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In recent years, several logic-based approaches have focusggn
on how groups of agents can cooperate in order to ensurgyg
a certain state of affairfPauly, 2002; van der Hoek and
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Abstract

We develop a logical framework to model how
agents can cooperate in order to ensure a certain
state of affairs. We extend previous work on this is-
sue by adding an explicit planning language to the
object language. The resulting logical system com-
bines reasoning about agents and groups of agents,
their plans, and the effect of those plans, and be-
comes quite complex. To reduce this complexity,
we show how the model can be defined by two sep-
arate modules: one module describes how plans
affect the environment, another module describes
how a group of agents can cooperate in order exe-
cute a plan. We can combine these models to obtain
a new model to reason about the ability of groups
of agents to use their plans to obtain certain results.
What we gain with respect to earlier systems for
reasoning about group ability, such as ATL, apart
from handling different problems separately, is the
possibility to explicitly describe by means of which
plans agents obtain some outcomes.

Introduction

Wooldridge, 2003; Wooldridge and Jennings, 109%ypi-
cally, these logics have operators that exprgssip ability

to construct sentenced?))¢, which are to be read as “the
agents inQ have a way to ensure that and the other agents

cannot obstruct them.”

One of the best known formalisms in this area is

Alternating-Time Temporal Logi€Alur et al, 2004 which

extends Computation Tree Logic (CTL) with cooperation op-
erators. In this context{{@)) ¢ can be read as: the agents in
Q@ have a way of ensuring that the set of possible runs of th

system satisfies the CTL path-formula

, sauro@na.infn.it

authors provide a variant of ATL in which strategies are rep-
resented explicitly — but they consider memory-less strategies
only, thereby weakening the semantics of ATL considerably.

In this article, we provide the agents with a more stan-
dard imperative-like programming language — we will use an
action language which involves alsdile _ do _ statements.
This language can be used to define explicit strategies for en-
forcing particular states of affairs.

The resulting model is quite complex: it combines reason-
ing about agents, actions, plans and their effects. To make this
complexity somewhat more manageable, we split the defini-
tions, and indeed the whole model, into two parts. Our ap-
proach builds directly on the work {iBauroet al, 2004: we
define twomodules First of all, there is aenvironment mod-
ulethat is used to reason about plans and their effects, but that
does not contain any references to agents. Independently, we
define anagents modul¢o describe which plans a group of
agents can execute, but which abstracts from the effects of
these plans. Finally, we combine the two models in a single
model.

The paper is built up as follows. In section 2 we de-
velop the environment module. In particular, we use an
imperative-like language with concurrent actions, concatena-
tion, if _then _ andwhile _ do _ statements to describe plans,
define a Process LogidHarel and Singerman, 1999;
riksen and Thiagarajan, 1999; Chen and De Giacomo,
d to explicitly describe which computation traces corre-
spond to a given plan. To reason abouteffectsof executing
these plans, we use CTL as a starting point, i.e. we formal-
ize temporal properties of collections of possible computation
traces.

In the agents module section 3 - we model agents with
their skills and we formalize a logic for reasoning about the
ability of groups of agents to execute a plan. Essentially, this
logic is based on Coalition LogitPauly, 200®, where the
states of affairs that groups of agents can enforce by cooper-

gting are interpreted as set of concurrent actions.

By combining these models into a single one, in section 4

ATL does not contain the means to explicitly express theve obtain a system for reasoning about agents, their plans,

plans that the agents i) have to actually perform in other and the kind of results that groups of agents can guarantee
obtain the desired results. There is some work on formulathen executing these plans.

ing plans in the context of ATL and incorporating these plans

in the object language. Ifvan der Hoeket al, 2009 the

In section 5 we consider a real scenario which can be for-
malized in our framework, conclusions end the paper.



2 Environment module which denotes the plan of doing but notb, while p is true.

One general way to model actions and their effects is by using Given an environment module(*™, the rules in definition

a Labeled Transition System (LT$Harel et al, 1984. A provide a calculus to denvg the possible runs of.the_system
LTS is a directed graph in which each vertex corresponds t§/hen executing a plafi starting from a stat,. This kind

a state of the environment whereas edges represent possildefinition is similar to the one ifChen and De Glacogno,
transitions between states. States are labeled with the set 8999; ?] The rules define transitions of the forfm, s) =
propositional variables that are true at that state. The labdl’, s’), wheres and¢’ are (possibly empty) sequences of
of a transition describes which actions have to be executed tplan expressions to be executedand s’ are states in the

trigger that transition. . _ . model, and is a set of actions. Intuitivelyz, s) 2> (', s')
Usually a transition label consists of single actiorHow-  means that executing the first plan expression on the sequence

ever, in multiagent systems, and in particular in the kind of; i states may bring us, via ai-transition in the model, to

models that are the basis of ATL, agents may execute differy states’ in which the sequence remains to be executed. In

ent actions at the same time. A natural way to model suclne rule set, we writd - o for the sequence that starts with

concurrent actionss by labeling the transitions not with sin- ne planl and has the (possibly empty) sequenaas its tail.

gle actions, but witlsetsof actions. Intuitively, a transition For example, rule (1) says that when the head of the se-

labeled with a set of actiond represents the effect of exe- guence is an action expressiarand there is ani-transition

cuting exactly those actions concurrently, and no others. Thig, the model for somet of type a, the system executes this

approach to deal with concurrency is similar to that taken inyansition and in the new state needs to execute the tail of the

[Giordancet al, 199. sequence. Rule (4), instead, says that in a state whisrteue

Definition 1 (Environment module) An environment mod- andif ¢ then I" is the first of the sequence, the first execution

ule M is a tuple (S, Ac, (=) ac ac, P, ) whereS is a  step will be the same as the first execution step.of

finite set of states andc a finite set of actions. For each pafinition 2 (Plan execution rules) Let M*™ be the tuple

A C Ac, — 4 is arelation overS. P is a set of propositional (S, Ac, (=) ac ac, P, 7). We define:

variables andr is an function that assigns to each state a ' '~ =aemone '

subset ofP. oz~o,s)£>(a,s’) if AEaands —4 5.

We will refer to a set of actiond C Ac as aconcurrent ac-
tion. Given the way the definitions are set up, a concurrent
action A can benon-deterministicin the sense that the out- . (if¢thenT - o, s) A (o',s) if (o,s) A (o/,s') and
come of performing a set of actions may not always determine 74 £ ¢
a unique result. Executing an action may also be impossible, A A
in the sense that there may not be a transition corresponding4. (if¢thenT - g,s) = (¢’,¢') if (I'-0,5) = (0/,5)
to that action. andr(s) = ¢

As said in the introduction, our goal is to develop a system A A
to reason about plans. One natural choice is to take Proposi-5. (while ¢ doT' - o,s) = (¢’,¢') if (o,5) = (0/,5") and
tional Dynamic Logic (PDL) as our starting point (as in, e.g. 7(s) ¢
[Henriksen and Thiagarajan, 1999- a language that con- _ A, _ , ,
tains testss?, concatenation and iterations. However, that 6+ (While ¢doT"- 0, 5) = (0’ - while ¢ do I" - 0, ') if
language does not serve our purposes well for two reasons. (T, s) A4 (¢o,s")andn(s) = ¢
PDL works fine fo_r reasoning abOl.Jt pre- and pOSt'Cond't'o.n?Nhere# is the standard satisfaction relation from proposi-
of programs, but it does not contain the means for reasoning -, logic
about infinite traces — about plans that do not halt. For exam- '
ple, the standard representationadiile ¢ do I' statements in Given an environmentM*®", a states, and a plarl’, the
PDL as(?¢;T")*; ~¢ captures only those execution traces inrules in definition 2 give us a way of generating a new model
which the program halts. This is fine for PDL, but as we will that represents the possible execution traces of thelplan
want to include a rich temporal language of CTL in which the modelM*®". This works by taking as our new initial state
properties of non-halting traces can be expressed as well, wibe pair(T', so), and using the definitions to generate possible
need to have a richer action language. A second point is thdtansitions from(T', s) to new statego, s’). Repeating this
PDL does not allow us to expres@gativeactions such as process gives us a new environment model that represents the

1. (

A IO A root
2. (PyiTa-0,5) 2 (o),) I (T1-Ta-0,5) 2 (o)
3. (

refrain from executing the actiom ([Broersen, 2008. all possible execution traces Bfwhen it is executed starting
Instead, we choose a simple imperative programming lani s, in the original model.
guage for our planning language Definition 3 (Plan execution) Given an environment mod-
IFi=a|Tl;T|if¢thenT | while pdo T ule M = (S, Ac,(—)acac, P, m), a statesy € S and

) , ] aplanT', M*" [T, s¢] is an environment modules’, Ac, (—
wherea is an action expression (a Boolean formulaodej ) -, P #/) such that

ando is a state expression (a Boolean formula oi?gr . . C

So, in this action language, we can formulate plans such 1- ' is the smallest set that contalrﬁAE, s0) for which it

as: holds that if(c, s) € S’ and (o, s) = (o, ') is deriv-
while p do a A —b able, then(o’, s') € S5".



2. (0,8) —a (0/,9)iff (0,5) A (o', s") is derivable.
3. ((0,8)) = 7(s)

To illustrate the logic, we quickly observe some facts. First
of all, plans can precisely describe which concurrent actions
should be performed in which order, but they can also be

Given a finite environment, definition 3 generates a new enhighly non-deterministic. At its most extreme, the ‘plan’
vironment (which is finite as well) that describes the possibles v —a denotes the set of all transitions — it is the plan of non-

evolutions of the environment when, starting from a state
a planT is executed. Even iM®"[T", s] may be much larger
than the original modeM*", the set of paths iM*" [T, s]

is always a subset of the paths " — there is a precise
sense in which a plarestrictsthe way that the environment
may evolve.

deterministically doing anything at all. Such expressions may
not be very useful as a plan, but it is useful to have them in the
logic. For example, consider, while T do (aV —a). This de-
scribes the plan of first doing', then continue to repeat any
combination of actions. The execution model of this planin a
statesg of an environmeni\*" consists of a model in which

To reason about properties of plans (such as liveness anly a-actions can be executing, and each possible result of
certain reachability conditions) we borrow the syntax of CTL. such an action brings us in an isomorphic copy of the state we
This results in the following extension of that language: Thewould have reached in the original model. This means that

syntax of the environment logic is:

oY :=ploAY | =g | AXG| AUy | EGUY | [T]¢

whereT is a plan.

Informally, the symbol4d meansdn all possible evolutions
of the systenthe symbolE meansn at least a possible evo-
lution of the systemThe symbolsX andU denote properties
of paths of statesXX ¢ meansin the next state) holdsand
oUvy meansy holds untily will hold. The new formulas of
the type[I']¢ means thatluring the execution of the plan,
¢ holds

In the definition below, given a mode\1*"Y, we denote
with — the union of all— 4 and[s] is the set of all maximal
paths starting is(; more preciselyisy] is the set of finite and
infinite sequences = (s, 1 ... 8p . ..) SUChs; — 4 s;11 for
eachi, and ifs is finite with s,, as its last element, then there
isnos’ and A such thats,, — 4 s’.

Definition 4 (Semantics of environment logic)
1. MoV, s = piff p € 7(s).
2. M, s |20 gAY I MM, s |=° g and M, s = 4,
3. MeWY, s = g iff MM, s £ 6.
4. M=V, s ¢ AXg iff for all s’ such thats — &,
Menv7$/ ':e Qb
5. MWV s [=¢ A¢Uv iff for all sequences = sg...In

[s] there exists a state; in s such that for all0 < j < 4,
MY s =¢ g and M™Y. s; =° 1)

6. MW s ¢ E¢Uy iff there exists a sequence =
S0 ...in[s] and a states; in s such that forald < 5 < 4,
Menv’sj ':e ¢ and/\/le”",si ):e d)

7. MWV s e D¢ iff Me™V[s, T, (T, s) =€ ¢.

The following abbreviations are often usedtX¢ :=
-AX-¢, EF¢p = ETU¢, AF¢ = ATU¢, EGp =
—AF-¢, AG¢p := ~EF—¢.

A formula of the type[l'|¢ checks the truth o in the

model of the execution df. In some cases we want to verify

the ‘classical’ modality«) ¢ — there exists an-successor in
which ¢ is true — can be expressed as in our language as well,
by the sentencky; while pV —p do a V —a]EX ¢.

The non-determinism of plans is essential for the use we
make of our planning language when we talk about agents in
the next sections. For example, we can provide an agent that,
say, can only do either or b, with the plana A —b. Even if
this plan describes a precise course of action for our agent, in
the wider environment the effect of executing this plan may
depend on the actions of the other agents — and therefore the
plan cannot denote a single execution trace.

3 Agents module

The environment module enables us to describe how a system
evolves when a plan is executed. Now we want to formalize
which groups of agents are able to execute a given plan. We
do this independently from the environment model — i.e. in
this module, we ignore the question of what happens with the
states in an environment when a plan is executed as much
as possible, and we concentrate exclusively on the ability of
agents to execute a plan.

Definition 5 (Agents module) Given a finite set of agents
Ag and a finite set of actiond ¢, an agents module is a tuple
(Ag, Ac, act), whereact is a functionP(4g) — P(P(Ac))
that assigns to each set of age@ts set{ 4,, ..., A, } of sets
of actions. The functioact satisfies the following properties:

1. act(0) = {0}.

2. forall disjoint sets of agentg; and@-, if A; € act(Q1)
and A, e act(QQ), thenA, U Ay € act(Q1 @] Qz)

So, an agents module assigns to each set of agents the set of
concurrent actions that they can execute.

Following [Peleg, 199Bwe define an effectivity function
for each group?. Such a function gives us, for each set of
agents, the sets of actions that it is capable of executing con-
currently.

Definition 6 (Effectivity function for actions) Let beA be

thatI’ makes a formula true not only during its execution buta subset ofP(Ac), say thatA is attainable by the set of

also in all the possible evolutions aftErhas halted. This
can be expressed by following dp with the ‘trivial plan’
while (p V —p) do (a V —a) (keep on executing an arbitrary
action).

agents? if and only if there exists a set of actioAs act(Q)
such that for allB € act(Ag \ Q), AUB€ A.

The effectivity functioZ assigns to each group of agents
Q the set ofA attainable byQ.



Pauly [Pauly, 2002 focuses on a particular class of ef-
fectivity functions: those he calls ‘playable’ (because they
correspond to the effectivity functions of a strategic game)
Playable effectivity functions satisfy the following properties:

outcome monotonicity: if A € E(Q) andA’ D A, then
A’'e E(Q).

superadditivity: for all disjoint sets of agent§; and Q-,

6. Meet =% x1 A xz iff Maet }:a x1 and M2t ):a X2-

Due to Theorem 1, the relevant axioms of Coalition
Logic - regarding superadditivity, outcome monotonidy;-
maximality, etc. - are also valid in our logic. Formally, valid
formulas of agent logic are:

1. All axioms propositional logic.

if Ay € BE(Q)) andA, € E(Q,), thenA; N A, € 2. (Q)T.

E(Q1UQ2). 3. —(Q) L.
Ag-maximality: forall Aif (P(Ac)\ A) & E(0), thenA e 4. ~(0)-a — (Ag)a.

E(Ag). , .
accessibility: for all set of agents), P(Ac) € E(Q) and 5 (@h(erna) = (@) (outcome monotomcn.y).

0 ¢ E(Q). 6. (Qi))ar A (Q2)) oz — (Q1UQ2) (a1 Aaz) if Q1N

Q2 = () (superadditivity).

(@)T1; T2 = (Q)T1 A (@)L 2.
(Q)ifgthen T — (Q)I.

9. (Q)while pdoT' — (QNT.

Even if the agents module allows for the modeling of
sophistic interrelationships between the sets of actions that
agents can execute concurrently, the model is also limited in
aI_he sense that the capabilities of agents is given in a context-
independent way. In the present model, we have no direct way
of describing how the capabilities of agents may depend on
their own states. For example, we cannot model agents that
have agents that have bounded resources, and can execute an
action only a limited number of times, say. This assumption

X = (@) [ =x [ x1 A xa ! I~ :
‘flattens’ the notion of capability, which becomes clear from
where@ denotes a set of agents ahdlenotes a plan. We e way that the last three axioms ‘reduce’ complex plans to
follow Pauly’s Coalition Logic in order to describe the capa- gimpler ones.

bilities of agents in the case of concurrent actions set of This does not mean that we cannot model the fact that ac-
agents() is capable to execute a concurrent aciioif i  iongs have effects that depend on the state in which they are
effective fora. However, we need to take into account alsogyacuted. We can do that in the environment module. and is

programming constructs which are not considered in Coaliyherefore independent of the agents performing the actions.
tion Logic. The assumption that the capabilities of agents So, even if our agents module is limited in this respect, it

do not depend on the state of the environment enables us il is a natural one for modeling a wide range of scenarios.

handle concatenation straight_forw_ardly: a set _of_agents IS Ca example, any type of scenarios in which agents manipu-
pable to execut%? pl"’:ﬂl; I'> just in the qgse 'rtT'S capable |5¢e their environment via some kind of control panel (e.g. a
to executel’y andl';. It remains to consider thié_ then keyboard) has a natural model in which the fact that an agent

andwhile _ do _ statements, also here we consider the Sim,n hress a button does not depend on the state of the envi-

plest way to extend Coalition Logic semantics by assumingq,ment while the actual effects of pressing this button may
total observability for the agents, i.e. each agent is Capab'ﬁepend on that state.

to verify if a formula¢ is true in a certain state of the envi- clarifying distinction here may be that betweespabil-
r?nm_ent. This way, a set of agents LS capab'le'to exegtljte iﬂ/ andexecutability The first notion refers to what an agent
?annxléfuttrg‘n I" or while ¢ do I" just in the case it is capable .o, 4 i theory’ — for example, a robot may either go left
: or right, or you are capable of turning off your computer. The
notion of executabilityrefers to what can be done in an par-
ticular situation — for example, the robot can go left, but not
right, when is is at a certain point in the maze; or you cannot

The following theorem shows that Definition 6 defines
playable effectivity functions.

Theorem 1 Given an agents moduledg, Ac, act), the cor-
responding effectivity functioh, as defined in definition 6, is
playable.

A sketch of the proof for this theorem is in the appendix.

Given a concurrent action, we say that a set of agents is
effective fora meaning tha{ A | A = a} e E(Q).

The language of agents logic consists of boolean combin
tions of sentences of the forfQ)T" — intuitively the set of
agents( is capable to enforce the plain. Formally, agent
logic formulas have the syntactic form:

© N

Definition 7 (Semantics of Agent logics)

1. M8 = (Q)a iff oM™ € E(Q), wherea™™ =

{A| A = o} and E derives from Definition 6.

turn off your computer because you have already done so.

agt L_a . i agt a ;
2 ﬁagt ):IZ <<Q<§>C%>2>_F“F2 it MEE = (@)Ty and 4 Multi-agent system
3. M2t =2 (Q)if ¢ then I iff M8t =2 (Q)T. In the previous sections we defined a module describing an
) . environment, and a separate module describing the actions
4. M>8 =2 (Q))while ¢ do T iff M?28" =2 (Q)T.

Magt ):a —x Iﬂ: Magt b&a X-

that agents can choose to perform, either by themselves or to-
gether. These two modules can be related by identifying the



set of actions in the two respective modules. Such a combindrom their own action sets. Define relatiors’, between
tion provides us with a semantics for reasoning about agentsistories by settingdso, ..., sn) —’4 (S0, .-, 8n, Snt1) Iff

that act in an environment. Sp —A Spy1 N M™, and there is &8 € fgo((so...sn))

and aC € act(A4g \ Q) such thatd = B U C. The model
M™[Q, fa, so] has the same agent module as the original
model, its set of states consists of all finite histories reachable
(S, Ac, (=) ac ac, P, 7, Ag, act) from (so) by —/4, and we setr(s) = n(s,,), wheres,, is the

here (S, Ac, (—a/) )i , dul last element of.
where (S, Ac, (— ar) ac ac, P, ) is an environment module — _ . . N
(in the sense of definition 1) andlc, Ag, act) is an agents Definition 9 (Semantics of Multi-Agent Logic) Let Af™as

module (in the sense of definition 5). be a multi-agent system aiq@iC Ag a group of agents="
is inductively defined on the grammar of the multi-agent sys-

An important thing to note is that this approacimiedulars in  tem logic. For the operators from the environment module
the sense that the two components of the multi-agent systeand the agent module, we can simply copy the previous defi-
Canlgidefin?‘d indefpendently of ealch other. FOfc;':‘Xlangme, Witions. We only need to define the new oper&tor) ¢.

could have chosen for a more simple agents module by asso- mas m . .

ciating one single set of actions to each agent, 4Sauroet = /;]/l ’sma's: (@) oiffthere is a strategyq, for @ such

al., 2006 (and adapting the definitions accordingly). that M™(Q, fo, ], s = ¢-

Of course, everything that we could express with the lan-The ability to execute a plah, and with that plan obtain a
guages we used to talk about the environment and about theertain result, is closely related to the ability of obtain that
capabilities of the agents remains interesting in the combinetesult with a certain strategy. This is a central result of this
system as well. However, in the new, more complex, syspaper:
tem th(_are are some other notions of interest that did not makey o orem 2 For any M™s, if there exists a plan expression
sense in _the separate modules. T such thatM™s, s = (Q)T A [[]¢, thenMm=, s =7

In particular, we want to reason not only about the ability (Q) .
to enforce complexactions but about the ability to enforce ) o ]
certainresultsas well. For this purpose we add expressiong® Proof of this theorem is in the appendix. The proof con-
of the form((Q)) ¢ to the language. Intuitively{Q)¢ means ~ SIStS of a construction that gives us for each dlesuch that
that the agents i) have the power enforce a set of execution (@)1, a strategyf, for @ that has the same execution traces
traces for whichp is true. of I

This leads to the following syntax for multi-agent systems: Moreover, we conjecture that if a multi-agent system
M™3s is finite, then this holds also in the other directfon.

o =ploNY|~d| AX¢ | ApUy | E¢UY | ¢ | Theorem 2 is important in this paper, because it shows that
(| (Q)e our technique of composing a model of ability by combining

wherel is a plan expression ar@ denotes a set of agents.  different models for agents and for the environment actually

We use concepts from ATL to define the semantics of senworks. The theorem demonstrates that the relatively abstract
tences(Q)) ¢. Intuitively, (Q) 4 is true whenever the agents notion of ability of a group of agent§' to obtain a result
in @ can act in a way that, no matter what the other agents daorresponds to the existence of a concrete plan that must have
¢ is true. The crucial observation is that this situation can béwo independent properties: the agents must be capable of
seen as a zero-sugamein which the group? plays against executing that plan, and the plan must guarantee the desired
Ag \ Q and tries to obtain a result that satisfies result.

To make this precise, we need some formal definitions. A In the introduction we announced that the present logic is
historyin a model is a finite sequence of states in that modela generalization of ATL. The idea here is that the ATL model

Definition 8 (Multi-agent system) A multi-agent system
M™ is atuple

We say that two histories, . .. s,, ands) ... s/, areindistin-  is just a special kind of multi-agent system in the sense of
guishableiff m = n and for each < i < n, s; ands/ satisfy ~ definition 8. ATL models are “concurrent game structures” in
the same propositional variables. which each agent gets assigned a set of actions, and at each

A strategyf, for the agents) is a, possibly partial, func- state, each of the agents chooses an action from his set. A
tion from histories to sets of concurrent actions fraen(QQ),  choice by each of the agents leads to a unique result.
with the property that if two histories ands’ are indistin- Each concurrent game structure from ATL can be repre-
guishable, therfg(s) = fo(s’) — intuitively, if a strategy ~ sented as a multi-agent system with the following properties.
assigns a set of concurrent actions to a path, this means th&@r each ageritthere is a set of actionéc; — the setsic; are
the strategy consists of executing any one of these actior@§isjoint. At each state, each agent can execute exactly one of
whenever the history of the game played so far is given b

Y : . . .
h h If r is undefin rtain historv. th This conjecture might be proven along the following lines. Be-
texaetcﬁﬁgn is tgksetna»fg%)g“s undefined at a certa story, t %ause the game that is defined by a form{@)) ¢ is played on a

Given a multi nt tenh(mas tat d strat finite model, we know that if there is a strategy to win such a game,
€n a mulli-agent syste ,» a Staleso and Sralegy e must exit finite automaton that represents this strategychi

fq for Q, we define a new modeW1™**[Q, fq, so] that rep-  ang L andweber, 1969 Using the fact that our strategies assign the
resents all possible traces that may result if the agen® in same strategy sets to indistinguishable histories, we can then find a
execute the actions in the way prescribedfgy The other  planT with the wanted properties that has the same execution traces
agents are at liberty to choose any combination of actionas this finite automaton.



his possible actions. So we can define the funclictof the  to the statel0 (in_open true andout_open false) one of the

agents module by settingt({io...in}) = {{as ...ai, } |  buttonsi, ori, have to be pressed and at least one,odr oy,

a;; € Acj}. have to be not pressed in order to keep the outer door closed.
In the environment, the relations 4 for A = {a; ...a,} To transit from the stat@0 to the state)1 (corresponding to

a set that contains exactly one action for each of the agentconcurrent switch of the two doors) one of the buttonar

must be deterministic and serial. If a set of actiohgs not 4, have to be pressed and both the buttonsnd o, has to

of this form,— 4 is empty. be pressed. Then, to close the outer door, both the buitons
We can now define a translation from formulas into ourando, have to be pressed.
language by setting: More formally, givenl’ =iz A —04;04q A 0p A ig; 04 N Op,
L ((@) O ¢)" = (Q)AXS A EXT) we can verify that
2. ((QYOg)* = (QN(AGop N AGEXT) M™00 E™ [T]AG—(in_open A out_open)
3. ((QN1Ud2)* = (Q) (AU N AGEXT) i.e. T is safe. We want also to verify thhtgets a prisoner to

Theorem 3 Let M be an ATL model, and™,, the cor- exit and hence that the inner and the outer doors are opened

responding mas model. Letbe a formula of ATL, ané* be sequentially. Formally, it can be verified that
the translation in our language. Then it holds that: M™ 00 =™ [[|EF(in_open A EFout_open)

1 mas *
M, s Equ @ iff M™S)0s = & Now consider the case that one of the guagds,, controls

A proof of this theorem is in the appendix. the buttong,, ando,, whereas the other guargy 5, controls
the buttong, andoy,.
5 Afinal example Since together the two guards have a full access to

In this section we test our formalism with a concrete scenarid2Uf PUttonSia, i, 04, 00, it is easy to foresee that they
where two guards have to control the doors of a prison. ~ can actually execute the plah. Formally, M™* |=

A prison is composed of two interiors, a dormitory and a[{gdA’ gdB}]F;nel‘:owslver, individually the cannotrgarscassqgoth
courtyard. One door opens to the outside, and it is importan(f“ ar;ldob - M = dﬁ[{gdB}](Oa./\ o) andM_ th = tat
that it is not opened by accident. It can therefore be openeﬁé{tg AHk(O(ir/]\ o) -tand SInC&, /\ o, IS necessary in the state
or closed only if both guards act together. The other doo 0 make the outer door open
separates the cell block from the courtyard, and each guard A4™3s (0 E™ [while T do —(o, A 0p)]AG—out_open
can open that door by himself. The fact that the inner gate is )
open is expressed by a propositiaropen; if the outer gate is ~ Then they are both necessary to escape the prison.
open,out_open is true. The state of the gates is ruled by four .
buttons:i,, iy, 0, ando,. The gaten_open toggles its state 6 Conclusions

if and only if at least one of, andi, is pressed. The outer \ye have defined a logic-based framework to reason about co-
gateout open toggles its state if and only if both, ando,  gperation among agents. Our framework builds on concepts
are pressed. , from cooperation logic, such as Coalition Logiauly, 2002
This description can be captured by an environment modej,g ATL [Alur et al, 2002; van der Hoek and Wooldridge,

M with four states determined by the _fact whether thezoog and CTL[McMillan, 1994. We have provided these
gates are open or not. For example, we will weitefor the  ¢ooperation logics with an explicit formalism for reasoning
state in which the inner door is closed ppen is false) and 3oyt plans. Our framework generalizes earlier approaches to
the outer door is opero(t-open is true). Each of the but- ne problem of providing ATL with an action language — e.g.
tons corresponds to an atomic action in the model, and thgsgroet al, 2004 consider only one-step strategies, while
transitions are as described. So, for example, it will hold tha&an der Hoelet al, 2009 consider only memory-less strate-

01 —{0,,0,} 00 gies. _ _ _

01 — ;. oy 11 We have addresseq this problem in a modular way, in the

00—y 11 sense that we have tried to separate the part of the model that

{ia,00.00} concerns reasoning about actions with the part that concerns

We want to verify that in the stat#, i.e. when all the doors reasoning about cooperatiofS@uroet al., 2004). An envi-
are closed, there exists a way for the two guards to enabl®nment module€an be seen as a description of the environ-
a prisoner to exit safely, i.e. in such a manner in each inment in which agents live and its causal lawsagents mod-
stant not both the doors are opened. We also want to knowle describes in what way agents can combine forces to exe-
if both the agents are necessary for this scope or only one afute a certain plans. The modules share a planning language
them is self-sufficient. Intuitively, starting from the st@i@  that contains constructions from a simple programming lan-
we want that (1) to open the inner door while the outer doorguage. In combining the two models, we obtain a model that
is still closed, then (2) to close the inner door before openis, in a precise sense, a generalization of the ATL model.
ing the outer door (or, at most, to switch both of them at the In this paper we have given formal definitions of these
same time), finally (3) we want to close the outer door. Let'smodules in terms of Kripke structures, defined languages and
see step by step which concurrent actions force the system fwovided them with a semantics. Most importantly, with the-
make these transitions. Starting from the stitieto transit  orem 2, we showed how the basic logical of the combined



model, that of the ability of a group to obtain certain results,[Sauroet al., 2004 L. Sauro, J. Gerbrandy, W. van der Hoek,
can be seen as combining features from the two modules: the and M. Woodridge. Reasoning about action and coopera-
ability to execute a plan (in the agents module) and the fact tion. In Proceedings of The Fifth International Joint Con-
that this plan gives a certain result (in the environment mod- ference on Autonomous Agents & Multiagent Systems (AA-
ule). Furthermore, we showed in theorem 3 how, in particular, MAS’06) Hakodate, Japan, 2006.

our model gives us a precise way of providing ATL with an [van der Hoek and Wooldridge, 2003V. van der Hoek and
action language. Finally, we gave an example to show how M. Wooldridge. Cooperation, knowledge, and time:
our framework works and that suggests its possible applica- Alternating-time temporal epistemic logic and its applica-
tions in real and more complex scenarios. tions. Studia Logica75(1):125-157, 2003.

There are some clear directions for future work. Apart[van der Hoelet al, 2009 W. van der Hoek, W. Jamroga,
from the conjecture below theorem 2, there are open ques- and M. Wooldridge. A logic for strategic reasoning. In
tions regarding model checking and axiomatization. With re-  proceedings of the Fourth International Joint Conference
spect to the latter, we hope to be able to use ideas fBauro on Autonomous Agents and Multi-Agent Systems (AA-
et al, 2004, that provides a complete axiomatization of a MAS’05) pages 157—-164, Utrecht, The Netherlands, 2005.
similar, but simpler, system. In particular they have ShOW’JWooldridge and Jennings, 1994. Wooldridge and J. Jen-
how, given an axiomatization for the environment module an nings. Towards a theory of cooperative problem solving. In
for the agents module,.findin.g complete axioms for the multi-  procs. of the Sixth European Workshop on Modelling Au-
agent system module is straightforward. tonomous Agents in Multi-Agent Worlds (MAAMAW;94)
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sistent actionl if no such action can be found. Following trivial cases are those which involve these translation rules:
the proof system of definition 2, we define, ehgad(a) = 1 * _ AXOANEXT

a, head(e) = L (with ¢ the empty sequence), and set (€D O(li) (@) (Axe )

head(while ¢ do T, s) = head(T', s) if s |= ¢; the value of 2. ({@)09)" = (Q)(AGH AN AGEXT)

head(while ¢ do I', s) = L otherwise. Itis easy to see that 3. ({Q)¢1U¢2)* = (Q)(ApU N AGEXT)

/ AN /

(0,5) =4 (0, 5') ff A= head(c) ands —4 ', There are two differences between the definitions of strategies
Now, lets be a sequence of states.™. We need to (@) in ATL and that in our system. The first one is that in our
define the value of(s). If s is not the reduction of some gy qtem 4 strategy may be undefined at a certain state, while in

sequence i™**[I', s], then we leavefo (s) undefined. Oth- ATy ihey are defined always. We need the existentak”
erwise, ther(/e must be s/equerméen M™[L, S_] ,SUCh th"?‘t n operators to guarantee that strategies are defined at each state,
s = redux(s’). Let (o, s") be the last state is". Consider on4 hrescribe a course of actions that it indeed possible in
head(c). By inspection of the proof system, it is €asy {0 yhe environment. The second difference is that our strategies
see that ithead(o) # L, thenhead(c) must be occur as a oy pe “partially defined”: they prescribe a set of possible

?\Zﬂgas gﬂo?&;f Itt];]oe”r?vi\{sh?ll dgeffg:i'}igp eogég >zh:]taéci:f concurrent actions, while an ATL a strategy gives us (for each
’ v 2 ) icul i k h .
cUrs as an boolean action FHthat A™. s L (O By agent) one particular action to take at each state

definition of (Q)), it follows thata™ € EM(Q), and there-
fore, there must be one (or more) sétsc act(Q) such that
AUB € o™ foreachB € act(Ag\Q). We setfq(redux(s))
to be the set of all with this property.

We now claim that the set of traces M™*[Q, fo, s] is
isomorphic to those il\t™[I", s] — the functionredux pro-
vides this isomorphism.

O

d

Theorem 3 Let M be an ATL model, and1™2s,, the corre-
sponding MAS-model. Létbe a formula of ATL, ang* be
the translation in our language. Then it holds that:

Ma S ):atl ¢ iff MmasM? S |:m ¢*

proof: We first need to be more precise about how we con-
struct a multi-agent system from an ATL modél.

An ATL model(a concurrent game structure) is a tuple
(Ag, S, P,m,d,d), in which Ag is a set of agentsS a finite
set of statesP as set of propositional variables, a valu-
ation function. The functionl assigns to each ageatand
each state a numberd, (s) — we can think of each agent as
having action{1...d,(s)} available at state. Each agent
can, at each state, choose exactly one of these actions; the
result is given by the functiofi, which assigns to each tuple
(8,71 Jn) @ SUCCESSOI(S, j1,. .. jn)-

A concurrent game structure is but a special case of a multi-
agent system in the sense of definition 8. To see this, we de-
fine aM™s = (S, Ac, (—a)acac, P, Ag, act) as follows.

For each agent € Ag, we setact({a}) = {{a1}...{an,}},
wheren, is the highest value occurring in any of the sets
d.(s) (we can do this sincé is finite). We make sure that

the sets of actions of different agents are disjoint. This set
contains only singleton sets, as the agents can choose to per-
form just one single action at each point.

For groups Q@ of agents, we define{a;...a,} €
act({i1...in}) iff {a1} € act({i1} and ... and{a,} €
act({in}).

Finally, we define the transition relation in o™ by
settingsp — 4 s1 iff A € act(Ag) (thatis,A contains exactly
on actiona; for each of the agents) andsg, a; . .. a,) = s1.

We now need to show that this construction preserves the
truth of ATL sentences (modulo the translation). This can be



