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System Perspective

What is the benefit?

+ Transparency
+ Flexibility Knowledge Expert

+ Maintainability
+ Reliability

+ Generality Solver
+ Efficiency

+ Optimality
+ Availability
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System Perspective

Industrial impact

Within SIEMENS, constraint technologies have been successfully
used for solving configuration problems for more than 25 years.
[...] approximately 80 percent of the maintenance costs and more
than 60 percent of the development costs for the knowledge rep-
resentation and reasoning tasks were saved.

In: A. Falkner et al. Twenty-Five Years of Successful Application of Constraint Technologies at Siemens. Al Magazine.
37(4):67-80, 2016.
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System Perspective

ASP solving process
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System Perspective

clingo's approach
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System Perspective

clingo's approach

ETheory T._
iGrammar;

Tasp il || R C TASP |
o, »  gringo = - clasp = = S

m Challenge Logic programs with elusive theory atoms

m Example The atom “&sum{x;-y}<=4" stands for difference
constraint x —y < 4
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System Perspective

CASP = ASP + CP

Constraint Answer Set Programming

m clingo extensions with linear constraints

m clingcon — linear constraints over integers

m clingo[pL] — difference constraints

m clingo[LP] — linear constraints over floats

m clingo[LPX] — linear constraints over rationals

< numeric variables are not grounded
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m clingo extensions with linear constraints

m clingcon — linear constraints over integers

m clingo[pL] — difference constraints

m clingo[LP] — linear constraints over floats

m clingo[LPX] — linear constraints over rationals

< numeric variables are not grounded

¢ What about defaults 7 Undefined variables 7
i Nope, numeric variables are monotonic!
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System Perspective

CASP = ASP + CP

Constraint Answer Set Programming

m clingo extensions with linear constraints

m clingcon — linear constraints over integers

m clingo[pL] — difference constraints

m clingo[LP] — linear constraints over floats

m clingo[LPX] — linear constraints over rationals

m clingo extensions with linear constraints, non-monotonically

m /c2casp — linear constraints over integers
m flingo — linear constraints over integers

m values of variables must be derived and may be undefined
m defaults, assignments, definedness check
m non-strict and strict aggregates

¢ What does this mean ?
i For semantics, start here, go there, and find an equilibrium! 7
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Foundations

Stable model
m A logic program P is a set of rules, r, of the form
a<+ by,....,by,—c1,...,7Cpy

The reduct, PX, of a program P relative to a set X of atoms is

Cn(P) stands for the smallest model of a positive program P

A set X of atoms is a stable model of a program P
if Cn(PX) =X
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Foundations

Start here
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Foundations

Logic a la George Boole

m Alphabet A set A of atoms
mFormula ¢ 1= L | ac A | oA | oV | p—=p
0= 1
A set | of atoms with /| C A

| represents true atoms, A\ / represents false atoms

IEaifacl
IEpAYiflEpand |l EY
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An interpretation / such that | = ¢
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Foundations

Logic a la George Boole

m Alphabet A set A of atoms
mFormula ¢ 1= L | ac A | oA | oV | p—=p
m Assignment A set | of atoms with /| C A

Intuition [ represents true atoms, A \ | represents false atoms
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Foundations

Start here, go there
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Foundations

Logic a la Arend Heyting
and Kurt Godel

m Alphabet A set A of atoms
mFormula ¢ := L | a | oAp | pVe | o=

A pair (H, T) of sets of atoms with H C T C A
H is called “here” and
T is called “there”

(H, T) is a simplified Kripke structure

H represents provably true atoms
T represents possibly true atoms
A\ T represents false atoms
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Foundations

Logic a la Arend Heyting

and Kurt Godel

m Satisfaction

B (HT)FaifaeH

B (HT)EenAyif (H,T)Epand (H, T) =9

B (HT)EeVvyif(H,T)Epor(H,T)E1Y

A HT)Ee—-0if(X,T)Epor (X, T)E1 forboth X =H, T
m Intuition

m (H, T) =@ ~ @is provably true
m (T, T)=piff TEp

m Model An interpretation (H, T) such that (H, T) = ¢

This system is called the Logic of Here-and-There (HT; Heyting, 1930),
also known as G3 (Godel, 1932)
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Foundations

Boolean vs Heytingian Logic

m Implication

m Boolean ¢ — ¢ is merely a logical shortcut for = V ¢
m Heytingian Implication represents a directional derivation

m Foundedness Truth must be earned

m The truth of a formula is only justified if there exists a derivation
starting from the facts
m This property separates Boolean from Heytingian-style systems
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m Foundedness Truth must be earned

m The truth of a formula is only justified if there exists a derivation
starting from the facts
m This property separates Boolean from Heytingian-style systems

m Tautologies
Boolean | Heytingian

pVop v X
-V - v v
= @ v X
= P v v
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Foundations

Start here, go there, and find an equilibrium !
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Foundations

Non-monotonicity via Minimization

m Closed-world assumption Atoms are assumed false unless they are
forced to be true

Torsten Schaub (KRRQUP) Constraint Answer Set Programming 20/35



Foundations

Non-monotonicity via Minimization

m Closed-world assumption Atoms are assumed false unless they are
forced to be true

m John McCarthy's circumscription selects those Boolean models of a
formula that minimize the set of true propositional variables

Torsten Schaub (KRRQUP) Constraint Answer Set Programming 20/35



Foundations

Non-monotonicity via Minimization

m Closed-world assumption Atoms are assumed false unless they are
forced to be true

m John McCarthy's circumscription selects those Boolean models of a
formula that minimize the set of true propositional variables

m David Pearce’s equilibrium models are total Heytingian models of a
formula that are minimally justified
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Foundations

David Pearce’s equilibrium logic
m Equilibrium Model

A total Heytingian model (T, T) is an equilibrium model of a formula
¢ if there is no proper subset H C T such that (H, T) = ¢
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David Pearce’s equilibrium logic

m Equilibrium Model
A total Heytingian model (T, T) is an equilibrium model of a formula
¢ if there is no proper subset H C T such that (H, T) = ¢

m Theorem The equilibrium models of a logic program correspond
exactly to its stable models (answer sets)

Stable models are (minimal) Boolean models

m Example
{v}. bV —b
a :- b, not c. bA-c— a
Stable models Equilibrium models

{}, {a,b} (0,0), {{a, b},{a, b})
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Hybrid Foundations

Foundedness in CASP systems

Example
{a}. aV-a
“x > 77 - a. a—x>17

clingcon produces infinitely many solutions:

a is true and x takes all values greater than 7
a is false and x takes all possible integer values

flingo yields infinitely many solutions:

a is true and x takes all values greater than 7
a is false and x is undefined

clingo[pL] obtains only two solutions:

a is true and x is 8 and
a is false and x is undefined
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Hybrid Foundations

HT. Syntax
m Signature (X,D,A)

m X variables
m D domain
m A atoms

The syntax of atoms is left open
Atom “x —y < d"” with x,y € X and d € D

o over A
p =L [aceA | oAy | oV | p—=p

For a€ X and t € D, we abbreviate (a =t) € A by a.
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Hybrid Foundations

HT. Semantics

m Valuation v: X — DU {u}
m u ¢ X UD stands for undefined
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Hybrid Foundations

HT. Satisfaction

m HT -interpretation over X,D is a pair (h, t) of valuations over X', D
such that h C ¢t

An HT,-interpretation (h, t) satisfies a formula ¢, written (h, t) | ¢,
if the following conditions hold

(h,t) = L
(h,t) = aif both he [a ﬂand tefa] forac A
(h,t) E ANy if (h,t) = ¢ and (h t) E ¢
(h,
(h,

) b= Vb if (e t) = g (ht) = v

or
) | o I (W, 2) I or () b=
for both ¥ = h and H = t.
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Hybrid Foundations

HT. Equilibrium model

m A total interpretation (t, t) is an equilibrium model of
a formula ¢, if

(t.t) = ¢
(h,t) =@ forall hC t
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Hybrid Foundations

HT. Equilibrium model

m A total interpretation (t, t) is an equilibrium model of
a formula ¢, if

(t.t) = ¢
(h,t) =@ forall hC t

m tis called an HT.-stable model of ©
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Systems revisited

clingcon summation constraints

&sum{ty;...;th} <'s strict sum?!

1t s product terms, x an integer variable, < a comparison
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Systems revisited

flingo summation constraints

&sum{ty;...;th} <s non-strict sum?

&sus{ty;...;th} <5 strict sum!

1t s product terms, x an integer variable, < a comparison
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Systems revisited

summation constraints

and more
&sum{ty;...;th} <s non-strict sum?
&sus{ty;...;th} <5 strict sum!
&df(x) definedness
&int(x) integrality
1t s product terms, x an integer variable, < a comparison (g
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Systems revisited

clingcon semantics

summation constraints

[&sum{ts;...;ta} <s]={veV|v(t)eZ Y jc,v(ti) < v(s)}

v(n)=n

V(% x) = {n*v(x) if v(x) €Z

u otherwise
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Systems revisited

flingo semantics

summation constraints

[&sum{ts;...;ta} <s]={veV|v(t)eZ Y c,v(ti]) < v(s)}

V() = n V(,,*X):{n*v(x) if v(x) € Z V(t):{v(t) if u(t) € Z

u otherwise 0] otherwise
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Systems revisited

Denotational semantics

summation constraints and more
[&sum{ts;...;ta} <s]={veV|V(t)eZ Y jc,v(ti]) < v(s)}

[&df(x)] = {v € V] v(x) # u}
[&int(x)] ={v eV |v(x) e Z}
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Systems revisited

Example
m CASP program
{a}.

&sum{ x } > 7 :- a.
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Example

m CASP program

{a}.

&sum{ x } > 7 :- a.
m clingcon semantics m flingo semantics

aV -a aV -a

a—>x>7 a—+x>7

&df(a) — a &df(a) — a

&int(x) &df(x) — &int(x)
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Systems revisited

Example
Tariffs

&sum{ tariff(cars,ca) } = 25.
&sum{ tariff(P,eu) } = 15 :- sales(P,eu,_),
not &sus{ tariff(P,eu) } != 15.
&sum{ tariff(steel,eu) } = 0.
&sum{ tariff(aircraft,eu) } = 25.

&sum{ Y*tariff(P,C),P,C : sales(P,C,X), Y=X/100 } =: taxincome.
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Systems revisited

Example

Configuration

price(frame,15).
default_range(1,2).

select (frame). { select(bag) .
&sus{ V } = price(P) :— select(P), price(P,V).
&in{ L..U } =: price(P) :- select(P), default_range(L,U),

not &sus{ price(P) } < L, not &sus{ price(P) } > U.

&sus{ price(P) : select(P) } =: price(total).
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Summary

Summary: CASP = ASP+CP

m Logical Foundations

m Logic of Here-and-There with Constraints (HT,)

m partial valuations
B constructive implication
m undefinedness and default values

m Equilibrium Logic
B non-monotonicity via minimization
m basis for answer set style semantics

m CASP Systems

m clingcon = ASP + monotonic CP
m flingo = ASP + non-monotonic CP
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