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Abstract

Complete axiomatizations and exponential-time decision procedures are provided for
reasoning about knowledge and common knowledge when there are infinitely many agents.
The results show that reasoning about knowledge and common knowledge with infinitely
many agents is no harder than when there are finitely many agents, provided that we can
check the cardinality of certain set differences G — G’, where G and G’ are sets of agents.
Since our complexity results are independent of the cardinality of the sets G involved, they
represent improvements over the previous results even when the sets of agents involved
are finite. Moreover, our results make clear the extent to which issues of complexity and
completeness depend on how the sets of agents involved are represented.
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1 Introduction

Reasoning about knowledge and common knowledge has been shown to be widely applicable
in distributed computing, AI, and game theory. (See [FHMV95] for numerous examples.)
Complete axioms for reasoning about knowledge and common knowledge are well known in the
case of a fixed finite set of agents. However, in many applications, the set of agents is not known
in advance and has no a priori upper bound (think of software agents on the web or nodes on
the Internet, for example); it is often easiest to model the set of agents as an infinite set. Infinite
sets of agents also arise in game theory and economics (where reasoning about knowledge and
common knowledge is quite standard; see, for example, [Aum76, Gea94]). For example, when
analyzing a game played with two teams, we may well want to say that everyone on team 1
knows that everyone on team 2 knows some fact p, or that it is common knowledge among the
agents on team 1 that p is common knowledge among the agents on team 2. We would want to
say this even if the teams consist of infinitely many agents. Since economies are often modeled
as consisting of infinitely many (even uncountably many) agents, this type of situation arises
when economies are viewed as teams in a game.

The logics for reasoning about the knowledge of groups of agents contain modal operators
K; (where K,y is read “agent i knows ¢”), Eq (where Egp is read “everyone in group G knows
¢”), and Cg (where Cgy is read “p is common knowledge among group G”). The operators Eg
and C¢ make perfect sense even if we allow the sets G to be infinite—their semantic definitions
remain unchanged. If the set of agents is finite, so that, in particular, G is finite, there is a
simple axiom connecting Fgy to K;p, namely, Egy < NcqgK;p. Once we allow infinite groups
G of agents, there is no obvious analogue for this axiom. Nevertheless, in this paper, we show
that there exist natural sound and complete axiomatizations for reasoning about knowledge
and common knowledge even if there are infinitely many agents.

It is also well known that if there are finitely many agents, then there is a decision procedure
that decides if a formula ¢ is satisfiable (or valid) that runs in time exponential in ||, where
@ is the length of the formula viewed as a string of symbols. We prove a similar result for a
language with infinitely many agents. However, two issues arise (that, in fact, are also relevant
even if there are only finitely many agents, although they have not been considered before):

e In the statement of the complexity result in [FHMVO95], Eg and Cg are both viewed as
having length 2 + 2|G| (where |G| is the cardinality of G). Clearly we cannot use this
definition here if we want to get interesting complexity results, since |G| may be infinite.
Even if we restrict our attention to finite sets G, we would like a decision procedure that
treats these sets in a uniform way, independently of their cardinality. Here we view F¢g as
having length 1 and C¢ as having length 3, independent of the cardinality of G. (See, for
example, the proof of Proposition 3.5 for the role of independence and the definition of
Sub(p) in the proof of Theorem 4.5 for an indication as to why Cg has length 3 rather than
1.) Even with this definition of length, we prove that the complexity of the satisfiability
problem is still essentially exponential time. (We discuss below what “essentially” means.)
Thus our results improve previously-known results even if there are only finitely many
agents.

e In the earlier proofs, it is implicitly assumed that the sets G are presented in such a way
that there is no difficulty in testing membership in G. As we show here, in order to decide



if certain formulas are satisfiable, we need to be able to test if certain subsets of agents of
the form Gy — (G1 U ... U Gj) are empty, where Gy, ..., G} are sets of agents. In fact, if
we are interested in a notion of knowledge that satisfies positive introspection—that is, if
agent ¢ knows ¢, then she knows that she knows it—then we also must be able to check
whether such subsets are singletons. And if we are interested in a notion of knowledge that
satisfies negative introspection—that is, if agent ¢ does not know ¢, then she knows that
she does not know it—then we must be able to check whether such subsets have cardinality
m, for certain finite m. The difficulty of deciding these questions depends in part on how
Go, . .., Gy are presented and which sets of agents we can talk about in the language. For
example, if Gy, ..., Gy are recursive sets, deciding if Gop — (G U...UG}) is nonempty may
not even be recursive. Here, we provide a decision procedure for satisfiability that runs in
time exponential in |¢| provided that we have oracles for testing appropriate properties
of sets of the form Gy — (G1 U...UGg). Moreover, we show that any decision procedure
must be able to answer the questions we ask. In fact, we actually prove a stronger result,
providing a tight bound on the complexity of deciding satisfiability that takes into account
the complexity of answering questions about the cardinality of Gy — (G1 U...UGy).

Again, this issue is of significance even if there are only finitely many agents. For exam-
ple, in the SDSI approach to security [RL9I6], there are names, which can be viewed as
representing sets of agents. SDSI provides a (nondeterministic) algorithm for computing
the set of agents represented by a name. If we want to make statements such as “every
agent represented by name n knows ¢” (statements that we believe will be useful in rea-
soning about security [HvdM99, HvdMS99]) then the results of this paper show that to
decide validity in the resulting logic, we need more than just an algorithm for resolving
the agents represented by a given name. We also need algorithms for resolving which
agents are represented by one name and not another. More generally, if we assume that
we have a separate language for representing sets of agents, our results characterize the
properties of sets that we need to be able to decide in order to reason about the group
knowledge of these agents.

In the next section, we briefly review the syntax and semantics of the logic of common
knowledge. In Section 3 we state the main results and prove them under some simplifying
assumptions that allow us to bring out the main ideas of the proof. We drop these assumptions
in Section 4, where we provide the proofs of the full results.

2 Syntax and Semantics: A Brief Review

Syntax: We start with a (possibly infinite) set A of agents. Let G be a set of nonempty subsets
of A. (Note that we do not require G to be closed under union, intersection, or complementation;
it can be an arbitrary collection of subsets.) We get the language Eg(fb) by starting with a set
® of primitive propositions, and closing under A, =, and the modal operators K;, for i € A, and
Eq,Cg, for G € G. Thus, if p,q € ®,i € A, and G, G’ € G, then K;Cg(pA Egrq) € LE(®). Let
,Cg be the sublanguage of Eg that does not include the C operators. Let |¢| be the length of
the formula viewed as a string of symbols, where the modal operators K; and E¢g are counted
as having length 1 and Cg is counted as having length 3 (even if G is an infinite set of agents)
and all primitive propositions are counted as having length 1.



In [FHMV95, HM92|, A is taken to be the set {1,...,n}; in [HM92], G is taken to be the
singleton {{1,...,n}} (so that we can only talk about every agent in .4 knowing ¢ and common
knowledge among the agents in A), while in [FHMV95], G is taken to consist of all nonempty
subsets of A. We are being deliberately vague here as to how the infinite sets which appear in
the subscripts of ¥ and C' are represented. The details of the representation are not relevant
to our results. However, it turns out to be quite critical that the representation is such that
certain questions about the cardinality of sets can be answered easily. This is discussed in much
more detail when we state the results.

Semantics: As usual, formulas in Eg are either true or false at a world in a Kripke structure.
Formally, a Kripke structure M over A and ® is a tuple (S, 7, {K; : i € A}), where S is a set of
states or possible worlds, m associates with each state in .S a truth assignment to the primitive
propositions in ® (so that m(s) : & — {true, false}), and K; is a binary relation on S for each
agent i € A. We occasionally write /C;(s) for {t: (s,t) € K;}.

We define the truth relation = as follows:

,s) [ p (for p € ®) iff 7(s)(p) = true
,5) |= @ A iff both (M, s) = ¢ and (M, s) = o
) | e iff (M, s) [ ¢
)
)

0
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M
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M
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(
(
(
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,8) = Cayp iff (M, s) = EEg for k =1,2,3,..., where E¥ is defined inductively by taking
Bt =aet Ecp and E5 ¢ =qet EcEl.

We say that t is G-reachable from s in M if there exist sg,..., s, with s = sg, t = sg, and
(8i,8i+1) € UiegK;. For later use, we extend this definition so that if S’ C S, we say that
t is G-reachable from s in S if sg,...,s; € S’. The following characterization of common
knowledge is well known [FHMV95].

Lemma 2.1: (M,s) = Cayp iff (M,t) = ¢ for all t that are G-reachable from s in M.

Let M 4(®) be the class of all Kripke structures over A and ® (with no restrictions on the K;
relations). We are also interested in various subclasses of M 4(®), obtained by restricting the
K; relations. In particular, we consider M7 (®), MH(®), M75{(®), and MZY(®), the class of
all structures over A and ® where the K; relations are reflexive (resp., reflexive and transitive;
reflexive, symmetric, and transitive; Euclidean,' serial, and transitive). For the remainder of
this paper, we take ® to be fixed, and do not mention it, writing, for example £g and My
rather than £ (®) and M4(®).

As usual, we define a formula to be walid in a class M of structures if (M,s) = ¢ for all
M € M and all states s in M; similarly, ¢ is satisfiable in M if (M, s) = ¢ for some M € M
and some s in M.

'Recall that a relation R is Euclidean if (s,t), (s,u) € R implies that (¢,u) € R.



Axioms: The following are the standard axioms and rules that have been considered for
knowledge; They holds for all i € A.

Prop. All substitution instances of tautologies of propositional calculus.
K1. (Kip AN Ki(p = 1)) = K.

K2. K;po = ¢.

K3. —K;false.

K4. Ko = K;K;p.

K5. =Ko = K;—~K;p.

MP. From ¢ and ¢ = ¢ infer ¢.

KGen. From ¢ infer K;p.

Technically, Prop and K1-K5 are axiom schemes, rather than single axioms. K1, for example,
holds for all formulas ¢ and . A formula such as Kiq V = Kjq is an instance of axiom Prop
(since it is a substitution instance of the propositional tautology pV —p, obtained by substituting
Kq for p).

We will be interested in the following axioms and rule for reasoning about everyone knows,
which hold for all G € G.

El. Eqgp = K;pifi € G.

E2. (Nea Kip A Ngreg'Ecrp) = Egp if A is a finite subset of A, G’ is a finite subset of G,
and G C (AU (UG")).

E3. (Egyp A Ec(p = 1)) = Ecip.

E4. Eq(Eqp = ).

E5. Egy = .

E6. ¢ = Ec—Ecgy.

E7. From (g1 A ... Agy) infer 7(Eg,p1 A ... A Egpr) if GiN...NGy # 0.

EGen. From ¢ infer Egey.

E2 can be viewed as a generalization of the axiom Egp = Egp if G C G (of which E1 is a
special case if we identify K;p with Ey;1¢p, as we often do in the paper). Essentially it says that
if K; holds for all agents i € G (and perhaps some other agents i ¢ G) then Egy holds. Since,
if G is infinite, we cannot write the infinite conjunction of K;p for all i € G, we approximate
as well as we can within the constraints of the language. As long as Eqg¢ and K;p holds for
sets G’ and agents ¢ whose union contains G, then certainly Eg¢ holds.

If A is finite (so that all the sets in G are finite) we can simplify E1 and E2 to
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E. Ecp < NegKip.

It is easy to see that E follows from E1 and E2 (in the presence of Prop and MP) and every
instance of E1 and E2 follows from E if A is finite. E is used instead of E1 and E2 in [FHMV95,
HM92]. Note that E2 is recursive iff deciding if G — (A'U(UG")) = 0 is recursive. (We determine
precisely which such questions we must be able to answer in Proposition 3.3.)

E3 and EGen are the obvious analogues of K1 and KGen for Eg. We do not need them in
the case that A is finite; it is easy to see that they follow from K1, KGen, and E. In the case
that A is infinite, however, they are necessary.

Axiom E4 is sound in M", M7%, M3, and Mlelt- It is easy to see that E4 follows from K2,
E1, and EGen, so will not be needed in systems that contain these axioms. Moreover, it is not
hard to show that E4 follows from E1, E2, and K5 if the set of agents is finite. However, it does
not follow from these axioms if the set of agents is infinite. Thus, it will have to be explicitly
included in systems containing K5 but not K2.

Axiom E5 follows from K2 and E1. Moreover, we use it only in systems that already include
K2 and E1. Nevertheless, for technical reasons, it is useful to list it separately. Similarly, it is
not hard to see that E7 is a derivable rule in any system that includes Prop, MP, K1, K3, E1,
E4, and EGen (we prove this in Section 4.4). While we use E7 only in such systems, like E5, it
is useful to list it separately.

Axiom E6 (with E¢g replaced by K;) is the standard axiom used to characterize symmetric
IC; relations [FHMV95]. It follows easily from K2, K5, E1, and E2 if A is finite. However, like
E4, it must be specifically included if A is infinite.

Finally, we have the following well-known axiom and inference rule for common knowledge:

Cl. Cgp = Eg(e AN Cgyp).

RC1. From ¢ = Eg(¢ A ) infer ¢ = Cg.

Historically, in the case of one agent, the system with axioms and rules Prop, K1, MP, and
KGen has been called K; adding K2 to K gives us T; adding K4 to T gives us S4; adding K5 to
S4 gives us Sb; replacing K2 by K3 in S5 gives us KD45. We use the subscript G to emphasize
the fact that we are considering systems with sets of agents coming from G rather than only
one agent and the superscript C' to emphasize that we add E1-E3, EGen, C1, and RC1 to the
system. In this way, we get the systems Kg, Tg, and 848. Thus, KS consists of Prop, K1,
MP, KGen, E1, E2, E3, EGen, C1, and RC1; we get S4g by adding K2 and K4 to Kg We get
KD45 by adding K3-K5 and E4 to K§ and we get S55 by adding K2, K4, K5 and E6 to K§.

See Table 1 for a summary of these systems and the associated axioms and structures.

One of the two main results of this paper shows that each of these axiom systems is sound
and complete with respect to an appropriate class of structures. For example, Kg is a sound and
complete axiomatization with respect to M 4 and 858 is a sound and complete axiomatization
with respect to ijt. In the case that A is finite, this result is well known (see [FHMV95,
HMO92]—as mentioned earlier, E is used in the axiomatization instead of E1-E3 and EGen).
What is perhaps surprising is that E1-E3 and EGen suffice even if A is infinite. For example,
suppose that G just consists of the singleton A. In that case, E2 becomes vacuous. Thus, while



System | Axioms Structures | Properties of K;
K§ Prop, K1, MP, KGen, M none
E1l, E2, E3, EGen, C1, RC1
TS K¢, K2 M reflexive
848 Kg, K2, K4 M reflexive, transitive
KD458 K¢, K3, K4, K5, E4 Melt Euclidean, serial, transitive
858v K&, K2,K4,K5, E6 Mt reflexive, symmetric, transitive

Table 1: Axioms Systems and Structures

the axioms force E 4 to imply that each agent in A knows ¢, we have no way of expressing
the converse. Indeed, it is easy to construct a structure for the axioms with the standard
interpretations of all the K; relations but a nonstandard one of E 4, where all the agents in A
know ¢ and yet E4¢ does not hold. Consider, for example, a structure with a single state s
for the language with an infinite set A of agents. Suppose that every primitive proposition p
is true at s, KC; is empty for all i € A, and K is interpreted in the usual way for all i € A (so
that K, is true at s for all formulas ¢). For E 4, however, we say that E4¢ holds at s if and
only if it is provable in, say, Kg Of course, there are obviously standard models in which E 4p
does not hold and so (by the soundness of the axioms for standard interpretations) E 4p is not
provable. Thus, in this interpretation, E 4p does not hold at s while K;p does for every i € A.
Finally, it is clear that all the axioms of Kg are true in this structure. Similar examples can
be given to show that E4 and E6 do not follow from the specified other axioms when the set of
agents is infinite.

3 The Main Results and a Proof in a Simplified Setting

In this section, we state the two main results of this paper—complete axiomatizations and
decision procedures. We then provide a proof of a simpler version of these results that illustrates
some of the main ideas. We first state the completeness results.

Theorem 3.1: For formulas in the language Eg:

(a) Kg is a sound and complete axiomatization with respect to M 4,
(b) Tg is a sound and complete axiomatization with respect to My,

(c) 848 is a sound and complete aziomatization with respect to M},

(d) 858 is a sound and complete axiomatization with respect to Mf}ft,

(e) KD458 s a sound and complete axiomatization with respect to Mi{t.

Before stating the results regarding complexity, we first show that questions about certain
facts regarding sets of the form Gy — (G U...UGy) are reducible to satisfiability. We are not
just interested in sets of the form Gy — (G1 U ...UGy) for Gy, ...,Gy € G. For example, when
dealing with M, it turns out that we are interested in sets H of this form if |[H| = 1. But if



H, is such a set, then we are also interested in sets of the form Hy = Gy — (G1 U...Gx U Hy).
And if |[Hs| = 1, then we can also include Hj in the union, and so on. The following definition
makes this precise.

Definition 3.2: Given a set J of subsets of A and an integer m > 1, define a sequence
Jq, I, . .. of sets of subsets of A inductively as follows. Let Jj" = J. Suppose that we have
defined Jg*, ..., J{". Then J{", = JP"U{G—UH : G € J, H C Ji", H finite, |G —UH| < m}.
Let J™ = U;J™; let Jm = {G—-UH :G e J,HC J"H finite}. For uniformity, we take
J'={G-UH:G e J, HCJ, H finite}. I

For example, if A = {1,2,3,...} and J = {A,{1},{1,2},{1,2,3},{1,2,3,4},...}, then
Jt=Ju{0,{2},{3},...}, since {k} = {1,...,k} — {1,...,k — 1}. Of course, J} = J for
m > 1, since all singletons are already present in Ji!. Similarly, 7 = J{ U {{n,n +1} : n =
1,2,3} and J# consists of J2 and all doubletons.

Let J* be the algebra generated by J (that is, the Boolean combinations of sets in 7). It
is useful to talk about the length of a description of various sets in J* (particularly those in
J™ for some m). Formally, we assume we have a language whose primitive objects consist of
the elements of J and the symbols U and — (for set difference). The length of a description is
then the number of symbols of 7 that appear in it. Notice that, in general, an element of J*
may have several different descriptions. We are not always careful to distinguish a set from its
description. (We hope that the reader will be able to tell which is intended from context.) We
use I(G) to denote the length of the description of G € J*.

Let G4 = GU{{i} : i € A}. Throughout the paper (and, in particular, in the proof of the
next proposition), for ease of exposition, we identify Fy; with K;, for i € A (which allows us
to write E¢g for each G € G4).

Proposition 3.3:

(a) The question of whether |G| > 0 for G € 394 is reducible (in time linear in [(G)) to the
satisfiability problem for the language Eg with respect to all of My, M7y, M"%, M7,
and Mﬁt.

(b) The questions of whether |G| > 0 and |G| > 1 for G € 5}4 are each reducible (in time
linear in I(G)) to the satisfiability problem for the language Lg with respect to all of M},
M7t and ML

(¢) For all m > 1, the question of whether |G| > m for G € QAJT is reducible (in time linear
in I(G) + m) to the satisfiability problem for LE with respect to M';" and M.

(d) The question of whether |G N...NGg| > 0, for G1,...,Gr € G4 is reducible (in time
linear in k) to the satisfiability problem for [Zg with respect to Mf}{t.

Proof: For part (a), suppose that G € G\% Thus, G = Go—(G1U. . .UG}) for some Gy, ...,Gy €
G 4. Consider the formula ¢ =gt "Eg,pAEq,pA...ANEg,p, where p is a primitive proposition.
Clearly ¢, is satisfiable in M 4, M7y, M't, M3t or /\/lf4lt iff |Go — (G1U...UGy)| > 0.

For part (b), given G, we construct two formulas ¢, and g with the following properties.



e ©ip is satisfiable in MYy (i.e., the class of structures where the K; relations are transitive)
iff |G| > 0.

e For all structures M and states s in M, if (M, s) = ¢qp, then (M,s) = —K;p for some
jeaq.

Y¢ is satisfiable in MYy iff |G| > 1.

loap| and || are both linear in [(G).

This, of course, suffices to prove the result.

We construct the formulas ¢¢, by induction on the least h such that G = G — UH and
H C (Ga)i. (We are here thinking of G as specified by its description.) If H C (Ga)§ = Ga,
suppose that H = {G1,...,Gy}. Then we take pgp to be =“Eqp A Eg,p A ... A Eg,p. This
clearly has the desired properties.

Now suppose that H C (Ga)} for h > 1. Without loss of generality, we can assume
that H = {G1,...,Gy,Ggr11,...,Gr}, where Gp,...,Gp € G4 and, for j = K +1,...,k,
Gj € (Ga)} — Ga is of the form G — UH; with G’ € G4, H; C (Ga)}_1, and |G, = 1. Define
©G,p as

k k
—~Eg-(-pA N vc,p,) NEGPA ... NEg,pA )\ Eg:pj,
j=k'+1 J=kK+1
where we assume that the sets of primitive propositions that appear in pg; p,, J = K+1,...k,

are mutually exclusive and do not include p.?

Now suppose that g, is true at some state s in a structure M € Mf4 Then for some
i € G', we must have (M, s) E —~K;—(-pA /\?:k’-i-l ©G;p;)- We cannot have i € G1U... UGy,
since (M, s) |= Eg,p for j = 1,..., k. Nor can we have i € G; for j = k' +1,..., k. For suppose
that G; = {i;}, j € {K' +1,...,k}. Then (M,s) F ~K;=pg,p; N Eg/pj. From the second
property of ¢g ,, it follows that M = ¢g, p, = —Ki,p, so (M,s) F ~K;K;;p; A\ Ki;p;. We
cannot have ¢ = i, by transitivity. It follows that G # 0.

Conversely, if G # 0, we show that pg ) is satisfiable in M{* (and hence also in M} and
/Vlfit). We actually prove a stronger result. We show that if G1, ..., G}y are nonempty and the
formulas oG, p,,---,Paq,,p, involve disjoint sets of primitive propositions, then ¢g, ,, A ... A
©G,.p 1s satisfiable in a structure in ./\/lfft of a certain form. To make this precise, suppose that
M= (S,m{K;:ie€ A}), s € S, S is a set of states disjoint from S, and s’ € S’. We say that
M is embedded in the structure M' = (SUS' 7', {K}: i€ A}) at (s,¢) if

1. ©'lg =7 and Kf|sxs = K; for i € A,
2. if (t,t') e Kl fort € Sand t' € S, thent = s and t/ = §'.

We show by induction on & that if G = G — UH;, H; C (Ga)}, |G| >0 for j =1,... K,

and the formulas pg, p,,--.,9aq, p, iDvolve disjoint sets of primitive propositions, then for all
i1,...,% such that 7; € G, there exists a structure M € ijt and a state s in M such that:

2Here we are implicitly assuming that the set of primitive propositions is infinite, so that this can be done.
With more effort, we can prove a similar result even if the set is finite, using the techniques of [Hal95].



1. (M, S) ): ©G1p1 N N PGy s

2. Jt1,...,tg such that (s,t;) € KC;; and (M, t;) = —py,

3. Ki(s) = {s} for i & {i1,...,ix},

4. for all structures M’ and states s’ in M’ such that M is embedded in M’ at (s,s’) and
(M',s") = p1 A\ ... A pk, we have that (M',s) = @qp N - ANQGypr-

If h = 0, then it is easy to construct such a structure. Given i1, ..., such that i; € G; (where
the i; are not necessarily distinct) we construct a structure M with states s,t1,...,t; (where
t; =ty if 1; = ij/) such that (M, tj) IZ /\{j’:ij/:ij} Py A /\{j’:ij/;éij}pj" (M, 8) ): [ ANAY U
and /C; is the smallest equivalence relation that includes (s,t;) if i = 4;. It is easy to check that
M has the required properties.

For the inductive step, suppose that we are given i1, ..., %; such that i; € G;. Note that the
first conjunct of ¢g, », has the form ﬂEGQh(ﬂpj A /\Zl:j1 ©Gjp.pi)- BY the induction hypothesis,
we can find a structure M; with state space S; and a state s; in S; with the properties above
such that (M,s;) = —p;j A A2y ©Gips- (That we can get (M,s;) = A, ©G;ppy 1S an
immediate consequence of the induction hypothesis. Since p; does not appear in g, ., for
k = 1,...,mj, by construction of ¢¢; ., we can then extend the structure so as to make
(M, s) = —p; without changing any of the desired properties.) If i; = i/, we can also assume
without loss of generality that M; = M; and s; = sy. (For example, suppose that i1 = is.
To make M; = M>, we need to show that we can find a structure M’ and state s’ such that
(M',s") = =p1 A =p2 A NGy @Gk pix PN i PGag par; DUt this is immediate from the induction
hypothesis and the fact that p; and py do not appear in ¢q,, »,, for k =1,...,m1 or ©a,, pox
for k = 1,...,mgy.) Let S consist of S U...U Sy together with a new state s. We define
M € M’ so that each of the structures M; is embedded in M at (s;,s) and the relation in
Ki; in M is the smallest equivalence relation that makes this true such that (s, s;) € ;. For
i ¢ {i1,...,i,}, define IC; to be the smallest equivalence relation that makes each of the M;’s
embedded in M. Thus, for i & {i1,...,ix}, the K; relation in M is essentially the union of the
IC; relations in the M;’s together with (s, s), while the KC;; relation in M is the union of the KC;;
relations in the M;’s together with (s, s), (s, s;), and (s;j,s). We define the interpretation 7 in
M so that (M,s) = p;j for j = 1,...,k. Since KC;j(s) = {s} for ¢ ¢ {i1,...,i;}, it now easily
follows that (M, s) = @Gy p A - - 9G,pi- We leave it to the reader to check that all the other
requirements in the construction hold as well. This completes the inductive step.

Of course, the fact that g ), is satisfiable if |G| > 0 is now immediate.

Finally, define ¥ to be g p A Eg/(q¢ A (—p = ¢a,q)), where we assume that the primitive
propositions that appear in ¢g;, and ¢g 4 are disjoint.

We claim that ¢ is not satisfiable in MY if |G| < 1. Clearly it is not satisfiable in
MYy if |G| = 0, since pg,p is not. So suppose, by way of contradiction, that G = {i} and
(M,s) = v¢ for some M € M. Then, thanks to the properties of pg, and ¢¢ 4, we must
have (M, s) = - K;p A K;(gN (—p = —K;q)). It is easy to see that this gives us a contradiction.
On the other hand, if |G| > 1, we can construct a structure in MY (in fact, in M’}") satisfying



Y as follows. Suppose that i,i" € G and ¢, is of the form

k k
—Eg—(—pA /\ cpgjmj)/\EGlp/\.../\EGk,p/\ /\ Egljpj.
j=k'+1 j=k'+1
We know that |Gy41| = -+ = |Gk| = 1, so by our previous argument, we can find a structure

M = (5,...) € M7 and states §',t' € S’ such that (M, s") = ¢a,q A /\?:kq_] G p; (8,1) €
Kir, (M', ') = =q, and K;(s") = {s'}. Since p does not appear in g 4, we can assume without
loss of generality that (M’,s) = —p. Now let M € M’;* be a structure whose state space is
S’U{s}, where s is a fresh state not in S/, such that M’ is embedded in M at (s, s), (s,s) € K;,
(M,s) EpANgADP+1 A... Apg, and K;(s) = {s} for j # i. It is easy to see that (M, s) = ¥q.

For part (c), we construct formulas ¢, ¢, such that

o if (M,s) E ¢mp for M € MG (and hence also for M € M;?), then there exist m + 1
distinct agents i1,..., 4,41 € G such that (M,s) E ~K;—p, j=1,...,m+1;

i ’(pm,G’,p‘ = O(Z(G) + m);

e if |G| > m, then ¢, ¢ is satisfiable in M’;* (and hence in M9).

We first define an auxiliary family of formulas. If G',G1,...,Gr C Gu, let Y o Gy....Gop
be the formula

Eg,qo N... N Eg,q/N
~Eg=(po Ap1 Aqi A Egr(po = p1 A qi))A
o AN=Eg=(po A Pmy1 A Gmi1 AN Eg/ (o = Pt A @mg1))A
Ec/((po = (pA—q0)) Aq1 < P2 Aq2) A(g2 <& —p3 AG3) A ... A (qmy1 < true)),

where Do, ..., Pm+1,90; - - - ¢m+1 are fresh primitive propositions distinct from p. Observe that
[Ym.cr G, Gopl 18 O(k+m). It is easy to check that the last clause forces g;, for 1 <1i < m, to
be equivalent to —p; 41 A ... A =pma1, at least in the worlds G’-reachable in one step. Thus, in
these worlds, the formulas p; A ¢;, i = 1,...,m + 1, are mutually exclusive. Clearly if (M, s) =
Ym.G' Gr,....Gpp TOr M € Mf;{t, then there must be agents iy,...,4n+1 in G — (G1U...UGy)
such that (M,s) = =K ~(po A pj A qj N Egr(po = p;j A qj)). (Note that we cannot have
ij € G'N(G1U...UGy) since (M, s) = Eg,q0 N Eg/(po = —qo)). Thus, there must exist states
tj, 3 =1,...,m+1such that (s,t;) € K;; and (M, ;) = poAp; Aqj A Eg(po = pjAg;). To see
that these agents i; must be distinct, suppose that i; = i; for j < j’. By the Euclidean property,
we have (t;,t;) € IC;;. Since (M, t;) = Eg/(po = pj Aq;), we must have (M, ;) = p;j Ag;. But
since (M, tj) = q¢j & (—pj A ... A—Pm1), this is inconsistent with the fact that (M, ;) = pjr.
Since (M, s) = Eg/(po = p), it follows that (M, s) = —K;,—p for j =1,...,m + 1. Conversely,
it is easy to see that if |G’ — (G1 U...UGg)| > m then ¥, ¢ qy,..G.p 18 satisfiable in M5,
We leave the details to the reader.

We now construct the formulas ¢, ¢, by induction on the least h such that G = G’ — UH
and H C (GA)p. f H ={G1,...,Gr} € (Ga)J* = Ga, then we take ©m.Gp = Ym.¢".Gr,...Crp-
Now suppose that H C (G4);* for h > 0. Without loss of generality, we can assume that
H = {Gi,...,Gx,Gp+1,...,Gy}, where Gi,...,Gy € G4 and, for j = K +1,....k, G; €
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(Ga)i'y is of the form G — UH; with G € Ga, H; € (Ga)i' 4, and |G| < m. Suppose that
|G| = mj. By induction, for j = k' +1,...,k, we can construct formulas ©m;—1,G;p and the
formula ¥y, o c....c,, p such that if (M, s) = ¢m;—1,G,p, then for each agent i € G, we have
(M,s) E —K;—p. Without loss of generality, we can assume that, other than p, the sets of
primitive propositions mentioned in the formulas ¢p,; 1 ¢, p are disjoint, and these sets are all
disjoint from the set of primitive propositions in ¥, ¢/ q;.,...G,/ p- Let ¢m.cp be the formula

m
/
Ui, GG N I\ Pmy—1.6,p N Bt (0" = Ecr—p).
j=k1

The argument that this formula has the required properties is almost identical to that for
V.G Gr,....Gr,ps We leave details to the reader.

Finally, for part (d), consider the formula ¢4 defined as

Eg,piN...NEg, pk—1NEg,(—p1 V...V pr_1).
We leave it to the reader to check that g4 is satisfiable in Mff FGIN..NG,=0.1

We already saw that for axiom E2 to be recursive, we need to be able to decide whether
|Go — (G1U...UGg)| > 1 (or, equivalently, whether Go C G1 U...UGy) for Go,...,Gi € Ga.
Proposition 3.3 shows that if there is no recursive algorithm for answering such questions,
the satisfiability problem for the logic (even without C operators) is also not decidable. For
simplicity here, we assume we have oracles that can answer the questions that we need to answer
(according to Proposition 3.3) in unit time; we consider the complexity of querying the oracle
in more detail in Section 4.5. More precisely, let O,, be an oracle that, for a set G € g%, tells
us whether |G| > k, for any k < m. (Thus, queries to oracle O,, have the form (G, k).) Let O’
be an oracle that tells us whether Gy N ... NGy =0, for Gy,...,Gy € G 4.

Theorem 3.4: There is a constant ¢ > 0 (independent of A) and an algorithm that, given
as input a formula ¢ € Eg, decides if ¢ is satisfiable in M (resp., M7y, M't, M, Mi{t
and runs in time 29! given oracle O (resp., O, O1, O\y; both Oy, and O’), where queries
to the oracle take unit time. Moreover, if G contains a subset with at least two elements, then
there exists a constant d > 0 (independent of A) such that every algorithm for deciding the
satisfiability of formulas in M4 (resp., M"y, M5, M5, th) runs in time at least 249! even
given access to oracle Oy (resp., Og, O, O)yl, both O, and 0’), for infinitely many formulas
©.

Before proving Theorems 3.1 and 3.4, we prove a somewhat simpler theorem that allows
us to both explain intuitively why the results are true and point out some of the difficulties in
proving them.

Proposition 3.5: If there is an oracle that decides if G = () for each Boolean combination G
of elements in G4, then, for every formula ¢ € LS, we can effectively find a formula ©° in a
language Eg,, where G' consists of all nonempty subsets of a set A" of at most 21¢! agents, such
that |©7| = |¢| and @ is satisfiable in M 4 iff ¢° is satisfiable in M 4.
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Proof: Given ¢, let G, be the set of subsets GG of agents such that Eg or Cg appears in .
(Recall that we are identifying K; with Ey;, so that {i} € G, if K; appears in ¢.) Note that
Go| < Il

Suppose that G = {G1,...,Gn}. An atom over G is a nonempty set of the form G| N...NGy,
where G} = G; or G = G;. Clearly there are at most 2V atoms over G. Let A’ consist of the
atoms over G,. Note that |A/| < 2/#l. Define o : A — A’ by taking o(i) to be the unique atom
over G, containing i. We extend ¢ to a map from 24 — 24 by taking o(G) = {o(i) : i € G}
(={H € G, : HC G}). Translate ¢ to ¢7 by replacing all occurrences of E¢ and Cg in ¢ by
E, (@), and Cy ), respectively. Clearly |p| = [¢7]. (Note that it is important here that we take
the length of Eg and Cg to be independent of G.)

If ¢ is satisfiable, let (M, s) witness that fact. Convert M into a structure M7 over A’
with the same state space by setting (s,t) € Ka iff (s,t) € UjealC; for each A € A’. An
easy induction shows that for every formula 1 with sets (of agents) chosen from G, we have
(M, s) = v if and only if (M7,s) = 1?. The only point that needs any comment is that Fg
(and so also Cg) has the same meaning in M (in terms of reachability) as Eq(q) (Cy(q)) in M7,
by the definition of o(G) and the K4 relations. Thus (M7, s) = ¢7 as required.

For the other direction, suppose that (M’,s) | ¢ for some structure M’ over A’. We
define a structure M over A by defining K; = K, ;). Again, an easy induction shows that for
every formula v with sets chosen from G, (M’ s) = ¢ if and only if (M, s) = 7. Once again,
the only point to notice is that Fg (and so also Cg) has the same meaning in M’ (in terms
of reachability) as Ey ) (Cy(g)) in M by the definition of o(G) and the relations ;. Thus
(M, s) E ¢ as required. 1

Corollary 3.6: Given an oracle that decides, for each Boolean combination G of elements in
G A, whether G = (), there is a constant ¢ > 0 (independent of A) and an algorithm that, given

as input a formula ¢ € Eg, decides if ¢ € Eg is satisfiable in M 4 and runs in time ezl

Proof: Clearly, to check if ¢ is satisfiable, it suffices to check if ¢ is satisfiable. In [HM92],
there is an exponential time algorithm for checking satisfiability. However, this algorithm
presumes that the set of agents is fixed. A close look at the algorithm actually shows that it
runs in time 2719l where m is the number of agents. In our translation, the set of agents is
exponential in |p|, giving us a double-exponential time algorithm. il

Corollary 3.7: If G U {0} is closed under intersection and complementation, then Kg s a
sound and complete axiomatization for the language ,Cg with respect to M 4.

Proof: Soundness is straightforward, so we focus on completeness. Suppose that ¢ is valid.
By Proposition 3.5, so is ¢?. Since A’ is finite, Kg/ is a complete axiomatization for ES, with
respect to M 4. Thus, Kg, F ©?. We can translate this proof step by step to a proof of ¢
in Kg We simply replace every formula ¢ that appears in the proof of ©7 by 7, where 7
is obtained by replacing each occurrence of K4 in ¢ by E4 unless A = {i} is a singleton, in
which case we replace K4 by Kj;, and replacing each occurrence of E¢g, and Cg in ¥ by Eyqa,
and Cg, respectively. Since we have assumed G U {0} is closed under complementation and
intersection, G is closed under union, and hence 7 is a formula in Eg.
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It is easy to check that the translated proof is still a proof over the language Eg: Tautologies
become tautologies as (¢ V 1)" = ¢ V97 and similarly for negations. Instances of MP in the
proof of ¢ become instances of MP in the proof of ¢ because (¢ — )" = 7 — 7. Instances
of KGen in the proof of ¢? become instances of EGen or KGen in the proof of ¢; similarly,
instances of K1 are converted to instances of K1 or El. It is easy to see that instances of El,
E2, E3, EGen, C1, and RC1 are converted to legitimate instances of the same axiom. I

While Corollaries 3.6 and 3.7 are close to our desired theorems, they also make clear the
difficulties we need to overcome in order to prove Theorems 3.1 and 3.4. Specifically,

e we need to cut the complexity down from double-exponential to single exponential;

e we need to prove completeness without assuming that G U {(}} is closed under comple-
mentation and intersection;

e we want to use an oracle that tests only whether a set of the form Gy — (G1 U ... UGy)
is nonempty, rather than one that applies to arbitrary Boolean combinations;

e we want to extend these results to the case that the K; relations satisfy properties like
transitivity.

With regard to the last point, while in general it is relatively straightforward to extend com-
pleteness and complexity results to deal with relations that have properties like transitivity, it is
not so straightforward in this case. For example, even if M € MZZ{, the relations in the structure
M? constructed in Proposition 3.5 are not necessarily transitive. As shown in Proposition 3.3,
we need a different oracle to deal with transitivity.

4 Proving the Main Results

In this section, we prove Theorems 3.1 and 3.4. The structure of the proof is similar to that
of Corollaries 3.6 and 3.7; we describe step by step the modifications required to deal with
the problems raised in the previous section. It is convenient to split the proof into four cases,
depending on the class of structures considered.

4.1 The Proof for M4 and M,

In Proposition 3.5 we showed that we could translate a formula ¢ to a formula ¢ such that ¢
was satisfiable in M 4 iff ¢7 was satisfiable in M 4/, where A" consisted of the atoms over G,,.
Our goal is to maintain the translation idea, but use as our target set of agents a set whose
elements we can determine with the oracles at our disposal (for testing the nonemptiness of
certain set differences). As a first step, we try to abstract the key ingredients of Proposition 3.5.
Suppose that we have a set A’ of agents and a partial map o : A — A’. Again, we can extend
o to a map from 24 to 24 o(G) = {o(i) : i € G}. Given a formula ¢, let ¢’ be the formula
that results by replacing all the occurrences of G in ¢ by o(G). In Proposition 3.5, A’ is the set
of atoms over G, and o(i) is the unique atom containing i. We were able to show that, for that
choice of A" and o, the formulas ¢ and ¢’ were equisatisfiable. What does it take to obtain
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such a result in general? The following result shows that we need to be able to find a mapping
7: A — 24 — {(} with one key property.

Proposition 4.1: Given a formula ¢ and a partial map o : A — A’ such that o(G) # O for
all G € G, suppose that there is a mapping 7 : A" — 2A _ {0} such that for all G € G,, we
have U{T(A) : A € 0(G)} = G. Then ¢ is satisfiable in M 4 (resp., M"y) iff ¢7 is satisfiable
in My (resp., My, ).

Proof: Given ¢ and o, suppose there exists a mapping 7 with the property above. We show
that ¢ and ¢ are equisatisfiable.

First suppose that (M, s) = ¢, where M € M 4. We convert M = (S, 7, {K; : i € A}) into
a structure M’ = (S,7,{K4 : A € A'}) by defining K4 = U{K; : i € 7(A)}. Notice that the
assumed property of 7 implies that for all G € G,, we have

Useo(@)Ka = Uaes(q) Yier(a) Ki = UiecKi.

An easy induction on the structure of 1) now shows that (M, t) = 1 if and only if (M’ t) = ¢°
for all t € S and all formulas ¢ € Egv. Also note that if M € M7, then M’ € M’y (since the
union of reflexive relations is reflexive).

For the opposite direction, suppose (M’,s) = @7 for some M’ = (S,7,{K4: A€ A'}) €
M. Define M = (5,7, {K; : i € A}) € My by setting K; = K,;) if (i) is defined and the
empty relation otherwise. Note that for all G € G, we have

UieaKi = UiecKq (i) = Uneo(c)Ka-

Again, an easy induction on the structure of ¢ shows that (M, t) = ¢ if and only if (M’,t) = 7
for all t € S and all formulas ¢ € ng.

If M € M7, we modify the construction slightly by taking IC; = {(¢,t) : t € S} if (i) is
undefined. Since o(G) # 0 for G € G,,, it is easy to check that we still have UiecKC; = Uiea Ky (i),
so the modified construction works for the reflexive case. 1

For the mapping ¢ of Proposition 3.5 we can take 7 to be the identity, but this requires an
oracle for nonemptiness of atoms. We now show how to choose A’ and define maps o and 7 in
a way that requires only information about whether sets of the form Gy — (G1 U ... U Gj) are
empty.

Definition 4.2: Given a set G of sets of agents and G € G, a set H C G is a G-mazimal subset
of GIfG—UH #0Dand G — (UH)UG') =0 for all G’ € G — H. Let R(G) = {(G,H) : G €
G, H is a G-maximal subset of G}. 1I

Note that we can check whether H is a G-maximal subset of G by doing at most |G| tests of

the form (G — UH') = (), and we can find all pairs (G, H) in R(G,) by doing at most |G|2/9/~1
such tests.

The following lemma gives some technical properties of R(G) that will be used frequently.

Lemma 4.3: Suppose that (G, H) € R(G) for some set G of subsets of A.
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(a) G —UH is an atom over G and, in fact, G —UH = N(G —H) N (NgerH).
(b) If (G',H) € R(G), then (G—UH)=(G'—UH).
(c) If (G',H') € R(G) and H # H', then (G—UH)N (G —UH') =0.

Proof: For part (a), first observe that since H is a G-maximal subset of G, for H ¢ H, we have
G—-UMHU{H}) =0;ie,G—UH C H. Thus, if H ¢ H, we have G — UH = (GN H) — UH.
Thus, G — UH = G N (NgerH) = N(G — H) N (NgenH), as desired. By definition, G — UH is
an atom over G.

Part (b) is immediate from part (a), since it is clear that G — UH is independent of G and
depends only on H.

For part (c), suppose that H # H’. Without loss generality, there is some H € H — H'.
It follows immediately from part (a) that G — UH and G’ — UH’ are distinct atoms (hence
disjoint), since G —UH C H and G' —UH' C H. I

If (G,H) € R(G), let A% denote the atom associated with H defined in Lemma 4.3(a). It is
independent of G by Lemma 4.3(b). We omit G, writing simply As, when it is clear from the
context which set G we have in mind.

We now show how to define a translation satisfying the hypotheses of Proposition 4.1 using
the elements of R(G,) identified according to the second coordinate alone.

Given a formula ¢, let AY = {H : 3G[(G,H) € R(G,)]}. Define o1 : A — A?¥ by setting
o1(1) = H if i € Ay (as defined after Lemma 4.3) and undefined otherwise. As before, we
extend o1 to 24 by defining 01 (G) = {o1(i) : i € G}.

Lemma 4.4: Define 7 : A? — 24 by setting 7(H) = N(G, — H). Then
(a) 01(G) = {H € A% : 3G’ € G,((G', H) € R(G,)), G & H},
(b) 01(G) # 0 for G € G,
(c) T(H) # 0 for H € A,
(d) U{r(H) : H € 01(G)} = G.

Proof: For part (a), first suppose that G ¢ H and (G',’H) € R(G,) for some G’ € G,. Then
by Lemma 4.3(a), it follows that Ay C G. Since Ay # (), there is some i € Ay. Since i € G
and o1(7) = H, it follows that H € 01(G). For the opposite inclusion, suppose that H € 01(G).
Then H = o1(i) for some i € GN Ay. Since G N Ay # 0, it follows from the definition of Ay
that G ¢ H.

For part (b), given G, note that there must be some G-maximal subset H. Thus, (G, H) €
R(G,). Since G — UH # (), we must have G ¢ H. By part (a), H € 01(G), so 01(G) # 0.

For part (c), suppose that H € A¥. Then there exists some G such that (G,H) € R(G,),
and hence G — UH # (. It suffices to show that N(G, — H) 2 G — UH. This follows from
Lemma 4.3(a).
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For part (d), we first show that U{7(H) : H € 01(G)} € G. Note that if H € 01(G), then
by part (a), G € G, —H. Thus, 7(H) = N(G,—H) C G. For the opposite containment, suppose
that i € G. Let H' = {G' € G, : i ¢ G'}. Since i € G — UH’, there must be a G-maximal
subset H of G, containing H'. By part (a), we have H € 01(G). Moreover, since H' C ‘H, for
all H' € G, — M, we have i € H'. Thus, i € N(G, —H). It follows that i € Uycq, ()N (Gp —H),
as desired. 1

Since |A¥| < 21|, we have now reduced satisfiability with infinitely many agents to satisfi-
ability with finitely many agents, at least for M 4 and M?,, using only tests that we know we
need to be able to perform in any case. We next must deal with the problem we observed in
the proof of Corollary 3.6, that is, there may be exponentially many agents in the subgroups
mentioned in ¢?!. This is done in the following result. In this result, we assume that the
complexity of checking whether i € G is no worse than linear in |4|. While we do not assume
this in general, it is true for the A’ and sets G that arise in the translation of Proposition 4.1,
which suffices for our application of the result to the proof of Theorem 3.4.

Theorem 4.5: If A is finite and there is an algorithm for deciding if i € G for G € G that
runs in time linear in |A|, then there is a constant ¢ > 0 (independent of A) and an algorithm
that, given as input a formula ¢ € Eg, decides if @ is satisfiable in M 4 (resp., M'y) and runs
in time O(|.A|2°91).

Proof: We first present an algorithm that decides if ¢ is satisfiable in M 4; we then show
how to modify it to deal with M. The algorithm is just a slight modification of standard
decision procedures [FHMV95, HM92|. (Far more serious modifications are needed to prove the
analogous result for the M}, M and Mff; see Theorems 4.9, 4.16, and 4.20.)

Let Sub(p) be the set of subformulas of ¢ together with Eg (1) A Cg) and ¢ A Cgep for each
subformula Cg of ¢. Sub™ () consists of the formulas in Sub(¢) and their negations. An easy
induction on |¢| shows that |Sub(¢)| < |¢], so |Sub™ ()| < 2|¢|. (Here we need to use the fact
that we take the length of Cg to be 3.)

Let S! consist of all subsets s of Sub®(p) that are mazimally consistent in that (a) for
each formula 1) € Sub(y), either ¢ € s or =) € s, (b) they are propositionally consistent (for
example, we cannot have all of ¢ A ¢’, =1, and =)’ in s), and (c) they contain Eg(¢ A Cgth)
iff they contain Cgtp. Note that there are at most 2/¢! sets in S?.

For s € S! and G € G4, we define s/Eg = {1 : Egy € s} (again, we identify K; with
Eyy). Define s/K; = Uicg(s/Eg). Define a binary relation K; on S* for each i € A by taking
(s,t) € K; iff s/K; Ct. We now define a sequence S7 of subsets of S'. Suppose that we have
defined S',...,S7. S7t! consists of all states s in S7 that seem consistent, in that the following
two conditions hold:

1. If ~Egv € s, then there is some ¢t € S7 such that (s,t) € UjeK; and =) € t.

2. If ~Cg1p € s, then there is some t € S7 such that ¢ is G-reachable from s in S7 and —) € t.

If S7 # S7*! then we continue the construction. Otherwise the construction terminates; in this
case, the algorithm returns “p is satisfiable” if ¢ € s for some state s € S7+! and returns “y is
unsatisfiable” otherwise.
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Since $7 D §9t1 §1 has at most 2/#! elements, and there are | A| relations, it is easy to see
that the whole procedure can be carried out in time O(|.4|2°¥!) for some ¢ > 0.

It remains to show that the algorithm is correct. First suppose that ¢ is satisfiable. In
that case, (M, so) | ¢ for some structure M = (S, 7,{K} : i € A}) € M 4. We can associate
with each state s € S the state s* in S consisting of all the formulas 1) € Sub(y) such that
(M, s) = 1. It is easy to see that if (s,t) € K} then (s*,t*) € ;. A straightforward induction
shows that the states s* for s € S always seem consistent, and thus are in S7 for all j. Moreover,
¢ € si. Thus, the algorithm declares that ¢ is satisfiable, as desired.

Conversely, suppose that the algorithm declares that ¢ is satisfiable. We construct a struc-
ture M = (S, 7,{K}:i € A}) over A and ® in which ¢ is satisfied as follows. Let j be the stage
at which the algorithm terminates. Let S = S7. Define 7 so that 7(s)(p) = true iff p € s, for
s € Sandp € ®. For eachi € A, we take K} to be the restriction of IC; to S7. A straightforward
induction on the structure of formulas shows that for all formulas 1) € Sub(¢) and states s € S,
we have (M, s) = ¢ iff ¢ € s. (The cases for Egty and Cgp use the appropriate clauses of the
definition of seeming inconsistent and the choice of j.) Since ¢ € s for some s* € S, it follows
that (M, s*) = ¢, so @ is satisfiable.

To deal with M, the only change necessary is that in going from S to S? in the con-
struction, we also eliminate s € S! if (s,s) ¢ K; for some i € A. This guarantees that the K;
relations are reflexive. The remainder of the proof goes through unchanged. 1

Proof of Theorem 3.4 for M 4 and M?;: The deterministic exponential time lower bound
in Theorem 3.4 follows from the lower bound in the case where A is finite, which is proved in
[HM92, Theorem 6.19] using techniques developed by Fischer and Ladner [FL79] for PDL. The
sets (G that arise in the lower bound proof have cardinality 2, so oracles are of no help here.

For the upper bound, suppose that we are given a formula ¢. We first compute the set
R(G,). This can be done with at most |¢|2/#l calls to oracle Oy, since |Gy| < || and we need
only check, for each G € G, and H C G, whether G — H = 0.

Consider the mapping o1 of Lemma 4.4. By part (a) of Lemma 4.4, we can compute the
formula ¢! using < |<p\2‘90| calls to oracle Og. By Proposition 4.1 and Lemma 4.4, the formulas
@ and ¢! are equisatisfiable. By Theorem 4.5, we can decide if ¢! is satisfiable in time O(2°¢])
f(‘)r‘some ¢ > 0 (since |p7t| = |¢| and the set A¥ of agents that appear in ¢! has size at most
2190 .1

We now want to prove Theorem 3.1 in the case of M 4 and M. The idea is the same
as that of Corollary 3.7. If ¢ is valid, then so is ©7'. We can then appeal to completeness
in the case of finitely many agents to get a proof of ¢! that we can then “pull back” to a
proof of . There is only one difficulty that we encounter when trying to put this idea into
practice. Exactly how do we pull back the proof? For example, suppose that the proof of (7!
involves a formula v with an operator K7;. In general, there will be many agents i € A such
that 01(i) = H. One option is to replace Ky by EO_I—I(H), that is, replace ‘H by all ¢ such that
o1(1) = H. (This is what was done in the proof of Corollary 3.7.) The problem with this is
that there is no guarantee that the resulting set is in G. Alternatively, we could replace K by
K; for some i such that o1(i) = H. But if so, which one?
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We actually take the latter course here. We solve the problem of which ¢ to choose by showing
that there is a proof of ¢! in which the only modal operators that arise in any formula used
in the proof are modal operators that appear in ¢?! (Lemma 4.7). For these operators, there
is a canonical way to do the replacement (Lemma 4.6). While it may seem almost trivial that
the only operators that should be needed in the proof of ¢! are ones that already appear in
the formula, this is not the case for the standard completeness proof [FHMV95, HM92], since
in the proof of the validity of a formula of the form Fgv, the modal operators K; are used for
1 € G, although these operators may not appear in 1. It is important that we use the axioms
E1 and E2 in doing the proof, rather than the axiom E; otherwise the result would not hold.
Indeed, the result does not quite hold in the case of TS; we need to augment it with E5.

Lemma 4.6: The mapping o1 (when viewed as a map with domain 2“4) is injective on G,.

Proof: Suppose that G # G’. Without loss of generality, suppose that i € G — G’. Then there
is a G-maximal set H that includes G’. By Lemma 4.4(a), we have H € o1(G). Since G' € H,
it follows from Lemma 4.4(a) that H ¢ o1(G’). Thus, 01(G) # 01(G’). 1

For the next lemma, we write AX F, v if there is a proof of ¢ in AX that involves only
modal operators that appear in . Let (Tg)+ consist of Tg augmented with the axiom E5.
Although E5 follows from E1 and K2, using E5 allows us to be able to write proofs of ¢ that
use only the modal operators in .

Lemma 4.7: If A is finite and ¢ € Eg is valid with respect to M 4 (resp., M'y), then Kg Fo @
(resp., (Tg)Jr Fo @)

Proof: We first consider the case of M 4. Since ¢ is valid, = is not satisfiable. That means,
when we apply the construction in the proof of Theorem 4.5 to -, all the sets containing —¢
are eliminated. For each state s € S1, let ¢, be the conjunction of all the formulas in s.

We prove the result by showing, by induction on j, that
if a state s € S7 does not seem consistent, then ¢, is Kg—inconsistent, ie., Kg Fo s (1)

To see that (1) suffices to prove the lemma, note that standard propositional reasoning (i.e.,
using Prop and MP) shows that, for any formula ¢ € Sub(—¢p),

Kg I_‘P (G v{sesl:wES}SOS-

(Here we need the observation that by EGen, E3, C1 and RC1, nothing is lost by our assumption
that Cgp € s iff Eg(¢¥ A Cgtp) € s.) Negating both sides of <, we get

K§ by ) € Afsestpes) Ps- (2)

Thus, if Kg o s for each set s containing -, it follows by standard propositional reasoning
that Kg o ¢, as desired.

While this general approach to proving completeness is quite standard, we must take extra
care because of our insistence on restricting to symbols that appear in ¢, particularly when
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dealing with the case when a state seems inconsistent due to a formula of the form —Fgy or
—=Cg not being satisfied. This is where the axioms E1 and E2 come into play.

To prove (1), we first need a number of basic facts of epistemic logic and some preliminary
observations. The basic facts (which are easily proved using Prop, E3 (or K1 when G = {i}),
MP, and EGen (or KGen); see [FHMV95, p. 51, 94]) are that if 1) and ¢’ involve only modal
operators in ¢, then

KG by (¥ A ) & Egy A Egy/ (3)

and
if K§ by, ¢ = ¢ then K§ b, Egip = Eqy). (4)

Assume by induction that for all s € S* — S/, we have Kg ko s We now show that if
s € 87 does not seem consistent then Kg o s, by considering in turn each of the two ways
§ may seem inconsistent.

First suppose that s does not seem consistent because =Eg1) € s and there is no state t € S7
such that (s,t) € UjegK; and ) € t. We show that

K§ Fy 05 = Egip. (5)

Since ~Eg1) is a conjunct of ¢, (since “Egiy € s, by assumption), (5) shows that ¢y is Kg—
inconsistent, as desired.

To prove (5), we first show that if G € G, then
if (s,t) ¢ UiegKi, then K§ ko, @5 = Egpy. (6)

To prove (6), suppose that (s,t) ¢ U;eqK;. For each i € G there must be some G € G,
and formula Fgi,:0 such that ¢ € Gh, Eqi0 € s and -6 € t. Since Egiif € s and =0 € ¢ it is
immediate that Kg Fo s = Egiit and Kg Fy, 6 = —p;. Now applying (4) and propositional
reasoning, we get that KS Fo s = Egitg;. Since we can find such a G%! for each i € G, we
have that G C U;egG*t. Since G is finite, by E2, we have Kg Fo s = Eg—yy, as desired.

Returning to the proof of (5), note that (since Egy € s) if =) € ¢ then (s,t) ¢ UieaK;.
Thus, from (6) and (3), we have

Kg Fo s = EG(/\{teSj:ﬁwet}ﬁWt)‘ (7)

By the induction hypothesis, for all states in t € S* — S7, we have that Kg o = Thus, using
(2), we have

KE o ¥ Apesimpery 9t (8)
(5) now follows from (4), (7), and (8).

Finally, we must show that if =Cgv € s and there is no state ¢t € S G-reachable from s
in S7 such that —) € ¢, then Kg o @s = Cgv, again showing that g is Kg—inconsistent.
This follows by a relatively straightforward modification of the completeness proof given in
[FHMV95, HM92], so we just sketch the details here. Let T3 = {t € 7 : =Cg € t and there is
no state t' € S/ G-reachable from ¢ in S’ such that =) € ¢’} and Ty = {t € S7 : Cg) € t}. Let
T! consist of those states in T; that also contain ¢, i = 1,2. Let T' = Ty UT5 and let 77 = Ty UT5.
We claim that there is no pair (t,t') € U;egK; such that t € T and t' € §7 —T". It is immediate

19



that if t € T then (since ¥ A Cgp € t/Eq Ct') ¢ € Ty. If t € Ty and ' € S7 — T", then either
—1)p € t' or =Cg1p € t' and there is a state ¢/ G-reachable from t' in S’ such that = € ¢’. This
means that either ¢’ or ¢ is a state G-reachable from ¢ in S7 containing —. This contradicts
the fact that ¢ € T7.

It now follows from (6) that for all t € T and t' € S/ — T’, we have
K§ b o1 = B (9)

Let or = Vierys and let o = Vyeprpp. By propositional reasoning, we have Kg Fo o1 &
(o1 A). Tt easily follows from (3), (4), and (9) that K§ b, ¢ = Egprv. Since this is true for
all t € T', we have

K§ Fy o1 = Ecler A ). (10)

By applying RC1 and the fact that s € T, we have Kg Fo s = Catp. Since -Cgy € s, it
follows that ¢, is Kg—inconsistent.

This completes the completeness proof in the case of M 4. To deal with M’;, we must just
show that if s is eliminated because (s, s) ¢ K; for some i € A, then Tg o —s; all other cases
are identical. But if (s,s) ¢ K;, then there must be some G and 1 such that i € G, Egy € s,
and = € s. Since (T§)" includes the axiom Egy = 1, we have that (T§)™ b, —ps, as
desired. 1

Proof of Theorem 3.1 for M4 and M’: We have already observed that the axioms are
sound. For completeness, suppose that ¢ is valid with respect to M 4. By Proposition 4.1, so
is 7. By Lemma 4.7, there is a proof of ¢! in ng that mentions only the modal operators
in 9!, Given a formula % in which the only modal operators that appear are modal operators
that appear in ¢! (and thus have the form E, (), Cy,(q), and Ky, (), for sets G and {i} in G,,)
let ¥/™ be the unique formula all of whose modal operators appear in ¢ such that (¥™)7t = ).
Lemma 4.6 assures us that ™ is well defined. We can pull the proof of ¢! back to a proof of
©, by replacing each occurrence of a formula 4 in the proof by ™.

The argument for M, is identical, except that the proof uses instances of the axiom E5.
These can be eliminated by using E1 and K2, as we observed earlier (although now the proof
of ¢ may use modal operators K; that do not appear in ¢). 1

4.2 Dealing with M’}

Proposition 4.1 as it stands does not hold for ./\/lﬁ There is no guarantee that the translated
formula is satisfiable in M}, even if ¢ is. Indeed, suppose that GU {0} is closed under intersec-
tion and complementation, so that we can use the function o of Proposition 3.5. Suppose that
¢ is the formula Egp A ~EgEgp, where |G| > 2. The formula ¢ looks syntactically identical,
except that o(G) is a single agent in A’. We cannot make the K¢ relation transitive and still
satisfy ¢?. More generally, to deal with Mfi, we must be careful in how we deal with singleton
sets.

As a first step, we define mized structures. Since we also need these to deal with /\/lf;ft
and ./\/lfit, we define three types of mixed structures at once. We say that a binary relation
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is secondarily reflexive [Che80] if (s,t) € K implies (¢,t) € K. Let M’} | 4, (vesp., MG, 4
MG 4,) consist of structures M = (S, 7, {K; : i € A;UAz}) where the relations K; for i € A,
are reflexive and transitive (resp., reflexive, symmetric and transitive; Euclidean, serial and
transitive) and the relation /C; for i € Ay are reflexive (resp., reflexive and symmetric; serial
and secondarily reflexive). See Table 2.

Mixed Structures | K; for i € Ay IC; for i € A
Tt . e -
MY 4, reflexive, transitive reflexive
./\/lfjf A, reflexive, symmetric, transitive | reflexive, symmetric
./\/lfﬁ A, Euclidean, serial, transitive serial, secondarily reflexive

Table 2: Mixed Structures

We can now define our translation in the case of M'f. Although we can in fact get an
analogue to Proposition 4.1 for Mj}, it turns out to be easier to provide a translation that
combines Proposition 4.1 and Lemma 4.4, rather than separating them. As suggested by
Proposition 3.3, the translation involves R(g}a), rather than R(G,). Given a formula ¢, let
APt = {H : 3G[(G,H) € R(g}D)]} Let Ay = {H : 3G[(G,H) € R(Q’é), |G — UH| = 1]}
let A5 = A®" — A;. Define o9 : A — A"t as before: o2(i) = H if i € Ay and o02(7) is
undefined otherwise. Given H € A#"!, we define m(H) = N(G} — H). Since it is easy to see
that R(gi,) = R(Gy) for some appropriate v, it is immediate that Lemma 4.4 applies to o2 and
7o with A%" in place of A¥ and g;, in place of G,.

Proposition 4.8: ¢ is satisfiable in M} iff p72 is satisfiable in MZ+A2~

Proof: First suppose that (M, s) |= ¢, where M € M'{. We convert M = (S, 7, {K; : i € A})
into a structure M’ = (S, 7, {Ky : H € A9""}) as before, by defining Ky = U{K; : i € 2(H)}.
Since Lemma 4.4 applies, the proof that (M’ s) | ¢ is identical to that in Proposition 4.1.
We must only show that M’ € Mj}l 14, Since the union of reflexive relations is reflexive, it is
immediate that ICy is reflexive for H € Ag. If H € Ay, then |Ay| = 1. Suppose that Ay = {i}.
We claim that m5(H) = {i}. By construction, {i} € G. We cannot have {i} € H, since i ¢ UH.
Thus {i} € G, —H, so 72(H) = N(G,, — H) C {i}. Since m5(H) # 0 by Lemma 4.4(c), we must
have 19(H) = {i}. Thus, Ky = K;, so Ky is reflexive and transitive.

For the opposite direction we need to work a little harder than before, because we must
ensure that all the K; relations are reflexive and transitive for all i € A. Suppose (M, s) = @2
for some M = (S, m,{Ky : H € A?™}) € MﬁﬁAQ. Let Sy and S7 be two disjoint copies of
S. For a state s € S, let s; be the copy of s in S;, i =0,1. Let M' = (5", 7', {K; : i € A}) be
defined as follows:

e S'=SyUS;.
o 7'(s;) =m(s) for i =0, 1.

o If 02(i) € Ay, define K; = {(s4,15) : (s,t) € Kpp(5),3,5 € {0,1}}. K is clearly reflexive
and transitive in this case, since Ky, ;) is.
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e If 05(i) = H € Ay, note that |Ay| > 2. Tt is immediate from the definition that o9(i) = H
for all i € Ay. Pick some iy € Ap. If i = iy, then define KC; = {(so,1) : (s,t) € Ky} U
{(Sj,Sj) 1] € {O, 1}}; if ¢ #£ iy, define IC; = {(Sl,to) (s, t) € /CH} U {(Sj,Sj) 1 j € {0, 1}}
Clearly IC; is reflexive and transitive.

This construction guarantees that
(s,t) € Ky iff (s0,%1), (51,20) € Ufiion(i)=r} i (11)

and
(81,%0) € Ugio (i) =13 i iff (50,11) € Ugiigy i) =13 Ki- (12)

A straightforward argument by induction on structure now shows that if ¢ € Egl , then the
®
following are equivalent for all ¢t € S:

o (Mt) =y,
e both (M’ ty) = and (M’ t1) = 1,

o (M’ to) = or (M th) = .

Of course, the interesting cases are if ¢ is of the form K;v', Egv)’, or Cgv/. These follow
immediately from observations (11) and (12). I

The next step is to get an analogue of Theorem 4.5 for /\/lf}{l +a,- The basic idea of the
proof is the same as that of Theorem 4.5. However, in our construction, we need to make
the K; relations transitive. To see the difficulty, suppose that ¢ is Kip A Egq, where G is
a set of agents containing 1. Recall that in Theorem 4.5, states are consistent subsets of
Sub™ (). Let s, t, and u be states such that s = {Kip, Eqq,p,q}, t = {K1p,~Eqq,p,q}, and
u = {K1p,~Egq,p,~q}. With our previous construction, we would have both (s,t) € K1 and
(t,u) € Ky. By transitivity, we should also have (s,u) € K;. But since Fgq € s and —q € u, we
have (s,u) ¢ K1. Nevertheless, each of s, ¢, and u individually seems consistent. Which state
should we eliminate in order to preserve transitivity?

To deal with this problem, we need to put more information (i.e., more formulas) into each
state. Intuitively, if (s,t) € K;, then we should have K;q € t, because if Egq € s, then K;q
should also be in s, as should K;K;q by K4. It would then follow that K;q should be in ¢t. This,
in turn, would guarantee that (t,u) ¢ K, since ¢ ¢ u.

What we would like to do now is to augment Sub(p) by including all formulas K;v such
that Eqy € Sub(p) and i € G N A;. (We restrict to A; since these are the only relations that
are required to be transitive.) While this approach can be used to force the K; relations to
be transitive, the resulting set of formulas can have size O(|.A;1||¢|), which means the resulting
state space (the analogue of S') could then have size 2lA1llel - This would not give us the desired
complexity bounds. Thus, we must proceed a little more cautiously.

Theorem 4.9: If A = A; U Ay is finite and there is an algorithm for deciding if i € G for
G € G that runs in time linear in |A|, then there is a constant ¢ > 0 (independent of A) and
an algorithm that, given a formula ¢ of Eg, decides if ¢ is satisfiable in /\/127{1%42 and runs in
time O(|.A|2°1¢1).
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Proof: We assume for ease of exposition that A; # (); we leave the straightforward modification
in case A; = ) to the reader. For each i € Aj, let ESub;(¢) be the smallest set containing
Sub(p) such that if Egy € Sub(y) and ¢ € G, then K9 € ESubi(p). It is easy to see that
| ESub; ()| < 2|Sub()], since we add at most one formula for each formula in |Sub(¢)|. Let S}
consist of all the subsets of ESub; (¢) that are maximally consistent, and now let ST = U;e 4, S}
Note that, as modified, |S!| < 221¢l. Thus, this modification keeps us safely within the desired
exponential time bounds.

We keep the definition of K; unchanged for i € As (i.e., (s,t) € K; iff s/K; C t), but we
need to modify it for i € A;. We redefine K; for i € A; by defining (s,t) € K; iff s/K; U {K;1 :
Kip € s} Ctn(t/K; U{Ky : Kiip € t}). Tt is easy to check that this modification forces the
K; relations to be transitive. We force all the KC; relations to be reflexive just as with M"y, by
eliminating s € St if (s,s) ¢ K; for some i € A; U Az. The remainder of the construction—
eliminating the states that do not seem consistent—is unchanged.

We now need to show that the algorithm is correct. First suppose that ¢ is satisfiable in
M4 4, In that case, (M,so) |= ¢ for some structure M = (S, 7, {K] : i € Aj U As}) €
M L 4, We can associate with each state s € S and i € A; the state s in S} consisting
of all the formulas ¢ € ESub;(p) such that (M,s) | 1. It is easy to see that if (s,t) € K|
then (s},t;) € K; for all j .3 Using this observation, a straightforward induction shows that the
states s} for s € S always seem consistent, and thus are in S/ for all j and all i € A;. Moreover,
@ € (s0)f for all i € A;. Thus, the algorithm will declare that ¢ is satisfiable, as desired.

Conversely, suppose that the algorithm declares that ¢ is satisfiable. We construct a struc-
ture M = (S,7,{K} : i € AU Az}) € M 4, in which ¢ is satisfied just as Theorem 4.5.
Our modified construction guarantees that the C} relations are all reflexive and the ones in A,
are transitive. i

We are almost ready to prove Theorem 3.4 for /\/lff However, we first we need to characterize
the complexity of translating from ¢ to 2. In particular, we need a bound on the number of
elements in R(g}D) and the number of oracle calls required to compute them. To do this, we
first define two auxiliary sequences of sets DI"(J) and E™(J), i = 1,2,3,.... (We omit the
parenthetical J when it is clear from context.) Fix m. Let D§* = J and D, =Ju {G—-UH :
(G,H) € R(D}") and |G — UH| < m}; let E™ = D" — Di*. Set D™ = U, D" and E™ = U, E™.
Finally, denote R(D™) by R™(J). It is easy to check, using Lemma 4.3, that Dj* C D* C ...
and that R™(J) = U;R(D}").

For example, if A = {1,2,3,...} and J = {{2n,...,3n} : n=1,2,3,...}, then it is not hard
to show that DI = JU{{6n + 1} :n =1,2,3} (since {6n + 1} = {6n,9n} — U{{4n,6n}, {6n +
2,97+ 3}}, and D} = D} U {{6n} :n =1,2,3,...}. Similarly, D? = Di U{{2n,2n + 1} : n is
not a multiple of 3}, and D7 = D3 U{{2n,2n+ 1} : n is not a multiple of 3}, for k > 1. Finally,
D =D form >2. &"={{n}:n>1} =™

The next lemma provides partial motivation for these definitions.

Lemma 4.10: R™(J) = R(J™).

3Note that it is not necessarily the case that (s}f,t;,) € K; for j' # i. For example, suppose ¢ is the formula
Egp, i € GN Ay, and M is such that (M, s) | Egp Ap, (M,t) F —Egp Ap, and (s,t) € K;. Then for i # g, 7
and j ¢ G, we have s] = {Egp,p} and t}, = {p, ~Ecp}. Since p € s7/K; — 1}, /K;, we have that (s},t},) ¢ KC;.
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Proof: An easy induction on i shows that D/*(J) C J/" (as defined in Definition 3.2) for all
i, so D™ C J™. We next show that every set in J;™ is the union of sets in D™, by induction
on 7. This is immediate if ¢ = 0, since Jj"* = D§* = J. Suppose that the result holds for J™;
we show it for J/;. Suppose that H € J/,. If H € J, then clearly H € D™. Thus, without
loss of generality, H € J/ — J, which means that [H| < m. Let H' be the union of all sets
in D™ contained in H. If H' = H, then we are done. Suppose by way of contradiction that
H — H' # (). We obtain a contradiction to the choice of H' by showing that H — H' contains a
set in D™,

Since H' is finite, it can be written as a finite union of sets in D™, say of H1 = Hy, ..., Hy.
Since H € J/V1—J, H = G—UHy for some G € J and Hz C J/". By the induction hypothesis,
there exists some Hg C D™ such that UHy = UH3. There must exist some set Hy O Hi U Hs
such that (G, H4) € R(D™). But then H — H' O G — UH4 € D™, and we obtain the desired
contradiction.

It now easily follows that R(J™) = R(D™) = R™(J). 1

The following result will be used to help compute the elements of R™ (7). Recall that J*
is the algebra generated by 7.

Lemma 4.11: Let J be a set of subsets of A with |J| = n.

(a) If (G,H) € R(D), where J CD C J*, then G — UH is an atom over [J.
(b) J <D™ C J* for all i,m.
(¢) {H:3G € D™ ((G,H) € R™(J)}| < 2™

(d) If (G,H) € R(D]"), then either G € J and E™ C H or Ay € E" and E" — {An} C H.
Moreover, if (G, H) € R™(J), then either G € J and E™ C H or (G —UH) € E™ and
Em—{G—-UH} CH.

(e) D" =D and E™ = E".

Proof: For part (a), we know from Lemma 4.3(a) that if (G, H) € R(D), then G — UH is an
atom over D. Since J C D C J%*, it is immediate that it must in fact be an atom over J as
well.

Part (b) follows immediately from (a), since an easy induction on i shows that £™ C J*.

For part (c), by Lemma 4.3(a), it follows that Ay is an atom over D™. But since J C
D" = U D" C J* by part (b), it follows that Ay is actually at atom over J. Moreover if
(G''H') € R™(J) and H # H’, then it follows from Lemma 4.3(c) that Ay # Asy. Since there
are at most 2" atoms over J, part (c) follows.

For part (d), if (G,H) € R(D]") then, by Lemma 4.3(a), Ay = G — UH is an atom over
DI and has the form N(D™ —H)NN{H : H € H}. By the arguments of part (c), Az is also an
atom over J. We say that the sets in D;" —H appear positively in Ay, and the sets in H appear
negatively in Az If one of the sets G' € £ appears positively in Ay then clearly Ay C G'.
But since the elements of £ are also atoms over 7, it follows that in this case Ay = G’ € E™
and, since H is G-maximal, ™ — { Ay} C H. Otherwise, £ C H as required; moreover, since
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D" =&"UJ and G ¢ 'H, we must have G € J. The argument for the second half of (d) is
identical.

Clearly the two claims in part (e) are equivalent. We prove the second. As observed in the
proof of (c), every set in €™ is an atom A over J. It is easy to see that there are no atoms in
E™ where all n sets in J appear negatively, since every set in £ is a nonempty subset of some
G € J. (This can be proved by induction on i for each £™.) We prove by induction on ¢ that
it A€ ™ and n — 1 sets appear negatively in A for ¢ > 1, then A € £".

Clearly if i =1, then A=G - (H1U...UH,_1) and H = {Hy,...,Hy,—1} is a G-maximal
subset of J. Thus, (G,H) € D" and A € £". Suppose that the result is true if ¢ = k and
suppose that n — (k + 1) sets appear negatively in A. Since A € £™, there must be some
minimal j such that A € £t;. By definition, A = Ay for some (G,’H) € R(D}"). By (d),
either A =G — (UH'UES") and H' € J or A € £". The latter case contradicts our choice of
j, so we may assume that A = G — (UH' U &) and ‘H' C J. It is easy to see that M’ must
consist of precisely the sets in J that appear negatively in A. (If H’ did not include all the sets
that appear negatively in A then H' U &;" would not be a G-maximal subset of J U &;"; it H
included any sets that appear positively in A, then A would be empty.) Let £ consist of all the
atoms A’ in &™ in which the set of sets in J that appear negatively in A’ is a strict superset
of H'. It is easy to see that G — (UH' U &) = G — (UH' U '), since all the sets in " — &’
must be disjoint from G —UH’. (This is clear for the B € &N — &’ for which some set appearing
negatively in A does not appear negatively in B. On the other hand, if the same sets appear
negatively in B as in A, then B = A and we contradict the minimality of j.) By the induction
hypothesis, & C £ ;. Now consider A" = G — (UH'U & ) € & . Since & C &, it
follows that A" C A. Moreover, A" = Ay for some H” such that (G,H") € R(D}" ), since
any relevant extension of H’ that would keep the difference with G nonempty would be one for
A as well, contradicting the assumption that A € £;. Thus, A’ is an atom over J. As we
observed earlier, A is also an atom over J. Thus, A = A" € £, ., as desired. I

We remark that a simpler proof, just using the fact that there are at most 2" atoms over
J, can be used to show that 7 = & for n’ > 2". This simpler proof would suffice for the
purposes of this subsection. However, we use the added information in part (e) in Section 4.5.

Proof of Theorem 3.4 for M’}: Again, the lower bound follows from standard results in
[HM92].

For the upper bound, suppose that we are given a formula ¢ such that n = |p| and H € A®".
By definition, there exists a G such that (G, H) € R(G}). By Lemma 4.10, R'(G,) = R(G}).
Thus, H € DY(G,) = G, UEL(G,). By Lemma 4.11(d), either £!(G,) C H or ‘H contains all
but one element of £!(G,). Thus, we can uniquely characterize H by a pair (H’, X), where
H =HNG, and X = EL(G,) —H (so that X is either the empty set or a singleton). It should
be clear that we can compute the set £} (G,) in time O(n?2°") and which of these (at most
22" + 2") pairs is in A; and Ag using at most 2n(22" + 27) calls to the oracle O;.

By Lemmas 4.4(a) and 4.11, we can similarly compute the formula ¢?2 in time O(2")
using O(2") oracle calls. We now apply Proposition 4.8 and Theorem 4.9, just as we applied
Proposition 4.1 and Theorem 4.5 in the case of M 4. I

We next want to prove Theorem 3.1 for M’{. Just as with M 4 and M}, we want to pull
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a proof of ©?2 back to a proof of 0. However, it is no longer true that we can necessarily
prove ¢?2 using only the modal operators that appear in ¢?2. We may also need to use Ky for
‘H € A;. Fortunately, this does not cause us problems. The following extension of Lemma 4.6
is immediate.

Lemma 4.12: The mapping oo (when viewed as a map with domain 2“4) 1§ injective on g}o.

Let (S45)%1+42 consist of the axioms in (TE)™ (so that, in particular, E5 is included),
together with every instance of K4 (K;p = K,;K;p) for i € A;. We write (S4g)A1+A2 Fo o if
there is a proof of ¥ in (848)“4““42 using only the modal operators that appear in ¢ and K;
for i € Aj.

Lemma 4.13: If A is finite and ¢ € ES is valid with respect to M:}ﬁAQ, then (S4g)A1+A2 Fo
©.

Proof: The proof is similar to that of Lemma 4.7 for M, except that since the definition of
the K; relation is different, we must check that the results still hold with the modified definition.

Suppose that s € S/ does not seem consistent because ~Eg1) € s and there is no state
t € S7 such that (s, t) € UjegK; and 1) € t. We want to show that (S45)41T42 1, o, = Egy.
As before this suffices.

For each ¢ € G and, by induction, each j, we have a provable equivalence for v similar to
the one before: (S4g)A1+A2 Fo ¥ & Apes,ipery - So it suffices to find, for each such ¢ and

each t € Sij with =) € t, a G%' containing 4 such that (S4g)A1+A2 Fo s = Egiimps. For
i € Ajs, this follows just as before. For i € Ay, we show that (S4S)A1+A2 Fo s = Kimp;.
By our assumption (s,t) ¢ K;. Thus, there exists some formula 0 € s/K; U{K;0 : K;0 €
s}—(tN(t/K;U{K;6 : K;6 € t})). If 0 € s/Kj, then (S45)41+42 1, g = K;0. If = K;0' is in
s, then (S45)A1+42 -, o, = K;¢'. By K4, we have that (S45)41+42 -, o, = K;K;0'. Thus, in
either case, we have (S45)41+42 |, o, = K;0. Since 0 € s/K;U{K;6 : K;6 € s}, it follows that
K;0 € ESub;(—p). We cannot have K;0 € t, for then (since (¢,t) € K;, so t/K; C t) we would
have 0 € t N t/K, contradicting our choice of . Thus we must have that —K;0 € t. It follows
that (S45)41+42 b, K0 = —p;. Using (4), we get that (S45)*1+42 b, K;K;0 = K;~¢;. Since
(845)AF42 1, K60 = K;K;0 and, as shown earlier, (S45)"1742 I, o, = K0, it follows that
(S4g)A1+A2 Fo s = Kimpy, as desired.

Finally, we must show that if ~Cg € s and there is no state t € S7 G-reachable from s in
S7 such that = € ¢, then 848 ko s = Cg1p. This argument is identical to that given in the
proof of Lemma 4.7, so we do not repeat it here. 1

Proof of Theorem 3.1 for ij{: Again, we have already observed that the axioms are sound.
For completeness, suppose that ¢ is valid with respect to M 4. By Proposition 4.8, ©2 is valid
with respect to M:}l 14, By Lemma 4.13, there is a proof of ¢?2 in Kg(p that mentions only
the modal operators in ¢?2 and the operators K3 for H € A;. Using Lemma 4.12, it follows
that we can pull this back to a proof of ¢ in 848. |

26



4.3 Dealing with M

/\/l”t and ./\/lelt introduce additional complications. The translation used in Proposition 4.8 no
longer sufﬁces We need to deal with the fact that in M}, we can test not only that whether
a set is a singleton, but whether it has size k for any k Given a formula ¢, suppose that
|| = n. We want to map A to a finite set of agents and prove an analogue of Propositions 4.8.
The obvious analogue of A" would be to consider the sets H such that (G, H) € R(G}). We
essentially do this, except that we replace all sets of cardinality < n by the singletons in them.

Given a set J of subsets of A, let 7™ = D"™(7) U {{i} : 3G € D™(J NGl <m,ieG)}
Let A9t = {H : 3G((G,H) € R(Q”))} Let Ay = {H : 3G[(G,H) € R(Q”) |G — UH| = 1]}
let Ay = APt — Ay, Define o3 : A A U Ay as before: o3(i) = H if i € Ay and o3(i) is
undefined otherwise. Much as before, we define 13(H) = ﬂ(QNQ — H). Since it is easy to see
that R(g;}) = R(Gy) for some appropriately chosen v, it is immediate that Lemma 4.4 applies
without change to o3 and 73.

Lemma 4.14: If H € Ay, then |Ay| > n+ 1.

Proof: Suppose, by way of contradiction, that H € Ay and 1 < |Ay| < n. We must have
|A3| > 1, for otherwise H € A;. Since Ay C A?"5', there must exist G € D"(G,) such that H
is G- max1mal. But if |Ax| < n, then every smgleton subset of Ay is in Q" This contradicts
the fact that H is G-maximal, because if H' is H together with one of these singleton subsets,
we must have G — UH' # (. 11

We have defined A; and As just above. Recall that M € ./\/l;ff Ay if the relations KC; for
1 € Aj are reflexive, symmetric, and transitive while the ones in A, are reflexive and symmetric.

Proposition 4.15: ¢ is satisfiable in M3 iff ¢ is satisfiable in Mf}ferAQ.

Proof: First suppose that (M, s) = ¢, where M € M";!. We convert M = (S, 7,{K; :i € A})
into a structure M’ = (S, 7, {Ks : H € A?"5}) as before by defining Ky = U{K; : i € 13(A)}.
As the union of symmetric relations is symmetric, the proof that this works is essentially
identical to that in Lemma 4.8 for the case of ij

For the opposite direction, suppose that (M,s) | ¢ for some M = (S,7,{Ky : H €
APy e ML 4. We must construct a structure M’ € ME that satisfies . The state
space for the structure M’ will again consist of copies of S, but two copies no longer suffice
to guarantee that the IC; relations are equivalence relations. In fact, we use countably many
copies.

By Lemma 4.14, for each H € Ay, there exist at least n+1 agents in Ay. Choose n+1 such
agents, and call them i%, ..., 13 Partition Ay into n + 1 disjoint sets G,; with ’L%_[ € Gu,j-
We build copies of M in a tree-like manner. We index the copies of M with strings of the form
((s1,t1),%1, ..., (8K, tg),ik), such that s;,t; € S, i; is zH for some H € Ay and 0 < j' < n,
(s5,tj) € Ky, and ij # ij41. Roughly speaking, between M, and M,.((s, +,),i,) We have edges
for the K; relations for {i} = Ay with H € A; and also edges between s; and tj in KC;,;
however, there are no edges in IC; if {j} ¢ A; and j # ij; moreover, there are no other edges
in KC;, except those required to assure reflexivity.
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Before we can construct M’, we need some preliminary observations. We can suppose that
the states in S are well ordered. Thus, for each state s € S, if (M,s) | —Cgt, there is a
lexicographically minimal shortest path (so, ..., sx) such that (s;, s;+1) € Ky for some H € G
and (M, s;) | —. Note that, for each i < k, (M,s;) E -Cgt and (s;,...,s;) is also the
lexicographically minimal shortest G-path from s; leading to a state that satisfies —1. For
each s € S and B = E or C, let =Bg, 1, ..., Bg, ¥ be the formulas in Sub™(¢) such that
(M,s) = (=Bg,;v;)7. For each state s € S, we can associate a set F'(s) of at most n pairs
(H,t) such that (s,t) € Ky and for every formula Bgy € Sub(p), if (M, s) | (mBgy)?3, then
there exists a pair (H,t) € F(s) such that ¢ is the first state after s on the lexicographically
minimal o3(G;)-path from s to a state satisfying —.

We can now define a set % of strings inductively. Let ¥y be the empty string. Suppose
that we have constructed Xy consisting of strings ((s1,%1), %1, - -, (Sk, tk), ix) with the properties
given above. For each o = ((s1,t1),01,...,(Sk,tk), i) € Xk, s € S, (H,t) € F(s), such that
H € Ajg, there is exactly one string o - ((s,t),7) € Xp11. We choose i € Ay in such a way that
i # iy, i is one of i%,, ..., 4%, and a different i is chosen for each (H,t) € F(s). Since [F(s)] <n
and we can choose among n + 1 agents i%, ..., 14, this can clearly be done. Let ¥ = UpX.

Let M' = (8", 7", {K; : i € A}) be defined as follows:

e S = UyexS,, where each S, is a disjoint copy of S. We denote by s, the copy of state
se€ Sin S,.
e m'(sy) =m7(s) forse S, o€

o If 03(i) € Ay, define K; = {(s5,t57) @ (5,1) € Kgy),0,0" € B}, K; is clearly reflexive,
symmetric, and transitive in this case, since K, ;) is.

o If 03(i) = H € Ay and i € Gy 5, then K; = {(s0,55) : s € S,0 € )} U{(56,t51), (tor, 55) :
o' =0 ((s,t),13,) and (s,t) € Kyy(;y}. Again, it is clear from the construction that K; is
reflexive, symmetric, and transitive.

e If 03(i) is undefined, then KC; = {(s5,85) : s € S,0 € ¥)}. Of course, in this case K; is
also reflexive, symmetric, and transitive.

We claim that for each formula ) € Sub™* (), the following are equivalent:

(a) (M,s) v,
(b) (M',s,) E1 for all o € 3,

(¢) (M',s,) E 1 for some o € X.

The argument proceeds by a straightforward induction on the structure of ¢. The argument
that (a) implies (b) is easy using the induction hypothesis, and the implication from (b) to
(c) is trivial. For the argument that (c) implies (a), the only interesting cases are when ) is
of the form K;', Eqy’ or Cgy/. For K, the argument is easy because it is easy to see
that {i} = Ay with H € Ay. For Egy’, suppose that (M’,s,) = Egy’. Then we must have
(M, s) E (Egy')?3. For suppose not. Then there is some (H,t) € F(s) such that H € o3(G),
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(s,t) € Ky and (M,t) = (¢')?%. Our construction guarantees that o' = o - ((s,t),i) € X
for some ¢ € Ay. From Lemmas 4.3(a) and 4.4(a), it follows that i € G. Moreover, by our
construction, (Sy,t,) € K;. The induction hypothesis now guarantees that (M’ t,) = —'.
But this contradicts the assumption that (M, s,) | (Egy’)7s.

Finally, suppose that (M’,s,) | Cgt’. Again, for a contradiction, suppose that (M, s) =
—(Cg1')?3. Now we proceed by a subinduction on the length of the shortest o3(G)-path in M
leading to a state satisfying (—1’)?® to show that (M’, s,) | =Cgv’. We leave the straightfor-
ward details to the reader. I

Next, we want an analogue of Theorem 4.9 for Mft. The reader will not be surprised to

learn that there are new complications here as well, although the basic result still holds.

Theorem 4.16: If A = A U As is finite and there is an algorithm for deciding if i € G for
G € G that runs in time linear in |Al|, then there is a constant ¢ > 0 and an algorithm that,

rst

giwen a formula ¢ of Eg, decides if ¢ is satisfiable in M} | 4, and runs in time O(|A|2¢#1)

Proof: We start as in the proof of Theorem 4.9. Again, we assume for ease of exposition that
Ay # 0. For i € Ay, let S} consist of all the subsets of ESub; () that are maximally consistent
and let S = Uje 4, S!. The definitions of the K; relations depend on whether i € A; or i € As.
For i € Aj, we define the K; relations on S! so that (s,t) € K; iff s/K; U {K;1: Kjip € s} C ¢
and s/K;U{K;¢ : K;9p € s} = t/K;U{K;% : K;3p € t}. Tt is easy to check that this modification
forces these IC; relations to be Euclidean and transitive. We will need this intermediate result
in the next section on M%t. To make these IC; equivalence relations, as needed here, we force
them to be reflexive as well using the same technique as with M’;: by eliminating s € St if
(s,5) ¢ K; for some i € A; U Ay. For i € As, we define K; so that (s,t) € K; iff s/K; C t and
t/E C s. Clearly this modification forces these K; relations to be symmetric. We force them
to be reflexive just as we did for A;.

We now must also change the definition of s seeming consistent. Define the relations =;
on S! x S} by taking s =; s’ if s € S} and s N ESub;(¢) C s'. Suppose that we have defined
S, ..., 8™, §™*l consists of all states s € S™ that seem consistent, in that the following three
conditions hold (where we assume that all states considered are in S™):

1. For all i € Ay, there exists an s’ € S™ such that s <; s'.

2. There exist distinct agents ¢1,...,7; € A; and states s1,...,s; such that s =<;, s, for
h € {1,...,k} and for every formula of the form —FEgv € s, there is a t such that either

(a) (I eGNA)((s,t) e Ki N p €t)or
(b) (3h < E)(in € G A (sp,t) € K, N 9 €t).

3. If =Cgtp € s then there exist states s, s(, $1, 8], .., sk such that s = sg, =9 € s, and
there exist jo, ..., jiw—1 in G such that, for each i <K', (s}, s;i+1) € Kj, and either j; € Ay
and s; = s, or j; € Ay, s; =j, s, and s} is acceptable for s;, where we say that s’ is
acceptable for s if there are states ¢;, and agents i, h = 1,...,k, where these states and
agents satisfy the same conditions as the states s1, ..., s; and agents iy, ..., it in condition
2 for s, and s’ = t; for some 7 < k.
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Note that the second condition does not simply say that for each formula ~FEg¢ in s there
is a “witness” t such that (s,t) € K; and =4 € t. For one thing, it is not necessarily (s,t) that
is in ;. For i € A;, it is actually (s;,t) that is in K; for some s; such that s <; s;. This leads
to a second problem. Suppose that Egvy and Egv)’ are both formulas in s. There could be two
states s; and s, such that s <; s;, s <X; s}, and states t and ¢’ such that (s;,t) € K;, (si,t') € K,
—1p € t, and —)' € t’. This is not good enough for our purposes. We need to be able to find
witnesses for each formula —Fg1 € s using at most one state s; corresponding to each agent
i € A1. The second consistency condition says that this is possible.

To show that this algorithm is correct, first suppose that ¢ is satisfiable. In that case,
(M, s0) | ¢ for some structure M = (S,m, {Kj : i € A}) € MF', 4. As for M™, we can
associate with each state s € S and i € A; the state s} in S} consisting of all the formulas
Y € ESub} () such that (M, s) = 1. It is easy to see that if (s,t) € K} then (s},t}) € K;, while
if i € Ay, then (s},t;) € K; for every j. Using this observation, a straightforward argument
shows that the states s} for s € S always seem consistent, and thus are in 5™ for all m and all
i € Aj: For suppose s; € S™. We wish to show that s; seems consistent and so is in Sml,
For (1), let s' = s}. For (2), suppose that A; = {i1,...,ix} and set s, = s}, , so that s7 <;, s} .
Now if =Egv € s}, (M,s) E —~Egi. Thus there is a state r and an agent i € G such that
(M,r) E — and (s,r) € K}. If i € GN A then we satisfy (2a) by taking ¢t = r}. If i € A, say
i = ip, we satisfy (2b) by taking t = r} . For (3), if ~Cgy) € s}, then (M, s) = ~Cgtp. Thus,
there is a sequence of states tg, ..., ¢, in M such that tg = s, (M, t) = ¢ and (s, th+1) € Kj,
for 0 < h < k with each j, € G. We satisfy (3) by taking s, = (t,)}, , and letting s}, be sy,
if 55, € Ao and (th);fh if j;, € Aj. Moreover, ¢ € (sg)f for all i € A;. Thus, the algorithm will
declare that ¢ is satisfiable, as desired.

For the converse, we need to show that if the algorithm declares that ¢ is satisfiable, then
it is indeed satisfiable in MTA“”f +4,- We need to work a little harder than in the previous
proofs. Now we can no longer just view the object constructed by our algorithm as the required
structure. Rather, it serves as a “blueprint” for building the required structure.

Suppose that the algorithm terminates at stage N with a state u € S;, = S}V containing ¢.

Tu
Before we go on, we make one observation that will prove useful in the sequel. Notice that if

s =; ', then Egy € s iff Eqy € &' for G # {i}, and if j € Ay, then (s,t) € K; iff (¢,t) € K;.
A complete state is a vector 5= (s' :i € Ay A s’ € SN) such that

o g = sJ for all i, € A; and

e for every formula of the form ~Egt) € Ujca,5’, there exists an agent j € G and a state
t € SN such that ¢ € t and either j € Ay NG, K9 € s/, and (s/,t) € K; or j € Ay
and (s',t) € K; for some i € A; (and hence (s*,t) € K; for all i € A;).

By consistency condition 2, every state s € S must be a component of some (perhaps many)
complete states.

Define a structure M* = (S*, 7%, {K} : i € A; U As}) as follows:

e S* consists of all complete states;

o 7(5)(p) = true iff p € Ujc 4, s";
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o (5,1) € K for i € Ay iff (s, ) € Ky;

o (5,1) € K fori € Ayiff (s7,¢7) € K; for some j € A; (it is easy to check that if (s7, /) € K;
for some j € A then (s/,t/) € K; for all j € Ay).

It is easy to check that M* € ijf+A2. We now show that for all ¢ € Ujec 4, ESub; (), we
have

(M*,5) Ey ity e UiGAlsi'

We proceed, as usual, by induction on the structure of . If ¢ is a primitive proposition, a
conjunction, or a negation, the argument is easy. Suppose that v is of the form Egv’. If
Eg' € Ujea, s', then the construction of the K; relations guarantees that ¢ € U 4,t* for all
t € S* such that (5,%) € K} for some j € G. Thus, by the induction hypothesis, we have that
(M*,5) = Egi’. For the converse, suppose that ~Egt’ € Ujc4,5'. Then from the definition
of complete state, there must be some agent j € G and a state t € SV such that ) € ¢, and
either j € A1 NG, ~K;y € s/, and (s7,t) € Kj or j € Ao NG and (s',t) € K; for some i € Ay.
By the second consistency condition, ¢ must be a component of some complete state ¢. By
definition (5,t) € K% and - € Ujen, t'.

Finally, suppose that v is of the form Cgt’. If Cgy)’ € Uje 48" then, since Eg (' A Cav)')
must also be in Uje4,s%, an easy induction on the length of the path shows that for every
complete state ¢ G-reachable from &, we must have 1)’ € U;c A,t* s0, by the induction hypothesis,
we have (M*,5) |= Cgv’. For the converse, suppose that ~Cgt) € Ujeq,5°. Then -Cgtp € 7
for some (in fact, all) j € A;. If GN Ay # (), choose j € G N Ay; otherwise, choose j € G
arbitrarily. Thus, there must exist a sequence so, s}, 51,5, ..., sk of states in SV and agents
jo, -+, Jk—1 in G, as required by consistency condition 3, where sy = s™ and —¢ € s;. By the
definition of acceptability, it follows that there exist complete states Sp, ..., S such that s/ is a
component of §;, for i =0, ..., k. (Note that states of the form s/ are needed here to determine
the complete state.) By construction, (8}, Sp11) € K5, h=0,....,k—1, and )" € Uiea, st. If
J € A, then (8,5)) € Kj; if j ¢ Ay, then jo € Az, and it follows from our initial observation
that (5,51) € K} . In either case, 5} is G-reachable from 5, so (M*, 5) = ~Cgv’, as desired.

To see that the algorithm runs in the required time bound, we need to show that we can
check whether s seems consistent in time O(].A|2°%!). The only difficulty is to determine, for
given s and ¢, if &' is acceptable for s. It is clear that k < |p], since we need at most one state
and agent for each formula of the form ~Egvy € s. However, if we simply check each subgroup
of states containing s’ and of agents containing j where s’ € S} that are of size < |p| in the
naive way, this check will take time at least C'(21#!,|o|)C(|Al,|p|) (where C(n, k) is n choose

k), which is unacceptable for our desired time bounds. Instead, we proceed as follows.

Suppose that s’ € S} and s =;; §'. (If it is not the case that s <;, s’ for some 41, then

clearly s’ is not acceptable for s'.) Let F'(s,s’) consist of all formulas Egt such that
1. =FEgy € s,
2. 23t € GN Az A (s,t) € K A —p € 1), and

3. |A(s,s', Eg)| < |p|, where A(s,s’, Eqgy) ={i € GNAy :i =141V (s 23t A =Kpp € 1)}
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Intuitively, F'(s,s’) consists of the potentially “problematic” formulas that may prevent s’ from
being acceptable for s.

Let T = Ug,yper(s,s)A(s, 8", Egy). Note that |T] < lo|?. Suppose that T = {iy,...,in}.
We construct sets By, . .., By of subsets of F'(s, s’) with the property that X € By, iff X consists
of the formulas of the form FEgiy such that there exist states ty,...,%; such that s <;; ¢; for
j=1,...,k, t; = s and, for each formula Egy € X, there exists a j such that —Ki Y €ty
and ij €q.

Given a state t € S}, let Fi(s,s') = {Egy € F(s,s') : -Kqp € t,i € GNT}. In-
tuitively, Fi(s,s’) consists of the formulas in F(s,s’) that can be “taken care of” by state
t. Let By = {Fy(s,s')}. Suppose that we have defined Bj,...,Bi. Let By = {X U
Fy(s,s): X € By As Sient t}. It is easy to check that By, has the required property. More-
over, we can compute the sets Bi,...,By in time O(2°"). To see this, note that since
|F(s,8")| < ||, clearly |B;| < 2/#l. Thus, given By, we can clearly compute By, in time
O(2") for some ¢ > 0. Since N < |p|?, the result follows. Finally, we claim that s’ is accept-
able for s iff F(s,s’) € By.

Clearly if F(s,s’) ¢ By, then it is almost immediate from the definition that s’ is not
acceptable for s. Conversely, if F(s,s’) € By, then there exist states t1,...,ty such that
s' = t1, s =, tj and, for each formula in Egt € F(s,s’), there exists j such that ;) € t;. We
clearly do not need all of these states and agents; we just need at most one for each formula in
F(s,s'). That is, there exists a set A’ of agents (contained in {i1,...,ixy}) with [A'| < |F(s,s')]
and a state u; corresponding to each agent ¢ € A’ (contained in {t¢1,...,tx}) such that for
each formula Egty € F(s,s’), there exists an agent i € A’ such that s <; u; and ~K;% € u;.
We now wish to extend A’ to a set showing that s’ is acceptable for s. If we consider any
—Egy € s, either condition 2(a) is satisfied or there is already an i € A’ satisfying 2(b) or
|A(s,s', Eg)| > |¢]. In the last case, it is immediate that we can extend A’ to include an
agent satisfying 2(b) for Egv. 11

We can now prove Theorem 3.4 for Mf.

Proof of Theorem 3.4 for ijt: Again, the lower bound follows from standard results in
[HM92].

For the upper bound, suppose that we are given a formula ¢ such that n = |p|. We can
compute the set £™(G,) defined just before Lemma 4.11 in time O(n?2"), using at most n?2"
calls to the oracle O, just as we computed & 1(9@). Similarly, we can characterize the sets H
such that (G,H) is in R(G}) = R™(Gy) by a pair (H', X), where H' C G, and X is either )
or an element of £](G,); we can compute which of the pairs (H’, X) actually represent sets H
such that (G,H) € R(Gy) using at most 2n(227 4 2™) calls to the oracle O,,. It is not hard to
show that R(ég) consists of pairs (G,H) such that either [Ay| > n + 1 and (G,H) € R(G})
or [Ay| = 1 and there exists (G,H’) € R(G}) such that [A3s| < n and Ay C Ay, Recall
that A#"*t = {H : IG((G,H) € R(GM)}, A1 = {H : IG[(G, H) € R(GY), |G — UH| = 1]},
and Ay = A9t — A;. Thus, we can represent elements H € A; by pairs of the form (H’, X)
as above, while elements of H € A can be represented by triples of the form (H’, X, 1), for
i =1,...,|Ax|. Thus, although we cannot in general compute the individual elements of the
sets Ay such that |Ayx| < m, it does not matter. It suffices that we know the cardinality of
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these atoms (which our oracle will tell us).
It is now straightforward to compute the formula ¢?® in time O(2°") using O(2") oracle

calls. We now apply Proposition 4.15 and Theorem 4.16, just as we applied Proposition 4.1
and Theorem 4.5 in the case of M 4. 1

We now turn our attention to proving Theorem 3.1 for M';. Again, the basic structure is
the same as for M 4 and M’}

Lemma 4.17: The mapping o3 (when viewed as a map with domain 2“4) 18 1njective on Jg

Let (S55)41+42 consist of the axioms in (Tg)+ (including E5) together with E6 and every
instance of K4 and K5 for i € A;. We write (858)A1+A2 o % if there is a proof of v in
(S58)“41+A2 using only the modal operators that appear in ¢ and K; for i € A;.

Lemma 4.18: If A is finite and ¢ € Eg is valid with respect to /\/lfjltJrAQ, then (S58)A1+A2 Fo
©.

Proof: The proof is similar in spirit to that of Lemma 4.13 for ./\/lﬁ, except that since we have
a different definition of the IC; relations and of seeming consistent, we must check that states
eliminated under this definition are inconsistent. Again we must consider each of the three
ways that a state s can be eliminated.

First, suppose that s € S’ and, for some i € Aj, there is no s’ such that s <; s’. As
before, propositional reasoning shows that (858)“41+“42 Fo @5 © Vigesis<,s}Ps- Thus, it

easily follows that (S5g)*41+A2 Fy s,

Next, suppose that s € S7 does not satisfy the second condition of seeming consistent.
Define an extension of s to be a vector § = (s : i € Aj) of states, where s =<; s'. Let
EX(s) be the set of all extensions of s. If §is an extension of s, let ¢z be the conjunction
over all i € A; of the formulas in ¢, . By straightforward propositional reasoning, we have
(855)M1H 42 1 o, & Vicpx(s)ps- Thus, to show that (S5G)A1+42 -, —p, if s is eliminated
by the second condition of seeming consistent, it suffices to show that (S5S)A1+A2 o g for
each § € EX(s). This we do by showing that, for each extension § € EX(s), there is a formula
—FEgy € s such (S’c’ng)““l“'““2 Fy w5 = Egi. Since ~Eg1y € s, simple propositional reasoning
shows that (S55)41742 |-, oz = ~Eg. This shows that (S55)41742 |-, ~pz as desired.

So suppose that A; = {i1,... i} and §= (s1,...,8,) € EX(s). Since s does not satisfy
the second condition of seeming consistent, it follows that there exists some formula “Egv € s
such that for all t € S7,

1. for all i € G N Ay, if (s,t) € K;, then ¢ € t and
2. for all h € {1,...,m} such that i, € G, if (sp,t) € K;,,, then ¢ € t.

The proof now follows the lines of the analogous argument in the proof of Lemma 4.13. As
before, it suffices to find, for each ¢ € G and each t € S} with —¢) € t, a set Gt of agents
containing 4 such that (858)A1+A2 Fo w5 = Egit—ps. Sofixi€ Gandt € S{ with —) € t. As
before, the proof splits into two cases: i € A; and ¢ € As.
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If i € Ay, this follows as before if the reason that (s,t) ¢ K; is that s/K; Z t. If instead
t/K; € s, then there is some Eg/0 € t with i € G’ such that -6 € s and so —0 € s’ for each 1.
Thus (S55)41+42 -, vz = =0 and, by E6, (S55)41742 -, -0 = Eg~Eg 0. Since Eg/0 € t we
have that (S55)41742 -, 2 = Eg—p;. That is, we can take G = G’ in this case.

On the other hand, if i € Aj, we show that (S55)41742 I, oz = K;~¢; (so that we can
take G** = {i}). By assumption, since ~¢ € t, (s',t) ¢ K;. Since ¢ € S}, there is some formula
6 such that either K;0 € s* and —K;0 € t or K;0 € t and ~K;0 € s'. Here we are implicitly
using the following facts: (1) if Eq6 € s for some G’ such that ¢ € G’ then K;0 € s', since
st € S}, and similarly for ¢, (2) if K;0 ¢ s, then K0 € s, since s' € S, and similarly for ¢,
and (3) if K;0 € s then 0 € s since (s,s) € K;, and similarly for t. If K;0 € s and —K;0 € t,
it follows that (S58)“‘11J“42 Fo s = K;=p; just as in the case of (S45)41T42. If K0 € t and
—K,0 € s, then by K5 we have (S55)41742 I, o, = K;—K;0 and (S55 )14 |, 2 K;0 = —py.
The desired result now follows by standard arguments.

We have now shown that for all i € G and t € S;- such that i € t, there exists some
set G with i € G such that (S58)“41J“42 Fo 0s = Egit—p;. We can now conclude that
(S55 )M +42 |- o = =Egp just as in the case of (845)41742, showing that ¢ is inconsistent,
as desired.

Finally, if s € S7 does not satisfy the third condition of seeming consistent, the argument
that (SSg)AlJFA2 Fy —ps is similar to that of Lemma 4.7. We replace G-reachability by the
existence of sequences as in condition 3 in the definition of seeming consistent in Theorem 4.16
and note that we have essentially already proved the analogue of (6) from Lemma 4.7. We leave
the remaining details to the reader. I

Proof of Theorem 3.1 for M’;: The proof follows as for M’} using the analogous lemmas
proved above for M. I

4.4 Dealing with M¢!

For /\/lf4lt, we proceed much as for /\/lfjt. There is one new subtlety. Consider the construction in
the proof of Proposition 4.15, which uses 3. Recall that o3(7) may be undefined for some 7. For
such i, we defined KC; to consist of all pairs (s,, ), making it reflexive. This approach will not
work for /\/lfit. More precisely, the analogue of Proposition 4.15 for M%t will not hold using this
construction (even if we drop the reflexivity requirement). For example, if ¢ = =pA Eg, pAEg,p
and G1 N Gy # (), then 73 is satisfiable in Mf;{iJrAQ but ¢ is not satisfied in the structure M’
constructed in Proposition4.15, since for all i € G1NGo, the construction will make IC; reflexive.
We solve this problem by defining a mapping o4 much like o3, except that we ensure that o4 is

never undefined.

Let B be the set consisting of those maximal subsets 7 of G, such that N7 # ) for which
the corresponding atom over G¥, A7 = (NT) N (Ngeg,—7 G) (= NT, by the maximality of T),
form Az for some H € AP Let APl = APt UB, A = BU{H € A"t . |Ay| = 1},
Ay = APt — A, The definitions of o4 : A — A?€t and 74 : AP€"t — 24 need some care.
If i € Ay for some H € APt let 04(i) = H as before. Otherwise, choose 7 € B such that
T 2D {G e G, :ic G} and let 04(i) = 7. Note that, by construction, o4 is defined for all 1.
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For H € A?"$ 14(H) = m{é;} — H} as before. For 7 € B, choose some i € A7 (it does not
matter which) and set 74(7") = {ir}.

Proposition 4.19: ¢ is satisfiable in Mi{t iff 7 is satisfiable in Mﬂi+A2.

Proof: First suppose that (M,s) = ¢, where M € M. We convert M to M’ € Mf;{tlJrAQ as
before, by defining Kz = U{K; : i € 74(Z)} for Z € A?". To apply Proposition 4.1, we need to
show that U{74(Z) : T € 04(G)} = G for all G € G,. We know from the analysis of the M"5!
case that U{73(H) : H € 03(G)} = G for all G € G,. Since 04(G) 2 03(G) and 74(H) = 13(H)
for H € A?"t we have that U{m4(Z) : Z € 04(G)} = U{r3(H) : H € 03(G)}UU{m(Z) : T €
04(G) — 03(G)}. Tt is clear from the definitions, however, that if Z € 04(G) — 03(G), then
there exists some i € G such that Z = 04(i) and o3(¢) is undefined. Moreover, Z = 7 for some
maximal set 7 such that (among other things) G € 7. Thus, A7 C G, so 74(Z) € G. Thus,
U{13(Z) : Z € 04(G) —03(G)} C G, s0 U{14(Z) : Z € 04(G)} = U{13(H) : H € 03(G)} = G, as
desired. Applying Proposition 4.1, we get that to see that (M’,s) E ¢74.

It remains to verify that M’ € Mf‘ﬁ 44, For this, we need to show that the Kz relations
for Z € Ay are Euclidean, serial and transitive and that those in Ay are serial and secondarily
reflexive. For the ones in Aj, note that 74(Z) is a singleton and so the desired properties hold
since they hold for all agents in M. For the ones in Ao, we just note that the union of serial
relations is serial and the union of Euclidean relations is secondarily reflexive.

For the other direction, we proceed much as in the proof of Proposition 4.15. In addition
to the concerns dealt with there for M", our primary new one is to make sure that the K;
relations for all agents are serial. The problem arises for those i for which o3(i) was undefined.
The new agents in B are used to deal with this problem.

We proceed much as in Proposition 4.15, with two changes. First, we replace the automatic

forcing of reflexivity by forcing secondary reflexivity for o3(i) € Az. Second, we modify the
definition of the KC; relation in M’ as follows.

o If 04(i) € A1 NAP"" then, as before, Ki = {(s4,t0) : (5,t) € Kyy5),0,0" € X}
o If 04(i) € Ay and i € Gayj, then Ki = {(So,tor), (tgr, tor) 2 0" = 0 - ((5,1), 7))}
o If O'4(i) =7 € B, then K; = {(Sg,to—/) : (S,t) S K:a4(i)707 o' e 2}

Now note that every relation KC; is Euclidean, serial and transitive. For the ones correspond-
ing to agents in A; this is immediate from the fact that the agents in .4y have these properties.
For those with o4(i) € Ajg, seriality follows from the fact that the agents in Ay are serial and
the construction. Transitivity and the Euclidean property follow from the construction. In par-
ticular, if there is a K; edge coming into some t, then there is none going out by construction
except for the one from ¢, to itself.

The verification that M’ satisfies ¢ now proceeds as in Proposition 4.15. 1

Theorem 4.20: If A = Ay + A is finite and there is an an algorithm for deciding if i € G for
G € G that runs in time linear in |A|, then there is a constant ¢ > 0 (independent of |A|) and
an algorithm that, given a formula ¢ of Eg, decides if ¢ is satisfiable in M%i+A2 and runs in

time O(|.A|2°91).
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Proof: The argument here is like that for the /\/l;ff 14, case in Theorem 4.16. We keep the
definition of KC; for i € Ay and, as we noted there, this makes these relations Euclidean and
transitive. We change the definition of K; for i € Ay by putting (s,t) in K; iff s/K; C t and
t/ K; C t. This latter definition clearly makes the K; secondarily reflexive for i € A,. We ensure
seriality by adding a clause to the definition of a state s seeming consistent:

4 For every agent i € Ag there is a state ¢ such that (s,t) € K; and for every agent i € A;
there are states s’ and ¢ such s <; s’ and (¢',t) € K;.

The proof now proceeds as before. 1

Proof of Theorem 3.4 for M4!: The argument here is essentially the same as for M';t. Just
note that using the oracle O’ we can determine the members of B within the appropriate time
bound and so compute ¢ as required. I

We now turn our attention to proving Theorem 3.1 for ./\/ljt. The basic structure is the

same as for M:;ft.

Lemma 4.21: The mapping o4 (when viewed as a map with domain 2“4) 1§ injective on QNE

Let (KD45_8)“41+A2 consist of the axioms in Kg together with K3, E4, E7, and every instance
of K4 and K5 for i € A;. We write (KD45G )41+42 |-, 4 if there is a proof of ¢ in (KD45§ )14z
using only the modal operators that appear in ¢ and K; for i € A;.

Lemma 4.22: If A is finite and ¢ € [,g is valid with respect to Mf;ﬁ_h%, then (KD458)AH'“42 Fo
0.

Proof: The proof is similar to that of Lemma 4.18 for M. Again we must check that all
states eliminated in the construction are provably inconsistent, but now using the axioms of
(KD458)AI+A2 and the modified definition of the K; relations, and dealing with the additional
clause in the definition of seeming consistent.

The argument for the first condition for seeming consistent is the same as that for M.

Before dealing with the second condition, we prove a fact that will also be useful in dealing
with the fourth condition. Let T; = {t € S7 : (t,t) € K;}. It is easy to see that

ift € Sg — T;, then (KD458)A1+A2 Fo vs = Eg—y; for some G such that i € G. (13)

For if t € S’g — T;, then there exists Egf € t such that ¢ € G and =0 € t. But then (Egf =
) = -y is propositionally valid (and so provable by Prop). Since (KDZJLSgj yAtAz - o =
Ec(EgO = 6), we can easily obtain (13) using (4).

Now suppose that s is eliminated because it does not satisfy the second condition for seeming
consistent. As in the proof of Lemma 4.18, it suffices to show that for each extension § € EX(s),
there is a formula —=Fg® € s such (S5g)Al+A2 Fo @ = Egi. So fix an extension § =
(s',...,s™) € EX(s) and choose the formula =Egv € s that causes the violation of the second
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condition for (s',...,s™). It again suffices to show that for each i € G and t € Sg such such that
—1p € t, there is a set G** of agents containing i such that (KD45%)4142 - oo = Egiigy.
First suppose that i € Ay. If (s,t) ¢ K; because s/K; Z t then the argument given in Lemma 4.7
works to get a G as desired. If s/K; C t but t/K; € t then the existence of the required
G*! is immediate from (13). Now suppose i € A;. Then, because s does not satisfy the second
condition of seeming consistent, we have (s',t) ¢ K;. If s/K; Z t, then there is some formula
6 such that K;0 € s* and - € t; it easily follows that (KD458)“41+A2 Fo w5 = Ki—py, as
required. If {K;0 : K;0 € s} < t, then there is some 6 such that K;0 € s but = K;0 € t; the
result now easily follows using K4, just as in the argument for (S48)“41+“42. If both of these
conditions hold (but still (s’,¢) ¢ K;), then it must be that there is a 6 with K;0 € t and
K;0 ¢ s. In this case = K;0 € s, and the result follows using K5, just as in the argument for
(858 )A1+.A2.

The argument in the case that s is eliminated because it does not satisfy the third condition
for seeming consistent is the same as in the proof of Lemma 4.18.

Finally, suppose that s does not satisfy the new (fourth) condition of seeming consistent.
Then either

e there is an i € Ay for which there is no ¢ with (s,t) € KC; or

e there is an ¢ € Ay for which there is no pair ¢, ¢ such that s <; s’ and (s,t) € K;.

For the first case, for each ¢t € Tj, it must be the case that s/K; € t, so that there must be
some G with i € G** such that (KD45_8)“41+“42 F vs = Egit—py, as usual. By (13), for each
te Sf — T;, there is some G* with i € G%! such that (KD45g)A1+A2 Fo s = Egit—ps. Thus,
(KD45G ) A1+ 42 1 o0 = Ayegi BEgiimpr. But since (KD45G)A1+42 |, —(A,cq¢) by induc-
tion and propositional reasoning, it follows from E7 that (KD458)A1+A2 Fo (Aresi Egit—or).
Thus we get (KD455)41+42 -, -0, as desired.

For the second case, we know as in the proof of Lemma 4.18 that ¢, is provably equivalent
to the disjunction of ¢y for those s’ such that s <; s’ and similarly for any t. Thus to prove
(KD455)A1+42 |- —p, it suffices to prove (KD455)A1+42 |-~ for every s’ € S/ such that
s =i s'. For each such s we know that there is no ' € S/ such that (s,#) € K;. Given &', if
t e Sf and (s',t') ¢ K;, then the same argument as in the proof of Lemma 4.18 shows that
(KD458)AI+A2 Fo pe = K;—@yp, since the K; relations are defined the same way for agents in
A7 in both the J\/lf4lt and M;" cases, and the proof in Lemma 4.18 used only axioms K4 and K5
(as well as Prop, K1, and MP), and these axioms are in both (S5§)41+42 and (KD45§)A1 42,

By (3), we have that (KD45§)41+42 b o = Ki(A, g —¢y). Since (KD45§)A1+42 |,

i~y ) = false by induction and propositional reasoning, we conclude that (KD458)A1+A2

(Ayess

Fy ps = Kifalse. Now using K3, we get (KD458)A1+A2 Fy 2@y, as desired. 11

Proof of Theorem 3.1 for Mjlt: The proof follows as for M’} using the analogous lemmas
proved above for /Vlfit. We must just show that E7 is derivable from the other axioms in
KD455. Suppose that i € G1 N ...N Gy. Then, using E1, KD455 + Eg, 01 A ... A Eg, ok =
Kip1 A ... N Kjpg. By (3), we have KD45§ F K1 Ao A Ko = Ki(pr A ... A gg). Thus,
KD45§ = =Ki(p1A...Apr) = =(Egyp1A. .. AEg, k). Tt thus suffices to show that in KD45§,
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from —(p1 A...Apg) we can infer = K;(pn ... Apg). But since =(p1 A ... Apg) is equivalent to
(o1 A ...pk) = false, this follows easily using (4) and K3. 1

4.5 The complexity of querying the oracles

Up to now we have assumed that we are charged one for each query to an oracle. In this
section, we reconsider our results, trying to take into account more explicitly the cost of the
oracle queries.

Let f(m,k) be the worst-case time complexity of deciding whether a set with description
G e QAZZ such that I(G) < k has cardinality greater than m’ for each m’ < m (where we take
the worst case over all G € G\Z\l such that I(G) < k and over all m’ < m). Let g(k) to be the
worst-case complexity of deciding if Gy N...N Gy = 0 for Gy,...,Gr € G4. We take f(m, k)
(resp., g(k)) to be oo if these questions are undecidable. We can think of f(m, k) (resp., g(k))
as the worst-case cost of querying the oracle O,,, (resp., O’) on a set with a description of length
<k.

Using these definitions, we can sharpen Theorem 3.4 as follows.

Theorem 4.23: There is a constant ¢ > 0 and an algorithm that decides if a formula ¢ € L'g
is satisfiable in My (resp., M7y, MG, M7, /\/lff) and runs in time 2°9€1£(0,]p|) (resp.,
21 £(0, o), 2011 f (1, 201%), 261l £ (], 2¢12%), 291l £ ([ip], 2¢1%%) + g ([gp]))) Moreover, if G con-
tains a subset with at least two elements, then there exists a constant d > 0 such that every
algorithm for deciding the satisfiability of formulas in M4 (resp., M7y, Mt M7t M%)
runs in time at least max(249, £(0,d|g|)) (resp., (max(2¥4l, £(0,d|p|)), max(24¢!, £(1,d|¢|)),
max (279, f(d|l, dlel)), max(29%l, f(dlgl, d|¢l), g(d|g]))) for infinitely many formulas .

Proof: The upper bound is almost immediate from the proof of Theorem 3.4. The only point
that needs discussion is the second argument—QcMQ—of f in the cases Mﬁ, ijt, and Mi{t.
This follows from Lemma 4.11. An easy induction on ¢ shows that the sets in the set é'lm
constructed just before Lemma 4.11 have description length at most < 2%il¢l (using the fact

that |5i‘¢|] < 2I¥l for all 7). Thus, all the sets that we need to deal with have description length
< 22“0'2, since they are all in Sm, by Lemma 4.11(e).

The lower bound is immediate from the results of [HM92] and Proposition 3.3. 11

Note that if fo(k) = f(0,k) is well behaved, in that there exist ¢, ko such that fo(k) < 2¢'*
for all k > ko or fo(k) > 2% for all k > ko, then it is easy to see that there is some ¢/ > 0 such
that 21 £(0,]p]) < max(2¢"1¢l, ¢ £(0,]¢|)). Thus, if fy is well behaved, then the lower and
upper bounds of Theorem 3.4 match, and we have tight bounds in the case of M 4 and M;.
This is not the case for /\/lff, ijt, and Mﬂt, because the sets that arise have exponential-length
descriptions.

Do we really have to answer queries about such complicated formulas if we are to deal with
/Vlﬁ, ij’t, and Mﬁt? To some extent, this is an artifact of our insistence that the sets be
described using union and set difference. In fact, all the sets that we need to consult the oracle
about in our algorithm are atoms, and so have very simple descriptions (O(]¢p|)) if we are allowed
to used intersections and complementation. Indeed, suppose that we define an ordering < on
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atoms such that Ay < Ay if H D H'. Tt follows easily from Lemma 4.3 and Lemma 4.4 that in
order to compute o3(G) (resp., 03(G), 04(G)), we start by considering all atoms Az such that
G appears positively in Ay and all other sets in G, appear negatively; we then need to check
whether |Ay| > 0 and |Ay| > 1 (resp., |[Ax| >0, ..., and |Ay| > |¢|) only for those atoms Ay
such that for all H' < H, we have |Ay/| < 1 (resp., |Ap| < |¢]). (In addition, in the case of
o4, we have also have to check whether G1 N ...N G = (), but again, these are sets with simple
descriptions if we allow intersection.) Thus, as long as we can check the required properties
of sets described in terms of intersection and complementation relatively efficiently, then the
queries to the oracle pose no problem. Unfortunately, the bounds in Proposition 3.3 depend
on the descriptions involving only set difference and union, so we cannot get tight bounds for
Theorem 3.4 (at least, with our current techniques) using descriptions that involve intersection
and complementation. It remains an open question whether we can get tight bounds in all cases
taking into account the cost of querying the oracle.

5 Conclusions

We have characterized the complexity of satisfiability for epistemic logics when the set of agents
is infinite. Our results emphasize the importance of how the sets of agents are described and
provide new information even in the case where the sets involved are finite.

In this paper we have focused on a language that has operators Eg and Cg. There are two
interesting directions to consider extending our results.

e We could restrict the language so that it has only Eg operators. If the set of agents is
finite (and all sets G are presented in such a way that it is easy to check if i € G), then
there are well-known results that show the complexity of the decision problem in this case
is PSPACE complete [HM92]. However, again, this result counts Fg as having length
|G|. Although we have not checked details, it seems relatively straightforward to combine
the techniques of [HM92] with those presented here to get PSPACE completeness for £Z,
taking Fg to have length 1, using the same types of oracle calls as in Theorem 3.4. (Note
that Proposition 3.3 applies to the language £E; we did not use the Cg operators in this
proof.)

e We could add the distributed knowledge operator D¢ to the language [FHMV95, FHV92,
HM92]. Roughly speaking, ¢ is distributed knowledge if the agents could figure out that
@ is true by pooling their knowledge together. Formally, we have

(M, s) E Dgyp if (M,t) = ¢ for all t € Nieaki(s).

It is known that if A is finite (and there is no difficulty in telling if i € G), then adding
D¢ to the language poses no essential new difficulties [FHMV95, HM92]. We can get
a complete axiomatization, the satisfiability problem for the language with Dg and Eg
operators is PSPACE complete, and once we add common knowledge, the satisfiabil-
ity problem becomes exponential-time complete. Once we allow infinitely many agents,
adding D¢ introduces new subtleties. For example, even if we place no assumptions on the
K; relations, once we have both Fg and D¢ in the language, we need to be able to distin-
guish between sets of cardinality one and those with larger cardinality since Fgp < Dagp
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is valid if and only if G is a singleton. New issues also arise once we make further as-
sumptions about the /IC; relations because different properties are preserved for the new
agents, say K 4o and K 4z, which are to be added on as in Proposition 3.5 to represent
Dy and E 4, respectively. Intuitively, K 4= corresponds to the union of the relations K;
for i € G while K 4o corresponds to their intersection. Thus, while both K 4» and K 4=
inherit reflexivity and symmetry from the K; relations, K 4p inherits transitivity and the
Euclidean property while K 4= does not. There are also additional relations between these
agents that must be taken into account. Examples in S4 and S5 include K 4z = K 4p ¢,
KAEKADQO = K_AEQD and KADKAEQO = KAEQO.

These are issues for future work.
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