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Automated verification of multi-agent systems is a signifidapic in the recent literature in artificial intelligenidg.

The need of modeling this kind of systems has inspired lddizanalisms, the most famous being tAdéternating-time
Temporal Logic$4] and theCoalition Logic(CL) [13, 14], oriented towards the description of collectiehhbviors.

The idea of such logics is that agents can join together imse@r coalitions) and share resources to accomplish a
task (reach a goal). In particular, Alternating-time Temgbtogics have been introduced in [4], where the full alegimg-
time temporal language, denoted AYL™*, has been presented, along with two significant fragmeatsgly, ATL and
ATL™. These logics are natural specification languages for opgtem, that is, systems whose behavior depends on the
interactions with an external entity, usually called ém¥ironment

In [12], Goranko has studied the relationship between tkpréssive power of the) two formalisms. In particular, he
has shown thafL can be embedded infT L. Recently these two logics have been used for the verificafionulti-agent
systems (MAS), where the agents are equipped with a limiteduat of resources to reach their goal [2, 3, 6, 7] (more
on this in theRelated worksection below).

The framework we present here hinges on these approachesmedents a further step towards the formalization of
such complex systems: multi-agent systems in which agemsaoperate to perform a task and are subject to a limited
availability of resources, that is an intrinsic feature afsnreal-world systems. In particular formulae of the folismas
proposed in [2, 3, 6, 7] allow one to assign an endowment afurees to the agents by means of the so-cakean
operators(borrowed fromATL). The problem is then to determine whether the agents in thpgment team have a
strategy to carry out the assigned goals with that boundexiahof resources, whatever the agents in the opponent team
do. Anyway, the treatment of this boundedness presents s@aleness, as we will point out below.

Based on the natural observation that, in order to acquies@urce, there is a price to be paid, usually depending also
on the availability of the resource on the market, we proggosmnsider bounded resources that have each a price to be
paid by the agents for their use in reaching the goal. Thderdifitly from the existing approaches, agents are equipped
with an amount of money instead of an endowment of resouldesey is in a sense a meta-resource. On one hand, its
introduction is essential to model the natural scenariohitivacquiring the resources needed to perform the tasla has
price that depends on several factors: on their global @bviitly, on the acting agent, and on the current system.state
the other hand, money has the peculiarity of “measuring'vdiae of all the resources, thus, it makes sense to consider
problems of optimization (e.g., minimization of the amoahtoney needed to acquire the resources to perform a task).

In the previous approaches the notion of boundedness afmeesnis somehow weak, in the sense that resource bounds
only appear in the formulae and are applied solely to thegmept team, but they are not represented inside the model at
all. This means that it is possible to ask whether a team carhra goal with a given amount of resources, but it is not
possible to keep trace of the evolution of the availabilityasources in the world (in particular, the resource corion
due to the actions of the opponent is not controlled). Fometa, consider the formul& A®))Op, belonging to the
formalism proposed in [3]. Its intuitive semantics is tha¢ teamA can guarantee thatalways holds, independently
from the behavior of the opponend§ \ A), using an amount of resources boundedb& model for this formula must
contain a loop where the joint actions of agents in the telado not consume resources, but the joint actions of agents
in the opponent team may possibly consume resources, tetdan unlimited consumption of resources. In our opinion,
such a behavior is not realistic.

We introduce hence a notion gfobal availabilityof resources on the market (or in nature) that evolves depgiah
both proponent and opponent behaviors. Such resourcelsaraasin the sense that all the agents draw on resources from
a shared pool and acquisition of a resource by an agent @mdiemtly if the agent belong to the proponent or opponent
team) implies that the resources will be available in smajientity.

The notion of money used here presents several similaritytwe notion of resources used in [3]. Indeed, here money
is given to the agents to perform a task (like resources asngo the agents in [3]). Moreover, the consumption of money
of the opponentis not controlled (like resource consunmatifithe opponentin [3]). Money, unlike the other resourcas,
thus be thought of as a private (non-shared) resource. idddlity, opponent has unlimited economic power, in the sens
that opponent’s agents are supposed to have enough moneygueaall resources they need (this reflects the choice
to not limit the opponent power, as it is usual in game thetrypok for robust strategies of the proponent). Roughly
speaking, the opponent can buy everything, except for ressuhat do not exist anymore.

Another aspect that has not been fully analyzed in the titeeais the problem of actions producing resources. On
the one hand, in [2, 3], actions can only consume resourcet)@mother hand, in [7], the authors state that whenever
actions can produce resources the model checking problendiscidable. It can be easily argued that the undecidabilit



comes from the unboundedness production of resourcesythnaturally constrain the way in which actions can produce
resources: it is possible for an action to produce a resaureequantity that is not greater than the amount that has
already been consumed so far. Such a notion makes sensepaaciical terms, it allows one to model significant real-
world scenarios, such as, acquiring memory by a prograrsiriga car during a travel, and, in general, any scenario in
which an agent is releasing resources previously acquired.

Finally, we also tackle the problem of coalition formatidétow and why agents should aggregate is not a new issue
and has been deeply investigated, in past and recent yraratious frameworks, as for example in algorithmic game
theory, argumentation settings, and logic-based knoveeejgresentation (see [11, 5]). We face this problem in ttimmge
of priced resource-bounded agents with the goal specifiednbiTL formula. In particular we solve the problem of
determining the minimal cost coalitions of agents actingdsordance to rules expressed by a priced game arena and
satisfying a given formula.

We show that both the model checking problem and the optioelltion problem are EXPTIME-complete.

Related works. In [2], Alechina et al. introduce the logiRBCL, whose language extends the oneCafwith explicit
representation of resource bounds. In [3], the same auginop®se an analogous extensionAdiL_, calledRB-ATL, and

give a model checking procedure that runs in tidgp|> "1 x S), wherey is the formula to be checked, is the model,
andr is the number of resources. Thus, if the number of resouctgated as constant, the model checking problem
for RB-ATL is in PTIME. However, the problem of determining a lower bdua the model checking problem and, in
particular, whether a PTIME algorithm exists even if the m@mof resources is not treated as a constant factor is left
open.

In [7], Bulling and Farwer introduce the logi¢&AL andRAL*. The former represents a generalization of Alechina
et al'sRB-ATL, the latter isATL* extended with bounded resources. The authors study sesyeraictic and semantic
variants ofRAL andRAL" with respect to the (un)decidability of the model checkinglylem. In particular, while previous
approaches only conceive actimmsumingesources, they introduce the notion of actipreducingresources. It turned
out that such a new notion makes the model checking probleteadidable.

The present work is based on [9, 10], where the logic is intced and the upper bound (EXPTIME) for the model
checking problem is given. Here we complete the complexitgracterization of the model checking problem by also
showing the EXPTIME-hardness. Finally, it is worth poimgtiout that a further extension of the logic. basedgiecalculus,
is discussed in [8].

References

[1] Thoma&&gotnes, Wiebe van der Hoek, and Michael Wooldridge. Ondlgéclof coalitional games. IAAMAS pages 153-160,
2006.

[2] Natasha Alechina, Brian Logan, Nguyen Hoang Nga, anduilithkib. A logic for coalitions with bounded resources Pirc.
of the 21st International Joint Conference on Atrtificialdhigence IJCAI '09, pages 659-664, 2009.

[3] Natasha Alechina, Brian Logan, Nguyen Hoang Nga, andukllakib. Resource-bounded alternating-time temporatlog
In Proc. of the 9th International Conference on Autonomousnéggand Multiagent Systems: VolumeAAMAS '10, pages
481-488, 2010.

[4] Rajeev Alur, Thomas A. Henzinger, and Orna Kupferman.teAlating-time temporal logic.Journal of ACM 49:672—713,
September 2002.

[5] Nils Bulling and Jurgen Dix. Modelling and verifying afitions using argumentation and AT linteligencia Artificial, Revista
Iberoamericana de Inteligencia Artificial4(46):45-73, 2010.

[6] Nils Bulling and Berndt Farwer. Expressing propertiésesource-bounded systems: The logics RBd RTL. In Jirgen Dix,
Michael Fisher, and Peter Novak, editd@amputational Logic in Multi-Agent Systems (CLIMA pages 22—-45. Springer, 2009.

[7] Nils Bulling and Berndt Farwer. On the (un-)decidalyilibf model checking resource-bounded agents.Pioc. of the 19th
European Conference on Atrtificial IntelligendeCAl '10, pages 567-572, 2010.

[8] D. Della Monica and G. Lenzi. On a priced resource-bounaéernating:-calculus. InProc. of the 4th International Conference
on Agents and Artificial Intelligence (ICAARPrages 222-227, Vilamoura, Algarve, Portugal, Februaiy220

[9] D. Della Monica, M. Napoli, and M. Parente. On a Logic food&itional Games with Priced-Resource Agertiectronic Notes
in Theoretical Computer Science (ENTC3J8:215-228, 2011. Proc. of the 7th Workshop on Method&/fimdalities (M4M
2011) and the 4th Workshop on Logical Aspects of Multi-Ag8gstems (LAMAS 2011).

[10] D. Della Monica, M. Napoli, and M. Parente. On a Logic @walitional Games with Priced-Resource Agents. Annualkélvop
of the ESF Networking Programme on Games for Design and betiéin (GAMES), 2011.

[11] Paul E. Dunne, Sarit Kraus, Efrat Manisterski, and MiehWooldridge. Solving coalitional resource gam@stificial Intelli-
gence 174(1):20-50, 2010.

[12] Valentin Goranko. Coalition games and alternatingferal logics. InProc. of the 8th Conference on Theoretical Aspects of
Rationality and KnowledgeTARK '01, pages 259-272, San Francisco, CA, USA, 2001. Morgaufmann Publishers Inc.

[13] Marc Pauly. A logical framework for coalitional effedty in dynamic proceduresBulletin of Economic Research3(4):305—
324, 2001.

[14] Marc Pauly. A modal logic for coalitional power in gamdsurnal of Logic and Computatiori2(1):149-166, 2002.



