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What is limited belief? And why?

Task: Robot has a KB and a query:
Does the KB logically entail the query?
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What is limited belief? And why?

Task: Robot has a KB and a query:
Does the KB logically entail the query?
H_/

Which logic?

Classical logic:
B Unrealistic: omniscient agent
B Undecidable (first-order) / intractable (propositional)
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What is limited belief? And why?

Task: Robot has a KB and a query:
Does the KB logically entail the query?
H/_/

Which logic?

Limited belief:
B Belief level O: explicitly written down in the KB
B Belief level k > 0: derivable from KB with effort k

Hope: good results at small belief level

Builds on Lakemeyer & Levesque, KR-2016
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Language

FOL with equality + functions + sorts +
B Knowledge: Koo Kijax Kyx
B Possibility: Mox Mix Myx

Example:
» K; (Rich(Frank) Vv Rich(Fred)) know that Frank or Fred is rich
> VxM; fatherOf(Sally) # x don’t know who Sally’s father is

» Kidx (fatherOf(Sally) =x ARich(x) A know that Sally’s father is rich,
M, fatherOf(Sally) # x) but don't know who he is
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Semantics

Model: set of clauses closed under unit propagation
B Belief level O: subsumption
B Belief level k > 0: k case splits

Example:
If all we know is (a) fatherOf(Sally) = Frank V fatherOf(Sally) = Fred

and (b) Vx (fatherOf(Sally) # x V Rich(x))
then K; (Rich(Frank) Vv Rich(Fred)) ?

Yes! Branch on fatherOf(Sally): \\\
AQ
> {(a), (b), fatherOf(Sally) = Frank} > Rich(Frank) by UP with (b) ~€5\®<§«&
» {(a),(b), fatherOf(Sally) =Fred } > Rich(Fred) by UP with (b) Q‘;@‘G
> {(a), (b), fatherOf(Sally) =n = L by UP with (a)

for n 7& Frank, Fred

4/7



Soundness Completeness

Decidability  Tractability

KB entails query at some belief level
if no ﬁK, -M

— KB classically entails query
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Soundness Completeness Decidability Tractability

KB entails query at some belief level <= KB classically entails query
if no—-K,-M and nodV
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Soundness Completeness Decidability Tractability

KB entails query at some belief level is decidable




Soundness Completeness Decidability Tractability

KB entails query at some belief level s tractable
if nod,V and belief level fixed




Experiments: Sudoku Minesweeper

Hypothesis: good results at small belief level
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Experiments: Sudoku Minesweeper

Hypothesis: good results at small belief level v/
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T0p1 465

Average # of cells solved at...
Ulclues Mlevel 0 Cllevel 1 Mleve| 2 Mieve| 3 Mieye| 4 Meye| 5

6/7



Experiments: Sudoku Minesweeper

Hypothesis: good results at small belief level v v
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Next:

Ls/nbo = L/nited Belief

Demos: www.cse.unsw.edu.au/~cschwering/limbo
Fri 10:00-12:00

Code: www.github.com/schwering/limbo

1.actions 2. multi-agent 3. belief change 4. complexity
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www.github.com/schwering/limbo
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Language in detail
Terms:

First-order variables
Functions f(t1,...,tm) where each t;isaname or variable
Standard names infinitely many and sorted

Formulas:

vVvyyypy

FOL: t1=ty -« «aVPp dxux

Knowledge: Koax Kjax Ky

Possibility: Mpax Mjax Msx

Knowledge base: O where «is in universal CNF

aAB aDP o=p Vxa areabbreviations

Predicates are simulated with functions

Existentials in KBs are simulated with Skolem functions

Functions on the right-hand side and within functions are flattened:
f()=8() — Vx(g()=x>Df()=x)
fg() =t — Vx(g()=x>Df(x)=t)
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Literal encoding

Functions cannot appearonrhs  f()=g() ~— Vx(g(-)=xDf()=x)
Functions cannot be nested fg()) =t — Yx(g(-)=xDf(x)=1)

Term is 30-bit number
points to full representation
this pointer is unique (interning)
Literal is 64-bit number
30+ 30 bits for Ins + rhs
1+ 1 bits to indicate if lhs + rhs is name
1 bit to indicate whether = or #

Conditions for literal subsumption and complementarity:
¢ subsumes /¢

t =ny subsumes t # ny t,t’ ground terms
t=t"andt # t’' are complementary ni, n distinct names
t =n; and t = ny are complementary

Sound and complete
Bitwise op’s on 64-bit numbers suffice no term dereferencing
Fast clause subsumption and unit propagation
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“I don’t know Sally’s father, but | know he’s rich”

B c; = f(S) =Frank Vv {(S) = Fred
=V (f(S) #x vVr(x)=T)
B O(c1 Acz) = K3x (f(S) =x Ar(x) =T AML(S) #x)
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“I don’t know Sally’s father, but | know he’s rich”

B e={w|wlf(S)=FrankV {(S) = Fred A
Vx(f(S) #xVr(x)=T)}
® e = K3x(f(S) =x Ar(x) =T AML(S) #x)
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“I don’t know Sally’s father, but | know he’s rich”

B e={w|wlf(S)=FrankV {(S) = Fred A
Vx(f(S) #xVr(x)=T)}
B e = K3x(f(S) =x Ar(x) =T AMI(S) #x)

B Foreveryw € e, forsomen, w = f(S) =n AR(n)
B Forsomew’ €e,w = f(S) #n
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“I don’t know Sally’s father, but | know he’s rich”

B c; = {(S) =Frank Vv {(S) = Fred
co =Vx(f(S) #xVr(x)=T)
B O(c; Acz) R Ki3x (f(S) =x Ar(x) =T AM;f(S) #x)
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“I don’t know Sally’s father, but | know he’s rich”

m s = {f(S) =Frank V f(S) = Fred,
f(S)#nVvr(n)=T |nisaname}
B s & Ki3x (f(S) =x Ar(x) = T AMif(S) #x)
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“I don’t know Sally’s father, but | know he’s rich”

m s = {f(S) =Frank V f(S) = Fred,
f(S)#nVvr(n)=T |nisaname}
B s ) Kix (f(S) =x Ar(x) = T AMif(S) #x)
<~

for some tq, for all ny, for some n,
sU{ti=m} R{S)=nAr(n)=TAMf(S)#n
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“I don’t know Sally’s father, but | know he’s rich”

m s = {f(S) =Frank V f(S) = Fred,
f(S)#nVvr(n)=T |nisaname}
B s & Ki3x (f(S) =x Ar(x) = T AMif(S) #x)
=
for some t1, for all ny, for some n,
sU{ti=m} R{S)=nAr(n)=TAM{(S)#n
=
for some ty, for all ny, forsomen, sU{t; =n1} Rf(S)=nAr(n)=T
for some ta and ny, sU {ta =na} R {(S) #n
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“I don’t know Sally’s father, but | know he’s rich”

B 5 = {f(S) =Frank V {(S) = Fred,
f(S)#nVvr(n)=T |nisaname}
B s ) Ki3x (f(S) =x Ar(x) = T AMif(S) #x)

=
for some ty, for all ny, forsomen, sU{ti=m} R {(S)=nAr(n)=T
for some ty and ny, sU {ta =ny} R {(S) #n
—
choose t; = f(S):
if n; = Frank, choose n = Frank:
s U {f(S) = Frank} contains f(S) = Frank, r(Frank) = T
choose ty = f(S) and ny = Fred:
s U {f(S) = Fred} contains f(S) # Frank
if n; = Fred: analogous
if n; # Frank, Fred: s U {f(S) = n1} is obv. inconsistent
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Theorems in detail
k= is classical entailment

R is limited entailment

[ ]
[ ]
B o contains no O, =K}, =M
B o* removes belief levels

|

oy sets belief levels to k

Soundness & Eventual Completeness

Ox ko = OxfFo* if o without —K, =M
Ox R oy forsomek <= O« fE o* if &, o quantifier-free

Complexity

O« | o is decidable
O« R oy is tractable in (’)(Zk(|oc] + |G|)k+3) if , o quantifier-free
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Semantics in detail

(ﬂ)t =n
(ccVB)
(Vv B)
Ix
—dx

X

Kox
Kiy1o
M()O(
M1
Ox
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Semantics in detail

Bsk(-)t=n iff (")t=nes
Bsk(aVpB) iff (xVP)esorsraors kP
Bsk-(aVp)iff sk-axands k3
Bsdxa iff s ke o for some name n
B s -dxa  iff s —od for every namen
BsR-o iff sk o

B Kyx

B Ko

B Myx

B Mo

H O«x
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Semantics in detail

sk (~)t=n
s (Vv p)
s (v p)
sk Ixa
s R -Ixa
S R

s RKox
s e Kiy1o
s Mox
S Mgyq o
sk Ox

iff (~)t=nE€s

iff (@Vp)esorspaorskxf
iff s -xands -

iff s ke o for some name n

iff s -« for every namen

iff sk o

iff sis obviously inconsistent or s ) «

iff forsometandalln, sU{t=n} Ky«
iff sis obviously consistentand s r «

iff forsometandn, sU{t=n} r My«
iff sis minimals.t.s r «
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Semantics in detail

Bsk(-)t=n iff (")t=nes

Bsk(aVpB) iff (xVP)esorsraors kP
Bsk-(aVp)iff sk-axands k3

Bsdxa iff s ke o for some name n

B s -dxa  iff s —od for every namen
BsR-o iff sk o

Bspk Ko iff sis obviously inconsistent or s ) «
BsRkKoix iff forsometandalln, sU{t=n} kKo
B s My iff sis obviously consistentand s r «

B sk Myx ff forsometandn, sU{t=n}r M«
BsRrOx iff sis minimals.t.s r «

obviously inconsistent = contains the empty clause
obviously consistent = not potentially inconsistent
potentially inconsistent =
(a) obviously consistent
(b) two unsubsumed clauses mention two complementary literals

(c) for every name n, t # n occurs in an unsubsumed clause
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Semantics in detail

S0,
S0,
S0,
S0,
S0,
S0,

50,
S0,
S0,
S0,
S0,

VR (D)t=n iff (-)t=n¢€s
VR (aVB) iff (aVP)esorsy,s, v aorsy,s, ViR
VR (Vv B)iff so.s,v R —aandse, s, v R B
VR Ixa iff so.s,v ke o for some name n
VR —3Ixa  iff so,s,v R o for every name n
VR iff s0.8,v R«
VR Ko iff so Uvisobv. inconsistent orsp,so UV, e o
VR K  iff forsometandalln, so,s,vU{t=n} r Kcax
VR Moo iff so Uvis obv. consistent and sp,so UV, R o
VR Mg iff forsometandn, so,s,vU{t=n} r Mx
VR O iff so is minimal s.t. so,s0, ) e &

obviously inconsistent = contains the empty clause
obviously consistent = not potentially inconsistent
potentially inconsistent =

(a) obviously consistent

(b) two unsubsumed clauses mention two complementary literals

(c) for every name n, t # n occurs in an unsubsumed clause

717



	Appendix

