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Abstract. We present a proof-theoretical and model-theoretical app-
roach to reasoning about knowledge and conditional probability. We
extend both the language of epistemic logic and the language of lin-
ear weight formulas, allowing statements like “Agent Ag knows that the
probability of A given B is at least a half”. We axiomatize this logic,
provide corresponding semantics and prove that the axiomatization is
sound and strongly complete. We also show that the logic is decidable.
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1 Introduction

Epistemic logics are formal models designed in order to reason about the knowl-
edge of agents and their knowledge of each other’s knowledge. During the last
couple of decades, they have found applications in various fields such as game
theory, the analysis of multi-agent systems in computer science and artificial
intelligence, and for analyzing the behavior and interaction of agents in a dis-
tributed system [7,8,24]. In parallel, uncertain reasoning has emerged as one
of the main fields in artificial intelligence, with many different tools developed
for representing and reasoning with uncertain knowledge. A particular line of
research concerns the formalization in terms of logic, and the questions of pro-
viding an axiomatization and decision procedure for probabilistic logic attracted
the attention of researchers and triggered investigation about formal systems for
probabilistic reasoning [1,6,9-11,19,20].

Fagin and Halpern [5] emphasised the need for combining those two fields
for many application areas, and in particular in distributed systems applica-
tions, when one wants to analyze randomized or probabilistic programs. They
developed a joint framework for reasoning about knowledge and probability, pro-
posed a complete axiomatization and investigated decidability of the framework.
Based on the seminal paper by Fagin, Halpern and Meggido [6], they extended
the propositional epistemic language with formulas which express linear combi-
nations of probabilities, called linear weight formulas, i.e., the formulas of the
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form ayw(a1) + ... + arw(ay) > r, where a;’s and r are rational numbers. They
proposed a finitary axiomatization and proved weak completeness, using a small
model theorem.

In this paper, we extend the logic from [5] by also allowing formulas that can
represent conditional probability. Thus, our language contains both knowledge
operators K; (one for each agent i) and conditional probability formulas of the
form ayw; (a1, 01) + ... + agw; (g, Bx) > 7. The expressions of the form w;(«, 5)
represent conditional probabilities that agent i places on events according to
Kolmogorov definition: P(A|B) = sz;?) if P(B) > 0, while P(A|B) is unde-
fined when P(B) = 0. The corresponding semantics consists of enriched Kripke
models, with a probability measure assigned to every agent in each world.

Our main results are a sound and complete axiomatization for the logic and
decidability result. We prove strong completeness (every consistent set of formu-
las is satisfiable) using an adaptation of Henkin’s construction, modifying some
of our earlier methods [2-4,16,18,19,21]. Our axiom system contains infinitary
rules of inference, whose premises and conclusions are in the form of k-nested
implications (Definition 6). This form of infinitary rules is a technical solution
already used in probabilistic, epistemic and temporal logics for obtaining vari-
ous strong necessitation results [13,15,17,22,23]. An obvious alternative to an
infinitary axiomatization would be to develop a finitary system which would
be weakly complete (strong completeness of a finitary system is impossible due
to the noncompactness phenomena for probability logics, see [11]). We do not
know a finitary axiomatization for this rich language. Moreover, even for log-
ics which need to express conditional probabilities only (i.e., without knowledge
operators), the task of developing a finitary system turned out to be very hard
to accomplish. Fagin, Halpern and Meggido [6] faced problems when they tried
to represent conditional probabilities by adding multiplication to the syntax of
linear weight formulas, and they needed to introduce a first-order extension of
the language in order to obtain completeness. The only finitary axiomatization
we are aware of is the fuzzy approach of Marchioni and Godo [14], who consider
the probability of a conditional event of the form “a given 3”7 as the truth-value
of the fuzzy proposition P(«|8) which is read as “P(«|g) is probable.”

In the last part of this paper, we prove that satisfiability problem for our
logic is decidable. From the technical point of view, we combine the method of
filtration [12] and a reduction to a system of inequalities.

2 Syntax and Semantics

Let P ={p,q,r,...} be a set of propositional letters and let A be a finite set of
agents. Let Q denote the set of all rational numbers and let [0, 1] = [0,1] N Q.

Definition 1 (Formula). The set For of all formulas of the logic is the smallest
set such that:

- P C For;
- If a € For then K;a € For.
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- Foranyi€ A and k> 1, if on,0f,..., 0,0}, € For and ay,...,a5,7 € Q,
then ayw;i(ai, o) + - - + apwi(ag, ) > r € For,
- If a and B are formulas then —a,a A 3 € For.

The meaning of formula K;«o is “agent i knows a”, while the expression
w;(a, B) denotes conditional probability of « given 3, according to the agent i.

An expression of the form aiw;(a1,a)) + -+ + apw;(ak, o)) is called term.
Following [5], we do not allow appearance of multiple agents inside of a term.
We denote terms with f;, g; and h;.

The propositional connectives, V, — and «, are introduced as abbreviations,
in the usual way. We define T to be an abbreviation for the formula pV —p where
p is a propositional letter, while | is =T. We also use abbreviations to define
other types of inequalities; for example: w;(«, 3) > w;(a/, 3’) as an abbreviation
for wi(a, B) — wi(a/, ) > 0, wi(e, B) < wi(o!,5) for wi(e/,3') > wi(e, B),
w;i(a, B) = wi(, B for (wi(a, B) > wi(a, ) A (wi(a, B) < wi(a,3)), and
wi(a, B) > w;i (o, B") for (wi(a, B) > wi(a,8")) A =(wi(a, 8) = w;i(, 3)).

Now we introduce the semantics of our logic CKL.

Definition 2 (CKL-structure). A CKL-structure is a tuple (W, I, Prob,v)
where:

1. W is a non-empty set of objects called worlds.
2. v: W X P — {true, false} assigns to each world u € W a two-valued evalu-
ation v(u,-) of propositional letters,
3. K =AK; | i€ A} is a set of binary equivalence relations on W. We denote
Ki(u) ={v | (v,u) € K;}, and write ulC;v' if v’ € K;(u),
4. Prob assigns to every i € A and u € W a probability space Prob(i,u) =
(Wi(u), Hi(u), pi(u)), where
— Wi(u) is a non-empty subset of W,
- H;(u) is an algebra of subsets of W;i(u), i.e. a set such that
(a) Wi(u) € H(u),
(b) if A€ H;(u), then W;(u) \ A € H;(u), and
(c) if A,B € H;(u), then AU B € H;(u).
- pi(u) : Hi(u) — [0,1] is a finitely additive measure, i.e.,
(a) pi(uw)(Wi(u)) =1,
(b) pi(w)(AU B) = p;(u)(A) + pi(uw)(B), whenever AN B = .

The elements of H;(u) are called measurable sets.

Definition 3 (Satisfiability). Let M be a CKL-structure and let w be some
world from M. The satisfiability relation |= is defined recursively as follows:

1. If « € P then M,u = o iff v(u, o) = true,

2. M,u | K iff Mo |= « for all v/ € Ky(u),

5 Mou = Yo avwila, ) > 1 if p(u)({’ € Wilu) | Moo = Bi}) > 0
for every k € {1,...,n} and Y, _; app;(u)({u' € Wi(u) | M, v’ = a}|{u €
Wiw) | Mo = ) > 7,

. Mu | —a iff Myu b«

. MubEaNf iff Mu = o and M,u = 5.

Gy B
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We denote by [a]; a.. the set of all worlds from W;(u) in which « holds, i.e.,
[a]inru = {u" € Wiu) | M, = a}.

We write [o] instead of [&]; ar. when ¢, M and u are clear from the context.
Note that the satisfiability relation defined in Definition 3 is a partial relation,
i.e., it is not in general defined for all formulas. The reason is that a formula
> r_q apw;(o, Br) > 7 can be evaluated in w only if all the sets [ag]; ar,, and
[Bk]i, pmu are measurable. In order to keep the relation |= total (i.e., well-defined
for all the formulas), in this paper we consider only the models in which all those
sets are indeed measurable.

Definition 4 (CKL-measurable structure). A CKL-structure M is CKL-
measurable iff [@]; . € H(u) for every world u from M, every o € For and every
i € A. We denote the set of all measurable structures with CKLyjeas-

Note that, according to Definition 3, the formula w;(«, 8) > rV w;(a, 8) < r
is not necessary satisfied in a model; the reason is that unconditional probability
is simply undefined if probability of the condition is zero.

Definition 5 (Model, entailment). For an M = (W, Prob, K,v) € CKLyjeas,
u € W and a set of formulas T, we say that M,u is a model of T, and write
Mu =T, iff M,u E « for every « € T. The set T is satisfiable, if there is
M € CKLpeas and a world u from M such that M,u |= T. Formula « is valid
if ~a is not satisfiable. We say that T entails « and write T = «, if for every
M = (W, Prob, K,v) € CKLpeas and every w € W if M,u =T then M,u = a.

3 Axiomatization

In this section we present an axiomatization of our logic, which we denote
Az(CKL). First we need to introduce a useful notion which we use for the proof
of Theorem 2.

Definition 6 (k-nested implication). Let o € For be a formula and let
k€ N. Let 0 = (6, ...,0k) be a sequence of k formulas, and X = (X1,...,Xk)
a sequence of knowledge operators from {K; | i € A}. The k-nested implication
formula @y, g x (o) is defined recursively as follows:

@0’9’)((0[) = 90 —
ijﬂy){(a) = Qk — Xk@k—1,0§;017X]’.€;01 (a)

For example, if X = (K,, Ky, K.), a,b,c € A, then P39 x(a) = 03 —
Ke(02 — Ky(6h — Ku(00 — T))).
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Az(CKL) contains the following axiom schemas and inference rules. It is
straightforward to check that Ax(CKL) is sound with respect to CKLyjeas-
Aziom and rule for propositional reasoning

(A1) All instances of classical propositional tautologies.
(R1) From {«,« — S} infer g

Axioms and rules for reasoning about knowledge

(A2) (K;a A Kij(a— B)) — K3, for every i € G
(A3) K;a — «,

(A4) Kl-a — KiKiOé,

(A5) _‘KiOl — Ki_‘KZ‘O[,

(R2) From « infer K;a.

Axioms for reasoning about linear inequalities

(A6) ((mwi(ar,0p) + -+ + apwi(ar, ap) < 1) A (wilagyy, T) > 0)) <
(arwi(ar,aq) + - + apwi(ag, ay) + 0w (g1, o)) < 1)

(AT) (alwi(al,al) + o+ apwilar, o) < 1) = (ajwiag,, o) o+
aj, wi(oy,, o ) <) where J1,---Jk i a permutation of 1,...k.

(A8) (arw;(a, )+ - +arw; (o, o) < r)A(ajw;(ar, o))+ - -Fapw;(ak, o) <
') = ((a1 + ay)wilan, o) + -+ + (ak + ap )wi (o, o) <7+ 1)

(A9) (alwi(aha/l) + -+ akwi(ak,a%) < r) < (dalwi(aha’l) 4o+
dagw; (o, o) < dr) where d > 0.

(A10) Aingwi(ej, T) > 0 — ((mawi(en,01) + -+ + apwiox, ) < 1) V
(arwi(on, o) + - + apwi(og, o)) > 1)

(A1) (fi=r) = (fi>7r') forr >’

Axioms and rule for reasoning about probabilities

) wia, T) >

) (O‘/\ﬁa )+wz(aA_‘ﬂ>T):wi(O‘aT)

A14) wi(a, T) =w;(B, T) if @ <> B is an instance of propositional tautology
)
)

(A12

E

EA15 > agwilag, By) > r — wi(B;, T) > 0 for every j € {1,...,n}
(

(

(

A13

A16 (wz(ﬁ T)>sAwi(a,B)>r) = wi(aNB,T)>sr

R3) From « infer w;(a, T) >1

R4) From the set of premises {@r g x(fi > 1 — %) | k € N} infer & 0 x (fi > 1)

R5) From the set of premises {Qk,e,x(wz(ﬁ, T)>0)}U{Prox(w:i(8,T)>s—
wi(aNB,T)>rs)|sel0,1]g} infer §y o x (wi(e, 5) > 1)

The given axioms and rules are divided into four groups, according to the
type of reasoning. The axioms A6-A14 are adapted from axiom system from [5]
to our approach to conditional probabilities. The axioms A15 and A16, together
with the rule R5 properly capture the third condition of Definition 3. The rules
R4 and Rb5 are infinitary inference rules. R4 is a variant of so called Archimedean
rule, whose role is to prevent nonstandard values. Intuitively, it says that is the
value of a term is infinitely close to r, then it must be equal to 7.

Let us now define some basic notions of proof theory.
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Definition 7 (Theorem, proof). A formula « is a theorem, denoted by - «, if
there is a sequence of formulas c, a1, . .., axs1 (A is finite or countable ordinal),
such that ax+1 = a and every oy, © < A+ 1, is an aziom, or it is derived from
the preceding formulas by an inference rule.

A formula « is deducible from a set T C For (T *azckry @) if there is a
sequence of formulas ag, o, ..., axt1 (A is finite or countable ordinal), such that
ax+1 = @ and every a; s an aziom or a formula from T, or it is derived from
the preceding formulas by an inference rule, with the exception that e R2 and RS
can be applied to the theorems only. The sequence ag, q, ..., is a proof of «
from T. We write & instead of = Az, when it is clear from context.

Note that the length of a proof is any countable successor ordinal.

Definition 8 (Consistency). A set of formulas T is inconsistent if T+ L,
otherwise it is consistent. T' is a maximal consistent set (mecs) of formulas if it
s consistent and every proper superset of T is inconsistent.

4 Completeness

In this section we show that the axiomatization Az(CKL) is strongly complete
for the logic CKL, i.e., we prove that every consistent set of formulas has a
model. First we prove several auxiliary statements.

Theorem 1 (Deduction theorem). Let T be a set of formula and o and § a
formulas. Then

TU{a}FBiff THa— 8.

Deduction theorem can be proven using transfinite induction on the length
of the inference. For the cases when we apply infinitary inference rules, we refer
the reader to [23], when a similar proof is presented, using the form of k-nested
implications in the infinitary rules.

Theorem 2 (Strong necessitation). If T is a set of formulas and T F «,
then K;T + K;a, for alli € A, where K;T = {K;,a | « € T}.

Proof. Let T+ a. We will prove the theorem by using the transfinite induction
on the length of the proof of T+ «. Here we will only consider the application
of the rule R5. Let a be the formula @y g x (w;(v,5) > r) which was obtained
by the rule R5. Then we have

TH @k,&x(wi(ﬂ, T) > 0)

TEPpgx(wi(B,T)>s—w(yANB,T)>rs) for all s € [0,1]g

KT F Ki®pg x(wi(B,T) > 0) by IH

K,ThF Ki®rox(wi(B,T)>s—wi(yAB,T)>rs) for all s € [0,1]g, by IH
KTFT — Ky ox(wi(3,T)>0)

K,THT — K;$p 0, x (w; (6 T)>s—=wi(yAB,T)>rs) forall s €[0,1]q
KT+ ¢k+1,§,Y(wi(ﬁ T ) 0= (97 T)v (Xv Ki)
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K,T+o, (8, T)>s—w(yAB,T)>rs) for all s € [0,1]g
KT|—£Z5k+1 (v, 8) > 1), by Rb

KT+FT — Ki®px(wi(y,8) >r)

KZTFKlOZ O

t1x(w
ax(w

Next we prove some crucial statements which we need for the proof of the
completeness theorem.

Theorem 3 (Lindenbaum’s Theorem). Fvery consistent set of formulas can
be extended to a maximal consistent set.

Proof. Let T be an arbitrary consistent set of formulas. Assume that {v; | i =
0,1,2,...} is an enumeration of all formulas from For. We construct the set T*
recursively, in the following way:

1. Ty =T.
2. If the formula ~; is consistent with T;, then T;41 = T; U {~;}.
3. If the formula ~; is not consistent with T;, then:
(a) If v = Pro.x(fi > r) and f; = w;(a, 5), then we define T;11 = T; U
{i, " Prox(fi >r— E) v’} where
v = —\@k797x(wi(ﬁ, T) > 0), if T; U {—\45;@79)X(wi(ﬁ, T) > O} yaun
Vi =D o x(wi (8, T) > s — wi(aApf,T)> sr), otherwise,
for some m € N and s € [0, 1] such that T;1; is consistent.
(b) If v = Prpox(fi > r) and f; # w;i(a,B) then we define T; 1y = T; U
{7, Prox(fi >r— %)} for some m € N, such that T;,1 is consistent.
( ) Otherwise CZ-‘Z‘+1 =T, U{—}.

First we will show that the set T* is correctly defined, i.e., there exist m € N
from (3a) and (3b) and rational number s from the step (3a) of the construction.
Let us prove correctness in step (3a) exists.

Let us assume that 7] = T; U {®Prg x(wi(e,8) > r)} is inconsistent.
From Theorem 1 we obtain T; F =@ ¢ x(wi(e,3) > r). Suppose that the
set T; U {~Pr g x(wi(e, 8) > r — L)} inconsistent for every m € N. By
Theorem 1, we have T; - Py ¢ x(wi(a,5) > 7 — —) for every m € N. Then
by the rule R3 we have T; + & g x (w;(a,3) > r). Contradiction. Now sup-
pose that the set T} U {=Py o x(w;(8,T) > 0)} is inconsistent, and that
the set T} U {-P g x(w;(B,T) > s — wi(a A B, T) > sr)} is inconsistent
for every s. By Theorem 1, we obtain that 7] F @49 x(w;(3, T) > 0) and
T/ F Dy x(wi(B,T)>s— wi(aNB,T) > sr), for every s. By the rule R4 we
have T] F @y, 9 x (w;(cv, B) > r). Contradiction.

Next we prove that 7™ is a maximal consistent set. Note that every T; is
consistent by the construction. This still doesn’t imply consistency of T =
UZOZO T,, since we have infinitary rules. First we show that for every v € For
either v/ € T* or =’ € T* holds. Let 7 and j be the nonnegative integers such
that v; =4/ and v; = —'. Then, either 7' or =y is consistent with T,,44; ;3. If
Trnax{i,j} is not consistent with 4" and =" then by Theorem 1, T},,45¢;, ;3 Will be
inconsistent. Then either v/ € T; 41 or =y € Tj41, so either v/ € T* or —' € T*.
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In order to prove the consistency of T%, we will show that T is deduc-
tively closed. If the formula « is an instance of some axiom, then v € T™ by
the construction of T*. Here we show that T™ is closed under the rule R5; the
other cases are similar. Suppose T* - &y, g x (w;(a, ) > r) was obtained by R5,
where @y o x (w;(8,T) > 0) € T* and @kgx(’wl(ﬁ T)>s— wl(a ANB,T) >
sr) € T* for all s € [0,1]g. Assume that Py x(wi(a,8) > r) & T*
Let j be the positive integer such that v; = @kex(wz(a B) > r). Then,
T; U {v,} is inconsistent, since otherwise @y o x (w;(a,5) > r) € Tj41 C T*.
By the step (3a) ﬁ@k,gyX(wi(ﬁ, T) > 0) € Tjq1 or there is s € [0,1]g
such that =Py x(w;(3,T) > s — wi(a A B, T) > s'r) € Tj;1. Suppose
—@kﬁ)x(wi(ﬁ,T) > 0) S Tj+1 and from @k,g’x(’wi(ﬁ,T) > O) € T* there is
nonegative integer k such that @y, o x (w;(3, T) > 0) € Ty. Then Tryaxgr,j+13 = L,
a contradiction.

Now suppose that =@y, g x (w; (5, T) > s — w;(aNB, T) > s'r) € Tj 41, where
s' €0,1]g. We have that §y g x (w;(3, T) > s — w;(aAB,T) > sr) € T* for all
s €]0,1]g, so we have $y g x (w;(3,T) > s — wi(aAB,T) > s'r) € T*. Then,
there is nonegative integer k&’ such that @, g x (w;(w;(5, T) > s’ — w;(aAB, T) >

'r) € Ty, . Then Tiaxqr j+13 = L, a contradiction. Consequently, the set T is
deductively closed.

From the fact that 7™ is deductively closed we can prove that T™ is consistent.
Indeed, if T™* is inconsistent, there is v € For such that T* v A —'. But then
there is a nonnegative integer ¢ such that 4/ A =" € Tj, a contradiction. O

Next we introduce some notation, that we use in definition of the canonical
model. For a given T'C For and i € A, we define the set T/K; as follows:

T‘/.KvZ = {O[ | K,a € T}

Definition 9 (Canonical model). The canonical model Mo = (W, K, Prob,v)
1s defined as follows:

- W ={u | u is mazimal consistent set},
— for every world w and every propositional letter p € P, v(u,p) = true iff
D Eu,
- K={K;| i€ A} where K; = {(v,u) | v'/K; C u}
- Prob(z' u) = (W (u), H;(u), p;(u)) such that:
Wi(u) =
H;(u )—{{u eEW|aeu} | ac For},
ouz().Hi() [0,1] such that p;(u)({v’ € W | a € v'}) = sup{r €
[0,1]g |wi(a, T) > 7 € u}.

We use the following notation to refer to the elements of H;(u) from the
canonical model:

[a] ={v" e W |aecu}.

Lemma 1. Let u be a world of M¢c. If f; = alwl(al,al) -+ apw; (o, af,)
then aypi(u)([aa][eq]) + - - - + arps(u)(Jar]|[og]) = sup{s | ur fi = s}
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Proof. First we will show that w;(v)([a]|[8]) = sup{r € [0,1]¢q |
) and sup{r €

r € u}. Note that if u;(u)([8]) = 0 then both u;(u)([o]|[5]
[0,1]g | wi(e, B) > r € u} are undefined.

Suppose that w;(a,3) > r € uw and let {s, | n € N} be strictly increas-
ing sequence of numbers from [0, 1]g, such that lim, . s, = wi(w)([8]). Let
n be any number from N. Then u + w;(3,T) > s,. Using the assumption
wi(a,B) > r € u, the axioms Al5 and A16 and propositional reasoning, we
obtain u F w;(8, T) > 0 and u - w;(a A B, T) > rs,. Finally, by Definition 9
we have p;(u)([8]) > 0 and w;(u)(Ja A B]) > lmy, oo 78y, = rus(w)([B]), ie.,
i (u)([8]) > 0 and pii(w)([a]|[8]) > r. We can conelude that i(u)([a]|[5]) >
sup{r € [0,1]g | wi(a, B) > r € u}.

Let now p;(uw)([e]|[6]) > t and p;(w)([B]) > 0. We want to show that
ulkw; (B8, T)>0and ul w;(3, T) > s —w(aAB,T)>ts for all s € [0,1]q.

Iful/wi(B,T)>0then ub w;(8,T)=0,1ie., w(u)([B]) =0, contradiction.

If s > pi(u)([B]), than w = =(w; (8, T) > s), so u b w; (B, T) > s — wi(aA
B, T) > ts. Let now s < p;(u)([B]), then st < u;(u)([a A 8]), so u b wi(a A
B, T) > ts. Now, we have that for every s € [0,1]g, v F w;(8,T) > s —
wi(a A B, T) > ts, by the rule R5 we get u - w;(a, 8) > t. So p;(uw)([e]][0]) <
sup{r € [0, 1)q | wi(a, B) = 1 € u}.

Let f; = aiw; (a1, o))+ - -+apw; (ag, a},). By the properties of supremum and
A8, arpi(u)([a]llenl) +- - - +awpi(u)([or]|[oq]) = ar sup{sy | u - wiar, o) >
s1}+ -+ agsup{si | uF wi(ag, o)) > sp} =sup{s | uF fi > s}. O

Lemma 2. The canonical model Mo is a CKL-structure.

Proof. The proof that every H;(u) from M¢ is an algebra of sets is trivial. The
fact that every u;(u) is a finitely additive probability measure follows from the
axioms for reasoning about probabilities and Lemma 1. O

On the other hand, in order to show that M¢ € CKLpjeas, we need to prove
that [a]; pmeu = [@], for every ¢ and w. This follows form the following lemma.

Lemma 3 (Truth lemma). Let Mc be the canonical model and v € For.
Then for every world u from M¢

v €uiff Mo, u =y,

Proof. We use induction on the complexity of the formula ~. If v is a proposi-
tional letter, the statement follows from the construction of Ms. The cases when
~ is a conjunction or a negation are straightforward.

Suppose v = K;f. Let K;5 € u. Since § € u/K;, then § € u for every
u' such that (u,u’) € K; (by the definition of K;). Therefore, Mc,u’ = [ by
induction hypothesis (3 is subformula of K;3), and then M¢c,u = K.

Let now M¢,u | K;. Assume the opposite, that K;3 ¢ u. Then, u/K; U
{—=B} must be consistent. If it would not be consistent, then u/K; - 3 by the
Deduction theorem and v D K;(u/K;) F K;3 by Theorem 2, ie., K;3 € u,
which is a contradiction. Therefore, u/K; U{—=3} can be extended to a maximal



288 S. Dautovié et al.

consistent U, so ulC;U. Since =3 € U, then M¢,U = =8 by induction hypothesis,
so we get the contradiction M¢,u = K; (.

Let f; = aqw; (a1, o))+ -+ apw; (o, a}, ). We suppose that f; > r € u, then
r <sup{s|ub f; > s} and w;(a}, T) >0 € u for every j € {1,...,k}. Then by
Lemma 1, Mc,u = f; > r.

For the other direction, assume that M¢,u = f; > r. Suppose that f; > r &
u. Then we have w;(a;, T) = 0 € u for some j € {1,...,k}or fi <7 € u. If
w;(a, T) = 0 for some j then Mc,u & f; > r, a contradiction. Let f; <7 € u,
then, reasoning as above we conclude M¢,u |= f; < r, a contradiction. O

Consequently, we have shown that for every o € For, every ¢ € A and every
world u from M¢ the equality [a]; e = [] holds, so M¢ is a CKL-measurable
structure.

Theorem 4 (Strong completeness of CKL). A set of formulas T is consis-
tent iff T is CKLyjeas-satisfiable.

Proof. The direction form right to left is straightforward. For the other direction,
suppose that T is a consistent set of formulas. By Theorem 3, there is a maximal
consistent superset T of T'. Since M¢ € CKLyjeas, we only need to show that
M is a model of T*. By Lemma 3, if T is consistent set we know that 7™ is a
world in M¢, so we obtain Mo, T* = T. O

5 Decidability of CKL

In this section, we prove that the logic CKL is decidable. Recall the satisfiability
problem: given a CKL-formula «, we want to determine if there exists a world «
in a CKLpjeas-model M such that M, u = «. First, we show that a CKL-formula
is satisfiable iff it is satisfiable in a measurable structure with a finite number of
worlds.

For a formula a we denote Subf(a) the set of all subformulas of a.

Theorem 5. If a CKL-formula « is satisfiable in a model M € CKLfeas, then
it is satisfied in a model M* € CKLpieas with at most 21597 number of worlds.

Proof. Let s be a world from M such that M,s = «. Let Subf(a) be the set
of all subformulas of o and k& = |Subf(a)|. By ~ we denote the equivalence
relation over W x W, where s ~ s’ iff for every 8 € Subf(a), M,s E § iff
M,s" |= B. The quotient set W,., is finite and [W,.| < 2/5u#(@)I Now, for
every class C; we choose an element and denote it s7. We consider the model
M* = (W* K*, Prob*,v*), where:

- Wr={s; | Cie W, },

— K*={K} | a € A} is a set of binary relations on W* where (s}, s}) € K, iff
for every K,¢ € Subf(a), M, s} |E K¢ iff M, s} E Kq¢

— For every agent a and sf € W*, Prob*(a,sf) = (W2 (s}), Hi(sF),pi(sy)) is
defined as follows:
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o Wyi(si)={s; e W* | (Fue Cjlue Wy(s)},
o HX(s!) is the power set of Wi (s}),
o pa(s)({s7}) = na(s7)(Ci(s7)), where Cj(s7) = C; N Wi (s7) and for any
D e Hy(s7), pa(s7)(D) = Xogrep Hals7)({s7),
— v"(si,p) = (s, p)-

It can be shown that M* € CKLpjeas.
Finally, using induction on the complexity of the formulas, one can show that
for any 8 € Subf(a), M,s |= 0 iff M*,sf = [ where s} represents Cs in M*. O

Note that there are infinitely many finite models from CKLyeas with at most
215ubf()] worlds, because there are infinitely many possibilities for real-valued
probabilities. Thus, the previous theorem does not directly imply decidability,
and the further complementary steps are needed. In order to show decidability
we will translate the problem of satisfiability of a formula to the problem of
satisfiability of finite sets of equations and inequalities.

Theorem 6. Satisfiability problem for CKL is decidable.

Proof. Let a be a CKL-formula. We want to check whether there is a CKLypjeas-
structure M and a world s form M such that M,s = «. Using the previous
theorem, we will consider only the structures with I worlds, where [ < 215ubf (@)l

The idea is to see is there any structure with at least [ worlds whom we
can join a valuation, a set of binary equivalence relations and finitely additive
probabilities such that the formula « is satisfied in some world of the structure.
For this we will use potential structures which we call pre-structures. In pre-
structures we do not specify probability measures (in order to avoid infinitely
many cases), but we want to specify enough information about measures from
which we can determine satisfiability of all subformulas of a.

Let Subf(«) be the set of subformulas of a, let P* = PN Subf(a) and let
SubP(«) be the set of all subformulas of « of the form Y, _; arw; (o, Br) > r.

For every [ < 2/5ubf (@) we consider pre-structures M = (W,K,S,v) such that:

— W is a set of worlds such that |[W| =1
: W x PY — {true, false}.
={Ks|a€A}onW.

: W x SubP(a) — {true, false}.

>

nn

Note that for every number | we have finitely many possibilities for the
choice of pre-structures, i.e., we have finite number of choices of valuation, binary
equivalence relations and function S. This pre-structure is not a CKL-structure,
but we can check if a subformula of o holds in a world of a pre-structure M
using the relation I, defined as follows:

If v € P then M, s I iff v(s, ) = true,

M, sl Kqyiff M,s'" Ik~ for all s’ € K,(s),

M, s1F 370 aswa(Ve, Bi) > iff S(s, 2001 apwa(yi, Br) > 1) = true
M, sk —yiff M,slf~,

M,sl-yApBiff M,slF~and M, s - ~.

S o
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We will consider only those M = (W,K,S,v) such that M, s I- « for some
world s € W. For each such M we want to check whether M can be extended to
a structure, i.e., whether there is a measurable structure M = (W, K, Prob, v)
such that ¥ is a restriction of v and for every agent a and every s € W and
S orey arWa(Yks Bk) > 7 € SubP(a) we have M, s = > 7_, arwa(Vi, Bk) > r iff
S8, p—y aswa (e, Bi) > 1) = true. It is straightforward to check that for such
M we have M, s |= 3 iff M, s I 3 holds for every 8 € Subf(«a). Since the way v
extends 7 is irrelevant, it suffices to check whether S can be replaced with Prob
in some M = (W,K,S,v) such that M, s I- « for some world s € W. For that
purpose, for each such M we consider specific equations and inequalities, that
we describe below. We chose the variables of the form y, s, s, which represent
the values pq(s;)({s;}). Now we state the equations and inequalities:

(1) Ya,si,s; = 05 for every world s;
(2) Z ya,si,sj =1
s; €M

(3) Z Ya,s;,s; > 0 for every k € {1,...,n}, and
wj:Ml,’LUj”—Bk

n
Z (ak Z ya,si,s]' H Z ya,si,Sj) 2

n
k=1 sjzﬂ,sj\l-ﬁk/\')/k t#k,t=1 sjzﬁ,sj\l-ﬁt

n n
r H E Ya,s:,s;» for every formula E arwe (Ve Bk) > T
k=1s;:M,s;IBy k=1

such that S(s;, Z arwa (i, Bk) > 1) = true
k=1
n

(4) \/ ( Z Ya,si,s; = O) or
k=1 Sj:ﬁ,sj-lhﬁk

n n

Z (ak Z ya,si,Sj H Z ya,si,sj-) <

k=1 5j:M,sIFBr AV t#k =1 5, M,s ;1 5;

n n
r H Z Ya,s;,s,;, for every formulaz arpwe (Y, Br) > 1

k=1 Sj:M,S]‘”—ﬁk k=1

such that S(s;, Z arwa (e, Bk) > 1) = false
k=1

The inequality (1) above assures that all the probability measures are non-
negative, and the equality (2) states that the probability of the set of all possible
worlds has to be equal to 1. The equality (3) states that the probabilities of the
sets of all evidences in a formula are greater than 0 and the linear combination
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of probabilities is greater than r, from the corresponding formula. It is easy to
see that (3) corresponds to the third condition of the satisfiability relation from
Definition 3, after we clean the denominators. Similarly, (4), corresponds to the
combination of the fourth and the third condition from Definition 3.

The equations and inequalities (1)—(4) form not one, but a number of finite
systems of equations and inequalities. Note that adding (4) to any system Sys
of equations and inequalities results with a disjunction of at least two different
extensions of Sys. For the purpose of this proof, the fact that we always have
finitely many systems is sufficient, and it is enough if one of the systems is
solvable. Those systems are represented in the language of real closed fields,
and it is well known that the theory of real closed fields is decidable. Since we
have finitely many possibilities for the choice of [, and for every [ finitely many
possibilities for the choice of pre-structure, our logic is decidable as well. a

6 Conclusion

We have investigated a propositional logic of knowledge and conditional prob-
ability that allows explicit reasoning about probabilities. We have been able to
obtain strongly complete axiomatization and decision procedure for our logic.
Following [5], we proposed the most general case, where no semantic relation-
ship is posed between the modalities for knowledge and probability. Fagin and
Halpern [5] also consider some modification of the semantics, by posing rela-
tions between the sample spaces W;(u) and possible worlds KC;(u), which model
some typical situations in the multi-agent systems. For example, they consider
a natural assumption W;(u) C K;(u), which forbids an agent to place positive
probabilities to the events she knows to be false. The paper [5] provides charac-
terization of all those semantic assumptions in terms of corresponding axioms.
(for example, W;(u) C K;(u) corresponds to K;a — w;(a) = 1). Adding those
axioms to our system would also make it complete for the considered semantics.
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