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Abstract

We propose a new class of representations that can be used for modeling (and model
checking) of temporal, strategic and epistemic properties of agents and their teams.
Our representations borrow the main ideas frioterpreted systemsf Fagin et

al.; however, they are also modular and compact in the eeggurrent programs

are. Furthermore, we show that model checking alternating-time temporal logic
for this natural class of models is cheaper for agents with incomplete information,
than for perfect information agents. The result, while technically not very difficult,

is still somewhat surprising in the light of other complexity results that have been
established so far.

Keywords: open computational systems, temporal and strategic logics, modeling
methodology, model checking

1 Introduction

The logical foundations of multi-agent systems have received much attention in recent
years. Logic has been used to represent and reason about, e.g., knowlédge [12], time
[11], cooperation and strategic abilityl [3]. Lately, an increasing amount of research has
focused on higher level representation languages for models of such logics, motivated
mainly by the need for compact representations and for representations that correspond
more closely to the actual systems which are modeled. Multi-agent systeropeare
systems, in the sense that agents interact with an environment only partially known in
advance. Thus, we need representations of models of multi-agent systems which are
modular, in the sense that a component, such as an agent, can be replaced, removed, or
added, without major changes to the representation of the whole model. However, as
we argue in this paper, few existing representation languages are both modular, compact
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and computationally grounded on the one hand, and allows representing properties of
both knowledge and strategic ability, on the other.

In this paper we present a new class of representations of models of open multi-
agent systems, which are modular, compact and comes with an implicit methodology
for modeling and designing actual systems.

The structure of the paper is as follows. First, in Secfipn 2, we present the back-
ground of our work — that is, logics that combine time, knowledge, and strategies.
More precisely: modal logics that combine branching time, knowledge, and strategies
under incomplete information. We start with computation tree lagic, then we add
knowledge €TLK), and then we discuss two variants of alternating-time temporal logic
(ATL): one for the perfect, and one for the imperfect information case. The semantics
of logics like the ones presented in Secfign 2 are usually definedesydicit models
(Kripke structures) that enumerate all possible (global) states of the system. However,
enumerating these states is one of the things one mostly wants to avoid, because there
are too many of them even for simple systems. Thus, we usually need representations
that are more&eompact Another reason for using a more specialized class of models is
that general Kripke structures do not give much help in terms of methodology, neither
at the stage of design, nor at implementation. This calls for a semantics which is more
groundedin the sense that the correspondence between elements of the model, and the
entities that are modeled, is more immediate. In Se¢fion 3, we present an overview of
models that have been used for modeling and model checking systems in which time,
action (and possibly knowledge) are important. We mention especially representations
used for theoretical analysis, but also some representations employed in actual model
checkers. We point out that the compact and/or grounded representations of temporal
models do not play their role in a satisfactory way when agents’ strategies are consid-
ered. Finally, in Sectiop]4, we present our frameworkmafdular interpreted systems
(m1s), and show where it fits into the picture. We conclude with a somewhat surprising
complexity result, that model checking ability under imperfect informatiorMmis is
computationally cheaper than model checking perfect information. Until now, almost
all complexity results were distinctly in favor of perfect information strategies (and the
others were indifferent).

2 Logics of Time, Knowledge, and Strategic Ability

First, we present the logiasTL, CTLK, ATL andATL;, that are the starting point of our
study.

2.1 Branching Time: CTL

Computation tree logicTL [11] includes operators for temporal properties of systems:
i.e., path quantifieE (“there is a path”), together with temporal operatofs: (“in
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the next state”) (“always from now on”) andi/ (“until”).E] Every occurrence of a
temporal operator is immediately preceded by exactly one path quantifier (this variant
of the language is sometimes called “vaniltzf'L).

LetIT be a set of atomic propositions with a typical elemgntTL formulaey are
defined as follows:

pu=ploe|eAp|EO@|EDp | EpU .

The semantics ofTL is based on Kripke modelsl = (St R, «), which include
a nonempty set of state¥, a state transition relatioR C Stx St and a valuation
of propositionst : II — P(St). A path ) in M refers to a possible behavior (or
computation) of systerM, and can be represented as an infinite sequence of states
0o0J10e... such thatgRqgi,; for everyi = 0,1,2,.... We denote théth state in\ by
Ali]. A g-pathis a path that starts ig. Interpretation of a formula in a statgn model
M is defined as follows:

M.gk=p iff gem(p);

M.q =~ iff M,q~

M.gE Ay iff M,q = ¢ andM,q = 1)

M,q = EO¢ iff there is ag-path) such thaM, A\[1] = ¢;

M, q = EOgp iff there is ag-path A such that, A[i] = ¢ for everyi > 0;

M,q = Epld ¢ iffthereis ag-pathA andi > 0 such thaM, \[i] |= ¥ andM, \[j] =
o forevery0 <j <.

2.2 Adding Knowledge: CTLK

CTLK [25] is a straightforward combination afTL and standard epistemic loglc [15].
Let Agt = {1,...,k} be a set of agents with a typical elementEpistemic logic uses
operators for representing agents’ knowled§gyp is read as “agerd knows thatzp”.E]
Models of cTLK extend models ot TL with epistemic indistinguishability relations
~,C Stx St(one per agent). We assume that-all are equivalences. The semantics
of epistemic operators is defined as follows:

M,q | Kap iff M, q k= ¢ for everyd such thaty ~, d'.

Note that, when talking about agents’ knowledge, we implicitly assume that agents
may have incomplete information about the actual current state of the world (otherwise
the notion of knowledge would be trivial). This does not have influence on the way
we model evolution of a system as a single unit, but it will become important when
particular agents and their strategies come to the fore.

1 Additional operatord\ (“for every path”) and® (“sometime in the future”) are defined in the usual way.
2 For the sake of simplicity, we do not consider collective knowledge operators here.

3 Technical Report IfI-06-15
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2.3 Agents and Their StrategiesATL

Alternating-time temporal logieTL [2,[3] is a logic for reasoning about temporal and
strategic properties of open computational systems (multi-agent systems in particular).
The language oATL consists of the following formulae:

pu=plopleAe| (A)Op | (A)Tp | (A)pUp.

whereA C Agt. Informally, ((A))¢ says that agentd have a collective strategy to
enforcey. It should be noted that thetL path quantifier$\, E can be expressed with
(=), (Agt)) respectively.

The semantics o&TL is defined in so calledoncurrent game structures¢ss). A
cGsis atuple

M = (Agt, St Act d, o, I1, ),

consisting of: a sebgt = {1,...,k} of agents setStof states valuation of propo-
sitions= : II — P(St); setActof atomicactions Functiond : Agt x St— P(Act)
indicates the actions available to agentc Agt in stateq € St Finally, o is a
deterministictransition functionwhich maps a statg € St and an action profile
(o1, ..., k), ai €d(i,q), to another statg’ = o(q, a1, . . ., o).

Definition 1 A (memorylessjtrategyof agent ais a functionss St— Act such thatgq) €
d(a, q)E]A collective strategys, for a team AC Agt specifies an individual strategy
for each agent & A. Finally, theoutcomeof strategy  in state q is defined as the set
of all computations that may result from executingi®m q on:

out(d, Sa) = {A = QoliG... | do = gandforeveryi= 1,2, ... there existga| ', ..., of ')
such thatl ! = Sy(a)(gi—1) for each ac A, ol ! € d(a,q_1) for each a¢ A,
i—1 i

and qgi_1,a} !, o0 ) = a)
The semantics of cooperation modalities is as follows:
M,g &= (A)O¢ iff there is a collective strateg$, such that, for every\ €
out(qg, Sa), we haveM, A[1] E ¢;

M,q | (A)Op iff there existsSy such that, for every\ € out(q, Sa), we have
, Ali] for everyi > 0;

M,q = (A)pU 1 iff there existsSy such that for ever)\ € out(q, Sa) there is a
>0

i , for whichM, \[i] = ¢, andM, A[j] |= ¢ for every0 <j < i.

3 This is a deviation from the original semanticsaaf. [2}[3], where strategies assign agents’ choices to
sequencesf states, which suggests that agents can by definition recall the whole history of each game. Note,
however, that both notions of strategy yield equivalent semantics for “pune(29].
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2.4 Agents under Incomplete Information: ATL;

As ATL does not include incomplete information in its scope, it can be seen as a logic
for reasoning about agents who always have complete knowledge about the current
state of the whole systenntL; [29] includes the same formulae asL, except that

the cooperation modalities are presented with a subscfip}): indicates that they
address agents with imperfesformationand imperfectecall. Formally, the recursive
definition of ATL;, formulae is:

pu=p|-p|ene| (AirOe | (AhiDe | (Airpl ¢

Models ofATL;, concurrent epistemic game structuf€€G9, can be defined as tu-
plesM = (Agt, St Act d, 0, ~1, ..., ~, I, 7), where(Agt, St Act d, 0, I, ) is acGS,
and~q, ..., ~ are epistemic (equivalence) relations. It is required that agents have the
same choices in indistinguishable statgs~, ¢ impliesd(a,q) = d(a,q'). ATLj
restricts the strategies that can be used by agenisiform strategiesi.e. functions
S. : St— Act, such that: (15.(q) € d(a,q), and (2) ifq ~a g thensy(q) = sa(d'). A
collective strategy is uniform if it contains only uniform individual strategies. Again,
the functionout(q, Sa) returns the set of all paths that may result from agéregecut-
ing strategy collectivé&, from stateg. The semantics ofTL; formulae can be defined
as follows:

M, q = (A)ir Oy iff there is a uniform memoryless strate§y such that, for every
ac A ¢ suchthag ~; d, andX € out(Sy, d'), we haveM, \[1] = ¢;

M, q = {(A)irOp iff there existsSy such that, for evera € A, ' such thag ~;, ¢/,
and\ € out(Sy, d'), we haveM, \]i] for everyi > 0;

M,q = (A)ireUy iff there existS, such that, for everg € A, g such thag ~; ¢/,
and\ € out(Sy, d'), there isi > 0 for which M, \[i] |= «, andM, A[j] = ¢ for
every0 <j <.

That is, (A)ir¢ holds iff A have a uniform memoryless strategy, such that for every
path that can possibly result from execution of the stratsgpording to at least one
agent from Ay is the case.

3 Models and Model Checking

In this section, we present and discuss various (existing) representations of systems that
can be used for modeling and model checking. We believe that the two most important
points of reference are in this case: (1) the modeling formalism (i.e., the logic and
the semantics we use), and (2) the phenomenon, or more generally, the domain we
are going to model (to which we will often refer as the “real world”). Our aim is a
representation which is reasonably close to the real world (i.e., it is sufficiently compact
and grounded), and still not too far away from the formalism (so that it e.g. easily

5 Technical Report IfI-06-15
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allows for theoretical analysis of computational problems). We begin with discussing
the merits of “explicit” models — in our case, these are transition systems, concurrent
game structures antEGss, presented in the previous section.

3.1 Explicit Models

Obviously, an advantage of explicit models is that they are very close to the semantics
of our logics (simply because theye the semantics). On the other hand, they are in
many ways difficult to use to describe an actual system:

e Exponential size: temporal models usually have an exponential number of states
with respect to any higher-level description (e.g. Boolean variallesy at-
tributes etc.). Also, their size is exponential in the number of processes (or agents)
if the evolution of a system results from joint (synchronous or asynchronous) ac-
tions of several active entities [19]. FaGss the situation is even worse: here,
also the number of transitions is exponential, even if we fix the number of Bfates.
In practice, this means that such representations are very seldom scalable.

e Explicit models include no modularity. States in a model refer to global states of
the system; transitions in the model correspond to global transitions as well, i.e.,
they represent (in an atomic wagyerythingthat may happen in one single step,
regardless of who has done it, to whom, and it what way.

e Logics like ATL are often advertised as frameworks for modeling and reason-
ing about open computational systems. Ideally, one would like the elements of
such a system to have as little interdependencies as possible, so that they can be
“plugged” in and out without much hassle, for instance when we want to test
various designs or implementations of the active component. In the case of a
multi-agent system the need is perhaps even more obvious. We do not only need
to “re-plug” various designs of a single agent in the overall architecture; we usu-
ally also need to change (e.g., increase) the number of agents acting in a given
environment without necessarily changing the design of the whole system. Un-
fortunately,ATL models are anything but open in this sense.

Itis worth noting that, despite their drawbacks, explicit models are used by a number
of model-checkers, like SPIN[16], Kronas [31], and Uppaal [6].

Theoretical complexity results for explicit models are as follows. Model checking
CTL andCTLK is P-complete, and can be done in ti@éml), wheremis the number of
transitions in the model, arlds the length of the formula [9]. Alternatively, it can be
done in timeD(n?l), wherenis the number of states. Model checkimm. is P-complete

4 Another class oATL models, alternating transition systerns [2] represent transitions in a more succinct
way. While we still have exponentially many states inaais, the number of transitions is simply quadratic
wrt. to states (like focTL models). Unfortunatelyats are even less modular and harder to design than
concurrent game structures, and they cannot be easily extended to handle incomplete informatidn (cf. [14]).

DEPARTMENT OF INFORMATICS 6
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wrt. m 1 andAE -complete wrtn, k, | (k being the number of agent§) [3,] 17] 20]. Model
checkingaTL, is AY-complete wrtm, | and AE -complete wrtn, k, | [29,[18].

3.2 Compressed Representations

Explicit representation of all states and transitions is inefficient in many ways. An
alternative is to represent the state/transition space in a symbolic.way [23, 24]. Two
classes of such symbolic models are especially popular:

e Representations based on Ordered Binary Decision Diagrams (cf. SMV [22],
Uppaal2k[[26], Rabbit]7], MCMAS[[27]);

e SAT-based representations (cf. NuSMY [8], Verics|[10]).

Such models offer some hope for feasible model checking properties of open/multi-
agent systems, although it is well known that they are compact only in a fraction of all
caseE] For us, however, they are insufficient for another reason: they are nogely
mized representations of explicit modelhus, they are neither more open nor better
grounded: they were meant to optimize implementation, and not design nor modeling
methodology.

3.3 Interpreted Systems

Interpreted systems [12] are held by many as a prime exampt®mputationally
groundedmodels of distributed systems. To recall, an interpreted system is a tuple
IS = (St,...,,Sk, R, 7). St, ..., Sk are local state spaces of agehis., k, and the set

of global states is defined & = St x ... x Sk; R C Stx Stis a transition relation,
andr : IT — P(St). While the transition relation encapsulates the (possible) evolution
of the system over time, the epistemic dimension is defined by the local components of
each global statg(d, ..., Ok) ~i (d}, ..., ) iff o = (.

It is easy to see that such a representation is modular and compact as far as we are
concerned wittstates Moreover, it gives a natural (“grounded”) approach to knowl-
edge, and suggests an intuitive methodology for modeling epistemic states. Unfortu-
nately, the way transitions are represented in interpreted systems is neither compact, nor
modular, nor grounded: the temporal aspect of the system is given by a joint transition
function, exactly like in explicit models. This is not without a reason: if we separate
activities of the agents too much, we cannot mddtdractionin the framework any
more, and interaction is the most interesting thing here. But the bottom line is that the
temporal dimension of an interpreted systems has exponential representation. And it is
almost as difficult to “plug” components in and out of an interpreted system, as for an
ordinarycTL or ATL model, since the “local” activity of an agent is completely merged
with his interaction with the rest of the system.

5 RepresentatioR of an explicit modeM is compactif the size ofR is logarithmic with respect to the
size ofM.

7 Technical Report IfI-06-15
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3.4 Concurrent Programs

The idea ofconcurrent program#ias been long known in the literature on distributed
systems in various variants. Here, we use the formulation frain [19]. A concurrent pro-
gramP is composed ok concurrent processes, each described by a labeled transition
systemP; = (St, Act, R, IT;, mi), whereSt is the set of local states of procdasg\ct

is the set of local actiongy; C St x Act x St is a transition relation, anH;, = are

the set of local propositions and their valuation. The behavior of prodtasngiven

by the product automaton &%, ..., P under the assumption that processes work asyn-
chronously, actions are interleaved, and synchronization is obtained through common
action names.

Concurrent programs have several advantages. First of all, they are modular and
compact. They allow for “local” modeling of components — much more so than inter-
preted systems (not only states, but also actions are local here). Moreover, they allow
for representing explicit interaction between local transitions of reactive processes, like
willful communication, and synchronization. On the other hand, they do not allow for
representing implicit, “incidental”, or not entirely benevolent interaction between pro-
cesses. For example, if we want to represent the act of pushing somebody, the pushed
object must explicitly execute an action of “being pushed”, which seems somewhat
ridiculous| Side effects of actions are also not easy to model. Still, this is a minor
complaint in the context of TL, because for temporal logics we are only interested in
the flow oftransitions and not in the underlyingctions For temporal reasoning about
k asynchronous processes with no implicit interaction, concurrent programs seem just
about perfect.

The situation is different when we talk about autonomous, pro-active components
(like agents), acting together (cooperatively or adversely) in a common environment —
and we want to address their strategies and abilities. Now, particular actions are no less
important than the resulting transitions. Actions may influence other agents’ local states
without their consent, they may have side effects on other agents’ states etc. Passing
messages and/or calling procedures is by no means the only way of interaction between
agents. Moreover, the availability of actions (to an agent) should not depend on the
actions thawill be executed by other agents at the same time — these anattteme
stateghat should depend on these actiE}‘Bi!naIly, we would often like to assume that
agents act synchronously. In particular, all agents play simultaneously in concurrent
game structures. But, assuming synchrony and autonomy of acsigmshronization
can no longer be a means of coordination.

6 Not to mention the action of “being shot at”...

7 Note that in the case of temporal logics the situation was different: we were essentially interested in
transitionsbeing enabled or not. Thus, it made perfect sense to say that the transition “commxhvease
only enabled when the sender was sendirand the receiver was receivingln the case of strategic logics,
the focus is different. Relevawictionsin this context are “send” and “listen”. Obviously, the transition
“communication ofX” occurs only when these actions happen to be executed at the same time. However,
each action can be also executed without the other, which effects a different transition and different outcome
states.

DEPARTMENT OF INFORMATICS 8
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To sum up, we need a representation which is very much like concurrent programs,
but allows for modeling agents that play synchronously, and which enables modeling
more sophisticated interaction between agents’ actions. The first postulate is easy to
satisfy, as we show in the following section. The second will be addressed in §éction 4.

We note that model checkirgrL against concurrent programs is PSPACE-complete
in the number of local states and the length of the formula [19].

3.5 Synchronous CP and Simple Reactive Modules

The semantics oATL is based on synchronous models where availability of actions
does not depend on the actions currently executed by the other players. We define a
slightly different variant of concurrent programs, where agents play simultaneously, so
that they can serve agL models too.

Definition 2 A synchronous concurrent progranis a concurrent program
Pi = (St, Act, Ry, IT;, 7)) with the following unfolding to a&Gcs  Agt = {1,...,k},
St= H:‘Zl S, Act= UikzlAcﬁ, d(i, {(Qi, ..., o)) = {@i | (g, i, q) € R; for some g€
St} o({ai, ..., Ok)s @1y -y ca) = (A, ..., G) such that(q, o, 0f) € R; for every i;
1= Uik:1 I, and 7 (p) = mi(p) for p € II;.

We note that thesimple reactive modulgsrmLs) from [30] can be seen as a par-
ticular implementation of synchronous concurrent programs. SARRL module (an
agent) is a triplem = (ctr,init,update wherectr is a finite set of variables con-
trolled by m, andinit and updateare sets ofguarded commands (gcsf the form
¢~ V= 1.V = Yk ¢, @ propositional formula, is thguard vi,..., W
are among the module’s controlled variables, @nd. . . , ¢ are propositional formu-
lae. Theinit gcs are used to initialize the controlled variables, whileupdategcs can
change their values in each round. A gemabledf the guard is true in the current state
of the system. In each round an enabled (update) gc is executedygmotvaluated
against the current state of the system, and its logical value is assigned3everal
gcs being enabled at the same time model non-deterministic choicerin system
can have several modules.

Model checkingatL for SRML has been proved EXPTIME-complete in the size of
the model and the length of the formula [30].

3.6 Concurrent Epistemic Programs

Concurrent programs (both asynchronous and synchronous) can be used to encode epis-
temic relations too — exactly in the same way as interpreted systemsldo [28]. That is,
when unfolding a concurrent program to a modeloaf_k or ATL;, we define that

(O, -, Ok) ~i (i, -, ) iff g = . Model checkingcTLk against concurrent epis-

temic programs is PSPACE-completel[28]RMA. can be also interpreted in the same

way; then, we would assume that every agent can see only the variables he controls.

9 Technical Report IfI-06-15
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Concurrent epistemic programs are modular and have a “grounded” semantics. They
are usually compact (albeit not always: for example, an agent with perfect information
will always blow up the size of such a program). Still, they inherit all the problems of
concurrent programs with perfect information, discussed in S¢ctipn 3.4: limited interac-
tion between components, availability of local actions depending on the actual transition
etc. The problems were already important for agents with perfect information (see the
discussion in Sectidn 3.4), but they become even more crucial when agents have only
limited knowledge of the current situation. One of the most important applications of
logics that combine strategic and epistemic properties is verification of communication
protocols (e.g., in the context of security). Now, we may want to, e.g., check agents’
ability to pass an information between them, without letting anybody else intercept the
message. The point is that thetion of intercepting is by definition enabled; we just
look for a protocol in which theéransition of “successful interception” is never carried
out. So, availability of actionmustbe independent of the actions chosen by the other
agents under incomplete information. On the other hand, interaction is arguably the
most interesting feature of multi-agent systems. Also, it is hard to imagine models for
strategic-epistemic logics, in which it is not possible to represent communication.

3.7 Reactive Modules

Reactive modules [1] can be seen as a refinement of concurrent epistemic programs
(primarily used by the MOCHA model checkétr [4]), but they are much more powerful,
expressive and grounded. We have already mentioned a very limited variantLof

(i.e., sRML). The vocabulary oRML is very close to implementations (in terms of
general computational systems): tm@dulesare essentially collections of variables,
states are just valuations of variables; events/actions are variable updates. No more
than that. However, the sets of variables controlled by different agents can overlap, they
can change over time etc. Moreover, reactive modules support incomplete information
(throughobservabilityof variables), although it is not the main focusriL. Again,

the relationship between sets of observable variables (and to sets of controlled variables)
is mostly left up to the designer of a system. Agents can act synchronously as well as
asynchronously.

To sum upRML define a powerful framework for modeling distributed systems with
various kinds of synchrony and asynchrony. However, we believe that there is still a
need for a simpler and slightly more abstract class of representations. First, the frame-
work of RML is technically complicated, involving a number auxiliary concepts and
their definitions. Second, it is not always convenient to repreaéttiat is going on in
a multi-agent system as reading and/or writing from/to program variables. This view
of a multi-agent system is arguably close to its computer implementation, but usually
rather distant from the real world domain — hence the need for a more abstract, and
more conceptually flexible framework. Third, the separation of the “local” complex-
ity, and the complexity of interaction is not straightforward. Our new proposal, more
in the spirit of interpreted systems, takes these observations as the starting point. The

DEPARTMENT OF INFORMATICS 10
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proposed framework is presented in Secfipn 4.

3.8 Other Representations

Another class of representations is formed by practical-purpose high-level modeling
languages for temporal logics, like Promela, Estelle, SDL, LOTOS etc. They are es-
sentially application-wise, and usually include too many features to be convenient for
theoretical analysis. The “core” idea behind most of them is to some extent captured
by either concurrent programs or reactive modules. Moreover, their respective model-
checkers use often explicit models as the internal representation anyway (consider, e.g.,
the case of Promela and SPIN).

Other model classes include:

e Petri Nets. Too powerful and complicated for our purpose. Do not easily submit
to incremental development;

e Petri Hypernetd [5]: much simpler, but still not sufficiently developedNRan
be seen as an extension of concurrent programs, where the possibility of embed-
ding agents in other agents is added;

e Mobile ambientsyr-calculus, and other modeling frameworks for mobile agents,
that we do not discuss here.

4 Modular Interpreted Systems

The idea behind distributed systems (multi-agent systems even more so) is that we
deal with severalooselycoupled components, where most of the processing goes on
inside components (i.e., locally), and only a small fraction of the processing occurs
betweerthe components. Interaction is crucial (which makes concurrent programs an
insufficient modeling tool), but it usually consumes much less of the agent’s resources
than local computations (which makes the explicit transition tablesssf CEGS and
interpreted systems a bit of an overkill). Modular interpreted systems, proposed here,
extrapolate the modeling idea behind interpreted systems in a way that allows for a tight
control of the interaction complexity.

Definition 3 A modular interpreted syste(wis) is defined as a tuple
S= (Agt,Act, In),

whereAgt = {ay, ..., a} is a set of agents, Act is a set of actions, &hds aninterac-
tion alphabetEach agent has the following internal structure:

& = (St,d;,out, in;, o5, IT;, ), where:

e St is a set of local states,

11 Technical Report IfI-06-15
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e d : St — P(Act) defines local availability of actions; for convenience of the
notation, we additionally define the setsifuated actionas

Di = {{d, ) | g € S}, € di(qi)},

e Out,in; are interaction functionsout; : D; — Zn refers to the influence that a
given situated action (of agent)anay possibly have on the external world, and
ini : St x TN~ — 7In translates external manifestations of the other agents into
the “impression” that they make on depending on the local state qf a

e 0 : D; x In — St is a (deterministic) local transition function,

o 1I; is a set of local propositions of agentwahere we require thall; andIl; are
disjunct when i j, and

o 7 : IIj — P(St) is a valuation of these propositions.

The input functionsn; seem to be the fragile spots here: when given explicitly as
tables, they have size exponential wrt. the number of agents (and linear wrt. the size of
7n). However, we can use, e.g., a construction similar to the one from [20] to represent
interaction functions more compactly.

Definition 4 Implicit input function for state q € St is given by a sequence
{p1,m), -, {¥n, 7)), Where eachy € 7n is an interaction symbol, and each is
a boolean combination of propositiorig, with n € Zn; 7' stands for % is the sym-
bol currently generated by agent i”. The input function is now defined as follows:
ini(q, €1, ..., e) = 7; iff i is the lowest index such thdt; ", ..., ékk} E . Itis required
thatpn = T, so that the mapping is effective.

Every in can be encoded as an implicit input function, with eaghbeing of poly-
nomial size with respect to the number of interaction symbols (cf. [20]).

Note that, for some domains, tives representation of a system requires exponen-
tially many symbols in the interaction alphali&t. In such a case, the problem is
inherent to the domain, ard; will have size exponential wrt the number of agents.

4.1 Representing Agent Systems with MIS

Definition 5 Unfolding of a modular interpreted system S to a concurrent epistemic
game structure cegS) = (Agt’, St, 11,7/, Act,d’, 0, ~1, ..., ~) is defined as fol-
lows:

o Agt' ={1,...,k} and Act = Act,

o St =][, St

o II' = Uik:1 IT; and ' (p) = m(p) when pe II;,
e d'(i,q) = di(q) for global state = (q, ..., 0k),

DEPARTMENT OF INFORMATICS 12
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e The transition function is constructed as follows. Letdds, ..., gk) be a global
state, andv = («a, ..., ax) be an action profile. We define inpla, o) =
in; (g, out (qr, 1), ..., out 1 (Gi—1, 1),
OUt41(Git1, Ait1), -+, OUK(Ck, ak))
for each agenti. Then/@@, a) =
<01(<q17 a1>7 inputy (Qa a))7 ) Ok(<Qk, ak>7 inpuu((q7 a))>;

o (G, G ~i (dh, - G iff i = .

Remark 1 Note thatmis can be used as representationsaifs too. In that case,
epistemic relations-; are simply omitted in the unfolding. We denote the unfolding of
aMis S into a concurrent game structure by ¢g§s

Definition 6 The interpretation of logical formulae in modular interpreted systems is
defined as follows. Let S benas, qy, ..., g« local states of agents, ...,k in S, and let
©, 1 be formulae oATL;; andATL, respectively. Then:

SO, O) oy, o 1ff cegsS), (a1, ) o, ¢
S <q17 s qk> ):ATL w iff CgS(S), <q15 "'7qk> |:ATL 1/}

Propositiorf P states that modular interpreted systems can be used as representations
for an important class of multi-agent systems that welogbercube systenadter [21].
Moreover, Proposition]4 shows theteryexplicit model of a multi-agent system can
be represented asvas when epistemic relations are ignored. On the other hand, these
representations are not always compact, as demonstrated by Propfsitiors 6 and 7.

Definition 7 A hypercube systens a CEGS such that every “full” combination of
agents’ indistinguishability classes yields a unique state. More formally, let M be
a cecswith Agt = {1,...,k}, and letimg(q,p) = {d | p(q,q)} be the image of
state g with respect to relation. Then, M is a hypercube system iff every intersection
img(qy, ~1) N ... Nimg(gk, ~k) IS a singleton,

Definition 8 Proposition p idocalfor agent a iff the extension of p covers exactly some
of a (i.e., there are g ..., g such thatr(p) = img(g;, ~a) U ... Uimg(qgr, ~3)). M is a
system with local propositioriff every pe 11 is local for some & Agt.

Note that the latter requirement is not very severe for hypercube systems, since ev-
ery set of states can be in principle characterized by a Boolean combination of atomic
propositions.

Proposition 2 For every hypercube system with local propositions M therenssaS
such that ceg$) is isomorphic to M.

Proof. LetM = (Agt, St Act d, 0, ~1, ..., ~, II, 7) be a hypercube system with local
propositions. We constru@ = (Agt’, Act, Zn’), so that indistinguishability classes
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from M become local states i and the current local states and actions of all agents
are propagated via components, in{, to be “consumed” by local transition functions.
More formally: Agt’ = {ay, ..., &} with ay, ..., a defined as belowAct = Actis a set

of actions, andin’ = Stx Act~!. Eacha = (St,d/,out,in/, o/, II/, 7/}, where the
components are defined as follov&: = {Q C St| Q = img(q, ~;) for someq € St},
d/(g) = d(i,q) for anyq € q;, out (qi, ) = (q, o, ..., ;) for any arbitraryg € q;,

N/ (0, (qY, s )y e (7 i1, )y oo, (@ Qg )y s (O, 0 -0)) =

<<q1, vy iy eeny qk>, QY eeey Q1 O]y oeey Ozk>. Then,o{(qi, Qj, <q7 Qg eeey Q—1y Qg 1y enes ak>) =
o(q, o, ..., o, ..., ). Finally, II] is the set of local propositions fa in M, and
m(p) = {agi| g Cw(p)}. Itis easy to check thas unfolds to acEGSisomorphic
with M. ]

Corollary 3 For every hypercube system with local propositions M there igmarn -
equivalentmis S (i.e., such that for every state g in M there is a stdtingceggS)
satisfying the samertL; formulae, and vice versa).

Proposition 4 For everycGsM there is amis S such that cd$) is isomorphic to M.

Proof. We model each agent Biso that it possesses perfect information about the cur-
rent (global) state of the system. That$+= (Agt’, Act,Zn’) with Act = Act, 7' =
Act1, andAgt’ = {ay, ..., a} wherea; = (S{,d/,out,in/, o/, II/, 7/} defined as fol-
lows. S{ = St d'(q) = d(i,q). Component®ut,in/ propagate the current actions of
the other playersout (g, o) = («, ..., ), andin] (G, (@1, ..}y coey (A1, o)y eony Qg 1y een)y eey {Qy o)) =
(O ey Qi1 i1y ey ). NOW, O] (O, @iy (01 ooy Qi1 i1y ey k)) = O(Qy 1y vy Qi ey ).
Finally, IT} = IT for a = a; andIl] = I fori > 1; 7{(p) = 7(p).
Again, it is easy to check thagqS) is isomorphic withM. ]

Corollary 5 For everycGs M there is anATL-equivalentmis S (i.e., such that for
every state g in M there is a statéig cgqS) satisfying the samatL formulae, and
vice versa).

Proposition 6 The local state spaces inns are not always compact with respect to
the underlying concurrent epistemic game structure.

Proof. Take aceEGsM in which agenti has always perfect information about the
current global state of the system. When constructing a modular interpreted ystem
such thaM = ceggS), we have thaSt must be isomorphic witi$t ]

The above property is a part of the interpreted systems heritage. The next proposition
stems from the fact that explicit models (and interpreted systems) allow for intensive
interaction between agents.

Proposition 7 The size ofn in S is, in general, exponential with respect to the number
of local states and local actions. This is the case even when epistemic relations are not
relevant (i.e., when S is taken as a representation of an ordiaary).
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Proof. Consider concurrent game structiewith agentsAgt = {1,...,k}, global
statesSt = [, {d), ...,q }, and actionsAct = {0, 1}, all enabled everywhere. The
transition function is defined as{(qf. , ..., ), a1, ....ax) = (q},....df), wherel; =

(i + a1 + ... + ax) mod i. Note thatM can be represented as a modular interpreted
system with succinct local state spa&ts= {q}), ..., gi}. Still, the current actions of all
agents are relevant to determine the resulting local transition of agent ]

We will call itemsZn, out, in; theinteraction layerof a modular interpreted system
S the other elements @ constitute thdocal layer of the mis. In this paper we are
ultimately interested in model checking complexity with respect to the size of the local
layer. To this end, we will assume that the size of interaction layer is polynomial in
the number of local states and actions. Note that, by Proposjtjons §Jand 7, not every
explicit model submits to compact representation withs. Still, as we declared at the
beginning of Sectiop]4, we are mainly interested in a modeling framework for systems
of loosely coupled components, where interaction is essential, but most processing is
done locally anyway. More importantly, the frameworknfs allows for separating
the interaction of agents from their local structure to a larger extent. Moreover, we can
control and measure the complexity of each layer in a finer way than before. First, we
can try to abstract from the complexity of a layer (e.g. like in this paper, by assuming
that the other layer is kept within certain complexity bounds). Second, we can also
measure separately tirgeraction complexity of different agents

4.2 Modular Interpreted Systems vs. Simple Reactive Modules

In this section we show that simple reactive modules are (as we already suggested) a
specific (and somewhat limited) implementation of modular interpreted systems. Then,
we discuss briefly the relationship betweers and “full” reactive modules. First, we
define our (quite strong) notion of equivalence of representations.

Definition 9 Two representations are equivalent if they unfold to isomorphic concur-
rent epistemic game structures. They ames-equivalent if they unfold to the same
CGS

Proposition 8 For any SRML there is acGSs-equiv.MIS.

Proof. Consider ansRML R with k modules anch variables. We construcs =
(Agt, Act In)y with Agt = {ay,...,a}, Act = {T1,..., Tn, L1,..., Ln}, andZn =
Uik:1 St x St (the local state spacesi will be defined in a moment). Let us as-
sume wlog thattr;, = {xy,...,x}. Also, we consider all guarded commandsi of
to be of typey,',, : ¥ ~ % := T, 0or~yY, : ¥ ~ x := L. Now, agenta in S

has the following componentsS{ = P(ctr;) (i.e., local states of are valuations

of variables controlled by); di(g) = {T1,..., Tr, L1, ..., L+ }; out(Gi, ) = (a,q);

i (Ghs Q1 G1)s s (Gi=1, Gi1)s (G, Gir)s (O ) = (X € €tri [ (s, G0 = V7 900,
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{x ectri | {a1,....a0) = V., ¥}). Todefine local transitions, we consider three cases.

If t = f = @ (no update is enabled), thex(q, a, (t,f)) = q for every actionn. If
t # &, we take any arbitrary € t, and define; (q;, Tj, (t,f)) = g U {x} if x € t, and
g U {X} otherwisepi(q;, L, (t,f)) = ;i \ {x} if X, € f, andg; U {X} otherwise. More-
over, ift = @ # f, we take any arbitrary € f, and define;(q;, T, (t,f)) = g U {x}
if x € t, andqg; \ {x} otherwise;oi(q;, Lj, (t,f)) = a \ {x} if x € f, andq; \ {X}
otherwise. FinallyIl; = ctr;, andg; € () iff X € . ]

The above construction shows tissmL have more compact representation of states
thanMmis: r; local variables of agenit give rise to2" local states. In a way, reac-
tive modules (both simple and “full”) are two-level representations: first, the system is
represented as a product of modules; next, each module can be seen as a product of
its variables (together with their update operations). Note, however, that specification
of updates wrt to a single variable in arML may require guarded commands of total
IengthO(ZZwkzl ). Thus, the representation of transitionsi®mL is (in the worst case)
no more compact than imis, despite the two-level structure sRML. We observe fi-
nally thatmis are more general, becausesRML the current actions of other agents
have no influence on the outcome of agénturrent action (although the outcome can
be influenced by other agents’ current local states).

In Sectior[4.B, we will show another encodings®ML into MiS, in which SRML
variablesare simulated asiis agents. AccordinglysRML agents (i.e., modules) trans-
late to coalitions invis. The translation in Sectign 4.3 does not yield@s-equivalent
system, but it is sufficient to provide a reduction of model checking.

4.3 Model Checking Modular Interpreted Systems

One of our main aims was to study the complexity of symbolic model cheaking

in a meaningful way. In this section, we show that model checking abilities of agents
with imperfect information is PSPACE-complete for modular interpreted systems. But
first, we prove that the complexity of model checking. (with perfect information)

for mis is the same as for simple reactive modules, i.e. the problem is EXPTIME-
complete. Thus — contrary to model checking with explicit models — verification of

strategies with imperfect information turns out to be computationally easier than for
perfect information strategies!

Proposition 9 Model checkingsTL against modular interpreted systems is EXPTIME-
complete.

Proof. For EXPTIME-hardness, we encode in our problem Ane model checking
against simple reactive modules. (Note that this encoding is different from the one
presented in the previous section, and does not involve any blowup of state sets.) Let
R = (X,Var,my,...my), ¥ = {1,...,n}, Var = {xi,...,%} be ansrmL, andy a
formula of ATL. We construcimis S = (Agt, Act, 7n) in the following way: Agt =
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{1,...,k,sch,...,sch}: that is, each variablg in R is represented with a separate
agenti in S, and we add one schedulsch per modulem to Agt. Act = {1, ..., 2k},
andZn = {1,...,2k}. For each agerdch, we define:Ste, = {T}, anddseh (T) =
{1,...,2|ctrj|} (actionj < k schedules variablg, if possible, to be set td within
modulem;; actionk + j schedules variablg, if possible, to be set td. within m;);
OULch (T, ) = a, andllsey, = &; iNscy andosey, are irrelevant.

Now, let us assume wlog. thatr; = {X,...,X }. and that all guarded commands
of m are of typey,', : ¢ ~» X := T, or~y, : ¢ ~ x := L. Letus also define
enabledx, ..., X, j) to hold iff X;, ..., x |= Vﬂ, Y, Or Xy, ..., X = Vv,i, . 1. Finally,
first(xy, ..., %, ) is the smallest indeksuch thaenabledxi, ..., X j), or @ if there is
no such index. For each aggnt= 1,...,r, we define:S§ = {7, L}, di(q) = {1},
ou(q,1) = q,ﬂ in; (g, A1, .-, Ok, 11, -, In) = 1if I} = j andenableda,, ..., o),
or l; # j and notenabledqy, ..., 0, i) andfirst(qy, ..., 0k, j); 2 if I = r +j and
enabledqy, ..., 0k, r+j), orl; # r+j and notenabledq;, ..., g, i) andfirst(q, ..., Ok, r+
j); 3 otherwise. { means thak; is scheduled and enabled to be sefltp2 that x;
is scheduled and enabled to be setltp3 thatx, must be left unchanged.) Finally,
0(q,1,1) =T, 0(q,1,2) = L, andoj(q;, 1,3) = g;; Ili = {x}, andmi(x) = {T}.

Lettr(¢) be theatL formula in which every coalitiodm, , ..., m, } of modules from
Ris replaced withctr;, U ... U ctrj, U {sch,, ..., sch, }. Additionally, we assume that
qj0 € St is the local state that corresponds to the initialization of varigbie R. Now,
RE ¢iff S{(q?,...,q2) = tr(y), which concludes the reduction.

For the membership in EXPTIME, we observe that model checking efrarfor-
mulay in amis Scan be done by unfoldin§to cgqS), and then model checking
in cgyS). As the size oftggyS) is at most exponential wrt the size 8f and model
checkingy in cgyS) is linear wrt the size ofgq'S), we obtain our result. ]

Proposition 10 Model checkin@TL; for modular interpreted systems is PSPACE-complete.

Proof. PSPACE-hardness follows from the fact tieat. and concurrent programs can
be embedded iaTL;; andMmis, respectively — and model checkiogL for concurrent
programs is PSPACE-complete.

The membership in PSPACE can be demonstrated by algonittimeckS, i, ..., Gk, ¢)
that returnsT if ceggM), (ai, ...,0k) E ¢, and L otherwise. We assume wlog that
A={1,..,r}.

Caseyp = p;i: return(T) if g € mi(pi), elsereturn(L);
Casep = —): return(T) if mcheckS qy, ..., 0k, ) = L, elsereturn(_L);

Casep = 11 A o: return(T) if mcheckS q, ..., Gk, 1) = mcheckS qy, ..., Ok, ¥2) =
T, elsereturn(_L);

8 We abuse the notation slightly by assuming hjat T is in this case represented byandg; = L is
represented e.g. &
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Casep = (A)r Ov:

1. state:= (qy, ..., tk);

2. choose (pessimistically) ageat € A, and then change (pessimistically)
statdi] for everyi # a;

. guess the “best” strategy;

. guess the “most dangerous” actions. 1, ..., ax of Agt \ A;

. state:= o(state sa[1](statd1]), ..., sa[r](statgr]), cr 11, ..., ak);

. returnfncheckS state v)) {7

Caseyp = (A)i Oy

o O~ W

1. state:= (qy, ..., Ok); counter:= 0;

2. choose (pessimistically) ageat € A, and then change (pessimistically)
statdi] for everyi # a;

3. guess the “best” strategy;

4. “trim” agents1,....r in S, removing situated actions that are not going to
played fromd; ando;;

5. while (counter< |ceggS)|) do
m if mcheckS state v) = L thenreturn(J_)B
m guess the “most dangerous” actians 1, ..., ax of Agt \ A;
m state:= o(state sa[1](statd1]), ..., sa[r](statdr]), ar 41, ..., ax);
= counter:= counter+1 od

6. return(T);

Case{(A)ir11 U 1o: analogous.

Note that checking(A))ir ¢ consists of guessing the right strategy, and chechking
in the “trimmed” system. For the latter part, we use a procedure similar to the one
proposed in[[28]. The idea is based on the fact that chedkimg EpZ/ p’ (and hence
alsoAOp, ApU p’) can be restricted to finite paths of lengM|, where|M| is the size
of the underlying explicit model (cf_[28]). Note th&t can have exponentially many
global states, but we need only a polynomial number of bits to keep the counter. Also,
the witnesses used here (the strategi ahd counter-actions dfgt \ A) have polyno-
mial size wrt the number of local states$h Thus, we obtained a machine that solves
the problem in nondeterministic polynomial space, making calls to a co-NPSPACE ma-
chine. However, since PSPACE = NPSPACE = co-NPSPACE = PSPAEE we get
that the problem is in PSPACE. [ ]

A summary of complexity results for model checking temporal and strategic logics
(with and without epistemic component) is given in the table below. The table presents

9 Note that is checked in the original systeSi
10 Again, ) is checked in the original systesi
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completeness results for various models and settings of input parameters. Symbols
n, k, m stand for the number of states, agents and transitions in an explicit naslel;

the length of the formula, an,¢4 is the number of local states in a concurrent program

or modular interpreted system. The new results, presented in this paper, are printed in
italics. Note that the result for model checking. against modular interpreted systems

is an extension of the result from [30].

] I m, | | nkl | nigca k1]
CTL P [C] P [C] PSPACEI[19]
CTLK | P[O,/13 P[G,13] | PSPACE[Z3]
ATL P 3] AP [I7,20] | EXPTIME
ATL, | APR9.I8]| AP [8] PSPACE

The results fonTL andATL; form an intriguing pattern. When we compare model
checking agents with perfect vs. imperfect information, the first problem appears to
be much easier against explicit models measured with the number of transitions; next,
we get the same complexity class against explicit models measured with the number of
states and agents; finally, model checking imperfect information turns outdadier
than model checking perfect information for modular interpreted systems. Why can
it be so? It seems that the number of available strategies (relative to the size of input
parameters) is the crucial factor here. The number of all strategies is exponential in the
number of global states; for uniform strategies, there are usually much less of them but
still exponentially many in general. Thus, the fact that perfect information strategies
can be synthesized incrementally has a substantial impact on the complexity of the
problem. However, measured in termslofal states and agentshe number of all
strategies igloubly exponentialwhile there are “only” exponentially many uniform
strategies — which settles the results in favor of imperfect information.

5 Conclusions

We have presented a new class of representations for open multi-agent systems. Our
representations, called modular interpreted systems, racgtular;, in the sense that
components can be changed, replaced, removed or added, without major changes to
the whole representation; mocempactthan traditional explicit representations; and
grounded in the sense that the correspondences between the primitives of the model
and the entities being modeled are more immediate, giving a methodology for designing
and implementing systems. The representation has the, perhaps surprising, property
that the complexity of model checking strategic ability is higher if we assume perfect
information than if we assume imperfect information.

Of course, we do not mean to claim that our representations should replace more
elaborate modeling languages like Promela or reactive modules. We only suggest that
there is a need for compact, modular and reasonably grounded models that are more
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expressive than concurrent (epistemic) programs, and still allow for easier theoretical
analysis than reactive modules. We also suggestmimtmight be better suited for
modeling simple multi-agent domains, especially for human-oriented (as opposed to
computer-oriented) design.
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