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ABSTRACT Alternating-time temporal logics (ATL/ATL*) represent a family of modal and temporal logics
for reasoning about strategic abilities of agents in multiagent systems. These logics are usually interpreted
over concurrent game structures (CGSs), and their interpretations may vary depending on the abilities of
agents, such as perfect versus imperfect information and perfect versus imperfect recall. These different
abilities lead to a variety of variants that have been studied extensively in the literature. However, all of these
variants are defined at the semantic level, which may restrict modeling flexibility, or even give counter-
intuitive interpretations. For example, an agent may have different abilities when achieving two different
goals on the same CGS. To mitigate these issues, in this paper, we propose to extend CGSs with agents’
abilities, resulting in Abilities Augmented CGSs, where concrete abilities can be defined at the syntactic
level. We study ATL/ATL* over this new model. We give formal definitions of the new semantics and present
model-checking algorithms for ATL/ATL*. We also identify the computational complexity of ATL/ATL*
model checking problem, i.e., Ag’ -/2EXPTIME-complete. The model-checking algorithms are implemented
in a prototype tool. The experimental results show the practical feasibility and effectiveness of our approach.

INDEX TERMS Model-checking, multi-agent systems, alternating-time temporal logics, agents’ abilities.

I. INTRODUCTION

Multiagent  systems (MASs) comprising multiple
autonomous agents have become a widely adopted paradigm
of intelligent systems. Game-based models and associated
logics, as the foundation of MASs, have received tremendous
attentions in recent years. The seminar work [1] proposed
concurrent game structures (CGSs) as the model of MASs
and alternating-time temporal logics (typically ATL and
ATL*) as specification languages for expressing temporal
goals. In a nutshell, a CGS consists of multiple players which
are used to represent autonomous agents, components and
the environment. The model describes how the MAS evolves
according to the collective behavior of agents. ATL/ATL*,
an extension of the Computational Tree Logic (CTL/CTL*),
features coalition modalities ({(A)), each of which is parame-
terized with a set of agents A. The formula ((A))¢ expresses
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the property that the coalition A has a collective strategy to
achieve a certain goal specified by ¢.

A series of extensions of ATL-like logics have been studied
which take different agents’ abilities into account. These abil-
ities typically include whether agents can identify the current
state of the system completely or only partially (perfect vs.
imperfect information), and whether agents can memorize the
whole history of observations or simply part of them (perfect
vs. imperfect recall). Different abilities usually induce dis-
tinct semantics, which are indeed necessary because of the
versatility of problem domains. These semantic variants and
their model-checking problems comprise subjects of active
research for almost two decades, to cite a few [2]-[7].

While agents’ abilities play a prominent role [8],
the semantics of ATL-like logics only refers to them implic-
itly. In other words, the logic per se does not specify what
ability an agent has; instead one could infer the ability an
agent requires by examining the specification expressed in
the logic. This approach, being elegant and valuable to under-
stand the relationship between different abilities, suffers from
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a few shortcomings: (1) From the modeling perspective, it is
common in practice that agents in a MAS vary in their abil-
ities (for instance, agents modeling sensors may not identify
the complete state of the system so can only use strategies
with imperfect information). When constructing a model,
these abilities ought to be encoded explicitly. Such model-
ing flexibility is not supported by the existing formalisms.
(2) From the semantic perspective, ATL-like logics may
exhibit some counter-intuitive semantics. Using the core
modality ((A)) of ATL, the formula ((A))e, is interpreted
as that the coalition A has a collective strategy to achieve
the goal ¢ “no matter what the other agents do” rather
than “‘no matter which strategies the other agents choose” .
The delicate difference suggests that the (multi-player) game
nature in the evolution of MASs is not fully captured by
ATL. For instance, in the imperfect information/recall setting,
only agents that are quantified in ((A)) are assumed to use
imperfect information/recall strategies, while the other agents
not in ((A)) may still use perfect information and perfect
recall strategies. Even worse, if the coalition modalities are
nested, the same agent may have different abilities to fulfill
the objectives specified in different subformulae, resulting in
inconsistency in the strategies it uses. This phenomenon has
also been mentioned, e.g., in [9], which proposed a strategic
logic making explicit references to strategies of all agents
(including those not in ((A))), though all agents should have
same abilities therein.

To summarize, it occurs to us that the current approach in
which temporal formulae are with implicit agents’ abilities at
the semantic level impedes necessary modeling flexibilities
and often yields unpleasant (even weird) semantics. Instead,
we argue that coupling agents’ abilities at the syntactic level
of system models would deliver a potentially better approach
to overcome the aforementioned limitations. Bearing the
rationale in mind, we propose a new MAS model: Abilities
Augmented Concurrent Game Structures (ACGSs), which
encompass agents’ abilities explicitly.

We investigate ATL and ATL* over ACGSs. We give
formal definitions of the new semantics and show that in
general the new semantics of ATL/ATL* over ACGSs is
incomparable with others even if the underlying CGSs mod-
els are the same. We also study the model-checking problem
of ATL/ATL* over ACGSs. We show that this problem is
generally undecidable. However, we manage to show that the
model-checking problem for ATL* (resp. ATL) on ACGSs is
2EXPTIME-complete (resp. A3P -complete) when the imper-
fect information and perfect recall strategies are disallowed.
We implement our algorithms in a prototype tool MCMAS-
ACGS' and conduct experiments on some standard applica-
tions from the literature. The results confirm the feasibility
and effectiveness of our approach.

Organization: The rest of the paper is organized as fol-
lows. Section II and Section III recap CGSs and ATL/ATL*.
Section IV introduces ACGSs on which the semantics of

! Available at https://github.com/MCMAS-ACGS.
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ATL/ATL* are revised. Section V discusses the effects of
strategy types. Section VI gives the undecidable results of the
ATL/ATL* model-checking problem on ACGSs. Section VII
and Section VIII respectively study the model-checking prob-
lem of ATL and ATL* on ACGSs by disallowing imper-
fect information and perfect recall strategies. Section IX
reports experimental results. Section X discusses related
work. Section XI concludes with a summary and future work.

Il. CONCURRENT GAME STRUCTURES
We fix a finite set AP of atomic propositions. Given an

infinite word p = sos1---, we denote by p; the symbol
sj, by ppo.; the prefix sosi ---sj, and by pfj. ] the suffix
8jSj+1 -+ -. Similarly, for a finite word p = s - - - 8, We

denote by p; the symbol s; for 0 < j < m, and by 1st(p) the
symbol s;,.
A concurrent game structure (CGS) G is a tuple

G £ (S, So, Ag, (Acd)ieag, (~icag, (Pilicag: A, ),

where

« S is afinite set of states;

o Sp C S is a set of designated initial states;

o Ag ={l1,...,n}is a finite set of agents;

o Acjfori € Ag is afinite set of local actions of agent i;

o ~iC § x §fori € Ag is an epistemic accessibility
relation (i.e., an equivalence relation), which is used
to characterize observable abilities of agent i, namely,
agent i cannot distinguish equivalent states;

e P; : S — 24 is a protocol function, which specifies
the set of available local actions of agent i at the each
state. We assume that P;(s) = P;(s") for every s ~; s/,
as agent i should have the same available local actions
at two indistinguishable states;

e A : S xAc — § is a transition function in which
Ac = [[;es, Aci is a set of joint actions;

o A : S — 24P s a labeling function which assigns each
state a set of atomic propositions.

Given a joint action @ = (ay, ..., a,) € Ac, we use a(i)
to denote the local action of agent i in a. For each state
s € S, a joint action @ uniquely determines the successor
state A(s, a) of 5. A path is an infinite sequence p = sgs] - - -
of states such that for every j > 0, sj11 = A(s, sz) for
some joint action d; € [[;ca, Pi(s)- A path p yields a trace
T(p) = apay - - - over the alphabet 24P \where for everyj > 0,
aj = A(pj). Two finite sequences p = sg...8m € ST and
P =sy...5,€S8 * are indistinguishable for agent i, denoted
by p ~; p’,if foreveryj: 0 <j <m,s; ~; s]’..
A. STRATEGIES
A strategy of an agent i € Ag specifies what the agent i plans
to do at each state. Typical agents’ abilities are captured by
the following types of strategies [2]. Fori € Ag,

o Ir-strategy 6; : S — Ac such that for every s € S,

0i(s) € Pi(s), i.e., the local action chosen by agent i
depends only on the current state of the system.
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o IR-strategy 6; : ST — Ac such that for every finite
sequence p € ST, 0;(p) € Pi(1st(p)), i.e., the local
action chosen by agent i depends on the whole history
of the game so far, instead of only the last state.

o ir-strategy 6, : S — Ac, the same as Ir-strategies but
with the additional constraint

s ~i s = 0i(s) = 6i(s)),

i.e., agent i has to choose the same local action at the
states that are indistinguishable from each other by the
agent i;

o iR-strategy ; : ST — Ac, the same as TR-strategies
but with the additional constraint

p ~ip' = 0i(p) = bi(p),

i.e., agent i has to choose the same local action on the
finite paths that are indistinguishable from each other by
the agent i.

Intuitively, i (resp. I) signals that agents can only observe
partial information characterized via epistemic accessibility
relations ~; (resp. complete information with all epistemic
accessibility relations being the identity relation). r (resp. R)
signals that agents can make decisions based on the current
observation (resp. the whole history of observations). For
instance, Ir stands for perfect information imperfect recall
strategies, while 1R stands for imperfect information perfect
recall strategies. We will, by slightly abusing notation, extend
both Ir-strategies and ir-strategies to the domain S+ such
that for all p € ST, 6;(p) = 6;(1st(p)). We denote by Ty,
the set of strategy types {Ir, IR, ir, iR}. For each strategy
type 0 € Tser, we denote by ©F the set of o-strategies for
agent i € Ag and by ©F the set | ;.4 ©F, for a coalition
A C Ag.

B. OUTCOMES

Given a set of agents A C Ag, a collective o -strategy for the
coalition A is a function v§ : A — © such that for each
agent i € A, v§ (i) € O is a o-strategy of agent i. Fori € A
and p € ST, we denote the local action vg (i)(p) of agent i by
vg (i, p), and the complementary set Ag \ A by A.

Given a state s, a collective o-strategy vj and a collective
o’-strategy UAE,, let play(s, vg, U%/) denote the path such
that pg = s and for every j > 0, pjr1 = A(p;, dj) for some
a; € Ac such that for every i € Ag:

o JuRGopo),  ifi€A;
Gty =1 A0 -
vg @, ppo.g), ifieA.
Intuitively, play(s, v§, v%/) is the unique play when the
CGS starts from the state s and all the agents enforce strate-
gies specified by v§ and UAE .

For every state s € S and collective o-strategy v; of the
coalition A, the outcome of the CGS G is defined as follows:

0505, v) 2 [pLay(s, v, v | Vi € &, vi() € OF).
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Intuitively, (’)é(s, vg) is the set of all the possible plays that
may occur when each agent i € A enforces its o-strategy
v{ (i) from the state s no matter which IR-strategies the other
agents choose. The subscript G is dropped from Og when it
is clear from the context.

Ill. ALTERNATING-TIME TEMPORAL LOGICS

The alternating-time temporal logics: ATL and ATL* are
respectively extensions of the branching-time logics CTL and
CTL* by replacing the existential path quantifier E with col-
lation modalities ((A)) [1], each of which is parameterized by
a coalition A C Ag. Intuitively, the formula ((A))¢ expresses
that the coalition A has a collective strategy to achieve the goal
¢ no matter which strategies the agents in A choose. Formally,
ATL* is defined by the following grammar:

State formulae ¢ ::= ¢ | —¢ |[p A @ | ((A))@,
Pathformulae ¢ ::= ¢ | = | p AP | X | ¢ Ug,

where g € AP and A C Ag.
The derived operators are defined as usual:

$1V e E (=1 A—dp) Fop=trueUg
1 — ¢ = oV ¢ G¢=-F—¢
[[All¢ £ —((A)—¢ ¢1 R = Go v p2U(g1 A 2)

In this work, ATL* formulae refer to ATL* state formu-
lae. A path formula of ATL* with the state formulae being
restricted to atomic propositions is called an LTL formula.
Formally, LTL is defined by the following grammar:

pr=q | —p | one | X¢ | oUg.

The semantics of ATL* is traditionally defined over CGSs.
When strategy abilities are considered, it is often parameter-
ized with a strategy type 0 € Tg¢r, denoted by ATL? [8].
Formally, let G be a CGS and s be a state of G, the semantics
of ATL} (i.e., the satisfaction relation |=,) is defined induc-
tively as follows:

Semantics of State Formulae:

o G,5 =6 qiff g € A(s);

e G, s s ~@iff G, s =y ¢;

e G.5kEe 1 A iff G, s =g 01 and G, s =5 ¢2;

e G,s5 =5 ({A))¢ iff there exists a collective o -strategy v

for the coalition A such that for each path p € O (s, v%):
G.pkE=s ¢

Semantics of Path Formulae:

e 0,0 s @ift G, po Fo ¢3
e §,p e —¢iff G, p 6 ¢
e G, pEs 91 AR2iff G, p =6 1 and G, p =6 ¢2;
e G.p o X$iff G, p1.00) Eo ¢
e G, p Eo ¢1Ugy iff there exists an integer & > 0 such
that G, ko] E ¢ and forallj : 0 < j < k:
g, Plj,00] Fo ¢1.
Given an ATL* formula ¢, a CGS G and a strategy type
o € Tsiy, the model-checking problem is to determine
whether G, s =, ¢ or not, for each initial state s of the
CGS G.
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A. VANILLA ATL

(Vanilla) ATL is a sublogic of ATL* where each occurrence
of the collation modality ({(A)) is immediately followed by a
temporal operator. Formally, ATL is defined by the following
grammar:

pi=ql-9lonel {{(A)Xe | ({(A)(@Re) | {(A))(@Up),

where g € AP and A C Ag.

Remark that the release operator R cannot be defined using
the until (U) and global (G) operators in ATL [10], so is
included for completeness.

An ATL/ATL* formula of the form ((A))¢ is simple if ¢ is
an LTL formula. An ATL/ATL* formula ¢ is positive if (1)
each subformula ((A))¢ in ¢ is a simple formula, (2) there
is no occurrence of [[A]]¢ in ¢, and (3) negations — only
appear in front of atomic propositions. For example, ((A))X g
is simple and positive, but —((A))X ¢ is neither simple nor
positive.

B. SOME SEMANTICS ISSUES

We observe that the semantics of ATL/ATL* refers to
the agents’ abilities in an implicit manner. For the for-
mula ((A))¢, the specified o-strategies only apply to agents
in the coalition A while the agents in the coalition A
(i.e., outside of A) could still choose beyond o -strategies
(e.g., IR-strategies). In other words, the coalition A has a
collective o-strategy to achieve ¢ no matter what the other
agents do. When o is IR as in the original work by [1], this
interpretation of ((A))g is plausible, as “‘no matter what the
other agents do” is effectively the same as “‘no matter which
strategies the other agents choose” . However, when o is set
to be more restricted than IR, agents not in the coalition A
are still allowed to use IR-strategies.

As mentioned in the introduction, this results in a few
shortcomings. From a modeling perspective, agents’ abili-
ties should be arguably decided by the practical scenario.
Namely, they should be fixed when the model is built, and all
agents stick to their respective abilities independent of logic
formulae. More concretely, from the semantic perspective,
the existing semantics only take into account the abilities
of agents that are quantified in ((A)), but does not take into
account the abilities of agents who are not in the coalition A,
and neglects the (multi-player) game nature in the evolution
of MASs. As a result, it may exhibit some counter-intuitive
semantics. For instance, consider two formulae ((A))¢ and
({A"))¢', the agent i € A \ A’ may have different abilities to
achieve ¢ and ¢'.

Let us consider an autonomous road vehicle scenario to
see why this is not ideal. There are several autonomous cars
which can only observe partial information and have bounded
memory. A CGS model G consists of a set A of agents model-
ing autonomous cars, and an additional environment agent e.
We can reasonably assume that all the car agents use ir-
strategies, while e uses IR-strategies. The property ((A"))¢
expresses that autonomous cars A C A can cooperatively
achieve the goal ¢ no matter which strategies the other cars
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and the environment choose. Verifying that G satisfies ((A’))¢
under the existing semantics would allow car agents A \ A’
to use IR-strategies. If G satisfies ({A’))¢, then the result
is conclusive, i.e., ((A"))¢ holds for the system. However,
if G invalidates ((A"))¢, we cannot deduce that ((A’))¢ fails
because we overestimate the abilities of agents in A\ A’ when
evaluating ({(A"))¢. In other words, for the formula ((A’))¢
under =, where 0 # IR, it seems to be inappropriate to
render the agents in A \ A’ extra powers of IR to potentially
defeat agents from A’ when the abilities of the agents in A\ A’
are actually much weaker and agents in A’ are certainly aware
of this. The over-approximation of strategic abilities in such
cases are unnecessary and may not be sufficient.

IV. ABILITIES AUGMENTED ACGSs

In this section, we introduce abilities augmented concurrent
game structures (ACGSs in short), which explicitly equip
each agent with a strategy type from Ts¢ .. As such, agents
have fixed strategic abilities for a given ACGS. Formally,
an ACGS is a pair

M=(G,m),

where G is a CGS and 7 : Ag — Tt is a function that
assigns a strategy type (i) to each agent i € Ag. The strategy
type 7 (i) explicitly characterizes the abilities of agent i in the
CGS model. Recalling that epistemic accessibility relations
are used to characterize observable abilities of agents, agents
with I r-strategies or IR-strategies are able to distinguish two
distinct states, hence we assume that, for each agent i € Ag
with (i) € {IR, Ir}, the epistemic accessibility relation ~;
is an identity relation, denoted by id~.

Paths and traces of ACGSs are defined in the same way as
in CGSs, but strategies and outcomes have to be revised as
follows.

A. STRATEGIES AND OUTCOMES OF ACGSs

Let A be a set of agents. A collective strategy of the coalition
A in the ACGS M is a function & : A — (J;cy O that
assigns each agent i € A a w (i)-strategy £4(7) € 67(’).

Given a state s € § and a set of agents A C Ag, for
every collective strategy &4 of the coalition A, the outcome
O (s, E4) of M is the set of all possible paths that may
occur when each agent i € A enforces its 7 (i)-strategy &4 (i)
from the state s, and any other agent i € A can only choose
7 (i)-strategies (rather than general IR-strategies). Formally,
O (s, &4) is defined as

Onm(s, &4) & {play(s, Ea,&7) | Vi€ A, &5(i) € 8?“)} .

We will omit the subscript M from O (s, £4) when itis clear
from context.

B. SEMANTICS OF ATL AND ATL* ON ACGSs

The difference of outcomes between ACGSs and CGSs
induces distinct semantics of ATL/ATL* on ACGSs
than CGSs. Let M be an ACGS and s be a state in M,
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FIGURE 1. An illustrating example, where * € {by, b, }.

the semantics of ATL/ATL* on M (i.e., the satisfaction rela-
tion =) is defined similar to the one on a CGS, except that the
semantics of the state formulae of the form ((A))¢ is defined
as follows:

M, s |= {{A))¢ if there exists a collective strategy
42 A = ;s OF? for the coalition A such that
M, p = ¢, for all paths p € O(s, &4).

Remark that this semantics takes into account whether the
agents from A have perfect or imperfect information/recall.

Given an ACGS M and an ATL/ATL* formula ¢, the
model-checking problem is to determine whether M, s = ¢
holds, for every initial state s of M. Given a state formula ¢,
let [¢] A denote the set of the states of M that satisfy ¢.

We remark that, as per formal semantics, the system model
is syntactic and their computations are semantic. In previous
work in literature, the abilities of agents are determined when
ATL/ATL* formulae are interpreted using computations of
the system model. In contrast, in this work, the abilities of
agents are defined explicitly in the system model without
referring to ATL/ATL* formulae or computations of the sys-
tem model. Therefore, we assert that the abilities of agents
are defined at the semantic level in previous work, whereas at
the syntactic level in this work.

V. EFFECTS OF STRATEGY TYPES
Given an ATL/ATL* formula ¢, we denote by Ag, the set
of agents that appear in ¢. The semantics of ATL/ATL*
defined on ACGSs is different from the one defined on CGSs.
In general, they are incomparable.

Proposition 1: There are an ACGS M = (G, n),
an ATL/ATL* formula ({A))¢, and a type 0 € Tgey such
that w(i) = o foralli € A and M,s = ((A))¢ holds,
but G, s o ((A))@.

Proof: Let us consider the CGS shown in Figure 1.
There are two agents {1, 2}, four states {sg, 51, 52, 53} (S0 1S
the initial state), A(sg) = A(s1) = A(s2) = {g} and A(s3) = 0,
~1 is the identity relation, s ~, s’ for every s, s’ € {so, 51, 52}
and s3 ~ 53.

Consider the function 7 such that 7 (1) = IR and 7 (2) =
ir, then M, 5o |= (({1}))Gq, but G, so 1= ({1H)Gg. O

Proposition 1 reveals that for positive ATL/ATL* formulae
@ such that 7 (i) = o for each i € Ag,, even if the agents of
Ag, have the same strategy types in the ACGS (G, 7) and the
CGS g, verifying G against ¢ under 0 may examine more
behavior than verifying (G, ) against ¢. Therefore, if the
behavior of a MAS is exactly modeled as an ACGS M rather
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than a CGS G with strategy type o, verifying G against ¢
under o may lead to incorrect result.

By restricting all the strategy types to IR, straightforwardly
we have:

Proposition 2: Let M = (G, ) be an ACGS where for
each i € Ag, n(i) = IR. For each state s of M and ATL*

Jormula ¢, G, s =1 @ iff M, s = @.

Proof: By applying structural induction on g, it suffices

to show that the result holds for formulae of the form ((A))¢.

By the induction hypothesis, for every path p, the following
holds: G, p =1r @ iff M, p = ¢.

For each pair (§4, us¥®) of collective strategies such that
£4 = v K, we have: Opq(s, §4) = OéR(s, v®). Each agent
i € A has same sets of possible IR-strategies in G and M,
hence G, s =1r ((A))@ iff M, s = ((A))9. 0

In light of Proposition 1 and Proposition 2, in this section
we shall investigate the effects of strategy types by consider-
ing ACGSs with various different setups of strategy types.

Given a set A C Ag and two functions 1, 3
Ag — Tstr, mp is coarser than mwp with respect to the
coalition A, denoted by w1 =<4 mp, if for every i € A,
m1(i) = mo(i) and for every j € A, one of the following
conditions holds:

e m1(j) = IR, m2(j) = IR;

o m1(j) = Ir, m(j) € {IR, Ir};

e m1(j) = iR, ma(j) € {IR, iR};

e m(j) =1r, m() € {IR, Ir, iR, ir} = Tsrr.

Proposition 3: Let A be a set of agents and s be a state
of a CGS G. For two functions w1, my : Ag — Tsey with
w1 <4 T, and any collective strategy &4 of the coalition A,
we have:

OG.x)(5, E4) € OG. (5, Ea).

Proposition 3 reveals the effect of strategy types of A on
the outcomes. It is easy to observe that if m(]) = o for
all i € A, then for every collective o-strategy vy such that
éx = vy, we have: OG x,)(s,84) C Og(s, vy). Moreover,
if 2(i) = IR for all i € A, then O(g x,)(s, ) = OF(s, vF).

By Proposition 3, we have:

Proposition 4: Givena CGS G, a state s in G and a positive
ATL/ATL* formula ¢, for each pair of two functions my, 7 :
Ag — Tsiy such that m; <Ag, T2,

if (G, ), skEo, then(G, ), s = o.

Proof: By applying structural induction on ¢, it suffices

to show that the result holds for formulae of the form ((A))¢.
Suppose (G, m2), s | ({A))¢ (otherwise the proposition
immediately holds), then there exists a collective strategy &4
for the coalition A such that for each path p € O(g ,)(s, £a),
(G, m2), p = ¢ holds. Since A € Ag, and for every i €
Agy, m1(i) = m2(i) and my <ag, T2, then m; =<4 mo.
By Proposition 3, we get that O(g »)(s, £4) € OG,,)(s, £a)-
By the induction hypothesis, for every state formula ¢’ in

¢ and every state 5/, if (G, m2), 5’ = ¢, then (G, m1), 5" = ¢'.
Therefore, for each path p € Og 7,)(s, §4), we get that
(G, m1), p = ¢. The result immediately follows. O
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More restrictions on strategy types and ATL/ATL* for-
mulae can make two semantics coincide, as the following
proposition shows.

Proposition 5: Let s be a state of the ACGS M = (G, )
and o € Tgiy be a strategy type. Assume an ATL/ATL*
formula ¢ that satisfies

1) foreveryie Agy, m(i) = o,

2) foreveryiec Ag\ Agy, (i) = IR, and

3) for every occurrence of ((A'))¢ in ¢, Ag, = A'.

Then we have G, s =4 @ iff M, s = o.

Proof: The proof directly follows from the fact that
OG.my) (5, 64g,) = Og(s, vz’gq]) for every state s € S, col-
lective strategy 44, and collective o -strategy UXA’«J such that
%_Ag«, = Uzgw' O

Vi. UNDECIDABLE RESULTS

In this section, we present the following undecidable results.
Theorem 1: The ATL/ATL* model-checking problem for

ACGSs is undecidable.

Proof: It has been shown [5] that the Halting prob-
lem of Turing machines can be reduced to the ATL;r
model-checking problem of CGSs against the formula
¢ = ({1, 2}))G ok, where ok is an atomic proposition.

In other words, one can construct a CGS G =
(S, {s0}, Ag, (Ac)icag, (~iicag, (Piicag, A, A) from a Tur-
ing machine such that G, so =ir (({1, 2}))G ok iff the Turing
machine does not halt on the empty word.

Let M = (G, ) be an ACGS such that for every agent
i€ Ag, (i) = iRifi € {1, 2}, otherwise (i) = IR. Clearly,
G,s0 Eir (({1,2}1))G ok iff M, so &= ({{1,2}))G ok. The
undecidability immediately follows. g

By Theorem 1, in the rest of this paper, we focus on
the model-checking problem of ACGSs by restricting the
function 7 to Ag — Tser \ {1R}.

VII. ATL MODEL-CHECKING FOR ACGSs

In this section, we show that the ATL model-checking prob-
lem for ACGSs is A3P -complete. We first propose a model-
checking algorithm and then prove the A3P -hardness of the
problem.

Our model-checking algorithm iteratively computes the set
of states satisfying state formulae from the innermost subfor-
mulae. The main challenge is how to compute [{({A))@] 1.
To this end, we first show how to compute [{(A))¢]rq for
a simple formula ((A))¢, and then present the algorithm for
general ATL formulae.

A. MODEL-CHECKING FOR SIMPLE ATL
For a simple ATL formula of the form ((A))¢, we can show
that whether it is satisfied or not is irrelevant to whether the
agents that have perfect information abilities admit perfect
recall strategies or not.

Proposition 6: Given a simple ATL formula ({A))e,
consider an ACGS M = (G, m) such that G =
(S, {s}, Ag, (Acicag, (~iieag, (Piicag, A, M) andw : Ag —
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Tser \ {iR}, let 7’ be a function such that for every i € Ag,

.. Ir, ifieAAn(@)=1IR;

(i) = ) .
(i), otherwise.

For every state s in M, the following holds:

G, m), skE(Aeiff (G,7), s E ((A)g.

Proof: Recalling that for each agent i € Ag with
(i) € {IR,Ir}, ~; is an identity relation, we can
then safely regard all the agents in Ag with Ir-strategies
as ir-strategies with the identity relation. We first con-
struct the tree-unfolding M} of M from the state s. Let
M = (G*, m*) such that

g* = (S+7 Sg9 Aga (Acl)lEAgﬂ (N;k)leAg7 (P;k)lEAg7 A*a A'*)a
where

o S5 =1{sh
o foreveryi € Ag,

. Ir, ifieAAn()=1IR;
(i) = . .
(i), otherwise.
o foreveryi € Agand p, p’ € ST, p ~¥ p/, if
— either (i) # IR and 1st(p) ~; 1st(p’)
—orr(@)=IRand p = p’;
e P¥(p) = Pi(1st(p)) foreveryi € Agand p € S*;
e A*(p,a) = p - A(lst(p),a) for every p € ST and
a € Ac;

e AM*(p) = M(1st(p)) forevery p € ST.

We observe that the tree-unfolding M¥ is a tree-like
ACGS, namely, every state can be reached by a unique finite
path from the state s. Hence, IR-strategies of the coalition
A from the state s in M correspond exactly to I r-strategies
of the coalition A from the state s in the tree unfolding M},
while the types of other agents are same under 7 and 7*. We
show that M, s = ((A))e iff MY, s = ((A))e. (We remark
that this result does not hold if ¢ is a general LTL formula.)

(=) Suppose M, s = ({A))gp, then there exists a collective
strategy &4 such that for every path p € Oaq(s, Ea): M,
o E ¢. From the collective strategy &4, we define the
function &} such that for every i € Aand p € S*:

Ea(D(1st(p)),
Ea(D)(p),

First, we show that £7 is a collective strategy of the coali-
tion A in Mj. Consider an agent i € A and two states
p,p' € St if p ~F p/, then either (7(i) # IR and
1st(p) ~; 1st(p")) or (p = p’ and 7 (i) = IR).

o If m(i) # IR and 1lst(p) ~; 1lst(p’), then
we get that £4(D)(1st(p)) = &a(D)(1st(p’)), hence
£10)(p) = E£()(P).

e If p = p' and w(i)) = IR, then we get that
Ea(i)(p) = &a()(p"), hence &5 (D)(p) = &5 () (p).

Therefore, £ is a collective strategy of the coalition A in M.

if 7(i) # IR;

540(p) = : if 7() = IR.
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Next, we show that for every collective strategy é} of Ain

M, play(s, &5, 62) = ¢ holds.
Suppose play(s, §5, £5) = pop1 -+ - Let & be the func-

tion such that for every i € A and j=0,
Ex(D(Lst(py) = E4(D(p)),
Ex(D)(po -+ pp) = &x(D)(po - -+ pp),

if (i) # IR;
if (i) = IR.

Consider j, k > 0 such that 1st(p;) ~; 1st(px) for some
i € A, then either 7 (i) # IR or 7 (i) = IR.

o If (i) # IR, then p; ~} p. This implies
that E£()(p) = E2(0)(pr). Hence &x()(1st(p) =
Ex(D(Ist(ox)).

o If (i) = IR, then the agent i can choose any action at
any state of p;.

Therefore, &5 is a collective strategy of A in M and
play(s, éa, &5) = 1st(po)lst(py)---. Following from the
fact that A*(p) = A(1st(p)) for every p € ST, we get that
M5 | (A

(<) Suppose M, s = ((A))e, then there exists a collec-
tive strategy &, such that for every path p € Opqx(s, &1):
M, p = ¢. Without loss of generality, we assume that there
is an arbitrary total order < on set S +, and denote by min(U)
the minimal one of the set of states U < ST with respect to
the order <.

Let &4 be the function such that for every i € Aand s’ € S:

£A(D(s) = £1() (min({p € ST | Lst(p) = ¥})).

First, we show that &4 is a collective strategy of the
coalition A in M. Consider an agent i € A and two
states sy, s2 € S,if 51 ~; 52, then either (i) # IRor(s; = 53
and 7 (i) = IR).

o If w(i) # IR, then for each pair of states p1, oo € ST
such that 1st(p;) = s; and 1st(py) = sp, we have:
p1 ~F p2. This implies that £} (i)(p1) = &} (i)(p2), hence
§a(D)(s1) = a(i)(s2).

o If 51 = s2 and w(i) = IR, we choose £4(i)(s;) =
Ea(D)(s2) = &5 ()(min({p € ST | 1st(p) = s1})).

Therefore, &4 is a collective strategy of the coalition A in M.

Consider a collective strategy &g of A in M, let

o =play(s, &a, &), then we have:

£10..01P[0.110(0.2] - - - € Oaqx(s, E).

Following from the fact that A*(p) = A(1st(p)) for every
p €8T, we get that M, s = ((A))e.

Since {(1st(p), p) | p € sS*} is bisimulation between
G and G* (cf. Definition 5.1 and Lemma 5.2 [11]), we get
that (G*, 7%), s = ((A))@ iff (G, ¥), s = ({A))p. Therefore,
we get that (G, ), s = ((A))e iff (G*, %), s & ((A))g iff
(G, %), 5 | ((A))e. O

We remark that Alur et al. [1] observed that both semantics
of ATL under Ir-strategies and IR-strategies are coincide
for CGSs. This result was generalized and formally proved
for infinite CGSs (i.e., no finiteness with respect to the set of
states and actions) (cf. Proposition 1 [8]). Proposition 6 can
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be seen as a generalization of the result of [1] and could
be extended to the infinite ACGSs similar to [8]. Moreover,
Proposition 6 could be generalized to allow all agents that
are perfect information to be imperfect recall. We prefer not
to do so because it would not improve complexity result,
meanwhile it may reduce scalability, as we have to check
more strategies of agents not in the coalition A (see the model-
checking algorithm below).

By Proposition 6, all the agents in the coalition A with
IR-strategies can be seen as with Ir-strategies. Moreover,
for each agenti € Ag with Ir/IR-strategies, ~; is an identity
relation. Therefore, without loss of generality, we can safely
assume that (i) = ir foralli € A, and 7 (i) € {ir, IR} for
alli € A. Let A; . denotes the set {i € A | w(i) = ir}).

For two collective strategies £4 and &7, let

MEa. 65, ) 2 (G m)

be the ACGS obtained from (G, ) by enforcing strategies &4
and &, namely, by removing transitions whose actions of
agents in A U A; . do not conform to &4 and égir. We have
that

Lemma 1: [((AN¢]m = Ug, Ne; [ONSIMenss, >

Proof: (=) Suppose s € [((A))¢] r1. then there exists
a collective strategy £4 : A — (J;cq ©7 " such that for each
path p € Opq(s, 4): M, p = ¢. _ .
For every collective strategy &, : Air — UieZir 0",
we denote by Pathsy(M(4, &5, ) the set of paths in
M(éa, &, ) that start from s. Then, Pat hsy(M(&a, &5, )) ©
Onm(s, &4). This implies that for every path p €
Pathsg(M(&a, &1, ) M, p = ¢ holds. Therefore, we get
that s € [((9)¢] .6, ) for every collective strategy
&1, ¢ Ay — Uiea,, ©;*. The result immediately follows.
(<) Suppose s € g, mfx H<<®>>¢HM(5A»§H>’ then
there exists a collective strategy £4 : A — (J;c4 @?(i) such
that s € ﬂgxir [[<<®>)¢]]M(5A’Szir)' This implies that for every

collective strategy &; A, — U ek, ©;*, and every path
p € Pathss(M(éa, 65, )), p = ¢ holds.

Since O (s, £a) = UE;‘ Pathss(M(éa, 7, )), we get
that for every path p € O M fs, &4), p E= ¢ holds. Therefore,
s € [(AN S O

Algorithm for Simple ATL: To compute [{({A))@d]r.,
the Turing machine first existentially guesses a collective
strategy £4 1 A = Ujea @?(l) by restricting the tran-
sition function of M. Then the Turing machine reaches
the universal state, and explores all collective strategies
&1, ¢ A, — Uicx ®7(') by restricting the transition func-
tion of M, and finally computes [((#))¢] M(és.&; ) Which
amounts to CTL model-checking and can be done in polyno-
mial time in the size of M(&4, $;lr) and ((#))¢ [12]. Clearly,
the number of choices is limited by the size of the transi-
tion function and each choice can be doing in polynomial
time. Therefore, [({A))®] a1 can be computed in polynomial
time by an alternating Turing machine with two alternations
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a() n(®)
(a) (b) (c)
FIGURE 2. Running example: (a) M, (b) M (§1, &2;) and (c) M} (¢, 5{’2;), where x € {a, b}.

(starting in an existential state). By the characterization of the
polynomial hierarchy (PH), we obtain the following result.
Lemma 2: For a state s and a simple ATL formula ((A))@,
checking whether s € [((A))@]a is in E; (i.e., NPNP),
Example 1: Consider the ACGS M, = (G, ) defined as
follows.

e G = (S, {s0},Ag, (Acdicag, (~Dicag, (Piieags A, 1),
where
- S = {s0, 81, 52, 83, 54},
- Ag={1,2,3};
— Ac; = {a, b} forie Ag;
- ~=3= {(s,8) | s € S},~=~

U{(s0, 3), (53, 50)},
- Pi(s0) = P1(s2) = {a, b}, P1(s1) = P1(s3) = {a},

Pi(sq) = {b};

- Pa(so) = Pa(s3) = {a, b}, Pa(s1) = Pa(s2) = {a},
Py(s4) = {b};

- P3(s0) = {a, b}, P3(s1) = P3(s2) = P3(s3) = {a},
P3(sq) = {b};

— A is shown in Figure 2(a);

- AMs1) = g2}, AMs0) = A(s2) = A(s3) =
A(sq) = {q1}.

o 7 : Ag — Tsiy is the function such that w(1) = IR,
7(2)=ir and 7(3) = IR

We consider the ATL formula ¢, := ({{1}))(q1Uq2) express-
ing that the agent 1 has a strategy to achieve the goal g1 Uq>.
Obviously, ¢, is a simple ATL formula. By Proposition 6,
we get that My, so = ¢ iff M), so = ¢r, where M|, =
(G, 7HYwithn'(1) =ir, n/2Q) = 7 (2) and 7’ (3) = 7 (3).

Consider the collective strategies &1}, £2y and & {’2} defined
as follows.

o &) ={so > a,s1— a,s2 — a,s3 > a,s4+— b}

. 5}{2}(2) = {So = a,s1 — a,so = a,s3— a,s4— b}.

. 5{2}(2) ={so— b,s1 — a,so — a,s3 — b, s4+— b}.

We obtain two ACGSs M, (&1, §2)) and M, (1), §(py)
depicted in Figure 2(b) and Figure 2(c), respectively. Then,
we have:

. [[(<@>)(quCIZ)HM’,(E“},E(z)) = {s0, 51, 82},

. [[(@))(Cllqu)ﬂ/\/(;(gm,g(/z)) = {51, s2}.
This shows that sy ¢ msz{z}_)(air[[((Q))(quqz)]]M;(é:{“’é).
We can get the same result for ofher collective strategies of
the agent 1. Therefore, M., so V= ¢y
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E; -hardness. Next, we show that the model-checking
problem for simple ATL is E; -hard.

Lemma 3: For a state s and a simple ATL formula ({(A))@,
checking whether s € [{(A))p] a1 is E;-hard.

Proof: We prove by a reduction from the satisfiability of
quantified Boolean formulas with two alternations of quanti-
fiers (QBF;) which is known to be Ef -complete.

Let 3X.VY.¢y be an instance of QBF;, where X =
{x1,---,xn} and ¥ = {y1,---,yx} are sets of Boolean
variables, ¥ is a Boolean formula over Boolean variables of
X U Y. Without loss of generality, we assume that i is in
3-CNF \;(¢] v € v £9), where ¢; is a literal that is either
a Boolean variable or its negation. We denote by c; for the
clause € v €2 v £3, and cl(¥) the set of clauses of .

AX .VY . 1s satisfiable iff an assignment f; : X — {0, 1}
exists such that for all assignments o : ¥ — {0,1}, ¥
evaluates to 1 under f; and f>.

Let M = ((S,{s}, Ag, (Aci)ieag, (~i)icag, (Pi)icags
A, X)), ) be an ACGS, where

o« S=8S.USeU{sy,sT,s},S ={s;,5~;|z€eXUY}and

Se = {sc¢ | c € cl(Y)};

e Ag={gx |xeX}UfgylyeYtU{ga gy}

o Foreachi e Ag,

{as,ac | c € cl(P)}, ifi=gy;
Aci = {a11a27a37a<>}5 lfi:gd;
{ai,aT,as}, otherwise.

o Foreachie Ag,
— ~;is an identity relation id~, if i € {g4, gy };
- ~i= id~ U {(s5,8-2), (5—z, )}, if § = g for
zeXUY.
o Foreachi € Ag, P;is defined as follows: for each s’ € S,

{ac |cecl(y)}, ifi=gy s =s;

{ao)}, ifi=gy As #s;

{a1, a2, a3}, ifi=gaNs =sc
Pi(s") = { {as}. ifi=gqns #sc

{ai,aTt}, ifi =g, As" €{s;,5-:h

{as}, ifi=g A5 &{s;, 5.}

{as}, if s’ € {sT,s.}).
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e A is defined as follows: for every (s, @) € S x Ac,

se, ifs’ =sAalgy) =ac;

Sei, Afs" = sp1 2003 A d(ga) = ais
(1) if s = s, A algy) = aT,

A3 = s1, (Qors =s,Anag) =ayl,

(B)ors =s1;

(D)if s =s—, Aa(g,) =ay,

sT, (ors =s,Aa(g,) =ar,

B)ors =sT.

e A is the function such that for all s € S: A(s') = g7 if
s" = s1, M(s) = @ otherwise;

e w(i)=1ir foreveryi € Ag.

Intuitively, the agent gy controls the state s and chooses a
clause c to verify by selecting the action a.. Then, the agent
ga controls the state s. and chooses a literal £/ (e.g., z or —z)
of ¢ to verify by selecting the action ;. Next, the agent g,
controls the state s, and chooses a truth value for the variable
z by selecting at or a, . If the literal £/ is true under z, then
M enters the state g1, otherwise M enters the state ¢ .
The relation ~_ensures that the agent g, chooses the same
truth value at the states s, and s—,. The ACGS M can be
constructed in polynomial time in the size of 3IX.VY .¢.

Let Agg denote the set {g¢, g | x € X}, then we have

s € [{((Aga))FgT]am iff IX.VY .y is satisfiable.

Indeed, there exists an assignment f; : X — {0, 1} such
that i evaluates to 1 under f; regardless of the values of the
variables in Y iff there is a collective strategy &4, such that
M, p = Fgt for all paths p € OC(s, £ag5), where for every
x € X, fi(x) =1 (resp. fi(x) = 0) iff the agent g, selects the
action at (resp. a_ ) at the states s, and s—.

The proof is completed. 0

We remark that the following result also holds:

s € [{INX ((Aga))FgT] A iff AX.VY .9 is satisfiable.

which will later be used in the proof of Lemma 5.
Following Lemma 2 and Lemma 3, we have that:
Theorem 2: The model-checking problem for simple ATL
formulae is Ezp -complete.

B. MODEL-CHECKING FOR GENERAL ATL

Algorithm for General ATL: We now present the model-
checking algorithm for general ATL, which computes [¢] r
from the innermost subformulae.

Algorithm 1 shows the pseudo code, which takes an ACGS
M = (G, ) and an ATL formula ¢ as inputs, and outputs
[¢] A1 which contains all the states that satisfy ¢.

We also incorporate epistemic modalities K;¢, Exp, Dag
and C4¢ from [13] into our algorithm with the following
semantics:

e G,5 = Kipiff Vs € S, s ~; s = G, 5 s ¢;

e G5k EagiffVs €S, s~E s = G,5 =, ¢
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Algorithm 1 ATL Model-Checking Algorithm
Input: An ACGS M = (G, 7) and an ATL formula ¢
Output: o] r

1 Function MC(M, ¢)
2 switch ¢ :
3 casegreturn {s € S | g € A(s5)};
4 case —¢' return S \ MC(M, ¢');
5 case @] A @ return MC(M, ¢1) N MC(M, ¢2);
6 case K;¢' return {s € § | [s]™ € MC(M, ¢)};
7 case Eq¢’ return {s € S | [s]”f C MC(M, ¢)};
8 case D¢’ return {s € S | [s]74 C MC(M, ¢")};
9 case C ¢ return {s € S | [s]Ng C MC(M, ¢")};
10 case ((A))¢
11 foreach sub-state-formula ¢’ in ¢ do
12 Replace ¢’ by a fresh atomic proposition
gy in @, and let A(gy) := MC(M, ¢');

13 [(AN @I =

U, msxir [K(@)WHM(&A,&XH);
14 return [((A))$] s

o G50 DpiffVs' €8, s ~g s =G,5 =6 0

e G,5 s Capiff Vs € §, s ~5 s = G,5 =5 0,
where ¢ is a state formula, ~4= UieA ~i, ~£=
Mica ~is ~§: (N§)+ (i.e., the transitive closure of NE).
Kip, E4p,Dap and Cqe denote that *“i knows”, “every
agent in the coalition A knows™, “‘agents in the coalition A
have distributed knowledge”, and “‘agents in the coalition A
have common knowledge” on the fact ¢, respectively. The
ATL logic extended with these epistemic modalities is called
ATLK logic. Given a state s € § and a binary relation
“C § x S, we denote by [s]= the set {5’ € S | s = 5'}.

By Lemma 2, the model—checkinlg problem for ATLK on
ACGSs is solvable in AF (i.e., PM*™).

Lemma 4: The model-checking problem for ATLK on
ACGSs is in AF.

A3P -hardness. We show that the model-checking problem
for ATL is A3P -hard by a reduction from the sequentially
nested satisfiability problem of quantified Boolean formulae
(SNSAT),), which is known to be Ag’ -complete [10], [14].

An instance 7, of SNSAT} is given by m Boolean variables
Z ={z1, -+, zm} and a list of m equations

71 = 3AX1.VY .y (Xy, 1)
22 = Ao V2.4 (X2, Y2, 21)

Zm = X VY AKX, Yoo 21, -+ - 5 Zm—1)

where foreveryi: 1 <i<m,
o i is a 3-CNF Boolean formula over variables X; U ¥; U
ZowithZoi={z1,-,zi1};
« X = Wb X ) Y= O
Boolean variables.

,yf{i} are two sets of
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The instance Z,, is satisfiable iff there exists an assignment
fm : Z — {0, 1} such that foreveryi: 1 <i < m,

fm(zi) = 1iff 3X;.VY;.¢; is satisfiable under f,,,.

Lemma 5: The model-checking problem for ATL on
ACGSs is AF-hard.

Proof: We reduce SNSAT), to the ATL model-checking
problem. For every equation z; = 3X;.VY;.1r;, let
M
= (& {5}, Agl, (A icagh. (“Dicag (Picag N, M), 7))
be the ACGS constructed as in the proof of Lemma 3 from
the formula 3X;.VY;.1;. Let ﬂj be the ACGS obtained from
M/, where the initial state s/ is renamed to §/. We recursively
construct two families of ACGSs: (/\/j)li,gm and (JT/J)lﬁ,-Sm.
Forj = 0, let/\/'l. = M! andJT/l = /\_/ll.Forj > 0,
we define N7/ and jT/j as follows.
1 NI (resp. NJ) starts from the initial state Sz (resp. sﬁzj)
which is controlled by the agent g;; with two available

actions a and aT at the state s; (resp. $—z;)-
2) Atthe state s; (resp. s—;),

a) if the agent g selects the action at, then NI

(resp. N) goes to the state ¢/ (the initial state
of MV) and then behaves the same as M/ until
some state of the form s;; or s—;, for some i < jis
reached;

b) if the agent g selects the action a, then NI

(resp. _Nj) goes to the state ¥ (the initial state
of ﬂ]) and then behaves the same as M’ until
some state of the form s;; or s—;, for some i < jis
reached.

3) A and /Tfj behaves the same as N (resp. N i) after the
state s;, (resp. s—;,) for some i < j.

Each state of the form ¢/ is associated with the atomic propo-
sition ¢, i.e., A(s) = {g}. Let Ags denote the set {g¢, g« |
x € UL Xi} U{g; | z € Z}. The ATL formula is con-
structed recursively as follows: ¢g = false and for every
jil1<j<m,

djr1 = ((Ag3))X(g < ((9))X ((Ag2))(—qU(qT Vv ¢))))

where a <> b denotes (a A b) V (—a N —b).
The result follows from the following claim.
Claim:
) s" e g A (0)X ((Ag2))(~qU(GT V' $m-1)]pm
iff the instance Z,, is satisfied by some assignment
fm + Z — {0, 1} such that f,,(z,,,) = 1.
2) 3" € [~g A ~{0)X (Aga))(~qUGT V dm_1)] 5
iff the instance Z,, is satisfied by some assignment f;, :
Z — {0, 1} such that f;,,(z;,) = 0.
If the instance Z,, is satisfied by an assignment f;, : Z —
{0, 1}, then we have that: foreveryj: 1 <j <m, f(zi) = 1
iff 3X;.VY;.y; is satisfiable under f;,,. It suffices to prove that
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5" € [(0)X ((Ag2))(~qU(GT V $m— 1) A ift T,y
is satisfied by some assignment f;, : Z — {0, 1}
such that f,,(z;») = 1.
We prove this by applying induction on m.
Base Case m = 1: Following the proof of Lemma 3,

s' e [(@)X ((Aga))Fqr]nq iff 3X).VY|. 9 is satisfiable.

Then, the result immediately follows from the fact that ¢y is
false. Note that g is always false after the state s'.

Inductive Step m > 1: Recall that s™ € [((#))X ((Ag3))
(=qU(qT V ¢m—1))] v iff a collective strategy & : Agz —
UieAga @?(’) exists such that for every path p € Oprm (s, £4)
and every success state s/ of s™: N™ p = —=qU(gT V dpm_1).

For every path p € Opm (s, £4), we have that:

« p visits some state p; of the form s/ or §/ for 1 <j < m
iff pi € [g]am, o

o p does not visit any state p; of the form ¢ or ¥ for
1 <j < miff p ends with a loop on the state g.

By the induction hypothesis, we have that:

e d € [(PNX ((Ag))(~qU(gr v ¢j-1)]ps iff the
instance Z; is satisfied by an assignment
fitZejp1 — {0, 1} such that fj(z;) = 1.

e ¥ e [~(0)X ((Aga))(~qUlgT Vv ¢j-1)] s iff T; is
satisfied by an assignment f; : Z_j;1 — {0, 1} such that
fiz)) = 0.

Therefore, s € [((8))X ((Aga))(=qU(gTV $m—1))] \rm iff
I is satisfied by an assignment f,,, : Z — {0, 1} such that
fm(zm) = 1 and forevery j : 1 <j < m, fin(zj) = fj(z)).

Note that s N S for every j : 1 < j < m, hence the
agent g; always chooses the same action at the states s;; and
5—z;- This ensures that f,, is well-defined.

Following Lemma 4 and Lemma 5, we get that:

Theorem 3: The model-checking problem for ATL (hence
ATLK) formula is A3P -complete.

VIIl. ATL* MODEL-CHECKING FOR ACGSs

In this section, we show that the ATL* model-checking
problem for ACGSs is 2EXPTIME-complete. The model-
checking algorithm mainly follows Algorithm 1 which iter-
atively computes the set of states satisfying state formulae
from the innermost subformulae. The main challenge is how
to compute [{(A))¢] 1, as Proposition 6 does not hold if ¢ is
a general LTL formula. To solve this problem, we propose a
novel reduction to the solving of parity games.

A. MODEL-CHECKING SIMPLE ATL*
Given a simple ATL* formula ((A))¢ and an ACGS M =
(G, ), we compute [{({A))p] A1 by areduction to the problem
of computing the winning region of a turn-based two-player
parity game. We first introduce some basic concepts which
will be used in our reduction.

A deterministic parity automaton (DPA) A is a tuple
(P, X, 6, po, R), where

o P is a finite set of states;

o X is a finite input alphabet;
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e §: P x X — Pisatransition function;

e po € Pis an initial state;

e R:P—{0,...,k}is arank function.
A run p of A over an w-word agarq ... € X? is an infinite
sequence of states p = popg ... such that for every i > 0,
piv1 = 8(pi, ;). Let inf(p) be the set of states visited
infinitely often in p. An infinite word is recognized by A if A
has a run p over this word such that min,cinf(,) R(p) is even.
For every LTL formula ¢, one can construct a DPA Ay =
(P, 24P 8, po, R) with 22°”” states and rank k = 290D such
that Ay recognizes all the w-words satistying ¢ [15], where
each w-word corresponds to a trace 7(p) of a path p in the
ACGS.

A (turned-based, two-player) parity game P is a tuple
(V=Vow Vi, E, E), where

o Vifori e {0, 1} is a finite set of vertices controlled by

Player-i;
o E C V x V is afinite set of edges;
o B:V —{0,...,k}is arank function.

A play p starting from the vertex vy is an infinite sequence of
vertices vovy ... such that for every i > 0, (v;, vi+1) € E. p
is accepting if min,cinf(,) E(v) is even. A strategy of Player-i
is a function 0 : V*V; — V such that for every p € V* and
v e Vi, (v,0(p -v)) € E. Given a strategy 9y for Player-0
and a strategy 6; for Player-1, let P(6p, 8;) be the play
where Player-0 and Player-1 enforce their strategies 6 and 61,
respectively. 0y is a winning strategy for Player-0 if P(6y, 61)
is accepting for all strategies 0; of Player-1. The winning
region of Player-0, denoted by WRy, is the set of vertices from
which Player-0 has a winning strategy.

We will use the following notations in our reduction.

o dom(g) denotes the domain of the function g.

e Ay :={icA|n()=0c}andA, :={icA| (i) =0}

e F;, is the set of (total) functions f : A, X § —
Uica,, Aci such that for all (i,s) € Air x S, f(i,s) €
Pi(s) and s ~; s’ entails that £ (i, s) = f(i, 5).

« Given astate s, let F, be the set of functions f : A —
UieAIR Ac; such that f (i) € P;(s) for every i € A1y, and
Frr = Uses Fir- .

o Gj. is the set of partial functions g : A;jr XS —
Uiex,, Aci, such that foreach (i, 5) € Ai.xS,ifg(i, s) €
dom(g), then for all &' € S with s ~; s": g(i,s) =
g(i, s") € Pi(s).

o I, = {G CGi, | Vg, g €G, dom(g) = dom(g/)}.

We construct a parity game Py, as follows:

Py =(V =VoWVi, E, E),

where
e Vo=SUW xPxFi, xIliy);
e Vi=E xFir)Ul X P x Fiy x F1g x I1i,);
e« E:V —{0,---,k}isarank function such that:,
- EB(s) = B(s,f)=0foreverys e Sandf € Fi,
- &(s,p, /1, G) = E(s, p. f1. /2. G) = R(p), for every
seS,peP,fieFir,rp e Frrand G € I1; .
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o FE is defined as follows:

1) (s, (s, /1)) € E for (s,/1) € S X Fiy;

2) ((s,f1)s (s, po, f1,9)) € E for (s, f1) € § X Fiy;

3) ((s,p.f1,G), (s,p,fi,2,G) € E for (s,p,
fi.G) e Vopand fr € Fig;

4) ((s,p.f1,/2: G), (s, 8(p, M(9)), /1, G')) € E for
every (s,p,f1,/2,G) € Vi and s € S, where
G’ € T1;, is the largest set such that the following
conditions hold: for every g’ € G,
(1) either G = @ or there exists g € G such that

dom(g") = dom(g) U {(i,s") € Air x S | s ~; 5"}

and for every (i, s”) € dom(g), g'(i, s") = g(i, s);
(2) there exists @ € Ac such that s’ = A(s, @), and
for every (i, s) € Ag x S,

fiG,s), if (i, s) € dom(f1);
a;=13g3,s), if(i,s) e dom(g);
(), if i € dom(f).

In this reduction, intuitively, the function f] € F; encodes
ir-strategies of agents in Aj,, and the collection of the
functions f> € Fig in plays of Py from the vertex (s, f1)
encodes IR-strategies of agents in Arg. These functions
together encode a collective strategy of the coalition A. Each
function g € Gi, encodes ir-strategies of agents in A,
The imperfect information abilities of agents are ensured by
the definitions of the functions f € F;» and g € Gir.

Intuitively, to check whether s € [((A))¢]a, Py starts
with the vertex s. At the first step, Player-0 chooses a function
f1 € Fi, meaning that the ir-strategies of the agents in A; ,
are chosen. Next, Py moves from (s, f1) to (s, po, f1, ¥) which
lets the DPA Ay start with py (note that Player-1 has only
one choice at this step). At a vertex (s, p, f1, G) controlled
by Player-0, Player-0 chooses actions for agents in Atz by
choosing one function f> € F3j;. Then Player-1 chooses
actions for agents in A with respect to the chosen actions
of agents in A, tracked by G. These selections of actions
together with f; and G determine a joint action a, based on
which Py moves to (s, 8(p, A(s)), fi, G') such that s’ is the
successor state of the state s after the joint action a, and
8(p, A(s)) is the successor state of the state p in Ay which
allows to mimics the run of Ay over the trace t(p) induced
by the play p of M. During this step, f2 is dropped from the
vertex of Py, as f> corresponds to actions of agents in Ay and
needs not track. The actions of agents in A ; , are preserved in
G’ from G. This ensures imperfect recall abilities of agents
in A;,. Note that it is important to associate the functions
g € Gy to the same state s’ that is reached via same sequence
of states for a given function f; € F;, (i.e., Item 4) in the
definition of E), otherwise the agents from Atz may choose
different actions on the same path of M.

Lemma 6: WRy NS = [{({A))p] at-

Proof:  According to the definition of Py, each
Py(6o, 61) must be of the form

s(s, f1)(s, po, f1, D), po, f1. /2, ¥)
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(s1,P1, 11, G1)(S1,P1,f1,f21, G1)
(52, P2, f1, G2)(s2, P2, f1, £+ G2)
(53,3, f1, G3)(s3, p3, fi, /55 G3)

Let pg,,0, be the path ss15253 - - - obtained from Py (69, 61).

(=) Suppose s € WRy N S, then Player-0 has a winning
strategy 6 : V*Vy — V such that MiNycinf(P,(0.6,)) E(V) 18
even for every strategy 61 of Player-1.

It is well-known that, for parity games, if Player-O has a
winning strategy, then it also has a pure memoryless winning
strategy [16]. Let 6y : Vo — V be a pure memoryless winning
strategy for Player-0 such that min,cinf(p, g,.6,)) E(v) is even
for every strategy 6 of Player-1. Then, the DPA A4 recog-
nizes the w-word t(pg,,6,)- This implies that M, pg,.0, = ¢.

Let &4 be the collective strategy for the coalition A such
that

o forevery (i, s') € Aiy x S: E4()(s') = f1(i, 5); and

o for every i € Arg, strategy 61 of Player-1 and prefix

S1c 8 of £60.61
= Sa(D)(ssy -
= §a()(s)

For every collective strategy &5 : A — Uica @?('), let 6;

be a strategy of Player-1 such that

o forevery (s, f1) € V1: 01(s, f1) = (s, po. f1, 9D);
« forevery (s, p, f1, 2, G) € Vi:

01(s, p, f1./2, G)

s) = A0, if j = 1;
= f>(i), otherwise.

= (s, 8(p, M), f1, G,

where G’ satisfies the conditions in the reduction.
Moreover, for every g € G’ and (i, s”) € dom(g),

8(i, ") = &5()(s).

Then, pgy6, = play(s, &a, &g). Therefore, s € [((A))p] 1.
(<) Suppose s € [{{A))¢] rm, then there exists a collective
strategy &4 for the coalition A such that for every collective
strategy &z of the coalition A: M, play(s, £, &) = .
Let 6y be a strategy of Player-0 such that

e 6o(s) = (s,f1) where fi € F;, such that for every
(i,s) € Air x S: fi(i, s') = Ea(D)(s));

. and QO(S]vpj’fl’ i) = (), pj, f1, fz’ i—1) Where
f2 € F. such that for every i € Arg: fz(z) =
Ea(D)(ss1 -+ - 5p).

Similarly, for every strategy 6, for Player-1, we can con-
struct a collective strategy & of the coalition A such that
play(s,&a, &5) = pgy,0,- Since M, play(s,éa, &) = &,
Minyeinf(P, (6.0, S(v) is even. Therefore, 6y is a winning
strategy of Player-0, namely, s € WRy N S. 0

The winning region of Player-0 in Py can be computed in
time polynomial in |V] - |E] - 2% [17]. In this reduction, each
G € TI1;, contributes at most O(|S|) sets of G'. Therefore,
|V| - |E| is exponential in |G| - 2!%!. Recall that k = 20U¢D,
Consequently, we have
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{1} {a2}

q17q2}
{q2 .3 0 {a1,q2}
{ql}

{a1} {q=}

@ 0 {q1,92}

FIGURE 3. The DPA Ag, yg, -
Lemma 7: For the simple ATL* formula
[{{A))p] A1 can be computed in 2EXPTIME.
Example 2: Let us continue with the ACGS M, = (G, )
and ATL formula ¢, from Example 1. The DPA Ay uq, =
(P, 219122} '§ po. R) is shown in Figure 3, where R(pg) =
R(p2) = 1 and R(p1) = 0. The parity game Py, starting from
so is shown in Figure 4, where the circle-shape vertices are
controlled by Player-0, the others are controlled by Player-1,
the ranks of the vertices containing state py are 0, and the
ranks of the other vertices are 1. We can see that so ¢ WRy.
Hence, M, sy = ¢r.
It is known that the model-checking problem of simple
ATL% on CGSs is 2EXPTIME-complete [1]. We have that:
Theorem 4. The model-checking problem for simple ATL*
is 2EXPTIME-complete.

((A) e,

B. MODEL-CHECKING FOR GENERAL ATL*

The model-checking algorithm (shown in Algorithm 2) for
general ATL* follows Algorithm 1, where the procedure for
simple ATL is replaced by the one for simple ATL*. We also
extend ATL* with the epistemic modalities K;p, E4¢, Dgg
and Cy4 ¢, leading to the logic ATLK*.

Algorithm 2 ATL* Model-Checking Algorithm

Input: An ACGS M = (G, m) and an ATL* formula ¢
Output: [o] A1
1 Function MC(M, ¢)
switch ¢ :
casegreturn {s € S | g € A(s)};
case —¢’ return S \ MC(M, ¢');
case @1 A @y return MC(M, ¢1) N MC(M, ¢2);
case K;¢’ return {s € S | [s]™" € MC(M, ¢")};
case Eq¢’ return {s € S | [s]74 C MC(M, ¢")};
case D¢’ return {s € S | [s]“fx) C MC(M, ¢")};
case C ¢ return {s € § | [s]™4 € MC(M, ¢")};
case ((A))¢
foreach sub-state-formula ¢’ in ¢ do
Replace ¢’ by a fresh atomic proposition
gy in @, and let A(gy) := MC(M, ¢');
[({(A) @] = WRo N S;
return [((A))¢] a1

o 0 N N AW N

a

-
N - O

[
w

[
'S

By Lemma 7, the model-checking problem for ATLK* on
ACGSs can be solved in 2EXPTIME.

Theorem 5: The model-checking problem for ATL*
(hence ATLK*) on ACGSs is 2EXPTIME-complete.
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fl = (1750) —a, (1751) = a, (1%52) = a, (1753) — a, (1754) — b} g1 = {(27 50) = a, (2753) — a} 92 = {(27 50) — b, (27 53) = b}
fo={(,50) = b,(1,51) = a,(1,s2) = a,(1,83) = a,(1,54) = b} g3 =1{(2,50)+ a,(2,s3) — a,(2,s1) = a}
fs={(1,50) = a,(1,51) = a,(L,s2) = b, (1,83) = a,(1,54) = b} g4 ={(2,50) > a,(2,83) — a,(2,s2) — a}
fa={(Q1,50) = b,(1,51) = a,(1,s2) = b,(1,83) = a,(1,54) = b} g5 = {(2,50) = a,(2,83) = a,(2,52) = a,(2,51) — a}
f1 is the function with empty domain @ g6 = {(2,50) = a,(2,53) = a, (2,54) = b}
‘ (So,fl)‘ ‘ (807f2)‘ ‘ (807f3)‘ ‘ (50,f4)‘
(8071907](170) (So,po,fz, 0)

v v

'

(So,Po,fth_,@)

‘(507p07f2>fL7®)‘

[(50,P0. f3. 1, 0)] (50,20, f4, f1,0)

(s1,p0, f1, {91} (s3,p0, f1,{92}
( ) 9f 7{ }
l 53,00, f2,{92})

(s51,P0, f1, f1,{91}) l (53,0, f1, f1,{92})

(54,0, f2, {91}

(51,p0, f3,{g1}

¢
/
(

53,0, f3, {92}

(54,0, fo, f1, {91})

[(s2, po, f3, F1, {g1})] (53, po, f1, F1. {g2})]

(s2,p0, f1, f1,{91})

(53,10, f2, f1,{g2})

[(s3,P0, f3. 1, {g2}) (54,0, fa, f1, {91 })

(slaplyflvflv{g3}) ‘
(51,p0, f1, f1,{94})

(s1,p1, f1, f1,{95})

FIGURE 4. The parity game P, starting from the state sy with accepting plays highlighted in blue color.

IX. IMPLEMENTATION AND EXPERIMENTS

We implement the ATLK/ATLK* model-checking algorithms
in MCMAS [18] and carry out several experiments. The tool
GOAL [19] is used to transform LTL formulae to DPA and
compute winning regions of parity games. All models in
our experiments are based on the existing benchmarks in the
literature. All experiments were conducted on a desktop with
1.70GHz Intel Core E5-2603 CPU and 32GB of memory.

A. CASTLE GAME

In Castle Game [20], there are several agents modeling work-
ers and an environment agent. Each worker works for the
benefit of a castle, and the environment keeps track of the
Health Points (HP) of castles. Each castle preserves an HP up
to 3, and 0 means it is defeated. Workers are able to attack a
castle which they do not work for, or defend the castle which
they work for, or do nothing. Any agent cannot defend its
castle twice in a row, it must wait 1 step before being able
to defend again. The castle gets damaged if the number of
attackers is greater than the number of defenders, and the
difference influences its HP. In this model, the number of
states is 8000 x 4n, the environment agent has 1 local action,

101816

‘(817p07f37flv{gl})‘ i

G fo o))

(54,0, f2, f1,{96}) (
(s1,P1, f3, f1,{93})

(52,p0, f3,{94}

(54,0, fa, {96}

(527p07f37 fJ.?{g4}) (547p07f47fL7{g6})

and each worker agent has 4 local actions, where n denotes
the number of workers.

In this experiment, we consider an ACGS consisting of
three worker agents wi, wa, w3 and an environment agent e,
where worker w; works for the castle c;.

e 01 = ({{w1, w2}))F(castle3Defeated): expresses that
workers w; and wy can make castle c¢3 defeated, no mat-
ter which strategies the worker w3 uses.

e v = (({w1,m}))F(allDefeated): expresses that
workers wi and wy can make all the castles defeated,
no matter which strategies the worker w3 uses.

The results are shown in Table 1, where (o1, 02, 03, 04) in
each row denotes the strategy types of agents e, wy, wa, w3,
N/A denotes timeout (2.5 hours), Y (resp. N) denotes
that the model satisfies (resp. fails) the formula, and
columns 2—4 (resp. 5-7) show total time (in seconds) and
result of verifying ¢; (resp. ¢2) using Algorithm 1 and
Algorithm 2, respectively.

We observe that: (1) the strategy types of agents do affect
the performance and results. In particular, the time signif-
icantly increases when w3 is ir-typed while w; or wy is
IR-typed; (2) Algorithm 1 is more efficient when both w and
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TABLE 1. Results of castle game.

bis $1 L2
Alg. 1 Alg 2 SAT | Alg. 1 Alg 2 SAT
(IR, IR IR,IR) | N/A 20295 Y | N/A 18178 ¥
(IR, IR, IR,ir) | N/A 752367 Y | NJA 737744 Y
(IR,IR,ir,IR) | N/A 31904 Y | NJA 30578 N
(IR,ir,IR,IR) | N/A 32446 Y | NJA 31259 N
(IR, IR ir,ir) | N/A 340256 Y | N/A 345159 N
(IR,ir,IR,ir) | N/A 329451 Y | N/A 336671 N
(IR,ir,ir,IR) | 5822 24254 Y | 77514 2337 N
(IR,ir,ir,ir) | 13791 113493 Y | 45679 113647 N

TABLE 2. Results of dining cryptographers protocol.

Alg. 1 Alg. 2
Y1 [z Y3 Vi 2] Y3

#Crypts #States

22528 | 9.19 8913 1.721 | 266.844 240.003 254.293
49152 | 21.988 21.927 5.094 | 1712.62 1588.06 1762.88

3 160 | 0.022 0.016 0.013| 6.439 5.838 5.852
4 384 | 0.059 0.049 0.028 | 6.928 6.744  7.242
5 896 | 0.133 0.114 0.049| 8.839 8.874 8.88
6 2048 | 0315 0.328 0.163 | 12.567 12.724 12.865
7 4608 | 0.929 1.388 0.382| 22.938 23411 23.654
8 10240 | 3.463 4.022 0.834| 60.642 60.583 63.064
9

10

wy are ir-typed; otherwise and Algorithm 2 is more efficient.
This is because the number of possible strategies of wj and
wy is small (using Lemma 2) if both wy and w» are i r-typed.

B. DINING CRYPTOGRAPHERS PROTOCOL

Dining Cryptographers Protocol is one of anonymity proto-
cols aimed at establishing the privacy of principals during
an exchange [13]. The dining cryptographers protocol can
be modeled as a MAS. In this game, n cryptographers share
a meal around a circular table. Either one of them or their
employer paid the bill. They want to know whether it was
sponsored by their employer without revealing the identity
of the payer (if one of them did pay). The protocol works
as follows: each cryptographer 1) tosses a coin and shows
the outcome to his/her right-hand neighbor, 2) announces
whether the two coins agree or not if he/she is not payer,
otherwise announces the opposite of what he/she sees. Their
employer is the payer if an even number of cryptographers
claiming that the two coins are different, otherwise not. For
experimental purpose, we allow the cryptographer who paid
for the meal announces either the two coins agree or not no
matter what he/she saw.

In this experiment, n ranges from 3 to 10, two cryptogra-
phers use i r-strategies, and one of them should be the payer.
The others all use IR-strategies. We verify three formulae 1,
Yy and 3, where y; expresses that if the number of “‘sayd-
ifferent” is odd and the i-th cryptographer is not the payer,
then he/she knows that the bill is paid by one of the others,
but cannot tell exactly who is the payer. For instance, in the
three cryptographers case, ¥; = ((4))G((odd A—clpaid) —
((Ke1(e2paid v c3paid)) A =K 1c2paid A =K 1c3paid)).

The results are shown in Table 2, where column 1 gives
the number of cryptographers, column 2 gives the number of
states, columns 3-5 (resp. columns 6—7) show the total time
of respectively verifying 1, ¥» and 3 using Algorithm 1
(resp. Algorithm 2). Both | and v, are satisfied by all the
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TABLE 3. Results of book store scenario.

T @1 2
Alg.1  Alg.2 SAT | Alg. 1T Alg.2  SAT
(R, IR) | 4237 11264 Y | 008 5566 Y
(IR,Ir) | 4102 12185 Y | 0081 5124 Y
(IR,ir) | 4094 11459 Y | 0081 526 Y
(Ir,IR) | 4095 17398 Y | 0081 6096 Y
(Ir,Ir) | 4086 30649 Y | 0082 7.183 Y
(Ir,ir) | 4112 32985 Y | 0082 8009 Y
(r,IR) | 4.162 17842 N | 0082 59 Y
(r,Ir) | 4144 31155 N | 0082 7592 Y
(ir,ir) | 4157 3073 N | 0082 7473 Y

models, while yr3 not. We observe that Algorithm 1 is more
efficient than Algorithm 2, as the coalitions in all the formulae
are ). From this experiment, one may conclude the reasonable
scalability of our tool.

C. BOOK STORE SCENARIO

The Book Store Scenario depicts a deal between two agents:
a supplier (S) and a purchaser (P) [18]. Initially, S is waiting
for an order from P, and P is ready for initiating a trade.
Upon receiving an order of some e-good from P, S can make
a decision to accept the order or not, and later notifies P. If S
accepts, then P can pay the fee. Once paid, S can either reject
the payment or accept and deliver the good. If P received the
good, then trade is completed. During the trade, P can revoke
the order, both S and P can terminate the trade, after which
the information of the trade should be symmetric at any time.
In this model, S has 15 local states and 13 actions, and P has
12 local states and 7 actions. In this experiment, we verify the
model against the following formulae:

o 91 = ((D))G((S&P_no_T)— Ks{{{S, P}))Ftrd_end)):
expresses that if neither S nor P terminates the trade
(i.e., S&P_no_T is true), then S knows that they can
cooperatively complete the trade eventually.

o ¢ = ({{S, P}))(S&P_no_T U (trd_end N —trd_succ)):
expresses that the trade can end by P’s requiring for

refund.
The results are shown in Table 3. Each row presents the

result of one of strategy type combinations of S and P, for
instance, (IR, ir) denotes that S has an IR-strategy while P
has i r-strategy. Columns 2-4 (resp. columns 5-7) show total
time and results of verifying ¢ (resp. ¢;) using Algorithm 1
(resp. Algorithm 2). The results of ¢ confirm that strategy
types affect the truth of formula. Algorithm 1 performs better
than Algorithm 2 both on ¢ and ¢; in this experiment.

X. RELATED WORK

The family of alternating-time temporal logics (ATL, ATL*
and AMC [1]) for reasoning about games was introduced
with motivations partially from MASs. Model-checking algo-
rithms were also given with IR-strategies. Reference [21]
extended ATL with knowledge operators and proposed
corresponding model-checking algorithms. In their work,
epistemic accessibility relations are considered in the inter-
pretation of knowledge operators, but not for the strategies
and outcomes. This means that agents still use IR strate-

101817



IEEE Access

Y. Zhang et al.: Making Agents’ Abilities Explicit

gies for collation modalities ((A))yr. This issue was dis-
cussed in [22] which proposed an idea of iR-strategies.
Reference [2] introduced the notion of imperfect recall into
ATL/ATL*, and systematically investigated the complexity
of model-checking problems for ATL/ATL* under four dif-
ferent strategic types. Importantly, with iR-strategies the
model-checking problem becomes undecidable [5]. Authors
in [6] introduced knowledge operators into AMC, studied
its semantics and proposed a model-checking algorithm for
the alternation-free fragment under the imperfect information
setting. Reference [8] further conducted a comprehensive
comparison of variants of ATL/ATL* with different strategic
abilities. The study corroborates that the agents’ strategic
abilities play a prominent role in logic semantics.

In the previous work, strategies of agents are revoca-
ble, i.e., when it comes to achieve a goal in the (nested)
subformulae, previously selected strategies are deleted.
Reference [4] introduced a variant of ATL with irrevo-
cable strategies under the imperfect recall setting. It was
generalized into ATL/ATL* with strategy contexts [23],
which allowed agents to drop or inherit previously selected
strategies.

Two versions of strategic logics were introduced by [24]
and [25], and the model-checking problems were investi-
gated therein under the IR-setting. Strategic logics extend
LTL with first-order quantifications over strategies which
naturally capture the multi-player game nature in the evo-
lution of MASs. Knowledge operators were introduced in
the strategic logic [25] where a model-checking algorithm
with ir-strategies was given [9]. Here all agents must
take ir-strategies (so the potential inconsistency can be
ruled out), but no other strategic abilities were considered.
To gain decidability under iR-setting, specific restrictions
on the abilities of the agents were proposed in, for instance,
[26]—-[32]. Several subsets of the strategic logics [25] such as
BSIL [33], TCL [34] were proposed and studied under the
IR-setting in order to maintain a low complexity.

Our work is orthogonal to the existing work which defines
the strategic abilities at the semantics level, but takes a more
syntactic level by strengthening the model.

XI. CONCLUSION AND FUTURE WORK

In this paper, we discussed the problem of existing semantics
of ATL/ATL*, and advocated the approach to make agents’
abilities explicit in modeling. For this purpose, we intro-
duced an extension of standard CGS model, named ACGS,
which defines agents’ abilities at the syntactic level of the
system model. We explored the effects of strategy types in
the semantics, in particular model-checking, of ATL/ATL*
over ACGSs, and provided model-checking algorithms with
identified complexity. The algorithms are implemented in
a tool MCMAS-ACGS, which has been applied to several
applications to demonstrate the feasibility and effectiveness.
This work represents the first systematic study towards differ-
ent agents’ abilities at the syntactic level, which is in contrast
to previous approaches at the semantic level.
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Currently we use ATL/ATL* as the specification, but the
methodology can be extended to other logics such as Strategy
Logic, and other agents’ abilities such as strategy contexts.
Several questions are left open such as axiomatization and
satisfiability problem. We leave them for future work.

REFERENCES

[1] R. Alur, T. A. Henzinger, and O. Kupferman, ““Alternating-time temporal
logic,” J. ACM, vol. 49, no. 5, pp. 672-713, 2002.

[2] P. Schobbens, “Alternating-time logic with imperfect recall,” Electron.
Notes Theor. Comput. Sci., vol. 85, no. 2, pp. 82-93, 2004.

[3] W. Jamroga and W. van der Hoek, “Agents that know how to play,”
Fundamenta Informaticae, vol. 63, nos. 2-3, pp. 185-219, 2004.

[4] T. Agotnes, V. Goranko, and W. Jamroga, “Alternating-time temporal
logics with irrevocable strategies,” in Proc. 11th Conf. Theor. Aspects
Rationality Knowl. (TARK), 2007, pp. 15-24.

[5] C. Dima and F. L. Tiplea, “Model-checking ATL under imper-
fect information and perfect recall semantics is undecidable,” CoRR,
vol. abs/1102.4225, Feb. 2011.

[6] N.Bulling and W. Jamroga, “Alternating epistemic mu-calculus,” in Proc.
22rd Int. Joint Conf. Artif. Intell., 2011, pp. 109-114.

[7]1 F. Laroussinie and N. Markey, “Augmenting ATL with strategy contexts,”
Inf. Comput., vol. 245, pp. 98-123, Dec. 2015.

[8] N.Bulling and W. Jamroga, “Comparing variants of strategic ability: How
uncertainty and memory influence general properties of games,” Auto.
Agents Multi-Agent Syst., vol. 28, no. 3, pp. 474-518, 2014.

9] P. Cermék, A. Lomuscio, F. Mogavero, and A. Murano, “Practical verifi-
cation of multi-agent systems against SLK specifications,” Inf. Comput.,
vol. 261, no. 3, pp. 588-614, 2018.

[10] F. Laroussinie, N. Markey, and G. Oreiby, “On the expressiveness and
complexity of ATL,” Logical Methods Comput. Sci., vol. 4, no. 2,
pp. 243-257, 2008.

[11] M. Cohen, M. Dam, A. Lomuscio, and F. Russo, “Abstraction in model
checking multi-agent systems,” in Proc. 8th Int. Joint Conf. Auto. Agents
Multiagent Syst., 2009, pp. 945-952.

[12] E. M. Clarke, E. A. Emerson, and A. P. Sistla, “Automatic verification
of finite state concurrent systems using temporal logic specifications:
A practical approach,” in Proc. Conf. Rec. 10th Annu. ACM Symp. Princ.
Program. Lang., 1983, pp. 117-126.

[13] P. Cermdk, A. Lomuscio, F. Mogavero, and A. Murano, “MCMAS-SLK:
A model checker for the verification of strategy logic specifications,” in
Proc. 26th Int. Conf. Comput. Aided Verification, 2014, pp. 525-532.

[14] F. Laroussinie, N. Markey, and P. Schnoebelen, “Model checking CTL*
and FCTL is hard,” in Proc. 4th Int. Conf. Found. Softw. Sci. Comput.
Struct., 2001, pp. 318-331.

[15] N. Piterman, ‘From nondeterministic Biichi and Streett automata to deter-
ministic parity automata,” in Proc. 21st IEEE Symp. Logic Comput. Sci.,
Jan. 2006, pp. 255-264.

[16] Y. Gurevich and L. Harrington, ‘“Trees, automata, and games,” in Proc.
14th Annu. ACM Symp. Theory Comput., 1982, pp. 60-65.

[17] M. Jurdzinski, “Small progress measures for solving parity games,” in
Proc. 17th Symp. Theor. Aspects Comput. Sci., 2000, pp. 290-301.

[18] A.Lomuscio, H. Qu, and F. Raimondi, “MCMAS: An open-source model
checker for the verification of multi-agent systems,” Int. J. Softw. Tools
Technol. Transfer, vol. 19, no. 1, pp. 9-30, 2017.

[19] Y. Tsay, Y. Chen, M. Tsai, K. Wu, and W. Chan, “GOAL: A graphical tool
for manipulating Biichi automata and temporal formulae,” in Proc. 13th
Int. Conf. Tools Algorithms Construct. Anal. Syst., 2007, pp. 466-471.

[20] J.Pilecki, M. A. Bednarczyk, and W. Jamroga, ““Model checking properties
of multi-agent systems with imperfect information and imperfect recall,”
in Proc. 7th Int. Conf. Intell. Syst., 2014, pp. 415-426.

[21] W. van der Hoek and M. Wooldridge, ‘“Cooperation, knowledge, and time:
Alternating-time temporal epistemic logic and its applications,” Studia
Logica, vol. 75, no. 1, pp. 125-157, 2003.

[22] W. Jamroga, “Some remarks on alternating temporal epistemic logic,” in
Proc. Workshop Formal Approaches Multi-Agent Syst., 2003, pp. 133-140.

[23] A. D. C. Lopes, F. Laroussinie, and N. Markey, “ATL with strategy
contexts: Expressiveness and model checking,” in Proc. 30th Conf. Found.
Softw. Technol. Theor. Comput. Sci., 2010, pp. 120-132.

[24] K. Chatterjee, T. A. Henzinger, and N. Piterman, “Strategy logic,” Inf.
Comput., vol. 208, no. 6, pp. 677-693, 2010.

VOLUME 7, 2019



Y. Zhang et al.: Making Agents’ Abilities Explicit

IEEE Access

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

F. Mogavero, A. Murano, G. Perelli, and M. Y. Vardi, ‘‘Reasoning about
strategies: On the model-checking problem,” ACM Trans. Comput. Logic,
vol. 15, no. 4, pp. 34:1-34:47, 2014.

R. Berthon, B. Maubert, and A. Murano, “Decidability results for ATL*
with imperfect information and perfect recall,” in Proc. 16th Conf. Auto.
Agents MultiAgent Syst., 2017, pp. 1250-1258.

R. Berthon, B. Maubert, A. Murano, S. Rubin, and M. Y. Vardi, ‘“Strategy
logic with imperfect information,” in Proc. 32nd Annu. ACM/IEEE Symp.
Logic Comput. Sci., Jun. 2017, pp. 1-12.

F. Belardinelli, A. Lomuscio, A. Murano, and S. Rubin, ‘“Verification of
broadcasting multi-agent systems against an epistemic strategy logic,” in
Proc. 26th Int. Joint Conf. Artif. Intell., 2017, pp. 91-97.

F. Belardinelli, A. Lomuscio, A. Murano, and S. Rubin, ‘“Verification of
multi-agent systems with imperfect information and public actions,” in
Proc. 16th Conf. Auto. Agents MultiAgent Syst., 2017, pp. 1268-1276.

B. Maubert and A. Murano, ‘“Reasoning about knowledge and strategies
under hierarchical information,” in Proc. 16th Int. Conf. Princ. Knowl.
Represent. Reasoning, 2018, pp. 530-540.

F. Belardinelli, A. Lomuscio, A. Murano, and S. Rubin, ‘“Decidable verifi-
cation of multi-agent systems with bounded private actions,” in Proc. 17th
Int. Conf. Auto. Agents MultiAgent Syst., 2018, pp. 1865-1867.

W. Jamroga, V. Malvone, and A. Murano, “Natural strategic ability under
imperfect information,” in Proc. 18th Int. Conf. Auto. Agents MultiAgent
Syst., 2019, pp. 962-970.

F. Wang, S. Schewe, and C. Huang, “An extension of ATL with strategy
interaction,” ACM Trans. Program. Lang. Syst., vol. 37, no. 3, p. 9, 2015.
C. Huang, S. Schewe, and F. Wang, “Model-checking iterated games,”
Acta Inf., vol. 54, no. 7, pp. 625-654, 2017.

YEDI ZHANG received the B.S. degree in commu-
nication engineering from the Beijing University
of Posts and Telecommunications, Beijing, China,
in 2017. She is currently pursuing the degree with
ShanghaiTech University, Shanghai, China, under
the supervision of Prof. F. Song.

Her research interests include multiagent
systems and cyber—physical systems, and the top-
ics related to formal modeling, verification, and
validation of autonomous systems.

VOLUME 7, 2019

FU SONG received the B.S. degree from Ningbo
University, Ningbo, China, in 2006, the M.S.
degree from East China Normal University,
Shanghai, China, in 2009, and the Ph.D. degree
in computer science from Paris Diderot University,
Paris, France, in 2013.

From 2013 to 2016, he was a Lecturer and
an Associate Research Professor with East China
Normal University. Since August 2016, he has
been an Assistant Professor with ShanghaiTech

University, Shanghai. His research interests include formal methods and
computer security, especially about automata, logic, model checking, and
program analysis. He was a recipient of the EASST Best Paper Award at the
ETAPS 2012.

TAOLUE CHEN received the bachelor’s and mas-
ter’s degrees in computer science from Nanjing
University, China, and the Ph.D. degree from Vrije
Universiteit Amsterdam, The Netherlands. He was
a Junior Researcher with Centrum Wiskunde &
Informatica (CWI). He is currently a Lecturer with
the Department of Computer Science and Infor-
mation Systems, Birkbeck, University of London.
His research interests include formal verification
and synthesis, program analysis, logic in computer
science, and software engineering.

101819



	INTRODUCTION
	CONCURRENT GAME STRUCTURES
	STRATEGIES
	OUTCOMES

	ALTERNATING-TIME TEMPORAL LOGICS
	VANILLA ATL
	SOME SEMANTICS ISSUES

	ABILITIES AUGMENTED ACGSs
	STRATEGIES AND OUTCOMES OF ACGSs
	SEMANTICS OF ATL AND ATL ON ACGSs

	EFFECTS OF STRATEGY TYPES
	UNDECIDABLE RESULTS
	ATL MODEL-CHECKING FOR ACGSs
	MODEL-CHECKING FOR SIMPLE ATL
	MODEL-CHECKING FOR GENERAL ATL

	ATL MODEL-CHECKING FOR ACGSs
	MODEL-CHECKING SIMPLE ATL
	MODEL-CHECKING FOR GENERAL ATL

	IMPLEMENTATION AND EXPERIMENTS
	CASTLE GAME
	DINING CRYPTOGRAPHERS PROTOCOL
	BOOK STORE SCENARIO

	RELATED WORK
	CONCLUSION AND FUTURE WORK
	REFERENCES
	Biographies
	YEDI ZHANG
	FU SONG
	TAOLUE CHEN


