
First-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logicFirst-order multi-agent epistemic logic:
KAα = A knows α
OAα = A knows α and nothing else

ExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExampleExample:
A knows A
A knows that

B knowsB

A knows that she does not knowB andthat B does knowB .

FormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisationFormalisation:
OA

(
A = 7 ∧ ∀x

(
B = x → OBB = x

))

entails
KA∃z

(
¬KAB = z ∧KBB = z

)

Reduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracle:
Replace eachOAα(~x)with a fresh atomPα(~x)

Replace eachKAγ(~z) with a disjunction of
∃~x

(
Pα(~x) ∧ Valid[α(~x) → γ(~z)]

)

over allOAα(~x)

Add axioms for Pα(~x), Pβ(~y)
Pα(~x) →

(
Pβ(~y) ↔ Valid[α(~x) → β(~y)]

)

to mimic properties ofOA

Valid[φ(~x)] represents the ~x for whichφ is valid
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reduces to
classical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoningclassical reasoning
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⇐⇒ every model of α satisfies someOBβ

7OA

(
p → OBq

)

3OA

(
(p → OBq) ∧ (¬p → OBr)

)

3OA∀x
(
p(x) → OBq(x)

)

Allows for incomplete knowledge about otheragent’s knowldege!

For objective φ,ψ:
OAφ entailsKAψ ⇐⇒ φ→ ψ is valid

OAα impliesOAβ ⇐⇒ α,β equivalent

Reduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracleReduction using classical FOL validity oracle:
1. OA

(
A = 7 ∧ ∀x

(
B = x → OBB = x

))

KA∃z
(
¬KAB = z ∧KBB = z

)

2. OA

(
A = 7 ∧ ∀x

(
B = x → P (x)

)
∧Ω

)

KA∃z
(
¬KAB = z ∧ ∃x(P (x) ∧ x = z)

)

When is B = x →B = z valid?
Use FOL validity oracle!

Ω = ∀x∀y(P (x) → (P (y) ↔ x = y))

Oracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle callsOracle calls: [Levesque ’84]
• if φ has no free variables:
Valid[φ] = TRUE if φ valid
Valid[φ] = FALSE otherwise
• if φ has free variable x, names n1,..., nk:Valid[φ] = (Valid[φx

n1] ∧ x = n1) ∨ . . . ∨
(Valid[φx

nk] ∧ x = nk) ∨
(Valid[φx

n′]n
′

x ∧x 6=n1∧ . . .∧x 6=nk)


