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Motivation

Usage of Multiple Knowledge Bases

m No single point of truth

m Combining knowledge from different sources into a coherent view
m Possibly heterogeneous knowledge bases

m Contents may be contradicting
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Motivation

Usage of Multiple Knowledge Bases

m No single point of truth

m Combining knowledge from different sources into a coherent view
m Possibly heterogeneous knowledge bases

m Contents may be contradicting

Examples

m Judgment aggregation (discussed later)
m Merging of decision diagrams
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Belief Sets and Knowledge Bases

Definition (Collections of Belief Sets)

m Belief: atomic formula or a negated atomic formula
Signature ¥ = (X,,%),)
(3 ... constant symbols, 3, ... predicate symbols)

Redl C., Eiter T., Krennwallner T. (TU Vienna) Declarative Belief Set Merging using Merging Plans January 24, 2011 6/26



Belief Sets and Knowledge Bases
Definition (Collections of Belief Sets)
m Belief: atomic formula or a negated atomic formula

Signature ¥ = (X,,%),)
(3 ... constant symbols, 3, ... predicate symbols)

m Set of all beliefs, i.e., all literals: Litsx,

Redl C., Eiter T., Krennwallner T. (TU Vienna) Declarative Belief Set Merging using Merging Plans January 24, 2011 6/26



Belief Sets and Knowledge Bases

Definition (Collections of Belief Sets)

m Belief: atomic formula or a negated atomic formula
Signature ¥ = (X,,%),)
(3 ... constant symbols, 3, ... predicate symbols)

m Set of all beliefs, i.e., all literals: Litsx,

m A belief set is a set B C Lity,

Redl C., Eiter T., Krennwallner T. (TU Vienna) Declarative Belief Set Merging using Merging Plans January 24, 2011 6/26



Belief Sets and Knowledge Bases

Definition (Collections of Belief Sets)

m Belief: atomic formula or a negated atomic formula
Signature ¥ = (X,,%),)
(3 ... constant symbols, 3, ... predicate symbols)

m Set of all beliefs, i.e., all literals: Litsx,

m A belief setis a set B C Lits,
m Set of all belief sets A(X) over ¥: A(X) := 2ki=

Redl C., Eiter T., Krennwallner T. (TU Vienna) Declarative Belief Set Merging using Merging Plans January 24, 2011 6/26



Belief Sets and Knowledge Bases

Definition (Collections of Belief Sets)

m Belief: atomic formula or a negated atomic formula
Signature ¥ = (X,,%),)
(3 ... constant symbols, 3, ... predicate symbols)

m Set of all beliefs, i.e., all literals: Litsx,

m A belief setis a set B C Lits,
m Set of all belief sets A(X) over ¥: A(X) := 2ki=
m A collection of belief sets is a set B C A(X)

Redl C., Eiter T., Krennwallner T. (TU Vienna) Declarative Belief Set Merging using Merging Plans January 24, 2011 6/26



Belief Sets and Knowledge Bases

Definition (Collections of Belief Sets)

m Belief: atomic formula or a negated atomic formula
Signature ¥ = (X,,%),)
(3 ... constant symbols, 3, ... predicate symbols)

m Set of all beliefs, i.e., all literals: Litsx,

m A belief setis a set B C Lits,

m Set of all belief sets A(X) over ¥: A(X) := 2ki=
m A collection of belief sets is a set B C A(X)

Definition (Knowledge Bases)

m We abstract from a concrete language for knowledge bases KB

Redl C., Eiter T., Krennwallner T. (TU Vienna) Declarative Belief Set Merging using Merging Plans January 24, 2011 6/26



Belief Sets and Knowledge Bases

Definition (Collections of Belief Sets)

m Belief: atomic formula or a negated atomic formula
Signature ¥ = (X,,%),)
(3 ... constant symbols, 3, ... predicate symbols)

m Set of all beliefs, i.e., all literals: Litsx,

m A belief setis a set B C Lits,

m Set of all belief sets A(X) over ¥: A(X) := 2ki=
m A collection of belief sets is a set B C A(X)

Definition (Knowledge Bases)

m We abstract from a concrete language for knowledge bases KB

m Knowledge bases are identified with assigned collections of belief sets (their
“semantics”): BS(KB) C A(X)
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Belief Sets and Knowledge Bases

Example

KB = {dog(sue) V cat(sue), female(sue) }
Associated collections of belief sets depend on the semantics, e.g.,:
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Associated collections of belief sets depend on the semantics, e.g.,:

m Minimal Herbrand models:
BS(KB) =
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Belief Sets and Knowledge Bases

Example

KB = {dog(sue) V cat(sue), female(sue) }
Associated collections of belief sets depend on the semantics, e.g.,:

m Minimal Herbrand models:
BS(KB) =
{ {dog(sue), —cat(sue), female(sue)}, { ~dog(sue), cat(sue), female(sue)} }

m Classically entailed literals:
BS(KB) = { {female(sue)} }
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Merging Task

Collection of Knowledge Bases

m Collection of knowledge bases: KB = KBy, ...,KB,
m Associated collections of belief sets: BS(KBy), ..., BS(KB,)
m Task: Integrate them into a single set of belief sets
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m Task: Integrate them into a single set of belief sets

Types of Mismatches

m Naive union not always possible
m Mismatches:

m language (syntactic) incompatibilities
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Mismatch 1: Language Incompatibilities
The Problem

m Different sources may use different vocabularies
m Syntactically equal beliefs may encode different information (homonyms)
m Syntactically different beliefs may encode the same information (synonyms)
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Mismatch 1: Language Incompatibilities
The Problem

m Different sources may use different vocabularies
m Syntactically equal beliefs may encode different information (homonyms)
m Syntactically different beliefs may encode the same information (synonyms)

m Example:
Py = {degree(john, “MSc”) <} vs. P, = {deg(john, “Master of Science”) <}

The Solution

m Common signature: ¢ = (X, X¢)
m Convert the collection of belief sets B; = BS(KB;) to a new collection over ¥:¢:
Bf = pi(B:)
Formally: A belief set conversion is a function
i 22T 5 2AEY) 1 < i<
st. Bl = B]f iff they are considered to represent the same information
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Mismatch 1: Language Incompatibilities

Example (continued)

MI(B) = Ba
w2 (B) = {{degree(X, “MSc”) | deg(X, “Master of Science”) € B}U
{degree(X,Y) | deg(X,Y) € B,Y # “Master of Science”} | B € B};
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Merging Framework

Mismatch 2: Logical Inconsistencies
Definition (Integrity Constraints)

Application-dependent integrity constraints are abstractly modeled as
CC 2A(EC),
s.t. B C A(XC) satisfies the constraints iff B € C
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Merging Framework

Mismatch 2: Logical Inconsistencies
Definition (Integrity Constraints)

Application-dependent integrity constraints are abstractly modeled as
CC 2A(2c),
s.t. B C A(XC) satisfies the constraints iff B € C

The Problem

m We assume: Each source satisfies the constraints: 5; € C forall 1 <i<n
m But the union may violate them: |J B; ¢ C

i=1

The Solution

m We introduce merging operators
m Maps n collections of belief sets to a new, integrated collection
oM (ZA(ZC))H XDy X ...xD, —2A)
N———

additional parameters

collections of belief sets
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Mismatch 2: Logical Inconsistencies
Example: Operator definition

Idea: Union operator preserving consistency under classical semantics
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Merging Framework
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Merging Framework
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Example:
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Merging Framework

Mismatch 2: Logical Inconsistencies
Example: Operator definition
Idea: Union operator preserving consistency under classical semantics

Integrity constraints: (formally) C = {B C A(X) | #B€ B:3A: {A,-A} C B}
Example:

m {{a,b,c}, {a,d}} €C
m {{a,b,c}, {a,~d}} €C
m {{a,b,a},{a,~d}} &C

Operator definition: (binary, no parameter, i.e., n =2,m = 0)
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Mismatch 2: Logical Inconsistencies
Example: Operator definition

Idea: Union operator preserving consistency under classical semantics

Integrity constraints: (formally) C = {B C A(X) | #B€ B:3A: {A,-A} C B}
Example:

m {{a,b,c}, {a,d}} €C

m {{a,b,c}, {a,~d}} €C

m {{a,b,—a},{a,~d}} &C

Operator definition: (binary, no parameter, i.e., n =2,m = 0)
06’0(81,82) = {B1 UB, I By € Bi,B, € Bg,ﬂA : {A,_\A} - (Bl UBz)} s

Application:
m B = {{a,b,c},{—a,c}}
m B, = {{—a,d},{c,d}}
m o;)(By,By) = { fabr—ad} . {a,b,c,d}, {—a,c,d}, {—a,c,d}}
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Merging Plans

Hierarchical arrangement of operators:

/l\ 1s(BS(KB4))  ps(BS(KBs))

BS KBZ ,U,3 BS KB3

Example

w1 (BS(KBy))
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Merging Framework

Merging Plans

Definition (Merging Plans)

The set Mg o of merging plans over knowledge bases KB = KBy, ..., KB, and a
set Q = {oy,...,0,} of operators is the smallest set such that

() each M € KB, called atomic merging plan, is in Mgz o;

(II) if O:l’m € Q7Sj € MKB,Q and a; € D; for 1 <j<nl1< k < m, then
n,m
<Oi 7S17"'7sn7a17~--;am> e-A/lKB,Q-

Example (continued)

M = (o}, (o), (oL, KB1), KBy, KB3), (o}, KB, KBs)).
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Merging Task
Definition (Merging Task)
A merging task is a quintuple T = (KB, X, 1, Q, M)
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Merging Task
Definition (Merging Task)
A merging task is a quintuple T = (KB, X, 1, Q, M)

Definition (Merging Task Result)

The result of a merging task T = (KB, 3¢, 1, Q, M), denoted as [T], is
[1:(BS(M))) e, if M € KB,

71 = { (Tl o [T,y amlsg, (M = (51, sy,

where [Blsc = {{p(ai,...,a,) €BS|p= (=)', p' € ¥C} | BS € B} denotes the
projection of B to the atoms over ¢, and T; = (KB, %€, i, Q,s;), 1 <i < n.

Intuition

m The result of a merging plan will be defined as the collection of belief sets
delivered by the topmost operator
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Merging Plans

Example (continued)

M = (o}, (o), (oL, KB1), KBy, KB3), (o}, KB, KBs)).
Let
KBy ={a., b.},KB, = {x., y.},KB3 = {—a., ¢.},KBy = {a., x.},KBs = {c., x., y.}
under answer-set semantics (x. is an abbreviation for x < .)

Redl C., Eiter T., Krennwallner T. (TU Vienna) Declarative Belief Set Merging using Merging Plans January 24, 2011 16/26



Merging Plans

Example (continued)

M = (o}, (o), (oL, KB1), KBy, KB3), (o}, KB, KBs)).
Let
KB, = {a., b.},KB, = {x., y.},KB; = {—a., ¢.},KBs = {a., x.},KBs = {c., x., y.}
under answer-set semantics (x. is an abbreviation for x < .)

Evaluation:
[({KB1,...,KBs},%C, g, Q, M)] =
ot ([(o}, (o', KB), KBz, KB3)], [(o3, KB4, KBs)] ) =
of (o3([(",, KBV, [KB.I. [KBs]), [(c%,KBs,KBs)] ) =
= O< ({{—a, b, c,x,y}}, {{a,c,x,y}}) = {{—a,—b}}.

([M] is an abbreviation for [{Py, ..., Ps}, X, iq, Q, M])
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Prototype Implementation MELD

Towards Automated Evaluation
Goal

m Define merging task formally
m Compute its result automatically
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Merging Task Language

Example: merging.mt

[common signature]
predicate: a/0;
predicate: b/0;
predicate: c/0;
predicate: p/1;
predicate: q/3;

[belief base]
name:bb1;
mapping: “some_rule.’; % query external source here
mapping: “q(X, Y, Z) :- &rdf[...](X, Y, Z).%;

[belief base]
name:bb2;
source: “some_program.hex”; % or within this program
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Merging Task Language
Example: merging.mt (ctn'd)

[merging plan]
{ operator: setminus;

{

operator: union;

{
operator: neg;
{bb1};
g
{bb2};
{bb3};
1
{ |
operator: union;
{bb4};
{bb5};
1
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Advantages of the Framework

Support for Prototyping Applications

m Reuse merging operators once
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Advantages of the Framework

Support for Prototyping Applications

m Reuse merging operators once
m Rapid prototyping of applications

m Quick restructuring of merging plans, exchange of operators, parameter
modification

m Automatic recomputation of result

m Experimenting with different merging plans
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m Prototype implementation: MELD as a plugin for dlvhex
m Applications: Judgment Aggregation, Merging of Decision Diagrams, ...
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Advantages

m Reusing of operators
m Evaluating different operators empirically

m Automatic recomputation of result
m Release user from routine tasks
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