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Abstract

We examine four approaches for dealing with the
logical omniscience problem and their potential
applicability: the syntactic approach, awareness,
algorithmic knowledge, and impossible possible
worlds. Although in some settings these ap-
proaches are equi-expressive and can capture all
epistemic states, in other settings of interest they
are not. In particular, adding probabilities to the
language allows for finer distinctions between
different approaches.

1 Introduction

Logics of knowledge based on possible-world semantics
are useful in many areas of knowledge representation and
reasoning, ranging from security to distributed computing
to game theory. In these models, an agent is said to know
a fact ¢ if ¢ is true in all the worlds she considers possi-
ble. While reasoning about knowledge with this semantics
has proved useful, as is well known, it suffers from what is
known as the logical omniscience problem: under possible-
world semantics, agents know all tautologies and know the
logical consequences of their knowledge.

While logical omniscience is certainly not always an is-
sue, in many applications it is. For example, in the context
of distributed computing, we are interested in polynomial-
time algorithms, although in some cases the knowledge
needed to perform optimally may require calculations that
cannot be performed in polynomial time (unless P=NP)
[Moses and Tuttle 1988]; in the context of security, we may
want to reason about computationally bounded adversaries
who cannot factor a large composite number, and thus can-
not be logically omniscient; in game theory, we may be
interested in the impact of computational resources on so-
lution concepts (e.g., what will agents do if computing a
Nash equilibrium is difficult).

Not surprisingly, many approaches for dealing with the log-
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ical omniscience problem have been suggested (see [Fagin,
Halpern, Moses, and Vardi 1995, Chapter 9] and [Moreno
1998]). A far from exhaustive list of approaches includes:

e syntactic approaches [Eberle 1974; Moore and Hen-
drix 1979; Konolige 1986], where an agent’s knowl-
edge is represented by a set of formulas (intuitively,
the set of formulas she knows);

e awareness [Fagin and Halpern 1988], where an agent
knows ¢ if she is aware of ¢ and ¢ is true in all the
worlds she considers possible;

e algorithmic knowledge [Halpern, Moses, and Vardi
1994] where, roughly speaking, an agent knows ¢ if
her knowledge algorithm returns “Yes” on a query of
; and

e impossible worlds [Rantala 1982], where the agent
may consider possible worlds that are logically incon-
sistent (for example, where p and —p are both true).

Which approach is best to use, of course, depends on the
application. Our goal is to elucidate the aspects of the ap-
plication that make a logic more or less appropriate. We
focus here on the expressive power of these approaches.
It may seem that there is not much to say with regard
to expressiveness, since it has been shown that all these
approaches are equi-expressive and, indeed, can capture
all epistemic states (see [Wansing 1990; Fagin, Halpern,
Moses, and Vardi 1995] and Section 2). However, this re-
sult holds only if we allow an agent to consider no worlds
possible. As we show, this equivalence no longer holds in
contexts where agents must consider some worlds possible.
This is particularly relevant with probability in the picture.

Expressive power is only part of the story. In the full ver-
sion of this paper [Halpern and Pucella 2007], we consider
(mainly by example) the pragmatics of dealing with logical
omniscience—an issue that has largely been ignored: how
to choose an approach and construct an appropriate model.
Also for reasons of space, proofs of our technical results
have been omitted, and can be found in the full paper.



2 The Four Approaches: A Review

We now review the standard possible-worlds approach and
the four approaches to dealing logical omniscience dis-
cussed in the introduction. For ease of exposition we focus
on the single-agent propositional case. While in many ap-
plications it is important to consider more than one agent
and to allow first-order features, the issues that arise in
dealing with these extensions are largely orthogonal to
those involved in dealing with logical omniscience. Thus,
we do not discuss these extensions here.

2.1 The Standard Approach

Starting with a set ® of propositional formulas, we close
off under conjunction, negation, and the K operator. Call
the resulting language £. We give semantics to these for-
mulas using Kripke structures. For simplicity, we focus on
approaches that satisfy the K45 axioms (as well as KD45
and S5). In this case, a K45 Kripke structure is a triple
(W, W', 7r), where W is a nonempty set of possible worlds
(or worlds, for short), W/ C W is the set of worlds that
the agent considers possible, and 7 is an interpretation that
associates with each world a truth assignment 7(w) to the
primitive propositions in ¢. Note that the agent need not
consider every possible world (that is, each world in W)
possible. Then we have

M, w) = piff 7(w)(p) = trueif p € .

M, w) |= —piff (M, w) = ¢.

M,w) = @ ANiff (M, w) |= ¢ and (M, w) = .
M, w)

(
(
(
(M,w) E Kyiff (M,w') = pforallw’ € W'.
This semantics suffers from the logical omniscience prob-
lem. In particular, one sound axiom is (K¢ A K(p =
1)) = K1, which says that an agent’s knowledge is closed
under implication. In addition, the knowledge general-
ization inference rule is sound: From ¢ infer K. Thus,
agents know all tautologies. As is well known, two other
axioms are sound in K45 Kripke structures: K¢ = KK
and K¢ = K—K. These are known respectively as the
positive and negative introspection axioms. (These proper-
ties characterize K45.)

In the structures we consider, we allow W’ to be empty, in
which case the agent does not consider any worlds possible.
In such structures, the formula K (false) is true. A KD45
Kripke structure is a K45 Kripke structure (W, W' )
where W’ # @. Thus, in a KD45 Kripke structure, the
agent always considers at least one world possible. In
KD45 Kripke structures, the axiom —K (false) is sound,
which implies that the agent cannot know inconsistent
facts. The logic KD45 results when we add this axiom
to K45. S5 Kripke structures are KD45 Kripke structures
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where W = W/, that is, the agent considers all worlds in
W possible. In S5 Kripke structures, the axiom K¢ = ¢,
which says that the agent can know only true facts, is
sound. Adding this axiom to the KD45 axioms gives us
the logic S5.

2.2 The Syntactic Approach

The intuition behind the syntactic approach for dealing
with logical omniscience is simply to explicitly list, at ev-
ery possible world w, the set of formulas that the agent
knows at w. A syntactic structure has the form M =
(W, W’ xt,C), where (W, W’ ) is a K45 Kripke structure
and C associates a set of formulas C(w) with every world
w € W. The semantics of primitive propositions, conjunc-
tion, and negation is just the same as for Kripke structures.
For knowledge, we have

(M, w) E Kypiff ¢ € C(w).

2.3 Awareness

Awareness is based on the intuition that an agent should be
aware of a concept before she can know it. The formulas
that an agent is aware of are represented syntactically; we
associate with every world w the set .A(w) of formulas that
the agent is aware of. For an agent to know a formula ¢,
not only does ¢ have to be true at all the worlds she consid-
ers possible, but she has to be aware of ¢ as well. A K45
awareness structure is a tuple M = (W, W’ m, A), where
(W, W', ) is a K45 Kripke structure and .4 maps worlds
to sets of formulas. We now define

(M,w) E Ky iff (M,w") = ¢ forall w’ € W and
v € A(w).!

We can define KD45 and S5 awareness structures in the
obvious way: M = (W, W’ x, A) is a KD45 awareness
structure when (W, W', 7) is a KD45 structure, and an S5
awareness structure when (W, W’ ) is an S5 structure.

2.4 Algorithmic Knowledge

In some applications, there is a computational intuition un-
derlying what an agent knows; that is, an agent computes
what she knows using an algorithm. Algorithmic knowl-
edge is one way of formalizing this intuition. An algorith-
mic knowledge structure is a tuple M = (W, W' 7 A),
where (W, W' 7) is a K45 Kripke structure and A is a
knowledge algorithm that returns “Yes”, “No”, or “?” given

'In [Fagin and Halpern 1988], the symbol K is reserved for
the standard definition of knowledge; the definition we have just
given is denoted as X ¢, where X stands for explicit knowledge.
A similar remark applies to the algorithmic knowledge approach
below. We use K throughout for ease of exposition.



a formula o.> Intuitively, A(¢) returns “Yes” if the agent
can compute that ¢ is true, “No” if the agent can compute
that ¢ is false, and “?” otherwise. In algorithmic knowl-
edge structures,

(M,w) £ Kpiff A(p) = “Yes”.

An important class of knowledge algorithms consists of the
sound knowledge algorithms. When a sound knowledge al-
gorithm returns “Yes” to a query ¢, then the agent knows
(in the standard sense) o, and when it returns “No” to a
query ¢, then the agent does not know (again, in the stan-
dard sense) ¢. Thus, if A is a sound knowledge algorithm,
then A(p) = “Yes” implies (M, w) = ¢ for all w € W,
and and A(p) = “No” implies there exists w € W' such
that (M, w) = —p. (When A(¢) = “?”, nothing is pre-
scribed.)

Algorithmic knowledge can be seen as a generalization of
a number of approaches in the literature, although they are
not generally cast as algorithmic knowledge. Ramanujam
[1999] defines an agent to know ¢ in a model if she can
determine that ¢ is true in the submodel generated by the
visible states (the part of the model that the agent sees,
such as immediate neighbors in a distributed system), us-
ing the model-checking procedure for a standard logic of
knowledge. In this case, the knowledge algorithm is simply
the model-checking procedure. Another example is recent
work on justification logics [Fitting 2005; Artemov and
Nogina 2005], based on the intuition that an agent knows ¢
if she can prove that ¢ holds in some underlying construc-
tive logic of proofs. The knowledge algorithm in this case
consists of searching for a proof of .

2.5 Impossible Worlds

The impossible-worlds approach relies on relaxing the no-
tion of possible world. Take the special case of logical om-
niscience that says that an agent knows all tautologies. This
is a consequence of the fact that a tautology must be true
at every possible world. Thus, one way to eliminate this
problem is to allow tautologies to be false at some worlds.
Clearly, those worlds do not obey the usual laws of logic—
they are impossible possible worlds (or impossible worlds,
for short).

A K45 (resp., KD45, S5) impossible-worlds structure is
atuple M = (W,W' x,C), where (W, W' N W, ) is
a K45 (resp., KD45, S5) Kripke structure, W' is the set
of worlds that the agent considers possible, and C as-
sociates with each world in W/ — W a set of formu-
las. W/, the set of worlds the agent considers possi-

’In [Halpern, Moses, and Vardi 1994], the knowledge algo-
rithm is also given an argument that describes the agent’s local
state, which, roughly speaking, captures the relevant information
that the agent has. However, in our single-agent static setting,
there is only one local state, so this argument is unneeded.
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ble, is not required to be a subset of W—the agent may
well include impossible worlds in W’. The worlds in
W' — W are the impossible worlds. We can also con-
sider a class of impossible-worlds structures intermediate
between K45 and KD45 impossible-worlds structures. A
KD45~ impossible-worlds structure is a K45 impossible-
worlds structure (W, W’ 7, C) where W' is nonempty. In
a KD45~ impossible-worlds structure, we do not require
that W’ N W be nonempty.

A formula ¢ is true at a world w € W’ — W if and only if
¢ € C(w); for worlds w € W, the truth assignment is like
that in Kripke structures. Thus,

e if w € W, then (M, w) [ piff 7(w)(p) = true;

o if w e W, then (M,w) | K;piff (M,w') = ¢ for
allw’ € W/,

o ifwe W — W, then (M,w) | ¢iff o € C(w).

We remark that when we speak of validity in impossible-
worlds structures, we mean truth at all possible worlds in
W in all impossible-worlds structures M = (W, ...).

3 Expressive Power

There is a sense in which all four approaches are equi-
expressive, and can capture all states of knowledge.

Theorem 3.1: [Wansing 1990; Fagin, Halpern, Moses,
and Vardi 1995] For every finite set F' of formulas and ev-
ery propositionally consistent set G of formulas, there ex-
ists a syntactic structure (resp., K45 awareness structure,
KD45~ impossible-worlds structure, algorithmic knowl-
edge structure) M = (W,...) and a world w € W such
that (M, w) = Ky ifand only if p € F, and (M, w) | ¢
Sforally € G.

Despite the name, the introspective axioms of K45 are
not valid in K45 awareness structures or K45 impossible-
worlds structures. Indeed, it follows from Theorem 3.1 that
no axioms of knowledge are valid in these structures. (Take
F" to be the empty set.)

As we now show, these structures support only proposi-
tional reasoning, which we can characterize by the follow-
ing axiom:

All substitution instances of valid

iy . (Prop)
formulas of propositional logic.
and the following inference rule:
From ¢ = 1 and ¢ infer 1. (MP)



Theorem 3.2: {Prop, MP} is a sound and complete ax-
iomatization of L with respect to K45 awareness struc-
tures (resp., K45 and KD45~ impossible-worlds structures,
syntactic structures, algorithmic knowledge structures).

It follows from Theorem 3.2 that a formula is valid with re-
spect to K45 awareness structures (resp., K45 and KD45~
impossible-worlds structures, syntactic structures, algorith-
mic knowledge structures) if and only if it is proposition-
ally valid, if we treat formulas of the form K¢ as primitive
propositions. Thus, deciding if a formula is valid is co-NP
complete, just as it is for propositional logic.

Theorems 3.1 and 3.2 rely on the fact that we are con-
sidering K45 awareness structures and KD45~ (or K45)
impossible-worlds structures. (Whether we consider K45,
KD45, or S5 is irrelevant in the case of syntactic structures
and algorithmic knowledge structures, since the truth of a
formula does not depend on what worlds an agent consid-
ers possible.) As we now show, there are constraints on
what can be known if we consider KD45 and S5 awareness
structures and impossible-worlds structures.

A set of formulas F' is downward closed if the following
conditions hold:

(a) if o A4 € F, then both ¢ and ¢ are in F;
(b) if ~—p € F,then p € F};

(c) if =(p A1) € F, then either = € F or 1) € F (or
both); and

(d) if Kp € F,thenp € F.

We say that F' is k-compatible with F' if K1) € F’ implies
that¢) € F.

Proposition 3.3:  Suppose that M = (W, W’ ...) is a
KD45 awareness structure (resp., KD45 impossible-worlds
structure), w € W, and w' € W' (resp., w' € W NW’).
Let F = {¢ | (M,w) = K¢} and let F' = {9 |
(M,w") = }. Then

(a) F' is propositionally consistent downward-closed set
of formulas that contains F';

(b) if M is a KD45 impossible-worlds structure then F' is
k-compatible with F’.

The next result show that the constraints on F' described in
Proposition 3.3 are the only constraints on F'.

Theorem 3.4: If F and F' are such that F' is proposi-
tionally consistent downward-closed set of formulas that
contains F, then there exists a KD45 awareness struc-
ture M = ({w,w'},{w'},m, A) such that (M,w) =
Ko iff o € F and (M,w') = ¢ for all ¢ €
F'. If. in addition, F is k-compatible with F’, then
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there exists a KD45 impossible-worlds structure M =
{w,w'}, {w',w"}, 7, C) such that (M, w) = Kgiff ¢ €
Fand (M,w") = ¢ forall ) € F'. Finally, if F = F,
then we can take w = w’, so that M is an S5 awareness
(resp., S5 impossible-worlds) structure.

We can characterize these properties axiomatically. Let
(Ver) (for Veridicality) be the standard axiom that says that
everything known must be true:

Kp= . (Ver)
Let AXy.. be the axiom system consisting of
{Prop, MP, Ver}. The fact that the set of formulas
known must be a subset of a downward closed set is
characterized by the following axiom:

(Ko Ao A Kop)

DC
ifAXVerl__\((pl/\.../\gOn). ( )

The key point here is that, as we shall show, a proposi-
tionally consistent set of formulas that is downward closed
must be consistent with AX ;..

The fact that the set of formulas that is known is k-
compatible with a downward closed set of formulas is char-
acterized by the following axiom:

(K1 Ao . ANKpp) = (KYr V...V Kiby,)
ifAXver B o1 Ao A = (K1 VooV Kibp,).
(KC)
Axiom DC is just the special case of axiom KC' where
m = 0. Note that KC (and therefore D(C') follow from
Ver. Let AXpe = {Prop, MP, DC} and let AX o =
{Prop, MP, KC'}.

Theorem 3.5:

(a) AXpc is a sound and complete axiomatization of L£x
with respect to KD45 awareness structures;

(b) AXk ¢ is a sound and complete axiomatization of L
with respect to KD45 impossible-worlds structures;

(¢) AXver is a sound and complete axiomatization of
LK with respect to S5 awareness structures and S5
impossible-worlds structures.

Corollary 3.6: The satisfiability problem for the lan-
guage L with respect to KD45 awareness structures
(resp., KD45 impossible-worlds structures, S5 awareness
structures) is NP-complete.

4 Adding Probability

While the differences between K45, KD45~, and KD45
impossible-worlds structures may appear minor, they turn
out to be important when we add probability to the picture.



As pointed out by Cozic [2005], standard models for rea-
soning about probability suffer from the same logical omni-
science problem as models for knowledge. In the language
considered by Fagin, Halpern, and Megiddo [1990] (FHM
from now on), there are formulas that talk explicitly about
probability. A formula such as ¢(Prime,) = 1/3 says that
the probability that n is prime is 1/3. In the FHM seman-
tics, a probability is put on the set of worlds that the agent
considers possible. The probability of a formula ¢ is then
the probability of the set of worlds where ¢ is true. Clearly,
if ¢ and 1) are logically equivalent, then £(p) = £(3)) will
be true. However, the agent may not recognize that ¢ and
are equivalent, and so may not recognize that £(y) = £(1)).
Problems of logical omniscience with probability can to
some extent be reduced to problems of logical omniscience
with knowledge in a logic that combines knowledge and
probability [Fagin and Halpern 1994]. For example, the
fact that an agent may not recognize ¢(¢) = £(v) when ¢
and 1) are equivalent just amounts to saying that if ¢ < ¢
is valid, then we do not necessarily want K (¢(p) = £(3))
to hold. However, adding knowledge and awareness does
not prevent £(¢) = ¢(¢) from holding. This is not re-
ally a problem if we interpret £(¢) as the objective prob-
ability of ¢; if ¢ and ) are equivalent, it is an objective
fact about the world that their probabilities are equal, so
£(¢) = £()) should hold. On the other hand, if ¢() rep-
resents the agent’s subjective view of the probability of ¢,
then we do not want to require () = £(¢)) to hold. This
cannot be captured in all approaches.

To make this precise, we first clarify the logic we have in
mind. Let £5QU be £K extended with linear inequal-
ity formulas involving probability (called likelihood for-
mulas), in the style of FHM. A likelihood formula is of the
form a1 £(p1)+- - -+ anl(p,) > ¢, where aq, . .., a, and ¢
are integers. (For ease of exposition, we restrict 1, . . ., @y,
to be propositional formulas in likelihood formulas; how-
ever, the techniques presented here can be extended to deal
with formulas that allow arbitrary nesting of ¢ and K).
We give semantics to these formulas by extending Kripke
structures with a probability distribution over the worlds
that the agent considers possible. A probabilistic KD45
(resp., S5) Kripke structure is a tuple (W, W' x, i), where
(W, W' 7) is KD45 (resp., S5) Kripke structure, and p is
a probability distribution over W’. To interpret likelihood
formulas, we first define @]y = {w € W | w(w)(p) =
true}, for a propositional formula ¢. We then extend the
semantics of £ with the following rule for interpreting
likelihood formulas:

(M,w) E a1l(p1) + - -+ apnl(p,) > ciff
ari(lorda VW) 4 -t dgu([padar VW) > c

Note that the truth of a likelihood formula at a world does
not depend on that world; if a likelihood formula is true at
some world of structure M, it is true at every world of M.
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FHM give an axiomatization for likelihood formulas in
probabilistic structures. Aside from propositional reason-
ing axioms, one axiom captures reasoning with linear in-
equalities. A basic inequality formula is a formula of the
formaiz1+- - HapTrt+ar+1 < b1yt FomYm+bmi,
where z1,...,ZTk, Y1, - ., Ym are (not necessarily distinct)
variables. A linear inequality formula is a Boolean combi-
nation of basic linear inequality formulas. A linear inequal-
ity formula is valid if the resulting inequality holds under
every possible assignment of real numbers to variables. For
example, the formula (22 4+ 3y < 5z2) A (v —y < 122) =
(3z+42y < 172) is a valid linear inequality formula. To get
an instance of Ineq, we replace each variable x; that occurs
in a valid formula about linear inequalities by a likelihood
term of the form ¢(¢) (naturally, each occurrence of the
variable x; must be replaced by the same primitive expec-
tation term £(1))). (We can replace Ineq by a sound and
complete axiomatization for Boolean combinations of lin-
ear inequalities; one such axiomatization is given in FHM.)

The other axioms of FHM are specific to probabilistic rea-
soning, and capture the defining properties of probability
distributions:

L(true) =1
U(=p) =1—L(p)
Lp NY) +L(p A=) = L(p).

It is straightforward to extend all the approaches in Sec-
tion 2 to the probabilistic setting. In this section, we only
consider probabilistic awareness structures and probabilis-
tic impossible-worlds structures, because the interpretation
of both algorithmic knowledge and knowledge in syntac-
tic structures does not depend on the set of worlds or any
probability distribution over the set of worlds.

A KDA45 (resp., S5) probabilistic awareness structure is
a tuple (W, W' m, A, u) where (W, W’ 7, A) is a KD45
(resp., S5) awareness structure and p is a probability distri-
bution over the worlds in W’. Similarly, a KD45~ (resp.,
KD45, S5) probabilistic impossible-worlds structure is a
tuple (W, W' m,C,u) where (W, W' m,C) is a KD45~
(resp., KD45, S5) impossible-worlds structure and p is a
probability distribution over the worlds in W’. Since the set
of worlds that are assigned probability must be nonempty,
when dealing with probability, we must restrict to KD45
awareness structures and KD45~ impossible-worlds struc-
tures, extended with a probability distribution over the set
of worlds the agent considers possible. As we now show,
adding probability to the language allows finer distinctions
between awareness structures and impossible-worlds struc-
tures.

In probabilistic awareness structures, the axioms of prob-
ability described by FHM are all valid. For example,
() = l(v) is valid in probabilistic awareness struc-
tures if ¢ and 1 are equivalent formulas. Using argu-



ments similar to those in Theorem 3.4, we can show that
K (=(¢(p) = £(1))) is valid in probabilistic awareness
structures. Similarly, since ¢(¢) + ¢(—p) = 1 is valid in
probability structures, ~K (—({(p) + £(—p) = 1)) is valid
in probabilistic awareness structures.

We can characterize properties of knowledge and likeli-
hood in probabilistic awareness structures axiomatically.
Let Prob denote a substitution instance of a valid for-
mula in probabilistic logic (using the FHM axiomatiza-
tion). By the observation above, Prob is sound in prob-
abilistic awareness structures. Our reasoning has to take
this into account. There is also an axiom KL that connects
knowledge and likelihood:

Ko = {(p) > 0. (KL)
Let AX?Y_ ~ denote the axiom system consisting of
{Prop, MP, Prob, KL, Ver}.

Let DC be the following strengthening of DC, somewhat
in the spirit of KC"

(Ker Ao o ANKpp) = (91 V..V thy)
ifAXY,, F o1 A Apn = (1 V... Vi) (DCP)

and 11, . .., ¥, are likelihood formulas.

Finally, even though Ver is not sound in KD45 proba-
bilistic awareness structures, a weaker version, restricted to
likelihood formulas, is sound, since there is a single proba-
bility distribution in probabilistic awareness structures. Let
W Ver be the following axiom:

Ky = @ if pis alikelihood formula. (WVer)

Let AXE . = {Prop, MP, Prob, DC* WVer, KL} be
the axiom system obtained by replacing DC in AXp¢ by
DC?T and adding Prob, WVer, and KL.

Theorem 4.1:

(a) AXIBC is a sound and complete axiomatization of
L5 RU with respect to KD45 probabilistic awareness
structures.

(b) AXY, is a sound and complete axiomatization of
LERU with respect to S5 probabilistic awareness
structures.

Things change significantly when we move to probabilis-
tic impossible-worlds structures. In particular, Prob is
no longer sound. For example, even if ¢ < 1 is valid,
£(p) = (1) is not valid, because we can have an impossi-
ble possible world with positive probability where both ¢
and —) are true. Similarly, £(y) + £(—p) = 1 is not valid.
Indeed, both ¢(¢) + £(—¢p) > 1 and £(p) + £(—p) < 1
are both satisfiable in impossible-worlds structures: the for-
mer requires that there be an impossible possible world

174

that gets positive probability where both ¢ and —¢ are
true, while the latter requires an impossible possible world
with positive probability where neither is true. As a conse-
quence, it is not hard to show that both K—(¢(p) = £(v)))
and K(=({(¢) + ¢(-¢) = 1)) are satisfiable in such
impossible-worlds structures.? In fact, the only constraint
on probability in probabilistic impossible-worlds structures
is that it must be between O and 1. This constraint is ex-
pressed by the following axiom Bound:

) > 0AL(p) < 1. (Bound)
We can characterize properties of knowledge
and likelihood in probabilistic impossible-
worlds structures axiomatically. Let AXffnp =

{Prop, MP, Ineq, Bound, KL, WVer}. ~We can think
of AXffnp as being the core of probabilistic reasoning in
impossible-worlds structures. Let AX%__denote the axiom
system {Prop, MP, Ineq, Bound, Ver, KL}. Let Kcf

denote the following extension of KC'"

(K1 Ao . ANKgp) = (U1 V...V aby)
FAXY F oA Apn= (1 V... Vi)

e L (KCT)
and 1, is either a likelihood formula

or of the form K+, forj = 1,...,m.

Here again, DC” is a special case of KC¥'. Let AXE, =
{Prop, MP, Bound, KCF, Wver, KL} obtained by re-
placing KC in AX ¢ by KCF and adding Bound, WVer,
and KL.

Theorem 4.2:

(a) AXﬁnp is a sound and complete axiomatization
of LKCQU with respect to KD45~ probabilistic
impossible-worlds structures.

(b) AXE . is a sound and complete axiomatization
of LKRU with respect to KDA45 probabilistic
impossible-worlds structures.

(c) AX@W is a sound and complete axiomatization of
LEQU \ith respect to S5 probabilistic impossible-
worlds structures with probabilities.

Observe that Theorem 4.2 is true even though probabili-
ties are standard in impossible worlds: the probabilities
of worlds still sum to 1. It is just the truth assignment to
formulas that behaves in a nonstandard way in impossible
worlds. Intuitively, while the awareness approach is mod-
eling certain consequences of resource-boundedness in the

3We remark that Cozic [2005], who considers the logical om-
niscience problem in the context of probabilistic reasoning, makes
somewhat similar points. Although he does not formalize things
quite the way we do, he observes that, in his setting, impossible-
worlds structures seem more expressive than awareness struc-
tures.



context of knowledge, it does not do so for probability. On
the other hand, the impossible-worlds approach seems to
extend more naturally to accommodate the consequences
of resource-boundedness in probabilistic reasoning.

Corollary 4.3: The satisfiability problem for the lan-
guage L QU with respect to KD45 probabilistic aware-
ness structures (resp., S5 probabilistic awareness struc-
tures, KD45~ probabilistic impossible-worlds structures,
KDA45 probabilistic impossible worlds structures, S5 prob-
abilistic impossible-worlds structures) is NP-complete.

5 Conclusion

Many solutions have been proposed to the logical omni-
science problem, differing as to the intuitions underlying
the lack of logical omniscience. There has been compar-
atively little work on comparing approaches. We have at-
tempted to do so here, focussing essentially on expressive-
ness for four popular approaches.

In comparing the expressive power of the approaches,
we started with the well-known observation that the ap-
proaches are equi-expressive in the propositional case.
However, this observation is true only if we allow the agent
not to consider any world possible. If we require that at
least one world be possible, then we get a difference in ex-
pressive power. This is particularly relevant when we have
probabilities, because there has to be at least one world
over which to assign probability. Indeed, when consider-
ing logical omniscience in the presence of probability, there
can be quite significant differences in expressive power be-
tween the approaches, particularly awareness and impossi-
ble worlds.

As we said, in the full paper, we also consider the pragmat-
ics of logical omniscience. Even in settings where the four
approaches are equi-expressive, they model lack of logical
omniscience quite differently. We thus have to deal with
different issues when attempting to use one of them in prac-
tice. For example, if we are using a syntactic structure to
represent a given situation, we need to explain where the
function C is coming from; with an awareness structure,
we must explain where the awareness function is coming
from; with an algorithmic knowledge structure, we must
explain where the algorithm is coming from; and with an
impossible-worlds structure, we must explain what the im-
possible worlds are. In some domains, there may be a nat-
ural interpretation for the awareness function, but it finding
a natural impossible-worlds interpretation may be difficult;
in other domains, the situation may be just the opposite.
Given the increasing understanding of the importance of
awareness in game-theoretic applications (see, for exam-
ple, [Heifetz, Meier, and Schipper 2003; Halpern and Régo
2006a; Halpern and Régo 2006b]), these pragmatic issues
assume more significance, and deserve further exploration.
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