a formula χ ∈ Atm such that either
(i) M, δ, k |= χ and M ′, δ′, k 6|= tr(χ), or (ii) M, δ, k |= ¬χ and M ′, δ′, k 6|= ¬tr(χ). Let ϕδ′ be
the formula of the form ©kdoes(r, ak+1), ©kχ or ©k¬χ to distinguish δ from δ′. It follows by
the construction that M, δ, 0 |= ϕδ′ and M ′, δ′, 0 6|= tr(ϕδ′). Let ∆ be the conjunctions of all such
obtained formulas for all paths in M ′, i.e., ∆ :=

∧
δ′∈P(M ′) ϕδ′ . Note that ∆ is well-formed due to

the fact that M ′ is finite-branching. Let us now consider formula initial ∧∆. Then it is satisfied
in M , i.e., M, δ, 0 |= initial ∧ ∆. But tr(initial ∧ ∆) is unsatisfied in M ′. Otherwise, there are
some δ′ ∈ P(M ′) and j ≥ 0 such that M ′, δ′, j |= tr(initial ∧ ∆), then M ′, δ′, 0 |= tr(∆), so
M ′, δ′, 0 |= tr(ϕδ′), contradicting with M ′, δ′, 0 6|= tr(ϕδ′). Thus, there is ϕ ∈ LS , ϕ is satisfied in
MS but tr(ϕ) is unsatisfied in M ′

S′ .

We end this section with the interesting observation that the GDL-descriptions of Tic-Tac-Toe
and Number Scrabble are logically equivalent in terms of the translation.

Observation 1. Let ΣTT and ΣNS denote the GDL-descriptions of Tic-Tac-Toe (Figure 6) and Num-
ber Scrabble (Figure 1), respectively. Then |= ∧

tr(ΣTT ) ↔ ∧
ΣNS, where tr(ΣTT ) = {tr(ϕ) ∈

LNS | ϕ ∈ ΣTT}.
Proof. We first give the detailed mapping between their game signatures. The bijection f1 :
NTT 7→ NNS is that f1(x) = b and f1(o) = w. The bijections f2 : ATT 7→ ANS and
f3 : ΦTT 7→ ΦNS is defined according to the mapping in Table 1. In particular, f2(noop) = noop,
and f3(turn(r)) = turn(f1(r)) for r ∈ NTT .

With this, we translate each formula in ΣTT according to Definition 10. Let us take the first
formula in Figure 6 as an example.

tr(initial↔ turn(x) ∧ ¬turn(o) ∧∧3
i,j=1 ¬(px

i,j ∨ po
i,j))

= tr(initial)↔ tr(turn(x)) ∧ tr(¬turn(o)) ∧ tr(
∧3
i,j=1 ¬(px

i,j ∨ po
i,j)))

= initial↔ turn(b) ∧ ¬turn(w) ∧∧9
i=1 ¬(s(b, i) ∨ s(w, i))

This exactly corresponds to the first formula in Figure 1. With all the translated formulas, the result
holds immediately.

47



5 Bisimulation and Expressivity
To show that a property of ST-models is definable in GDL, it suffices to find a defining formula.
However, showing that a property is not definable in GDL is not so straightforward. It is well
known that the expressive power of basic modal logic with respect to Kripke semantics can be
completely characterized in terms of k-bisimulation (Blackburn et al. 2006). In this section, we
provides an analogous characterization for the expressive power of GDL.

5.1 k-Bisimulation

Here we consider the definability of properties that are satisfied at the initial state of an ST-model.
For ϕ ∈ L, let ‖ϕ‖ be the set of all ST-models that satisfy ϕ at the initial state. i.e., ‖ϕ‖ :=
{M |M,w0 |= ϕ}. The concept of the definability is specified as follows:

Definition 11. A class M of ST-models is definable in L, if there is a formula ϕ ∈ L such that
M = ‖ϕ‖.

The concept of k-bisimulation is defined as follows:

Definition 12. Let M = (W,w0, T, L, U, g, π) and M ′ = (W ′, w′0, T
′, L′, U ′, g′, π′) be two ST-

models. We say M and M ′ are k-bisimilar, written M ≈k M ′, if there exists a sequence of binary
relations Zk ⊆ Zk−1 · · · ⊆ Z0 such that the following hold: for i + 1 ≤ k, any w ∈ W and
w′ ∈ W ′,

1. w0Zkw
′
0

2. If wZ0w
′, then

(a) π(w) = π′(w′);

(b) w = w0 iff w′ = w′0;

(c) w ∈ T iff w′ ∈ T ′;
(d) Lr(w) = L′r(w

′) for any r ∈ N ;

(e) w ∈ g(r) iff w′ ∈ g′(r) for any r ∈ N .

3. If wZi+1w
′ and U(w, d) = u, then there is u′ ∈ W ′ s.t. U ′(w′, d) = u′ and uZiu′;

4. If wZi+1w
′ and U ′(w′, d) = u′, then there is u ∈ W s.t. U(w, d) = u and uZiu′.

The intuition is that if M ≈k M ′, then their initial states w0 and w′0 bisimulate up to depth k.
Clearly, ifM ≈M ′, thenM ≈k M ′ for all k ∈ N. We say a classM of ST-models is closed under
k-bisimulation if M ∈M and M ≈k M ′ implies M ′ ∈M.

Similarly, when Z is a k-bisimulation linking two states w in M and w′ in M ′, we say that w
and w′ are k-bisimilar, written M,w -k M

′, w′. In particular, if M ≈k M ′, then their initial
states are k-bisimilar, i.e., M,w0 -k M

′, w′0. Given two paths δ := w0
d1→ w1

d2→ · · · in M and

δ′ := w′0
d′1→ w′1

d′2→ · · · in M ′, we say δ and δ′ are k-bisimilar, written M, δ -k M
′, δ′, iff for

every j ≤ k and r ∈ N , M, δ[j] -k−j M ′, δ′[j] and θr(δ, j) = θr(δ
′, j). Then it is routine to prove

the following result.

Lemma 4. Given two ST-models M and M ′, if M ≈k M ′, then for every δ ∈ P(M), there is
δ′ ∈ P(M ′) such that M, δ -k M

′, δ′, and vice versa.
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5.2 Characterization of the Definability of GDL

Before providing the characterization result, we need some basic notions and results. The degree
of a formula ϕ ∈ L, written deg(ϕ), is inductively defined as follows: deg(p̂) = 0 for p̂ ∈ Φ ∪
{initial, terminal, wins(r), legal(r, a)}, deg(does(r, a)) = 1, deg(¬ϕ) = deg(ϕ), deg(ϕ∧ψ) =
Max{deg(ϕ), deg(ψ)}, and deg(©ϕ) = deg(ϕ) + 1.

We have the following invariance result in terms of k-bisimilar paths.

Lemma 5. Let M , M ′ be two ST-models. For any δ ∈ P(M), δ′ ∈ P(M ′) and k ∈ N, if
M, δ -k M

′, δ′, then (M, δ, 0 |= ϕ iff M ′, δ′, 0 |= ϕ) for any ϕ ∈ L with deg(ϕ) ≤ k.

Proof. This is proved by induction on k. For k = 0, it is straightforward by definition; For k = l+1
where l ≤ k − 1, it suffices to consider formulas does(r, a) and©ϕ.

When ϕ := does(r, a), assume M, δ, 0 |= does(r, a) iff θr(δ, 0) = a (by the truth condition) iff
θr(δ

′, 0) = a (by definition) iff M, δ, 0 |= does(r, a) (by the truth condition).
When ϕ := ©ψ with deg(ψ) < l, assume M, δ, 0 |= ©ψ, then M, δ, 1 |= ψ. By assumption

M, δ -l+1 M
′, δ′, we have M, δ[1,∞] -l M

′, δ′[1,∞]. And by Induction Hypothesis, we have
M ′, δ′, 1 |= ψ, so M ′, δ′, 0 |=©ψ. The other direction is proved in a similar way.

Definition 13. Let M , M ′ be two ST-models and k ∈ N. We say M and M ′ are k-equivalent,
written M ≡k M ′, if at the initial states, they satisfies the same GDL-formulas of degree at most
k, i.e., {ϕ ∈ L | deg(ϕ) ≤ k and M,w0 |= ϕ} = {ψ ∈ L | deg(ψ) ≤ k and M ′, w′0 |= ψ}.

We also use the fact that for every ST-model M and every k ∈ N there is a formula that
completely characterizes M up to k-equivalence. To show this, we take the following steps.

1. Redefine the set of atomic propositions, written Atm, as follows: Atm =Φ ∪
{initial, terminal} ∪ {wins(r), legal(r, a) | r ∈ N, a ∈ A}.

2. Encode the atomic propositions through a valuation V rather than through separate relations
or functions. For every w ∈ W , let V (w) = {p ∈ Φ | p ∈ π(w)} ∪ {initial | w =
w0} ∪ {terminal | w ∈ T} ∪ {wins(r) | w ∈ g(r)} ∪ {legal(r, a) | a ∈ Lr(w)}. Note V (w)
is finite since N , A and Φ are all finite.

3. For each path δ := w0
d1→ w1

d2→ · · · dj→ · · · in M , induce a trace V (δ) = V (w0) · does(d1) ·
V (w1) · · · does(dj)·V (wj) · · · . Let ϕkδ be the syntactical representation of δ up to depth k, i.e.,
ϕkδ := (

∧
V (δ[0])∧does(d1))∧©(

∧
V (δ[1])∧does(d2))∧· · ·∧©k(

∧
V (δ[k])∧does(dk+1)).

4. Define the k-th characteristic formula ΓkM of M as the disjunctions of all the syntactical
representations of paths in M up to depth k, i.e.,

ΓkM :=
∨
δ∈P(M) ϕ

k
δ .

Note that ΓkM is well-formed as M is finite-branching and all paths are bounded to depth k. It is
easy to check that deg(ΓkM) = k and M,w0 |= ΓkM .

To illustrate this idea, let us consider the ST-model M depicted in Figure 4, where N = {r},
Φ = ∅, T = {w22, w23} and g(r) = {w23}. Then the 2-th characteristic formula of M is Γ2

M =
ϕ2
δ1
∨ϕ2

δ2
∨ϕ2

δ3
, where ϕ2

δ1
= initial∧∧2

i=1 legal(r, ai)∧does(r, a1)∧©(
∧2
i=1 legal(r, bi)∧does(r, b1))∧
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©2(legal(r, c) ∧ does(r, c)), ϕ2
δ2

= initial ∧ ∧2
i=1 legal(r, ai) ∧ does(r, a1) ∧ ©(

∧2
i=1 legal(r, bi) ∧

does(r, b2)) ∧©2(terminal ∧ legal(r, noop) ∧ does(r, noop)), and ϕ2
δ3

= initial ∧∧2
i=1 legal(r, ai) ∧

does(r, a2)∧©(legal(r, b3)∧ does(r, b3))∧©2(wins(r)∧ terminal∧ legal(r, noop)∧ does(r, noop)).

Figure 4: Characteristic Formula Γ2
M . Figure 5: A non-definable property.

The following result shows that the characteristic formula ΓkM captures the essence of k-
bisimulation.

Proposition 4. Let M , M ′ be two ST-models, and k ∈ N. The following are equivalent.

1. M ≈k M ′

2. M ≡k M ′

3. M ′, w′0 |= ΓkM

Proof. We first show Clause 1⇒ Clause 2. Assume M ≈k M ′ and M,w0 6|= ϕ for deg(ϕ) ≤ k,
then there is δ ∈ P(M) such that M, δ, 0 6|= ϕ. By Lemma 4, we have there is δ′ ∈ P(M ′) such
that M, δ -k M

′, δ′, then by Lemma 5, we get M ′, δ′, 0 6|= ϕ, so M ′, w′0 6|= ϕ. The other direction
is proved in a similar way.

Clause 3 follows from Clause 2 and the fact that M,w0 |= ΓkM and deg(ΓkM) ≤ k.
Finally, we show Clause 3⇒ Clause 1. Assume M ′, w′0 |= ΓkM . Let trace(M �k) =
{V (δ[0, k]) | δ ∈ P(M)} be the set of all the prefix traces up to depth k in M . Then by the
assumption, we have trace(M �k) = trace(M ′�k). We define a sequence of relations as follows:
for any 0 ≤ l ≤ k, let Zl = {(w,w′) ∈ W × W ′ | there are δ ∈ P(M), δ′ ∈ P(M ′) and
0 ≤ j ≤ k − l such that δ[j] = w, δ′[j] = w′ and V (δ[0, k]) = V (δ′[0, k])}. It suffices to show the
sequence satisfies the conditions of being a k-bisimulation in Definition 12. It holds by definition
that Zk ⊆ Zk−1 · · · ⊆ Z0, and w0Zkw

′
0 (Condition 1). Let us verify Condition 2. Assume wZ0w

′,
then by definition there are δ ∈ P(M), δ′ ∈ P(M ′) and 0 ≤ j ≤ k−l such that δ[j] = w, δ′[j] = w′

and V (δ[0, k]) = V (δ′[0, k]), so V (w) = V (w′). Thus, conditions (a)-(e) hold by the construction
of V . Let us next check Condition 3. Assume wZi+1w

′ (for i + 1 ≤ k) and U(w, d) = u, then by
definition there are δ ∈ P(M), δ′ ∈ P(M ′) and 0 ≤ j ≤ k − i− 1 such that δ[j] = w, δ′[j] = w′

and V (δ[0, k]) = V (δ′[0, k])}. We extend the segment δ[0, j] d→ u to a complete path λ in M .
Such a complete path always exists, since each agent has at least one legal action at each state.
Then V (λ[0, k]) ∈ trace(M �k). And by the assumption, we have V (λ[0, k]) ∈ trace(M ′ �k),
so by the assumption there is λ′ ∈ P(M ′) such that V (λ[0, k]) = V (λ′[0, k]). Since the update
is deterministic and the initial state is unique, so we have δ′[0, j] is the initial segment of λ′. It
follows that λ′[j] = δ′[j] = w′ and w′ d→ λ′[j + 1]. Let λ′[j + 1] be u′. Then by definition we
have (u, u′) ∈ Zi. Condition 4 is verified in a similar way of Condition 3. Thus, M ≈k M ′. This
completes the proof.
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This result asserts that (i) k-bisimulation coincides with k-equivalence on ST-models, and (ii)
two ST-models are k-bisimilar if and only if for any path developed in one model, its k-th prefix
can also be developed in the other.

We are now in the position to provide a characterization for the definability of GDL with respect
to k-bisimulation.

Theorem 2. A classM of ST-models is definable in GDL iff there is k ∈ N such thatM is closed
under k-bisimulation.

Proof. Assume a class M of ST-models is definable in GDL, then there is ϕ ∈ L such that
M = ‖ϕ‖. Let k = deg(ϕ). Further assume M ∈ M and M ≈k M ′, then M ∈ ‖ϕ‖, so
M,w0 |= ϕ. And by Proposition 4 and the assumption, we have M ′, w′0 |= ϕ, then M ′ ∈ ‖ϕ‖, so
M ′ ∈ M. Conversely, assume there is k ∈ N such thatM is closed under k-bisimulation. Let
N =

⋃
M∈M{M ′ |M ≈k M ′} be the set of all ST-models that are k-bisimilar to a member ofM.

Note N is finite. Let Λ =
∨
M ′∈N Γk

M′ be the disjunctions of the k-th characteristic formulas of
all ST-models in N . We next show thatM = ‖Λ‖. First assume M ∈ M, then M ∈ N . And
M,w0 |= ΓkM , so M,w0 |= Λ. Thus, M ∈ ‖Λ‖. Conversely, assume M ∈ ‖Λ‖, then M,w0 |= Λ,
so M,w0 |= Γk

M′ for some M ′ in N . It follows from Proposition 4 that M ≈k M ′. And by the
construction M ′ ≈k M ′′ for some M ′′ ∈M, so M ≈k M ′′. Thus, M ∈M.

This theorem indicates that exactly the properties of ST-models that are closed under k-
bisimulation for some k ∈ N are definable in GDL. This provides a feasible approach to test
the non-definability of GDL. We can show, for instance, that GDL can express that a player r will
win in i steps, i.e.,©iwins(r), but it cannot express that a player has a winning strategy in gen-
eral. Indeed for an arbitrary k ∈ N, we can always construct two ST-models depicted in Figure
5, where N = {r}, Φ = ∅, wk+1 ∈ g(r) and si 6∈ g′(r) for all i ∈ {0, · · · , k + 1}. It is easy to
check that M 'k M ′, but player r has a winning strategy in M while she does not have in M ′. By
a slight change of M and M ′ with wk+1 ∈ T and sk+1 6∈ T ′, we obtain another GDL-undefinable
property that a game will always reach a terminal state. It is worth noting that this makes GDL
different from other strategic logics such as ATL (Alur et al. 2002) and Strategy Logic (Chatterjee
et al. 2010), where those properties are expressible.

6 Conclusion
We have investigated the expressive power of GDL in terms of bisimulation relations over state
transition models and obtained two characterization results. The first result shows the coincidence
between invariance of GDL-formulas and bisimulation equivalence, and the second characterizes
the definability of GDL-formulas in terms of k-bisimulation. We have also introduced the quotient
model to improve the efficiency of model checking for GDL. Moreover, we have generalized the
notion of bisimulation equivalence to capture more general game equivalence.

The existing literature focuses on the relationships of GDL with other strategic logics. For in-
stance, Ruan et al. studied the relationship between GDL and ATL by transferring a GDL game
specification into an ATL specification (Ruan et al. 2009). Lorini and Schwarzentruber investi-
gated the relation between GDL and Seeing-to-it-that Logics (STITs) by providing a polynomial
embedding of GDL into STIT (Lorini and Schwarzentruber 2017). Differently, we use a bisimula-
tion approach to study the expressive power of Game Description Languages. Our characterization
results show that compared to other strategic logics, such as ATL, Strategy Logic, STITs, GDL is
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light-weight yet sufficient to define game rules and describe bounded game properties. Zhang et
al. investigated game equivalence for knowledge transfer in GGP. They consider two games are
equivalent if their state transition models are isomorphic (Zhang et al. 2017). Our notion of game
equivalence is more general as it is based on the bisimulation relation.

Directions of future research are manifold. We intend to explore the van Benthem Characteri-
zation Theorem for GDL (van Benthem 1984). More recently, GDL has been extended to GDL-II
and epistemic GDL for representing and reasoning about imperfect information games (Thielscher
2010; Jiang et al. 2016). We plan to study the expressiveness of these extended languages. Besides
structure equivalence, it would be also interesting to investigate different types of game equivalence
in GGP (Zhang et al. 2017; Goranko 2003; Pauly 2001; van Benthem et al. 2017).
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A legal conflict arises for a case if more than one norms are applicable to this case but they can
not all be applied. There are two types of legal conflicts: the conflicts between a prohibition to do
something and a permission to do it and the conflicts between a prohibition to do something and a
prohibition not to do it. Legal conflicts are very common in legal practice and many of them are
practically reasonable.

Here are some examples of legal conflicts.

Example 1. The Fourteenth Amendment of the U.S. Constitution states: “No State shall make or
enforce any law which shall abridge the privileges or immunities of citizens of the United States;
nor shall any State deprive any person of life, liberty, or property, without due process of law . . . ”.
In a series of cases, the U.S. Supreme Court established that the right to privacy is one of those
liberties protected by this amendment.

Texas Penal Code generally forbids abortion. Article 1191 of it states: “If any person shall de-
signedly administer to a pregnant woman or knowingly procure to be administered with her consent
any drug or medicine . . . and thereby procure an abortion, shall be confined in the penitentiary not
less than two nor more than five years”.

Jane Roe, a single woman who lived in Dallas County, Texas and was willing to terminate her
pregnancy but failed because of the prohibition, filed a suit against the county’s District Attorney,
Henry Wade, with a claim that Texas’ prohibition on abortion is unconstitutional. This case, known
as Roe v. Wade, was finally heard by the U.S. Supreme Court, and was decided by the Court that
Texas’ prohibition on abortion indeed violated the Fourteenth Amendment, “which protects against
state action the right to privacy, including a woman’s qualified right to terminate her pregnancy”.

This example is from Case 410 U.S. 113 in U.S. Supreme Court Cases and (Davis 2008).

Example 2. The 2nd section of the Intellectual Property Law of Norway states: “Intellectual
property gives exclusive rights to produce copies, temporary or permanent”. Later the 11st section
specifies an exception to the previous statute: “If a temporary representation of a work is essential
to a process whose sole purpose is to facilitate the legitimate use of the work then the 2nd section is
suspended”. Then an exception to the previous exception follows: “This provision does not apply
to computer programs and databases”.
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This example is from (Stolpe 2010).

Example 3. Tort Law of China came into force in 2010, which was meant to revise the part about
tort of General Principles of Civil Law of China that came into force in 1987. However, the part
about tort of the latter can not be clearly isolated, so it is still in force completely.

The 133nd article of General Principles of Civil Law of China states: “If a person who has
property but is without or with limited capacity for civil conduct causes damages to others, the
expenses of compensation shall be paid from his property. Shortfalls in such expenses shall be
appropriately compensated for by the guardian unless the guardian is a unit1”. By this article, the
guardian does not have to pay all the shortfalls in some cases, and if the guardian is a unit, it does
not have to pay the shortfalls at all.

The 32nd article of Tort Law of China says: “If a person who has property but is without or with
limited capacity for civil conduct causes damages to others, the expenses of compensation shall
be paid from his property. Shortfalls in such expenses shall be compensated for by the guardian”.
This article just simply requires the guardian to pay all the shortfalls.

As far as we observe, the general way that legal conflicts are resolved in legal practice is as
follows. There are a few principles. Some of them are prior to some others. Each principle induces
a priority relation among norms. A chain of principles is a sequence of principles such that its first
element is prior to its second element, its second element is prior to its third element, and so on.
A maximal chain of principles is a chain of principles which can not be extended. Assume there
is a case where more than one norms are applicable but they can not all be applied. The conflict
is resolved as follows. Firstly parallelly apply all the maximal chains of principles. Then observe
the results. If no maximal chain can resolve the conflict, then the conflict is unsolvable. Suppose
that some maximal chain can resolve the conflict. Then if all the results of applying the maximal
chains of principles that resolve the conflict are coincident, then the conflict is resolved, otherwise
the conflict is unsolvable.

In this work we try to formalize the way legal conflicts are resolved. In this formalization we
assume that there is only one agent, we just focus on the norms concerning actions and we do not
consider obligations.

By this formalization we can present an answer to the question asked by (Lewis 1979): what
exactly is the effect of permitting something that was forbidden previously? By this formalization
we can also make a distinction between statical equivalence and dynamical equivalence of legal
systems, which is proposed in (Hansson 2013).
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Social Interaction and Pointwise Intersection in
Neighborhood Modal Logic

Dominik Klein

University of Bayreuth / University of Bamberg

Abstract

Modal logic has proven a powerful tool for studying social
interaction. It has been applied to a wide range of contexts,
ranging from strategic powers of coalitions to belief forma-
tion in networks. In incorporating influence from several
sources, the intersection of several modalities becomes cru-
cial. We study pointwise intersection as a way of forming
distributed belief, calculating coalitional abilities or track-
ing the combination of evidence. Towards a general under-
standing of pooling modalities, we provide a class of sound-
ness and completeness characterization results for intersec-
tion modalities in neighborhood modal logic. We present a
general technique for completeness proofs that applies to a
variety of neighborhood logics with intersection operations.

1 Introduction
The1 study of social interaction often leads to neighborhood semantics, a well-established tool for
studying generalizations and variants of Kripke-semantics for modal logic. Neighborhood logics
arise naturally when studying strategic powers in games (van Benthem et al. 2018), more generally
for analyzing the logic of ability (Brown 1988; Pauly 2002), in tracking agents’ evidence, social
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or not, (van Benthem and Pacuit 2011), but also in deontic logic and the analysis of obligations,
especially when these come from various sources (Goble 2005; Klein and Marra 2019).

Formally, a neighborhood function N attaches a set of accessible sets X1, X2, . . . of worlds
to any world w in a possible worlds model. �ϕ is then true iff there is some such X in the
neighborhood set N (w), that coincides with the truth set of ϕ. The move from Kripke semantics
to neighborhood semantics allows us to invalidate certain schemata that are problematic for certain
interpretations of the modal operator �, but also to include other schemata that would trivialize any
normal modal logic. Apart from that, neighborhood models can also be used as a purely technical
tool in order to prove completeness or incompleteness w.r.t. other possible worlds semantics.2

In studying social interaction, we are often interested in the interaction of several modalities.
Agents learning on a network may combine different pieces of evidence they acquire from differ-
ent sources, thus accessing the distributed belief of their surroundings. Similarly, when accepting
new trends or social norms, agents will combine a variety of observations from different situations.
Also within game theory and, more generally, strategic interaction, players may team up and hence
be interested in their joint strategic abilities, rather than their individual powers alone. All these ap-
plications, hence, are interested in logical combinations of various neighborhood sets. The general
logic of neighborhood models where certain neighborhood functions are obtained by operations
on (one or several) neighborhood functions is still largely unknown.

2 The Base Logic
The current paper is a first step towards axiomatizing general intersection modalities. For simplic-
ity of notation, we focus on a case where we combine information from different sources, each de-
noted by their own modal operator �1,�2, . . .. There, we study logics that are interpreted in terms
of the pointwise intersection of the different neighborhoods. The result will be new neighborhoods
�G for each group G of agents, denoting the shared information (or powers or norms. . . ) of G.
Formally, This concept is defined as follows, for a fixed (finite or infinite) index set I = {1, 2, . . .}.

Definition 1. i) A model M is a triple 〈W, 〈Ni〉i∈I , V 〉, where W 6= ∅ is the domain of M, for
every i ∈ I , Ni : W → ℘(℘(W )) is a neighborhood function for i, and V : W → ℘(P) is a
valuation function.
ii) Where M = 〈W, 〈Ni〉i∈I , V 〉 is a model and G = {i1, . . . , in} ⊆ I , the neighborhood

function for G is given by

NG(w) = {Xi1 ∩ . . . ∩Xin | each Xij ∈ Nij(w)}

So, in the context of neighborhood semantics, pointwise intersection takes as input any intersec-
tion of neighborhoods, one for each agent i ∈ G, to form the new neighborhood set for G. This
new neighborhood set is then used to interpret expressions of the type �Gϕ, using the standard
semantic clause, but plugging in the neighborhood function NG.

The main goal of this contribution is to provide a sound and complete axiomatization for the
logics of intersecting neighborhoods. More specifically, we present a variety of soundness and

2One prototypical example of a completeness proof via neighborhood semantics is (Lewis 1973). In (Governatori
and Rotolo 2005), neighborhood semantics are used to prove the incompleteness of Elgesem’s modal logic of agency
(Elgesem 1997). We refer to (Pacuit 2017) for a critical introduction to the many forms, uses and advantages of
neighborhood semantics.
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completeness results, depending on the exact properties of the underlying neighborhood modality.
For the sake of brevity, let us stick with a minimal setting here. Let L be the language obtained by
closing a countable set of propositional variables P = {p, q, . . .} under the classical connectives
and all unary modal operators of the type �G, where G is a finite subset of I, written G ⊆f I . To
interpret L, we use the following (standard) semantic clauses:

Definition 2. Let M = 〈W, 〈Ni〉i∈I , V 〉 be a model, w ∈ W , ϕ, ψ ∈ L, and G ⊆f I . Then

1. M, w |= p iff w ∈ V (p) for all p ∈ P

2. M, w |= ¬ϕ iff M, w 6|= ϕ

3. M, w |= �Gϕ iff ‖ϕ‖M ∈ NG(w)

4. M, w |= ϕ ∨ ψ iff
M, w |= ϕ or M, w |= ψ

where ‖ϕ‖M = {w ∈ W |M, w |= ϕ}.

For this exposition, we restrict ourselves to the base logic, i.e. the logic on intersection modali-
ties for the class of all neighborhod models. To characterize this logic syntactically, we will need
the following axioms:

(�Gϕ ∧�Hψ)→ �G∪H(ϕ ∧ ψ) (B1)
if G ∩H = ∅

�G∪H> → �G> (B2)

(�Gϕ ∧�G∪H∪Jϕ)→ �G∪Hϕ (B3)
line

(�Gϕ ∧�H(ϕ ∨ ψ))→ �G∪Hϕ (B4)

and, as usual, replacement of equivalents (RE) and modus ponens (MP):

if ϕ ` ψ and ψ ` ϕ, then �Gϕ ` �Gψ if ` ϕ and ` ϕ→ ψ, then ` ψ

Our first result and starting point of the talk is:

Theorem 1. [Strong Completeness for the Base Logic] A sound and strongly complete axiomatiza-
tion of the base logic is obtained by adding (B1), (B2), (B3), and (B4) to any sound and complete
axiomatization of CL, and closing the result under (RE) and (MP).

Proof. We only provide a restricted proof for the case where we cannot allow for infinite groups
G. For a full proof, allowing for countably many infinite groups, slightly different techniques than
those presented here are necessary, cf. (Van De Putte and Klein 2018)

Soundness is trivial. For completeness, we provide an extended canonical model construction.
Contrary to classic approaches, this canonic model will have infinitely many points Γ1,Γ2 . . . for
every consistent subset Γ of the logic that is obtained by adding (B1), (B2), (B3), and (B4) to any
sound and complete axiomatization of CL, and closing the result under (RE) and (MP). The main
task is then to equip agents with sufficiently large neighborhoods to i) create all intersection sets
desired while ii) not creating too many intersection sets in order not to validate more formulas of
the shape �Gϕ than desired.

We beginn by constructing the canonical model 〈W,nG, V 〉. We first define W . For this, let ωx

denote the positive integers, i.e. ω \ {0}.

W := {(Γ, i) | i ∈ ωx and Γ ⊆ L is max. const. w.r.t the base logic}.

Next, the valuation function V : W → P(P) is defined as p ∈ V (Γ, i)⇔ p ∈ Γ. Finally, we have
to construct the neighborhood functions ni : W → P(P(W )) for i ∈ I . Neighborhood functions
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nG for G ⊆f I will then be constructed through the intersection operation defined above. Before
we define these functions, note that by our assumption that the set of agents is at most countable,
also {G | G ⊆f I} and L are. Hence, we can fix a bijection

µ : {G | G ⊆f I} × L → {p | p is prime}

Without loss of generality, we can assume that µ(G,ϕ) < |G| for all (G,ϕ) ∈ {G | G ⊆f I} × L.
Moreover, by the axiom of choice, we can fix a well-order<w of I . With these tools, we can finally
define the neighborhood sets ni. To do so, we first define auxiliary sets XG,ϕ

i for (G,ϕ) ∈ {H |
H ⊆f I} × L and i ∈ G. For this, note that the ordering <w induces a well-ordering on G. Let
k(i) the position at which i occurs in this well-ordering. Moreover, for each (G,ϕ) pick a partition
M

(G,ϕ)
1 , . . . ,M

(G,ϕ)
|G| of {1, . . . , µ(G,ϕ)} into |G| non-empty sets. Then define

XG,ϕ
i := {(Λ, i) | ϕ ∈ Λ} ∪

{
(Λ, i) | i mod µ(G,ϕ) 6∈M (G,ϕ)

k(i)

}
.

By the assumption that µ(G,ϕ) < |G|, it follows that XG,ϕ
i 6= XH,ρ

j if i 6= j or G 6= H or ϕ 6= ρ
unless ϕ and ρ are both tautologies. We set

ni(w) := {XG,ϕ
i | �Gϕ ∈ w, i ∈ G}.

To finish the proof, we have to show that the hence constructed model is a canonical model, i.e.
that W, (Γ, i) � ϕ iff ϕ ∈ Γ. We do so by induction over the complexity of ϕ. For the induction
base, ϕ atomic, this is trivially true by construction. Moreover, if ϕ is of the form ψ ∨ ρ or ¬ψ, the
proof follows by a standard argument. We only have to show the case where ϕ is of the form �Gρ
and the statement has already been shown for ρ.

For the left-to right direction (i.e., ϕ ∈ Γ ⇒ W, (Γ, i) � ϕ) fix some (Γ′, j) with ϕ = �Gρ ∈
Γ′. By construction, this implies that XG,ρ

i ∈ ni(w) for all i ∈ G. By definition, it holds that⋂
i∈GX

G,ρ
i ∈ nG(w). Moreover,

⋂

i∈G
XG,ρ
i =

⋂

i∈G
{(Λ, i) | ρ ∈ Λ} ∪

⋂

i∈G
{(Λ, i) | i mod µ(G, ρ) ∈ {k(j) | j ∈ G, j 6= i}}

={(Λ, i) | ρ ∈ Λ}

By induction hypothesis, {(Λ, i) | ρ ∈ Λ} = {w | W,w � ρ}. Hence W, (Γ′, j) � �Gρ as desired.

For the right-to-left direction, we have to show that W, (Γ, i) 6� ϕ, i.e. {(Γ′, j) | W, (Γ′, j) �
ρ} 6∈ nG(Γ, i) whenever �Gρ 6∈ Γ. Assume the latter. Of course, we have that XG,ρ

i 6∈ ni(Γ, i).
However, this does not yet imply that

⋂
i∈GX

G,ρ
i 6∈ ni(Γ, i), as {(Γ′, j) | W, (Γ′, j) � ρ} could

have entered nG(Γ, i) as some other
⋂
k∈G Yk with Yk ∈ nk(Γ′, j). We have to show that this is not

the case.
Towards a contradiction, assume that such {Yk | k ∈ G} with all , Yk ∈ nk(Γ

′, j) exist. We
distinguish two cases. In the first case, ρ is a tautology. Using the induction assumption and that⋂
k∈G Yk = {(Γ, k) | W, (Γ, k) � ρ}, this implies that all Yk = W for all W . By construction, this

implies that for each k ∈ G there is someGk with k ∈ Gk and �Gkϕk ∈ Γ where ϕk is a tautology.
By (B2), this implies that �kϕ

k ∈ Γ for all k ∈ G. (B1) then implies that �G

∧
k∈G ϕ

k ∈ Γ. Since
both ρ and

∧
k∈G ϕ

k are tautologies we hence have �Gρ ∈ Γ′, contradicting our assumption.
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We move to the second case where ρ is not a tautology. We split {Yk | k ∈ G} in three disjoint
classes C1, C2, C3. The first, C1 contains those all those Yk ∈ {Yl | l ∈ G} with Yk = W . By
construction, for all X ∈ {Yk | k ∈ G} \C1 there is are unique i, ρi, Gi with i ∈ G, i ∈ Gi, ρi ∈ L
such that Yi = XGi,ρi

i and �Gi
ρi ∈ Γ′. Define

C2 : = {Yk | for all l ∈ Gk : XGk,ρk
l ∈ {Yk | k ∈ G}}

C3 : = {Yk | for some l ∈ Gk : XGk,ρk
l 6∈ {Yk | k ∈ G}}

Obviously, {C1, C2, C3} is a partition of {Yk | k ∈ G}. Now consider C2. Let R := {ρk |
XGk,ρk
k ∈ C2 for some k,Gk} and R3 := {ρk | XGk,ρk

k ∈ C3 for some k,Gk} and let

ρ =
∧

ρk∈R
ρk

Note that ρ → ρ as by assumption {(Γ, k) | W, ρ ∈ Γ} ⊆ {(Γ, k) | ρk ∈ Γ} for all ρk ∈ R. Now,
we have to make one last case distinction about whether or not ` ρ↔ ρ holds.

In the first case, ` ρ↔ ρ. By construction, we have that �Gk
ρk ∈ Γ′ for all ρk ∈ R. Moreover,

it holds by construction that Gk ∩Gl = ∅ whenever ρk 6= ρl. By (B1), this implies that �Gρ ∈ Γ′

where G =
⋃
ρi∈RGi. Note that G ⊆ G by our construction of C2 and the XG,ϕ

i Moreover, the
fact that Yk ⊃ {(Γ, l) | W, (Γ, l) � ρ} for all k ∈ G implies that ` ρ → ρk for all k ∈ G. By
an iterated application of (B4), we get that �

G
ρ ∈ Γ′, where G =

⋃
ρi∈R2∪R3

Gi. Moreover, (B2)
implies that �k> ∈ Γ′ whenever Yk in C1. Hence, by (B4) again, we have �

G∪Gρ ∈ Γ′. (B3) then
implies �Gρ ∈ Γ′ and hence, by (RE), �Gρ ∈ Γ′, contradicting our assumption.

The second case is that 6` ρ → ρ. Hence, ρ ∧ ¬ρ is consistent and there is some maximally
consistest Γρ∧¬ρ with ρ ∧ ¬ρ ∈ Γρ∧¬ρ. Moreover, for all Yk ∈ C3, there is some r(k) ∈ GK such
that XGk,ρk

r(k) 6∈ {Yi | i ∈ G}. By the Chinese remainder theorem, there is some natural number q

such that q mod µ(Gk, ρk) ∈ M (Gk,ρk)
r(k) for all Yk ∈ C3. We then get that (Γρ∧¬ρ, q) ∈ ⋂j∈G Yj

contradicting our assumption that
⋂
j∈G Yj = {(Γ, i) | W, (Γ, i) � ρ}.

3 Generalizations
Naturally, we may want to expand this base logic in various directions. Seen from a semantic
perspective, we might impose various frame conditions on the individual neighborhood sets. For
instance, we may assume these neighborhoods to be closed under supersets, making the corre-
sponding modalities closed under logical weakening. A related condition may demand the inter-
section of any two neighborhood sets to be non-empty, thus expressing a certain minimal coherence
among neighborhoods. This condition is for instance imposed by (Stalnaker 2006), see also (Klein
et al. 2017). Lastly, we could demand neighborhoods to contain or not contain the trivial (i.e., full)
and or the empty set. Table 1 lists a number of possible extensions.

As it turns out, the present completeness approach is modular with respects to the generalizations
in Table 1. Formally, let K be any subset of the frame conditions in (the first column of) Table
1. Let Ax(K) the corresponding axioms from the second column of Table 1 and call the logic of
intersection modalities for the class of K-frames ΛK . We then get:

Theorem 2 (Strong Completeness for Extensions of the Base Logic). A sound and strongly com-
plete axiomatization of the logic ΛK is obtained by adding (B1), (B2), (B3), (B4) and Ax(K) to
any sound and complete axiomatization of CL, and closing the result under (RE) and (MP).
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semantic syntactic
W ∈ Ni(w) ` �i> NEC
W 6∈ Ni(w) ` ¬�i> CO-NEC
∅ 6∈ Ni(w) ` ¬�i⊥ P
∅ ∈ Ni(w) ` �i⊥ CO-P

indiv. Factivity ` �iϕ→ ϕ T
indiv. Upward closure ` �iϕ→ �i(ϕ ∨ ψ) RM
indiv. Binary cons. ` �iϕ→ ¬�i¬ϕ D

Table 1: Possible extensions for individual modalities

See (Van De Putte and Klein 2018) for details. Finally, we should note that some but not all of
the axioms in Table 1 will generalize to the level of intersection modalities.

Remark: Assume all individual modalities �i satisfy NEC, CO-NEC, CO-P, T or RM. Then also
all group modalities satisfy the corresponding schemes.

Notably, this does not hold for the remaining two modalities T and P . There are models where
all individual neighborhoods satisfy ∅ 6∈ Ni(w) or ` �iϕ → ¬�i¬ϕ respectively, but not all (or
even none) of the group modalities �G do.

4 Outlook
For this contribution, we have concentrated on intersection modalities �G combining evidence
of different sources i1, . . . , in Notably, within neighborhood logic also a second question could be
asked. Given that individual neighborhoods are usually not closed under intersection, we could ask
about intersections of pooling operations among evidence from the same source. Schematically,
we would hence also be interested in pooling modalities of the type �{i,i} (standing for binary
intersection of i-neighborhoods), rather than only �{i,j}. On the formal side, this change requires
the transition from sets to multisets of indeces. The present logic generalizes straightforwardly
to the multi-set case, with the sole exception that an additional axiom �Mϕ → �M∞ comes
into play for infinite multisets, where M∞ denotes the infinite intersection of members from the
M -neighborhood. Our main reason for restricting the present exposition to set-indeces only is
simplicity, as multi-sets bring in some additional complexities in notation.

Secondly, there are various possible directions of generalization. In one way, the analysis can
be expanded to other boolean set-operations than just intersection. We may, for instance, analyse
pointwise union of neighborhoods (standing e.g., for uncertain success) or even set-complements
of neighborhood sets. In a different direction of generalization, we may analyze special types
of intersection-like modalities. In analyzing evidence based belief, for instance, (van Benthem
and Pacuit 2011) focus on non-empty intersection of neighborhoods. Other applications, partially
related to the epistemic concepts of true belief or knowledge, may be interested in intersecting only
those neighborhoods that contain the present world (Özgün 2017). Time permitting, we may hint
at either of these two directions of generalization in the presentation.
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Abstract

In this paper, we propose virtue ethics as a metaethical the-
ory for autonomous cars, as an alternative to the utilitarian
and deontological paradigms. We believe that this theory is
more suitable for situations when the mechanisms behind the
steering of the car are based on machine learning techniques
rather than rule based algorithms. We present the main idea
of this solution and discuss some virtues that can be applied
to cars, namely: justice, benevolence and courage. We also
investigate the way ethics can be incorporated into the learn-
ing procedures for cars and how deontic logic can contribute
to this endeavour.

1 Introduction
Autonomous cars are one of the emerging technologies that will have a significant impact on
society in the upcoming years. Self-driving vehicles are already present in traffic. Most of the tests
that have been done so far are successful but also some problems including serious accidents in
which people—a passenger of a car or a pedestrian—were killed occurred.

Although predictions estimate that traffic safety will be significantly improved (different estima-
tions varies in this respect, but reduction of serious accidents on the level of 90-95% is expected),
many people are still afraid and prefer a human driver’s control over vehicles, or at least a human
driver’s possibility to take control over the car. One of the reasons behind this is that many people
want to be sure that, in case of hazardous situations or accidents, a self-driving car will behave
in a proper way. What does, however, a proper way mean? There are several levels that can be
considered, but at the end there is the level of values, especially moral values. We believe that
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the best way to define the acceptable behaviour of a self-driving car in hazardous situation is to
introduce a logical formalisation taking into account all aspects of the device’s behaviour.

We take advantage of some preliminary results concerning formal ethics for autonomous ve-
hicles presented in (Kulicki et al. 2018), where we justified the approach to self-driving cars as
normative agents. In this work, we will focus particularly on two issues: first choosing a metaeth-
ical theory that is most appropriate for our considerations, and second finding the best way to
introduce ethics in the actual technical processes of designing autonomous cars. The latter issue
may lead to determining the role of logic, especially deontic logic, in these processes and setting
constraints that the prospective deontic logic for autonomous cars should fulfil. In the following
two sections, we shortly discuss the two aforementioned issues.

2 Virtue Ethics as the Metaethics for Autonomous Cars
2.1 Choosing Metaethics for Self-Driving Cars

There are two major metaethical approaches in contemporary ethics: utilitarian (consequentialist)
and deontological (e.g. Kantian ethics). In the first metaethical approach, we look at the various
states which are consequences of our choices and try to choose the state (and the actions) that
maximises utility or minimises harm. In the other one, we confront our choices with the rules
of a chosen normative system. These approaches appear usually also in the context of ethical
issues concerning self-driving cars (see e.g. (Jean-François Bonnefon 2016; Bringsjord and Sen
2016)). Both of these approaches encounter several difficulties when applied to artificial agents,
especially robots and autonomous vehicles (see (Musielewicz 2019) for an extensive discussion of
those problems). In this paper we introduce an alternative approach, namely virtue ethics.

Virtue ethics has its roots in Aristotle (Aristotle 2004) and in recent years we can observe some
kind of its revival, see e.g. (Swanton and Press 2003; van Hooft 2014). Within the field of robot
ethics, this conception has existed on the periphery of discussions for quite some time, but it has
recently been picked up in greater length by Nicolas Berberich and Klaus Diepold in their article
The Virtuous Machine - Old Ethics for New Technology? (Berberich and Diepold 2018), where the
conception of a virtue ethics for robots has recently been expanded upon. In this text, Berberich and
Diepold set out to answer the question How can we build a machine that, owing to its constitution,
acts appropriately in arbitrary situations (Berberich and Diepold 2018, p.4)? The answer to which
they find in virtue ethics.

We are in agreement with these authors that this is indeed the best place to start looking if we
want to build a virtuous machine, as this approach is compatible with the sort of agents that these
devices are. Artificial agents, such as autonomous cars, learn specific tasks through trial and error
and the building up of vast data sets, with the application of some variety of machine learning tools.
As a result of this, we end up with an agent who learns to do something and builds up habits on
how to react when it perceives a certain sort of situation. At the beginning of its training, driverless
cars often fail, yet after millions of miles of practice, they are able to perform their task with results
that are often far better than the typical human driver.

Berbrich and Diepold also pick up on this feature of what they call autonomous moral agents
(AMA), of which a driverless car is one example. Here they also root the sense of using virtue
ethics in AI for runner discipline cybernetics, which returned a teleological understanding of things
from its exile in the last century and in particular of a teleological understanding of living being and
machines (Berberich and Diepold 2018, p.5). This reliance on teleology introduces their reliance
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upon Aristotle for the formation of an ethics for AMA.
Musielewicz in (Musielewicz 2019) agrees with Berbrich and Diepold in that virtue ethics is

broadly speaking the best suited to AMA, but differs in the sort of virtue ethics to be employed.
He relies upon a target centred virtue ethics, as developed by Christine Swanton in (Swanton and
Press 2003), where we can say that an agent is virtuous when it hits the target of virtue. A virtuous
action is a successful response in a particular situation. Still it is based on previous experience and
a kind of moral training.

2.2 A Virtuous Car

Since autonomous cars are clearly different agents than humans, we need to adjust a human ori-
ented ”original” virtue ethics to find out which virtues are appropriate for such agents. Different
virtues of a cognitive machine are analysed in (Berberich and Diepold 2018). We are here inter-
ested directly in the virtues applicable to autonomous vehicles. The ones that most clearly can be
applied here are, in our opinion, justice, benevolence and courage.

In regards to driverless cars, we need to address the field, mode and target of justice. The field
of this virtue primarily (though not necessarily) relates to following the universal law and the
various norms that relate to the car itself as a normative agent. The targets of the car’s duties of
justice include itself, its passengers, other road occupants, and the state (or some other normative
authority) within which it is driving. The modes of response to this universal justice depend upon
the particular patient in question and so will depend upon the particular context of some virtuous
act. The hitting of the targets of this virtue also is contextually dependent upon the laws related to
the situation at hand. At any given time the driverless car, being the bearer of the various norms
related to driving, owes something to the state: such as the obligation to obey the speed limit or
to stop for pedestrians and other laws inscribed in the criminal code and statutes— or to private
individuals—in matters related to civil law.

Benevolence aims at the promotion of what is good. What counts as a benevolent act, much
like what is a just act, depends upon the context within which the act is undertaken. Considering a
driverless car, the targets of benevolence would be related to its sphere of activity, i.e. driving, and
the patients of these acts can include its occupants, other road users, pedestrians, etc. where the
autonomous vehicle has the appropriate duty of care relevant to its relationship with the patient in
question.

Crucial to the understanding of benevolence towards others is the Kantian notion of not treating
others as mere means to one’s own ends, conjoined with a recognition of the moral value of other
humans as entities that are ends in themselves (Swanton and Press 2003, p.107). To this universal
understanding of benevolence, particular considerations can be added due to particular circum-
stances. So a nurse has a special duty of care for their patient, a guardian to their ward, a parent
to their child. In the case of the autonomous car, the special position is given to its passengers and
owner. However this kind of preference cannot cross the line of treating other humans as means
to this end and, for example, by depriving other traffic participants of their rights (right-of-way)
when a passenger is in a hurry.

Courage is the willingness to confront danger. In the case of self-driving cars, it may seem not
to be the right guide of behaviour since one of the most desirable features here is safety. However,
it is not possible to participate in traffic without any danger. Thus, courage is here about the
appropriate assessment of a risk occurring while driving. Already Aristotle defined it as a balance
between cowardice and foolhardiness. Manifestations of courage may be for example driving with
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a speed appropriate to the traffic conditions – not too slow (which would be cowardice) and not
too fast (foolhardiness). Moreover, especially in situations that are not typical, looking for creative
solutions of a problem rather then following safe rules also may be understood as courage.

2.3 Practising Virtues

Driverless cars being presently trained are done so by means of machine learning techniques, where
wrong acts are punished and right (or correct) acts are rewarded, allowing for the machine to learn
through habituation, and through trial and error. Both computer simulators and real road training
can be used in the process of training. Moral virtues are likewise gained through trial and error and
habituation. The more a normative agent acts and successfully hits the targets of virtues, the easier
it is for them to successfully hit similar targets of that virtue in the future.

3 Ethical Norms and lLgic in the Process of Designing of Autonomous Cars
3.1 Ethical Control in the Operating System

In (Bringsjord and Sen 2016) we read that the self-driving car should have implemented an
operating-system-rooted ethical control by which the authors mean logics that are connected to
the operating-system level of [...] cars, and that ensure these cars meet all of their moral and legal
obligations, never do what is morally or legally forbidden, invariably steer clear of the invidious,
and, when appropriate, perform what is supererogatory.

In this approach, decision making, including decisions based on ethical principles, is hard-coded
into a software operating a self-driving car. Similar ideas are used in (Zhao et al. 2015, 2017) where
Advanced Driving Assistant System Ontologies are proposed and combined with logical rules of
reasoning that are expressed in the Semantic Web Rule Language (SWRL). An attempt to enrich
such a system with ethical principles formalised in the form of a deontic logic is presented in
(Kulicki and Trypuz 2019).

3.2 Machine Learning as Practising Virtues

However, most, if not all, actual autonomous car operating systems are based on different variants
of machine learning (applying such tools as deep learning and reinforcement learning in neural
networks). That way of programming the control over vehicles has shown to be far more successful
than rule based expert systems.

How can we introduce various ethical principles into systems that are trained in this way? Virtue
ethics seems to provide a fruitful point of view to the problem. Ethics formulated as a set of virtues
can be used in the process of learning as a pattern of the positive signals in the process of machine
learning.

First of all, we can interpret example based (machine) learning of basic driving skills by an
operating system controlling a self-driving car, like keeping the track, accelerating and decelerating
according to traffic conditions, avoiding crashes, as practising some kind of virtues. Similarly, we
can treat introducing traffic regulations into the operating system through learning as a part of
gaining the virtue of justice or promoting certain modes of actions as a part of gaining the virtue of
benevolence. As learning is based on the mechanism of punishment and reward, while designing
the learning procedure, we need to decide which particular behaviours should be punished and
which should be rewarded.
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3.3 Transparency of Ethical Decisions and Efficiency of Learning

In most cases, it is not difficult to judge which ones of a car’s behaviour are good (virtuous) or bad.
Still there are some hard cases quite well recognised when ethical issues concerning self driving
cars are considered. They include finding the right balance between different values relevant to
driving such as mobility, safety and legality and the question of crash optimisation, which focuses
the public interest. Yet, another question to answer that is especially interesting from the per-
spective of learning and virtue ethics, is whether a self-driving car should, in its decision process,
imitate the behaviour of (good) human drivers or follow some ideal choices proposed by moral
authorities or democratic procedures (based e.g. on empirical research like the one presented in
(Jean-François Bonnefon 2016)).

We do not pretend to solve these problems here. We just want to point out two issues for which
we believe that using a logical description of an intended behaviour is useful, no matter what the
actual choices are: the need for transparency and efficiency in learning hard cases.

The former of them is present in most documents concerning policies for autonomous cars.
United States Department of Transportation states that the implicit ethical values must be made
clear so that all stakeholders can ensure that these ethical judgements and decisions are made con-
sciously and intentionally (U.S. Department of Transportation, National Highway Traffic Safety
Administration 2016, p.26). This claim for transparency is mirrored in the report made by the
ethics commission of the Bundesministerium fur Verkehr und digitale Infrastruktur (hereinafter
BMVI) made in June of 2017. Here the BMVI underscores the importance of maintaining the
autonomy of people in making ethical decisions (Federal Ministry of Transport and Digital Infras-
tructure, Ethics Commission 2017, p.16).

The later of the two issues is recognised by researchers working in machine learning of robots
in (Li et al. 2017). The authors notice that rules and experience/knowledge play a very important
role in the process of human learning, making it much more efficient than using a pure trial and
error method. They claim that robot learning can be analogous and consequently [b]eing able to
formally express these rules as reward functions and incorporate them in the learning process is
helpful and often necessary for a robot to operate in the world (Li et al. 2017).

3.4 Specification of the Desired Formalism

In both cases, some way of specifying the desired behaviour of a self-driving car, in a way that is
readable both for humans and computer programs, is required. Some kind of deontic logic seems
to be the best option when looking for a way to express explicit ethical rules and respective reward
functions.

Which logical formalism should be chosen? How should it be used to gain maximal benefits?
These questions remain open and are the challenges for our future work within the project: Deontic
logic for autonomous cars.

At this moment we can just point out some postulates concerning a satisfactory formalism. An
obvious thing is that, within such a formalism, we should be able to represent the possible actions
of a car, their desirable and undesirable results, other agents and objects that are involved in traffic
and some of their properties. This would allow us to express norms, values and finally, on their
basis, also talk about virtues.

Moreover, there is a need for considering alternative solutions to the problems occurring on the
road. This issue is mentioned in (Kulicki and Trypuz 2019) where the lack of such possibility is
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pointed out as a drawback of the ontological approach from (Zhao et al. 2015, 2017). Without such
a feature we can just formulate if-then rules.

Another desirable feature of the prospective formalism is the possibility to express probability,
or likelihood, of the undesired events to judge risks. Such an approach is present in (Contissa et al.
2017). This would be a step to defining properly the virtue of courage.

Yet another useful aspect of the formalism would be the temporal aspect of events. Let us just
notice here that temporal logic is a starting point of the approach to the norm-based reinforcement
learning in (Li et al. 2017).

4 Conclusion
We want to know that an autonomous car will behave like we want it to. What we want can be
defined in many different ways. We may want it to follow rules or perhaps we may prefer that it
decides upon an action by calculating the possible utility of different choices. Here, we advocate
for another point of view: we may want to know that a car is well trained and is doing its best to
be virtuous.

Still in this approach there is a place for logic. Logic is not, however, a part of a car’s operating
system, but a tool that is used to describe expected behaviour in the process of machine learning.
In this place, logic can provide transparency of the values introduced through this process.
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Abstract

The notion of qualitative probability defined in Bayesian
subjective theory stems from an intuitive idea that, for a
given pair of events, one event may be considered “more
probable than” the other. Yet it is conceivable that there are
cases where it is indeterminate as to which event is more
probable, due to, e.g., lack of robust statistical information.
This paper provides an axiomatisation of a generalised notion
of qualitative probability within the analytic framework of L.
J. Savage which includes probabilistic indeterminate cases.

1 Introduction
Modern Bayesian decision theory seeks to ground statistical inference in a logical process of rational
decision-making. Central to this goal is the task of specifying how rational agents organise, in a
coherent manner, their probabilistic and value judgments in face of uncertainties. As exemplified in
classical works of Ramsey (1926), de Finetti (1937), and Savage (1954), the upshot of this approach
is a representation theorem, where the decision maker’s beliefs and values are characterised,
respectively, by a single subjective probability measure and a subjective utility function, provided
that various postulates governing rational decision-making are granted.

Common to many classical Bayesian models of rational decision-making, the most demanding
assumption is arguably the so-called “completeness axiom.” This axiom mandates that an agent’s
preferences among possible courses of actions in any given decision situation be representable
by a complete ordering. That is to say, in classical Bayesian decision theory it is assumed that
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the decision makers are maximally opinionated in their choices of actions in that they are always
prepared to compare and rank any two given options in any decision situations.

The completeness assumption is often questioned on the ground that the agent may, for various
reasons, lack rational basis for always being able to choose between a given pair of options the
preferred one. For instance, the agent may lack robust statistical information in assessing the
probabilistic nature of the events under which the acts are to be performed. In this case the
decision makers face probabilistic indeterminacy. As a consequence, they are rationally justified in
suspending judgments on their actions: these acts are incomparable.

To be sure, the consideration of incomparable acts in a decision model is a natural one. In fact,
Savage himself was tempted by the idea of “analyzing preference among acts as a partial ordering,
that is, . . . admitting that some pairs of acts are incomparable” and this, he says, “would seem to
give expression to introspective sensations of indecision or vacillation, which we may be reluctant
to identify with indifference” (Savage 1972, p. 21). However, it is conceivable that the employment
of incomparable acts (represented by an incomplete ordering) into a decision model will result in
a different preferential structure from what was adopted in Savage’s original framework. Savage
didn’t think that much can be advanced in pursuing this direction, “a blind alley” rather, he said, he
nonetheless added that “only an enthusiastic exploration could shed real light on the question.”

In the past two decades or so we have seen a number of such ‘enthusiastic explorations:’ (Seiden-
feld et al. 1995; Ok 2002; Galaabaatar & Karni 2013; Ok et al. 2012) to name just a few. These
efforts share a common goal of attempting to make classical decision theory more tractable and more
realistic by relaxing the completeness axiom in their respective models. It should be emphasised
that this direction of research for decision theory, i.e., modelling rational decision making without
the completeness assumption, has far-reaching implications than mere theoretic interests. Sen (2004,
2018) recently reiterated the importance of incompleteness in social justice and global politics. And
in the field of artificial intelligence (AI), Zaffalon & Miranda (2017, 2019) also pointed out the
crucial role incompleteness plays in building robust AIs. It is the goal of this paper to make another
‘enthusiastic exploration’ in this direction.

Now, the literature on decision theory with incomplete preferences classifies agent’s inability
to compare certain pair of options in decision situations as coming from two main sources: the
uncertainty regarding the likelihood of the event in question (i.e., probabilistic indeterminacy) and
the uncertainty about the values of the consequences of the acts available to the decision maker
(i.e., value indeterminacy). The former is sometimes referred to in the economic literature as the
decision maker’s indecisiveness in belief, the latter indecisiveness in tastes.1 We will follow this
dichotomy in this paper. However, to simplify things, in what follows we only consider probabilistic
indeterminacy as the sole source of incompleteness.

Most recent theoretic work on incompleteness cited above are based on the analytic framework
of Anscombe & Aumann (1963) (cf. Remark 1 below). In contrast, the analysis here is set within
the framework of Savage (1972), the latter is widely seen as the paradigmatic system of subjective
decision making, on which a classical theory of personal probability is based. Our eventual goal
is to gain a representation of partially ordered preferences among acts in terms of indeterminate
probabilities and a utility function, this paper contains the first step towards this goal regarding an

1See (Dubra et al. 2004) for a discussion. The notion of decisiveness in beliefs corresponds to the notion of
probabilistic sophistication in (Machina & Schmeidler 1992), by which the authors mean that the agent is capable of
assigning precise subjective probabilities to events. As pointed out by Levi (1986), the well-known paradoxes of Allais
and Ellsberg are, respectively, examples of decision making with indeterminacy in values and indeterminacy in beliefs.
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axiomatisation of indeterminate qualitative probability, which we shall explain in more detail next.

1.1 Savage’s approach

Savage’s theory centres on a binary relation which models a decision maker’s preferences over
possible courses of actions. A set of axioms is postulated on this preference relation. The culmination
of theory is a representation theorem with which an agent’s preferences can be represented by
expected utilities under the proposed postulates.

More precisely, from the first five of Savage’s seven postulates a comparative notion of subjective
probability is derived which reflects the agent’s qualitative probabilistic judgments over possible
circumstances under which these actions are performed. With the sixth postulate, the derived
qualitative probability (to be defined precisely below) is further precisified with a numerical
probability measure and a personal utility function for simple acts (i.e., acts that may potentially
lead to finitely many different consequences under different states). The last postulate plays the sole
role of extending the utility function for simple acts to all acts.2

Table 1: Inferential order in Savage’s system.
P1-P5 + P6 + P7

Qualitative probability ⇒ Quantitative probability ⇒ Utility for all acts
Utility for simple acts

Remark 1. Savage’s method differs from the approaches adopted by Ramsey (1926) and Anscombe
& Aumann (1963) in that the agents’ subjective probabilities in these latter cases are derived from
their personal utilities, which in turn are constructed based on some presupposed chance mechanisms
(or, in the case of Ramsey, the notion of ethically neutral propositions, which can be employed to
play the same role as an unbiased coin receiving objective probability 1/2). This inferential order
is reversed in Savage’s theory of subjective utility where the decision makers’ preferences over
acts is taken as the only primitive notion, from which their personal probabilities and utilities are
subsequently revealed. As a result of this methodological reversal, Savage’s approach may appear to
have some computational disadvantages in the sense that the mathematical representation theorem
given in Savage’s theory is considerably more involved than many of its alternatives (including
Ramsey’s and Anscombe and Aumann’s systems), yet the theory is conceptually significant in that
the system is seen as a purely subjective framework with no reference to objective probabilities.

In this paper, we generalise Savage’s notion of qualitative probability to cover probabilistically
indeterminate events. That is, we aim to generalise Savage’s system and arrive at a representation
of the cases where, for two given events E and F , neither E is considered more probable than F
nor that F is more probable than E. This will be the main result of this paper. Our generalisation
parallels the first part (P1-P5) of Savage’s construction illustrated in Table 1, we leave further
generalisations of indeterminate quantitative probabilities for future work. In the next section we
provide some analysis of basic elements of Savage’s system as well as a more precise formulation
of the goal of this paper.

2An outline of Savage’s proofs can be found in Gaifman & Liu (2018), a full exposition in Fishburn (1970); Liu
(2016).
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1.2 Indeterminate qualitative probability

Recall that a Savage decision model is a structure of the form (S,B, X,A,<) where S is an (infinite)
set of states of the world; B is a Boolean algebra equipped on S, each element of which is referred
to as an event in a given decision situation; X is a set of consequences; and a (Savage) act is a
function f mapping from S to X , the intended interpretation is that f(s) is the consequence of the
agent’s action f performed when the state of the world is in s. As a primitive notion of the model,
< is a binary relation on the set of all acts, the latter denoted by A. For any f, g ∈ A, f < g says
that f is weakly preferred to g. Say that f is strictly preferred to g, written f � g, if f is weakly
preferred to g but not vice versa, and that f is indifferent to g, denoted by f ∼ g, if f is weakly
preferred to g and vice versa.

Definition 1 (fused acts). For any f, g ∈ A, define the fusion of f and g with respect to an event E
(a set of states), written f |E + g|E, to be such that:

(f |E + g|E)(s) =Df

{
f(s) if s ∈ E
g(s) if s ∈ E, (1)

where E = S − E is the compliment of E.

In other words, f |E + g|E is the act which agrees with f on event E, with g on E, and it is
easily seen that f |E + g|E ∈ A. This notion of fused acts can easily be generalised for a series of
acts {f1, . . . , fn} and a partition {E1, . . . , En} of the state space such that the following is also a
Savage act: f1|E1 + f2|E2 + · · ·+ fn|En.

Definition 2 (constant acts). For any a ∈ X , an act is said to be constant with respect to conse-
quence a, written ca, if

ca(s) = a for all s ∈ S. (2)

Remark 2. By definition, act ca ‘constantly’ outputs consequence a no matter which state s ∈ S
transpires. Constant acts play an import role in Savage’s proofs. One motivation for having this
type of acts is that it can be used to induce a preference ranking ≥ among consequences in terms of
preferences < among acts, that is, for any a, b ∈ X , a ≥ b =Df ca < cb.3 But in order to get such an
induced ordering it is necessary to assume that for any consequence a ∈ X there exists a constance
act ca. The latter is in fact employed in Savage theory as an implicit assumption.

However, unlike vNM’s notion of degenerate lotteries, the constant acts assumption is highly
problematic. Take, for instance, Savage’s own omelette example, it is difficult to imagine what
act can constantly result in a six-good-egg-omelette (the consequence) even when the sixth is
bad (the state). Elsewhere (Gaifman & Liu 2018), we addressed, among other things, this issue
and developed new techniques to show that Savage’s theory can be simplified with a weakened
assumption of the existence of two constant acts (but without mandating that there is a constant act
for each consequence). This paper presupposes the assumptions and proof techniques we made
there.4

3This is a similar technical construct inherited from von Neumann-Morgenstern’s (vNM) notion of degenerate
lotteries in their utility theory that a degenerate lottery always yields the same (monetary) reward regardless which state
obtains.

4Another technical assumption made by Savage is that the background algebra B is a σ-algebra – in fact he demands
B to be 2S . The techniques we developed in (Gaifman & Liu 2018) enables us to drop also this implicit assumption.
Note that, although we presuppose the proof techniques we developed previously, the proofs used in this paper do not
require them and can be read independently.
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With notions of fused acts and constant acts in hand, Savage then defines a concept of what it
means for an event to be said to be more probable than another in terms of preferences among acts.

Definition 3. For any events E,F ∈ F , say that E is weakly more probable than F , written E � F
(or F � E), if, for any constant acts ca, cb with ca < cb, we have

ca|E + cb|E < ca|F + cb|F . (3)

E and F are said to be equally probable, written E ≡ F , if both E � F and F � E hold.

An intuitive explanation of (3) is that the act ca|E + cb|E is weakly preferred to ca|F + cb|F
because it is weakly more probably for the former to result in the more preferable consequence of a
than the latter. Now, note that Savage assume that < is a complete order (the first axiom of Savage’s
system), that is, it is assumed that any two given acts are comparable. As a consequence of this
strong assumption (and via Definition 3 and the weakened constant act assumption), any two given
events E,F are taken to be probabilistically comparable, in other words, any events E and F are
assumed to be in one of the following relations: E � F , E ≡ F , or F � E.

In this paper, we will take the step of relaxing the completeness requirement in Savage’s system,
and consider the possibilities that two acts f, g are incomparable under the preference relation
<, in symbols, f ./ g. As mentioned above, we will attribute these incomparabilities solely to
the probabilistic indeterminacy involved, where we take that, for a given pair of events E,F it is
possible that it is indeterminate that one event is more probable than the other, written

E ./ F. (4)

The goal of this project is to provide a Savage-style axiomatisation of a generalised notion of
qualitative probability that covers indeterminate cases. This work thus can be seen as providing a
decision-theoretic foundation for indeterminate qualitative probability.
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Abstract

In this paper we show that modal logics for reasoning about
social choice quickly become undecidable. In particular, we
study modal logics that can be used to reason about situa-
tions involving both actual and claimed preferences in the
context of a social choice function, and argue that reasoning
on this level often occurs in social choice. We formally de-
fine a particular logic, interpreted in such situations, that can
express the properties involved in the Gibbard-Satterthwaite
theorem. We, then, however, demonstrate that any modal
logic interpreted in such situations having a certain natural
expressive power, in particular a modality quantifying over
all possible claimed preferences, becomes undecidable when
there are enough agents in the system.

1 Introduction
Modal logic has been proposed as a natural framework for formal reasoning about social
choice (Ågotnes et al. 2006; Pauly 2008; Troquard et al. 2009; Ågotnes et al. 2011; Troquard
et al. 2011). However, the computational properties of suitable modal logics have not received
much attention so far.

How hard is it to reason about social choice? That depends on the expressive power of the
logical language: the trade-off between expressive power and computational complexity is one of
the main concerns in applied logic. In this paper we are interested in studying the computational
properties of a minimal modal language with “adequate” expressive power. What is adequate ex-
pressive power? It has been suggested (Ågotnes et al. 2006) that one measure of expressive power
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is the ability to express the different properties of social welfare functions or social choice functions
involved in key results such as Arrow’s theorem (Arrow 1951) or the Gibbard-Satterthwaite the-
orem (Gibbard 1973; Satterthwaite 1975), viz. non-dictatorship, Pareto efficiency, independence
of irrelevant alternatives and strategy-proofness, and thereby being able to formally prove such
results using a (complete) reasoning system. However, that test alone can be satisfied trivially, by
simply introducing a symbol for each of the considered properties, e.g. d for “the social choice
function is dictatorial” (the mentioned results can now be included directly as axioms in the logic
and thus trivially proven). However, such a language would only allow us to reason on a very high
abstraction level. Interesting formal reasoning about social choice, such as the reasoning demon-
strated in proofs of Arrow’s theorem or the Gibbard-Satherthwaite theorem in the literature, is on
a different level of abstraction.

Social choice theory is concerned with how to select outcomes when two or more agents have
(possibly different) preferences. In this setting, an agent is given a set of alternatives, and is
asked to order them according to her preferences. A social choice function is a function which,
given the orderings of the different agents, selects a winner (the outcome). Note that an agent
can “lie”, meaning that what he votes does not necessarily reflect what he prefers. A key type
of properties found in proofs of, e.g., the Gibbard-Satterthwaite theorem are properties that say
something about the relationship between the actual preferences and the claimed preferences of
agents; one particular example is the property called strategy-proofness: is it always best to vote
for your favorite? It is on this level of actual and claimed preferences interesting reasoning about
social choice is found. Being able to discern between different situations involving different actual
and claimed preferences is fundamental in reasoning about social choice.

Now consider a logic that can express the following facts about such situations:

(1) pa i: “agent iweakly prefers the outcome of the social choice function on the actual preferences
over the outcome of the social choice function on the claimed preferences”

and in addition has a modal operator 2i that quantifies over the claimed preferences of agent i, with
the following meaning, where φ is some formula representing a statement about such situations:

(2) 2iφ: “for all possible claimed preferences of agent i, φ is true”.

If we in addition add a modal operator 2U to quantify over all honest situations, i.e., situations
where the actual preferences and the claimed preferences coincide for each agent, we can express
the strategy-proofness property by the formula

2U

( ∧

1≤i≤n
2ipa i

)
.

The formula says that in all situations where agent i is the only one changing her vote, her actual
preference is always at least as good as any claimed preference. However, we show in this paper
that any modal logic for reasoning about arbitrary sets of alternatives that can express (1) and that
has the modality in (2), becomes undecidable if there are enough agents.

Of course, this does not mean that “reasoning about social choice is undecidable”. In particular,
the undecidability result holds for modal logics where arbitrary nestings of modalities are allowed,
and as we illustrated above only limited nestings are needed, e.g., to express strategy-proofness.
But we argue that it has some fundamental implications for modal logic for social choice. If

78



we want a modal logic that can reason on the level of actual and claimed preferences, and we
want it to be able to express, e.g., strategy-proofness it has to be able to express (1) and be able
to quantify over all possible claimed preferences (2). Quantification in standard modal logic is
obtained by using modalities, which must be allowed to be arbitrarily nested if we want a standard
modal language. We therefore argue that the undecidability result is relatively fundamental for
the relationship between modal logic and social choice, in the sense that it follows from relatively
weak assumptions about the ability to discern between different situations.

The rest of the paper is organized as follows. In the next section we give a brief review of
necessary concepts from social choice theory and modal logic. In Section 3 we introduce a formal
modal logic interpreted in the types of situations discussed above, and show that it can express
interesting properties of such situations. We then, in Section 4, show that the fragment of that logic
with operators expressing exactly the minimal properties discussed above, and thus any modal
logic with such operators, is undecidable given that there are enough agents. We discuss related
and future work and conclude in Section 5.

2 Background
We briefly review the main concepts from social choice theory and modal logic that we will use.
We refer to (Arrow et al. 2002; Blackburn et al. 2001) for a less concise presentation.

2.1 Social Choice

The key concept we are concerned with in this paper is the social choice function, intuitively
mapping a profile representing the preferences of each of the agents over a set of alternatives to a
single alternative.

Formally, given a number n representing the (finite) number of agents and a nonempty countable
set of alternatives A, L(A) denotes the set of all linear orders1 over A, the possible preference
relations over A, and L(A)n denotes the set of all n-tuples of linear orders. An element of L(A)n

will be called a profile. For D ∈ L(A)n and 1 ≤ i ≤ n, we will use Di to denote the linear
order of agent i in D. (x, y) ∈ Di, henceforth often written xDiy, is intended to mean that agent
i weakly prefers y over x (x is ordered lower than or equal to y in the linear order representing i’s
preferences). We will use <R to denote the strict version of a preference relation R ∈ L(A), i.e.,
x <R y holds iff yRx does not hold.

Given n and A, we define a binary relation ∼i for 1 ≤ i ≤ n on L(A)n in the following way.

Definition 2.1. ∼i is the binary relation onL(A)n, such that for allD,P ∈ L(A)n we haveD ∼i P
if and only if Dj = Pj for all j 6= i, 1 ≤ j ≤ n. a

In other words, D ∼i P whenever the two profiles are the same except possibly for agent i.2 We
can now proceed to define social choice functions.

Definition 2.2. A social choice function (SCF) F over a non-empty set of alternatives A and an
integer n ∈ N is a function of the form F : L(A)n → A. For a profile D, the outcome F (D) is
called the winning alternative.

1A linear order is an antisymmetric, transitive and total binary relation.
2This use of the symbol ∼i must not be confused by the way it is used in epistemic logic (Fagin et al. 1995), in

particular in interpreted systems semantics where the relation holds between two tuples if and only if the i-component
is the same.
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SCF(A, n) is the set of all social choice functions L(A)n → A over alternatives A and integer
n. SCF(n) is the union of SCF(A, n) for all countable sets A, and SCF is the union of SCF(n)
for all n ∈ N. a

We now recall three properties of social choice functions that we will be interested in and that
form the basis of the Gibbard-Satterthwaite theorem. Given an SCF F over A and n, we say that
F is:

• k-winning when the image of F has at least k elements;

• strategy-proof (SP) if for all agents i and profiles P = (P1, . . . , Pn), it holds that
F (P ′)PiF (P ) for all P ∼i P ′. In other words, a social choice function is strategy-proof
if an agent’s actual preference is always at least as good as any claimed preference; and

• i-dictatorial if for all D,P ∈ L(A)n, we have that F (P )DiF (D). In other words, i is a
dictator for F if, for every profile D, there is no other possibly winning alternative, i.e., no
other alternative F (P ) for some profile P , such that i prefers F (P ) to F (D) in D.3 F is
dictatorial when it is i-dictatorial for some agent 1 ≤ i ≤ n.

The following is the most well known result about SCFs.

Theorem 2.3 (Gibbard-Satterthwaite (1973; 1975)). For any SCF F , if F is 3-winning and
strategy-proof, then it is dictatorial.

2.2 The Modal Logic S5m

In the following we will make use of a particular, well-known, modal logic: the product logic
S5m. We now briefly review the concepts and results we need. The reader might want to skip this
presentation on a first reading and refer back to it when needed.

Given a natural number m, a frame F is a tuple (W,R1, . . . , Rm) where W is a set of states and
Ri, 1 ≤ i ≤ m, is a binary accessibility relation on W .
Lm is the modal language having m boxes and propositional letters from a countable infinite set

P. Formally, it is defined by the following grammar, where p ∈ P and 1 ≤ i ≤ m:

φ ::= p | ¬φ | φ ∧ φ | 2iφ

Definition 2.4 (Product frames). The product F1 × · · · × Fm of m single-agent frames F1 =
(W1, R1), . . . ,Fm = (Wm, Rm), is the frame

F1 × · · · × Fm def
= (W1 × · · · ×Wm, R1, . . . , Rm)

where for each i ∈ {1, . . . ,m}, Ri is the binary relation on W1 × · · · ×Wm such that

(u1, . . . , um)Ri(v1, . . . , vm) if and only if uiRivi and uk = vk, for k 6= i.
a

3Several definition of dictatorship can be found in the literature. The basic idea is, of course, that there is some agent
i who can choose the winning outcome. However, several issues come up when this idea is formalised, concerning
how the dictator chooses the winning element and how much power the dictator should have. The definition we have
used here is a standard definition (Barbera 2001) which avoids many problems with other definitions.
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We will by Um denote the class of all products of frames which are the product ofm single-agent
frames, each with a relation Ri that is the universal relation (see below) on its domain Wi.

A model M consists of a frame with states W and a valuation function V : P → ℘(W ). A
pointed model (M, w) consists of a model and a state w inM. We will use Modp(Um) to denote
all pointed models built on frames in Um.

Satisfaction of a formula φ ∈ Lm in a pointed model (M, w) ∈ Modp(Um), (M, w) |= φ, is
recursively defined as follows (standard modal logic).

• M, w |= p if and only if w ∈ V (p);

• M, w |= 2iφ if and only ifM, v |= φ for all v ∈ W such that wRiv;

• M, w |= φ ∧ ψ if and only ifM, w |= φ andM, w |= ψ; and

• M, w |= ¬φ if and only ifM, w 6|= φ.

We use Um |= φ to denote the fact that φ is valid, i.e., that (M, w) |= φ for all (M, w) ∈
Modp(Um). φ is satisfiable if there exists some (M, w) ∈Modp(Um) such that (M, w) |= φ.

Definition 2.5 (S5m). S5m def
= {φ ∈ Lm | Um |= φ}. That is, S5m is the set of all Lm-formulae

valid in all m-product frames F1× · · · ×Fm where for each Fi, the accessibility relation Ri is the
universal relation (Ri = Wi ×Wi). a

Note that S5m is usually taken to be the logic of products of arbitrary equivalence relations,
not universal relations. However, it turns out (Gabbay et al. 2003, Proposition 3.12) that the set of
validities (S5m) is in fact the the same for products of frames with arbitrary equivalence relations
and with universal relations.

The satisfiability problem for a modal logic is the problem of deciding whether or not a given
formual is satisfiable, or, equivalently, whether a given formula is valid. A logic is said to be
decidable if the satisfiability problem is decidable.

The following theorem will be of importance later.

Theorem 2.6. S5m is undecidable for m ≥ 3.

This theorem was originally proved in an algebraic setting (Maddux 1980). For a more direct
proof, see (Gabbay et al. 2003, p 381).

3 A Logic of Social Choice Functions
In this section we introduce a modal logic for reasoning about social choice functions. In partic-
ular, the logical language is interpreted directly in the context of the combination of an SCF and
two preference profiles, intuitively representing actual and the claimed preferences, respectively,
which, as we argued in the introduction, is the level of which much reasoning about social choice
functions takes place (e.g., in proofs of the Gibbard-Satterthwaite theorem). We show that the logic
can express all the properties involved in the Gibbard-Satterthwaite theorem.

Assume a number of agents n. The language SCLn is defined by the following grammar, where
1 ≤ i ≤ n.

φ ::= pa i | pci | ¬φ | φ ∧ φ | 2iφ | 2Uφ
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We use the normal abbreviations ∨,→,↔, as well as 3i and 3U for ¬2i¬ and ¬2U¬ respectively.
As mentioned above, formulae of this language are interpreted as statements about the combination
of an SCF F , an actual preference profile D and a claimed preference profile P . Informally, the
atom4 pa i stands for “i prefers the actual profile”, or in more detail: agent i actually (i.e., according
to her actual preferences) weakly prefers the outcome of the social choice function on the actual
preference profile over the outcome on the claimed preference profile. Similarly, pci stands for
“i prefers the claimed profile”, i.e., that agent i actually weakly prefers the outcome of the social
choice function on the claimed preference profile over the outcome on the actual preference profile
(mnemonic: read pa as “prefers-actual” and pc as “prefers-claimed”). A formula of the form
2iφ is intended to mean that φ holds no matter what agent i claims that her preferences are,
while 2Uφ holds whenever all agents are honest, i.e., claimed preferences are the same as the
actual preferences. Examples of formulae follow, but first we formalise the semantics that we just
described.

The language is parameterised by the number of agents n, as is the class of social choice func-
tions we will use to interpret it. We will interpret formulae ϕ of the language in the context of an
SCF F ∈ SCF(n) and two preference profiles D and P over the same set of alternatives as F . The
fact that ϕ is true in the context of F , D and P is denoted F, (D,P ) |= ϕ.

Definition 3.1. Let n be a given number of agents. Let F ∈ SCF(A, n) for some countable set A,
and D,P ∈ L(A)n. Whether F, (D,P ) |= ϕ holds, where ϕ ∈ SCLn, is defined inductively as
follows.

• F, (D,P ) |= pa i if and only if F (P )DiF (D);

• F, (D,P ) |= pci if and only if F (D)DiF (P );

• F, (D,P ) |= 2iφ if and only if F, (D,P ′) |= φ for all P ′ ∈ L(A)n such that P ′ ∼i P ;

• F, (D,P ) |= 2Uφ if and only if F, (D′, D′) |= φ for all D′ ∈ L(A)n;

• F, (D,P ) |= φ ∧ ψ if and only if F, (D,P ) |= φ and F, (D,P ) |= ψ; and

• F, (D,P ) |= ¬φ if and only if F, (D,P ) 6|= φ.

a
The formula 2iφ is read as saying that for every way agent i can change his part of the claimed

preferences (P ′), the formula φ will still hold. It is also worth noticing that the modality 2U only
ranges over pairs of profiles (D′, D′) where both components are equal. That is, it ranges over
every possibility where everyone is honest about their preferences.

We lift this definition in the usual way: F |= φ if and only if F, (D,P ) |= φ for all (D,P ) ∈
L(A)n × L(A)n, and |= φ if and only if F |= φ for all F ∈ SCF(n). Finally we define the “voting
logic” (for n agents) as the validities on SCF(n):

VLn
def
= {φ ∈ SCLn | |= φ}.

Here are some examples of formulae and their meanings.

¬pc1 (1)
4Or nullary modality.
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Formula (1) says that it is not the case that agent 1 actually weakly prefers the outcome of the
claimed preferences over the outcome of the actual preferences, i.e., that he actually strictly prefers
the outcome of the actual preferences over the outcome of the claimed preferences.

21pa1 (2)

Formula (2) says that agent 1 prefers the outcome of the actual preferences more than or equal to
all alternatives that can win if he lies.

21pa1 ∧3132(pc1 ∧ ¬pa1) (3)

Formula (3) says that agent 1 cannot lie about his preferences to get some alternative he prefers
more, but if agent 1 and agent 2 lie, they can force a winning alternative such that agent 1 strictly
prefers it to his honest winning alternative.

3U31¬pa1 (4)

Formula (4) says that there exists a preference profile such that agent 1 is better off by (possibly)
lying as long as everyone else is honest.

3.1 The Properties

We will now see that the language SCLn can express certain interesting properties of social choice
functions; properties involved in the Gibbard-Satterthwaite theorem.

Let:
i-dict

def
= 2U21 · · ·2npa i.

In the formula i-dict, the modality 2U universally quantifies over all possible preference profiles
D, while the effect of the combination 21 · · ·2n is to universally quantify over all preference
relations Pi for each agent, i.e., all preference profiles. Thus, the expression can be read “for every
preference profile D, there is no other possibly winning alternative F (P ) for such that i prefers
F (P ) to F (D) in D”, which means exactly that F is i-dictatorial as defined in Section 2.

Let:
SP

def
= 2U(

∧

i≤n
2ipa i).

SP says that, for all possible preference profiles, for any agent, for any other claim that agent can
make about his own preferences, the agent weakly prefers the outcome of the original preference
profile. Said in another way, for all possible preference profiles, no single agent is better off by
claiming he prefers something he does not.

Lemma 3.2. For any A, F ∈ SCF(A, n) and D,P ∈ L(A)n:

1. F, (D,P ) |= i-dict iff F is i-dictatorial;

2. F, (D,P ) |= SP iff F is strategy-proof.

We now have two of the three properties involved in the Gibbard-Satterthwaite theorem. Let us
move on to the third, namely 3-winning. Consider the following formula:

2p3a
def
= 3U((31 · · ·3n¬pa1 ∧31 · · ·3n¬pc1) ∨ (31 · · ·3n¬pa2 ∧31 · · ·3n¬pc2))
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Note that in writing down this formula we assumed that there are at least two agents (n ≥ 2).
This is an implicit assumption anywhere it is used below.

Lemma 3.3. For any A, F ∈ SCF(A, n) and D,P ∈ L(A)n, if F, (D,P ) |= 2p3a then F is
3-winning.

Proof. It is easy to see that F, (D,P ) |= 2p3a iff there exist D′, P ′, P ′′ such that F (P ′′) <D′
i

F (D′) and F (D′) <D′
i F (P ′) with i = 1 or i = 2. That means that F (D′), F (P ′) and F (P ′′) must

all be different.

While this formula always implies at least three possibly-winning alternatives, it is in fact not
valid on all 3-winning SCFs.5 However, as we show next, it is valid on all 3-winning SCFs that
also are strategy-proof. It follows that the antecedent of the implication that forms the Gibbard-
Satterthwaite theorem, namely “3-winning and strategy-proof”, is expressed by the formula SP ∧
2p3a.

Lemma 3.4. For any A and F ∈ SCF(A, n), if F is 3-winning and strategy-proof then F |= 2p3a.

Proof. Let F be 3-winning and strategy-proof. We show that F |= 2p3a, which (see the proof of
Lemma 3.3) holds iff there exist D,P, P ′ such that

F (P ′) <Di F (D) and F (D) <Di F (P ) (5)

with i = 1 or i = 2.
We say that an alternative x ∈ A is possibly-winning if there is a D such that F (D) = x. Let

a, b be two different possibly-winning alternatives, and let Da, Db be such that F (Da) = a and
F (Db) = b. Let D′ be a preference profile such that agent 1’s most preferred possibly-winning
alternative is a (i.e., she prefers a over all other possibly-winning alternatives), and agent 1’s second
most preferred possibly-winning alternative is b, and agent 2’s most preferred and second most
preferred possibly-winning alternatives are b and a, respectively. Let x = F (D′). We reason by
two cases.

First, consider the case that either agent 1 or agent 2 ranks some other possibly-winning alterna-
tive Y strictly lower thanX inD′; wlog. assume that this holds for agent 1. Consider the following
two sub-cases. First, consider the case thatX is either a or b. If x = a, then (5) holds withD = D′,
i = 2, P = Db, and F (P ′) is a third possibly-winning alternative (which must exist since F is
3-winning). Note that F (P ′) must be ranked below a by agent 2, by construction of D′. If x = b,
then (5) holds for agent 1 by a similar argument. Second, consider the case that X is different from
a and b. Then (5) holds for i = 1, D = D′, P = Da and P ′ is such that F (P ′) = Y .

Second, consider the case that X is the lowest-ranked possibly-winning alternative for both 1
and 2 in D′. Let the preference profile D′′ be exactly like D′, except that b and X change places
in the linear order for agent 1. It must be the case that F (D′′) = X: otherwise, if D′i represents
agent 1’s actual preferences he was able to improve his outcome from F (D′) by claiming that
his preferences was actually D′′i , which contradicts the fact that F is strategy-proof (this can be
seen more directly by taking P ′ = D′′ and P = D′ in the definition of strategy-proofness given in
Section 2). Thus, F (D′′) = X . But then (5) holds with i = 1,D = D′′, P = Da and P ′ = Db.

5We leave a counterexample as an exercise to the reader!
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Corollary 3.5. For any A, F ∈ SCF(A, n) and D,P ∈ L(A)n, F, (D,P ) |= SP ∧ 2p3a iff F is
strategy-proof and 3-winning.

Thus, we can express the condition “strategy-proof and 3-winning” in the statement of the
Gibbard-Satterthwaite theorem.

Combined, the formulae above give us the ability to express the Gibbard-Satterthwaite theorem
itself, for n ≥ 2. Let:

GS
def
= SP ∧ 2p3a→

∨

i≤n
i-dict

The Gibbard-Satterthwaite theorem is exactly that GS is valid.
Note that these formulae are independent of the set of alternatives A; they express the corre-

sponding properties no matter what A is.

4 Undecidability
We now show that modal logics expressing properties of actual and claimed preferences in the
context of a social choice function very quickly become undecidable. In particular, we show that
any modal logic that can express that an agent actually prefers the outcome of the actual preferences
over the outcome of the claimed preferences and that has a modality quantifying over possible
claimed preferences (properties (1) and (2) from the introduction, and used in the formalisation in
the previous section), is undecidable. As discussed in the introduction, this is a level of reasoning
that is common in social choice. Technically, we do this by identifying an undecidable fragment
of the logical language discussed in the previous section.

The language is, informally, SCLn, without the 2U modality and the propositional letters pci.
Formally, the language SCL−n is defined as follows, where 1 ≤ i ≤ n.

φ ::= pa i | ¬φ | φ ∧ φ | 2iφ

A formula in SCL−n is evaluated in a situation SCF F, (D,P ) in the same way as in Definition 3.1.
We will by VL−n denote all formulae of SCL−n true on every F ∈ SCF(n), that is, VL−n

def
= {φ ∈

SCL−n | |= φ}.
We now proceed to show that VL−n is undecidable, by translating S5m to VL−n . First, we give a

formula translation tΦ (relative to some finite set of propositional letters Φ) from Lm to SCL−n , and
then a model translation which preserves satisfiability through the formula translation, enabling us
to show that for any φ ∈ Lm, we have φ ∈ S5m if and only if tΦ(φ)φ ∈ VL−n (where Φ(φ) are the
propositional letters occurring in φ).

A major difference between the two languages is that Lm is associated with a countably infinite
set of propositional letters, while in SCL−n there are only n “propositional letters” available. Still,
every Lm-formula contains only a finite number of propositional letters, and thus there is some
n ∈ N such that SCL−n has enough propositional letters available. This is the reason for the
dimensional change from m to n in the translation below.

4.1 Formula translation

Given an Lm-formula φ, for some m, let Φ(φ) denote the (finite) set of propositional letters oc-
curring in φ. As is clear from the discussion above, we will use at least as many agents as |Φ(φ)|;
more precisely we will translate φ to a formula tΦ(φ)(φ) ∈ SCL−n with n = 1 + max(m, |Φ(φ)|).
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We assume that for any finite set Φ ⊆ P there is an enumeration hΦ : Φ → N of the propositional
letters in Φ.

Definition 4.1. Let φ ∈ Lm and let Φ ⊆ P be a finite set of propositional letters such that
Φ(φ) ⊆ Φ. The translation tΦ(φ) ∈ SCL−n where n = 1 + max(m, |Φ|) is defined recursively
over subformulae of φ as follows:

tΦ(p) = pahΦ(p) tΦ(2iφ) = 2itΦ(φ)

tΦ(φ ∧ ψ) = tΦ(φ) ∧ tΦ(ψ) tΦ(¬φ) = ¬tΦ(φ)

a

Essentially, the translation maps propositional letters p to the “prefers-actual” symbol for agent
hΦ(φ)(p), and leaves the rest unchanged. Note that a given φ might be translated into SCL−n with
n > m, but the resulting formula will only contain modalities for the first m agents.

4.2 Model translation

The next step is to translate models of S5m into social choice functions with actual and claimed
preferences such that satisfiability of formulae over the tΦ(φ)-translation is preserved.

Reflecting our remarks on the restricted set of propositional letters above, we will translate an
S5m-model modulo some finite set of propositional letters. Our goal is that all formulae using only
those propositional letters will have satisfiability preserved.

For the translation we need to choose an appropriate set A of alternatives, find some point
(D,P ), and finally construct an SCF F .

The essential insight is that we are free in choosing A, and we can choose A to have as many
alternatives as there are states in the model satisfying φ. We will then make a profile D which will
be the first coordinate of the point (D,P ). In D we will place the alternatives depending on the
associated state in the satisfying S5m-model. Letting ℘fin(P) denote the finite subsets of the set
P, we define the model translation as follows.

Definition 4.2. Given a pointed S5m-model (M, w) with frame F = (W,R1, . . . , Rm) and val-
uation function V : P → ℘(W ), and some finite set Φ of propositional letters, we let n =
1 + max{m, |Φ|} and A = W ∪ {l} where l is a new element not in W . We now define the
tuple

θ((M, w),Φ) = (F, (D,P ))

consisting of an SCF F and profiles D and P over A and n, induced by (M, w) and Φ.
Recall that we assume that F is a universal product frame, so there are W1, . . . ,Wm such that

each point w ∈ W is of the form (w1, . . . , wm), where wi ∈ Wi, and the relations Ri are universal
on Wi.

We now define the profile D. We will then define F such that F (D) = l, but first we place the
other alternatives in A relative to l in Di according to the valuation of the propositional letters in
M. Recall that in the formula translation we associated each propositional letter with an agent.
For each alternative a ∈ A \ {l} and for each i ≤ |Φ| we place a below l in Di if and only if
a ∈ V (h−1

Φ (i)), and above otherwise:

for all a ∈ A \ {l} let aDil if and only if a ∈ V (h−1
Φ (i)).
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Note that hΦ : Φ→ N is the assumed enumeration of the propositional letters Φ, and that h−1
Φ (i) ∈

Φ. As A \ {l} is exactly the domain W , the test a ∈ V (h−1
Φ (i)) is well defined.

This defines two “bags” for every Di, one for alternatives above l, and one for those below, for
every i ≤ |Φ|. This allows for many different profiles D ∈ L(A)n, we choose one and fix it as D
for the remainder of the construction.

Fix a family (si)i≤m of surjective mappings si : L(A) → Wi. These mappings exist, as
L(A) is exponentially larger than W , which itself is larger than each Wi. Given (si)i≤m, define
s : L(A)n → W in the following way:

s(P ) = (s1(P1), . . . , sm(Pm)).

Note that the domain of s is L(A)n, but its definition uses only the first m linear orders. This is
natural, since W contains m-tuples. As n > m there will be several distinct P, P ′ ∈ L(A)n such
that P 6= P ′, but s(P ) = s(P ′).

Pick a P ∈ L(A)n such that Dk 6= Pk for some k > m, while satisfying s(P ) = w, where w is
the distinguished point of the pointed S5m-modelM. This is possible, since each si is onto Wi,
and as s is indifferent about any differences in the coordinates above m.

Note that since D and P differ in some coordinates, the SCF F does not need to assign to them
the same winning alternative, and this will hold for all profiles P ′ accessible from P by changing
only the first m coordinates.

Define F by letting F (D) = l, and for all P ′ such that Pj = P ′j for j > m letting F (P ′) = s(P ′).
By construction of P we know that for all of these P ′ we have P ′ 6= D. Also note that as W ⊂ A,
s(P ′) is an alternative. Observe that s is surjective, and that for every element a ∈ W \ {l} there
is a P ′ such that Pj = P ′j for j > m and s(P ′) = a, resulting in F being onto A. F can assign
arbitrary alternatives to other profiles, as they are not reachable by any translated S5m-formula.

This concludes the model translation. a
To summarize, we used the fact that we are free to choose the set A of alternatives, and then we

associated every point in the S5m-model with an alternative. We then mapped profiles to points,
such that the profiles had the associated alternative as its winning alternative.

The following lemma describes the interaction between the formula translation tΦ and the model
translation θ.

Lemma 4.3. For all (M,w) ∈Modp(Um) and φ ∈ Lm :

M,w |= φ if and only if θ((M,w),Φ(φ)) |= tΦ(φ)(φ).

Proof. Let (M,w) ∈Modp(Um) and φ ∈ Lm for some m, and let n, A, and s be as in Definition
4.2. From the function s we define its preimage s∨ : W → ℘(L(A)n),

s∨(q) = {P ∈ L(A)n | s(P ) = q},

as all the profiles mapping to some state q.
Let

(F, (D,P ′)) = θ((M,w),Φ(φ)).

From P ′ we construct the set Ξ of profiles agreeing on P ′ on all “innaccessible” dimensions j:

Ξ = {P ∈ L(A)n | Pj = P ′j for all j > m}.
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Henceforth let Φ = Φ(φ); the set of propositional letters in the input formula φ.
To get the lemma we prove a stronger statement, namely that for all q ∈ W and P ∈ s∨(q) ∩ Ξ

we haveM, q |= φ if and only if (F, (D,P )) |= tΦ(φ). As P ′ ∈ s∨(w) by construction of θ, and
P ′ ∈ Ξ by definition of Ξ, this is sufficient.

We prove this by induction on the complexity of the formula φ (we leave out the trivial cases of
negation and conjunction here). A subtlety worth menioning is that for subformulae ψ of φ we are
not proving the result for tΦ(ψ)(ψ), but rather for tΦ(ψ). This is natural as the translated model is
constructed relative to Φ(φ).

Base case, φ = p. Since tΦ(p) = pahΦ(p), we need to show that for arbitrary q ∈ W and P ∈
s∨(q)∩Ξ, we have (M, q) |= p if and only if (F, (D,P )) |= pahΦ(p). Let i = hΦ(p). Observe
that as P ∈ s∨(q) ∩ Ξ, we have that F (P ) = q.

We have (M, q) |= p if and only if q ∈ V (p) if and only if q ∈ V (h−1
Φ (i)) if and only if qDil,

the latter coming from the construction of θ. This is equivalent to F (P )DiF (D), which holds
if and only if (F, (D,P )) |= pa i.

Inductive case, φ = 2iψ. We are assuming the induction hypothesis that for any q′ ∈ W and
P ′ ∈ s∨(q′) ∩ Ξ we have M, q′ |= ψ if and only if F, (D,P ′) |= tΦ(ψ). Note that ψ is
translated using tΦ, not tΦ(ψ). Let q ∈ W and P ∈ s∨(q) ∩ Ξ.

For the left to right direction we assumeM, q |= 2iψ, meaning that we haveM, q′ |= ψ for
all qRiq

′. Since Ri is universal, we know that it holds for all q′ such that q ∼i q′, that is, all q′

possibly differing from q only in their i’th coordinate.

Now assume an arbitrary P ′ such that P ∼i P ′, possibly differing from P in only the i’th
coordinate. Note that since i ≤ m we have P ′ ∈ Ξ. By the construction of s, any such P ′ has
the property that s(P ′) ∼i q.
By assumption we then have that M, s(P ′) |= ψ and hence, by the induction hypothesis,
we get (F, (D,P ′)) |= ψtΦ . Since P ′ was an arbitrary profile such that P ∼i P ′, we obtain
(F, (D,P )) |= 2iψ

tΦ , which is the same as (F, (D,P )) |= (2iψ)tΦ .

For the other direction, note that for any q′ with q ∼i q′, there exists some P ′ with P ∼i P ′
such that s(P ′) = q′. This follows from the surjectivity of each si, and by the coordinate-wise
construction of s. By the induction hypothesis, we are done.

To summarize, we have that if some φ ∈ Lm is satisfiable then tΦ(φ)(φ) ∈ SCL−n is satisfiable.
Contrapositively, we get that if tΦ(φ)φ ∈ VL−n then φ ∈ S5m. We proceed to show that the
converse holds as well. We assume that we have a model satisfying the translated formula, and we
will show that we can construct a model satisfying the original formula.

Lemma 4.4. For any φ ∈ Lm, if there is an (F, (D,P )) ∈ SCF(n) × L(A)n × L(A)n with
n = 1 + max{m, |Φ(φ)|} such that (F, (D,P )) |= tΦ(φ)(φ) then there is an (M,w) ∈Modp(Um)
such that (M,w) |= φ.

Proof. We start with the SCF F such that (F, (D,P )) |= tΦ(φ)(φ). From this we will extract a
model in Modp(Um).
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Given the SCF F : L(A)n → A and a pair of profiles (D,P ) we extract a model in Mod(Um)
by letting

W ={(D′, P ′) ∈ L(A)n × L(A)n | D = D′ and P ′j = Pj for j > m} and

Ri ={((D,P ′), (D′, P ′′)) | D = D′ and P ′′ ∼i P ′} for i ≤ m.

The valuation function is generated from F by defining

(D,P ) ∈ V (p) if and only if F (P )DhΦ(φ)(p)F (D).

The model generated above will be denoted as (M, (D,P )), and is clearly an R1 . . . Rm model
in Modp(Um).

By structural induction on the complexity of the formula we can show that for all (D,P ) ∈ W ,
(F, (D,P )) |= tΦ(φ)(φ) if and only if (M, (D,P )) |= φ. Details can be found in the appendix.

Lemma 4.4 gives us that for φ ∈ Lm we have that if φ ∈ S5m then tΦ(φ)(φ) ∈ VL−n . Com-
bining this with Lemma 4.3 we get that for all φ ∈ Lm there is an (M, w) ∈ Modp(Um) such
that (M, w) |= φ if and only if there is an (F, (D,P )) ∈ SCF(n) × L(A)n × L(A)n such that
(F, (D,P )) |= tΦ(φ)(φ), where n = 1 + max{m, |Φ(φ)|}.

Theorem 4.5 (Equisatisfiability). Let φ ∈ Lm for some m and let n = 1 + max{m, |Φ(φ)|}. We
have that φ ∈ S5m if and only if tΦ(φ)(φ) ∈ VL−n .

We immediately obtain the following result.

Theorem 4.6 (Undecidability). For some n, VL−n is undecidable.

Suppose otherwise, i.e., that VL−n us decidable for all n, and let φ ∈ L3. From Theorem 4.5
we have that φ ∈ S53 if and only if tΦ(φ)(φ) ∈ VL−n with n = 1 + max{m, |Φ(φ)|}. In order to
answer the question “is φ ∈ S53?”, we can use the decision procedure for VL−n to check whether
tΦ(φ)(φ) ∈ VL−n . But that contradicts the fact that S53 is undecidable (Theorem 2.6).

Unfortunately we can not say at which number of agents the logic VL−n becomes undecidable.
This depends on the smallest number of propositional letters one can restrict S53 to use for it to
still be undecidable.

5 Discussion
Reasoning about social choice, for example in the proofs of key results found in the literature,
typically occurs on the level of reasoning about a given actual preference profile compared to
a given claimed preference profile, in the context of a social choice function. In this paper we
discussed modal logics with formulae φ expressing properties of such situations: F, (D,P ) |=
φ. We presented one such logic, and showed how it can be used to characterize the Gibbard-
Satterthwaite theorem.

The trade-off between expressivity and computability is of interest, and the key point we are
making in this paper is that very little can be said about such situations before the logic becomes
undecidable. In particular, we showed that a minimal logic with a modality ranging over possible
claimed preference relations of a single agent, as well as an atom expressing that the agent prefers
the outcome on the claimed preferences over the outcome on the actual preferences, becomes
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undecidable if there are enough agents. It follows that any language with such a modality, which
can express the property expressed by the mentioned atom, is undecidable for some number of
agents.

Of course, this does not mean that “reasoning about social choice is undecidable”; it is possible
that the logic can be made decidable for instance by restricting the nesting of modalities. However,
then the language would, strictly speaking, no longer be a standard modal language, and we argue
that the undecidability result is quite fundamental for modal logics of social choice. It follows
from relatively weak assumptions about the ability to discern between different situations.

We conjecture that the logic presented in Section 3 is decidable in 2-agent case, and that it is
finitely axiomatizable. We also conjecture that it is not finitely axiomatizable for n > 2, similarly
to the case for S5n. We leave these conjectures for future work.

When it comes to related work, (Troquard et al. 2011) also proposes a logic interpreted in social
choice functions. The logic can express properties of social choice functions such as strategy-
proofness, and it is decidable. There are two fundamental differences between the modalities and
logics studied in (Troquard et al. 2011) and in the current paper, however. In the former, first, both
the class of models and the language is parameterized by the set of alternatives A, and, second,
the set of alternatives is required to be finite. In particular, the expression for strategy-proofness is
different for different sets of alternatives, and the property cannot be expressed if the set of alter-
natives is infinite. In contrast, in the current paper we have focused on combinations of modalities
that allows us to express properties of social choice functions in the strong sense that the same
logical formula expresses the same property no matter what the set of alternatives is. Compare
to informal statements of these properties found in the literature: they are not stated by explicitly
referring to each of the alternatives and iterating over them (as in in (Troquard et al. 2011)); they
are general expressions that describe the properties no matter what the set of alternatieves are (as
we do). The fact that the set of models under consideration is parameterized by a fixed finite set
of alternatives in (Troquard et al. 2011) makes the logic trivially decidable of course. The notion
of validity, or satisfiability, used in the current paper is stronger; it considers the class of all so-
cial choice functions rather than only those over a fixed finite set of alternatives. A similar logic
for social welfare functions with similar differences to the logic in the current paper has already
been proposed (Ågotnes et al. 2011). A first-order logic version of expressing properties of social
welfare functions has also been discussed (Grandi and Endriss 2013).
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Justified True Belief Revisited in Topological
Argumentation Model

Chenwei Shi

Tsinghua University

Since Gettier’s paper (Gettier 1963) challenges the definition of knowledge as justified true be-
lief (JTB), different remedies of the JTB theory of knowledge have been proposed in epistemology.
On the other hand, the challenge by skepticism also prompts epistemologists to reconsider what
constitutes knowledge. In this talk I will make use of the topological argumentation model (Shi
et al. 2017) to formalise three different interpretations of the notion of justified true belief. More-
over, we show that the last one of the three interpretations can serve as a definition of knowledge
by demonstrating that it can resolve the problem of skepticism.
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The Logic of Collective Acceptance

Frederik Van De Putte
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Abstract

We present a logic that features three types of modalities:
classical modal operators �i that express the norms endorsed
by a given agent i; normal modalities �s

G that express what
is required for the group G in view of the norms that are
commonly endorsed by all its members; and normal modal-
ities �u

G, that express what is required for an option to be
universally acceptable within G. Although our semantics is
relatively simple, it poses some challenges where axioma-
tization is concerned. We argue that this logic is useful as
a stepping stone towards richer semantics that can express
various types of collective acceptance and social norms.

1 Introduction
In criticizing Philip Pettit’s republican philosophy of popular control (Pettit 2012), Sean Ingham
(2015) introduces a distinction between two senses in which a given policy can be accepted by a
group. According to Ingham’s argument, Pettit confuses these two senses, using the stronger one
in formulating general desiderata for popular control, but the other, weaker one in evaluating and
defending a specific model of democratic decision-making. Our aim in this presentation will not
be to question Ingham’s attack itself, but rather to take a closer look at his distinction from a formal
logic point of view, connecting it to known work on the logic of shared and distributed (doxastic
or epistemic) propositional attitudes.

2 Ingham’s Distinction
Ingham explains his distinction using a simple set-theoretic model. In line with social choice
theory, he starts from a set X of potential policies, from which the government is supposed to
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select one policy within the boundaries set by popular control. Such popular control should in turn
be a function of the norms endorsed by the citizens. Ingham models those norms in terms of the
alternatives they rule out. That an agent i endorses a basic norm Y ⊆ X means, hence, that i does
not accept any alternative outside Y . An alternative is then acceptable relative to Ni ⊆℘(X), the
set of norms endorsed by i, if and only if the alternative is permitted by every member of Ni.1

Even with this relatively simple representation of norms and their relation to acceptance held
fixed, there are at least two non-equivalent ways to specify the notion of group acceptance. On
the first, an alternative is acceptable to a group iff it is acceptable in view of the set of all shared
norms, where shared norms are norms endorsed by each agent in the group. Call this shared norm
acceptability. On the second specification, which Ingham refers to as universal acceptability, an
alternative is acceptable for the group if and only if it is accepted by each member of the group, in
view of their respective individual norms.

Let us illustrate the difference between these two specifications by means of two simple ex-
amples. Suppose that there are three alternatives x,y,z to choose from, that Antje’s norms are
{x,y} and {x,z}, and that Billie has a single norm, viz. {x}. In this example, there are no shared
norms among Antje and Billie; consequently, all alternatives are shared norm-acceptable within
the group consisting of Antje and Bob. However, only x is universally acceptable. That is, given
Antje’s norms, she excludes all alternatives but x.

Consider, as a second example, a case where Antje still endorses the norms {x,y} and {x,z},
but Billie now endorses the norms {x,y},{y,z}. In this case, the norm {x,y} is shared by both,
and hence both x and y are shared-norm acceptable. There is no alternative that is universally
acceptable: Antje only accepts x, while Billie only accepts y.

As these examples illustrate, both notions are relevant when thinking about the concept of jointly
accepted norms and popular control. Sometimes shared norm acceptance is the only feasible re-
quirement – this is so in particular when aggregating all the norms of the group is impossible, as
in our second example. In our first example, one may argue – as Ingham does – that shared norm
acceptance is too weak, since it leaves open the possibility that the government chooses a policy
that no individual citizen accepts (viz. y or z), even though there is an alternative that is acceptable
to each.

It may be tempting to link this distinction to other notions in the theory of democratic decision-
making, such as Rawls’ overlapping consensus (Rawls 1993), Sunstein’s incompletely theorized
agreements (Sunstein 1995), and the notion of meta-agreement (Dryzek and Niemeyer 2006; Ot-
tonelli and Porello 2015). One should however be careful not read too much into the formalism
just presented. After all, a given citizen may reject a certain subset of the alternatives for various
reasons of a very different nature, and one cannot simply reduce such reasons to subsets of alterna-
tives. In particular, the mentioned concepts often crucially refer to the general principles and values
that are used to argue for or against accepting a certain alternative, which are not represented in
Ingham’s formalism.

So rather than an adequate representation of these intricate and rich concepts, we will argue that
Ingham’s distinction and model provide a useful abstraction to think about group acceptance in
exact terms, and may serve as a first step towards more fine-grained accounts. As will become,
already this simple model poses interesting difficulties and gives rise to various logical questions.

1Cf. (Ingham 2015, p. 106): “[i]f an option x is permitted by every policy-making norm that she [= the agent in
question] accepts, then I will say that she finds it acceptable; if it violates a policy-making norm she accepts, I will say
that she finds it unacceptable.”
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What exactly is implied by shared norm acceptability, what does universal acceptance entail? How
do these various notions behave and interact, when relativized to different coalitions? Under what
conditions do they coincide? How much does Ingham’s distinction, and the logic of these notions
more generally, depend on the logical properties of norms and the relation between norms and
acceptability?

3 The Logic
3.1 Formal Language

Let P = {p1, p2, . . .} a set of propositional variables. The formal language L is given by the
following BNF:

ϕ := p | ⊥ | ¬ϕ | ϕ ∨ϕ | [∀]ϕ |�iϕ |�u
Gϕ |�s

Gϕ

See Table 1 for the intended reading of the primitive operators.

[∀]ϕ ≈ every alternative has property ϕ
�iϕ ≈ i endorses the norm ϕ

�u
i ϕ / �s

i ϕ ≈ ϕ is required for i.
�u

Gϕ ≈ ϕ is universally required for G
�s

Gϕ ≈ ϕ is a shared-norm required for G

Table 1: Intended reading of the modal operators.

3.2 Semantics

Definition 1 A model is a tuple M = 〈W,〈Ni〉i∈N ,V 〉 where W 6= /0 is the domain of M, for each
i ∈ N, Ni ⊆℘(℘(W )) is such that W ∈Ni

2, and V : W →℘(P) is a valuation function.

Definition 2 Where M = 〈W,〈Ni〉i∈N ,V 〉 and w ∈W,

M,w |= [∀]ϕ iff for all w′ ∈W, M,w′ |= ϕ

M,w |=�iϕ iff ‖ϕ‖M ∈Ni

M,w |=�u
Gϕ iff

⋂
i∈G
⋂

Ni ⊆ ‖ϕ‖M

M,w |=�s
Gϕ iff

⋂⋂
i∈G Ni ⊆ ‖ϕ‖M

Suppose that we introduce a propositional variable px to denote the specific alternative x ∈W .
Then ♦u

i px coincides with Ingham’s reading of “x is acceptable for i”, on the above semantics.
Likewise, ♦s

G px expresses that x is shared-norm acceptable for G, and ♦u
G px that x is universally

acceptable for G.

Theorem 1 Suppose that for all i∈G, Ni is closed under supersets. Then M,w |=�s
Gϕ iff M,w |=∧

i∈G�u
i ϕ .

2This condition simplifies the meta-theory and semantic clauses of our logic significantly. Alternatively, one could
leave it out and rewrite the semantic clauses for �s

G and �u
G, by intersecting sets Ni(w)∪{W} rather than sets Ni(w).
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For the class of monotonic models, �s
G and �u

G can be seen as (deontic counterparts of) shared
belief, resp. distributed belief, where �u

i is the underlying operator for individual belief. It is well-
known that shared belief is a much stronger notion than distributed belief. The main technical
novelty of the current formalism, from the viewpoint of existing multi-agent doxastic logics, is the
addition of the basic operators �i that allow us to speak about the source (or evidential base) of
each agent’s beliefs.

CL all classical tautologies
K K for �u

G and �s
G

S5 S5 for [∀]
(G) [∀](ϕ ↔ ψ)→ (�iϕ ↔�iψ)

(MP) if ` ϕ and ` ϕ → ψ , then ` ψ
(NEC) if ` ϕ , then ` [∀]ϕ

(I0) [∀]ϕ →�iϕ W ∈Ni(w)
(I1)

∧
i∈G�iϕ →�s

Gϕ Rs
G(w)⊆

⋂⋂
i∈G Ni(w)

(I2) if G⊆ H, then �u
Gϕ →�u

Hϕ if G⊆ H, then Ru
H(w)⊆ Ru

G(w)
(I3) if G⊆ H, then �s

Hϕ →�s
Gϕ if G⊆ H, then Rs

G(w)⊆ Rs
H(w)

(I4) �s
i ϕ ↔�u

i ϕ Ru
i (w) = Rs

i (w)
(U1) �iϕ → [∀]�iϕ for all w,w′ ∈W : Ni(w) = Ni(w′)
(U2) �u

Gϕ → [∀]�u
Gϕ for all w,w′ ∈W : Ru

G(w) = Ru
G(w

′)
(U3) �s

Gϕ → [∀]�s
Gϕ for all w,w′ ∈W : Rs

G(w) = Rs
G(w

′)

Table 2: Axioms and rules for a simple logic of collective acceptance, and corresponding frame
conditions on quasi-models. Here, i ranges over N and G,H over ℘(N)\ /0.

3.3 Axiomatization

A sound and complete axiomatization for the class of all models is given in Table 2. Our com-
pleteness proof consists of three steps. We first show that our semantics can be rephrased in
terms of quasi-models of the type M = 〈W,〈Ni〉i∈N ,〈Ru

G〉G⊆ /0N ,〈Rs
G〉G⊆ /0N ,V 〉, where the Ni are

neighbourhood functions that are used to interpret �i, and �u
G and �s

G are interpreted as normal
modalities, using the accessibility relations Ru

G, resp. Rs
G. Next, we prove that the axioms from Ta-

ble 2 characterize specific (well-known) frame conditions, using standard techniques from modal
logic. These frame conditions are shown in the second column of Table 2. Finally, we show
that every quasi-model M satisfying such frame conditions can be transformed into an equivalent
qausi-model M′ = 〈W ′,〈N ′

i 〉i∈N ,〈T u
G〉G⊆ /0N ,〈T s

G〉G⊆ /0N ,V ′〉 such that, for all non-empty G⊆ N and
all worlds w ∈W ′:

T u
G(w) =

⋂
i∈G
⋂

Ni(w)

T s
G(w) =

⋂⋂
i∈G Ni(w)

This third (and most difficult step) in the proof then allows us to conclude that the transformed
model is equivalent to a model in our original semantics. After sketching this third step, we will
consider various frame conditions and corresponding axioms, highlighting where our completeness
proof generalizes to such conditions. We will pay specific attention to frame conditions that express
certain types of agreement among agents, and the impact they have on the two notions of group
acceptance and their interrelation.
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4 Variations and Extensions

In the final part of the talk, we will consider several enrichments and variations of the simple
framework presented. First, one may relativize the space of alternatives X to the world of evalua-
tion w, thus allowing for a more natural interpretation of the semantics in terms of forward-looking
acceptance. Technically, this means that [∀] is weakened to a normal modal operator of type K,
quantifying over the set R(w) of alternatives that are (commonly) deemed “feasible” from the
viewpoint of world w. One may then either stipulate that norms are subsets of R(w) – hence, they
are assumed to be “directly applicable” at w – or use a more primitive notion of “general” norms,
and derive “applied” norms from them, as the (non-empty) intersections of primitive norms with
R(w). The former option is technically straightforward, whereas the latter is philosophically more
plausible.

Second, one may further relativize the space of alternatives to the agents, thus encoding epis-
temic/doxastic aspects of individual and collective acceptance. This gives rise to additional philo-
sophical questions: should collective acceptance be defined with respect to the set of alternatives
that are commonly taken to be feasible, or rather to the set of all alternatives that are feasible to
at least one group member? Whereas the first option would call for interaction between collective
acceptance and distributed knowledge/belief, the latter would imply interaction between collective
acceptance and common knowledge/belief.

Third, one may represent reasons for norms explicitly in the object language and semantics, in
order to give a more adequate model of the notion of meta-agreement (cf. Section 2). Thus, where
e.g. r is a general moral principle, Nr(w) may represent the application of that principle to the set
of feasible alternatives (whether universal or world-relative, cf. supra). An agent i’s norms may
then naturally be interpreted as obtained by applying all the principles endorsed by i. This induces
a third level of (dis)agreement among agents: although they may agree w.r.t. to the applied norms,
they may disagree w.r.t. the principles that motivate those norms. An interesting question is how
such a richer semantics would relate to the notion of general norm mentioned above, and whether
it gives rise to an altogether different logic.

Fourth and last, one may replace Ingham’s notion of (individual and collective) acceptance with
one that is conflict-tolerant. Conflicts among norms become particularly pressing in view of the
other enrichments, since there is no guarantee that applying general norms or even principles to
a specific case will result in applied norms that are all jointly satisfiable. Here, one may draw on
ideas from Evidence Logic (van Benthem and Pacuit 2011) to characterize more subtle forms of
interaction between (possibly conflicting) endorsed norms and collective acceptance.

Whereas each of these refinements pose additional technical challenges, they also promise to
lead to a much richer framework within which one can express and investigate the logic of various
types of collective acceptance.
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A New Modification of the Halpern-Pearl Definition
of Causality

Xiaoan Wu

Tsinghua University

This paper is trying to the search for a satisfying solution to the problem of actual causality,
which is just a specialized topic within the study of causation, peripheral to the issues of legal
and moral responsibility. I will focus on the causal modelling approach developed by (Pearl 2000,
2009) whose seminal contributions are widely known. This approach arises at the beginning of the
new century, the last twenty years have seen an explosion of research directed at it, a lot of consid-
erable progress have been made, but also been criticized. Because of the different understanding
of causal modelling, there are three closely-related approaches for using structural equations to
model actual causation: Hitchcock-approach (Hitchcock 2001, 2007), Halpern-Pearl-Hitchcock-
approach (Halpern 2016) and Ned Hall-approach (Hall 2007), in this paper I will show the whole
development of HP-definition, (Halpern and Pearl 2001) introduced the first version of the defini-
tion using structural equations, but there is an obvious problem with this approach, it was updated
in the journal version of the paper (Halpern and Pearl 2005). Further counterexamples were given
to the updated definition, to deal with these examples, Halpern taken into account considerations
of normality and defaults. But these approaches do not always seem so satisfactory, so Halpern
further modify the HP-definition (Halpern 2015). New definition means new frame, also means
that we need to ”test” the definition by the counterexamples, I will do that as a brave man. Also I
will show that even (Halpern 2015) is not very satisfactory, inspired by Ned Hall’s theory of cau-
sation (Hall 2007), I get a improved version of (Halpern 2015), it works well , can dealt with the
symmetric overdetermination problems that (Halpern 2015) cannot do, and can dealt with other
problems that it can do, I think I’ve done it sucessfully.
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Formalization of Argumentation Schemes for
Slippery Slope Argument

Zhe Yu

Sun Yat-Sen University

Abstract

Formal argumentation is seen as a promising tool to bridge
the gap between human reasoning and machine reasoning.
As an attempt to portray natural language arguments based
on formal argumentation systems, this paper aims to give a
formalism for a commonly-used defeasible argument - slip-
pery slope argument (SSA). To evaluate SSA, this paper de-
fines the critical questions for SSA, and discussed why value
judgement important in evaluating a SSA by taking the gene-
edited babies case in China as an example.

1 Introduction
Argumentation is a cross-disciplinary topic involving multiple subjects such as philosophy, cogni-
tive science, logic, linguistics and computer science. There are several research directions in the
field of artificial intelligence, such as natural language processing and argumentation mining, can
be combined with argumentation and benefits from it (Cabrio et al. 2016). As an approach for
non-monotonic reasoning, formal argumentation is promising to bridge the gap between human
reasoning and machine reasoning. To achieve this goal, a key problem is how to model natural
language arguments by formal argumentation.

Argumentation schemes can be seen as a “semi-formal” generalization of arguments (Verheij).
Many researchers have shown their interests in the formalization of argumentation schemes, for
example, the schemes for argument from expert opinion (Prakken et al. 2015; Gabbay and Thiru-
vasagam 2017; Atkinson and Bench-Capon).

In (Walton 1992), Walton mentioned that slippery slope argument, as a subclass of argument
from negative consequences, is commonly used in the context of deliberation, to persuade people
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not to take an action under consideration. Typically, SSA can be found in the discussions about
legal, biomedical, or ethical issues, such as topics like abortion, gay marriage, euthanasia, human
gene therapy, etc.

This paper aims to fomalise and evaluate slippery slope argument based on formal argumen-
tation theory. Firstly, we give a formal model of slippery slope argument based on the structured
argumentation frameworkASPIC+ (Besnard et al. 2014; Modgil and Prakken 2013)(calls SSAT),
by consulting the argumentation schemes for slippery slope argument presented by Walton (Wal-
ton 2015, 2017). Then we discuss how to evaluate a slippery slope argument by asking critical
questions and value judgement in formal systems. For illustration, this paper take the gene-edited
babies case in China1 as an example.

The rest of this paper is structured as follows. Section 2 will firstly summarize the basic features
of SSA according to Walton’s basic argumentation scheme for SSA, then construct a slippery slope
argumentation theory based on formal argumentation system. Then, in section 3 we will model the
critical questions for SSA and discuss the value judgement in the evaluation of SSA. In section 4,
we conclude this paper.

2 SSAT
In this section, we model slippery slope argument based on the basic scheme for it and the struc-
tured argumentation framework ASPIC+.

2.1 Basic Scheme for SSA

According to (Walton 2015), we use a0 to denote an action under consideration, an to denote
a catastrophic outcome. a1, a2, . . ., ax, . . ., ay denotes a sequence of action or events between
a0 and an, each causes the next one, so that the slippery slope argument has the following basic
argumentation scheme:

Initial Premise An agent α is considering carrying out an action a0.

Sequential Premise Carrying out a0 would lead to a1, which would in turn lead to carrying out
a2, and so forth, through a sequence a2, . . ., ax, . . ., ay, . . ., an.

Indeterminacy Premise There is a sequence a0, a1, a2, . . ., ax, . . ., ay, . . ., an that contains a
subsequence ax,. . ., ay called the gray zone where x and y are indeterminate points.

Control Premise α has control over whether to stop carrying out the actions in the sequence until
α reaches some indeterminate point in the gray zone ax, ,. . ., ay.

Loss of Control Premise Once α reaches the indeterminate point in the gray zone ax, ,. . ., ay, α
will lose control and will be compelled to keep carrying out actions until she reaches an.

Catastrophic Outcome Premise an is a catastrophic outcome that should be avoided if possible.

1see websites
https://www.aljazeera.com/news/2018/11/chinese-scientist-pauses-gene-edited-baby-trial-outcry-
181128095039618.html,
https://edition.cnn.com/2018/11/26/health/china-crispr-gene-editing-twin-babies-first-intl/index.html,
https://edition.cnn.com/2019/01/21/health/china-gene-editing-babies-intl/index.html, etc.
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a0: initial event/action

Gray Area

Uncontrollable Area

an: Catastrophic Outcome

ax

ay

Controllable Area
d1

d2

sequence of events/actions

Figure 1: A basic SSA

Conclusion a0 should not be brought about.

Walton also mentioned that “there are factors that help to propel the argument and series of
consequences along the sequence, making it progressively harder for the agent to resist continuing
to move ahead” (Walton 2015). He calls these factors “Drivers”. Then, based on Walton’s opinion,
we conclude that a slippery slope argument has the following 8 basic components

1. An initial event/action a0

2. A sequence of events/actions: as the sequence proceeds, the consequences tend to become
more serious.

3. Drivers: catalyst that helps to propel the argument along the sequence in the argument. Drivers
could be factors like precedent, public acceptance, vagueness, climate of social opinion, pub-
lic acceptance, etc. In this paper drivers are denoted by di (d = 1, 2, 3, . . .).

4. Gray area: area start at an undetermined point x (denoted by ax), end at another undetermined
point y (denoted by ay). In this area a slippery slope argument is turning form controllable to
uncontrollable.

5. Controllable area: the area between initial event/action and the gray area.

6. Uncontrollable area: the area between the gray area and the catastrophic outcome.

7. Catastrophic outcome an

8. Conclusion: not to take the initial step.

Based on this idea, the developing process of a slippery slope argument can be illustrated by
figure 1.
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2.2 Argumentation Theory for SSA

The current work is mainly based on the structured argumentation framework ASPIC+, which
proposed by Prakken et al. in (Modgil and Prakken 2013). ASPIC+ is not a system but a frame-
work, so that people can specify or extend it as an instantiation, as long as meeting some specific
requirements.

Based on the above summarization of the characters of slippery slope arguments, we use a
symbol “⊥” to denote “bad/unwanted (consequence)”, Rsl and Rj to denote two kinds of rules
used in slippery slope arguments respectively, K0 = {a0, b0, c0, . . .} to denote a set of initial ac-
tions/events, C to denote a set of actions/events, and D = {d1, . . . , dn} to denote a set of drivers.
Then an argumentation theory for SSA can be defined as following.

Definition 1 (SSAT). A slippery slope argumentation theory (SSAT ) is a tuple SSAT =
(L, ,̄R, n,K, C,D), where:

• L is a logical language; ⊥ ∈ L.

• ¯ is a function from L to 2L, such that

1. ϕ is a contrary of ψ if ϕ ∈ ψ, ψ /∈ ϕ;

2. ϕ is a contradictory of ψ, 2 if ϕ ∈ ψ, ψ ∈ ϕ;

3. each ϕ ∈ L has at least one contradictory.

• n is a partial function such that n: Rd → L.

• R = Rs ∪ Rd is a set of strict (Rs) and defeasible (Rd) inference rules of the form
ϕ1, . . . , ϕn → ϕ and ϕ1, . . . , ϕn ⇒ ϕ respectively (where ϕi and ϕ are meta-variables
raging over wff in L), and Rs ∩ Rd = ∅ . Rsl ⊆ Rd is slippery slope rule of the form
ϕ1, . . . , ϕn ⇒sl ϕ (ϕi, ϕ are elements in L), Rsl 6= ∅; Rj ⊆ Rs is consequence judging
rule of the form ϕ1, . . . , ϕn →j ϕ, there is at least one consequence judging rule form as
rj = ϕ1, . . . , ϕn →j ⊥.

• K ⊆ L is a knowledge base in an argumentation system, consisting of three disjoint subsets
Kn, Kp and K0 (i.e. K = Kn ∪ Kp ∪ K0), where:

1. Kn is a set of the axioms;

2. Kp is a set of the ordinary premises, s.t. ¬⊥ ∈ Kn ∪ Kp;
3. K0 is a set of initial steps in a slippery slope argument of the formK0 = {a0, b0, c0, . . .},

where a0, b0, c0 are initial actions or events.

• C is a set of actions or events in a slippery slope argument of the form C =
{a0, . . . , an, b0, . . . , bm, c0, . . . , cq, . . .} ⊆ L, where ai, bj , ck are actions or events; K0 ⊆ C.

• D is a set of drivers, D = {d1, . . . , dn} ⊆ Kp, while di is a driver.

Accoring to ASPIC+, an argument in SSAT can be defined as following.

2denoted by ‘ϕ = −ψ’
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Definition 2 (Arguments). An argument A on the basis of a SSAT = (L, ,̄R, n,K, C,D) is
defined as:

1. ϕ if ϕ ∈ K with: Prem(A) = {ϕ}, Conc(A) = ϕ, Sub(A) = {ϕ}, DefRules(A) = ∅,
TopRule(A) = undefined.

2. A1 , . . . ,An → ψ if A1, . . ., An (n ≥ 1) are arguments such that there exists a strict
rule Conc(A1), . . ., Conc(An) → ψ in Rs with: Prem(A) = Prem(A1) ∪ . . . ∪
Prem(An); Conc(A) = ψ; Sub(A) = Sub(A1) ∪ . . . ∪ Sub(An) ∪ {A}; DefRules(A) =
DefRules(A1) ∪ . . . ∪DefRules(An); TopRule(A) = Conc(A1) . . . Conc(An)→ ψ.

3. A1 , . . . ,An ⇒ ψ if A1, . . ., An (n ≥ 1) are arguments such that there exists a defea-
sible rule Conc(A1), . . ., Conc(An) ⇒ ψ in Rd with: Prem(A) = Prem(A1) ∪ . . . ∪
Prem(An); Conc(A) = ψ; Sub(A) = Sub(A1) ∪ . . . ∪ Sub(An) ∪ {A}; DefRules(A) =
DefRules(A1)∪ . . .∪DefRules(An)∪ {Conc(A1), . . ., Conc(An)⇒ ψ}; TopRule(A) =
Conc(A1) . . . Conc(An)⇒ ψ.

Then a slippery slope argument in an argumentation system can be defined as following.

Definition 3 (SSA). If an argument A in SSAT = (L, ,̄R, n,K, C,D) such that:
Prem(A) ∩ K0 6= ∅, Prem(A) ∩ D 6= ∅, SlRule(A) 6= ∅, JRule(A) 6= ∅, Conc(A) = ⊥, for
every A′ ∈ Sub(A) and A′ 6= A, Conc(A′) ∈ C∪D,
then A is a SSA.

By claiming that the bad outcome is unacceptable, slippery slope arguments always attempt to
draw the conclusion that the initial step should not be taken. To capture this feature, in addition
to transposition under strict rules required by ASPIC+, we define a weak transpositon for the
slippery slope rules used in SSA.

Definition 4 (Transposition & Weak Transpositon). Let SSAT = (L, ,̄R, n,K, C,D) be a
SSAT , SSAT is closed under transposition and weak transposition:

1. if ϕ1, . . . , ϕn → ψ ∈ Rs, then for each i = 1 . . . n, there is
ϕ1, . . . , ϕi−1,−ψ, ϕi+1, . . . ϕn → −ϕi ∈ Rs;

2. if ϕ1, . . . , ϕn ⇒sl ψ ∈ Rsl, then for eachi = 1 . . . n, iff ϕi ∈ C, there is
ϕ1, . . . , ϕi−1,−ψ, ϕi+1, . . . ϕn ⇒slt −ϕi ∈ Rd; the set of transpositon rule denotes asRslt ⊆
Rd; transpositon rule of a slippery slope rule ri ∈ Rsl (i = 1 . . . n) denotes as rit ∈ Rslt.

In ASPIC+, arguments could be attacked in three ways: 1) undermining attack on the ordinary
premises; 2) rebutting attack on the conclusions (only when the last rule is defeasible); 3) under-
cutting attack on the defeasible rules. Because in this paper we add a special set of premises K0,
whose elements are actually presumptions that be supposed to take place, so that we define un-
dermining attack slightly different from in ASPIC+. Besides, we defined the weak transposition,
so that the undercutting attack will also become different. Then the attack relation for SSAT is
defined as following.

Definition 5 (Attack). Let A, B and X be arguments in SSAT = (L, ,̄R, n,K, C,D), ϕ, ψ ∈ L.
A attacks B, iff A undercuts, rebuts or undermines B, where:
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• A undercuts B on B′ iff:

1. Conc(A) = n(r) 3 for some B′ ∈ Sub(B) such that TopRule(B′) = r where r ∈ Rd;

2. ∃X , X ′ ∈ Sub(X), such that TopRule(X ′) = ri(i = 1, . . . , n), ri ∈ Rsl and rit ∈
Rslt, Conc(A) = n(ri), i.e. A undercuts X on X ′, where B′ ∈ Sub(B), such that
TopRule(B′) = rit.

• A rebuts B on B′ if and only if Conc(A) = Conc(B′) for some B′ ∈ Sub(B) of the form
B′′1 , . . . , B

′′
n ⇒ ϕ; A contrary-rebuts B iff Conc(A) is a contrary of ϕ.

• A undermines B on B′, iff:

1. B′ = ϕ and ϕ ∈ Prem(B) ∩ Kp, such that Conc(A) ∈ ϕ and if A = ψ, then ψ /∈ K0;

2. B′ = ϕ and ϕ ∈ Prem(B) ∩ K0, such that Conc(A) ∈ ϕ.

A contrary-undermine B iff Conc(A) is a contrary of ϕ.

In ASPIC+, whether an attack from A to B (on its sub-argument B′) succeeds as a defeat may
depend on the relative strength of A and B′. In (Modgil and Prakken 2013), this is determined by
a binary ordering � on the set of all arguments. With arguments and the defeat relation, we can
evaluate the arguments by Dung style abstract argumentation frameworks and the semantics (Dung
1995) and decide the set of arguments that acceptable together (called an extension) under specific
semantics. We omit the definition of defeat relation in ASPIC+ and the abstract argumentation
framework here, the reader is refer to paper (Dung 1995) and (Modgil and Prakken 2013) to find
more details.

3 Evaluating SSA
In argumentation schemes, each scheme is matched with a different sequence of critical questions.
Basically, there are two way to evaluate a given argument: 1) use schemes to check the form of
the argument; 2) ask the corresponding critical questions, to see if the questions can be answered
satisfactorily.

In this section we try to give some way to evaluate a slippery slope argument based on formal
argumentation. The main idea is to formalize the critical questions of argumentation scheme for
slippery slope argument, thus we can involve the critical questions into an argumentation frame-
work and evaluate all the arguments together.

3.1 Critical Questions

We define the critical questions for slippery slope argument as following.

Definition 6 (Critical Question). Let argument A, B be arguments in SSAT =
(L, ,̄R, n,K, C,D), ϕ, ψ ∈ L. Let A be a SSA, such that di ∈ Prem(A), rsli ∈ SlRule(A),
Conc(A) = ⊥. B is an argument of critical question for A (denotes by CQA) iff TopRule(B)=
ϕ1, . . . , ϕn → /⇒ ψ, while ψ = n(rsli), ψ = di or ψ = ¬⊥.

In (Walton 2017), the author gave the following 5 critical questions for the basic scheme of
slippery slope argument.

3‘n(r)’ means that rule r is applicable.
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CQ1 What intervening links in the sequence of events a1, a2, . . ., ai needed to drive the slope
forward from a0 to an are explicitly stated?

CQ2 What missing steps are required as links to fill in the sequence of events from a0 to an, to
make the transition forward from a0 to an plausible?

CQ3 What are the weakest links in the sequence, where additional evidence needs to be given on
whether one event will really lead to another?

CQ4 Is the sequence of argumentation meant to be deductive, so that if the first step is taken, it is
claimed that the final outcome an must necessarily come about?

CQ5 Is the final outcome an shown to be catastrophic by the value-based reasoning needed to
support this claim?

Suppose that a proposed slippery slope argument cannot answer CQ1, CQ2 or CQ4, it means
that (at least one of) the link between the initial step a0 to the bad outcome an is too weak, in other
words, the defeasible rule between premises to the conclusion is too weak to apply (n(rd)). And if
a proposed slippery slope argument cannot answer CQ3, it perhaps that there lack a driver to back
up the slope, or the given driver is not good enough. For the first situation, it also can be seen as
that the related link is too weak; for the second situation, it means at least one given driver has
been attacked (di). At last, if a proposed slippery slope argument cannot answer CQ5, it means
that the final outcome of this argument is not really unacceptable as it has been claimed to (¬⊥).

3.2 Value Judgement: a Case Study

Slippery slope argument is considered to be a subspecies of argument from negative consequences,
which reject a proposal for action by point out that the action will lead to a negative consequence.
While argument from negative consequences is considered to be a subspecies of argument from
values (Walton 2017; Walton et al. 2008). In this paper, we model the negative value by introduce a
symbol “⊥” into the language L of an argumentation system, correspondingly, introduce a symbol
“¬⊥” in the knowledge base K to represent the intrinsic unacceptability of something bad. Thus
a slippery slope argument can be attacked by a statement as “the final outcome is not as bad as it
has been claimed”, i.e., based on definition 3.1, an argument of critical question (CQA) with the
conclusion ¬⊥.

As a SSA and the CQA that questioning the value judgement the SSA are obviously conflict with
each other, in a scenario of deliberation, conflicts can be resolved by comparing these arguments
according to priorities. A slippery slope argument work by claim that take the first step will lead to
a highly undesirable consequence, which means that the consequence strongly contravenes values
held by the audience (Walton 2017). Based on this idea, when we consider the priorities in a SSAT,
value judgment deserved to be taken into account.

We can see this point of view more clearly through an example from real life: the gene-edited
babies experiment in China.

On November 26, 2018, Chinese researcher He Jiankui claims that his lab had been editing
embryos’ genetic codes for seven couples undergoing in-vitro fertilization, and twin girls had been
born with DNA altered to make them resistant to HIV. He used a tool known as CRISPR-cas9,
which can insert or deactivate certain genes. As claimed, the twin babies are immune to HIV.
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Editing the genes of embryos intended for pregnancy is banned in many countries, in the other
countries, editing of embryos may be permitted for research purposes with strict regulatory ap-
proval. He’s experiment is the world’s first case of germline gene therapy performed on humans,
which is likely to spark significant ethical questions around gene editing and so-called designer ba-
bies. Mang scientists are outraged. A professor in genetics and human embryology at University
College London described this research as ”premature, dangerous and irresponsible” 4.

A key point in evaluating this case is whether the advantages it brings outweighs the disadvan-
tages. In this regard, the general tendency of scientists is that the benefits are extremely small
compared to the risks that this move will bring.

First of all, due to the uncontrollability of the gene editing process, this experiment may bring
unpredictable risk of genetic disease. Meanwhile, there are many effective ways to prevent HIV in
healthy individuals.

More seriously, people are worried that this move may open the “Pandora’s Box”. In other
words, this move may become the first step of a slippery sloping, leads to the acceptence of genetic
enhancement technologies, and finally come to a catastrophic outcome: “eugenic” - a fearful term
that reminds people Nazi Germany and have long been concerned in the ethical discussion of
genetic technology.

Despite of the form of this slippery slope argument, people hold negative opinion in this case
mainly because that by value judgement, the possible final consequence is too scary and disastrous
that should be avoided at all cost.

There are already some related formal systems that we can use to handle the value judgment of
agents. For instance, in (Liao et al. 2016), the authors introduced a hierarchical abstract theory of
normative system ( called HANS) to resolve conflicts amongst norms. In simple terms, this system
associated numbers that indicating priorities of norms to an abstract theory of normative system
defined by Tmsatto et al. (Tosatto et al. 2012). When conflicts arise between norms, HANS re-
solve it by the priorities assigned to them, and derive extensions according to different detachment
procedure. Based on formal argumentation, the HANS can be extended to a value based system by
introduce value assignments from different agent(Liao et al. 2016; Beishui Liao 2019). Which can
be defined as following.

Definition 7 (VHANS). An V HANS is a tupleHv = 〈L,N,C, V,Ag, ρ〉, where

• L = E ∪ {¬e|e ∈ E} ∪ {>}5 is the universe, a set of literals based on some finite set E of
atomic elements;

• N ⊆ L× L is a finite set of regulative norms;

• C ⊆ L is a subset of the universe, called a context, such that > ∈ C and for all e in E,
{e,¬e} * C;

• V is a set of values;

• Ag is a set of agents representing different participants;

• ρ : N → V × Ag × IN is a function from norms to a triple of values, agents and natural
numbers.

4https://edition.cnn.com/2018/11/26/health/china-crispr-gene-editing-twin-babies-first-intl/index.html
5> used to represent the body of a body- free norm.
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（P, pub, 1）

（N, pub, 5）

Figure 2: A VHANS

Based on definition 3.2, suppose there are two conflicting norms in the discussion about gene-
edited babies case:

1. Immune to HIV is a positive consequence, gene-edited babies experiment should be accepted:
(ge,¬⊥) (ge reperents gene-edited babiew experiment)

2. Eugenic is a negative consequence, gene-edited babies experiment should be rejected: (ge,⊥)

The public may assign different value to these two norms. We use P to represent positive, N to
represent negative, pub to represent the public, assuming that ρ(ge,¬⊥) = (P, pub, 1), ρ(ge,⊥) =
(N, pub, 5), we can get a VHANS as figure 2.

By apply different principles to lift priorities (for example, the last link priciple or the weakest
link principle (Modgil and Prakken 2013) in ASPIC+), we can get the priorities on arguments
based on the value of norms and decide whether an argument can successfully defeat its counter-
arguments (Liao et al. 2016).

4 Conclusion
In this paper we introduced an argumentation theory for a basic form of slippery slope argument
(SSAT) mainly based on the argumentation scheme for slippery slope argument given by (Walton
2015) and the formal argumentation framework ASPIC+ (Modgil and Prakken 2013).

For evaluating a slippery slope argument, we defined the critical questions for slippery slope
argument, then people can model and evaluate a slippery slope argument (as well as its sub-
arguments) by formal argumentation systems.

Besides, the slippery slope argument could also be seen as an approach to achieve practical
reasoning. The powers of persuasion of a slippery slope argument should be resting on a premise
that the ultimate consequence is catastrophic, which could be seen as resting on various kinds of
value judgments. In this paper, we illustrate this idea by the gene-edited babies case, and point out
that it is possible to combine SSAT to some value-based argumentation systems, for example, the
argumentation based HANS.
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Solution Complexity of Local Variants of Sabotage
Game

Tianwei Zhang

Tsinghua University

Abstract

The study of graph games serves as a way to analyze an exist-
ing logic as well as an inspiration for designing new logics.
Given the fact that game-theoretic analysis is regaining at-
tention in AI study, a new stress in the study of graph games
can be the performance of standard algorithmic tasks con-
ducted on graphs. In this paper we carry out a case study
on the respective graph game for three main local variants
of sabotage modal logic, which have a broad range of ap-
plications in various other fields. We analyze the solution
complexity for each game and show the implications these
results have on their respective matching logic. This work is
a first attempt to understand why similar-looking variants of
a graph game and their matching logics can have drastically
different computational complexity, and hopefully brings up
a more general topic that requires more studies, namely to
identify the parameters of games and logic that crucially af-
fect complexity.

1 Motivation
Sabotage modal logic was proposed in 2003 as a format for analyzing games that modify graphs
they are played on. Since its first introduction, it has inspired a line of systems in a dynamic-
epistemic spirit, (van Benthem 2011). Along with different variants that stems from the minimal
language such as ‘graph modifier logic’ (Aucher et al. 2009), ‘swap logic’ (Areces et al. 2014),
‘arrow update logic’ (Areces et al. 2012; Kooi and Renne 2011) and so on, various graphs games

Copyright c© 2019 by the paper’s authors. Copying permitted for private and academic purposes.
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of interactive settings are proposed to capture the essences of such logics. Meanwhile examples
of how real life scenarios can be depicted by graph games can be found in a broad collection of
areas including theoretical computer science (Grüner et al. 2013; Radmacher and Thomas 2008),
learning theory (Gierasimczuk et al. 2009), logics for social networks (Liu et al. 2014; Seligman
et al. 2013), argumentation (Grossi 2010b,a) and many more.

In light of the the avid interest that has recently arisen in game-theoretic analysis of AI study,
a new stress in the study of graph games can be the performance of standard algorithmic tasks
conducted on graphs. This paper is a case study. We particularly focus on localized sabotage
games, whose global versions can have either link deletion or node deletion. We take three of the
exisiting variants of localized sabotage game: local link-cutting sabotage(adjacent sabotage game
in (Rohde 2005)), local node-deleting sabotage (van Benthem and Klein 2018) as well as poison
game (Blando et al. 2018), and focus on their solution complexity. We find that local link-cutting
lowers complexity for game solution to PTIME while the corresponding logic being undecidable.
Meanwhile, local node-deletion and poison game do not have this effect: model checking and
game solution are in both cases are PSPACE-complete.

2 Local Link-Cutting Variant
In this section, we show that the solution problem of local link-cutting sabotage game is in the
complexity class of PTIME. For this aim, we introduce an algorithm that solves the problem in
PTIME and prove the correctness of the algorithm.

2.1 A Solution Algorithm

Here we present the polynomial-time algorithm for solving the local link-cutting sabotage in
pseudo-code. V is the set of all the vertices in the given graph. F is the set of all the goal
points of the graph (a fortiori a subset of V ). η is a function from V × V to {true, false} used to
indicate whether two nodes in the graph are connected. Here we are assuming there are no multiple
links between nodes, but with some modifications, this algorithm can also be use to calculate all
the winning positions in in a multi-linked graph with a new η from V × V to the set of natural
numbers.

Algorithm 1 Algorithm to solve local link-cutting sabotage
1: procedure LOCALLINKCUTTING(V, F, η)
2: input: arena(V, η); F ⊆ V final vertices
3: output: L ⊆ V winning positions
4: L = F
5: count = |F |
6: while count > 0 do
7: T = the set of v in V − L with two or more neighbors in L
8: count = |T |
9: L = L ∪ T

10: end while
11: end procedure

In practice, if provided with O(|V |2) space to store the pointer list of neighbors for each node
and O(|V |) space for a queue for scheduling, the algorithm can solve the problem in O(|V |2) time.
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Intuitively, the algorithm can be understood as the propagation of a signal. At the very beginning,
the only sources of the signal are the goal points. They emit the signal to each of their immediate
neighbors. The other nodes in the graph turn themselves into a source and in turn emit the signal
to their neighbors as soon as they have received two signals themselves. This way the algorithm
goes in iterations until it reaches an equilibrium.

Also note that in the multi-linked version of the algorithm, signals transmit through links, so a
multiple link should be counted multiple times, that is, if a non-source node has only one neighbor
emitting signals but has a multiple link to this neighbor, then this node should also be considered a
source and start emitting signals itself. The reason for this is easy to understand, since Demon can
only cut one link at each of his turn.

An example of how the signal propagates in each iteration is shown in Figure 1, with the circled
nodes being goal points. In each iteration, the number on each node denote how many links it has
to an already active neighbor. The goal points are also denoted 2 for the consistency of notation. In
the beginning, the only sources are the goal points. In the second iteration, a, b and c also become
source since they each have two links that connects to a source. In the third iteration, d, e and f
are also converted to sources because of their connection to a, b and c. Eventually, in the fourth
iteration, g is converted to a source because of its connection tp d, e and f . At this point, there
are no more nodes to be converted, and thus the situation reaches an equilibrium and the algorithm
ends. As a result, all the nodes in the example are winning positions for Traveler since they all
become source in the end.

•© •© 2 2 2 2

• 0 2
• •© 0 2 0 2

• • • 0 0 0 0 0 2
• •© 0 2 0 2

• 0 2
•© •© 2 2 2 2

1st iter. 2nd iter.

2 2 2 2
2 2

2 2 2 2

2 0 2 2 2 2

2 2 2 2

2 2
2 2 2 2

3rd iter. 4th iter.

Figure 1: example for the algorithm
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2.2 Correctness Proof of the Algorithm

Proposition 2.1. A node v ∈ V in a local link-cutting sabotage game ((V, η), F ) is a winning
position for Traveler if and only if v ∈ L = LocalLinkCutting(V, F, η).

Proof. ←: Suppose Traveler is currently at v 6∈ L. Then by the description of the algorithm, at
most one of v’s neighbors is in L. In light of that, Demon can make sure that Traveler next lands
on a node v′ 6∈ L by cutting the only (if any) link to L. This way, if Traveler starts from a node
in V − L, then there’s a strategy for Demon that guarantees that Traveler always stays in V − L.
Eventually. Traveler finds herself at a node with no successor and Demon wins.
→: We prove the this direction of the proposition by proving a slightly stronger statement:

Definition 2.2. Define the degree of a node v in L: ξ : L→ N, ∀v ∈ L ξ(v) = n if and only if v
is add to L in the nth iteration. We stipulate that for all v ∈ F , ξ(v) = 0.

Proposition 2.3. For all v ∈ L, there is a winning strategy in ((V, η), F, v) for Traveler where if
v1, v2, ...vn are the nodes visited by Traveler in a sequential order, then ξ(v1) > ξ(v2) > ... >
ξ(vn). For convenience, we will call such a strategy a ’decreasing strategy’ in the following para-
graphs.

Proof. We prove the proposition by induction on ξ(v).
If ξ(v) = 0, Traveler wins at the very beginning, so the proposition is trivially true.
Suppose ∀v ∈ L with 0 ≤ ξ(v) ≤ n the statement is true. For any v ∈ L, ξ(v) = n + 1,

by the description of the algorithm, two of more of its neighbors has degree less than n + 1.
Suppose Demon cuts l and changes the game to ((V, η′), F, v). By the algorithm, v has two or
more neighbors with degree less than n+1, so Traveler can then opt to land on a node u of degree
less than n+ 1. By the assumption,Traveler has a decreasing strategy in ((V, η), F, u). Easy to see
that the strategy only involves links between nodes in {v ∈ L | ξ(v) ≤ n}, and therefore does not
involve l. This shows that this strategy is also a decreasing strategy for ((V, η′), F, u).

Now we can create a decreasing strategy for ((V, η), F, v). In the first round, after Demon cuts
a link and changes the game to ((V, η′), F, v), move to any node u of degree less than n+ 1. In all
the following rounds, move according to the decreasing strategy for ((V, η′), F, u).

Thus, for all v ∈ L Traveler has a decreasing strategy in ((V, η), F, v).

Since a decreasing strategy is by nature a winning strategy, the→ direction is thus proven.

.

3 Local Node-Deleting Variant
In this section, we establish the PSPACE-Completeness of the problem of solving the local node-
deleting variant of sabotage game. For this aim, we provide an alternating algorithm for solving the
decision problem of the variant that runs in polynomial time, along with a polynomial-time reduc-
tion from the problem of Quantified Boolean Formula, which is known to be PSPACE-complete.
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3.1 PSPACE Upper Bound by an Alternating Algorithm

In this and the next section, we use the existence of a alternating algorithm for the problems to
show the upper bounds of the problems. Alternating Turing machines, ATM for short, are a gener-
alization of non-deterministic Turing machines. Their state sets are divided into two components:
existential states and universal states. An existential state is accepting if and only if some transi-
tion leads to an accepting state; while a universal state is accepting if and only if every transition
leads to an accepting state. For more information on alternating turing machines and alternating
algorithms, please see (Balcázar et al. 2012). We use APTIME to denote the class of problems that
can be solved by Alternating Turing machines. According to (Balcázar et al. 2012), we have the
following result:

Theorem 3.1. APTIME = PSPACE

In this and next section, we use pseudocode to specify alternating algorithms. In codes, we use
instruction ’guess’ to signify non-deterministic choices of successor corresponding the existential
states of an ATM, and instruction ’choose all’ to signify the branching of universal states of an
ATM. Apart from inheriting notations V, F, η, we also introduce new ones: v for denoting the
starting point of Traveler and L an initially empty set for keeping track of the visited nodes at
current state.

Algorithm 2 Alternating algorithm to solve local node-deleting sabotage
1: procedure LOCALNODEDELETING(V, F, η, v, L)
2: input: arena (V, η); F ⊆ V final vertices; v ∈ V ; L ⊆ V
3: if v ∈ F then
4: accept
5: else if v ∈ L or ∀v′ ∈ V, η(v, v′) = false then
6: reject
7: else
8: guess v′ ∈ V with η(v, v′) = true
9: universally choose u ∈ V with η(v′, u) = true

10: let V ′ := V − {u}
11: let F ′ = F − {u}
12: let L′ := L ∪ {v}
13: let η′ = η|V ′×V ′

14: call LocalNodeDeleting(V ′, F ′, η′, v′, L′)
15: end if
16: end procedure

We start the algorithm with the initial call

LocalNodeDeleting(Vin, Fin, ηin, vin, ∅).

Lemma 3.2. Let G = ((Vin, ηin), Fin, vin) be a local node-deleting sabotage game. The alternating
algorithm LocalNodeDeleting accepts its initial input if and only if Traveler has a winning strategy
in G. The running time is polynomial with respect to |V |.

Proof. First we prove the correctness of the algorithm.
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Let c0c1... be some computation branch of LocalNodeDeleting and assume that (Vi, Fi, ηi, vi, Li)
is the parameter of call ci. Let

π := (0, V0, F0, v0, η0)(1, V1, F1, v1, η1)(0, V2, F2, v2, η2)(1, V3, F3, v3, η3)...

By the update of parameters in Line 8-13, π forms a legal play of the sabotage game. In fact, by the
universal choice in Line 9, there is a one-to-one correlation between computation trees and game
trees of Traveler. Further, by Line 12, we have Li := {vj|j < i}, that is, Li gives the set of already
visited nodes during the prefix of the play π from v0 to vi.

If Traveler has a winning strategy from vin in the game, then she can ensure that she reaches
some final vertex starting from vin. By a lemma yet to be proven, Lemma 3.11, she can do so
without visiting any vertex twice. The algorithm can guess the successor vi+1 of vi in Line 8
according to the winning strategy. Since it is winning, there is some natural number n such that
vn ∈ F . Further, no node vi for i < n is a dead end at the moment when it is Traveler’s turn to
continue the play from vi, i.e., at position (0, vi, ηi). Thus, the algorithm does not reject its input
in Line 6 during some call ci with i < n, before it finally terminates in an accepting state in Line
4 during call cn. Therefore, every computation branch terminates in an accepting state and the
algorithm accepts its input.

Conversely, if Demon has a winning strategy, then he can delete nodes in such a way that every
play leads either to some already visited node, or to some dead end. Thus, a winning strategy of
Demon ensures that for each guess of successors in Line 8, the corresponding computation tree
contains at least one non-accepting branch. Hence, the algorithm rejects its input.

Because parameter L in each embedded call is increasing, it restricts the depth of recursion up to
|V | + 1. It is also clear that in each layer of recursion, only polynomial space is required. Finally,
checking the conditions and updating the parameters take a time that is polynomial with respect
to |V |. By the correspondence of alternating polynomial time and deterministic polynomial space,
the last part of the proposition is proven.

The lemma and theorem 3.1 automatically gives us the following theorem:

Theorem 3.3. Solving the local node-deleting sabotage game is at most PSPACE.

3.2 Reduction from QBF

Definition 3.4. (QBF) Instances of the problem Quantified Boolean Formula, or QBF for short,
are quantifier-free Boolean formulae in conjunctive normal form over a set of Boolean variables
x1...xn for some n ∈ N. Let ϕ be such a formula. Then ϕ is a positive instance if

∃x1∀x2∃x3...Qxn : ϕ

where Q is equal to ∃ for n odd and to ∀ otherwise. Note that our definition of QBF requires the
formulae to begin with an existential quantification, but this is no loss of generality.

Stockmeyer and Meyer (1973) determined the complexity of this problem:

Theorem 3.5. The problem QBF is PSPACE-complete.
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In the remainder of this section, we present a polynomial time reduction from QBF to the so-
lution problem of a local node-deleting sabotage game. This method of reduction is inspired by
the proof of PSPACE-Completeness of the global link-cutting variance of the sabotage game by
(Rohde 2005).

Let ϕ be an instance of QBF in conjunctive normal form with Boolean variables x1...xn. We
construct an arena Aϕ for a local node-deleting sabotage game Gϕ such that

Proposition 3.6. Let ϕ, Gϕ be as in Definition 3.3. Traveler has a winning strategy in Gϕ if and
only if there exists an assignment for x1 such that for all assignments for x2 ... ϕ is satisfied.

3.2.1 Construction of the Arena

The arena consists of n + 2 components, one for each variable plus two verification components.
Generally, the traversal of the arena starts with a existential component, which is modified to be
slightly different from the standard existential component, so that Traveler can make the first move
in the game. Following it is a universal component, and then again an existential component. At
the bottom of the arena, we find two verification components. In each verification component, Cis
are called clause vertices. Connected to them below are literal vertices Lijks, each representing
one literal in the clause. The curve line stemming from each literal vertex represents a link that
connects the literal vertex to one of the variable vertices. Each of these lines leads to variable
vertex Xi if xi is positive in l, and to ¬Xi if xi is negative in l. The complete lines are omitted for
the sake of neatness.

Note that in each existential and universal component, Xi and ¬Xi are ’duos’.

Definition 3.7. (a duo) Let A = (V, η) be the arena of G. A duo D ⊆ V contains two nodes x and
y such that ∀z ∈ V, η(x, z) = η(y, z) and η(x, y) = false. Duos are represented by Xi and ¬Xi

in figures.

Intuitively, a duo is just two nodes that are not connected and that have the exact same connec-
tions to the other nodes. The introduction of duos serves the purpose of not only simplifying the
arena in display but also ensuring Proposition 3.6. Note that an arena with a duo is bisimilar to the
arena of the same construction except for only a single node in place of the duo. We can establish a
bisimulation between the arena and an arena of the similar construction with all the duos replaced
by single nodes. In the local node-deleting sabotage game, this bisumulation will be valid as we do
not delete nodes belonging to a duo, which is the case most of the time, as we will see later in this
subsection. In light of that, for the rest of the section, without further explanation, we will address
the duos as if they were single nodes. In 3.2.4, we will encounter situations where the deletion of
one of the nodes of a duo should be considered, which in turn will explain why we introduce duos
in the first place.

Example 3.8. Let ϕ = c1 ∧ c2 ∧ c3 ∧ c4 be a Boolean formula in conjunctive normal form with
Boolean variables x1, x2, x3. We assume that each clause consists of exactly three literals, i.e., for
k ∈ [1, 4], we have ck = lk1 ∨ lk2 with ikj ∈ {x1,¬x1, x2,¬x2, x3,¬x3}. Thus, ϕ belongs to QBF
if and only if we have

∃x1∀x2∃x3 : ϕ

The arena for example 3.8 is depicted in Figure 2.
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Figure 2: local node-deleting :arena for example 3.8

3.2.2 Properties of the game

Before we delve into the details of each component, we first some useful properties of the game.
These properties are also discussed in (van Benthem and Liu 2018). Along with several others,
the discovery of these properties might help eventually understand problem of the disparity of the
computational complexity in similarly-appearing graph games, which we will discuss in greater
details in section 5.

Definition 3.9. Given two local node-deleting sabotage games G1 = (A1, F1, x1) and G2 =
(A2, F2, x2) where A1 = (V1, η1), A2 = (V2, η2), then we say G1 ≤ G2 if and only if there
exists an injective map ϕ from V1 to V2 such that

i)ϕ(x1) = x2
ii)∀v ∈ V1, ϕ(v) ∈ F2 if and only if v ∈ F1

iii)∀y1, y2 ∈ V1, η1(y1, y2) ≤ η2(ϕ(y1), ϕ(y2))

Corollary 3.10. (Monotonicity) Given two local node-deleting sabotage game G1 and G2 as in
Definition 3.8, if Traveler has a winning strategy in G1,and G1 ≤ G2, then Traveler has a winning
strategy in G2.

Proof. This is obvious since Traveler can simply use the map ϕ in Definition 3.8 to transform the
winning strategy in G1 to a winning strategy in G2. During the transformation, we first simply
apply ϕ to the strategy for G1. This gives us a fragment of the strategy for G2 in which we only
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consider the situations where Demon deletes nodes in ϕ(V1). Then we augment the fragment in
the following way: when Traveler is at u ∈ ϕ(V1) − F2, if Demon deletes a node v 6∈ ϕ(V1),
Traveler then (randomly) picks a node v′ ∈ ϕ(V1) such that η2(v′, u) = true (the existence of such
v′ is guaranteed by the fact that Traveler has a winning strategy in G1) and follows the strategy as
if Demon had deleted v′. Note that in this way Traveler will always stay inϕ(V1). It’s easy to see
that the augmented fragment is a winning strategy for G2 since it provides Traveler with reaction
for all the possible situations and by playing by the strategy Traveler can always win.

Lemma 3.11. (Non-Cyclicity) If Traveler has a winning strategy in Gϕ, she can win without visiting
any node twice.

Proof. If Traveler has a winning strategy that involves visiting a node v twice, suppose when she
first visits v, the game is G1 = (A1, F1, v), and when she visits v the second time, the game is
G2 = (A2, F2, v). It is obvious that G1 ≤ G2 with ϕ being the inclusion map. Since Traveler has
a winning strategy in G2, we can use ϕ to transform this strategy into a winning strategy in G1. In
this transformed strategy, the number of circles is reduced by (at least) 1 by avoiding the journey
in the original strategy from G1 to G2. Since any winning strategy in a local node-deleting sabotage
game is finite in terms of steps, it consequently has a finite number of circles. By removing circles
for a finite number of times, we can obtain a winning strategy that does not involve visiting a node
twice.

Given Lemma 3.11, we will assume that Traveler never visits any node twice in the whole game
and will not repeat this assumption unless necessary. Note that by our discussion before, the two
nodes of a duo should be considered as one single node, and thus visiting one node of a duo and
then later visiting the other should count as visiting a node twice as well.

3.2.3 Components and their functions

In the rest of this section, we describe the details of each component (existential, universal and
verification component), show a few consequences of the structure and how these consequences
lead to Proposition 3.6.

The structures of each component(existential, universal and verification) are shown in Figure 3
on the left, on the right and in Figure 4 respectively.

Corollary 3.12. When traversing an existential component, Traveler has the choice not to visit
either Xi or ¬Xi.

Proof. We prove the statement by analyzing how the two players interact in the competitive set-
ting. Depending on the choice of Demon in the previous component, Traveler enters an existential
component from Bi1 or Bi2. We will see that this does not affect her strategy. Without loss of
generality, suppose Traveler starts from Bi1 and wants to avoid passing through Xi. Due to the
way components are assembled, we assume that Demon makes the first move. At Bi1, Demon has
to delete the immediate goal point or Traveler can move straight to it and win. Then Traveler can
move to d2. At d2, Demon again has to remove the immediate goal point for the same reason. Then
Traveler moves to ¬Xi. At ¬Xi, similarly, Demon has to delete the immediate goal point. Now
Traveler can go down and exit the component, leaving Xi not visited.
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The previous corollary shows that the existential component is a place where Traveler get the
chance to choose. Later, as we will see, when Traveler comes back to verify the QBF, the unvisited
duo will provide Traveler with access to goal points. This way Traveler chooses the valuation of
the variable of the existential quantifier by choosing which duo to not visit.

Corollary 3.13. When traversing a universal component, Demon can force Traveler to visit either
Xi or ¬Xi and prevent her from reaching any goal point inside the component.

Proof. Similarly, we prove the statement by analyzing the process of traversal. Depending on the
choice of herself in the previous component, Traveler enters a universal component from Bi1 or
Bi2. We will see that this does not affect Demon’s strategy. Without loss of generality, suppose
Traveler starts from Bi1 and Demon wants to make sure that she passes through Xi. Due to the
way components are assembled, we assume that Demon makes the first move. At Bi1, Demon
deletes d2. Then Traveler can only move to d1. At d1, Demon has to remove the immediate goal
point. Then Traveler moves to Xi. At Xi, similarly, Demon has to remove the immediate goal
point. Now Traveler can only exit the component.

Here the idea is similar. Demon get to choose the valuation of the variable of the universal
quantifier and he does that by forcing Traveler to visit the opposite duo. This way the duo Traveler
doesn’t visit remains access to goal points and in turn corresponds to the literal of the chosen
valuation being true.

Bi1 •© •© Bi2 Bi1 Bi2

d1 •© •© d2 d1 •© •© d2

Xi •© •© ¬Xi Xi •© •© ¬Xi

◦ ◦ ◦ ◦
Figure 3: Local Node-Deleting:Existential and Universal Component

Corollary 3.14. When traversing a verification component, Demon can force Traveler to visit one
of C1, C2,...,Cm with m being the number of clauses in the QBF, and prevent her from reaching
any goal point inside the component.

Proof. Again, we prove the statement by showing the reasoning of both players. Due to the way
the components are put together, we assume that Demon acts first. Suppose Demon wants Traveler
to visit Ci. Traveler starts from A1. For all 1 ≤ j < i, when Traveler arrives at Aj , Demon deletes
Cj . Then Traveler has to move to Aj+1. If i < m, When Traveler arrives at Ai, Demon deletes
Ai+1, else Demon deletes the immediate goal point. When Traveler arrives at Ci, Demon deletes
the immediate goal point.

Corollary 3.15. At Ci, Traveler can choose any one of the literal nodes directly linked to Ci to
move to.

Proof. This is obvious since when Traveler arrives at Ci, Demon has to delete the immediate goal
point and this leave Traveler to choose freely which literal nodes to move to.
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The previous two corollaries shows that we are able to mimic a verification game in a verification
component. Demon, the falsifier, chooses the clause in which to falsify the formula by choosing
the Ci for Traveler to visit. Traveler, the verifier, in turn chooses the literal that is true (if any) in
the clause Demon has just chosen.

Now it is time to give a proof of Proposition 3.6.

A1 A2 A3 A4 •©
•© •© •©

C1 C2 C3 C4 •©
L11 L12 L21 L22 L31 L32 L41 L42

Figure 4: Local Node-Deleting:Verification Component

3.2.4 Correctness of the Reduction

Now with Corollary 3.12 to 3.15, we can prove an equivalent version of Proposition 3.6:

Proposition 3.16. Let ϕ, Gϕ be as in Definition 3.3.
1) If there exists an assignment for x1 such that for all assignments for x2 ..., ϕ is satisfied, then

Traveler has a winning strategy in Gϕ.
2) If for all assignments for x1 there exists an assignment for x2 such that..., ¬ϕ is satisfied, then

Demon has a winning strategy in Gϕ.

Proof. 1)If there exists an assignment for x1 such that for all assignments for x2 ... ϕ is satisfied,
then a winning strategy for Traveler can be as following: Traverse the existential and universal
components by the order that they are put together (if at any Xi or ¬Xi Demon delete the node di-
rectly below, move to the immediate goal point and win), and when at each existential component,
avoid Xi if xi is true in the assignment and avoid ¬Xi if false. When at Ci, move to the literal
node that corresponds to the literal that makes the clause true according to the assignment. The
duo connected to the literal node should have not been visited.

Demon now may delete one node of the duo, but Traveler can move to the remaining node of
the duo. Note that this is the only chance for Demon to delete a node that belongs to a duo without
allowing Traveler to move to a goal point in the immediate turn. This is also why we need such
structures as ’duos’ in the first place: if there are only single nodes in place of the duos in the arena,
then at this point of the game Demon can simply delete the unvisitedXi or ¬Xi to prevent Traveler
from winning.

When Traveler moves to the unvisited Xi or ¬Xi (now may consist of only one node instead of
two), there are two immediate goal points. Demon may delete one of then, but Traveler can still
move to the remaining one and win.

2)We first show the following fact: If Traveler moves through a curve link from Xi or ¬Xi to a
literal node, since Demon can then delete the immediate clause node, Traveler will have no choice
but go back through the curve link. Therefore, suppose Traveler does not visit any node twice, she
should always exit a universal or an existential component by going down through the straight link,
that is, Traveler should traverse the existential and universal components by the order that they are
put together.
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If for all assignments for x1 there exists an assignment for x2 such that... ¬ϕ is satisfied, then
a winning strategy for Demon can be as following: When Traveler traverses the existential and
universal components, at each universal component Demon forces Traveler to visit the duo corre-
sponding to the overall assignment that satisfies ¬ϕ. Then when Traveler arrives at a verification
component, there should be at least one clause node that is only connected to literal nodes whose
immediate duo have already been visited. Demon then forces Traveler to that clause node, and
then Traveler has to visit a duo for the second time, which indicates that she loses.

Theorem 3.17. The solution problem of local node-deleting sabotage games is PSPACE-complete.

Proof. Since the reduction only involving generating verification components that has certain num-
ber of clause nodes and literal nodes and assembling all the components, the time complexity of
the reduction is O(l), where l is the length of the QBF. Thus we have a polynomial-tmie reduction
from the problem of true QBF to the solution problem of local node-deleting sabotage games. This
establish the PSAPCE-hardness of the problem. With Lemma 3.2, we conclude that the problem
is PSPACE-complete.

4 Poison Game

In this section, we establish the PSPACE-completeness of the problem of solving poison game. To
this end, we provide an alternating algorithm for solving the problem that runs in polynomial time,
along with a polynomial-time reduction from the problem of Quantified Boolean Formula.

4.1 PSPACE Upper Bound by an Alternating Algorithm

Here we present the alternating algorithm for solving poison game. Aside from the familiar nota-
tions, we also utilize an integral variable count to keep record of for how many steps Demon hasn’t
poisoned a new node. As we will see later, this extra variable will ensure that this simulation of
poison game, which is potentially infinite, will eventually terminate.
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Algorithm 3 Alternating algorithm to solve poison game
1: procedure SOLVEPOISON(V, η, v, L, count)
2: input: arena (V, η); v ∈ V ; L ⊆ V
3: if count = |L| then
4: accept
5: else
6: universally choose u ∈ V with η(u, v) = true
7: guess v′ ∈ V with η(v, v′) = true
8: if v′ ∈ L then
9: reject

10: end if
11: let L′ := L ∪ {u}
12: if u ∈ L then
13: call SolvePoison(V, η, v′, L′, count+ 1)
14: else
15: call SolvePoison(V, η, v′, L′, 0)
16: end if
17: end if
18: end procedure

We start the algorithm with the initial call

SolvePoison(V, η, vin, ∅, 0).

Lemma 4.1. Let G = ((V, ηin), vin) be a poison game. The alternating algorithm SolvePoison
accepts its initial input if and only if Traveler has a winning strategy in G. The running time is
polynomial with respect to |V |. In particular, the problem of solving poison games belongs to
PSPACE.

Proof. First we prove the correctness of the algorithm.
Note Traveler wins if she can play infinitely, and since the arena itself is finite, in this situation

there is bound to be repetition. By the pigeonhole principle, when Demon hasn’t poisoned any
new nodes in the most recent |L|+1 steps, he must have visited/poisoned a node for at least twice.
Since no nodes were added between the repeated visits, we can prune the branches that have such
repetition.

Let c0c1... be some computation branch of SolvePoison and assume that (V, η, vi, Li, counti) is
the parameter of call ci. Let

π := (0, v0, L0, count0)(1, v1, L1, count1)(0, v2, L2, count2)(1, v3, L3, count3)

By the update of parameters in Line 6-16, π forms a legal play of the poison game. In fact,
by the universal choice in Line 6, there is a one-to-one correlation between computation tree and
game trees of Traveler(pruned in the way mentioned above). Further, by Line 11, Li gives the set
of nodes already poisoned by Demon during the prefix of the play π from v0 to vi.

If Traveler has winning strategy from vin in the game, then she can survive for infinite number
of steps. The algorithm can guess the successor vi+1 of vi in Line 6-7 according to the winning
strategy. Since it is winning, for any natural number i, vi+1 6∈ Li, and since after pruning the
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algorithm always terminates after finite steps of computation, it follows that every computation
branch terminates in an accepting state and the algorithm accepts its input.

Conversely, if Demon has a winning strategy then he can poison nodes in such a way that there
is some natural number n such that vn+1 ∈ Ln. Thus, a winning strategy of Demon ensures that
for each guess of successors in Line 7, the corresponding computation tree contains at least one
non-accepting branch. Hence, the algorithm rejects its input.

Complexity-wise speaking, since |L| ≤ |V | and every time Demon poisons a new node count
is reset, the depth of recursion is at most |V |2, which is polynomial with respect to |V |. As in
the proof for Proposition 3.2, in each layer of recursion also only polynomial space is required,
and checking the conditions and updating the parameters also take a time that is polynomial with
respect to |V |. By the correspondence of alternating polynomial time and deterministic polynomial
space, the last part of the proposition is fulfilled.

4.2 Reduction from QBF

In this part, our aim is to construct an arena Aϕ for a poison game Gϕ such that Traveler has a
winning strategy in Gϕ if and only if there is an assignment for x1 such that for all assignments for
x2 there exists... and ϕ is satisfied by the overall assignment, in which case ϕ belongs to QBF.

4.2.1 Construction of the arena

The arena also consists of n + 1 components of three kinds (existential, universal and verification
component). Starting from the existential component, the traversal of the arena alternates between
existential and universal components, until the verification component is reached. For sake of
convenience, we continue to use example 3.8 for illustration in this section.

The arena for example 3.8 is depicted in Figure 5. Each of the wavy arrows in the verification
component represents multiple outward arrows, the number of which equals the number of literals
in each clause. Each of these arrows ends in the variable vertex Xi if xi is positive in l, and in ¬Xi

if xi is negative in l. The complete arrows are omitted for the sake of neatness.

4.2.2 Components and their function

In this subsection, we go into details and describe the structure and function of each component.

Proposition 4.2. When Demon poisons a node with no successors, Traveler wins.

Proof. It follows directly from the winning conditions for Traveler.

Existential Component. Shown in Figure 6. To show how this component fits in the whole
arena, the hollow bullet at the bottom represents a node in the following component. The same
representation is also used in the universal component. Traveler enters the existential component
from si. Given Prop.4.1, Demon will avoid esc and chooses to poison a. Now, Traveler can
choose the assignment of xi simply by choosing which node between b1 and b2 to travel to.
She moves towards b1 if she wants xi to be false and towards b2 if she wants xi to be true.
Whichever branch she chooses, the variable vertex on that branch is poisoned by Demon in the
next step, which is his only option. Traveler moves onto the hollow bullet and exits the component.

Universal Component. Shown in Figure 7. Similarly, Traveler enters the component from si,
and for the same reason, Demon does not poison esc but instead chooses the assignment for xi by
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Figure 5: poison game: arena for example 3.8
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Figure 6: Poison Game:Existential Component

poisoning either of the two variable vertices. He poisons b1 if he wants xi to be false and b2 if he
wants xi to be true. Then Traveler moves onto the hollow bullet and exists the component.

esc sioo

}} ""
// Xi

""

¬Xi

{{

oo

◦
Figure 7: Poison Game:Universal Component

Verification Component. Shown in Figure 8. Traveler enters the verification component from
s. Given Prop.4.1, Demon only considers poisoning one of the clause vertices (marked as Ci in the
figures). Since Example 3.8 has four clauses in the quantifier-free formula, there are four clause
vertices in Figure 8. Generally, the number of clause vertices in the verification component equals
the number of clauses in the QBF. Demon chooses in which clause to falsify the QBF by poisoning
the corresponding clause vertex. Suppose Demon chooses to poison Ci, given the way clause
vertices point to variable vertices, Traveler chooses among the literals in ci by moving towards
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the corresponding variable vertex. If the variable vertex of choice has already been poison during
the traversal of that component, Traveler loses. Otherwise, the game continues and Demon has no
choice but poison the si/s of the next component, as there is only one outward arrow at a variable
vertex. Then, from that si/s, Traveler can move towards esc, meaning to escape, and win the
game.

s

��||uu "" ))
C1

��

C2

��

esc C3

��

C4

��

Figure 8: Poison Game:Verification Component

4.2.3 Correctness of the Reduction

Lemma 4.3. For any QBF ϕ, Traveler has a winning strategy in Gϕ if and only if ϕ is a true QBF.

Proof. If ϕ is a true QBF, then there is an assignment for x1 such that for all assignments for x2
there exists... ϕ is true, i.e., there is at least one true literal in each clause. If Traveler follows
the choice of such assignments in each existential component, then it is guaranteed that each Ci
will leads to at least one literal vertex that has not been poisoned. Traveler can move to that literal
vertex and then win by moving to esc.

If ϕ is a false QBF, then for all assignments for x1 there is an assignment for x2 such that... ϕ is
false, i.e., there is at least one clause of QBF in which all the literals are false. If Demon follows
the choice of such assignments in each universal component, then it is guaranteed that in the
verification component, Traveler will have to choose to move from a point whose successors(one
or more) have all been poisoned, and thus loses the game.

Theorem 4.4. The solution problem of poison games is PSPACE-complete.

Proof. Since the reduction only involving generating verification components that has certain num-
ber of clause nodes and assembling all the components, the time complexity of the reduction is
O(l), where l is the length of the QBF. Thus we have a polynomial-tmie reduction from the prob-
lem of true QBF to the solution problem of poison games. This establish the PSAPCE-hardness of
the problem. With Lemma 4.1, we conclude that the problem is PSPACE-complete.

5 Logical Aspect
There’s long been an intriguing entanglement between a modal language of games and its corre-
sponding evaluation game, or so call ‘logic game’ (van Benthem 2014; van Benthem and Klein
2018). All the games mentioned above have their corresponding modal languages. For the modal
language for local link-cutting sabotage game, see locSML in (Aucher et al. 2017). For a modifi-
cation of locSML that considers deleting links of certain property called definable sabotage logic
and its corresponding logic game, see (Li 2018). For the modal language that captures the idea
of local node-deleting sabotage game and its modification considering deleting nodes with certain
property please refer to (Chen 2018). For formalization for poison game, see (Blando et al. 2018).

Considering the corresponding modal languages, the proceeding results can have further impli-
cations. Note that in all three of the logic, the winning positions of a graph game can be defined
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using the modal µ-calculus, see (van Benthem and Liu 2018; Areces and van Benthem 2019;
Blando et al. 2018).

In finite graph game, the each µ-calculus formulation of the winning positions above is equiv-
alent to a finite formula of the language with µ-calculus and thus is a valid formula of respective
language.1 In case of local node-deleting sabotage and poison game, whose upper bound for model
checking can be deducted to be PSPACE-complete from (Areces et al. 2009; Blando et al. 2018) 2

and (Chen 2018) respectively. Since the complexity for model checking should be no less than the
complexity for checking any specific formula, we have the follow theorems:

Theorem 5.1. Model checking of PSL, PML and ML∅ is PSPACE-complete.

Theorem 5.2. Model checking of (whatever logic for local node deletion is) is PSPACE-complete.

If we take a closer look at the specific µ-calculus formulation for the winning positions for a
local link-cutting sabotage game shown as follows,

νp · (γ ∨� ⊥ ∨�♦p)

given the polynomial-time solution algorithm in Section 2, we find that locality induces a signif-
icant change in the modal fixed-point definition for Traveler’s winning positions in the sabotage
game. Instead of using the dynamic link deletion modality, we can make do with the following
formula:

νp · (γ ∨� ⊥ ∨〈≥ 2〉p)
Here 〈≥ 2〉 is a static graded modality stating the existence of at least two successors of the current
point satisfying ϕ. Proving the equivalence between these two modal fixed-point formulas requires
care with comparing winning strategies for Traveler at the same point in different graphs, and the
argument typically seems to fail for the global sabotage game, since the solution complexity for
the latter is Pspace (Löding and Rohde 2003).

Some might suspect that the algorithm in Section 2 can somehow be expended to produce a
polynomial-time algorithm for the purpose of model checking. However, this idea is not viable
given the fact that model checking for local link-cutting sabotage game is PSPACE-complete (Ro-
hde 2005).

a

b c d

The failure of a similar recursive algorithm for model checking of the local link-cutting sabotage
can be illustrated in the following example: Suppose we want to use a similar recursive algorithm
to determine the set of nodes in the arena(V (p) = {a}) above that satisfy

�♦♦♦p
1Actually (Blando et al. 2018) provides three modal languages for poison game, for each of which a µ-calculus

formulation of the winning positions is given
2In (Areces et al. 2009), it is been proven that the model checking for ML( k©, r©, e©) is PSPACE-complete and

sinceML( k©, r©)(which is in turn the same language asML∅ in (Blando et al. 2018)) is a fragment ofML( k©, r©, e©)
and thus the upper bound for the model checking forML∅ is PSPACE, and by the inclusion of expressive power of the
three modal languages for poison game and the clearly polynomial-time translation between the languages, all three
of the languages has PSPACE as the upper bound for model checking.
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First, in the spirit of the analysis above, we replace �♦ with 〈≥ 2〉 and get

〈≥ 2〉♦♦p

Then in a recursive manner we can calculate:
V (p) = {a}, V (♦p) = {b, c, d}, V (♦♦p) = {a, b, c, d}, V (〈≥ 2〉♦♦p) = {a, b, c, d}

At the same time, starting from a, if Demon cuts the link between a and d , a will no longer satisfy
♦♦p . Hence, a 6∈ V (�♦♦♦p), which in turn means that V (�♦♦♦p) 6= V (〈≥ 2〉♦♦p).

This inequality comes from the fact that there’s a two-way dependency between a and d in that if
we cuts the link between them, at both of them there is a sub-clause of �♦♦♦p changes from true
to false, with ♦♦♦p for a and ♦p for d. This indicates that we can no longer establish a tree-like
dependence relation among the nodes like we did in section 2 since, for example, the link between
a and d bears a two-way dependency. The property of having a tree-like hierarchy of dependence
among nodes might be key to the polynomial-time complexity of the solution problem, and after
proper abstraction and formalization, can be a promising candidate parameter to account for the
discrepancy of complexity between superficially similar games.

6 Related Work

This paper focuses on the complexity analysis of several localized variants of sabotage games and
its implication. (Rohde 2005) provides yet another proof of the solution problem of local link-
cutting sabotage being PTIME using double tractor. The work also provides insights for the design
of arenas in Section 3 and 4.

For a thorough introduction of SML, (Aucher et al. 2017) formulates the latest results in the
minimal sabotage modal logic of arbitrary edge deletion. Stemming from this minimal logic, a
number of authors have studied other graph games using matching modal logics. The logic of (Li
2018) characterizes the scenario where Demon at each of his move, can delete all the local links
that lead to nodes of a certain property. (Chen 2018) provides a logic for analyzing a similar game
in which Demon deletes all the local nodes of a certain property instead of links. For Poison game,
which we have mentioned, (Blando et al. 2018) provides three languages of different expressive
power to characterize the game play. All of the three language take inspiration from memory
logics (Mera 2009) of the hybrid tradition. (Thompson 2018) proposes a scenario called Boolean
network games, combined with a logic of local fact change that can characterize Nash equilibria.
All of these studies provide new ways of looking at the interaction between graph games, network
games and logics of control.

For more logical systems inspired by the dynamic-epistemic tradition, see ‘graph modifier
logic’ (Aucher et al. 2009), swap logic’ (Areces et al. 2014) and ‘arrow update logic’ (Areces
et al. 2012; Kooi and Renne 2011). To see how the study of sabotage modal logic infuses with
other areas of study, for theoretical computer science see (Grüner et al. 2013; Radmacher and
Thomas 2008), for learning theory see (Gierasimczuk et al. 2009), for logics of social networks
see (Liu et al. 2014; Seligman et al. 2013) and for argumentation see (Grossi 2010b,a). For a much
broader inspection of analysis and design for graph games in tandem with matching modal logics,
see (van Benthem and Liu 2018), which proposes various meaningful new games and identifies
general questions behind the match between logic and game.
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7 Conclusion
In this paper, we take on a case study of three of the local variants of sabotage game. For the local
link-cutting variant, we propose a polynomial-time algorithm for calculating the winning positions
for Traveler in the corresponding game. The static nature of the algorithm in turn inspires the
substitution of the dynamic operator with a static graded one in themu-calculus formula in locSML
expressing that Traveler has a winning strategy. We provide alternating algorithms simulating the
process of the games that run in polynomial time for both local node-deleting sabotage game and
poison game to show that the complexity of game solution is within PSPACE. We also describe
ways to reduce instances of Quantified Boolean Formula to instances of both of the games. Since
it is well established that QBF is a PSPACE-complete problem, it shows that the solution problems
of both games are PSPACE-hard. This combined with the upper bound we just found establishes
the fact that both local node-deleting sabotage and poison game are PSPACE-complete in terms of
game solution. Using existing results that limit the complexity of model checking for the matching
logics of both languages up to PSPACE, it is easy to deduce that model checking for these matching
logics PSPACE-complete.

In a broader perspective, what these results show more generally is that varying graph games
seemingly slightly can have big complexity effects on game solution, and on the matching logics.
In light of this fact, a next more general research topic after this paper can be to understand this
phenomenon in a more systematic way and to identify which parameters of games and logics
crucially affect complexity.

F = (V = {p, q}, θ = p→ q, Ω1 = ¬p ∧ ¬p′ ∧ (¬q ↔ q′), Ω2 = q ∧ q′ ∧ (¬p↔ p′))

F = (V = {p}), θ = >, ΩL = >, ΩM = >)
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