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ASP lacks expressivity [Gelfond 1991]

% university rules to decide eligibility for scholarship (X: arbitrary applicant)

eligible(X) « highGPA(X).
eligible(X) « fairGPA(X), minority(X).
~eligible(X) « ~highGPA(X), ~fairGPA(X).

% disjunctive info: an applicant data for a specific student called Mike
highGPA(mike) or fairGPA(mike).
% if eligibility not determined, then interview required (ASP attempt)

interview(X) < noteligible(X), not ~eligible(X).
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Quantification problem in ASP

@ eligible « highGPA.

@ eligible « fairGPA, minority.

© -~eligible « ~fairGPA, ~highGPA.
© highGPAor fairGPA « .

@ interview « noteligible, not ~eligible.
has the following answer sets
AS(Mg) = { (highGPA, eligible},
{fairGPA, interview} }
= eligible? and ~eligible? undetermined

= interview? undetermined too...
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So, epistemic modalities are required in ASP...

@ eligible < highGPA.

@ eligible « fairGPA, minority.

© ~eligible « ~fairGPA, ~highGPA.

© highGPAor fairGPA « .

@ interview <« noteligible, not ~eligible.

Therefore:
Mg eligible

Mg ~eligible
Mg #interview  (counter-intuitive!)

= wanted: quantification over possible answer sets. ..
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Gelfond’s solution [Gelfond 1991]

MNke:
@ eligible « highGPA.
@ eligible « minority, fairGPA.
@ ~eligible « ~fairGPA, ~highGPA.
© highGPAor fairGPA « .

@ interview <« notKeligible, not K~eligible.
will have slightly different answer sets
AS(Mke) = { thighGPA, eligible, interview},
{fairGPA, interview} }

= eligible? and ~eligible? unknown

= interview? YES  (intuitive!)
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ASP lacks expressivity ctd. [Gelfond 2011]

% p is assumed to be false if there is no evidence to the contrary. (ASP attempt)

~p < notp. (r1)
Consider: 1 = {ry, r.} where r. = porgq.
has the following answer sets
AS(M) = {{p}. (~p. q}}-

= p? unknown
= but also ~p? unknown (counter-intuitive)

upshot: again quantification through answer sets is required....
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Two different solutions [Gelfond 2011, Shen et al. 2016]

% p is assumed to be false if there is no evidence to the contrary. (EASP attempt)

(r1) ~p < mnotMp. Gelfond’s approach [LPNMR, 2011]
(I’g) ~p < not Kp. Shen and Eiter’s approach [AlJ, 2016]

@ Consider: KINM = {ro, r3} where r3 = porg.
@ K1 has the unique answer set

@ Now, result is intuitive!
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Language of ES18 [kanietal, IcLP 2018
extended the language of ASP by epistemic modalities K and M

idea: quantify over all candidate answer sets and correctly
represent incomplete information (non-provability)

Kp ——— pis knownto be true.
M p ——— p may be believed to be true.
o atoms: (extended) objective and subjective literals
1 L g G
p | ~p 1| notl K1 | M1 g | notg

where p ranges over P.
e strong negation ~
o default negation (aka, negation as failure) not
notation:
(ex-)OLit — the set of all (extended) objective literals
(ex-)SLit — the set of all (extended) subjective literals
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Syntax of ES18
rule: a logical statement of the form head < body
@ a rule r of ES18 is of the following form:

lior...orl,, < ey, ..., e,
e head(r): disjunction of objective literals
e body(r): conjunction of arbitrary literals
When m=0, head(r) = L and r: constraint (headless rule)

@ if body(r) of a constraint consists solely of extended sub.
literals, i.e., Gy, ... , Gp, then r : subjective constraint.

@eg, L«Kp; L« Mp, notKqg ;etc.
When n=0, body(r) = T and r: fact (bodiless rule).

program: finite collection of rules

o finite set of EASP rules = epistemic specifications
= epistemic logic programs (ELPs)
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Truth conditions of ES18
For nonempty A C 2°L 1 € OLit, L € ex-OLit, and g € SLit,
@ truth conditions:

AAE1L if 1e€A;

AAENtl if 1¢A;

A,AEKL if AA =L forevery A’ € A,
AAEML if AAEL forsome A’ € A,
AAEDntg if AAKEGQ

@ equivalences:
AEMI1 iff AEnotKnotl
AkEnotM1 iff AEKnotl

= Kand M are (1) dual and (2) interchangeable.
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Kahl’s reduct definition [Kahi, PhD thesis 2014]

Given A C 2°4 and an epistemic logic program (ELP) M:
o K-reduct r” of an ES rule r w.rt. A

extended subjective literal (G) if true in A if false in A

K1 replace by 1 delete rule
notK1 remove literal replace by not 1
M1 remove literal replace by notnot 1
notM1 replace by not 1 delete rule

idea: eliminate K and M (whereas in ASP, we eliminate not )

NA={r? : ren

remark:
K-reduct is rather complex and lacks an intuitive explanation.
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Kahl et al.'s semantics approach [kanietal, IcLP 201g]
o First, define:

Ep(M) = {not K1 : K1 appearsin M} u{M/ : M/ appears in [T}.
e Then, take its subset w.r.t. A C 204
Ep(l_l)|ﬂ = b4 ={GeEp(M) : A= G).
e So, for a prototypical program
N ={t < Kp,Mg,notKs,notMt},
@ we have:
Ep(M’) = {notKp,M g,notKs,Mt}.
o given A" = {{p, s}, {t, s}}:

Ep(I'I’)|ﬂ, = O 4 = {notKp, M t}.
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Kahl et al’s world views (K-WV)  [kanietal., ICLP 2018]

e Finally, A is a K-world view (K-WV) of a “constraint-free” I if:

Q@ A =as(NM) ={A : Ais an answer set of N7}

Q there is no A’ such that A’'= AS(M7") and ® 5 > d 4.
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Why “constraint-free” restriction?

@ in ASP, constraints function regularly:
o at most rule out answer-sets, violating them.

@ in ES18, behaviour of constraints is not monotonic.

Consider the following EASP rules:

aorb « . (ry)
¢« Ka. (r2)
« notc. (r3)

@ I = {ry, 2} has a unique K-WV: {{a}, {b}}.
@ if we add r3, then we expect to have no K-WVs, but:
o M= {ry.r.r3} has a unique K-WV: {{a. c}}.
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Some new language constructs in ES18

e So, effect of a constraint r over world views
@ may be additive or subtractive

e Solution by Kahl and Leclerc: world view constraints (WVCs)
@ in the form of subjective constraints
@ replace « by &

wv o, - . . . g
o «isread: “it is not a world view if it satisfies ¢”

Ex: —notK p: “itis not a world view if p is not known”
(any world view satisfying notK p should be eliminated)
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WVCs can solve the constraint problem?

...to some extent! because only works for subjective constraints
@ what about for — Kp, g?

Let 1 be an ELP containing WVCs such that I = My U My,¢
@ [y is a constraint-free part of I1.
@ [Myyc: set of all WVCs occurring in T1
Then, A is a K-WV of [T if
@ AisaK-WV of Ny and
Q A satisfies every constraint in Myyc.
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differs from the language of ES18 as follows:
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Language of ES16  [shen and Eiter, AlJ 2016]

@ instead of K and M, we have epistemic negation NOT
@ NOTp (in ES16) corresponds to notK p (in ES18).

NOTp — —— pis notproved to be true.

@ use the equivalences notnotK = K and notKnot = M

@ obtain the following equivalent transformations between:

ES18

K

notK

notM

ES16

notNOT

NOT

NOTnot

notNOTnot

@ Programs of ES16-18 share the same syntax.
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Shen and Eiter (SE)’s reduct definition

SE use notK (epistemic negation NOT) to minimise knowledge

@ First, remember:
Ep(M) = {not K1 : K1 appearsinM}uU{M1 : M1 appears in I}

@ Then, given A c 29U (we call it a guess),

o take its subset 4 = {G € Ep(N) : Ak G}
@ SE-reduct r®# of an ES rule r w.rt. ® 4
idea: eliminate K and M (aligning with K-reduct)

epis. negation (G) ifGe dg if Ge Ep(N) \ ¢4

notK1 replace by T replace by not 1

M1 replace by T | replace by not not 1
@ next form

N®a = {r®2 . re)
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New arrangement of SE-reduct

ext. sub. literal (G) if true in A if false in A

K1 replace by not not 1 delete rule
notK1 remove literal replace by not 1
M1 remove literal replace by not not 1

notM1 replace by not 1 delete rule
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SE’s semantics approach [se, Al 2016]

Ais a SE-world view (SE-WV) of an ELP I if:

fixed point
Q@ A=AS(N®*) ={A : Aisan answer set of 1%7};

knowledge-minimising
Q b4 is maximal, i.e., for no other guess A’, we have:
A = AS(M®7) and dg D D 4.

= but SE-WVs cannot treat well with ELPs including constraints...
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An example program with constraints

Consider the following EASP rules:
aorb «. (r1)
«— notKa. (rg)

@ ry has a unique SE-WV: {{a}, {b}}.
@ if we consider it with ro:
@ 1 ={ry, o} has a unique SE-WV: {{a}}.
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Novelty offered by ES21  [su, Jelia 2019]

@ nondual epistemic operators K and K
@ more natural generalisation of ASP
o our reduct definition is oriented to eliminate not

@ knowledge minimisation technique from reflexive
autoepistemic logic (nonmonotonic SW5, [Schwarz 1992])
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Language of ES21

extended the language of ASP with epistemic modalities K and K
@ K and K are not dual: K is not equivalent to notKnot.
o literals (1) :objective literals (1) and subjective literals (g)
1 g
p | ~p K1 | K1
where p ranges over P.

@ ES21 rules are of the following form:
Ad1or...ordx < Agy1, oo, Am,n0tAmyq, ..., NOt Ay

e positive rules — without negation as failure (NAF) not
@ (pos.) EASP program: finite collection of (pos.) EASP rules

= ASP: EASP in which literals are restricted to objective literals
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Positive ES21 programs

semantics: via stable S5 models

Given a (subset) map s : A — 29 sych that

s(A) C Aforevery A€ A, s # idon Aand s|ga = id,
(s[A], s(A)): weakening of A at a point A € A.
notation:(s[A|, s(A)) < (A, A).

Ex: {0.(q.r}} < {{p}. {q.1}}.

Given a pointed S5 model (A, A) and an EASP program [1,
A, A= iff

Q@ AAEMand
Q s[A|,s(A) I~ M for every map s viz. (s[A], s(A)) < (A, A).
Ex: {{p},m} E*qorr.
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A is a minimal model of I if A, A =" T1 for every A € A.

Consider the following positive program :

porq « .
S« q.
r— Kp.
Claim: { } is a minimal model of ¥: indeed,
{{p},{ }} = X while its only weakening {Q) {q,s}} = 2.
° {{p}, } = X while all its weakenings, i.e, {{p} @}
{{p}, } }t and { P}, (Z)} do not satisfy it.
{{p, r}} and {{q, s}} are the other (unintended) minimal models of .

= minimality of truth does not guarantee intuitive results. 29/41
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A quick introduction to SW5 models

An SW5 model M = (W, R, V) is a Kripke model in which
@ W: non-empty set of possible worlds;
o W=Cul{a}: C#0.
o forevery w e W: V(w) € P — a valuation, i.e.,
o a set of propositional variables
@ R ¢ Wx W a binary relation on W.
o xRyiffye Corx=y.
e R=(WxC)U(a,a).
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Cluster-decomposable Kripke models

C is a T -cluster if w7 u for every w, u € C.

We can transform an SW5 model M = (W, 7", V) into (A, C, V):

@ C is a nonempty cluster

@ A=0orA={a}
e 7 (a) = W (‘a can see any point in W including itself’)
o C can be accessed from every world in W — C is final!
@ but a point in C cannot access a € A.

C: ‘2nd floor Q

A: ‘Ist floor’ Q
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Nonmonotonic SW5
Minimal model semantics over SW5 = ‘nonmonotonicity’

M= (W,T,V)is preferred over a valuated cluster (C, V) in SW5
e W=CuU{a}:a¢C;
o 7T =(WxC)u{(a,a)
@ The valuations V agree on C;
@ There exists ¢ € Prop s.t. C=gand M= . (e, alE ¢.)

= we write: M > (C, V).

(C, V) is a minimal model of a theory I' in SW5 if
o (C,V),xl=Tforeveryxe C (e, (C,V)ET);
@ MIET forevery Mst. M > (C,V).

32/41



3rd Approach
000000008000000

Let A be an S5 model of a positive EASP program 1.
Then, A is a stable S5 model of I if

@ Ais a minimal model of IT;

Q any preferred SW5-extension of A is not a minimal model of I.

(i.e., forevery A’ € 2F \ A, A, A’ =1 or A,s(A’) = I for some
subset map s satisfying s(A’) c A’ and s|4 = id.)
@ 1st cnd: truth-minimality — intuition from ASP

@ 2nd cnd: knowledge-minimality — intuition from reflexive
autoepistemic logic (nonmonotonic SW5)

= our special S5 models are now stable w.r.t. truth and knowledge.
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Positive ES21 programs ctd.

Consider the following epistemic logic program ¥ once again:

porq <
s« q
r—Kp

Y has 3 min. models: A;={{p}, {q, s}}, Ax={{p, r}} & Az={{q, s}}.

@ A is not stable: it has a preferred model
A, = {{p, 1}, {q, shsws (A, > Az) and A, is also minimal.

@ Ajis not stable: it has a preferred model A; = {{q, s}, {P}sws
(A > Az) and A7 is also minimal.

@ any preferred model of A1 is not a minimal model of >.

.. Aj is the unique stable S5 model of ¥.
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What if 1 is not positive?

then we first take the reduct!
@ our reduct defn is oriented to eliminate NAF only as in ASP!

Let I1 be an epistemic logic program.
Let A c 2L be nonempty and A € A.Then,

@ the reduct YA of M w.r.t. (A, A) is given by replacing every
occurrence of notA with

o LifAAEAL (fori=1ifAE1; ford=KLlifAEKL):;
o TIFAAKEAL (forA=1ifAEL ford=K1ifAKIL).

@ Thus, A is a minimal model of I if
A, A = YA for every A € A.

@ The rest (knowledge-minimality) is the same.
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Let’s see an example!

Consider the following EASP program I':

p < not ~q
~g < notp
r—notKp

Claim: A = {{p, r}, {~q, r}} is a minimal model of I': indeed,

ripnan . o 1 rientan . 5
~qe L ~qe T
reT reT

° {{p, r},{~q, r}} = rtent~aml put all its weakenings do not.

° {{p, r},{~q, r}} = riPn=aml put all its weakenings do not.
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How we deal with constraints?

epistemic logic program N | K-WVs SE-WVs | S-WVs
Mi:porg {terta} | {tehta)] | {tonta))
porq none o1} {to}}
—notKp
My :p — notgq {onta} | {tonta] | i)t
q < notp
I «— Kp {{p7 r}}
p —notq fo.n} | {te.n} | fion)
g<notp
r—Kp
«— notr
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Examples continued...

epis. spec. [1

K-WVs

SE-WVs

S-WVs

My:p < notq
g < notp
rors « notKp

{to. 1 (a. 1 (p. s {a, s))

same

same

My: p < notgq
g < notp
rvs < notKp
—r
«— S

{tp}}

{tp}}

@ What would we expect? no world views/AEEMs

@ Intuitive? no!
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Discussion: inclusion of belief operator

let’s call our belief operator B :
@ can consider B as dual of K (same as M in ES), i.e.,
e B is equivalent to not Knot
e can treat it neither positive nor negative construct
(similar to notnot in ASP)
? shoud we take its reduct? probably YES!
e complicated because then we have to define how to take the
reduct of Knot
@ can consider B (similar to K in ES21) as non-dual of K
reasonable because EASP is a 3-valued formalism
treat it as a positive subjective literal like Kp
and we do not take its reduct
but then p « B p has a unique ESM {0}. Intuitive?
remember that p < M p has a unique SE-WV and K-WV: {{p}}.

(]

e Ve e
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To sum it up

@ many different semantics approaches for ELPs
e most of them are obsolete today:
[Gelfond 1991,1994,2011; Kahl et al. 2014,2016, Wang&Zhang 2005,...]
o successful candidates (to some extent):
[Kahl 2018, SE 2016, FHS 2015, CFF 2019]
@ cannot cope with programs including constraints except
[Cabalar et al., 2019]
@ Our approach:
e propose a more standard generalisation of ASP
e but cannot offer a solution to the constraint problem
o still, functionality of constraints can be discussed in ES
(see [Shen and Eiter, 2019])

Thank you!
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