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Abstract

We extend the languages of Coalition Logic (CL) and
Alternating-time Temporal Logic (ATL) with new modalities
for welfare-affecting capabilities, capturing the benefit and
harm that a coalition can bring to another coalition through
its strategic choices. These languages are interpreted over
concurrent games enriched with agents’ preferences. On the
conceptual side, we use these languages to formalize the no-
tions of potential benefactor and danger. A potential benefac-
tor corresponds to a coalition having the capability to confer
a benefit on another coalition. Danger corresponds to a coali-
tion having the capability to inflict harm on another coalition.
On the technical side, we present several results concerning
their axiomatization, their relationships with standard CL and
ATL, and their computational complexity.

1 Introduction

Understanding how agents can influence each other’s out-
comes in strategic settings is a central problem in multi-
agent systems. In many practical scenarios, agents or coali-
tions act not only to achieve their own goals but also to affect
the welfare of others, either positively or negatively. This
motivates the formal study of notions, such as danger and
potential benefactor, that capture both the benefits and harms
that coalitions can generate through their strategic choices.

While the general theory of danger assumes that danger-
ousness can be ascribed not only to agents but also to events
and situations, in this paper we focus on the dangerousness
of a coalition relative to another coalition. Intuitively, a
danger corresponds to a coalition that can inflict harm on
another coalition by selecting a particular strategy. In this
sense the first coalition is a danger for the second coalition.
Its positive counterpart potential benefactor corresponds to
a coalition that can confer a benefit on another coalition
through its strategic choices. In this sense the first coalition
is a potential benefactor for the second coalition. These no-
tions allow us to reason explicitly about the effects of coali-
tion strategies on the welfare of others, capturing scenarios
in which outcomes are not merely neutral but have qualita-
tive significance for other agents.

Our analysis aligns with two families of philosophical
theories concerning harm (and benefit) and danger. On
the one hand, we share with the so-called non-comparative
causal account of harm (Harman 2009; Bradley 2012) the
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idea that an agent or coalition harms another agent or coali-
tion when the former brings about a bad outcome for the lat-
ter. Conversely, it is beneficial when it contributes to secur-
ing a good outcome for the latter. The non-comparative ac-
count is traditionally contrasted with the comparative coun-
terfactual account, according to which an event or action
is harmful to someone insofar as it makes things go worse
for them, overall, than they would have been if the event or
action had not occurred.

On the other hand, we share with the modal non-
probabilistic account of danger (Fassio 2025; Garland 2003;
Peschard, Benétreau-Dupin, and Wessels 2022) the idea that
an agent or coalition constitutes a danger for another agent
or coalition when the former has the potential to harm the
latter. The modal account is traditionally opposed to the
probabilistic account, which identifies danger with risk and
contrasts it with safety. Thus, while the probabilistic ac-
count conceives of danger as a high probability of harm, the
modal account focuses instead on mere possibility. In par-
ticular, we interpret potential as the existence of a strategy
available to a coalition that, if chosen, would bring harm to
another coalition.'

The notions of good and bad are central to our analysis
and, more broadly, to the theory of harm, benefit, danger,
and potential benefactor. In this work, we assume that these
two notions can be defined in terms of agents’ preferences:
an outcome is good (resp. bad) for an agent when it is one
that the agent prefers (resp. disvalues).

To formalize this rich conceptual framework, we build
on concurrent games enriched with agents’ preferences over
computations, interpreted as long-term outcomes. We em-
ploy this class of structures to define a novel logical lan-
guage based on Alternating-time Temporal Logic (ATL),
which enables reasoning about the beneficial (resp. harm-
ful) strategic capabilities of coalitions. We refer to these
as the WA—ATL language, denoting the extension of ATL
with welfare-affecting capabilities. It rests on the assump-
tion that a coalition positively (resp. negatively) affects the
welfare of another coalition when the former brings benefit
(resp. harm) to the latter through the choice of a particular

"In (Williamson 2009), a counterfactual interpretation of this
notion of potential or possibility is proposed. We leave for future
work a comparison between our analysis and Williamson’s coun-
terfactual theory of danger.
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strategy. Overall, this framework provides a rigorous basis
for representing and reasoning about subtle inter-coalitional
relationships, capturing the potentially beneficial or harmful
influence that one coalition may exert over another.

We present technical results concerning the axiomatiz-
ability and computational complexity of the proposed lan-
guage. In particular, the main technical contributions of the
paper are twofold.

First, we provide an axiomatization of the until-free frag-
ment (also called safety fragment) of the WA—ATL lan-
guage with respect to the general class of concurrent game
models with regular preferences, together with a strong no-
tion of beneficial (resp. harmful) strategy. This notion is
based on the idea that benefiting (resp. harming) a coalition
means guaranteeing its best (resp. worst) outcome. By regu-
lar, we mean that an agent’s preference ordering over com-
putations is stable over time, non-flat, and both well-founded
and conversely well-founded. Our completeness proof re-
lies on a novel technique based on the notion of a canonical
model under formula context.

Second, we establish a polynomial embedding of the
WA—ATL language into standard ATL, under the regular
preference assumption, as well as a polynomial embedding
of its coalition logic (CL) fragment into standard CL. Thanks
to these embeddings, we obtain tight complexity results for
satisfiability checking.

The semantics we employ is game-theoretic, as it is based
on the notion of concurrent games. However, a key limita-
tion of the game-theoretic approach, compared to our log-
ical framework, is that while it enables the representation
of welfare-affecting strategic capabilities, it does not sup-
port reasoning about them. This limitation arises because
game theory operates solely at the semantic level and does
not distinguish between semantics and the level of a logi-
cal language. In contrast, our approach allows not only the
representation of these concepts, through the semantics of
concurrent game frames with regular preferences, but also
reasoning about them via a logical language interpreted over
this semantic structure.

The paper is organized as follows. Section 2 discusses re-
lated work. Section 3 introduces the formal semantics. In
Section 4, we use this semantics to formalize the notions
of beneficial and harmful strategies. Section 5 presents the
WA—ATL language. Section 6 is devoted to the axioma-
tization of its until-free fragment. Section 7 provides the
polynomial embeddings and the complexity results. Finally,
Section 8 concludes the paper. Proofs are provided in the ex-
tended version of this paper available at https://hal.science/
hal-05609815.

2 Related Work

On the formal semantics side, our work draws on two
main traditions. On the one hand, it builds upon the
concurrent game semantics traditionally used to interpret
ATL (Alur, Henzinger, and Kupferman 2002; Goranko and
van Drimmelen 2006), CL (Pauly 2002; Goranko 2001),
strategy logic (SL) (Mogavero et al. 2014; Chatterjee, Hen-
zinger, and Piterman 2007), and STIT (seeing-to-it-that)
logic (Broersen, Herzig, and Troquard 2006; Boudou and
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Lorini 2018). On the other hand, it follows the tradition
of modal logics of preferences, including the pure logic of
preferences and their dynamics (van Benthem and Liu 2007,
Grossi, van der Hoek, and Kuijer 2022), the interaction
between preferences and epistemic states (Lorini 2021;
Naumov and Ovchinnikova 2023), and higher-order prefer-
ences (Jiang and Naumov 2024). However, these works do
not address the strategic or temporal dimensions of prefer-
ences.

The extension of concurrent games with preferences has
recently attracted attention as a means to model agents’ ra-
tionality (Li, Lorini, and Mittelmann 2025), to capture the
game-theoretic concept of iterated elimination of strictly
dominated strategies (IESDS) (Liu et al. 2020), and to estab-
lish connections between ATL strategic reasoning and cor-
related equilibrium (Huang and Ruan 2017). In (Li, Lorini,
and Mittelmann 2025), a new class of models, concurrent
games with preferences, was introduced, offering a sophis-
ticated framework for representing agents’ preferences over
outcomes in concurrent games, as well as their temporal dy-
namics. We adopt this class of models in the present work.
In contrast, (Liu et al. 2020) and (Huang and Ruan 2017)
focus on a simpler notion of dichotomous preference in-
duced by an agent’s goal, where the goal is expressed ei-
ther directly at the model level (Huang and Ruan 2017) or
as a parameter of the modalities capturing the outcomes of
the IESDS procedure (Liu et al. 2020). A quantitative no-
tion of goals, based on a fuzzy interpretation, has recently
been incorporated into ATL and SL (Jamroga et al. 2024;
Bouyer et al. 2023), and has been used to represent agents’
utilities in the context of mechanism design (Mittelmann et
al. 2025).

In the present paper, we use concurrent games with pref-
erences introduced in (Li, Lorini, and Mittelmann 2025) to
provide a novel logical investigation of the notions of bene-
ficial and harmful strategies, as well as the related concepts
of potential benefactor and danger, which have not previ-
ously been explored in the context of logics for multi-agent
systems.

On the conceptual side, the work most closely related to
ours is (Beckers, Chockler, and Halpern 2024), which of-
fers a causal analysis of the concept of harm based on the
semantics of structural equation models. As emphasized in
the introduction, there is a close connection between the no-
tion of harm and the notion of danger that we investigate in
this paper.

3 Semantics

In this section, we present the semantics that will later be
used to define the concepts of potential benefit and potential
harm, and to interpret the formal languages expressing these
concepts. We begin with the notion of a multi-agent transi-
tion frame. Next, we introduce concurrent game frames, a
specific class of multi-agent transition frames that satisfy a
set of semantic constraints. Finally, we extend concurrent
game frames by incorporating a notion of preference over
computations. The notion of a concurrent game with prefer-
ences is based on (Li, Lorini, and Mittelmann 2025).
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3.1 Multi-Agent Transition Frame

Concurrent game models can be defined from a more gen-
eral class of structures, which we call multi-agent transition
frames (MATFs). An MATF is parameterized by the set of
agents AGT = {1,...,n}, with elements denoted a, b, . . .

Definition 1 (MATF). A multi agent transition frame
(MATF) with respect to AGT is a tuple F = (S, ACT, R),
where

* S is a non-empty set of states,
e ACT is a set of actions,

o R : ACT*®T —s 95%5 4ssigns a transition relation on'S

10 every action profile, where ACT*®T = {dacT | dacT :
AGT — ACT?} is the set of action profiles.

Given an MATF as in Definition 1, we call the subsets
of AGT coalitions, and we call AGT the grand coalition.
For any coalition C, a joint action of C' is a function ¢ :
C — ACT, and the set of all joint actions of C'is denoted
by ACT®. Note that the empty coalition has a unique joint
action, ) (also denoted dp), and action profiles correspond to
the joint actions of the grand coalition. Joint actions of the
grand coalition AGT are also called action profiles.

For any joint action d¢, we define

Rse :{(s, s') € S x S| there exists dpgT € ACTACT
such that 6¢ C Sxcr and (s,s) € R(dacr) }-

Note that in the previous definition we write ¢ C dagT
since in set theory a function is representable as a set of or-
dered pairs. We write (s, s’) € Rs,, as sRs. s, and define

Rsc(s) ={s' €S| sRs.5'}.

It can be verified that Rg = U;, .. cacrier Roper-

In this paper, we treat structures and tuples as mathemati-
cal objects and use dot-notation to refer to their components
or derived operations. For example, M.S denotes the set of
all states of structure M, and t.7 denotes the i-th element of
tuple ¢.

The following definition introduces the concept of avail-
able joint action for a coalition. Intuitively, a joint action is
available for a coalition at a given state if the coalition can
choose it at that state.

Definition 2 (Available choice). We say that the joint action
d¢ is available for a coalition C at a state s if R (s) # 0.

The previous notion of available joint action should be
interpreted as what a coalition can choose at a given state:
{6c € ACTC | Rs(s) # 0} is called coalition C’s choice
set at state s.

Two fundamental concepts in the semantics are those of
path and computation, which are formally defined as fol-
lows.

Definition 3 (Path and computation). A path in a MATF F =
(S,ACT, R) is a sequence A : D — S of states, where D is
a nonempty (possibly infinite) initial segment of the natural
numbers, such that

ME)YRpA(k+ 1) forall k € D such that k + 1 € D.
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The set of all paths in F is denoted by Pathg. The set of all
paths starting at a state s € S is

Pathg s = {\ € Pathr | A(0) = s}.

A computation (or full path) in F is a path A € Pathg such
that there is no path X' € Pathg for which X is a proper pre-
fix. The set of all computations in F is denoted by Compe.
The set of computations starting at a state s € S is

Compg , = {\ € Compg | \(0) = s}.

A partial path is a path that is not a computation. The set
of all partial paths in F is denoted by PPathg, and the set of
partial paths starting at state s € S is

PPathg s = {\ € PPathg | A\(0) = s}.

We denote the domain of a function f by dom(f), the
cardinality of dom(\) by len(\), and the restriction of A to
{K' € N| k' <k} by \|x. Moreover, for a finite path A, we
let END(\) denote the largest element of dom(\), and we
abbreviate A(END())) as last()).

The following fact highlights an interesting property of
partial paths, which is guaranteed by the fact that the last
state of a partial path always has a successor.

Fact 1. )\ is a partial path iff )\ is finite and last()\) is a
non-terminal state, i.e., Ry(last(\)) # 0.

The following definition introduces the crucial notion of
a joint strategy for a coalition in a MATFE. We define it as a
total function from partial paths to joint actions of the coali-
tion. The reason for considering it as total rather than partial
is that, in the light of Fact 1, the last state of a partial path
always has a successor which is reachable through a joint
action of the grand coalition.

Definition 4 (Joint strategy). A joint strategy of a coali-
tion C in a MATF F = (S,ACT,R) is a total function

Fc : PPathe — ACTC such that, for all A € dom(F¢),
Fc(A) is available at last(\). The set of all joint strategies

of coalition C in F is denoted by Strg.

Given an initial state s and a joint strategy for a coalition
C, we can compute the set of computations generated by this
strategy starting at s.

Definition 5 (Generated computations). Let F
(S,ACT,R) be a MATF, s € S, and Fc € StrE. A
computation \ is said to be generated by F¢ at s if and only
* \0) = s,

o for all k € dom(\), if kK + 1 € dom(\) then

AME)R 7o (Al Ak + 1).

The set of all computations generated by F¢ at s is denoted
by OF(S7 JT:C)

3.2 Concurrent Game Frame

We define concurrent game frames (CGFs) as a subclass of
MATFs. In particular, a CGF is a MATF which satisfies the
three properties of never-ending interaction, independence
of choices and collective choice determinism.



Proceedings of the 23rd International Conference on Principles of Knowledge Representation and Reasoning
Main Track

Definition 6 (CGF). A MATF F = (S,ACT,R) is a con-
current game frame (CGF), if it satisfies the following three
properties:

Never-ending interaction: the relation Ry over S is se-
rial.?

Independence of choices: for all states s € S, for all coali-
tions C, C’ such that CNC' = 0, and for all joint actions
oc € ACT®, 0o € A(CTC/, if both 6 and d¢ are avail-
able at s, then their union §c U d¢ is also available at
S.

Collective choice determinism: for every action profile
SaGT, the relation Rs, .. over S is deterministic.’

Never-ending interaction captures the fact that every state
in a CGF has at least one successor. According to indepen-
dence of choices, agents can never be deprived of available
actions due to the choices made by other agents. Finally,
collective choice determinism ensures that the outcome of
an available joint action of the grand coalition is uniquely
determined. In other words, once all agents have made their
choices the next state is uniquely determined.

In a CGF, computations are infinite due to the never-
ending interaction property. Moreover, by collective choice
determinism, the set of computations induced by a strategy
of the grand coalition AGT at a given state is a singleton.
We denote this unique computation generated by a strategy
Facr at state s by (s, Fagr). Finally, the independence of
choices property ensures that the merge of strategies of two
disjoint coalitions yields a strategy for their union.

3.3 Adding Preferences

We now extend a CGF with notions of preferences and reg-
ular preferences over computations, yielding the structures
of a CGF with preferences (CGFP) and a CGF with regu-
lar preferences (CGFRP). Concretely, a CGF is extended by
associating with each agent and each state a preference or-
dering over the computations starting from that state. Pref-
erences satisfying stability, non-flatness, well-foundedness,
and converse well-foundedness are called regular prefer-
ences. This notion of preference over computations can be
interpreted as a preference over long-term outcomes, since
in a CGF the set of long-term outcomes available to an agent
from a given state coincides with the set of computations
originating from that state.

Definition 7 (CGFP and CGFRP). A CGF with preferences
(CGFP) is a tuple P = (F, <), where:

* Fisa CGE and

o <: AGT x S — 2C0ompexCompe gssions to each agent
i € AGT and state s € S a total preorder over Compg .

For any agent i, state s, and computations \, N/, we write
A =5 N to denote that (\, \') €= (i, s), and read it as “at
state s, agent 1 prefers computation N at least as much as
computation \”.

’This means that Vs € S,3s’ € S such that sRps’.
*This means that Vs, s',s” € S, if sRs,4p8 and sRs,qp 8"
then s’ = s”.
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A CGF with regular preferences is a CGFP that satisfies
the following four properties, for every agent a € AGT:

(SP) Vs,s" € S,VA, X € Compg . if sRys',
then ()\' =a,s A iff sN =a,s s)\),
(NFP) Vs € S,3\, X € Compg , such that X <5 N,
(WFP) Vs € S,3\ € Compg , such that
VX' € Compg ,, A Zas N,
(CWFP) Vs € S,3\ € Compg , such that
VX' € Compe o, N =46 A,

where, for every \,\' € Compg ;, A <45 \' abbreviates
A= s Nand N A4 \

Property SP expresses stability of preferences over time.
It captures the idea that an agent’s preference remains con-
sistent over time: an agent prefers a computation A to a
computation \’ starting at the same state s’ if and only if
it prefers the precursor of A (i.e., sA) to the precursor of
N (ie., s\) at every predecessor s of s’. It is in line
with the notion of time consistency of preferences studied
in economics, as opposed to time inconsistency (Frederik,
Loewenstein, and O’Donoghue 2002). Property NFP en-
sures agents are not indifferent among all outcomes. Prop-
erties WFP and CWFP guarantee, respectively, the exis-
tence of worst and best outcomes.

3.4 From Frames to Models

We conclude this section by moving from frames to mod-
els. In particular, we assume a countably infinite set of
atomic propositions P denoting atomic facts and supplement
a CGFRP with a valuation function specifying for every state
in the CGFRP which propositions are true there.

Definition 8 (CGMRP). A concurrent game model with reg-
ular preferences (CGMRP) with respect to AGT and P is a
tuple M = (P, V), where

e Pis CGFRP, and
o V:S — 2% is a valuation function.

We illustrate the notion of CGMRP with the help of a con-
crete example.

Example 1. We consider a scenario involving three agents,
robots 0, 1, and 2, operating in a small environment com-
posed of three rooms: a left room, a middle room, and a right
room. Each of the left and right rooms contains a charging
station. Robot 1 is positioned in front of the exit of the right
room, guarding it to prevent entry, while robot 2 is stationed
in front of the exit of the left room, performing the same role.
Initially, robot 0 is located in the middle room (proposition
mMyg). During the course of the game, it can move and
change its position, entering either the right room (proposi-
tion inRg) or the left room (proposition inLg). The initial
configuration is shown in Figure 1.

Robot 0 can move from its current room either to the right
(action ri) or to the left (action le). Thus, to move from the
middle room to the right room, it must perform the action ri;
conversely, to move from the right room to the middle room,
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Middle Room

LeftRoom

®
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Figure 1: Scenario

it must perform the action le, and so on. If robot 0 is already
in the right (resp. left) room and attempts to move further
right (resp. left), it remains in place, as it encounters a wall.

Robots 1 and 2 can either block (action bl) or free (ac-
tion fr) the passage of the room they are guarding. Thus,
robot 1 can block or free the passage of the right room,
and robot 2 can do the same for the left room. If robot 1
(resp. robot 2) blocks the passage of its respective room,
then robot O cannot reach the corresponding charging sta-
tion when it is in the middle room, and cannot leave the room
whose passage is blocked when it is located there.

Robot 0’s goal is to reach a charging station at some point
in the future, while the goal of robots 1 and 2 is to prevent it
from doing so. The CGMRP corresponding to this scenario
is shown in Figure 2.

81, 02, 93, d4, 05, 07

61, 03, 05, 06

41, 82, 5, d6, O7, s

(a) State transition diagram.

01 = (0:le, 1:61,2:01) 65 = (0:7i, 1:b1,2:b1)
09 = (0:le, 1:01,2:fr) 6 = (0:7i, 1:61, 2:fr)
03 = (0:le, 1:fr, 2:01) 67 = (0:ri, 1:fr, 2:b])
04 = (0:le, Lifr, 2:fr) s = (0:ri, Lifr, 2:fr)

(b) Action profiles §1—ds.

Vs € {s0, 51,52}, YA\, X € Compg Vi € {0,1,2},
A =is Miff Ug(X') < Up(N) with
0 if Vk > 0,{inRg,inLo}NV(A\(k)) = 0,
1 otherwise;
0 if dk > 0 such that
{inRy,inLo }NV(A(k)) # 0,

1 otherwise.

Us(\) = {

Ui(\) = Uz2(A) =

(c) Utility-induced preference structure.

Figure 2: CGMRP M, for the robots’ scenario: (a) state transi-
tions, (b) action profiles, (c) preference structure.

It consists of three states, sg, s1, and So, With sg as the
initial state, and eight possible action profiles, 61, ..., 0s.
To make the example self-contained, we assume that each
robot’s preferences over computations starting from a given
state are induced by a dichotomous utility function: this
function assigns a value of 1 to a computation that allows
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the robot to achieve its goal, and a value of 0 otherwise.

4 Beneficial and Harmful Strategy

In this section, we introduce the concepts of beneficial and
harmful strategies. The intuition is straightforward: the
strategy of a coalition is said to be beneficial (resp. harm-
ful) for another coalition if the choice of that strategy by the
first coalition guarantees a good (resp. bad) outcome for the
second coalition. We further distinguish between strongly
and weakly beneficial (or harmful) strategies, based on two
different interpretations of what constitutes a good or bad
outcome for a coalition. A strategy is strongly beneficial
(resp. strongly harmful) for a coalition if it guarantees the
best (resp. worst) outcome that the agents in the coalition
could obtain. Conversely, a strategy is weakly beneficial
(resp. weakly harmful) for a coalition if it guarantees an out-
come that is better (resp. worse) for the agents in the coali-
tion than the one they could obtain if the strategy were not
played.

In the semantic interpretation of the welfare-affecting
strategic capability modalities we will introduce in Section
5, we will only use the strong notions, since our axiomati-
zation and embedding into standard ATL rely on the notions
of best and worst outcomes (whose existence is guaranteed
by the regularity assumption on preferences). However, the
weak notions are provided here for two reasons: to show
that there is no unique way to define beneficial or harm-
ful strategy, and to make the conceptual analysis of bene-
ficial/harmful strategies richer.

The following definition introduces the concepts of
strongly beneficial and harmful strategy.

Definition 9 (Strongly beneficial and harmful strategy). Let
M = (P,V) be a CGMRP with underlying CGFRP P =
(F,=). We say a strategy F¢ of coalition C is strongly
beneficial for coalition B C AGT at the state s in M iff
Or(s,Fc) C Best; s for every i € B, where Best; s =
{X € Compe , | VX € Compe (N =i s N)}.

Similarly, we say a strategy F¢ of coalition C'is strongly
harmful for coalition H C AGT at the state s in M iff
Ok (s, Fc) € Worst, s for every i € H, where Worst; s =
{X € Compe , | VN € Compg (X =is X)}.

We denote with StrSB§,(s, B) and StrSH,(s, H) the set
of strongly beneficial strategies of coalition C for coalition
B and the set of strongly harmful strategies of coalition C
for coalition H at state s of the CGMRP M, respectively.

Let us now turn to the notion of weakly beneficial and
harmful strategies.

Definition 10 (Weakly beneficial and harmful strategy). Let
M = (P,V) be a CGMRP with underlying CGFRP P =
(F, X). We say a strategy F¢ of coalition C' is weakly bene-
ficial for coalition B C AGT at the state s in M iff ' <, 5 A
forall X € Og(s, Fc), N € Compg ; — Or(s, Fc) and
1€ B.

Similarly, we say a strategy F¢ of coalition C' is weakly
harmful for coalition H C AGT at the state s in M iff A <, 5
N forall X € Og(s, Fc), N € Compg ; — Op(s, Fc) and
i€ H.
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We denote with StriWB$ (s, B) and StrWH (s, H) the
set of weakly beneficial strategies of coalition C for coali-
tion B and the set of weakly harmful strategies of coalition
C for coalition H at state s of the CGFRP M, respectively.

The intuition behind Definition 10 is that, for a strategy
to be weakly beneficial (resp. harmful) for a coalition, the
outcome of the strategy should be better (resp. worse) for
each member of the coalition than any outcome they could
obtain if a different strategy were played.

Let us return to Example 1 presented in Section 3.4 in
order to illustrate the preceding definitions.

Example 2 (Cont.). Consider the following strategy F1 23
for the coalition formed by robots 1 and 2:

Fi1,23(A) = (1:01,2:bl) for all X € PPathk,,.

This strategy corresponds to blocking the passage of both
the right and left rooms indefinitely. It is straightforward

to verify that Fy 5y € StrSH,E,lly’f}(so, {0}), and moreover,

Foy € StrSBi,llf}(so, {1,2}). In words, the strategy
Fi1,2y of coalition {1,2} is strongly harmful for robot 0 at
state sg, and strongly beneficial for the coalition made of
robots 1 and 2 at the same state.

Now consider the following strategy F El} for robot 1:

.7'—%1}()\) = (1:bl) for all A € PPathg,.

This strategy corresponds to robot 1 blocking the passage
of the right room indefinitely. It is straightforward to verify

that Fyy, € StrWHYy) (s0,{0}), and moreover, Fy,, ¢

StrSH,E/lli(so, {0}). In words, the strategy Fy,, of robot 1

is weakly harmful for robot 0 at state s, but not strongly
harmful.

The following proposition highlights the connection
between strongly beneficial/harmful and weakly benefi-
cial/harmful strategies.

Proposition 1. If a strategy F¢ of a coalition C' is strongly
beneficial (resp. harmful) for a coalition at a state, then it is
also weakly beneficial (resp. harmful).

5 Language

In this section, we leverage the semantics presented above to
interpret a novel language that extends the language of ATL
with a new family of welfare-affecting strategic capability
modalities. These modalities allow us to reason about the
strategic choices of one coalition that affect another coali-
tion, under the assumption that the strategy of one coalition
affects another insofar as the first coalition’s strategic choice
has either a positive or a negative effect on the well-being
of the second coalition, by bringing it benefit or causing it
harm.

The ATL language with welfare-affecting capability
modalities, denoted by Lwa_aTL, is defined by the follow-
ing grammar:

| (p AY) | (C:B,H )y
o | (pU)

State formula: ¢, v

—p
Path formula: vy | G

n=p |
= X

where p ranges over P, and C, B and H range over
24CGT - The other Boolean connectives and constructs V, —
,4<>, T, L are defined as abbreviations in the usual way.
For simplicity, we sometimes write Lwa_aTL instead of
Lwa-aTL(AGT, P).

Formulas  {(C:B,H )X, (C:B,H) Gy, and
{(C:B,H)(¢ U ) capture the notion of a welfare-
affecting strategic capability to guarantee a certain fact,
where this fact is expressed by a temporal formula of LTL
(Linear Temporal Logic). In particular, (C:B,H )Xy has
to be read “coalition C' has a strategy, which is beneficial
for group B, harmful to group H, and guarantees that ¢
is going to be true in the next state”; (C:B,H))Gp has
to be read “coalition C' has a strategy, which is beneficial
for group B, harmful to group H, and guarantees that ¢
will always be true”; (C:B,H)(¢ U ¢) has to be read
“coalition C' has a strategy, which is beneficial for group B,
harmful to group H, and guarantees that (o will be true until
1 is true”.

We can now define the semantic interpretation of formulas
in Lywa—aTL(AGT,P). As in ATL, formulas are interpreted
with respect to pointed models. A pointed model is a pair
consisting of a CGMRP and one of its states, when inter-
preting a state formula, or a pair consisting of a CGMRP and
one of its computations, when interpreting a path formula.

In Section 4, we introduced two notions of beneficial
and harmful strategies: strong and weak. To interpret the
welfare-affecting strategic capability modalities (C:B,H)),
we consider only the strong notion. Specifically, the existen-
tial quantification ranges over strongly beneficial or harmful
strategies of a coalition. This choice is motivated by our
technical results: strong benefit and harm are tailored to
best and worst outcomes, and they are the notions for which
we provide an axiomatization and obtain an embedding into
standard ATL under regular preferences.

The satisfaction relation, denoted by |=, between formu-
las of Lwa_atL and pointed models is defined inductively
as follows. (The cases for atomic propositions and Boolean
connectives are omitted, as they are standard.) Given M =
(P,V) be a CGMRP with P = (S,ACT, R, =,...) as the
underlying CGFRP, s € S a state, and A € Compg ; a his-
tory:

(M,s) = (C:B,HY)y < 3Fc € StrSBy(s, B)
NStrSHS (s, H) s.t.
VA e O(s, Fo), (M,)\) E 7,
MNEXe & (MAD) ke,
(M) E Gy < Vkedom(A), ifk>0
then (M, A(k)) [= ¢,
dk € dom(X) s.t. k > 0,
(M, A(k)) = ¢, and
Vh € dom(\), if0 < h < k
then (M, A(h)) [= .
As usual, we say that a formula ¢ € Lwa_aTL 18 valid,

if (M, s) |= ¢ for every CGMRP M and every state s in M.
We say it is satisfiable if —¢ is not valid.

(M, A) = (pUy) &
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With the help of the modalities (C:B,H)), we can ele-
gantly represent the notions of potential benefactor and dan-
ger. In particular, a coalition C'is said to be a potential bene-
factor for another coalition B, denoted Benef(C, B), if C
has a strategy that is beneficial for B. This can be defined as
an abbreviation:

Benef(C, B) < ((C:B0)XT

Analogously, a coalition C'is said to be a danger for another
coalition H, denoted Danger(C, H), if C has a strategy that
is harmful for H. Formally:

Danger(C, H) = (C:0,H)XT.

Let us go back to our running example introduced in Ex-
amples 1 and 2 to illustrate our language.

Example 3 (Cont.). We have:

(M5, s0) E ({1, 2}:{1, 2},{0})G(—inLo A —inRy).
This means that, at the initial state sq of the model M .4 cor-
responding to the robots’ scenario, robots 1 and 2 have a
strategy that is harmful to robot O and beneficial to them-
selves, which prevents robot 0 from being in the left room or
the right room at some point in the future. Consequently, we
have:

(MT‘Sa 50) ': Benef({lv 2}7 {17 2}) A Danger({17 2}7 {0})
This means that, at the initial state sy, coalition {1,2} is a
potential benefactor for itself and a danger for robot 0.

Formulas with nested welfare-affecting strategic modali-
ties are useful to reason about danger-enabling and danger-
disabling strategic choices in multi-agent settings. For in-
stance, in the robots scenario, one can express that the coali-
tion {0, 1} has a strategy that is strongly beneficial to robot 0
and guarantees that in the next state robot 0 becomes a dan-
ger to {1,2}, even though robot 0 is not a danger to {1,2}
in the current state:

(Mys, s0) ({0, 1}:{0},0))X Danger({0}, {1, 2}) A

—Danger({0}, {1, 2}).
Intuitively, robot O is initially not a danger because robots 1
and 2 can coordinate to block access to their rooms; how-
ever, robot 1 may choose to leave its passage unguarded,
allowing robot O to enter and then remain in the room in-
definitely, thereby preventing robots 1 and 2 from achieving
their objective.

Observe that we give a “strict future” interpretation to the
temporal modality G: G is true if ¢ holds at all states in
the strict future along the actual computation. In standard
ATL, a non-strict future interpretation is used. Analogous
temporal operators for the non-strict future, in standard ATL
style, are definable in the language Lywa_aTL as follows:

(C:B,H)G"¢ = A (C:B,H)Ge,

(C:BH)(2U™0) & &V (o A (C:BH)(pUy)).
Furthermore, the standard ATL strategic capability
modalities ((C')Xe, (C)HG™Syp, and (C))(pUmS)) are de-
finable as special cases of WA—ATL modalities:
(ChXe = (C:0.0)Xe,

def
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def

(C)G™p = (CH0)GC™p,
(Ch(pUm) = (C:D,0)(pU™).

For notational convenience, we denote by Lar_ the
ATL-fragment of the language Lya_aTL that includes only
modalities of the form (C:(),0)).

We conclude this section by defining two fragments of
the language Lwa_atL. The following grammar defines the
until-free safety fragment Lyyp_ a7 -:

pu=plop|lene| (C:BH)Xe | (C:B,H)Gp,
while the following grammar defines the coalition logic
fragment Lwa—cL:

pu=p|-pleAe| (C:BH)Xp,
where p ranges over P, and C, B, and H range over 2AGT,

def

6 Axiomatization

In this section, we introduce a new logic LWASC (Logic of
Welfare-Affecting Strategic Capability) defined relative to
the until-free fragment Lyys_ a1 v and prove its its com-
pleteness.

6.1 Logic
The following definition introduces our logic.

Definition 11 (Logic LWASC). LWASC consists of the fol-
lowing axioms:

All tautologies of propositional logic )
-(C:B,H)X L (A-NAAR)
{(C:B,H)X(p ANp) = {C:B,H)Xp (A-MG)
(C:B,H)X¢ — (C":B'\H")X¢
forCCC',BDB ,HDH' (A-MC)
(C:0,0)XT (A-NEI)
((C:B.H)Xp A (C':B' H')Xab) —
{(CuC:BUB',HUH)X(p A1)
forCNC =0 (A-Sup)
(C:BH)X(p V) =
( {(C:B,H)X¢ V (AGT:B H))Xw) (A-Cro)
{(C:B,H)Gyp «
(C:BH)X (¢ A (C:B,H)Gy) (A-FPg)
(O)G(v — (C:BH)X(p A1) —
()G (v — (C:BH))Gyp) (A-GFPG)
(AGT:0,{a})XT (A-WFP)
(AGT:{a},0)XT (A-CWFP)
~{C:B,H)XT for BN H # (A-BHC)
and the following rules of inference:
@, wqp—> Y (P)
R d
((C:B,H))Xi o ZJC’:B,H»Xw (RE)
1 (Gen)
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The names of axioms and inference rules reflect their un-
derlying intuitions. Axiom A-NAAA is called no absurd avail-
able action, as it expresses that a coalition’s available joint
action cannot ensure a logically absurd result. Axiom A-MG
is called monotonicity of goals, reflecting that capabilities
are monotonic with respect to goals. Similarly, Axiom A-MC
captures monotonicity of coalitions, meaning that capabili-
ties are monotonic with respect to coalitions. Axiom A-NEI
captures the never-ending interaction property in Definition
6. Axiom A-Sup captures superadditivity. Axiom A-Cro
is the so-called crown axiom: it was named this way in
(Goranko, Jamroga, and Turrini 2013) because the effec-
tivity function of a game has the shape of a crown. Ax-
iom A-FPg is the fixpoint axiom for G, capturing the fix-
point character of the operator G, while Axiom A-GFPg is
the greatest fixpoint axiom for G, reflecting its greatest post-
fixpoint nature. Axioms A-WFP and A-CWFP capture the well-
foundedness and converse well-foundedness of preferences,
respectively. Finally, Axiom A-BHC captures benefit-harm
consistency: a coalition cannot have a strategy that is both
beneficial and harmful for the same coalition at the same
time, which relates to the property that agents’ preferences
are non-flat. The inference rules are modus ponens (MP), re-
placement of equivalences (RE), and generalization (Gen).

As usual, for every ¢ € Lyya_aL-u, We write - ¢ to
mean that ¢ is derivable in LWASC, that is, there is a se-
quence of formulas (1, . .., ., ) such that:

* Vm = @, and

e for every 1 < k < m, either yi is an instance of one
of the axiom schema of LWASC or there are formulas
©kys- oo @k, such that ky, ... k < k and Zro®he g

an instance of some inference rule of LWASC.

We say that a finite set of formulas X is consistent if t/
A pex — L. We say a formula ¢ is consistent if the sin-
gleton set {(} is consistent.

It is straightforward to verify that all axioms of LWASC
are valid and that all inference rules preserve validity.
Hence, the soundness of LWASC follows. For completeness,
we employ a technique based on canonical models under
formula contexts, which is detailed in the next section.

6.2 Completeness

We are going to prove completeness by canonical models
under formula contexts. The following definition introduces
the notion of formula context.

Definition 12 (Formula context). Given a formula v, we
denote the set of all subformulas of ¢ by sub(v). Let
subt(y) = {T,L} U sub(y)) U {=¢ | ¢ € sub(¥)},
cl(y) = sub™ () U {(C:B,H)Xp | C C AGT,B C
AGT,H C AGT,¢ € sub™(¢)}, and cl™ (1) = cl(¢) U
{=¢| ¢ e clv)}. Wecall

cxt(y) = ot () U { \/ /\ x|T C 2cl+(w)}

Xel' xeX

the 1p-context.
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We fix a formula 1) and in the rest of this section we work
under the ¥-context. The following definition introduces the
notion of maximal consistent set under a 1)-context.

Definition 13 (MCS under i-context). Let X C cat(v)).
We say X is a maximal consistent set (MCS) under the -
context iff X is consistent, and for every X' C ecl(v)), if
X C X' then X' is not consistent.

The set of all maximal consistent sets under the v)-context
is denoted by MICSY. The following definitions introduce
the basic structure of the canonical model.

Definition 14 (Canonical states). We call s = (X, B, H) €

MCSY x 24CT x 24CT ;4 canonical state under the 1-context
iff BOH = (). We denote the set of all canonical states under
the 1)-context by S¥.

We now introduce the notion of a canonical action.
Definition 15 (Canonical action). Given a formula v, we
define
LP = {(C:B,H)Xx | x € cat(y) and C, B, H € 2*¢T},
CF = {cf : 25" {0} — S¥ | vQ € 25" /{0}, ¢f(Q) € Q},
ACTY = LP x AGT x CF.

LIP is the set of local powers, CF the set of choice functions,
and ACTY is the set of canonical actions.

The next definition introduces the notions of consensus.

Definition 16 (Consensus). Given an action profile § :
AGT — ACTY, we define CON (5) = {(C:B,H)Xy €
LP | Ya € C, (6(a)).1 (C:B,H)Xx}. We call
CON (8) the agents’ consensus set relative to 6.

In the next definition we use the notion of consensus set
to define the notion of candidate successor.

Definition 17 (Candidate successor). Given a canonical

state s and action profile § : AGT —s ACTY, we call a

state s' the candidate successors of 0 at s, iff:

s for all (C:B,H)Xx € CON(9), if b Njeo1p —
(C:BH)Xx, then = N\ co 19 — x, B C 8.2, and
H C&s'.3;

s forall x € cxt(v) and B, H € 2*C7T, if ¥ Npes1 ¥ =
(AGT:B,H)Xy, then /\wes,_1 o — -y, B 52 s'.2, or
H{¢ 3.

The set of all candidate successors of § at s is denoted by

CS(s,0).

The transition relation in the canonical model is definable
through the previous notion of candidate successor. It can
be verified that CS(s, d) # (). This guarantees that the tran-
sition relation in the canonical model will satisfy the never-
ending interaction property. However, the set of candidate
successors may be not singleton. We need some mechanism
to select a unique successor from the candidate successors.
To this aim, we define the following notion of election.

18 (Election). Given a action

AGT — ACTY, we define EL(0)

Definition

file o

pro-
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(( > weacr 0(a).2) mod n) + 1, where n |AGT].
The agent EL(0) is called the elected agent of the election
relative to the action profile 9.

We have now all elements to the define the notion of
canonical concurrent game model.

Definition 19 (Canonical CGM). Given a formula 1), de-
fine the canonical concurrent game model as the structure

CMY¥ = (S¥, ACTY, RY, V?) such that:
o SY is the set of all canonical states under the 1)-context;

o ACTY is the set of all canonical actions under )-context;

» RY assigns to each action profile § a transition relation
Rs on S such that for all s,s' € S¥ and § : AGT —
ACTY, we have sRss' iff s' = (3(a).3) (CS(s,d)), with
a=EL();

« VW(p) = {(X,B,H) € S¥ | p € X} for each atomic
proposition p in ecl(p).

To define the prefereces of agents in the canonical model,
we need to define a utility function and the order on them.

Definition 20 (Utility function in canonical model). Given
a canonical CGM CMY = (S¥, ACTY, R¥,V?), for each
agent a and canonical state s, we define a utility function

Ua,s : Compyy ¢ — Z U {—00,+00} such that for any
computation A € Compeypy
+sup(B) ifa € X(1).2,
Uas(A) = ¢ —sup(H) ifa € \(1).3,
0 otherwise.

where sup is the supremum function, B = {k € N | V0 <
K <k:aeAE)2), andH={k e N|V0 <k <k :
a € Ak').3}. Note s'.2N s".3 = () for every s' € SY, so
Ua,s is well-defined.

Now we can define the canonical CGMRP.

Definition 21 (Canonical CGMRP). Given a formula 1,
define the canonical CGMRP as the structure MY
(S¥, ACTY,R¥, <%, V¥) such that:

e (S¥,ACTY,R¥,V?) is the canonical CGM defined in
Definition 19;

<Y assigns to each agent-state pair (a, s) a total preorder
on computations starting at s such that for all \,\' €
Comppu
A j}f}s N iﬁUa,S()‘) < Ua,S()‘/)'
The following lemma guarantees that every consistent for-

mula has a witness state in the canonical model. By the
lemma, we have the completeness.

Lemma 1. Let ¢ € Liyya_a7L-v be a consistent formula.
Then, there is a state s € S¥ in the canonical model M?
such that M¥ s |= .

Theorem 1 (Soundness and completeness). A formula ¢ €
Lwa_atL-v is valid if and only if F .
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7 Tree-like Property and Embedding

In this section, we show that satisfiability for the lan-
guage Lwa_aTL satisfies the tree-like model property.
Based on this result, we provide polynomial embeddings
of Lwa_aTL-satisfiability into ATL-satisfiability, and of
Lwa_cL-satisfiability into CL-satisfiability.

7.1 Tree-like Property
Let R*, R~ and R be, respectively, the reflexive and tran-
sitive closure, the inverse, and the transitive closure of .

Definition 22 (Tree-like CGF). Let F = (S, ACT,R) be a

CGF. We say that:

* F has a unique root iff there is a unique wg € W (called
the root), such that, for every v € W, woR*v;

e F has unique predecessors iff for every v # wy, the car-
dinality of R~ (v) is at most one;

* F has no cycles iff R is irreflexive;

o F is tree-like iff it has a unique root, unique predecessors
and no cycles.

The previous definition of tree-like CGF extends to tree-
like CGFRP and tree-like CGMRP in a natural way. The
tree-like model property is stated in the following lemma.

Theorem 2. For ¢ € Lwa—_aTL, @ is satisfiable iff o is sat-
isfied on a pointed tree-like CGMRP.

7.2 Embedding

Our embeddings rely on the following translation from
Lwa_aT1L to the ATL fragment extended with special atomic
formulas:

tr: Lwa—atL (AGT,P) — Lar (AGT,PT),
with P* =PU{Q; | i € AGT} U {¢; | i € AGT}:
tr(p)

b,

tr(—p) = ~tr(p),
tr(e A1) = tr(p) A tr(v),
tr((C:B,H)Xp) = (CYX(V BAOH A tr(p)),
tr({C:BH)Gp) = (CHG(V BAOH Atr(p)),
tr((C:B,H)(eUy)) = (C) (VB A OH A tr(p))U
(OB AGH A tr(y))).

def def

with OB = A, icB O; and QH = Nicn Oi- The special
atomic formula Q? isread as “agent ¢ is beneﬁted,” and ¢); as
“agent ¢ is harmed”. The idea behind the above translation
is to label, at the language level, beneficial (resp. harmful)
strategies of a coalition C' for another coalition B (resp. H)
with the special constructs OB (resp. O H).

The key observation underlying the embedding for the full
language Lwa—_aTL is that, in a tree-like model, whether a
coalition’s strategy is beneficial or harmful for an agent de-
pends only on whether the next state is the second element
of a best (resp. worst) computation for that agent. Stability
of preferences ensures that the <) B/¢) H-labeling assigned at
the current state remains consistent over time.
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As the following theorem shows, by using the trans-
lation t¢r, satisfiability for the language Lwa_aTL iS re-
ducible to ATL-satisfiability, and satisfiability for the frag-
ment Lywa—cL is reducible to CL-satisfiability.

Theorem 3. Let (RS LwWA—ATL andd) € Lwa—cL. Then,
* o is satisfiable iff

tr(p) A [\ ((AGTHX Qu A(AGT)XMa)A

a€AGT

(ONG( N\ ((AGTHX Vu AYAGTHX (g A

a€AGT
~(Va A 0)))
is satisfiable;
* %) is satisfiable iff

r@) A\ ((AGTHX Dy AGAGT)X i A

ac€AGT
(ONX=(Va A 03a))

is satisfiable.

By Theorem 3, the fact that the size of tr(p) is poly-
nomial, and the fact that satisfiability checking for ATL is
EXPTIME-complete (van Drimmelen 2003) and satisfiabil-
ity checking for CL is PSPACE-complete (Pauly 2002), we
obtain the following tight complexity result.

Corollary 1. Checking satisfiability of formulas in
Lwa_atL is EXPTIME-complete. It is PSPACE-complete
when restricting to the fragment Lwa_cL.

8 Conclusion

We have introduced a novel language based on ATL that en-
ables reasoning about beneficial and harmful strategies, as
well as the related notions of potential benefactor and dan-
ger. Our analysis is supported by several results concern-
ing the axiomatizability and computational complexity of
the proposed language.

The axiomatizability of the full language Lwa_aTL, in-
cluding the ‘until’ modality, remains open. We plan to ad-
dress this issue in future work. We also intend to extend
our analysis to a risk-based notion of danger, according to
which a coalition is a danger to another coalition if it has a
strategy that, if chosen, brings harm to the latter with high
probability. This extension will require enriching CGMRPs
with a probabilistic component. Finally, we plan to combine
the notion of danger investigated in this paper with a game-
theoretic notion of rationality in order to define the concept
of strong danger: a coalition C' is a strong danger to another
coalition H if it has a rational strategy that, if chosen, brings
harm to H. Itis called strong because it is realistic to assume
that the agents in C' may choose the harmful strategy, pro-
vided they act rationally.
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