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ABSTRACT

Answer Set Programming (ASP) is one of the most prominent and successful knowl-
edge representation paradigms. The success of ASP is due to its expressive non-monotonic
modeling language and its efficient computational methods originating from building propo-
sitional satisfiability solvers. The wide adoption of ASP has motivated several extensions
to its modeling language in order to enhance expressivity, such as incorporating aggre-
gates and interfaces with ontologies. Also, in order to overcome the grounding bottleneck
of computation in ASP, there are increasing interests in integrating ASP with other comput-
ing paradigms, such as Constraint Programming (CP) and Satisfiability Modulo Theories

(SMT).

Due to the non-monotonic nature of the ASP semantics, such enhancements turned
out to be non-trivial and the existing extensions are not fully satisfactory. We observe that
one main reason for the difficulties is rooted in the propositional semantics of ASP, which is
limited in handling complex constructs (such as aggregates and ontologies) and functions

(such as constraint variables in CP and SMT) in natural ways.

This dissertation presents a unifying view on these extensions by viewing them as
instances of formulas with generalized quantifiers and intensional functions. We extend
the first-order stable model semantics by Ferraris, Lee, and Lifschitz to allow generalized
quantifiers, which cover aggregates, DL-atoms, constraints and SMT theory atoms as spe-
cial cases. Using this unifying framework, we study and relate different extensions of ASP.
We also present a tight integration of ASP with SMT, based on which we enhance action
language C+ to handle reasoning about continuous changes. Our framework yields a sys-

tematic approach to study and extend non-monotonic languages.
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Chapter 1

INTRODUCTION

Applications of Knowledge Representation and Reasoning (KR & R) techniques often mo-
tivate extensions of formalisms to allow new constructs and integrations with different for-
malisms. Such extensions or integrations allow one to take advantage of the expressivity of
each of the component as well as their reasoning capabilities. However, the fundamental
differences among different computing paradigms make the work non-trivial. How to de-
velop an expressive yet efficient integrated system with an intuitive semantics is a constant

research challenge.

The challenge inherently arises in logic programming, a subarea of KR & R. ASP is
one of the most prominent and successful logic programming paradigms. It is based on the
answer set (stable model) semantics of logic programs. Due to the simple syntax, the intu-
itive semantics to handle non-monotonic reasoning, and the availability of efficient solvers,
ASP has been widely used in a variety of reasoning tasks, including building decision sup-
port systems for the Space Shuttle (Nogueira, Balduccini, Gelfond, Watson, & Barry, 2001),
program configuration (Tiihonen, Soininen, Niemel&, & Sulonen, 2003), phylogenetic tree
inference (Brooks, Erdem, Erdogan, Minett, & Ringe, 2007) and formal analysis of security
policies (Gelfond & Lobo, 2008). Motivated by applications, there are already many exten-
sions of the modeling language of ASP to enhance expressivity and integrations of ASP
with other computing paradigms to improve computation efficiency. However, due to the
non-monotonic nature of the ASP semantics, such enhancements turned out to be non-
trivial and the existing extensions are not fully satisfactory. In the following, we consider the
extension of ASP with aggregates as well as the integration of ASP with description logics,

constraints and SMT theory atoms.

e Aggregates significantly enhance the language of ASP by allowing natural and con-
cise representations of many problems. On the other hand, defining a reasonable
semantics of aggregates under the propositional answer set semantics (Gelfond &

Lifschitz, 1988) turned out to be a non-trivial task. The difficulties result in many in-



teresting extensions of the original answer set semantics (Simons, 1999; Niemel4,
Simons, & Soininen, 1999; Pelov, Denecker, & Bruynooghe, 2004; Faber, Leone, &
Pfeifer, 2004; Marek & Truszczynski, 2004; Ferraris, 2005; Son, Pontelli, & Tu, 2007).
However, different extensions have different understandings and characteristics of
non-monotonicity, which make it difficult for one to study and compare the semantics.
An aggregate is better to be understood as a first-order construct instead of a propo-
sitional one. As Lee, Lifschitz, and Palla pointed out in (Lee et al., 2008a), a COUNT

aggregate can be viewed as a shorthand for first-order formulas.

e Description Logics (DLs) are a basis of the Web Ontology Language (OWL). Integrat-
ing DL with logic programs enables us to perform defeasible and closed world rea-
soning using existing ontology knowledge bases. For this reason, there have been
many interests in such integration (Eiter, Lukasiewicz, Schindlauer, & Tompits, 2004;
Rosati, 2005; Heymans, de Bruijn, Predoiu, Feier, & Nieuwenborgh, 2008; Eiter, lanni,
Lukasiewicz, Schindlauer, & Tompits, 2008a; Feier & Heymans, 2009; Fink & Pearce,
2010; Shen, 2011; Lee & Palla, 2011). However, the integration of ASP and DLs
is not trivial since the semantics of ASP, which is propositional, cannot handle DL

formulas, which are first-order, in a natural way.

e Grounding, which replaces variables with ground terms in all possible ways, is a
process that most ASP solvers rely on. However, grounding w.r.t. a large domain
produces a large set of instances, which becomes a bottleneck in ASP computation.
In order to alleviate this “grounding problem,” there have been several recent efforts to
integrate ASP with constraint solving, or to compute ASP programs using Satisfiability
Modulo Theories (SMT) solvers (Gebser, Ostrowski, & Schaub, 2009; Balduccini,
2009; Janhunen, Liu, & Niemela, 2011; Liu, Janhunen, & Niemela, 2012), where
functional fluents can be represented by variables in Constraint Satisfaction Problems
or uninterpreted constants in SMT. However, like the traditional ASP, non-monotonicity

of those extensions has to do with predicates only, and nothing to do with functions.

From the above discussion, we observe that one main reason for the difficulties in the

extensions of ASP rooted in its propositional semantics, which cannot handle first-order
2



constructs and functions in natural ways.

We also observe that while the extensions were driven by different motivations and
applications, a common issue is to extend the stable model semantics to incorporate “com-
plex atoms", such as aggregates, DL-atoms, constraint atoms, and SMT theory atoms.
However, a systematic study is still missing. Over the past few decades, many mathe-
matical results on the stable model semantics have been developed, such as the splitting
theorem (Lifschitz & Turner, 1994), the theorem on completion (Clark, 1978; Lloyd & Topor,
1984), the theorem on loop formulas (Lin & Zhao, 2002), the theorem on strong equiva-
lence (Lifschitz, Pearce, & Valverde, 2001) and the theorem on safety (Faber et al., 2004).
On the other hand, these results do not directly apply to the extensions and need to be re-
proven. E.g., the splitting theorem was extended to dI-programs (Eiter, lanni, Lukasiewicz,
Schindlauer, & Tompits, 2008b), to RASPL-1 programs (Lee et al., 2008a), and to weight
constraint programs (Wang, You, Lin, Yuan, & Zhang, 2010a). The strong equivalence
theorem was extended to programs with weight constraints (Turner, 2003), to monotone-
constraint programs (Liu & Truszczynski, 2006), and to abstract constraints (Liu, Goebel,
Janhunen, Niemela, & You, 2011). Loop formulas were extended to constraint atoms
in (You & Liu, 2008), to weight constraints and aggregates in (Lee & Meng, 2009; Liu,

2009), and to non-monotonic dl-programs in (Wang, You, Yuan, & Shen, 2010b).

Our observations identify two problems: (1) the propositional answer set semantics
is too restrictive for the extensions of ASP; (2) a common logical framework that captures

the extensions of ASP and a systematic way of studying the extensions are needed.

Recently, the Stable Model semantics was lifted to the first-order level (Ferraris
et al., 2007; Ferraris, Lee, & Lifschitz, 2011a). The new semantics is based on second-
order logic and unifies first-order logic and logic programs. In (Bartholomew & Lee, 2012),
the semantics is further extended to allow intensional functions. These provide a suitable
framework for integrating logic programs with aggregates, DLs, constraints and SMT theory
atoms. The most straightforward integration is to reduce the extended constructs into first-
order formulas. The paper (Lee et al., 2008a) presented a reductive approach to defining
a special class of aggregates. However, it is not always the case that integrated constructs

3



are reducible to first-order formulas.

HEX programs (Eiter, lanni, Schindlauer, & Tompits, 2005) provide an elegant ap-
proach to a unifying framework. It incorporates different extensions of the stable model se-
mantics in a uniform framework via "external atoms" to interface with external computation
sources. On the other hand, HEX programs are based on the the FLP semantics (Faber,
Pfeifer, & Leone, 2011), which is also limited to the propositional case. Another issue with
the FLP semantics is its semantics properties. For instance, the “conservative extensions"
are not preserved in the semantics. ' As another example, choice rules (Niemela & Si-
mons, 2000), which are often useful in the “generate-and-test” organization of a program,

are not supported in the FLP semantics.

This dissertation presents a unifying framework that combines the semantic prop-
erties of the first-order stable model semantics and the versatility of HEX programs. We
present a uniform view on the extensions of ASP by viewing them as instances of general-
ized quantifiers and formulas with intensional functions. Our framework yields a systematic

approach to study and extend non-monotonic languages. In particular, this dissertation

e relates the first-order stable model semantics with the first-order logic and presents
some decidable conditions under which the former can be represented by the latter.

This gives us insight on the precise relationship between the two semantics.

e provides a uniform view on some of the representative semantics of aggregates. This
helps us compare the semantics and allows us to apply the results already estab-
lished for propositional theories to each of the semantics. Based on the reduction,
we present the first-order stable model semantics and the first-order FLP semantics
for aggregate formulas which do not involve grounding. We also study the precise

relationships between the two generalized semantics.

e presents a unifying and reductive view on the extensions of ASP by viewing them
as special cases of formulas with generalized quantifiers under the first-order stable

model semantics. The framework provides a new perspective on the existing exten-

'See the related discussion in http://www.cs.utexas.edu/~vl/tag/aggregates.

4



sions of the stable model semantics, a way to compare them and even allows them
to be combined in a single language. The unifying framework also saves efforts in
re-proving the theorems for these individual extension. We extend several important
theorems in ASP to formulas with generalized quantifiers, which in turn can be ap-
plied to the particular extensions of the stable model semantics. To compare our
approach with HEX programs, we generalize the first-order FLP semantics to cover
formulas with generalized quantifiers and compare the two semantics in the general

context.

e proposes a framework of tight integration of ASP and SMT as a special case of
functional stable model semantics that assumes background theories. Based on the
framework, we extend and enhance action language C+ (Giunchiglia, Lee, Lifschitz,
McCain, & Turner, 2004) to handle reasoning about continuous changes. By refor-
mulating C+ in terms of ASPMT, we naturally extend the language to overcome the

limitation, and use SMT solvers to compute the language.

The document is organized as follows. Chapter 2 gives the necessary background
information. In Chapter 3, we discuss how first-order stable model semantics is related to
first-order logic. In Chapter 4, we discuss our efforts in reformulating existing semantics on
aggregates and extension of the semantics to the first-order level. In Chapter 5, we extend
the first-order stable model semantics and the first-order FLP semantics to formulas with
generalized quantifiers. We reduce several extensions of ASP to formulas with generalized
quantifiers (GQ-formulas) and generalize some important theorems to handle GQ-formulas.
Chapter 6 presents the tight integration of ASP and SMT. It also discusses how to define

the semantics of action language C+ in terms of the framework. We conclude in Chapter 7.



Chapter 2

BACKGROUND
2.1 Answer Set Programming
ASP (Marek & Truszczynski, 1999; Lifschitz, 2008) is a recent form of declarative program-
ming that has emerged from the interaction between two lines of research—nonmonotonic
semantics of negation in logic programming and applications of satisfiability solvers to
search problems. The idea of ASP is to represent the search problem we are interested in
as a logic program whose intended models, called “stable models (a.k.a. answer sets),”
correspond to the solutions of the problem, and then find these models using an an-
swer set solver—a system for computing stable models. Like other declarative computing
paradigms, such as SAT (Satisfiability Checking) and CP (Constraint Programming), ASP
provides a common basis for formalizing and solving various problems, but is distinct from
others in that it focuses on knowledge representation and reasoning: its language is an ex-
pressive nonmonotonic language based on logic programs under the stable model seman-
tics (Gelfond & Lifschitz, 1988; Ferraris et al., 2007), which allows elegant representation of
several aspects of knowledge such as causality, defaults, and incomplete information, and
provides compact encoding of complex problems that cannot be translated into SAT and
CP (Lifschitz & Razborov, 2006). As the mathematical foundation of answer set program-
ming, the stable model semantics originated from understanding the meaning of negation

as failure in Prolog, which has the rules of the form
a1 ¢ ag, ..., 0y, N0t Gymy1, ..., 00t ay (2.1)

where all a; are atoms and not is a symbol for negation as failure, also known as default
negation. Intuitively, under the stable model semantics, rule (2.1) means that if you have
generated ao, ..., a, and it is impossible to generate any of a,,+1,...,a, then you may
generate a;. This explanation looks like it contains a vicious cycle, but the semantics is
carefully defined in terms of fixpoint. Formally, a program is called positive if none of the
rules in the program contain the symbol not. A set of ground atoms X is a stable model
(answer set) of a normal logic program IT if it is the minimal model of IIX, where II¥ is the
positive program (reduct) obtained by (i) removing all the rules such that for some not a;

6



in the negative body, a; € X, and (ii) removing the negative bodies of all the remaining
rules. According to this semantics, variables in answer set programs are understood as
place-holders, to be replaced by the ground terms of the underlying signature. As a result,
all answer sets are Herbrand models of the signature obtained from the program. The
semantics was later extended to programs with classical negation, and disjunction in the

head (Gelfond & Lifschitz, 1991).

Example 1 For program 11 that contains three rules

pla).  r(X) <+ p(X),not ¢(X).

Grounding replaces the variable x with each of {a, b}. It results in the following program IT':
p(a). r(a) < p(a), not q(a).
q(b).  7(b) < p(b), not q(b).

We check that X = {p(a), q(b), r(a)} is an answer set because II'X is

pla).  r(a) < pla).

and {p(a), q(b), r(a)} is the minimal set that satisfies IT'X .

The language also has useful constructs, such as strong negations, weak con-
straints, and preferences. What distinguishes ASP from other nonmonotonic formalisms is
the availability of several efficient implementations, answer set solvers, such as smodels’,
cmodels?, clasp®, which led to practical nonmonotonic reasoning that can be applied to

industrial level applications.
2.2 Theorem on Loop Formulas

According to the theorem on loop formulas (Lin & Zhao, 2004), the stable models of a logic
program (Gelfond & Lifschitz, 1988) can be characterized as the models of the logic pro-

gram that satisfy all its loop formulas. This idea has turned out to be widely applicable

Thttp://www.tcs.hut.fi/Software/smodels .
2http://www.cs.utexas.edu/users/tag/cmodels.html .
3http://potassco.sourceforge.net .
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in relating the stable model semantics to propositional logic, and has resulted in an effi-
cient method for computing answer sets using SAT solvers. Since the original invention
of loop formulas for nondisjunctive logic programs by Lin and Zhao (2004), the theorem
has been extended to more general classes of logic programs, such as disjunctive pro-
grams (Lee & Lifschitz, 2003b), infinite programs and programs containing classical nega-
tion (Lee, 2005; Lee, Lierler, Lifschitz, & Yang, 2010), arbitrary propositional formulas under
the stable model semantics (Ferraris, Lee, & Lifschitz, 2006), and programs containing ag-
gregates (Liu & Truszczynski, 2006; You & Liu, 2008). The theorem has also been applied
to other nonmonotonic formalisms, such as nonmonotonic causal theories (Lee, 2004) and
McCarthy’s circumscription (Lee & Lin, 2006). The notion of a loop was further refined as an
“elementary loop” (Gebser & Schaub, 2005; Gebser, Lee, & Lierler, 2006, 2011). However,
all this work is restricted to the propositional case. Variables contained in the program are
first eliminated by grounding—the process which replaces every variable with every object
constant—and then loop formulas are obtained from the ground program. As a result, loop

formulas were defined as formulas in propositional logic.

Chen, Lin, Wang, and Zhang’s definition (2006) of a first-order loop formula is dif-
ferent in that loop formulas are directly obtained from a non-ground program, so that they
are formulas in first-order logic which retain variables. However, since the semantics of a
logic program that they refer to is based on grounding, their first-order loop formulas are
simply understood as schemas for ground loop formulas, and only Herbrand models of the
loop formulas were considered in this context.

2.3 Extensions of ASP
Wide applications of answer set programming motivated various extensions to the lan-
guage and implementations, for instance, to reason about aggregates, to facilitate interface
with external information source, such as ontologies and to integrate different computing
paradigms such as Constraint Programming and Satisfiability Modulo Theories.
Aggregates
Aggregates are motivated by applications of ASP. They greatly enhance the modeling power

of the language and simplify the representation. On the other hand, defining a reasonable
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semantics of aggregates under the stable model semantics turned out to be a non-trivial
task. There have been many different semantics proposed, such as a modified definition
of traditional reduct (Faber et al., 2004), an extension of T» operator with “conditional sat-
isfaction” (Son et al., 2007), and an extension of Fitting’s approximating operator ®p to
@39 (Pelov, Denecker, & Bruynooghe, 2007). Meanwhile, a few reasonable ‘reductive”
semantics of aggregates have also been developed. In (Pelov, Denecker, & Bruynooghe,
2003) and (Son & Pontelli, 2007), the authors provided a way to identify aggregates with
nested expressions, which are more complex than the naive approach above, by involving
the notions of “maximal local power set” or “unfolding w.r.t. solutions.” Instead of referring
to nested expressions, Ferraris (2005) proposed to identify an aggregate with conjunctions
of implications under his extension of the answer set semantics for arbitrary propositional

formulas.

While most semantics agree on monotone and anti-monotone aggregates, they
have subtle differences in understanding arbitrary recursive aggregates. We consider three
representative semantics: the semantics from (Pelov et al., 2003; Son et al., 2007) (we
will call it PDB-SPT semantics; Lemma 6 from (Son & Pontelli, 2007) tells that the seman-
tics from (Son et al., 2007) is essentially equivalent to the semantics from (Pelov et al.,
2003)), the semantics from (Faber et al., 2004) (we will call it the FLP semantics), and the
semantics from (Ferraris, 2005) (we will call it the Ferraris semantics). Besides the non-
trivial reduction of aggregates to nested expressions in (Pelov et al., 2003; Son & Pontelli,
2007), non-reductive approaches for the PDB-SPT semantics have been studied by sev-
eral researchers as in (Pelov et al., 2007; Son et al., 2007; Son & Pontelli, 2007; You &
Liu, 2008). The FLP semantics is based on an interesting modification of the traditional
reduct and has been implemented in an answer set solver DLV.* The Ferraris semantics
appears close to the FLP semantics but is based on reduction to propositional formulas
under the stable model semantics, which is essentially a reformulation of the equilibrium
logic (Pearce, 1997), and is generalized to arbitrary first-order formulas in (Ferraris et al.,

2007). The three semantics mentioned above do not agree with each other.

“http://www.dbai.tuwien.ac.at/proj/dlv/ .



Example 2 Consider the following program I1; :

p(2) <+ not SUM{{x : p(x)}) <2
p(—=1) <« SUM{{z:p(z)}) >0 (2.2)
p(1) « p(=1).
This program has no answer sets according to the PDB-SPT semantics, one answer set
{p(—1),p(1)} according to the FLP semantics, and two answer sets {p(—1),p(1)} and
{p(—1),p(1),p(2)} according to the Ferraris semantics.

Description Logics

Description Logics (DLs) are a family of knowledge representation languages. They are
decidable fragments of first-order logic and also the basis of the Web Ontology Language
(OWL), which has greatly facilitated knowledge construction, storage and sharing across
the web. While DLs describe the terminological knowledge, logic programs represent con-
straints and defaults over them. Integrating DL with logic programs would enable one to

perform defeasible and closed world reasoning using existing ontology knowledge bases.

For this reason, there is increasing interest in such integration (Eiter et al., 2004;
Rosati, 2005; Heymans et al., 2008; Eiter et al., 2008a; Feier & Heymans, 2009; Fink &
Pearce, 2010; Shen, 2011; Lee & Palla, 2011). The integrations of description logics with
logic programming usually result in a hybrid knowledge base which is a pair (7, P) where
T is a knowledge base in description logics of a signature ¥+ and P is a logic program of
a signature Xp. DL-programs (Eiter et al., 2008a) provides an interesting way of integrating
DLs with ASP. In DL-programs, the program P interfaces with 7 via a special construct,
which represents a query to the ontologies. The queries to 7 are treated in a way such that
logic programming and description logic inference are technically separated. Compared to
other similar work, this increases flexibility and provides a way to utilize efficient implemen-

tations from both formalisms. DL-programs are implemented in the system DLV-HEX.

There are three alternative approaches for defining the semantics of DL-programs:
the one based on strong (or weak) transformation (Eiter et al., 2004), FLP semantics (Fink

& Pearce, 2010) and well-supported semantics (Shen, 2011).
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Constraints & SMT

Constraint programming (CP) is another computing paradigm that provides succinct repre-
sentation and a powerful way of solving combinatorial search problems. The computational
methods in CP are effective in reasoning about problems with variables whose values range
over various domains such as arithmetic computations. Observing the grounding bottleneck
in ASP, (Baselice, Bonatti, & Gelfond, 2005) and (Mellarkod, Gelfond, & Zhang, 2008) en-
hanced ASP with constraints and provided a family of extensions of ASP with different con-
straint classes. (Balduccini, 2009) and (Gebser et al., 2009) follow the work and propose
an alternative way of combining ASP and CP in a way that is similar to the “lazy approach”
of SMT solvers (Nieuwenhuis, Oliveras, & Tinelli, 2006). Janhunen et al.(2011) provide an
integration of ASP and SMT theories by translating the integrated program into difference

logic.

Marek and Truszczynski (2004) viewed propositional aggregates as a special case
of abstract constraint atoms. Son et al. (2007) generalized this semantics to account for
arbitrary abstract constraint atoms. Abstract constraint atoms is a generalization of ag-
gregates to represent arbitrary constraints on atoms. A constraint atom (or c-atom follow-
ing (Son et al., 2007)) is of the form (D, C). Intuitively, a c-atom represents a constraint
with a finite set C' of admissible solutions over a finite domain D. The semantics of pro-
grams with abstract constraint atoms was first proposed in (Marek & Truszczynski, 2004),
and was further developed in (Liu & Truszczynski, 2006; Son et al., 2007; Shen, You, &
Yuan, 2009). Son, Pontelli and Tu (Son et al., 2007) proposed a semantics of programs
with abstract constraints atoms based on “conditional satisfaction”, which turns out to be

equivalent to the PDB-SPT semantics of aggregates.

2.4 HEX Programs & FLP Semantics
HEX programs (Eiter et al., 2005) provide an approach to a unifying framework. It in-
corporates different extensions of the stable model semantics in a uniform framework via

"external atoms" to interface with external computation sources. HEX programs are well

studied (Eiter, lanni, Schindlauer, & Tompits, 2006a; Eiter et al., 2008a; Eiter, Fink, lanni,
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Krennwallner, & Schilller, 2011) and are implemented in the system DLV-HEX,® which has
been applied to several applications including biomedical ontologies (Hoehndorf, Loebe,
Kelso, & Herre, 2007) and web query (SPARQL) (Polleres & Schindlauer, 2007). Instead
of the the traditional stable model semantics (Gelfond & Lifschitz, 1988), the semantics of
HEX programs adopts the “FLP semantics” (Faber et al., 2011). The adoption was a key

idea that facilitates incorporating external atoms in HEX programs.

The FLP semantics is based on an interesting modification of the traditional defi-
nition of a reduct by Gelfond and Lifschitz (1988). The FLP-reduct (ITX) of a program II
relative to a set X of atoms is obtained from II by simply removing all rules whose bodies
are not satisfied by X. X is called an FLP-answer set of 11 if X is minimal among the sets

of atoms that satisfy I1X.

Example 1 continued The FLP-reduct of

p(a). r(a) < p(a),not q(a).
q(b). r(b) <— p(b), not q(b).

(2.3)

and X is minimal among the sets of atoms satisfying the reduct, and hence is an FLP

answer set.

The FLP semantics diverges from the traditional stable model semantics in some

essential ways. For example, consider a program
p(a) < not COUNT(z.p(x)) < 1, (2.4)

and another program which rewrites the first program as

p(a) < not ¢
q < COUNT(z.p(z)) < 1,

Shttp://www.kr.tuwien.ac.at/research/systems/divhex/
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where the second rule defines ¢ in terms of the count aggregate. One may expect this
transformation to modify the collection of answer sets in a “conservative” way. That is, each
answer set of (2.5) is obtained from an answer set of (2.4) in accordance with the definition
of ¢.6 However, this is not the case under the FLP stable model semantics: the former has
() as the only FLP answer set while the latter has both {p(a)} and {¢} as the FLP answer

sets.

Related to this issue is the anti-chain property that is ensured by the FLP seman-
tics: no FLP answer set is a proper subset of another FLP answer set. This prevents us
from allowing choice rules (Niemeld & Simons, 2000), which are a useful construct in the

“generate-and-test” organization of ASP programming (Lifschitz, 2002).

Also, the extensions of the FLP semantics to allow complex formulas in (Truszczynski,
2010; Bartholomew, Lee, & Meng, 2011) encounter some unintuitive cases. For example,
according to the extensions, {p} is the FLP answer set of p < pV —p , but this has a

circular justification.
2.5 First-Order Stable Model Semantics

The stable model semantics is extended to the first-order level in (Ferraris et al., 2007)

which we will review in the following.

A signature is a set of function constants and predicate constants. Function con-
stants of arity 0 are called object constants. The syntax of a formula is the same as in
first-order logic. We consider the following set of primitive propositional connectives and
quantifiers:

1 (falsity), A, Vv, —, V, 3.

Note that negation is not a primitive connective because we —F as an abbreviation of
F — 1. Similarly, T is an abbreviation of L — 1, and F' < G is an abbreviation of
(F — G) AN (G — F). An atom of a signature o is of the form p(¢1,...,t,) where p is

an n-ary predicate constantin ¢ and tq,...,t, are terms that can be formed from function

®Indeed, this is what happens in expressing a rule with nested expressions like p < not not p into p <
not ¢, g < not p by defining ¢ as not p.
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constants in ¢ and object variables. An atomic formula of o is either an atoms of o, an

equality between terms of o, or the 0-place connective 1.

Let p be a list of predicate constants and u be a list of distinct predicate variables
of the same length as p. By u = p we denote the conjunction of the formulas Va(u;(x)
pi(x)), where « is a list of distinct object variables of the same length as the arity of p;, for
alli =1,...,n. By u < p we denote the conjunction of the formulas Va(u;(x) — p;(x))

foralli=1,...,n,and u < p stands for (u < p) A =(u = p).

For any first-order sentence F', the stable models of F' relative to a list of predicates

p are the models of second-order formula,denoted by SM|[F’; p],
FA—-3u((u < p) A F*(u)), (2.6)

where F*(u) is defined recursively:

e p;(t)* = wu;(t) for any list ¢ of terms;

e [ = F for any atomic formula F' (including L and equality) that does not contain

members of p;
e ( GNH)*=G*"NH*; (GVH)"=G*V H*
o (G—H)*=(G"— H*)N(G— H);

o (VzG)* =VaG*; (JaF)* =JxF*.

We will often simply write SM[F] instead of SM[F'; p] when p is the list of all pred-
icate constants occurring in F', and call a model of SM[F'| a stable model of F. We dis-
tinguish between the terms “stable models” and “answer sets” as follows.” By o(F) we
denote the signature consisting of the function and predicate constants occurring in F. If
F contains at least one object constant, an Herbrand interpretation® of o(F) that satisfies

SM[F is called an answer set of F'. The answer sets of a logic program II are defined as

"The distinction is useful because in the first-order setting, stable models are no longer Herbrand interpre-
tations and may not be represented by sets of atoms.

8An Herbrand interpretation of a signature o (containing at least one object constant) is an interpretation
of o such that its universe is the set of all ground terms of o, and every ground term represents itself. An
Herbrand interpretation can be identified with the set of ground atoms to which it assigns the value true.
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the answer sets of the FOL-representation of 11, which is the conjunction of the universal

closures of implications corresponding to the rules.

Example 1 continued The FOL-representation F' of 11 is

p(a) A q(b) AVa((p(z) A —q(x)) = r(x)) (2.7)
and SM[F] is

pla) A q(b) AVa((p(x) A —q(2)) = r(2)) A =Fuvw(((u, v, w) < (p,¢,7)) A ula) Ao(d)
Az (((u(z) A (o(z) A —q(x)) = w(@) A ((p(x) A =g(z) = r(2)))),

which is equivalent to the first-order sentence

Vr(p(z) < x = a) AVz(q(z) <> x = b) AVz(r(z) < (p(z) A —q(x))) (2.8)

The stable models of F' are any first-order models of (2.8). The only answer set of F' is the

Herbrand model {p(a), q(b), r(a)}.
2.6 Functional Stable Model Semantics

The first-order stable model semantics is further extended to allow intensional function
in (Bartholomew & Lee, 2012). We consider the same syntax as in the previous section.
For lists of predicate symbols u and p, expressions u < p and u = p are defined the same
as before. The notation is extended to cover function symbols (constants or variables) v

and c by defining the expression u = ¢ as Va(u(x) = c(x)).

Let ¢ be a list of distinct predicate and function constants, and let ¢ be a list of
distinct predicate and function variables corresponding to ¢. Members of ¢ are called inten-
sional constants. By cP™? (c/'"¢, respectively) we mean the list of all predicate constants

~pred
apre

(function constants, respectively) in ¢, and by the list of the corresponding predicate

variables in ¢.
For any formula F', expression SM[F'; ] is defined as
FA—-Je(e<en F*(e),

where € < ¢ is shorthand for (€™ < ™) A (¢ = ¢), and F*(¢€) is defined the same as

in the previous section except that the first two bullets are replaced by the following bullet:
15



e When F'is an atomic formula, F* is F’ A F where F” is obtained from F by replac-
ing all intensional (function and predicate) constants ¢ in it with the corresponding

(function and predicate) variables from ¢;

This definition of a stable model is a proper generalization of the one from (Fer-
raris et al., 2011a): in the absence of intensional function constants, it reduces to the one

in (Ferraris et al., 2011a).
2.7 Action Language C+

One of the main focuses of Artificial Intelligence research involves describing the effects
of actions and automatically generating plans to achieve some given goal. Action lan-
guages (Gelfond & Lifschitz, 1998) are formal models of parts of the natural language that
describe the effects of actions which corresponds to transitions of the form (s, a, s’). The
transition denotes that action a is executed in state s and s’ is the resulting state of the
action. Action languages provide an intuitive way to describe complex problems instead of

encoding the entire transition system.

There are many efforts to study different aspects of dynamic systems (Pednault,
1994; Gelfond, 1993; Baral, Gelfond, & Provetti, 1997; Giunchiglia & Lifschitz, 1998). Ac-
tion language C+ (Giunchiglia, Lee, Lifschitz, & Turner, 2001) is a well-recognized member
of the action language family. It is based on non-monotonic causal logic (McCain & Turner,
1997). Language C+ is significantly more enhanced than its predecessor C in several
ways, such as being able to represent multi-valued formulas, defined fluents, additive flu-
ents, rigid constants and defeasible causal laws. The Causal Calculator (CCALC) is an
implementation of the C+ language that computes the definite fragment of C+ by turn-
ing it into propositional logic using literal completion. Models of the resulting formulas are
computed using SAT solvers. CCALC has been applied to several challenging problems in-
cluding to provide a group of robots with high-level reasoning (Caldiran, Haspalamutgil, Ok,
Palaz, Erdem, & Patoglu, 2009), to give executable specifications of norm-governed com-
putational societies (Artikis, Sergot, & Pitt, 2003), and to automate the analysis of business

processes (Armando & Compagna, 2002).
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Chapter 3

FIRST-ORDER STABLE MODEL SEMANTICS AND FIRST-ORDER LOOP FORMULAS

In this chapter, we discuss how first-order loop formulas and the first-order stable model
semantics are related to each other. In general, the first-order stable model semantics is
more expressive than first-order logic. Like circumscription, the concept of transitive closure
can be represented in the former, but it can not be represented using any set of first-order
formulas, even if the set is allowed to be infinite." However, as we show in this chapter,
understanding the precise relationship between them gives us insights into the semantics

and computational properties of the stable model semantics.

In order to facilitate the comparison, we first extend the loop formulas for nondis-
junctive programs to disjunctive programs and to arbitrary first-order theories. Then, we
reformulate the SM operator in the style of loop formulas, which characterize a loop by a
second-order formula. From this reformulation, we present some conditions, under which
a first-order theory under the stable model semantics can be equivalently rewritten as first-

order loop formulas.

Based on the studied relationship, we extend the syntax of logic programs to allow
explicit quantifiers. This overcomes some limitations of traditional answer set programs
in reasoning about non-Herbrand models. The semantics of such extended programs is
defined by identifying them as a special class of first-order theories under the stable model
semantics. Such programs inherit from the general language the ability to handle non-
monotonic reasoning under the stable model semantics even in the absence of the unique
name and the domain closure assumptions that are built into the grounding-based answer
set semantics. On the other hand, the restricted syntax of an extended program yields

more succinct loop formulas. Consider the following program II; which represents a simple

"Vladimir Lifschitz, personal communication.
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insurance policy example:

HasWife(x) < 3y Spouse(x,y)
HasWife(z) <« Man(x), Married(z) 3.1)
Married(z) < Man(z), HasWife(z)
Jw Discount(xz,w) <« Married(x), not 3z Accident(z, z).

The second and the third rules express that Married(z) and HasWife(x) are synonymous
to each other when z is a Man. The last rule states that x is eligible for some discount plan
(with the name unknown) if = is married and has no record of accident. The quantifier in
the first rule can be dropped without affecting the meaning, but the other quantifiers cannot.
We will say that a program II entails a query F' (under the stable model semantics) if every

stable model of II satisfies F'. For example,

e 1I; conjoined with IT; = {Man(John)} entails each of =3z Married(x) and

—3Jzy Discount(z,y).

e II; U Iy conjoined with II3 = {3y Spouse(John, y)} entails neither =32 Married(z)
nor —3zy Discount(z, y), but entails each of 3z Married(x), JzyDiscount(z,y), and

Vzy(Discount(z,y) — = = John).

e 1I; U Il UII3 conjoined with 11y = {3z Accident(John, z)} does not entail

Vzy(Discount(z,y) — = = John), but entails =3w Discount(John, w).

In order to provide such non-monotonic reasoning, non-Herbrand models need to
be considered. This is because the names (or identifiers) of discount plans, spouses and
accident records may be unknown. On the other hand, the traditional answer set semantics
is limited to Herbrand models because of grounding. The reasoning process in the example
can be automated using a first-order theorem prover by turning the program into first-order

loop formulas.

This chapter is organized as follows. Section 3.1 reviews the theorem on first-order
loop formulas by Chen et al. (2006) and extends it to disjunctive programs and to arbitrary

first-order sentences, limiting attention to Herbrand stable models. Section 3.2 extends
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these results to allow non-Herbrand stable models as well (possibly allowing functions)
under a certain semantic condition, and compare the first-order stable model semantics
with loop formulas by reformulating the former in terms of the latter. In Section 3.3, we
present a series of syntactic conditions that imply the semantic condition in Section 3.2.
Section 3.4 provides an extension of logic programs that contain explicit quantifiers and
shows how query answering for such extended programs can sometimes be reduced to
entailment checking in first-order logic via loop formulas. In Section 3.5, the results are
further extended to distinguish between intensional and non-intensional predicates. Related

work is described in Section 3.6, and long proofs are given in Section 3.8.

3.1 First-Order Loop Formulas and Herbrand Models
We extend the definition of a first-order loop formula for a nondisjunctive program (Chen
et al.,, 2006) to a disjunctive program and to an arbitrary first-order sentence. We first
review Chen et al.’s work in the following.

Loop Formula for Non-Disjunctive Programs

We call a formula negative if every occurrence of every predicate constant in it belongs
to the antecedent of an implication. For instance, any formula of the form —F is negative
because this expression is shorthand for /' — 1. An equality t; = %9 is also negative

because it contains no predicate constants.

A nondisjunctive program is a finite set of rules of the form
A<+ B,N, (3.2)

where A is an atom, B is a set of atoms, and NV is a negative formula. The rules may

contain function constants of positive arity.?

We will say that a nondisjunctive program is in normal form if, for all rules (3.2) in
it, A is of the form p(x) where x is a list of distinct variables. It is clear that every program
can be turned into normal form using equality in the body. For instance, p(a, b) < ¢(a) can

be rewritten as p(x,y) < q(a),z = a,y = b.

%The original definition by Chen et al. (2006) does not allow function constants of positive arity.
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Let IT be a nondisjunctive program and let Norm(II) be a normal form of II. By
o (IT) we denote the signature consisting of function and predicate constants occurring in II.
Given a finite set Y of atoms constructed from symbols in o (II) and object variables, we as-
sume that Norm (IT) does not contain variables in Y, by renaming the variables in Norm (II).

The (first-order) external support formula of Y for 11, denoted by ES1(Y'), is the disjunction

of
\ 3=z (B9 ANOA N (t# t’)) (3.3)
0:AfeY p(t)EBO
p(tey

for all rules (3.2) in Norm(IT),® where 6 is a substitution that maps variables in A to terms

occurring in Y, and z is the list of all variables that occur in
Af +— BO,N6O

but notin Y.

The (first-order) loop formula of Y for 11, denoted by LF(Y), is the universal clo-
sure of

Y — ESn(Y). (3.4)

(The expression A 'Y in the antecedent stands for the conjunction of all elements of Y'.)
When IT is a propositional program, LF1(Y") is equivalent to a conjunctive loop formula as

defined by Ferraris et al. (2006).

The definition of a first-order dependency graph and the definition of a first-order
loop are as follows. We say that an atom p(t) depends on an atom ¢(t') in a rule (3.2) if
p(t) is A and ¢(t') is in B. The (first-order) dependency graph of 11 is an infinite directed
graph (V, E) such that

e V is the set of atoms of signature o (11);*

o (p(t)8,q(t)0) is in E if p(t) depends on ¢(t’) in a rule of IT and 6 is a substitution

that maps variables in ¢t and ¢’ to terms (including variables) of o (1I).

8For any lists of terms ¢t = (t1,...,t,) and t' = (t},...,t,) of the same length, ¢ = ¢’ stands for
(ti=t) A At =1).
“Note that V is infinite since infinitely many object variables can be used to form atoms.
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A nonempty subset L of V is called a (first-order) loop of 11 if the subgraph of the

first-order dependency graph of IT induced by L is strongly connected.

Example 3 LetII be the following program:

p(z) < q(x)
a(y) < p(y) (3-5)
p(z) « not r(2).

The following sets of atoms are first-order loops (among many others): Y1 = {p(u)}, Yo =

{q(w)}, Y3 = {r(u)}, Ya = {p(u), q(u)}. Their loop formulas are

LFu(Y1) = Vu(p(u) = (q(u) V —r(u))),

LF(Yz) = Vu(q(u) — p(u)),

LFu(Ys) = Vu(r(u) — 1),

LFu(Ys) = Vu(p(u) Aq(u) = (qu) Au#u) vV (p(u) Au# u) vV or(u))

Example 4 Let1I be the one-rule program
p(z) < p(y)- (3.6)
Its finite first-order loops are Yy, = {p(z1),...,p(xr)} where k > 0. Formula LFy;(Yy) is

Vay ... xp (p(wl) A Ap(ek) = Fyp) Ay #a) A A (y # xk)))- (3.7)

The following is a reformulation of Theorem 1 from the work of Chen et al. (2006).

Theorem 1 Let I be a nondisjunctive program that has no function constants of positive
arity, and let I be an Herbrand interpretation of o(I1) that satisfies I1.° The following condi-

tions are equivalent to each other:

(a) I is a stable model of I1;

(b) for every nonempty finite setY of atoms of o(11), I satisfies LF(Y);®

We say that I satisfies IT if I satisfies the FOL-representation of TI.
®Note that Y may contain variables.
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(c) for every finite first-order loop Y of 11, I satisfies LFy;(Y).

The sets of first-order loop formulas considered in conditions (b) and (c) above
have obvious redundancies. For instance, the loop formula of {p(x)} is equivalent to the
loop formula of {p(y)}; the loop formula of {p(z),p(y)} entails the loop formula of {p(z)}.
Following the definition by Chen et al. (2006), given two sets of atoms Y] and Y5, we say
that Y7 subsumes Y if there is a substitution @ that maps variables in Y7 to terms so that

Y10 = Ys.

Proposition 1 (Chen et al., 2006, Proposition 7) For any nondisjunctive program 11 and

any loops Y1 andYs of I, if Y1 subsumes Ya, then LF(Y1) entails LF(Y3).

Therefore in condition (c) from Theorem 1, it is sufficient to consider a set I" of loops
such that, for every loop L of II, there is a loop L’ in T" that subsumes L. Chen et al. (2006)
called such I' a complete set of loops. In Example 3, set {Y7, Y3, Y3, Y, } is a finite complete
set of loops of program (3.5). Program (3.6) in Example 4 has no finite complete set of
loops.

Loop Formula for Disjunctive Programs

A disjunctive program is a finite set of rules of the form
A<+ B,N, (3.8)

where A and B are sets of atoms, and N is a negative formula. Similar to a nondisjunctive
program, we say that a disjunctive program is in normal form if, for all rules (3.8) in it, all

atoms in A are of the form p(x) where « is a list of distinct variables.

Let IT be a disjunctive program and let Norm(II) be a normal form of II. Given a
finite set Y of atoms of o(II), we first rename variables in Norm(II) so that no variables
in Norm(II) occur in Y. The (first-order) external support formula of Y for II, denoted by
ESi(Y), is the disjunction of

\/ EIz(BH/\NH/\ A t#tha-( \/ (GEtA N\ t;«ét’))) (3.9)

0:A0NY 0 p(t)€BO p(t)EAD p(t)eY
p(they
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for all rules (3.8) in Norm(II), where @ is a substitution that maps variables in A to terms

occurring in Y or to themselves, and z is the list of all variables that occur in
Af + BO,NO

but not in Y. The (first-order) loop formula of Y for 11, denoted by LF(Y"), is the universal
closure of

Y — ESn(Y).

Clearly, (3.9) is equivalent to (3.3) when II is nondisjunctive. When II and Y are propo-
sitional, LF;(Y') is equivalent to the conjunctive loop formula for a disjunctive program as

defined by Ferraris et al. (2006).

Example 5 Letll be the program

p(z,y); p(y,2) < qz)
and letY = {p(u,v)}. Formula LFy;(Y) is the universal closure of

plu,v) = Fz(q(w) A ~(p(v, 2) A ((v,2) # (u,0))))
v 3a(g(a) A (p(e,u) A ((2,u) # (u,0))).

Similar to the nondisjunctive case, we say that p(t) depends on q(t') in 11 if there
is a rule (3.8) in II such that p(¢) is in A and ¢(¢’) is in B. The definitions of a first-order
dependency graph and a first-order loop are extended to disjunctive programs in a straight-
forward way. Using these extended notions, the following theorem extends Theorem 1 to a
disjunctive program. It is also a generalization of the main theorem by Ferraris et al. (2006)

which was restricted to a propositional disjunctive program.

Theorem 1¢ LetII be a disjunctive program that has no function constants of positive arity,
and let I be an Herbrand interpretation of o (1) that satisfies 1. The following conditions

are equivalent to each other:

(a) I is a stable model of 11;
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(b) for every nonempty finite setY of atoms of o (11), I satisfies LF(Y);

(c) for every finite first-order loop Y of 11, I satisfies LF(Y).

Extension to Arbitrary Sentences

In this section we extend the definition of a first-order loop formula to an arbitrary first-order

sentence.

As with a propositional loop formula defined for an arbitrary propositional theory
(Ferraris et al., 2006), it is convenient to introduce a formula whose negation is close to ES.
We define formula NES(Y') (“Negation of (First-order) External Support Formula”, where
F'is a first-order formula and Y is a finite set of atoms, as follows. As before we assume

that no variables in Y occur in F', by renaming variables.

o NES,,t)(Y) =pi(t) A N\p,yey t # Es
o NES;,—,(Y) = (t1 =t2);
e NES (V) = 1;
e NESppq(Y) =NESp(Y) ANESg(Y);
e NESpva(Y) = NESF(Y) VNESq(Y);
e NESp_a(Y) = (NESp(Y) = NESq(Y)) A (F—G);
o NESy,(Y) = VaNESq(Y);
e NES3,¢(Y) = 3aNES¢(Y).
The (first-order) loop formula of Y for F', denoted by LF (Y'), is the universal clo-

sure of

/\Y = —NESg(Y). (3.10)

Note that the definition of NES looks similar to the definition of F* given in Sec-
tion 2.5. When F and Y are propositional, LF»(Y") is equivalent to a conjunctive loop
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formula for a propositional formula that is defined by Ferraris et al. (2006). The following
lemma tells us that the notion of a loop formula in this section generalizes the notion of a

loop formula for a disjunctive program in the previous section.

Lemma 1 Let Il be a disjunctive program in normal form, F' an FOL-representation of 11,
and'Y a finite set of atoms. Formula NESp(Y') is equivalent to —~ESi(Y') under the as-

sumption F'.

In order to extend the first-order dependency graph to an arbitrary formula, we
introduce a few notions. We say that an occurrence of a subformula G in a formula F' is
positive if the number of implications in F' containing that occurrence in the antecedent is
even; itis strictly positive if that number is 0. A rule of a first-order formula F'is an implication
that occurs strictly positively in F'. We will say that a formula is rectified if it has no variables
that are both bound and free, and if all quantifiers in the formula refer to different variables.

Any formula can be easily rewritten into a rectified formula by renaming bound variables.

We say that an atom p(t) depends on an atom ¢(t') in an implication G — H if

e p(t) has a strictly positive occurrence in H, and
e ¢(t') has a positive occurrence in G that does not belong to any negative subformula

of G.7

The definition of a first-order dependency graph is extended to formulas as follows.
The (first-order) dependency graph of a rectified formula F' is the infinite directed graph

(V, E) such that

e V is the set of atoms of signature o(F);

e (p(t)8,q(t)0) is in E if p(t) depends on ¢(t') in a rule of F' and 6 is a substitution

that maps variables in t and ¢’ to terms of o(F).

"Recall the definition of a negative formula in Section 2.2.
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Note that the rectified formula assumption is needed in order to distinguish between

dependency graphs of formulas such as
Va(p(x) — q(z))

and

Vap(x) — Vo q(x).

Once the definition of a dependency graph is given, a loop of a first-order formula
is defined in the same way as with a disjunctive program. Theorem 1 can be extended to

first-order sentences using these extended notions.

Theorem 1/ Let F be a rectified sentence that has no function constants of positive arity,
and let I be an Herbrand interpretation of o(F') that satisfies F'. The following conditions

are equivalent to each other:

(a) I is a stable model of F' (i.e., I satisfies SM[F]);
(b) for every nonempty finite setY of atoms of o(F'), I satisfies LFp(Y');

(c) for every finite first-order loop Y of F, I satisfies LFp(Y).

Example 3 (continued) Consider the FOL-representation F of the program in Example 3,

for which {Y1,Y3,Y3,Y,} is a complete set of loops. Under the assumption F,

e LFr (Y1) is equivalent to the universal closure of

plu) = =(Valg(x) = p(@) Az £ u) AVy(ply) Ay # u— q(y))
AVz(—r(z) = p(z) Nz # u)),

o LFr(Y2) is equivalent to the universal closure of

q(u) — ﬁ(Vx(q(fL‘) Nz #u— p(x) AVy(p(y) — qly) Ny # U));
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e LFr(Y3) is equivalent to the universal closure of
r(u) = L;

o LFr(Ya) is equivalent to the universal closure of

p(u) A g(u) = =(Va(a(z) Ao # u = p(@) Az # u)

AVy(p(y) Ay 71— aly) Ay # 1) AV2(~r(2) = p(2) A2 7 1) ).

Proposition 1 can be straightforwardly extended to arbitrary sentences even without

restricting the attention to loops.

Proposition 1/ For any sentence F and any nonempty finite sets of atoms Y; and Y

of o(F), if Y1 subsumes Y3, then LF (Y1) entails LFp(Y3).

Proof. Note that LFp(Y)) is
Vz(/\ Y1 = -NESp(Y1)), (3.11)

where z is the set of all variables in Y;. If Y} subsumes Y5, by definition, there is a sub-
stitution 6 from variables in Y7 to terms in Y5 such that Y10 = Y5. It is clear that (3.11)
entails

vZ'( /\Y10 — -NESp(¥16)), (3.12)

where 2z’ is the set of all variables in Y16. (3.12) is exactly LEp(Y2). |

Theorem 2 from the work of Ferraris et al. (2006) is a special case of Theorem 1/

when F' is restricted to a propositional formula.

Corollary 1 (Ferraris et al., 2006, Theorem 2) For any propositional formula F', the follow-
ing formulas are equivalent to each other under the assumption F'.

(a) SM[F];

(b) the conjunction of LFr(Y") for all nonempty sets Y of atoms occurring in F';

(c) the conjunction of LFr(Y') for all (ground) loops Y of F'.
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3.2 Comparing First-Order Stable Model Semantics and First-Order Loop Formulas

The theorems in the previous section were restricted to Herbrand stable models. This
section extends the results to allow non-Herbrand stable models as well, and compare the

idea of loop formulas with SM by reformulating the latter in the style of loop formulas.

Loop Formulas Relative to an Interpretation

Recall that Theorem 1 and its extensions do not allow function constants of positive arity
and are limited to Herbrand models of the particular signature obtained from the given

theory. Indeed, the statements become wrong if these conditions are dropped.

Example 6 The following program contains a unary function constant f.

p(a)

p(x) < p(f(z)).
The loops of this program are all singleton sets of atoms, and their loop formulas are satis-
fied by the Herbrand model {p(a),p(f(a)),p(f(f(a))),...} of the program, but this model

is not stable.

Example 4 (continued) The mismatch can happen even in the absence of function con-
stants of positive arity. Consider the program in Example 4 and an interpretation I such that
the universe is the set of all integers, and p' contains all integers. Interpretation I satisfies

all first-order loop formulas (3.7), but it is not a stable model.

These examples suggest that the mismatch between the first-order stable model
semantics and the first-order loop formulas is related to the presence of infinite paths in
the dependency graph that visits infinitely many vertices. In the following we will make this
idea more precise, and extend Theorem 1/ to allow non-Herbrand interpretations under a

certain condition.

First, we define a dependency graph relative to an interpretation. Let F' be a rectified

formula whose signature is o and let I be an interpretation of o. For each element £ of the
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universe |I| of I, we introduce a new symbol £°, called an object name. By o! we denote the
signature obtained from o by adding all object names £° as additional object constants. We
will identify an interpretation I of signature o with its extension to o/ defined by 1(£°) = ¢

(For details, see the work of Lifschitz, Morgenstern, and Plaisted, (2008)).

The dependency graph of F' w.r.t. I is the directed graph (V, E') where

e V is the set of all atoms of the form p;(£°) where p; belongs to o(F') and £° is a list

of object names for ||, and

e (pi(€°),p;(n°)) is in E if there are atoms p;(t), p,;(t’) such that p;(t) depends on
p;(t') in a rule of F' and there is a substitution ¢ that maps variables in t and ¢’ to

object names such that (t0)! = ¢ and (¥'0)! = n.

We call a nonempty subset L of V' a loop of F' w.r.t. I if the subgraph of the de-
pendency graph of F' w.r.t. I that is induced by L is strongly connected. We say that F'is
bounded w.r.t. I if every infinite path in the dependency graph of F' w.r.t. I whose vertices
are satisfied by I visits only finitely many vertices. If F'is bounded w.r.t. I, then, clearly, ev-
ery loop L of F'w.r.t. I such that I |= L is finite. The definition is extended to a non-rectified
formula by first rewriting it as a rectified formula. It also applies to the program syntax by

referring to its FOL-representation.

Theorem 2 Let F' be a rectified sentence of signature o (possibly containing function con-
stants of positive arity), and let I be an interpretation of o that satisfies F'. If F' is bounded

w.r.t. I, then the following conditions are equivalent to each other:

(a) T = SM[F);

(b) for every nonempty finite setY of atoms formed from predicate constants in o(F') and

object names for |1|, I satisfies LFr(Y);

(c) for every finite loop Y of F w.r.t. I, I satisfies LFp(Y').
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The condition that F' is bounded w.r.t. I is sufficient for ensuring the equivalence

among (a), (b), and (c), but it is not a necessary condition. For instance, consider F' to be

Vap(z) AVry(p(z) — p(y))

and I to be a model of ' whose universe is infinite. Formula F' is not bounded w.r.t. I, but

I satisfies every loop formula, as well as SM[F.

When I is an Herbrand model of o(F'), the dependency graph of F' w.r.t. I is iso-
morphic to the subgraph of the first-order dependency graph of F' that is induced by vertices
containing ground atoms. A set of ground atoms of o(F’) is a loop of F' iff it is a loop of F'

w.rt. I. Hence Theorem 2 is essentially a generalization of Theorem 1/.

Note that the programs considered in Examples 4 and 6 are not bounded w.r.t. the

interpretations considered there.

Clearly, if the universe of I is finite, then F'is bounded w.r.t. I. This fact leads to

the following corollary.

Corollary 2 For any rectified sentence F' and any model I of F' whose universe is finite,

conditions (a), (b), and (c) of Theorem 2 are equivalent to each other.

In view of Proposition 1/ and Corollary 2, if the size of the universe is known to be
a finite number n, it is sufficient to consider at most 2/P| — 1 loop formulas, where p is the
set of all predicate constants occurring in the sentence. Each loop formula is to check the

external support of (J,c i {p(x1), ..., p(z,r)} for each K where

e K is a nonempty subset of p;
e 7 is the arity of p and each x; is a list of variables of the length r such that all variables
inxy,...,x, are pairwise distinct.
For instance, consider program (3.6). If the size of the universe is known to be 3, it is

sufficient to consider only one loop formula (3.7) where k& = 3.
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Theorem 1/ essentially follows from Corollary 2 as the Herbrand universe of o( F)

is finite when F' contains no function constants of positive arity.

Another corollary to Theorem 2 is acquired when F' has only “trivial” loops. We say
that a formula F' is atomic-tight w.r.t. I if every path in the dependency graph of F' w.r.t. 1
whose vertices are satisfied by [ is finite. Clearly, this is a special case of boundedness
condition, and every loop L of an atomic-tight formula F' w.rt. I such that [ = L is a
singleton. The following is a corollary to Theorem 2, which tells us the condition under
which stable models can be characterized by loop formulas of singleton loops only. By

SLF[F] (“loop formulas of singletons”) we denote the set of loop formulas

{LFr({p(x)}) | pis a predicate constant in o(F’), and x is a list 3.13)

of distinct object variables whose length is the same as the arity of p}.

Corollary 3 Let F' be a rectified sentence (possibly containing function constants of posi-
tive arity), and let I be a model of F'. If F' is atomic-tight w.r.t. I, then I satisfies SM[F] iff I
satisfies SLF[F.

SLF[F] is similar to Clark’s completion. In the propositional case, the relationship
between the loop formulas of singletons and completion formulas is studied by Lee (2005).
Below we describe their relationship in the first-order case. A sentence is in Clark normal

form if it is a conjunction of formulas of the form
V(G — p(x)), (3.14)

one for each predicate constant p occurring in F', where x is a list of distinct variables, and
G has no free variables other than x. The completion of a sentence F'in Clark normal form,

denoted by Comp[F1], is obtained from it by replacing each conjunctive term (5.19) with
Va(p(x) < G).

Any nondisjunctive program can be turned into Clark normal form (Ferraris et al., 2011a,

Section 6.1).
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Corollary 4 Let F' be the FOL-representation of a nondisjunctive program 11, and let F’ be
the Clark normal form of F' as obtained by the process described in the work of (Ferraris
etal., 2011a, Section 6.1). If F' is atomic-tight w.r.t. an interpretation I, then I |= SM[F] iff
I = Comp[F"].

Proof. Since F' is atomic-tight w.r.t. I, by Corollary 3, I = SM[F] iff I |= SLF[F]. ltis
sufficient to show that, for each predicate constant p occurring in F', under the assumption
that F' is atomic-tight w.r.t. I,

I)zV:c(p(m)% \ Hz(B/\N/\(:v:t')/\/\(t;«ém))> (3.15)

p(t')«B,N€ll p(t)eB
iff
I ):vx<p(x) Y 3z(B/\N/\(a:—t’))>, (3.16)

p(t')«B,Nell
where z is the list of all variables in p(t’') < B, N in that are not in x.

Note that (3.15) is equivalent to saying that

I):Vw(p(w)—) V'  FBANA@=t)A N (t;ét’))). (3.17)

p(t')«B,N€ll p(t)EB

From the assumption that F' is atomic-tight w.r.t. I, it follows that, for any rule p(t') + B, N
in IT and any atom of p(¢) in B, I = Yy(t # t’), where y is the list of all variables in ¢t and
t’ (otherwise we find a singleton loop with a self-cycle, which contradicts that F' is atomic

tight w.r.t. I). Consequently, (3.17) is equivalent to (3.16). 1

For example, let F' be the FOL-representation of the program

p(b) = p(a). (3.18)

SLF[F]is Vz(p(z) = =z = b A p(a) Az # a), while Comp|F| is Vz(p(z) <> = = b A p(a)).
The additional conjunctive term = = a can be dropped when we consider any interpretation
I such that a’ # b’ (Such requirement can be syntactically stated if we add a constraint

< a = b to the program). The proof of this fact is given in Section 3.5.

Corollary 4 generalizes Theorem 11 from the work of Ferraris et al. (2011a) by
referring to atomic-tightness in place of tightness. The program (3.18) is not tight, but is

atomic-tight w.r.t. any model of the program.
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Theorem 2 tells us that one of the limitations of first-order loop formulas is that, even
if infinitely many first-order loop formulas are considered, they cannot ensure the external
support of a certain infinite set that forms an infinite path in the dependency graph of F'
w.rt. I. In the next section, by reformulating SM[F'], we show that the definition of SM[F]
essentially encompasses loop formulas, ensuring the external support of any sets of atoms,

including those “difficult” infinite sets.

A Reformulation of SM

As before, let F' be a first-order formula of signature o, let p = (p1,...,pn) be the list of
all predicate constants occurring in F', and let w and v be lists of predicate variables of
the same length as p. We define NSES (u) (“Negation of Second-Order External Support
Formula”) recursively as follows.

e NSES,, 1) (u) = pi(t) A —ui(t);

) NSESm:t2 (u) = (tl :tQ);

e NSES| (u) = L;

e NSESpag(u) = NSESp(u) A NSESG(u);

e NSESpyg(u) = NSESp(u) V NSESG(u);

e NSESp_.g(u) = (NSESp(u) > NSESg(u)) A (F—G);

o NSESVCCF(’U/) = VI‘NSESF(’U,);

o NSESHCCF(’U/) = HI‘NSESF(’U,)
Lemma 2 Let F' be a rectified sentence of signature o, I an interpretation of o, p the list
of predicate constants occurring in F', q a list of predicate names ® of the same length as p

andY a set of atoms formed from predicate constants from o(F') and object names such

that

pi(§°) € Y Iff I |= qi(£°),

8Like object names, for every n > 0, each subset of |I|™ has a name, which is an n-ary predicate constant
not from the underlying signature.
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where £° is a list of object names. If Y is finite, then

I |= NSESp(q) iff I = NESp(Y).

Proof. By induction on F'. We only list the case when F'is an atom. The other cases are

straightforward. Let F' be an atom p;(&°).

I = NSESr(q)
iff I = pi(€°) A —q;(€°)
ifft 1 |=pi(£°) and pi(£°) ¢ Y
iff I = p;(£°) and for all n° such that p;(n°) € Y, it holds that £° # n°
it 1= pi(€°) A Np,oyey € # 1°
iff 1 = NESg(Y).

SM[F'] can be written in terms of NSES as follows. By Nonempty(u) we denote the
formula

ety () V- -V Iz u, ("),

where each z is a list of distinct variables whose length is the same as the arity of p;.

Proposition 2 For any sentence F', SM[F] is equivalent to

F AVu((u < p) A Nonempty(u) — —~NSESp(u)). (3.19)

Now we represent the notion of a loop by a second-order formula. Given a rectified
formula F, by Er(v,u) we denote
Vo Fz(uit) Au() A-wi(t)),

(P (£),p; () :
p; (t) depends on p]-(t’) in arule of F

where z is the list of all object variables in t and t’. By Loop(u) we denote the second-

order formula

Nonempty(u) A Vo((v < u) A Nonempty(v) = Er(v,u)). (3.20)
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Formula (3.20) represents the concept of a loop without referring to the notion of a de-
pendency graph explicitly. This is based on the following observation. Consider a finite
propositional program II. A nonempty set U of atoms that occur in I is a loop of IT iff, for
every nonempty proper subset V' of U, there is an edge from an atom in V' to an atom in

U \ V in the dependency graph of II (Gebser et al., 2006).

Recall the definition of a dependency graph relative to an interpretation. Let F
be a rectified sentence of signature o, and let I be an interpretation of . The following

proposition describes the relationship between formula (3.20) and a loop of F' w.r.t. I.

Proposition 3 Let q be a list of predicate names corresponding to p, and letY be a set of

atoms in the dependency graph of F' w.r.t. I such that

pi(§°) € Y Iff I |= qi(£°),

where £° is a list of object names. Then I |= Loop(q) iffY is a loop of F w.r.t. I.

One might expect that, similar to the equivalence between conditions (a) and (c)

from Theorem 2, formula SM[F'] is equivalent to the following formula:
F AVu((u < p) ALoopp(u) — —-NSESg(u)). (3.21)

However, the equivalence does not hold in general, as the following example illustrates.

Example 7 Consider the FOL-representation I of the following program

p(z,y) < q(z,z)
q(z, 2) < p(y, 2),
and an interpretation I whose universe is the set of all nonnegative integers such that
p! = {(m,m) | m is a nonnegative integer},
q' = {(m,m+1) | m is a nonnegative integer}.
Formula F' is not bounded w.r.t. I since the dependency graph of F' w.r.t. I contains an

infinite path such as

(p(0°,0%),¢(0°,1°),p(1°,1%), q(1°,2°), ... (3.22)
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The interpretation I satisfies every loop formula of every finite loop of F' w.r.t. I, but it is not

a stable model.

In the example, what distinguishes the set
{p(0°,0°),4(0°,1°),p(1°,1°), ¢(1°,2°),... } (3.23)

from a loop is that, for every loop contained in (3.23), there is an outgoing edge in the de-
pendency graph. This is an instance of what we call “unbounded set.” Given a dependency
graph of F' w.r.t. I, we say that a nonempty set Y of vertices is unbounded w.r.t. I if, for

every subset Z of Y that is a loop, there is an edge from a vertex in Z to a vertex in Y\ Z.

The following proposition tells us how an unbounded set can be characterized by a

second-order formula.

Proposition 4 Let q be a list of predicate names corresponding to p, and letY be a set of

atoms in the dependency graph of F' w.r.t. I such that
pi(€%) €Y Iff T |= ¢;(€°),
where £° is a list of object names. Then
I &= Nonempty(q) ANV ((v < q) A Loopp(v) — Ep(v,q))

iffY is an unbounded set of F' w.r.t. I.

In order to check the stability of a model, we need to check the external support
of every loop and every unbounded set. An extended loop of F w.r.t. I is a loop or an

unbounded set of F' w.r.t. I. We define Ext-Loopp(u) as

Loopp(u) V (Nonempty(u) A Vo((v < u) A Loopp(v) = Ep(v,u))). (3.24)

From Propositions 3 and 4, it follows that I = Ext-Loopr(q) iff Y is an extended loop of F’

w.rt. I.

If we replace Loopy(u) with Ext-Loopy(u) in (3.21), the formula is equivalent to

SM[F], as the following theorem states.
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Theorem 3 For any rectified sentence F', the following sentences are equivalent to each

other:
(a) SMIF];
(b) F AVu((u < p) A Nonempty(u) — -NSESp(u));

(¢) FAYu((u < p) A Ezt-Loopp(u) — ~NSESp(u)).

In the following example we use the following fact to simplify the formulas.

Proposition 5 For any negative formula F', formula
NSESp(u) <> F

is logically valid.

Example 2 (continued) Consider program (3.5) from Example 3:

p(x) < q(z)
q(y) < p(y)

p(z) < not r(z).

Let F' be the FOL-representation of the program:

Va(q(z) = p(x)) AVy(p(y) = q(y)) AVz(=r(z) = p(z2)).

1. SM[F]] is equivalent to

F' A =Jurugus((ur, ug, uz) < (p,q,7))A

Va(ug(x) = ui(z)) AVy(ui(y) — ue(y)) AVz(—r(2) = ui(z))).

2. Formula in Theorem 3 (b):

F AVu(u < p A Nonempty(u) — -NSESp(u))
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is equivalent to
F AVujuogus((ug,ug,us) < (p,q,r) A (Fz ui(z) V Iz ug(z) V Iz us(x))
— 2(Vzg(z) A ~ug(z) = p(x) A - ()]

AVY[p(y) A —ui(y) — q(y) A —~ua(y)]

AYz[-r(z) — p(z) A —ui(z)])).

(3.25)

3. Formula in Theorem 3 (c¢): Similar to (3.25) except that
Jzui () V Iz ug(z) V Iz us(x)

in (3.25) is replaced with Ext-Loopz(u), which is

Loopp(u) V [(3zui(z) V Jx us(z) V Iz us(z))
A Yvivgus(((v1,v2,v3) < (u1,us2,us)) A Loopp(v)
= (Fz(v1(z) Aua(z) A —va(z)) V Fy(v2(y) Aui(y) A —vi(y))))];

where Loopp(u) is

(Fzui(z) V 3z ua(z) V 3r us(z))
A Yvrveus(((3x vi(x) V Iz ve(x) V Iz v3(x)) A (v1,v2,v3) < (u1,u2,u3))

= (Bz(vi(z) Aug(z) A =va(2)) V y(v2(y) Auiy) A =i (y)))-

The proof of Theorem 2 follows from Theorem 3 using the following lemma.

Lemma 3 Let F' be a rectified sentence of signature o (possibly containing function con-
stants of positive arity), and let I be an interpretation of o that satisfies F'. If F' is bounded
w.rt I,

I = Ju(u < p A Ext-Loopp(u) AN NSESp(u))

iff there is a finite loop Y of F' w.r.t. I such that

= (/\Y A NESF(Y)).
3.3 Representing First-Order Stable Model Semantics by First-Order Loop Formulas

We noted in the previous section that if a sentence is bounded w.r.t. a model, then loop
formulas can be used to check the stability of the model. In this section, we provide a few

syntactic counterparts of the boundedness condition.
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Bounded Formulas

We say that a rectified formula F' is bounded if every infinite path in the first-order depen-
dency graph of F' visits only finitely many vertices. If I is bounded, then, clearly, every loop
of F'is finite. Again, the definition is extended to a non-rectified formula by first rewriting it

as a rectified formula. It also applies to a program by referring to its FOL-representation.

One might wonder if the syntactic notion of boundedness ensures the semantic
notion of boundedness: that is, if a formula is bounded, then it is bounded w.r.t. any inter-

pretation. However, the following example tells us that this is not the case in general.

Example 8 Consider the FOL-representation I of the following program

pla) < q(x) (3.26)

q(x) < p(b),
and an interpretation I whose universe |I| is the set of all nonnegative integers, a' = b! =
0, p' = {0} and ¢’ = |I|. Formula (3.26) is bounded according to the above definition, but

not bounded w.r.t. I: the dependency graph of F' w.r.t. I contains an infinite path such as

(p(0%),q(1°),p(0%),(2°), ... ).

Bounded Formulas and Clark’s Equational Theory

On the other hand, such a relationship holds if the interpretation satisfies Clark’s equational
theory (1978). Clark’s equational theory of a signature o, denoted by C'ET', is the union

of the universal closures of the following formulas
f@1, o mm) # 91,5 yn), (3.27)
for all pairs of distinct function constants f, g,
flaer, oo xn) = flyr, - yun) = (@1 =1 Ao Ay = yn), (3.28)
for all function constants f of arity > 0, and
t# o, (3.29)

where t is any term which contains the variable x.
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Proposition 6 If a rectified formula F' of signature o is bounded, then F' is bounded w.r.t.

any interpretation of o that satisfies CET .

The following lemma relates loops and loop formulas of different notions of depen-

dency graphs.
Proposition 7 For any rectified sentence F' of signature o and for any interpretation I of o
that satisfies CET ., I is a model of
{LFr(Y) | Y is afinite first-order loop of F'}
iff I is a model of
{LFp(Y) | Y is afinite loop of F' w.r.t. I}.

The following theorem follows from Theorem 2, Proposition 6 and Proposition 7.

Theorem 4 Let F' be a rectified sentence of signature o (possibly containing function con-
stants of positive arity), and let I be an interpretation of o that satisfies I' and CET . If I’
is bounded, then the following conditions are equivalent to each other:

(a) I = SMF];

(b) for every nonempty finite setY of atoms of o(F'), I satisfies LFp(Y);

(c) for every finite first-order loop Y of F, I satisfies LFr(Y).
Proof. By Proposition 6, if F' is bounded then F' is bounded w.r.t. any interpretation that
satisfies CET,. Then the equivalence between (a) and (b) follows from the equivalence

between (a) and (b) of Theorem 2. The equivalence between (a) and (c) follows from the

equivalence between (a) and (c) of Theorem 2 and by Proposition 7. 1

As every Herbrand interpretation of ¢ satisfies CET,, Theorem 4 applies to Her-

brand interpretations as a special case.
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The theorem also applies to logic programs, since they can be viewed as a special

case of formulas. For example, consider the following program, which is bounded.

(3.30)

The set {p(a), p(f(a)),p(f(f(a))),q(a),q(f(a)),r(a),r(f(a))} is an answer set of (3.30).

In accordance with Theorem 4, it is also the Herbrand interpretation of the signature ob-

tained from the program that satisfies the FOL-representation of (3.30) and the loop formu-

las, which are the universal closures of

p(z) = (q@) Az = f(z))Vz=a

q(z) = p(2) Ar(2)

r(z) = z=aVz= f(a).

Consider another example program by Bonatti (2004), where a,

constants.
letter(a)

letter(2)

atomic([z]) < letter(z)

atomic([z|y]) < letter(x), atomic(y).

..., 2, nil are object

(3.31)

The expression [x|y] is a list whose head is « and whose tail is y, which stands for a function

cons(z,y). The expression [x] stands for cons(x, nil) where nil is a special symbol for the

empty list. This program is bounded. The only answer set of the program is the only

Herbrand interpretation of the FOL-representation of (3.31) and the universal closures of

letter(u) 2 u=aV...Vu=z2

atomic(u) — v (letter(v) A u = cons(v, nil))

V Jzy (letter(z) A atomic(y) Ay # u A u = cons(z,y)).
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In fact, the definitions of standard list processing predicates, such as member, append, and
reverse (Bonatti, 2004, Figure 1) are bounded, so they can be represented by first-order

formulas on Herbrand interpretations.®

We say that a formula F' is atomic-tight if the first-order dependency graph of F
has no infinite paths. Similar to Proposition 6, if F' is atomic-tight, then F' is atomic-tight
w.r.t. any interpretation that satisfies C'E'T,, so that the following statement follows from

Corollary 3.

Corollary 5 Let I be a rectified sentence of signature o (possibly containing function con-
stants of positive arity), and let I be an interpretation of o that satisfies CET . If F is

atomic-tight, then I satisfies SM[F] iff I satisfies SLF[F.

Corollary 5 is an enhancement of Theorem 11 from the work of Ferraris et al. (2011a),
which essentially says that, for any tight sentence F', SM|[F] is equivalent to the set of for-
mulas in (3.13). (Tight sentences are defined in a similar way (Ferraris et al., 2011a), but
in terms of a predicate dependency graph, whose vertices are predicate constants instead
of atoms.) Note that every tight sentence is atomic-tight, but the converse is not true. For
example, the FOL-representations of programs (3.30) and (3.31) are atomic-tight, but are

not tight.

The statement of Corollary 5 is restricted to interpretations that satisfy CET,,. In-
deed, the statement becomes wrong if this restriction is dropped. For example, program
(3.26) in Example 8 is atomic-tight, but the non-stable model considered there satisfies all

loop formulas, including those of singleton loops.

Bounded Formulas and Normal Form

Normal form is another syntactic condition that the syntactic notion of boundedness ensures
the semantic notion of boundedness. We say that a formula is in normal form if every strictly
positive occurrence of an atom is of the form p(x), where x is a list of distinct variables. It

is clear that every formula can be turned into normal form using equality.

®They actually satisfy a stronger condition called “finitely recursive” (Bonatti, 2004). See Section 3.6 for
more details.
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Proposition 8 If a rectified formula F' in normal form is bounded, then F' is bounded w.r.t.

any interpretation.

Proposition 9 If a rectified sentence F' in normal form is bounded, then for any interpreta-

tion I, I is a model of
{LFp(Y) | Y is afinite first-order loop of F'}

iff I is a model of

{LFp(Y) | Y is afinite loop of F w.r.t. I}.

The following theorem follows from Theorem 2, Proposition 8 and Proposition 9.

Theorem 5 Let F' be a rectified sentence in normal form (possibly containing function con-
stants of positive arity). If F' is bounded, then the following formulas are equivalent to each

other:

(@) SMIF];
(b) {F} U{LFr(Y) |Y is a nonempty finite set of atoms of o (F')};

(c) {F}U{LFp(Y)|Y is afinite first-order loop of F'}.

Proof. By Proposition 8, if F'is bounded then F'is bounded w.r.t. any interpretation I.
Then the equivalence between (a) and (b) follows from the equivalence between (a) and (b)
of Theorem 2. The equivalence between (a) and (c) follows from the equivalence between

(a) and (c) of Theorem 2 and by Proposition 9. 1

Consider a program in normal form

p(x) <z =a, q(a) (3.32)

q(y) < p(b)

and an interpretation I such that |I| = {1}, o = b/ = 1 and p! = ¢/ = {1}. This

interpretation does not satisfy Clark’s equational theory, and is not a stable model. In
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accordance with Theorem 5, I does not satisfy the loop formula of the loop {p(b), q(a)},
which is

p(b) Ngla) = (b=anqg(a) NaF#a)V (p(b) NbF#b).

On the other hand, consider another program in non-normal form that has the same

stable models as (3.32):
pla — qla
(a) < q(a) (3.33)
q(y) < p(b)
Program (3.33) has a finite complete set of loops, {{p(2)}, {¢(2)}}; their loop formulas are
the universal closures of
p(z) = z2=aNq(a)
q(z) = p(b)
and I satisfies all loop formulas. This example illustrates the role of normal form assumption

in Theorem 5 (in place of Clark’s equational theory in Theorem 4).

Note that a normal form conversion may turn a bounded sentence into a non-

bounded sentence. For instance, a normal form of the bounded program (3.30) is

p(y) <y = f(2),q(x)

q(z) < p(x),r(z)

pz) z=a (3.34)
r(x)«xz=a

r(z) < z = f(a),

which is not bounded.

Unlike in Corollary 5, if a program is in normal form, atomic-tightness is not more
general than tightness. It is not difficult to check that a program in normal form is atomic-
tight iff it is tight.

Decidability of Boundedness and Finite Complete Set of Loops
In general, checking whether F' is bounded is not decidable, but it becomes decidable if F'

contains no function constants of positive arity. The same is the case for checking whether

F'is atomic-tight.
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Proposition 10 For any rectified sentence F' (allowing function constants of positive arity),

(a) checking whether F' is bounded is not decidable;

(b) checking whether F' is atomic-tight is not decidable.

If F' contains no function constants of positive arity,

(c) checking whether F' is bounded is decidable;

(d) checking whether F' is atomic-tight is decidable.

The proof of Proposition 10 (c) is based on the following fact and the straightforward
extension of Theorem 2 by Chen et al. (2006) to first-order formulas, which asserts that

checking if F' has a finite complete set of loops is decidable.

Proposition 11 For any rectified formula F' that contains no function constants of positive

arity, ' is bounded iff F' has a finite complete set of loops.

Note that Proposition 11 does not hold if F'is allowed to contain function constants

of positive arity. For instance,
p(z) « p(f(2))

is not bounded, but has a finite complete set of loops {{p(x)}}.

The following corollary follows from Theorem 4 and Proposition 11.

Corollary 6 Let F' be a rectified sentence of signature o that has no function constants of
positive arity, and let I be an interpretation of o that satisfies I' and CET . If F' has a finite
complete set of loops, then conditions (a), (b), and (c) of Theorem 4 are equivalent to each

other.

The following corollary follows from Theorem 5 and Proposition 11.
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Corollary 7 Let I’ be a rectified sentence in normal form that has no function constants
of positive arity. If F' has a finite complete set of loops, formulas in (a), (b), and (c) of

Theorem 5 are equivalent to each other.

Semi-Safe Formulas

Semi-safety is another decidable syntactic condition that ensures that SM[F'] can be ex-

pressed by first-order sentences.

We assume that there are no function constants of positive arity. According to Lee,
Lifschitz, and Palla (2009), a semi-safe sentence has the “small predicate property”: the
relation represented by any of its predicate constants p can hold for a tuple of arguments
only if each member of the tuple is represented by an object constant occurring in . We
will show that any semi-safe sentence under the stable model semantics can be turned into

a sentence in first-order logic.

First, we review the notion of semi-safety by Lee et al. (2009).° As a preliminary

step, we assign to every rectified formula F' a set RV (F') of its restricted variables as follows:

e For an atomic formula F,

— if Fis an equality between two variables, then RV(F) = ();

— otherwise, RV(F) is the set of all variables occurring in F’;
e RV(GAH)=RV(G)URV(H);
e RV(GV H)=RV(G)NRV(H);
e RV(G — H) =0;
e RV(QuG) =RV(G) \ {v} where Q € {V, 3}.
We say that a variable z is restricted in a quantifier-free formula F if x € RV(F'). F

is semi-safe if every strictly positive occurrence of every variable = belongs to a subformula

G — H where z is restricted in G.

9The definition here is slightly more general in that it does not refer to prenex form. Instead we require a
formula to be rectified.
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If a sentence has no strictly positive occurrence of a variable, then it is obviously
semi-safe. The FOL-representation of a disjunctive program is semi-safe if, for each rule (3.8)

of the program, every variable occurring in the head of the rule occurs in B as well.

Example 9 The FOL-representation of (3.6) is not semi-safe. Formula

p(a) A q(b) AVzy((p(z) V q(y)) — p(y))

is not semi-safe, while

p(a) A q(b) AVzy((p(z) Aaly)) — p(y)) (3.35)

is semi-safe.

For any finite set ¢ of object constants, in.(x) stands for the formula

\/.%':C.

The small predicate property can be expressed by the conjunction of the sentences
VU1, ..., Up (p(vl, ceyUp) = /\ inc(vi))
i=1,...,n
for all predicate constants p occurring in F', where vy,...,v, are distinct variables. We
denote this conjunction of the sentences by SPP.. By ¢(F') we denote the set of all object

constants occurring in F'.

Proposition 12 (Lee et al., 2009) For any semi-safe sentence F, formula SM[F| entails
SPP o(r).
For example, for the semi-safe sentence (3.35), SM[(3.35)] entails
V:):(p(x) —(r=aVz=0)AVz(g(x) > (r=aVzr= b)) (3.36)

The following proposition tells us that for a semi-safe sentence F', formula SM[F]

can be equivalently rewritten as a first-order sentence.
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Theorem 6 Let F' be a rectified sentence that has no function constants of positive arity.
If ' is semi-safe, then SM[F] is equivalent to the conjunction of F', SPP .y and a finite

number of first-order loop formulas.

Proof. If Iis semi-safe, then SM[F] entails SPP ). So it is sufficient to prove that under
the assumption SPPr), SM[F] is equivalent to the conjunction of /" and a finite number
of first-order loop formulas. It follows from I = SPPp) that " is bounded w.rt. I. Since
every finite loop of F' w.r.t. I can be represented by a finite set of atoms whose terms are
object variables, it follows from Theorem 2 that I satisfies SM|[F] iff I satisfies the loop

formulas of those sets. 11

For example, SM[(3.35)] is equivalent to the conjunction of F', (3.36) and the uni-

versal closures of
p(z) = z2=a V (p(x) Ag(2) Az # x)

q(z) - z=0b

Note that the condition on a finite complete set of loops in Corollaries 6 and 7, and
the condition on semi-safety in Theorem 6 do not entail each other. For instance, formula
(8.35) is semi-safe, but has no finite complete set of first-order loops, while 3x p(z) has a
finite complete set of loops {{p(x)}}, but it is not semi-safe. Also program (3.1) has a finite

complete set of loops, but it is not semi-safe due to w in the fourth rule.
3.4 Programs with Explicit Quantifiers

In the following we extend the syntax of a logic program by allowing explicit quantifiers. A
rule with quantifiers is of the form

H+ G, (3.37)

where G and H are first-order formulas such that every occurrence of every implication
in G and H belongs to a negative formula. A program with quantifiers is a finite set of rules
with quantifiers. The semantics of such a program is defined by identifying the program
with its FOL-representation under the stable model semantics. By restricting the syntax of
a program like the one above, in comparison with the syntax of an arbitrary formula, we are

able to write a more succinct loop formulas, as we show below.
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Let F' be a formula and Y a finite set of atoms. By Fy we denote the formula
obtained from F' by replacing every occurrence of every atom p(t) in F' that does not belong
to a negative formula with p(t) A /\p(t,)ey t # t'. LetII be a program with quantifiers. Given
a finite set Y of atoms of o(II), we first rename variables in II so that no variables in II
occur in Y. We define the formula QESy;(Y') (“External Support Formula for Programs with

Quantifiers”) to be the disjunction of
HZ(GY VAN —\Hy) (3.38)

for every rule (3.37) such that H contains a strictly positive occurrence of a predicate con-
stant that occurs in Y, and z is the list of all free variables in the rule that do not occur

inY.
The loop formula of Y for II is the universal closure of

Y — QESy(Y). (3.39)

The following proposition tells us that (3.39) is equivalent to (3.10) when the notions
are applied to a program with explicit quantifiers. It also shows that (3.39) is a generalization

of the definition of a loop formula for a disjunctive program.

Proposition 13 Let 11 be a program with quantifiers, F' the FOL-representation of 11, and
Y a finite set of atoms. Under the assumption 11, formula QESy(Y') is equivalent to
-~ NESr(Y). If11 is a disjunctive program in normal form, then QESy(Y) is also equiv-

alent to ESy(Y') under the assumption 11.

Note that the size of (3.39) for each Y is polynomial to the size of the given program.
This is not the case when we apply (3.10) to the FOL-representation of the program, due to
the expansion of NES for nested implications. On the other hand, the syntactic condition
imposed on the rule with quantifiers avoids such an exponential blow up, as the following

lemma tells us.

Lemma 4 Let F be a formula such that every occurrence of an implication in F' belongs to

a negative formula and letY be a set of atoms. NESr(Y') is equivalent to Fy .
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Proof. By inductionon F'. 1

Example 3 (continued) Under the assumption 11,

LFn (Y1) is equivalent to the universal closure of

p(u) = (3z(g(x) A=(p(x) Az # )V 32(=r(2) A=(p(2) A z # u))).

LFn(Y2) is equivalent to the universal closure of

q(u) = Jy(p(y) A —(q(y) Ny # u)).

LFn(Y3) is equivalent to the universal closure of

r(u) — L.

LFr(Ya) is equivalent to the universal closure of

(p(w) A q(u)) = Fx((g(z) A w # u) A =(p(x) Az # u))
V y((py) Ay # uw) A=(q(y) Ny # u))
V 3z(—r(2) A (p(2) Az # u))).

A finite set I' of sentences entails a sentence F' under the stable model semantics

(symbolically, I" =g\ F), if every stable model of I" satisfies F'.

If SM[F] can be reduced to a first-order sentence, as described in Theorem 5 and
Theorem 6, then

[l=gu FiffTUA = F,

where A is the set of first-order loop formulas required (and possibly including SPP.p
when Theorem 6 is applied). This fact allows us to use first-order theorem provers to

reason about query entailment under the stable model semantics.

Example 10 Consider program (3.1), which has the following finite complete set of loops:

{Man(u)}, {Spouse(u,v)}, { HasWife(u)}, { Married(u)}, { Accident(u,v)}, { Discount(u,v)},
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and { Has Wife(u), Married(u)}. Their loop formulas for I1; UTly UIl3 are equivalent to the

universal closure of

Man(u) — =(Man(John) A John # u);
Spouse(u,v) — —(Jy(Spouse(John, y) A (John,y) # (u,v)));

HasWife(u) — 3z (3y Spouse(z,y) A ~(HasWife(z) Az # u))
V Jz(Man(z) A Married(z) A —~(HasWife(z) Az # u));

Married(u) — 3z (Man(x) A HasWife(z) A —~(Married(z) A z # u));
Accident(u,v) — L;

Discount(u,v) —

Jz(Married(x) A =3z Accident(z, z) A =(3w(Discount (z, w) A (z,w) # (u,v))));

Married(u) N Has Wife(u) —

Jx(3y Spouse(x,y) A ~(HasWife(z) A (x # u)))

V 3z (Man(x) A Married(z) Az # u A —~(HasWife(z) Az # u))

V 3z(Man(z) A HasWife(z) Az # u A —(Married(z) Az # u)).
These loop formulas, conjoined with the FOL-representation of 11, U I, U Il3, entail under
first-order logic each of 3x Married(x) and Vxy(Discount(z,y) — x = John). We verified
the answers using a first-order theorem prover Vampire .

3.5 Extension to Allow Extensional Predicates

The results in the earlier sections can be extended to distinguish between intensional and
non-intensional (a.k.a. extensional) predicates in view of Proposition 14 below, which

characterizes SM|[F’; p] in terms of SM[F]. By pr(F') we denote the list of all predicate

constants occurring in F'; by Choice(p) we denote the conjunction of “choice formulas”

"http://www.vampire.fm .
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Va(p(x) V —p(x)) for all predicate constants p in p, where x is a list of distinct object vari-
ables; by False(p) we denote the conjunction of Vx—p(x) for all predicate constants p in p.

We sometimes identify a list with the corresponding set when there is no confusion.

Proposition 14 For any list p of predicate constants, formula SM[F; p| is equivalent to
SM[F A Choice(pr(F)\p) A False(p\pr(F))] (3.40)

and to

SM[F™" A Choice(pr(F)\p) A False(p\pr(F))], (3.41)

where F~" is obtained from F' by replacing every atom of the form q(t) in F' such that q

does not belong to p by =—q(t).

This proposition allows us to extend the results established for SM[F] to SM[F; p].
For instance, Theorem 3 can be extended to SM[F’; p] by first rewriting it into the form

SMIG], where G is
F~7 A Choice(pr(F)\p) A False(p\pr(F)). (3.42)
In the next three corollaries, o is a signature, F'is a rectified sentence of o (possibly

containing function constants of positive arity), p is any finite list of predicate constants from

o,and G is (3.42).

The first corollary follows from Theorem 2 and Proposition 14.

Corollary 8 For any interpretation I of o that satisfies F', if G is bounded w.r.t. I, then the

following conditions are equivalent to each other:

(@) I'|= SMIF;pl;

(b) for every nonempty finite set'Y of atoms formed from predicate constants in p and

object names for |1|, I satisfies LFr(Y);

(c) for every finite loop Y of G w.r.t. I whose predicate constants are contained in p, 1

satisfies LFp(Y').
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The next corollary follows from Theorem 4 and Proposition 14.

Corollary 9 IfG is bounded, then, for any interpretation I of o that satisfies F' and CET ,

the following conditions are equivalent to each other:

(@) I |= SMIF;pl;

(b) for every nonempty finite set' Y of atoms of o(G) whose predicate constants are

contained in p, I satisfies LFr(Y);

(c) for every finite first-order loop Y of G whose predicate constants are contained in p,

I satisfies LFp(Y').
The last corollary follows from Theorem 5 and Proposition 14.

Corollary 10 If G is in normal form and is bounded, then the following formulas are equiv-

alent to each other:

(@) SMIF;pl;
(b) {F}JU{LFp(Y)|Y isanonempty finite set of atoms of o(G) whose predicate constants are contained in g

(c) {F}U{LFr(Y) |Y is a finite first-order loop of G whose predicate constants are contained inp}.

Example 11 Consider Example 10 again, assuming that Man and Spouse are extensional.
Let F be the FOL-presentation of I1; U I, U 113 and let G be the formula (3.42). The loops
of G are the same as the loops of F'. The loop formulas remain the same as before except

for the following loop formulas of Man(u) and Spouse(u,v):

Man(u) — = (Man(John) A John # u) V 3z = ((Man(z) A z # u) V —~Man(z));

Spouse(u,v) — = (Jy(Spouse(John,y) A (John,y) # (u,v)))V
Jay = ((Spouse(z,y) A (x,y) # (u,v)) V —~Spouse(z,y)).
These two formulas are tautologies. As a result, the loop formulas of all loops, conjoined

with G, entail 3xyDiscount(z,y), but no longer entail Vxy (Discount(x,y) — x = John).
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In general, there are no loops of G that contain both intensional and extensional
predicates. Also every loop of GG that contains an extensional predicate is a singleton, and

the loop formula of such a loop is a tautology.

Corollary 3 is extended to allow extensional predicates as in the following. By

SLF[F; p], we mean the conjunction of F' with all loop formulas in

{LFr({p(x)}) | pis a predicate constant in p, and x is a list

of distinct object variables whose length is the same as the arity of p}.

We say that a formula F' is p-atomic-tight w.r.t. I if every infinite path in the de-
pendency graph of F' w.r.t. I whose vertices are satisfied by I contains an atom whose

predicate constant is not in p.

Corollary 11 Let F' be a rectified sentence (possibly containing function constants of posi-
tive arity), and let I be a model of F'. If F' is p-atomic-tight w.r.t. I, then I satisfies SM[F'; p|

iff I satisfies SLF[F"; p].

The definition of semi-safety is extended to distinguish between intensional and
non-intensional predicates as follows. Let F' be a formula that has no function constants of
positive arity. To every first-order formula F' we assign a set RV, (F') of restricted variables
relative to p as follows.

e For an atomic formula F' (including equality and 1),

— if F'is an equality between two variables, or is an atom whose predicate constant

is not in p, then RV, (F) = 0;

— otherwise, RV, (F) is the set of all variables occurring in F;
e RV,(GANH)=RVp(G)URVp(H);
e RV,(GV H)=RVy(G)N RVy(H);
e RV, (G — H) =0.

e RV,(QuG) =RVy(G) \ {v} where Q € {V,3}.
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We say that a variable x is p-restricted in a first-order formula F'if z € RV, (F'). We
say that F' is semi-safe relative to p if every strictly positive occurrence of every variable x

belongs to a subformula G — H, where z is p-restricted in G.

The small predicate property is generalized as follows. Formula SPP? is the con-

junction of the sentences
Yui,...,0, (p(vl, ceyUp) = /\ inc(vi)>

for all predicate constants p in p, where vy, ..., v, are distinct variables.

Proposition 15 (Lee et al., 2009) For any semi-safe sentence F' relative to p, formula

. i p
SM[F;p] entails SPP -
The following proposition tells us that for a semi-safe sentence F, formula SM[F; p|

can be equivalently rewritten as a first-order sentence.

Theorem 7 Let F' be a rectified sentence that has no function constants of positive arity. If
F is semi-safe relative to p, then SM|F’; p| is equivalent to the conjunction of F, SPP’g( )

and a finite number of first-order loop formulas.

Proof. Let F' be a sentence of the signature o. If F' is semi-safe relative to p, then

SM[F'; p] entails SPP? .., so it is sufficient to prove that under the assumption SPP?

(F) c(F)’

SM[F; p| is equivalent to the conjunction of F' and a finite number of first-order loop for-
mulas. By Proposition 14, SM[F’; p] is equivalent to SM[G], where G is (3.42). Consider
any interpretation I of ¢ that satisfies G and SPP{‘:’(F). Note that the dependency graph
of G w.r.t. I contains no outgoing edges from a vertex whose predicate constant does not

belong to p. Together with the fact that I |= SPP’C’ , we conclude that each path in the

()
dependency graph whose vertices are satisfied by I visits only finitely many vertices. Con-
sequently, G is bounded w.r.t. I. Since every finite loop of G w.r.t. I can be represented
by a finite set of atoms whose terms are object variables, it follows from Theorem 2 that

satisfies SM[G] iff I satisfies the loop formulas of those sets. |
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3.6 Related Work

The notion of a bounded program is related to the notion of a finitely recursive program
studied by Bonatti (2004), where a different definition of a dependency graph was consid-
ered. The atom dependency graph of a nondisjunctive ground program defined in (Bonatti,
2004) is a directed graph such that the vertices are the set of ground atoms, and the edges
go from the atom in the head to atoms in the body of every rule, including those in the
negative body. A program is called finitely recursive if, for every atom, there are only finitely
many atoms reachable from it in the atom dependency graph. It is clear that every finitely

recursive program is bounded, but the converse does not hold. For instance, the program

p(x) = not p(f(x))

is bounded, but is not finitely recursive because there are infinite paths that involve negative

edges. Also the program

p(a) < q(f(x))
is bounded, but is not finitely recursive because infinitely many atoms ¢(f(a)), ¢(f(f(a))),. ..
can be reached from p(a) in the atom dependency graph. Like bounded programs, checking
finitely recursive programs is undecidable in the presence of function constants of positive

arity.

Lin and Wang (2008) extended answer set semantics with functions by extending
the definition of a reduct, and also provided loop formulas for such programs. We can
provide an alternative account of their results by considering the notions there as special
cases of our definitions. For simplicity, we assume non-sorted languages.'?> Essentially,
they restricted attention to a special case of non-Herbrand interpretations such that object
constants form the universe, and ground terms other than object constants are mapped to
object constants. According to Lin and Wang, an LW-program P consists of type definitions
and a set of rules. Type definitions introduce the domains for a many-sorted signature con-
sisting of some object constants, and includes the evaluation of each function symbol of

positive arity that maps a list of object constants to an object constant. Since we assume

2| in and Wang (2008) considers essentially many-sorted languages. The result of this section can be
extended to that case by considering many-sorted SM (Kim, Lee, & Palla, 2009).

56



non-sorted languages, we consider only a single domain (universe). We say that an inter-
pretation I is a P-interpretation if the universe is the set of object constants specified by P,
object constants are evaluated to itself, and ground terms other than object constants are

evaluated conforming to the type definitions of P.

Proposition 16 Let P be an LW-program and let F' be the FOL-representation of the set of

rules in P. The following conditions are equivalent to each other:

(a) I is an answer set of P according to (Lin & Wang, 2008);
(b) I is a P-interpretation that satisfies SM|F|;

(c) I is a P-interpretation that satisfies I' and the loop formulas of Y for all loops Y of F'

w.r.t. I.

The equivalence between (b) and (c) follows from Proposition 2 since the universe
is finite. The equivalence between (a) and (c) follows from the fact that LW answer sets can
be characterized by loop formulas that are defined by Lin and Wang (2008) and that these

loop formulas are essentially the same as the loop formulas in (c).

Since the proposal of the first-order stable model semantics, there have been some
papers about first-order definability of SM[F|. Zhang and Zhou (2010) show that, for a
nondisjunctive program II that has no function constants of positive arity, its first-order sta-
ble model semantics can be reformulated by a progression based semantics. They also
showed that the programs whose answer sets can be found by a finite progression are ex-
actly those that can be represented by first-order formulas. Some researchers have paid
special attention to first-order definability of SM[F'] on finite structures. Chen, Zhang, and
Zhou (2010) show a game-theoretic characterization for the first-order indefinability of first-
order answer set programs on finite structures. Asuncion, Lin, Zhang, and Zhou (2010)
show first-order definability on finite structures by turning programs into modified comple-
tion using new predicates to record levels. Chen, Lin, Zhang, and Zhou (2011) present a
condition called “loop-separable,” which is more refined than finite complete set of loops

under which the finite answer sets of a program can be captured by first-order sentences.
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However, like the condition of finite complete set of loops, this condition is disjoint with

semi-safety. The following program is semi-safe but not loop-separable:

p(x) < p(y), q(z,y).

However, all this work is limited to nondisjunctive programs that contain no function con-
stants of positive arity. Our work is not limited to finite structures, and considers function
constants of positive arity as well. Nonetheless the above papers on first-order definability
are closely related to our work and more insights would be gained from the relationship

between them.

The use of first-order theorem provers for the stable model semantics was already
investigated by Sabuncu and Alpaslan (2007), but their results are limited in several ways.
They considered nondisjunctive logic programs with “trivial” loops only, in which case the
stable model semantics is equivalent to the completion semantics. They also restricted

attention to Herbrand models.
3.7 Conclusion

This chapter relates first-order logic and first-order stable model semantics via first-order
loop formulas. We identify three decidable conditions under which the formulas under
the first-order stable model semantics can be represented by formulas in first-order logic.
The discovered relationship provides useful insights into first-order reasoning with stable
models. This allows us to compute non-Herbrand stable models using first-order theorem

provers.
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3.8 Proofs

The proofs are presented in the order of dependencies. Theorem 3 is the main theorem.
The proof of Theorem 2 uses Theorem 3. The proofs of Theorems 4 and 5 follow from

Theorem 2. The proof of Lemma 1 follows from Proposition 13.

In the following, unless otherwise noted, F' is a rectified first-order sentence, p is
the list of distinct predicate constants p1, ..., p, occurring in F', symbols u, v are lists of
distinct predicate variables of the same length as p, and symbols q, r are lists of distinct

predicate names of the same length as p.

Proof of Theorem 3

Theorem 3 For any rectified sentence F', the following sentences are equivalent to each

other:

(a) SM[F];
(b) F AVu((u < p) A Nonempty(u) — ~NSESp(u));

(¢) FAYVu((u < p) A Ezt-Loopp(u) — -NSESp(u)).

The notation that we use in the proof involves predicate expressions (Lifschitz,
1994, Section 3.1) of the form

A\ F(x), (3.43)

where F'(x) is a formula. If eis (3.43) and G(p) is a formula containing a predicate constant
p of the same arity as the length of « then G(e) stands for the result of replacing each
atomic part of the form p(t) in G(p) with F'(t), after renaming the bound variables in G(p)
in the usual way, if necessary. For instance, if G(p) is p(a) V p(b) then G(A\y(z = y)) is
r = a V x = b. Substituting a tuple e of predicate expressions for a tuple p of predicate

constants is defined in a similar way.

Lemma 5 Let v be the list of \y'(p;(y®) A —u;(y®)). The following formulas are logically

valid:
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e u<p— (F*(u) <> NSESp(v));
e u<p— (F*(v) +> NSESp(u)).

Proof. By induction.

Proof of Equivalence between (a) and (b) of Theorem 3

It is sufficient to show that
Ju(u < p A F*(u))
is equivalent to

Jv(v < p A Nonempty(v) A NSESp(v)).

From left to right: Take u such that u < pAF*(u). Let v be the list of Ay’ (p; (y") A —u;(y?)).

e Clearly, v < p holds.

e From u < p, it follows that there are « and ¢ such that p;(x) A —u;(x), from which

V, 3x'v;(x*) follows, so that Nonempty(v) follows.

e By Lemma 5, NSESr(v) follows from u < p and F"*(u).
From right to left: Take v such that v < p A Nonempty(v) A NSESp(v). Let u be the list
of Ay (pi(y") A —wvi(y")).

e Clearly, u < p holds. Moreover —=(u = p) holds. Indeed, if u = p, then Va'—v;(x?)
follows, which contradicts the assumption Nonempty(v). Consequently, u < p fol-

lows.

e By Lemma 5, F"*(u) follows from v < p and NSESg(v).
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Proof of Proposition 3

Lemma 6 LetI be an interpretation of o that contains o (F'), and let q, r be lists of predicate
names corresponding to p. Let Z andY be sets of atoms in the dependency graph of F

w.r.t. I such that

pi(€°) € Y iffI = q;(€°)
and

pi(€°%) € Z iff I |=r;(€°),

where £° is a list of object names. Then
I ):T < q/\EF(TaQ)

iff Z is a subset of Y and there is an edge from an atom in Z to an atom in Y \ Z in the

dependency graph of F' w.r.t. I.

Proof. From left to right: Assume I =r < g A Er(r,q). The fact that Z is a subset of Y’
follows from the assumption that 7 = r < g and the construction of Z and Y". Since

I \/ Fz(ri(t) A g; (') A —ry(t)),

(p;(£),0;(t))) : p;(t) depends on p; (t')
inarule of I

where z is the list of all object variables in ¢ and ¢/, there is a substitution ¢ that maps object
variables in t and ¢’ to object names such that

1= \/ ri(t0) A q;(E'0) A —r;('0).

(pi(t),p;(t')) : p;(t) depends on p; (')
inarule of F

Consequently, there are atoms p;(t), p;(t’) such that p;(t) depends on p;(t’) in a rule of F’
and I = r;(t0)Ag;(t'0)A—r;(t'0). From I |= r;(tf) and the construction of Z, it follows that
pi(((t0)7)°) belongs to Z. Also from I |= ¢;(¥'0) A —r;(¥'0), it follows that that p; (((¢'0)7)°)
belongs to Y \ Z. Therefore, there is an edge from an atom in Z to an atom in Y\ Z in the

dependency graph of F' w.r.t. I.

From right to left: Assume that Z is a subset of Y and there is an edge from an atom p;(£°)

in Z to an atom p;(n°®) in Y\ Z in the dependency graph of F'w.r.t. I. Clearly, I =r < q.
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From the assumption that p;({°) € Z, p;(n®) € Y \ Z and the construction of Y’
and Z, it follows that I = r;(£°) A q;(n®) A —rj(n®). From the definition of the dependency
graph w.r.t. I, it follows that there are p;(t), p;(t') such that p;(t) depends on p;(t’) in a
rule of F" with a substitution 6 that maps object variables in ¢t and t’ to object names such

that (t0)! = ¢ and (¢'0)! = 7.

Consequently,

I= \/ ri(t0) A qi(E'0) A —r; ('),

(p§(t),p;(t")) : p;(t) depends on p; (¢')
inarule of I

which is equivalent to saying that

Ik \/ 32(r4(t) A gy (£)) A s (1),

(pi(t),p;(t')) : p;(t) depends on p; (t')
inarule of F

where z is the list of all variablesint and t’. 1

Lemma 7 A graph (V, E) is strongly connected iff, for any nonempty proper subset U of
V, there is an edge fromU to V \ U.

Proof. Follows from the definition of a strongly connected graph. 1

Proposition 3 Let q be a list of predicate names corresponding to p, and letY be a set of

atoms in the dependency graph of F' w.r.t. I such that
pi(€°) € Y iffI = q;(€°),

where £° is a list of object names. Then I |= Loop(q) iffY is a loop of F w.r.t. I.

Proof. From left to right: Assume that I = Loopz(q). From I = Nonempty(q), it follows

that Y is nonempty.

Take any nonempty proper subset Z of Y. Let r be the list of predicate names such

that

I }: Ti(fo) iff pi(é'o) € Z.
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It is clear that

I = Nonempty(r) Ar < q.

Consequently, from I |= Loopy(q), it follows that I = Er(r, q). By Lemma 6, there is an
edge from an atom in Z to an atom in Y\ Z. Consequently, by Lemma 7, Y induces a

strongly connected subgraph and thus a loop of F' w.r.t. I.

From right to left: LetY be loop of F' w.rt. I and q a list of predicate names such that
1= qi(€°)iffpi(€°) € Y.
Since Y is nonempty, I = Nonempty(q).
Consider any list of predicate names r such that
I = Nonempty(r) Ar < q.
Let Z be a set of vertices in the dependency graph of F' w.r.t. I such that
pi(€°) € Ziff I |=ri(€°).

Clearly, Z is a nonempty proper subset of Y. Since Y induces a strongly connected sub-
graph, by Lemma 7, there is an edge from an atom in Z to an atom in Y\ Z. Consequently

by Lemma6, [ = Ep(r,q). 1
Proof of Proposition 4

Proposition 4 Let q be a list of predicate names corresponding to p, and letY be a set of

atoms in the dependency graph of F' w.r.t. I such that
pi(€°%) € Y iff I = qi(€°),
where £° is a list of object names. Then
I = Nonempty(q) AVv((v < q) A Loopp(v) — Er(v,q))

iffY is an unbounded set of F' w.r.t. I.

Proof. From left to right: Assume

I |= Nonempty(q) A Vo(v < g A Loopp(v) — Er(v,q)). (3.44)
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Since I = Nonempty(q), it is clear that Y is nonempty.

Take any subset Z of Y thatis a loop of F'w.r.t. I. Let r be a list of predicate names

such that

I }: T‘i(fo) iff pi<€<>) e 7.
Since Z is a subset of Y, it is clear that I = r < q. Since Z is a loop of F w.rt. I, by
Proposition 3, I |= Loopg(r). Consequently, from (3.44) it follows that I = Er(r,q). By
Lemma 6, there is an edge from an atom in Z to an atom in Y \ Z. Therefore, Y is an

unbounded set of F w.r.t. I.

From right to left: LetY be an unbounded set of F' w.r.t. I. Since Y is nonempty, it is clear

that I = Nonempty(q).

Take any list of predicate names r such that I = r < g A Loopy(r). Let Z be a set

of vertices in the dependency graph of F' w.r.t. I such that
pi(€°) € Zift I = r;(£°).

By Proposition 3, Z is a loop of F'w.r.t. I. Itis clear that Z is a subset of Y. Since Y is an

unbounded set of F' w.r.t. I, there is an edge from Z to Y\ Z. Consequently by Lemma 6,

I'=Ep(r,q). 1
Proof of Proposition 5
Proposition 5 For any negative formula F', formula
NSESp(u) <> F
is logically valid.

Proof. The proof follows immediately from the following two lemmas, which can be proved

by induction. 1

Lemma 8 For any formula F,

NSESp(u) — F

is logically valid.
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Lemma9 Let F be a formula, and let Si be the set of p;(t) that has a strictly positive

occurrence in F'. Formula

FAn N Vzwi(t) — NSESk(v) (3.45)
pi(t)ESF

is logically valid, where z is the tuple of variables in t that are not free in F'.

Proof of Equivalence between (b) and (c) of Theorem 3

Lemma 10 Let F' be a rectified formula, let S; be the set of all atoms p;(t) that have a
positive occurrence in F' that does not belong to a negative formula, and let S, be the set
of all atoms p;(t) that have a negative occurrence in F' that does not belong to a negative
formula.'® The following formulas are logically valid, where z is the list of all variables in t

that are not free in F'.
@ (v<u) AN, yesi Vz(ui(t) = vi(t)) AN NSESp(v)— NSESE(u);
(b) (v<wu)A /\ tesy Vz(ui(t) —vi(t)) N NSESp(u) — NSESE(v).
Proof. Both parts are proved simultaneously by induction on F'.

Case 1: F'is an atom p;(t).

Part (a): NSESg(v) entails NSES ¢ (u) under the assumption

Part (b): NSESy(u) entails NSESz(v) under the assumption v < u.

Case 2: F'is L or an equality. It is clear since NSESp(v) and NSESy(u) are the same as

F.
Case 3: FisG AN H or GV H. Follows from I.H.

Case4: FisG — H.

®Note that we distinguish between formula being negative and an occurrence being negative. See at the
end of Section 2.5.
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Part (a): Assume

(v <u) /\ Vz(ui(t) — vi(t)). (3.46)
pi(t)ESE

We need to show that

(NSESc(v) — NSESy(v)) A (G — H)

entails
(NSESG(u) — NSESgy(u)) A (G — H).
Note that
/\ Vz(ui(t) — vi(t))
pi(t)eSg
and

are entailed by formula (3.46). By ILH., NSESG(u) entails NSES¢(v) and NSES 7 (v) entails
NSESH(’U,)

Part (b): Similar to Part (a).
Case 5: FisVz G

Part (a): Assume

(v <u) /\ Vz(ui(t) —v;(t)) AVZNSESg(v).
pi(t)est

From the assumption NSES(v), G follows by Lemma 8. Also

/\ V2 (ui(t) = v;(t))

pz(t)€S+
follows, where 2’ is the list of all variables in ¢ that are not free in G, so that by I.H. on G,
NSES¢ (w) holds from the assumption. Since z is not free in the assumption, VaNSES (u)

holds as well.
Part (b): Similar to Part (a).

Case 6: Fis 3z (.
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Part (a): Assume

(v <u) /\ Vz(ui(t) —v;i(t)) A JzNSESg(v). (3.47)
pi(t)est
Take z such that
(w<u)A N\ Vz(ui(t)—vi(t) ANSES(v). (3.48)
pi(t)ESH

From NSES¢(v), by Lemma 8, G follows. Also

/\ V2 (ui(t) = v;(t))

pi(t)ESE
follows, where 2’ is the list of all variables in t that are not free in G. By I.H. on G, NSES¢(u)
holds under the assumption (3.48). Consequently, 3xNSES¢(w) holds from the same as-
sumption. Since z is not free in (3.47), we conclude that 3zNSESg(u) holds from the

assumption (3.47).

Part (b): Similar to Part (a). 1

Lemma 11 For any rectified formula F,
(v <u) AN —FEp(v,u) N NSESp(u) — NSESp(v)

is logically valid.

Proof. By induction on F'.

Case 1: F'is an atom p;(t). NSESg(u) entails NSES(v) under the assumption v < wu.
Case 2: F'is L or equality. It is clear since NSESp(v) and NSESy(u) are the same as F.
Case 3: F'isG N\ H or GV H. Follows from [.H.

Case 4: FisG — H. Assume

(v <u)AN—Ep(v,u) NNSESp(u)
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and NSES¢(v). From NSESg(u), by Lemma 8, we conclude G — H. From NSES¢(v),

by Lemma 8, G follows, and consequently H.

Assume —NSESy(v) for the sake of contradiction. By Lemma 9, from H and
—NSESy(v), it follows that

\ Fzv;(t) (3.49)

pi(t) : pi(t) occurs strictly positively in H

, Where x is the list of variables in t that are not free in H.
Since F is rectified, the variables in F' can be partitioned into three sets: the list of
variables x that are not free in H, the list of variables y that are not free in GG, and the rest.

Note that ~E'r (v, u) entails

A (Elzcvi(t) — Vy(u; () — vj(t'))), (3.50)

(p; (t),pj (t")) : p;(t) depends on Pj (t/)inarule G—H in F
p;(t) oceursin H,p; (') oceursin G

where x is the list of all variables in ¢ that are not free in H, and y is the list of all variables

in t’ that are not free in G. From (3.49) and (3.50), we conclude

A Vy(u; (t') — v;(t)).

p;(t') : pj(t') occurs positively and not in a negative subformula of G

From this, together with the assumption (v < u) and NSES¢(v), by Lemma 10 (a),
NSES¢g(u) follows. Thus NSESg(u) follows from NSESg(uw) and NSESqg(w). Since
—Er(v,u) entails =Ex (v, u), by I.H. on H, NSESy(v) follows, which contradicts the as-

sumption.

Case 5: F is VaxG or JzG. Follows from I.H. 1

Lemma 12
Nonempty(u) — Jv(v < u A Ext-Loopp(v) A ~Ep(v,u))

is logically valid.

Proof. Take any list q of predicate names, and any interpretation I that satisfies Nonempty(q).

Let Y be a set of vertices in the dependency graph of F' w.r.t. I such that

pi(€°) € Y iff I |= q;(€°)
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Consider the subgraph G of the dependency graph of " w.r.t. I that is induced by Y. If Y

is an unbounded set w.r.t. I, by Proposition 4, I = Ext-Loopp(q). So

I'|=q < q AExt-Loopp(q) A —~Er(q,q).

Otherwise, consider the graph G’ that is obtained from G by collapsing strongly connected
components of G, i.e., the vertices of G’ are the strongly connected components of G and
G’ has an edge from V to V' if G has an edge from a vertex in V to a vertex in V’. Since
we assumed that Y is not an unbounded set w.r.t. I, there exists a vertex Z in G’ that has

no outgoing edges. Consider the list of predicate names r such that
I ): 7’1‘(50) iff pi<€<>) e 7.

It is clear that I |= r < q. By Proposition 3, I |= Loopy(r) thus I = Ext-Loopy(r). Since
there is no edge from Z to Y \ Z, by Lemma 6, I = —=Er(r, q). Consequently, the claim

follows. 1

Proof of Equivalence Between (b) and (c) of Theorem 3

From (b) to (¢): Clear from that the formula Ext-Loop;(u) — Nonempty(u) is logically

valid.

From (c) to (b): Assume
F AVv(v < p A Ext-Loopp(v) - -NSESg(v)).

Take any u such that w < p A Nonempty(u). By Lemma 12, it follows from Nonempty(u)
that there exists v such that v < u A Ext-Loopp(v) A =Er(v,u). ltis clear that v < p
follows from v < w and u < p. It follows from the assumption that -NSESz(v). Then by

Lemma 11, -NSESg(u) follows from v < w and —Ep(v,u). 1
Proof of Theorem 2

Lemma 3 Let F' be a rectified sentence of signature o (possibly containing function con-
stants of positive arity), and let I be an interpretation of o that satisfies F'. If F' is bounded
w.rt I,

I E Ju(u < p A Ext-Loopp(u) N NSESp(u))
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iff there is a finite loop Y of F' w.r.t. I such that

IE= </\Y/\NESF(Y)).

Proof. From left to right: Assume
I = q < pAExt-Loopr(q) AN NSESr(q)

for some list of predicate names q. Consider Y to be the set of vertices in the dependency

graph of F' w.r.t. I such that
pi(€°) € Y iff I |= qi(€°).

Since I = Ext-Loopr(q), by Proposition 3 and Proposition 4, it follows that Y is an ex-
tended loop of F w.r.t. I. Since I |= ¢;(&€°) for all p;(£€°) € Y and I |= g < p, it follows that
I satisfies every atom in Y. Together with the assumption that F' is bounded w.r.t. I, this
implies that set Y is finite. Since I = NSESr(q) and Y is finite, by Lemma 2, it follows that
I = NESg(Y).

From right to left: Consider any finite loop Y of F' w.r.t. I. Assume
I'= /\Y ANESg(Y).
Let g be a list of predicate names such that

I q;(€°)iff pi(€°) e Y.

e [ = g < p follows from the constructionof gand I = A\ Y.

e Since Y is a loop of F' w.r.t. I, by Proposition 3, I = Loopy(q), and consequently,
I E Ext-Loopr(q).

e From I = NESgr(Y), by Lemma 2, I = NSESr(q).

Consequently, I = Ju(u < p A Ext-Loopp(u) ANSESp(u)). 1
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Theorem 2 Let F be a rectified sentence of signature o (possibly containing function
constants of positive arity), and let I be an interpretation of o that satisfies F. If I is

bounded w.r.t. I, then the following conditions are equivalent to each other:

(a) I satisfies SM|F|;

(b) for every nonempty finite setY of atoms formed from predicate constants in o(F') and

object names for |1|, I satisfies LFr(Y);

(c) for every finite loop Y of F w.r.t. I, I satisfies LFr(Y).

Proof. Between (a) and (c): By Theorem 3 and Lemma 3.
Between (b) and (c):

e From (b) to (c): Clear.

e From (c) to (b): Assume that I satisfies LF (L) for every finite loop L of F' w.r.t I.
Consider any nonempty finite set Y of atoms formed from predicate constants in o (F')

and object names such that I = A Y. Let g be a list of predicate names such that
I qi(€°)iffpi(€°) € Y-
Since Y is nonempty, it is clear that Nonempty(q) follows. In view of Lemma 12,
there is a list of predicate names r such that
I =7 < g AExt-Loopp(r) A =Epr(r,q). (3.51)
Consider Z to be the set of vertices in the dependency graph of F’ w.r.t. I such that
pi(€°) € Ziff I |=ri(€°).

Since I = Ext-Loopp(r), by Proposition 3 and Proposition 4, Z is an extended loop
of Fwrt I. Clearly, I = A\Z since Z C Y andI = AY. Since F is bounded
w.rt. I, and Z is satisfied by I, it follows that Z is a finite loop of F' w.r.t. I. Since

I =r < qgA-Ep(r,q), Zis a subset of Y and, by Lemma 6, there is no edge
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from Z to Y \ Z in the dependency graph of F w.r.t. I. Since I = LFp(Z), we
conclude that I = -NESg(Z), and by Lemma 2, I = -NSESg(r). From (3.51) and
that I = —“NSESg(r), by Lemma 11, we have I = -NSESr(q). By Lemma 2 again,
I = -NESgr(Y). Consequently, I =LFg(Y).

Proof of Proposition 6

Proposition 6 If a rectified formula F' of signature o is bounded, then F' is bounded w.r.t.

any interpretation of o that satisfies CET .

Lemma 13 For any termst, andty of signature o, any interpretation I that satisfies CET,
and any substitution 6 from object variables in t; and t, to object names such that (t; 9)[ =
(to 6)!, Robinson’s unification algorithm (Robinson, 1965), when applied tot, andts, returns
a most general unifier (mgu) v of t; and to such that

(@) t1y = ta27y, and

(b) for every variable x inty orty, (zv0)! = (20)’.
Proof. From the assumptions, by Lemma 5.1 from (Kunen, 1987), ¢; and t, are unifiable,

in which case Robinson’s algorithm returns a mgu for ¢; and ¢, that maps variables occur-

ring in 1 and ¢y into terms. Given this, part (b) can be proven by induction. I

The proof of Proposition 6 follows from the following lemma.

Lemma 14 Let F' be a rectified sentence of signature o, and let I be an interpretation of o

that satisfies CET ,. For any path

(p1(€9),p2(€39), - - - r(€R) Prr1 (€540)) (3.52)

in the dependency graph of I’ w.r.t I, there is a path

(p1(u1),p2(u2), ..., pr(ug), Pra (Wisa))
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in the first-order dependency graph of I' with a substitution 6 that maps object variables in

u; to object names such that (u;0)! = &, for alli.

Proof. Each edge (p;(£7), pir1(£5.1)) in (3.52) is obtained from a pair of atoms (p;(t;), pi+1 (¢,
7 i+1 7

and a substitution 6; such that p;(t;) depends on p;+1(t}) in a rule of F, and
(t161)" =&, (£0)" = (ti10i01) =& (1< i< k), (#00)" = &ppr- (3.53)

For simplicity we assume that each pair (p;(t;), pi+1(t,)) considered above has no common
variables with another pair by first renaming variables. This allows us to use one substitution

0 =01...0, in place of individual 6; in the rest of the proof.

We will show by induction that, for each j where j € {1...k}, there are substitu-

tions af (1 <i < j) from variables in ¢; and t; to terms such that

(a) <p1(t1)a{,p2(t2)a§, e ,pj(tj)ajf,pjﬂ (t9)0§> is a path in the first-order dependency

graph of F', and

(b) (tio0)! =g foralll <i<j, and (tjol0)] =&,

When 5 = 1, we take ag' to be an identity substitution. Clearly, conditions (a) and

(b) are satisfied.

Otherwise, by I.H. we assume that, for some j in {1,...,k—1}, there are substitu-
tions a{, e 7‘7§ such that conditions (a) and (b) are satisfied. We will prove that there are

substitutions af“ (1 <14 < j+1) from variables in ¢; and ¢ to terms such that

(@) <p1(t1)0{+1,p2(t2)0'g+1, .. ,pj+1(tﬁl)Uﬁi,pj+2(t;+l)Uj;%> is a path in the first-order

dependency graph of F', and

() (tio?"0)! = ¢ forall 1 <i<j+1,and (t),,070) = &;,,.

From I.H., we have (t;.agfe)f = ;4 and from (3.53) we have (t;0)" = &;,,.

By Lemma 13 there is a substitution v from variables in t;-agf or tj; to terms such that

tgagy = t;117y and for any variable x in t}aﬁf or tj,

(zv0)! = (z0). (3.54)
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We define af“ as

° a{fywhenl <¢<jand
e ywheni=j+1.

It is easy to check that condition (a’) is satisfied. To check that condition (b’) is satisfied,

consider any variable z in the set

{ti0],t209, ... tjo) thol ti, th ). (3.55)

If 2 is in t;ag or iy, by (3.54), (zv6)! = (z0)!. Otherwise, since v does not change the
variables that are not in t;-o—jf or ti, (zv0)! = (z6)!. Consequently, for any variable z in
(3.55), we get (zv0)! = (z0). It remains to check the following.
e Forl <i <y, (tioflﬁ)l = (tiagvﬁ)l = (tiafe)f. The last one is equal to &; by I.H.
o (tjﬂaﬁe)f = (t;u0)! = (t;110)". The last one is equal to €11 by (3.53).

° (t/.

maf“e)f = (t},,70)" = (t},,0)". The last one is equal to &, , by (3.53).

FH

Proof of Proposition 7

Proposition 7 For any rectified sentence F of signature o and for any interpretation I of

o that satisfies CET ;, I is a model of
{LFr(Y) | Y is a finite first-order loop of F'}

iff I is a model of

{LFp(Y) | Y is afinite loop of F' w.r.t. I}.

The proof follows immediately from the following fact and Lemma 15.
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Fact 1 Let F' be a rectified sentence of signature o, and let I be an interpretation of o. For
any first-order loop Y of I' and any substitution 6 that maps variables in' Y to object names,

Y = {p;(€°) | ps(t) € YO, t! = ¢} isaloop of F w.rt. I.

Lemma 15 Let F' be a rectified sentence of signature o, and let I be an interpretation of
o. If I satisfies CET, then, for any finite loop Y' of F w.r.t. I, there is a finite loop Y of

F with a substitution 6 that maps variables in'Y to object names such thatY' = {p;(£°) |

pi(t) €Y, (t0)" =&}

Proof. Without loss of generality, consider a path

(p1(£9),p2(89), - - -, pe(£R), P1(£9))

(k > 1) in the dependency graph of I’ w.r.t. I that consists of the vertices in Y’. Since

I = CET,, by Lemma 14, there is a path

(p1(u1),p2(u2), . ., pr(ur), pr(up))
in the first-order dependency graph of F' with a substitution 6 that maps variables in wu;
to object names such that (u;0)! = ¢, forall 1 < i < k, and (upu6)! = &,. Since
(upp ) = (u10)!, by Lemma 13, there is a unifier v for uy,; and w; such that, for any
variable z in w41 or uy, (zv0)! = (z6)!. Consequently,
{p1(u17), p2(u27), - - -, pe(ury)}
induces a finite strongly connected subgraph such that (u;v0)! = (u;0)! =¢;. 1

Proof of Proposition 8

Proposition 8 If a rectified formula I in normal form is bounded, then F' is bounded w.r.t.

any interpretation.

The proof follows from the following lemma.

Lemma 16 Let F' be a rectified sentence of signature o in normal form, and let I be an

interpretation of o. For any path

(p1(€9),p2(£9), ., P (ER), PR (E311))
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in the dependency graph of I’ w.r.t I, there exists a path

(p1(w1), pa(u2), ..., pr(ur), Prp (Wp))

in the first-order dependency graph of I' with a substitution 6 that maps object variables in

u; to object names such that (u;0)" = &, for all i, and wu, is a list of object variables.

Proof. The proof is similar to the proof of Lemma 14 except that we do not require that
I satisfy CE'T,. Instead, the existence of a unifier v for t;-o—j-' and t; is ensured by the
assumption on normal form that £;; is a list of variables and the assumption that t;-aj
contains none of those variables (due to variable renaming).

Proof of Proposition 9

Proposition 9 If a rectified sentence F' in normal form is bounded, then for any interpre-

tation I, I is a model of
{LFr(Y) | Y is a finite first-order loop of F'}

iff I is a model of

{LFp(Y) | Y is afinite loop of F' w.r.t. I}.

The proof follows from Fact 1 and the following lemma.

Lemma 17 If a rectified sentence F' in normal form is bounded, then for any finite loop Y’
of F w.rt. I, there is a finite loop Y of F' with a substitution 6 that maps variables in'Y to

object names such that Y’ = {p;(£€°) | pi(t) € Y, (t0)! = ¢}.

Proof. Let Y’ be a finite loop of F w.r.t. I. Without loss of generality, there is a path

<P1(E<1>)ap2(5<2>)7 o 7Pk(52)7171 (5?»

(k > 1) in the dependency graph of F' w.r.t. I that consists of the vertices in Y. Since F is

in normal form, by Lemma 16, there are a path

(p1(w1), p2(u2), ..., pr(ug), p1(ug)) (3.56)
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in the first-order dependency graph of F', where u; consists of object variables only, and
a substitution ¢ that maps variables in wu; to object names such that (u;0)! = ¢; for all

1 <i<k,and (upq )’ = &,. There are two cases to consider.

e Case 1: There is a unifier v for u; and uyy that maps variables in u; to terms in wgy
so that u;y = ugy. It follows that, for any variable z in uzy or uy, (z70) = (20)".

Consequently,

{p1(u1v), p2(u27), - - - pe(ury)}

induces a finite strongly connected subgraph such that (u;y0)" = (u;0)! = &;.

e Case 2: There is no such unifier ~.

Consider another path

(p1(v1),p2(v2), - - - pr(vk), P1(VR1))

that is obtained similar to (3.56) except that the variables in the path are disjoint from
the variables in (3.56). Clearly, there is a unifier 7/ for ux; and vy that maps the

variables vy to terms, so that

(pr(w1), pa(ua), ..., pr(ur), p1(v1y'), p2(vay'), . . ., pr(vrr'))

is another path in the first-order dependency graph of F'. It is clear that using the
same construction repeatedly, we can form an infinite path that visits infinitely many
vertices in the first-order dependency graph. But this contradicts the assumption that

F'is bounded.

Proof of Proposition 11

We will use the following lemma in this section and the next section, which extends Theo-
rem 2 of (Chen et al., 2006) that provides a few equivalent conditions for a program to have

a finite complete set of loops to a disjunctive program and a sentence.
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Lemma 18 (Chen et al., 2006, Theorem 2) For any formula F' that contains no function

constants of positive arity, the following conditions are equivalent:

(a) F has a finite complete set of loops.

(b) There is a nonnegative integer N such that for every loop L of F', the number of

variables in L is bounded by N .

(c) For any loop L of F' and any atom A, and A in L, the variables occurring in A, are

identical to the variables occurring in A,.

(d) For any loop L of Ground ,(pyu{e, e} (F') where c1, co are two new object constants,
there are no two atoms A, and A, in L such that A1 mentions ¢; but Ay does not or

A1 mentions cy but A5 does not.

Proposition 11 For any rectified formula F' that contains no function constants of positive

arity, F' is bounded iff I’ has a finite complete set of loops.

Proof. From left to right: Assume that F' is bounded. Then every loop of F is finite. It
follows that there exists a nonnegative integer NV such that the number of variables in any

loop is bounded by N. By Lemma 18 (b), F' has a finite complete set of loops.

From right to left: Assume that F' has a finite complete set of loops and, for the sake of
contradiction, assume that it is not bounded. Without loss of generality, there is an infinite
path

(p1(t1)or, p2(t2)oa,...) (3.57)

in the first-order dependency graph of F' that visits infinitely many vertices, where p;(t;) are

atoms occurring in F' and o; are substitutions.

Since F' is a finite string, it contains finitely many atoms. It follows that there is an
atom p;(t;) occurring in F' with arbitrarily many substitutions o such that atoms p;(¢;)o are
contained in (3.57). Without loss of generality, consider the path

(pi(ti)oi, piv1(tiv1)oirt, ..., pi(ti)or)
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that is contained in (3.57), where o} and o; agree on substituting object constants for vari-
ables in t;. Since t;o; and t;o; contain no function constant, there exists a substitution o

that maps variables in t;o;, to terms in t;0; so that t;0,00 = t;0;. Consequently,

{pi(xi)oi00, piv1(Tir1)oiv100, ..., pi(xs)oRoo}

is a loop of F. Since the length of the path is arbitrarily large, there are arbitrarily many
variables occurring in the loop. By Lemma 18 (b), it follows that F' has no finite complete

set of loops. 1
Proof of Proposition 10

Proposition 10 For any rectified sentence F' (allowing function constants of positive arity),

(a) checking whether F' is bounded is not decidable;

(b) checking whether F' is atomic-tight is not decidable.

If F' contains no function constants of positive arity,

(c) checking whether F' is bounded is decidable;

(d) checking whether F' is atomic-tight is decidable.

Proof of Part (a) and (b):  We show the proof of Part (a) first. The proof repeats, with
minor modifications, the argument from the proof of Theorem 26 from (Bonatti, 2004), which

considers the following program Il to simulate deterministic Turing machines M.

t(s,L,v,[V | R],C) + t(s',[v' | L],V,R,C+1) forallinstr.(s,v,v, s, right)
t(s,L,v,[],C) « t(s',[v" | L],b,[],C+1) for all instr.(s, v, v’, ¢, right)
t(s,[V'| L],v,R,C) < t(s',L,V,[v" | R],C+1) forallinstr.(s,v,v', s, left)
t(s,[],v,R,C) «t(s,[],b,[v' | R],C+1) for all instr.(s, v, v', ¢, left)
t(s,L,v,R,C) for all final states s.

The Halting problem can be reduced to the problem of checking bounded formulas. More

precisely, we show that 11, is bounded iff M terminates from every configuration.

We first establish the following facts:
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(i) for every non-terminating computation of M on input z, there is a corresponding infi-

nite path in the first-order dependency graph of 11, that visits infinitely many vertices;

(i) if there is an infinite path in the first-order dependency graph of II,4, then there is
an infinite path starting with a legal encoding of an input and corresponds to a non-

terminating computation of M.

Fact (i) is immediate from the definition of 11 ,: Note that the step counter (the last
argument of ) ensures that the dependency graph is acyclic. Then, whenever M falls into
a cycle, the dependency graph contains an infinite acyclic path that visits infinitely many

vertices and hence the program is not bounded.

Fact (ii) can be proven as follows. Assume that there is an infinite path in the de-
pendency graph. We observe that the first argument of every vertex in the path must be a
legal state and the third argument of every vertex must be a legal tape value. Otherwise,
there is no outgoing edge from the vertices in the dependency graph of I1x4. So only the
second, fourth and fifth arguments can contain variables or illegal values which were ob-
tained from substitutions from the variables L, R, V and C. In this case, we can easily
find substitutions from these variables or illegal values to legal values and apply them uni-
formly along the path, so that we obtain another infinite path starting from the vertex that
correctly encodes a configuration of M and thus M has a corresponding non-terminating

computation.

The claim follows immediately from the two facts: if M does not terminate on some
computation, then by (i), I, is unbounded. If 11\ is unbounded, then by (ii), M does not

terminate.

The same proof works for Part (b) as well. This is because the step counter (the last
argument of t) ensures that the dependency graph is acyclic. Consequently, every infinite
path in the dependency graph visits infinitely many vertices, so that 11, is atomic-tight iff

II5q is bounded. 1

Proof of Part (c): In view of the equivalence between (a) and (d) in Lemma 18, checking
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whether a formula F' containing no function constants of positive arity has a finite complete
set of loops can be done by examining a finite number of loops from a finite dependency
graph, which is decidable. By Proposition 11, it follows that checking whether F'is bounded
is decidable. 1

Proof of Part (d):  For any sentence F' that has no function constants of positive arity and
any finite set ¢ of object constants, Ground.(F') is defined recursively. If F'is an atomic
formula thenGround.(F) is F'. The function Ground. commutes with all propositional con-
nectives; quantifiers turn into finite conjunctions and disjunctions over all object constants

occurring in c.

Lemma 19 Let c be the set consisting of all object constants occurring in F', and possi-
bly a new object constant if F' contains no object constants. F has a non-trivial loop iff

Ground.(F') has a non-trivial loop.

Proof. In order to check whether F' is atomic-tight, we first check whether F' is bounded,
which is decidable. If F'is not bounded, then F' is not atomic-tight. Otherwise, in view of
Lemma 19, checking whether F'is atomic-tight is the same as checking whether Ground.(F’)
is atomic-tight. Since F' contains no function constants of positive arity, the dependency
graph of Ground.(F) is finite. So it is decidable to check whether the dependency graph

of Ground.(F") has a non-trivial loop. 1

Proof of Proposition 13

Lemma 20 Let I be a formula andY a set of atoms. If no predicate constant occurring in

Y occurs strictly positively in F', then NESp(Y') is equivalent to F'.

Proof. By induction. 1§

Proposition 13 Let 11 be a program with quantifiers, ' the FOL-representation of 11,

andY a finite set of atoms. Under the assumption 11, formula QES(Y') is equivalent to

81



-~ NESr(Y). If1L is a disjunctive program in normal form, then QES(Y') is also equivalent

to ESi(Y') under the assumption I1.

Proof. Between QES(Y) and -NESp(Y): -NESp(Y) is

- N\ Va[(G— H)A(NESg(Y) — NESH(Y))]. (3.58)
H+GeIl

Under the assumption F', formula (3.58) is equivalent to

\/ 3=(NESq(Y)A-NESy(Y)). (3.59)
H<+Gell

In view of Lemma 20, if H does not contain any strictly positive occurrence of a
predicate constant that belongs to Y, NESy(Y) is equivalent to H. Also, it follows from
Lemma 2 and Lemma 8 that NES(Y') implies G. So NES(Y) A =NESg(Y') conflicts
the assumption G — H when H does not contain any strictly positive occurrence of a
predicate constant that belongs to Y. As a result, under the assumption F', formula (3.59)

is equivalent to the disjunction of
Jx(NESq(Y) A =NESgH(Y)) (3.60)

for all rules H < G, where H contains a strictly positive occurrence of a predicate constant
that belongs to Y. Note that G and H are formulas such that every occurrence of an
implication in G and H belongs to a negative formula. By Lemma 4, (3.60) is equivalent to

QES(Y).

Between QES(Y') and ESy(Y'): When II is a disjunctive program, QES(Y) is the dis-

junction of

3z<BANA N t#)r-(\ &)~ N t#t’))) (3.61)
;((:/))665 p(t)eA p(t)ey

over all rules (3.8) such that A contains a predicate constant that occurs in Y, where z is a

list of variables in (3.8) but not in Y. On the other hand, ESy;(Y') is the disjunction of

3z’ (BO’ ANo A Npweso (t#T)
reney (3.62)

A= (Vpwyeao @) A Nperyey t # t/)))
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over all rules (3.8) such that A contains a predicate constant that occursin Y and AcNY #

(0, where 2’ is a list of variables in Ao <— Bo, No but notinY.

Itis clear that (3.62) implies (3.61). To prove that (3.61) implies (3.62), assume

BANA N\ @#t)A-(\ @e)n J\ t#t)) (3.63)
5(<tt,>)6€€ p(t)eA p(t')ey

and consider two cases.
It Aperyey t # t' for all p(t) € A, then (3.63) is equivalent to

BANA N @#t)A~\/ plt)

p(t)EB p(t)eA
p(t)EY

which contradicts the assumption II.

Otherwise, there exists p(t) € A and p(t') € Y such that ¢ = ¢. Since Il is in normal form,
there exists o that maps t to ¢/, so that Ac N'Y ## (). Consequently, (3.63) is equivalent to

BoANoA N t#t)A=( \/ &)A N t£t)).

Z((tt)’feB; p(t)eAo p(t'ey

Thus the claim follows. |
Proof of Proposition 16

Proposition 16 Let P be an LW-program and let F' be the FOL-representation of the set

of rules in P. The following conditions are equivalent to each other:

(a) I is an answer set of P in the sense of (Lin & Wang, 2008);
(b) I is a P-interpretation that satisfies SM|F|;

(c) I is a P-interpretation that satisfies I' and the loop formulas of Y for all loops Y of I

w.r.t. I.

Given a program II, Norm(II) is a normal form of II and Ground(II) is a ground
program obtained from II as described in (Lin & Wang, 2008). The proof of Proposition 16
follows from the following lemma. We refer readers to (Lin & Wang, 2008) for the definition

of ES(-, -, -) defined there.
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Lemma 21 For any program 11 and any setY of ground atoms, ES o 1) (Y') is equivalent

10\ o)y BS(p(c), Y, Ground(II)).

Proof. By definition, ES oy, ) (Y) is

\/ Iz <B€ ANOAz)=tON [\ (t+ t’)), (3.64)
p(x)«B,N,x=tisin Norm(II) q(t)eBo
0:p(x)0€Y q(t")ey

where x is a list of distinct object variables, 6 is a substitution that maps variables in x
to object constants occurring in Y, and z is the list of all variables that occur in the rule

p(x)f < BO, N0, x6 = t0. (3.64) is equivalent to

\/ E!z’(B/\N/\t:c/\ A (t#t’)), (3.65)
p(t)+B,N€ll q(t)EB
p(e)eY q(t'ey

where 2’ is the list of all variables that occur in the rule p(t) < B, N. In turn, (3.65) is

equivalent to

\/ <B/ AN'Nd=ch [\ (tg# t’)). (3.66)
p(d)<+ B’ ,N'€Ground(II) q(tg)eB’
p(c)€Y q(tey

Note that when d does not cover ¢, there exists d; € d such that d; mentions only constants
and pre-interpreted functions and d; can not be evaluated to ¢; independent of interpreta-
tions. In that case, d = cis equivalent to L. Thus (3.66) is equivalent to

\/ \ (B’ AN'Nd=ch [\ (tg# t’)), (3.67)

p(e)€Y p(d)+B’,N'€Ground(Il) q(tg)eB’
p(d) can cover p(c) q(tey

which is essentially \/,, ey ES(p(c), Y, Ground(II)). &
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Chapter 4

ON SEMANTICS OF AGGREGATES

In this chapter we study and reformulate different semantics of aggregates by viewing them
as short-hands for propositional formulas in the stable model semantics. For the FLP se-
mantics, a novel reductive reformulation in terms of propositional formulas is presented.
For the PDB-SPT semantics and the Ferraris semantics, which already have propositional
formula characterization of aggregates, we show that each semantics can be reformulated
according to the other’s approach. Such uniform characterization has some merits. First,
it provides new insights into each of the semantics and helps us compare and relate them.
Second, all the important results already established for the propositional stable model se-
mantics, such as the strong equivalence (Lifschitz et al., 2001; Ferraris, 2005) and loop
formulas (Ferraris et al., 2006), can be immediately applied to programs with aggregates
by first representing them as the corresponding propositional formulas. Third, while it does
not appear immediate to extend to disjunctive programs, the non-reductive approaches for
the PDB-SPT semantics, such as the 7, operator based one with conditional satisfaction,

or ®,%9" operator based one, the extension is straightforward in the reductive approach.

The reductive approach also guides us to define loop formulas in the form of “aggre-
gate formulas,” in which aggregates are treated like usual formulas. In (Liu & Truszczynski,
2006; You & Liu, 2008), the authors show that such loop formulas can be encoded as
Pseudo-Boolean (PB) constraints and can be effectively computed by PB solvers. How-
ever, the result of (Liu & Truszczynski, 2006) is limited to monotone and convex constraints,
and the PDB-SPT semantics. Here we present aggregate loop formulas for the Ferraris and
the FLP semantics guided by the reductive approach. This part is also a further extension
of the idea of unfounded sets for the FLP semantics studied in (Faber, 2005), where the
author provided a model-theoretic account of loop formulas but left the definition of loops

and loop formulas as future work.

We also present generalizations of the Ferraris semantics and FLP semantics. This
is done by extension and modification of the stable model operator SM given in (Ferraris,

Lee, & Lifschitz, 2011b) and by adopting the notion of satisfaction extended to aggregates
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as in the FLP semantics. The generalizations avoid grounding and fixpoints and allows
non-Herbrand models to be considered. This allows us to show how the FLP semantics is
related to the first-order stable model semantics. When we consider Herbrand models, the
two generalized semantics agree with their propositional counter-part. We study the precise

relationship which properly generalizes the results in the propositional case.

In the next section we first review the syntax and three representative semantics
of programs with aggregates. In Section 4.2, we show our reformulations and compare
the three semantics based on the reformulations. In Section 4.3 we extended the theorem
on loop formulas to allow aggregates for the two semantics. Section 4.4 introduces the
syntax and semantics of aggregate formulas. In Section 4.5 and Section 4.6, we provide
the first-order semantics of aggregates for the Ferraris semantics and the FLP semantics

that applies to aggregate formulas. Section 4.7 compares and relates the two semantics.

4.1 Syntax and Existing Semantics of Programs with Aggregates
Syntax of Programs with Aggregates

Following (Lee & Meng, 2009; Ferraris & Lifschitz, 2010), by a number we understand an
element of some fixed set Num. For example, Num is Z U {400, —oc}, where Z is the set
of integers. An aggregate function is a partial function from the class of multisets to Num.
The domain of an aggregate function is defined as usual. For instance, COUNT is defined
for any multisets; SUM, TIMES, MIN and MAX are defined for multisets of numbers; SUM
is undefined for multisets containing infinitely many positive integers and infinitely many

negative integers.
An aggregate is of the form

OP(x.F(x)) = b (4.1)

where

e OP is a symbol for an aggregate function op;
e x is a nonempty list of distinct object variables;

e F(x) is an arbitrary quantifier-free formula;
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e > is a symbol for a binary relation over integers, such as <, >, <, >, =, #;

e b is an integer constant.

A more general definition of an aggregate is presented later.

A rule (with aggregates) is an expression of the form
Ay A+~ By, By ot By, ... not By (4.2)

(l > 0;n >m > 0), where each A; is an atomic formula and each F; is an atomic formula

or an aggregate. A program (with aggregates) is a finite set of rules.

Example 2 continued In the following, we will revisit the program II; from Section 2.3.
p(2) <« mnot SUM(z.p(x)) < 2
p(—1) < SUM{z.p(x)) >0

p(1) « p(=1).

FLP Semantics

The FLP semantics (Faber et al., 2004) is based on a modified definition of traditional reduct

and the notion of satisfaction extended to aggregates.’

Notation: Given a multiset of object constants {ci, ..., ¢, } and an integer constant b,

OP{{c1,...,cn}) = b

e multiset {c1,...,c,} isin the domain of the aggregate function op (corresponding to

OP), and

o op(fci,...,cn}}) = b.2

'The syntax from (Faber et al., 2004) is more restrictive than what we consider here: There F(x) in (4.1)
is required to be a conjunction of atoms.

2Here, we abuse the notation. We identify an integer constant with the corresponding integer, and > with
the corresponding relation.
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OP({c1,...,cn}}) # bifitis not the case that OP({c1,...,c,}) = b.

For any list of object constants ¢, by ¢[1] we denote the first element of ¢. Consider
any aggregate (4.1) occurring in IT and any Herbrand interpretation I of o(II). Let S be

the multiset consisting of all ¢[1] such that

e cis a list of object constants of o(II) whose length is the same as the length of «,

and

e [ satisfies F'(c).

We say that I satisfies the aggregate expression (4.1) if OP(Sy) » b. For instance, an Her-
brand interpretation {p(a)} satisfies COUNT (z.p(z)) > 0 but does not satisfy SUM(x.p(x)) >

0 because {a} is not in the domain of SUM.

The definition of the FLP reduct and FLP answer set is the same as in Section 2.4.
the FLP reduct of II relative to I is obtained from II by removing every rule whose body is
not satisfied by I. Set I is an FLP answer set of I if it is minimal among the sets of atoms
that satisfy the FLP reduct of II relative to I. For example, in program 115, the FLP reduct of
I1; relative to {p(—1),p(1)} contains the last two rules only. Set {p(—1),p(1)} is minimal
among the sets of atoms that satisfy the reduct, and thus is an FLP answer set of I1;. One

can check that this is the only FLP answer set.

Ferraris Semantics

The Ferraris semantics (Ferraris, 2005) is to understand an aggregate as an abbreviation
of a propositional formula. The semantics from (Ferraris, 2005) can be extended to allow

variables as follows.

Let £ = OP(x.F(x)) ~ b be an aggregate occurring in II, let O (E) be the set
of all lists of object constants of o(II) whose length is the same as the length of x, and
let Ci(E) be the set of all subsets C' of Or(E) such that OP({c[1] : ¢ € C}) # b. For
instance, in program II;, for £y = SUM(z.p(x)) < 2, set O, (E,) is {—1,1,2}, and
Cn, (Ey) is {{2},{1,2},{-1,1,2}}. Similarly, for B2 = SUM(z.p(x)) > 0, set Cpy, (E») is

{11}
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By Ferri(E) we denote
A ( A Fle)—» F(c)). (4.3)
CceCn(k) cel ceO (E)\C

For instance, Feryy, (E) is
(p(2) = p(=1) Vp(1)) A (p(1) Ap(2) = p(—1)) A (p(=1) Ap(1) Ap(2) — L).

By Fer(II) we denote the propositional formula obtained from II by replacing every
aggregate F in it by Ferj(F).2 The Ferraris answer sets of 11 are defined as the answer
sets of Fer(II). For example, the Ferraris answer sets of II; are the answer sets of the

following formula Fer (11 ):*
(=((p(2) = p(=1)vp(1)) A (P(1)AP(2) = p(=1)) A (p(=D)Ap(1)Ap(2) = L)) = p(2))

A ((p(=1)=p(1)Vp(2)) = p(-1))

A (p(=1) = p(1)).

This formula has two answer sets: {p(—1),p(1)} and {p(—1),p(1),p(2)}.

PDB-SPT Semantics

Under the semantics proposed in (Pelov et al., 2003), an aggregate can be identified with a
nested expression in the form of disjunctions over conjunctions, but unlike the naive attempt

given in the introduction, it involves the notion of a “(maximal) local power set.”

Given a set A of some sets, a pair (B,T") where B,T € Aand B C T is called a
local power set (LPS) of A if every set S such that B C S C T belongs to A as well. A
local power set is called maximal if there is no other local power set (B’, T") of A such that

B'CBandT CT".

Under the PDB-SPT semantics, a negation in front of an aggregate expression is

eliminated by a “classically equivalent” transformation. Program Pos(II) is obtained from a

8Strictly speaking, Ferr(E) is a ground formula of a first-order signature. However, since answer sets
are Herbrand interpretations, we can view it as a propositional formula under the corresponding propositional
signature. In the following, we identify a ground formula with a propositional formula in this sense, unless
otherwise noted.

“We underline the parts of a formula that correspond to aggregates.

®We saw the term first in (You & Liu, 2008). Notice that a maximal local power set is not in fact a set.
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program II by replacing not E; in each rule (4.2) in II where E; = OP(x.F(x)) »= b with
OP(x.F(x)) b (* is the symbol for the relation complementary to ). Clearly, Pos(II)
contains no negation in front of any aggregate expression. For instance, the first rule of
Pos(Il;) is
p(2) «+ SUM(z.p(z)) > 2.
Let E = OP(x.F(x)) = b be an aggregate occurring in Pos(II), let HByy be the set of all
ground atoms that can be constructed from o (II), and let Zy;(E) be the set of all Herbrand
interpretations I of o(II) such that I satisfies F (satisfaction as defined in Section 4.1). For
instance, for program Iy, HByy, is {p(—1),p(1),p(2)}, and, for £y = SUM(z.p(z)) > 2,
In, (By) is
{{r(2)}, {p(1),p(2)},{p(=1),p(1),p(2)}},

and, for By = SUM(z.p(x)) > 0, Z1, (E2) is

{0, {p()}, {p(2)}, {p(=1),p(1)}, {p(=1),p(2)}, {p(1), p(2)}, {p(=1), (1), p(2)} }.

The maximal local power sets of Z, (E7) are

{r2)}:{p(1),p(2)}), {p(1),p(2)}, {p(=1),p(1),p(2)}),

and the maximal local power sets of Zyy, (E2) are

0,{r(1),p(2)}), {p(D)},{p(=1),p(1),p(2)}), ({r(2)},{p(~1),p(1),p(2)}).

By PDB-SPTy(E) we denote

\/ (/\AA A ﬂA>. (4.5)

(B,T) is a maximal LPS of Z1; (E) A€B AeHBp\T

For instance, PDB-SPTyy, (E1) is (p(2) A =p(—1)) V (p(1) A p(2)).

By PDB-SPT(II) we denote the propositional formula obtained from Pos(II) by
replacing all aggregates E in it by PDB-SPTy(E). The PDB-SPT answer sets of 11 are
defined as the answer sets of PDB-SPT(IT). For example, II; has no PDB-SPT answer
sets, and neither does the following formula PDB-SPT(II; ):

(((p(2) A =p(=1)) V (p(1) Ap(2))) = p(2))
A ((zp(=1) V(1) v p(2)) = p(=1)) (4.6)

A (p(=1) = p(1)).
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Note that the original semantics defined in (Pelov et al., 2003; Son et al., 2007) is limited to
programs with nondisjunctive heads. It is not immediate how the nonreductive approaches
to defining PDB-SPT semantics (Son et al., 2007; Pelov et al., 2007) can be extended to

allow disjunction in the heads, while it is straightforward here.

4.2 Reformulation and Comparison of the Semantics of Aggregates
A Reformulation of Ferraris Semantics

The propositional formula representation of an aggregate according to the Ferraris seman-
tics can be written in a more compact way by considering maximal local power sets as in
the PDB-SPT semantics. Let E' be an aggregate occurring in II. By MLPS-Ferpi(E) we

denote

A (/\F(c)—> \/ F(c)>. (4.7)

(B,T) is a maximal LPS of C;(E) c€B ceOn(E)\T

Lemma 22 MLPS-Ferp(E) is strongly equivalent to Feryi(E).

This fact provides an alternative characterization of the Ferraris semantics. We define
the MLPS-Ferraris answer sets same as the Ferraris answer sets except that we refer to

MLPS-Ferp;(E) in place of Ferrp(E).

Proposition 17 The MLPS-Ferraris answer sets of I1 are precisely the Ferraris answer sets

of I1.

For example, in program II;, the maximal local power sets of Cry, (E1) are ({2}, {1,2}),
({1,2},{—1,1,2}). The maximal local power set of Cy, (E>)is ({—1}, {—1}). Formula (4.4)

is strongly equivalent to the following shorter formula

(~((»(2) =p(=1)) A (p(L)Ap(2) = 1)) — p(2))
A ((p(=1) = p(1)Vp(2)) — p(—1))

A (p(=1) = p(1)).
A Reformulation of FLP Semantics

The FLP semantics can also be defined by reduction to propositional formulas. As with the

PDB-SPT semantics, before turning a program to the propositional formula representation
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for the FLP semantics, we eliminate the negation in front of an aggregate using the classi-
cally equivalent transformation Pos(II) (Section 4.1). Let E be an aggregate occurring in
Pos(IT). By I1(E) we denote the set of all Herbrand interpretations I of o (II) such that I
does not satisfy E (as defined in Section 4.1). Clearly I1;(E) and Zi;(E) partition HBpy. By
FLP(E) we denote

A (/\A—> \/ A). (4.8)

IeIn(B) Ael AcHB\1

By FLP(II) we denote the propositional formula obtained from Pos(II) by replacing all ag-
gregates E initby FLPy(E). For example, for program Iy, set Iy, (E1) is {0, {p(—1)}, {p(1)}, {p(=1), p(1)}, {p(
and Iy, (E») is {{p(—1)}}, so that FLP(II,) is

(((p(=1)vp(1)Vp(2)) A (p(=1) =p(1)Vp(2)) A (p(1) = p(=1)Vp(2))
Alp(=1)Ap(1) = p(2)) A (p(=1)Ap(2) =p(1))) — p(2))
A ((p(=1) —=p(1)Vp(2)) — p(-1))

A (p(=1) = p(1)).

The following proposition tells us that the FLP semantics can be characterized by proposi-

tional formulas.

Proposition 18 The answer sets of FLP(II) are precisely the FLP answer sets of 11 (as

defined in Section 4.1)

Similar to (4.7), formula FLP(E) can be rewritten using the notion of maximal
local power sets, which provides yet another characterization of the FLP semantics. This is

due to the following lemma. By MLPS-FLP;(FE) we denote

A (/\A—> \/ A). (4.9)

(B,T) is amaximal LPS of Ij(E) A€B AecHBp\T

Lemma 23 FLP(FE) is strongly equivalent to MLPS-FLP1(E).

Formula MLPS-FLP(II) is defined the same as FLP(1I) except that we refer to MLPS-FLP(E)

in place of FLP;(E). For example, Lemma 23 tells us that FL.P(II;) has the same answer
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sets as the following formula MLPS-FLP (II; ):

((p(2) A (p(=1)—p(1))) = p(2))
A ((p(=1)—=p(1)Vvp(2)) —=p(—1)) (4.10)

A (p(=1)=p(1)).

While the Ferraris semantics and the FLP semantics can be characterized either
with or without involving the concept of local power sets, this is not the case with the PDB-
SPT semantics. In other words, in the definition of a PDB-SPT answer set, if we replace

(4.5) with the formula

Vo (Aan A -4). (4.11)

Iein(E) Ael A€eHB\I

then the resulting definition is no longer equivalent. Note that (4.5) and (4.11) are classically

equivalent but are not strongly equivalent.

A Reformulation of PDB-SPT Semantics

Consider the following formula modified from FLPy(E) by simply eliminating implications

in favor of negations and disjunctions as in classical logic. By Mod-FLPy;(E) we denote

A (V-av \ oa) (4.12)
IeIn(E) Ael AcHB\1

Mod-FLPy(FE) is classically equivalent to FLPy(E), but is not strongly equivalent. How-

ever, interestingly, the following holds.
Lemma 24 Mod-FLP1(E) is strongly equivalent to PDB-SPT1(E).

This fact provides a simple reformulation of the PDB-SPT semantics, without involving the
notion of local power sets. We define Mod-FLP(II) in the same way as PDB-SPT(II)
except that we refer to Mod-FLP(E) in place of PDB-SPTy(E).

Proposition 19 The answer sets of Mod-FLP (11) are precisely the PDB-SPT answer sets
of II.
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For instance, the PDB-SPT answer sets of II; are the same as the answer sets of the

following formula:

(((p(=1)Vvp(1)Vp(2)) A (=p(=1)Vp(1)Vp(2)) A (=p(1)Vp(=1)Vp(2))
A(=p(=1)V-p(1)Vp(2)) A (=p(=1)V-p(2)Vp(1))) = p(2))
A ((=p(=1)Vp(1)Vp(2)) = p(~1))

A (p(=1) — p(1)).

(4.13)

Similar to the Ferraris and the FLP semantics, maximal local power sets can be

used instead, as the following lemma states.

Lemma 25 Mod-FLPy(F) is strongly equivalent to

A (V-av \/ 4. (4.14)

(B,T) is a maximal LPS of I{(E) A€B AcHB\T

Again note the similarity between (4.9) and (4.14). They are classically equivalent to each

other, but are not strongly equivalent.

Relationship among the Semantics

The following proposition shows how one formula is stronger than another formula under
the stable model semantics. As before p is the list of distinct predicate constants occurring

in I or GG, and q is a list of new, distinct predicate constants of the same length as p.

Proposition 20 /f formulas F' <> G and
q<p— (F'(q) — G"(q))
are logically valid, then SM|G; p| — SM[F'; p] is logically valid.

The proposition implies that, for the two formulas F' and G that satisfies the condition, every

answer set of GG is an answer set of F'.

The characterizations of each semantics in terms of the uniform framework of

propositional formulas give new insights into their relationships. Note that the propositional
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formula representations of an aggregate according to each semantics are classically equiv-
alent (under the Herbrand models of o(11)), but not strongly equivalent, which accounts for

the difference in the semantics.

Proposition 21 For any program 11 and any aggregate E occurring in 11 and any set X
of ground atoms of o(11), X = E iff X = PDB-SPTn(FE) iff X = FLPp(E) iff X =
Ferp(E).

The relationship between the PDB-SPT semantics and the FLP semantics is known

as follows.

Proposition 22 (Son & Pontelli, 2007, Theorem 2) Every PDB-SPT answer set of 11 is an

FLP answer set of 11.

The converse does not hold as illustrated by program II;. An alternative proof of Proposi-

tion 22 follows from Propositions 20, 21 and the following lemma.

Lemma 26

(g <p) = (PDB-SPTu(E)"(q) — FLPu(E)"(q))

is logically valid.

For program II;, its only FLP answer set is a Ferraris answer set. Indeed, such
relationship holds if the program is “semi-positive.” We call a program semi-positive if,
for every aggregate (4.1) occurring in it, F'(x) is a quantifier-free formula that contains no
implications (this, in particular, means that there are no negations since we treat =G as

shorthand for G — L). For example, 11; is semi-positive.

Proposition 23 For any semi-positive program 11, every FLP answer set of 11 is a Ferraris

answer set of 11.
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However, the relationship does not hold for arbitrary programs. For instance, the

following non-semi-positive program

p(a) <+ COUNT(z.——p(z) V q(z)) # 1
q(b) « p(a)
p(a) < q(b)

has no Ferraris answer sets while it has only one FLP answer set {p(a), ¢(b)}.

The following proposition is a slight extension of Theorem 3 from (Ferraris, 2005),
which describes a class of programs whose FLP answer sets coincide with Ferraris answer

sets.

Proposition 24 For any semi-positive program 11, the FLP answer sets of 11 are precisely

the Ferraris answer sets of Pos(11).
4.3 Loop Formulas for Programs with Aggregates

Loop formulas in the previous chapter do not consider aggregates. You and Liu (2008)
define loop formulas for programs with aggregates according to the PDB-SPT semantics.
Their loop formulas contain aggregates, but the result can be explained by a reductive ap-
proach in the following simple way. A set of ground atoms is a loop of II according to
their definition iff it is a loop of PDB-SPT(II) according to (Ferraris et al., 2006). If we re-
place aggregates in their loop formulas with their propositional formula representations, the
resulting formulas are essentially identical to loop formulas of PDB-SPT(II) according to
(Ferraris et al., 2006). As shown in (Liu & Truszczynski, 2006; You & Liu, 2008), an advan-
tage of loop formulas containing aggregates is that such loop formulas can be compactly
encoded in pseudo-Boolean constraints, which allows pseudo-Boolean solvers to be used

for computing answer sets.

In this section we define loop formulas for programs with aggregates for the two

other semantics.
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Loop Formulas for Ferraris Semantics

We assume that II contains no function constants of positive arity and no free variables.
Let us identify rule (4.2) with
A+ B,C,N (4.15)

where A = {Ay,..., A}, Bis the set of all atoms E; where 1 < i < m, and C is the set of
all aggregates £; where 1 < j < m, and N is the set of all remaining expressions not Fj,

(m+1 < k < n) in the body.

Remind that loop formulas for arbitrary first-order formulas are defined using the
notion of NES, which can be extended to cover aggregates in a straightforward way. For
any aggregate £ = OP(x.F') = b and any finite set Y of ground atoms, formula NESg(Y)
is defined recursively as

OP(z.NESp(Y)) = b A E.

For instance, in program 11, formula NES g, ({p(—1),p(1)}) is

SUM(z.p(z) Ne#—-1ANxz#1) >0 A SUM(z.p(z)) > 0.

For any finite set Z of expressions, by Z” and Z" we denote the conjunction and,
respectively, disjunction of the elements of Z. We define the external support formula of a
finite set Y of ground atoms for II, denoted by ESy(Y"), as the disjunction of

B"A J\ NESE(Y)AN"A =(A\Y)"
EeC

for all rules (4.2) in IT such that ANY # () and BNY = {). Forinstance, if Y is {p(—1),p(1)},

the external support formula of Y for I1; is
p(=1) Ap(1) = (SUM(z.p(z) Nz#—1Az#1) > 0) A SUM(z.p(z)) > 0.

The aggregate loop formula of Y for I1, denoted by LF;(Y), is
Y — ESp(Y).

This definition extends the definition of a loop formula given in (Liu & Truszczynski, 2006),

which is limited to programs with monotone aggregates.
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Loops \ Aggregate loop formulas \

{p(—-1)} p(—1) = SUM(z.p(z) ANz#—1) > 0 A SUM(z.p(x)) >0

{p(1)} p(1) = p(-1)

) P = ~SUM{Lz-p(2)}) <2
{p(—1),p(1)} p(=1) Ap(l) = SUM(z.p(x) Nx#—1Ax#1) >0
ASUM(z.p(x)) >0

Figure 4.1: Loops and aggregate loop formulas for I1;

The Ferraris dependency graph of 11 is the directed graph such that

e its vertices are the ground atoms of o (II);
e for every rule (4.15) in II, an edge goes from each element of A to p(¢) if

— p(t) is an element of B, or
— if there are an monotone or non-monotone aggregate £ = OP(x.F) = b oc-
curring in C and a substitution 6 such that p(¢') has a positive occurrence in F;

that does not belong to any negative subformula of F; for some 1 < i < n and

p(t)0 = p(t).

For example, II; has four loops: {p(—1)}, {p(1)}, {p(2)}, {p(—1),p(1)}. Figure 4.1

shows the aggregate loop formulas of all loops.

Proposition 25 For any set X of ground atoms of o(I1) that satisfies 11, the following

conditions are equivalent to each other.

(a) X is a Ferraris answer set of I1;

(b) for every nonempty setY of ground atoms of o(1I), X satisfies the aggregate loop

formula of Y for11;

(c) foreveryloopY of 11, X satisfies the aggregate loop formula of Y for 11;

Loop Formulas for FLP semantics

In view of Proposition 24, Proposition 25 can be applied to FLP semantics as well. We
assume that, for every aggregate (4.1) occurring in the program, F'(x) is a conjunction of

atoms. Notice that, under this assumption, Pos(II) is a semi-positive program.
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Proposition 26 For any set X of ground atoms of o(II) that satisfies 11, the following

conditions are equivalent to each other.

(a) X is an FLP answer set of 11;

(b) for every nonempty setY of ground atoms of o(1I), X satisfies the aggregate loop

formula of Y for Pos(11);

(c) for every loopY of Pos(Il), X satisfies the aggregate loop formula of Y for Pos(I1).

Figure 4.2 shows the aggregate loop formulas of all loops for Pos(I1;). Notice that

the loops of Pos(II) may be different from the loops of II.

] Loops \ Aggregate loop formulas \
{p(—1)} p(—1) = SUM(z.p(z) ANz#—1) > 0 A SUM(z.p(x)) >0
{p(1)} p(1) = p(=1)
{p(2)} p(2) = =SUM(z.p(z) AN x#2) < 2 A =SUM(x.p(x)) < 2

{p(=1),p(1)} |  p(=1) Ap(1) = SUM(z.p(z) Nz#—-1Az#1) >0

ASUM(z.p(x)) >0

DD p@T | PD) Ap() = (~SUM(ep(x) A 1T A T£2) <2
A=SUM(z.p(x)) < 2)

V(SUM(z.p(x) Ne#—1ANx#2) >0
ASUM(z.p(x)) > 0)

Figure 4.2: Loops and aggregate loop formulas for Pos(II;)

Faber (2005) defined the notion of external support for the FLP semantics as fol-
lows.® Given sets X and Y of ground atoms, Y is called FLP externally supported by II

w.r.t. X if there is a rule (4.2) in II such that
e ANY #0,
e (A\Y)NX =10,
e X\YEE N ANEq,

e XEEA - AEyA-Epi A AN=Ey,.

Proposition 27 Y is FLP externally supported by Il w.r.t. X iff X satisfies ES poym)(Y)-

®More precisely, that paper defined the negation of this concept, unfoundedness.
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4.4 Syntax and Semantics of Aggregate Formulas

Below we lift up the syntax and semantics of aggregate programs from Section 4.1 to more
general cases. We will introduce a slightly more general definition of an aggregate and
define aggregate formulas as an extension of first-order formulas by treating aggregates as

a base case in addition to (standard) atomic formulas (including equality) and L (falsity).

We assume that the signature o contains symbols for all numbers, and some col-
lection of comparison operators that stands for binary relations over numbers. We assume

that symbols for aggregate functions are not part of the signature.

Following (Lee & Meng, 2009; Ferraris & Lifschitz, 2010), we define an aggregate

formula as an extension of a first-order formula by adding the following clause.

OP(z!.F|,...,x".F,) = b (4.16)

is first-order formula with aggregates where

OP is an aggregate function;

— x!, ..., x" are nonempty lists of distinct object variables;

- Fi,..., F, are arbitrary first-order formulas with aggregates;

> is a comparison operator;

bis aterm.

For instance,

(SUM(z.p(z)) > 1 V Jyq(y)) — r(z)
is an aggregate formula.

We say that an occurrence of a variable v in an aggregate formula H is bound if the
occurrence is in a part of H of the form (4.16) where v is in at least one of 2, or in a part
of H of the form Qu(G. Otherwise it is free. We say that v is free in H if H contains a free

occurrence of v. An aggregate sentence is an aggregate formula with no free variables.
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The definition of an interpretation is the same as in first-order logic. We consider
only the interpretations such that each number and each comparison operator is interpreted
as itself. The definition of satisfaction in first-order logic is extended to aggregate sentences
as follows. For any interpretation I of the underlying signature, satisfaction is extended to
cover aggregate (4.16) that contains no free variables as follows. For any set X of n-tuples
(n > 1), let msp(X) be the multiset consisting of all £; such that (£1,...,&,) € X for at
least one (n-1)-tuple (&2,...,&,), with the multiplicity equal to the number of such (n-1)-

tuples (and to +oc if there are infinitely many of them). Using this notation, we define:

o (z1...2,.F(xy,...,2,)) is
msp({(&1,-..,&) € 1" : F(&,..., &) = TRUE});

e (OP(z!'.F1,...,x".F,) = b)! equals TRUE if the join o of the multisets (x'.F})!, ..., (z".F,)!

belongs to the domain of OP and satisfies the condition OP(«) = b'.

With this extension, the recursive definition of satisfaction for an aggregate sentence is
given in the same way as in first-order logic. We say that an aggregate sentence F' is logi-
cally valid if every interpretation satisfies it. For instance, an Herbrand interpretation {p(a)}
satisfies COUNT (z.p(z)) > 0 but does not satisfy SUM(z.p(x)) > 0 because multiset {a}

is not in the domain of SUM. Consider the aggregate
SUM(z.p(z)) >0

and an Herbrand interpretation I = {p(—1),p(1)}. Sris {—1,1}} and SUM(S;) = 0 > 0,

so I satisfies SUM(z.p(z)) > 0.
4.5 Stable Model Semantics of First-Order Aggregate Formulas
In this section we provide a general definition of a stable model that applies to arbitrary

“aggregate formulas” in the style of the definition in Section 2.5, by extending the notion F™*

to aggregates in a way similar to other connectives.

For any aggregate sentence F' and any list of predicate constants p, expression

SM[F; p| stands for (2.6) where F*(u) is extended to aggregates as
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(OP(x!.Fy, ..., 2" F,) = b)* =
(OP(z'.F},...,x".F}) = b) A (OP{x!.Fy,...,x".F,) = b).

By a p-stable model of F' we mean a model of SM[F’; p] (under the extended notion
of satisfaction). As before, we use SM[F] in place of SM|[F’; p] when p is the list of all

predicate constants occurring in F'.

The Theorem on strong equivalence (Lifschitz et al., 2001; Ferraris, 2005) can
be extended to aggregate formulas in a straightforward way using the extended notion of
satisfaction. In the statement of the proposition below, p stands for the list of all predicate
constants that occur in F' or GG, and q is a list of new, distinct predicate constants, of the

same length as p.

Proposition 28 Aggregate formulas F' and G are strongly equivalent to each other iff the

formula

(g <p) = (F'(q) < G*(q)) (4.17)
is logically valid.
Programs with Aggregates as a Special Case

The AF-representation (“Aggregate Formula representation”) of (4.2) is the universal closure

of the aggregate formula
ExN-- - NEaAN=Epg A~ AN=E, = A1 V-V AL (4.18)

The AF-representation of 11 is the conjunction of the AF-representation of its rules.

The stable models of 11 are defined as the models of SM[F], where F'is an AF-
representation of II. The following proposition shows that this definition is a proper gener-

alization of the Ferraris semantics.

Proposition 29 Let II be a program that contains no function constants of positive arity
and let F' be its AF-representation. The Herbrand models of SM[F| whose signature is

o(IT) are precisely the Ferraris answer sets of I1.
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4.6 FLP Semantics of First-Order Aggregate Formulas

In this section, we will extend the FLP semantics to a general program with aggregates,
which contains rules of the form

H+ B (4.19)

where H and B are aggregate formulas.

The AF-representation (“Aggregate Formula representation”) of a finite general pro-
gram II with aggregates is the conjunction of the universal closures of the aggregate for-

mulas

for all rules H < B in II.

Let IT be a finite program whose rules have the form (4.19). The FOL-representation
I17OL of 11 is the conjunction of the universal closures of B — H for all rules (4.19) in II.

By FLPIII; p] we denote the second-order formula
I7OL A —Ju(u < p ATIZ (w)) (4.20)
where I1# (u) is defined as the conjunction of
V(B A B(u)— H(u)) (4.21)
for all rules H < B in II, where z is the list of all (free) variables in H + B.”

We will often simply write FLP[II] instead of FLP[IL; p] when p is the list of all

predicate constants occurring in I, and call a model of FLP[II] an FLP-stable model of II.

Example 2 continued The AF-representation of 111, denoted by F', is the following:
(= (SUM(z.p(x)) <2) — p(2))
A (SUM(z.p(x)) =20 — p(—1)) (4.22)
A (p(=1) = p(1)) .

The FLP-stable models of 111 are the models of

F A =Ju(u < p A2 (u)) (4.23)

"Note that we assume that IT is finite in order to avoid infinite conjunctions in the FOL representation.
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where T1° (u) is

(=(SUM(z.p(z)) <2) A ~(SUM(z.u(x)) <2) = u(2))
A (SUM(z.p(x)) >0 A SUM(z.u(x)) >0 — u(—1)) (4.24)

A (p(—=1) Au(—=1) = u(1)) .

The following theorem tells us that our semantics is a proper generalization of the

semantics from (Faber et al., 2011).

Theorem 8 Let Il be a finite disjunctive program with aggregates that contains at least one
object constant. The FLP-answer sets of 11 in the sense of (Faber et al., 2011) are precisely

the Herbrand models of FLP[II] whose signature is o (1I).

It is known that the FLP semantics from (Faber et al., 2011) has the anti-chain
property: no FLP-answer set is a proper subset of another FLP-answer set. This property

is still preserved in our generalized semantics.

Proposition 30 For any finite general program 11, if I is an Herbrand interpretation of o (11)

that satisfies FLP[11], then I is a minimal model of 1.
4.7 Comparing FLP and the First-Order Stable Model Semantics

Disregarding aggregates, the main difference among FLP and SM has to do with the treat-
ment of an implication. It is known that they coincide for programs whose rules have the
form (4.2) (Faber et al., 2011, Theorem 3.6), (Truszczynski, 2010, Theorem 3). However,
this is not the case for more general classes of programs (having rules of the form (4.18)),
or for arbitrary formulas. In fact, none of them is stronger than the other, as the following

example shows.

Example 12 For propositional signature {p} and programP; = {p < p V —p}, whose FOL-
representation is Fy = p\ —p — p, each of FLP[P:| has {p} as the only model, and
SM[F1] has no models.
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Formula Fy is strongly equivalent (in the sense of (Ferraris et al., 2011a)) to F» = (p — p) A (—p — p).
Again, SM[F5] has no models. Neither does FLP[Ps|, where P, is the program correspond-

ing to F5.

For program Ps = {p V =p < T}, whose FOL-representation is F5 = T — p\ —p,
SM][F3] has two models: () and {p}, while FLP[Ps] has only one model: (.

Formula F3 is strongly equivalent to Fy = ——p — p. FLP[P,] ( Py is the program

corresponding to F; ) has only one model: (), while SM[Fy] has the same models as SM|F3]

The following theorem presents a class of programs for which the FLP semantics
and the stable model semantics coincide. Following (Ferraris & Lifschitz, 2010), we say that

an aggregate function OP is monotone w.r.t. > if for any multisets «, 8 such that o C £,
e if OP(«) is defined then so is OP(;3), and
e for any n éNum, if OP(«) > n then OP(j3) = n.
We consider two numbers, k and m, for an occurrence of a predicate constant or
any other subexpression in a formula F,
e k: the number of implications in F' that contain that occurrence in the antecedent;
e m: the number of aggregates (4.16) containing that occurrence such that OP is not

monotone w.r.t. >.

We call an occurrence of a subexpression in F' strictly positive if k + m for that
occurrence in F'is 0. For example, in formula (p — ¢) — p, the second occurrence of p is
strictly positive. In =(SUM(z.p(x)) < 2), the occurrence of p is not strictly positive (for that

occurrence, k = m = 1).

We first define two notions. We call an aggregate formula semi-positive relative to p

if, for every aggregate OP(x!.Fy, ..., ™. F,) = bin it, every occurrence of every predicate
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p from p is strictly positive in each F; (1 < ¢ < n). We say that an aggregate formula F' is

canonical relative to a list p of predicate constants if

e F'is semi-positive relative to p;

e for every occurrence of every predicate constant p from p in I, we have that k +m <

1;

e if a predicate constant p from p occurs in the scope of a strictly positive occurrence

of Jor Vin F, then the occurrence of p is strictly positive in F.

For any canonical formula, the following result holds:

Proposition 31 For any aggregate formula F, if F' is canonical relative to p, then formula
(w<p)ANF — (F'(u) < F(u))

is logically valid.

In Proposition 31, when F is a first-order formula, it is easy to see that CIRC[F; p]
and SM[F'; p] are equivalent to each other. This fact is used in (Kim et al., 2009; Lee &
Palla, 2010) to compute the circumscriptive action formalisms using ASP solvers. Here we
generalize the result to formulas containing aggregates and use it to relate the FLP to the

SM operator.

Theorem 9 Let1l be a finite general program with aggregates and let I' be the AF-representation
of II. For every rule (4.18) in 11, if B is canonical relative to p and every occurrence of p

from p in H is strictly positive in H, then FLP[II; p] is equivalent to SM[F'; p].

Among the programs in Example 12, only P, satisfies the condition of Theorem 9.
For another example, in program II;, —(sum(z.p(z)) < 2) is not canonical relative to {p}.
In fact, {p(—1),p(1),p(2)} is an Herbrand interpretation that satisfies SM[(4.22)], but it
does not satisfy FLP[II,].
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Theorem 9 is a generalization of Proposition 24. When is syntax of rule in Pos(II)
is limited to the form

Al;...;Al<— Ey, ... E,,

it is clear that (1) for the body Fi, ..., E,, the number k +m < 1; (2) every occurrence of
predicate constant in the head is strictly positive in it. If II is semi-positive, then it follows

that the condition of Theorem 9 is satisfied as thus FLP[IL; p] is equivalent to SM[F’; p].
4.8 Conclusion

The chapter investigated the semantics of aggregates in both propositional level and first-

order level.

We presented a reductive approach to understand the existing semantics of aggre-
gates in terms of propositional formulas and related different semantics in terms of the un-
derlying general language. The reformulations give us insights into each of the semantics.
The reduction to propositional formulas allows the established results for the propositional
formula under the stable model semantics, such as the strong equivalence and loop formu-
las (Ferraris et al., 2006), to be applied to the semantics of aggregates, which saves efforts
of extending such results to each semantics. Guided by the reduction, we defined the loop

formulas of a program that contain aggregates.

The reductive approach led us to the general semantics of aggregates presented in
Section 4.5 and Section 4.6. which extends the definition of a stable model of a first-order
formula to an aggregate formula, using a notion of satisfaction extended from the one used
in the FLP semantics. The semantics do not refer to grounding and allow one to reason
about non-Herbrand models. They appear to be natural in defining arbitrary recursive and
nested aggregates. We also present the precise relationship between the two generalized

semantics.
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4.9 Proofs

We omit the proof of Proposition 28 since the proof requires minor rewriting from the proof
of Theorem 9 from (Ferraris et al., 2011b). The proof of Proposition 29 is immediate from
Lemma 30. Proposition 25 is a special case of Theorem 15 in Section 5.3. The proof of
Proposition 26 is immediate from Propositions 24 and 25. Theorem 9 is a special case of

Proposition 41 in Section 5.4. Below we provide the remaining proofs.

In the following, IT is a program that contains no free variables, £ = OP(x.F(p,x)) =
b is an aggregate expression occurring in II, p is the list of predicate constants occurring
in IT and q is a list of new, distinct predicate constants of the same length as p, X and Y
are sets of ground atoms of o(II) such that Y C X. By Y’ we denote the set of ground
atoms obtained from Y by substituting the members of new predicate constants g for the

corresponding members of p.

We will often use the following lemmas from (Ferraris et al., 2011b), each of which

can be proven by induction.

Lemma 27 Formula

(@<p)ANF*(q) = F

is logically valid.

Lemma 28 Formula

—

q<p) =~ ((=F)(q) & —F)
is logically valid.

Lemma29 Let £ = OP(x : F(p,x)) = b be an aggregate expression, and let S be the

set of all lists ¢ of object constants of o(I1) whose length is |x| such that
XUYP = F(q,c).

Then

XUYPE OP%S: F*(q,x)) = b



iff
OP{{c[l]:c€ S}) = b.

Proof. Clear from the definitions. 1

Lemma 30 X UYP = E*(q) iff X UY? = Ferp(E)*(q).

Proof. It is sufficient to show that
XUYP EOP(z: F*(q,x)) = b

iff
XUuYpPE /\ ( /\ F*(q,c) — \/ F*(q,c)).

CeCp(E) ceC ceO0n(E)\C

From left to right: Assume X U Y} = OP(x : F*(q,x)) = b. Let S be the set of all lists ¢

of object constants of o(II) whose length is || such that

XUYP EF(q,c).
By Lemma 29, it follows from XUYY |= OP(z : F*(q,x)) = bthat OP({c[l] : c € S}) = b.
Consequently, S is notin Ci(E).

Consider any C'in C;(F) such that
XuYPE N Fgo)
ceC
Clearly, C is a subset of S. Furthermore C'is a strict subset since S is not in Cyi(E).

Consequently,

XuvPE \/  Fqo).
ceon(E)\C

From right to left: Assume

XUuYpPE /\ (/\F*(q,c)—> \/ F*(q,c)).

CeCp(E) celC ceOon(E)\C
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Again let S be the set of all lists ¢ of object constants of o(II) of length || such that

X UYP = F*(q, ). Clearly, S is notin Cy(E). Since

XuyP e NFiqge— \/ Fiqo.
ces ccOn(ENS

Consequently,

OP({c[l]: c€ S} = b,

By Lemma 29, we conclude that

XUYP EOP(z: F*(q,x)) = b.

Lemma 31 Let F' be a ground formula that contains no implications. We have that X U

YP = F*(q) iffY = F.

Proof. By inductionon F'. 1

Lemma 32 Let F' be a ground formula such that, for every subformula of the form G — H,

neither G nor H contains implications. Then X UYY = F*(q) iff X = F andY | F.

Proof. By induction on F'. We consider when F'is G — H. It is sufficient to show that

under the assumption that X = F,
XUYPEG(q) — H(q) iff Y =G — H.
Since neither GG nor H contains an implication, by Lemma 31,
XUYPEG(q iff Y EG

and

X UYP = H*(q) iff Y = H.
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Lemma 33
q<p— << \/ < A An A —\A>>*(q) <—> PDB-SPTH(E)*(q)>
(B,T) isan LPS of Ir; (E) A€B AeHBp\T

is logically valid.

Proof. In view of Lemma 28, it is sufficient to show that for any maximal LPS (B, T’) of

In(E), the formula

Vo (ANa@r A -4 (4.25)

B/, T': AeB’ ’
BCBICTICT AEHBH\T

is equivalent to

A A@n AN A

AeB AcHB\T

From right to left: Clear.

From left to right: Assume (4.25). There is a tuple (B’,T") such that B C B’ CT' C T and

N A@on AN A

AeB’ AcHB\1/

Since B C B’ and HBy \T C HBy \ T',

A A@nr N A

A€eB AEHBH\T

follows. 1

Lemmas 22, 23, 24, 25 can be jointly reformulated as follows. We call formula (4.14)

MLPS-Mod-FLP(E).

The following formulas are logically valid.

(a) (MLPS-Feryi(E)*(q) <> Ferp(E)*(q));
(b) (MLPS-FLPu(E)*(q) <> FLPu(E)*(q));

(c) ¢ <p — (Mod-FLPu(E)*(q) <> PDB-SPTi(E)*(q));
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(d) ¢ < p — (MLPS-Mod-FLPr(E)*(q) <+ Mod-FLP11(E)*(q)).

The proof of Proposition 17 is immediate from (a); the proof of Proposition 19 is

immediate from (c).

Logical validity of (a): It is sufficient to show that for any two subsets B, T of Oy (E) such
that B is a subset of T, formula
A (AF@o~ \/ Fiac) (4.26)
BCSCT ceS ceOn(E)\S

is equivalent to

N\ Flao— \/ Figo.

ceB ceOn(E)\T

From right to left: Clear from the facts that B C S and O(E) \T C O (E) \ S.

From left to right: Assume (4.26) and A\ .. "*(q,c). Consider several cases, each of
which corresponds to a set S suchthat B C S C T and

N Fia.con N\ ~F(qo0). (4.27)

ces ceT\S
It follows from (4.26) and the first conjunctive term of (4.27) that

\/  Fg.0).
ceOon(E)\S

From this and the second conjunctive term of (4.27), we conclude that

\V  Fgo0).

CEOH(E)\T

Logical validity of (b). Similar to (a).

Logical validity of (c). In view of Lemma 28 and Lemma 33, it is sufficient to prove that,
under the assumption q < p,

A (\/ﬂAv \/ A*(q)> (4.28)

Ieln(E) A€l AcHB\1
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is equivalent to

V (/\A*(q)A A ﬁA). (4.29)

(B, T)isanLPSof I (E) A€B AeHBm\T

From right to left: Assume (4.29). There exists an LPS (B, T') of Zi;(F) such that

( A A@n A ﬂA). (4.30)

AeB AeHB\T
Consider any I in I1j(E). Since (B, T) is an LPS of Zy;(E), it is not the case that B C I C

T. Therefore two cases are possible.

Case 1: There is an atom A that belongs to BN (H By \ I). From (4.30), A*(q) follows, so

that

(\/ﬁA\/ \/ A*(q)) (4.31)

A€l AcHB\1

follows.

Case 2: There is an atom A that belongs to I N (H By \ T'). From (4.30), —A follows, so

that (4.31) follows.

From left to right: Assume (4.28). Consider several cases, each of which corresponds to

sets Y, X of atoms that belong to HB;. The assumption characterizing each case is that

(/\A*(‘IM A ﬂA*(q)> (4.32)

Aey AcHB\Y

and
( AAr A ﬁA). (4.33)
AeX AEHBH\X

By Lemma 27, it follows that Y is a subset of X. Take any set S of ground atoms such that

Y C S C X. Clearly,

N A

AeS
follows from (4.33) and

A -4,

AGHBH\S
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follows from (4.32), so that we get
( AAn A —|A*(q)>.
Aes AcHB\s

In view of (4.28), it follows that S'is not in I11(E), thatis, S is in Z;(E). Since this holds for

every S such thatY C S C X, it follows that (Y, X) is an LPS of Z;(E).

Logical validity of (d). It is sufficient to show that, under the assumption g < p, for any
two subsets B and T of HByy such that B is a subset of T', formula
A ( \/-av \/ A*(q)> (4.34)
BCSCT ~ AeS AcHBp\s

is equivalent to

\V -avo /A

A€eB AEHBH\T

From right to left: Clear from the facts that B C S and HByy \ 7" C HBqg \ S.

From left to right: Assume (4.34) and A , .z A. Consider several cases, each of which
corresponds to a set S suchthat B C .S C T and
N An N\ A (4.35)
AeS A€T\S
It follows from (4.34) and the first conjunctive term of (4.35) that
\V A (4.36)
AGHBH\S
From the second conjunctive term of (4.35), by Lemma 27,
AN\ —A% ().
AeT\S

From this and (4.36) we conclude that
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Proof of Proposition 18

Lemma34 X = E iff X = FLPy(E).

Proof. From left to right: Assume that X = E. Consider any [ in I1j(E) such that
X = Aucr A Clearly, I € X. From the facts that X = £ and I € Ii(E), we conclude
that X # I. Consequently, I C X. So there is an atom A suchthat A € X and A& I. In

other words, X = vAeHBH\I A.

From right to left: Assume X |= FLPy(FE), thatis,

XE A (/\A—> \/ A).

IeIn(E) Ael AcHB\1

It follows that X ¢ I1(F). Indeed, it is clear that

XgE NA- /) A

AeX AEHBH\X

Consequently, X = E. 1

Proposition 18 The answer sets of FLP(II) are precisely the FLP answer sets of II (as

defined in Section 4.1).

Proof. Without loss of generality, let us assume that the program II contains no negation
in front of aggregate expressions. This is because II and Pos(II) are equivalent under the

FLP semantics.

Let X be a set of ground atoms of o(II). If X [~ II, then X is not an FLP answer

set of II. Also, in view of Lemma 34, X is not an answer set of FLP(II).

Assume that X |=1I. Let
Al; c. ;Ak — Ak-+17 N ,Am, Fq, ..., E;, not Am+17 ...,not A, (4.37)
be any rule in II, where all A; are standard atoms and all F; are aggregate expressions.
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In view of Lemma 28, it is sufficient to show that, for any subset Y of X, set Y

satisfies the FLP-reduct of (4.37) relative to X iff X U Y} satisfies

A;H(q) A...NAY(q) NFLP(Ey)*(q) A... N\FLP(E))*(q)

(4.38)
A=A Ao AN2A, — Al(q) V...V AL(q).

Case 1: X does not satisfy some A; for k+1 < i < m or satisfies some A; for m+1 < i < n.
Itis clear that the FLP reduct of this rule is empty and XUY/Z does not satisfy the antecedent

of (4.38), in view of Lemma 27.

Case 2: X does not satisfy some E; for 1 < ¢ < [. Again the reduct is empty. By Lemma 34,

X B FLPn(E;), and consequently, X U YY |~ FLP(E;)*(q) by Lemma 27.

Case 3: X satisfies the body of rule (4.37). The reduct is (4.37) itself. Under this condition,

it is sufficient to prove that Y satisfies
Ay A — Akgr, oo Ay B B
iff X UYZ satisfies
Ap(@ A AL (g) NFLP(Er)"(q) A -+ - ANFLP(E)*(q) — Al(g) V...V Ai(q).
The claim follows from Lemmas 32 and 34. 1

Proof of Proposition 20

Proposition 20 If formulas F' <> G and

q<p-— (F'(q) - G(q))

are logically valid, then SM|G; p| — SM[F'; p| is logically valid.

Proof. Since F'is equivalent to G,
SM[G;p] = GA—-Fu((u <p) AG*(u))
& FA-Ju((u < p) AG*(u)).
Since u < p — (F*(u) — G*(u)) is logically valid, the last formula entails F' A =3Ju((u <
p) A F*(u)) which is exactly SM[F;p]. 1
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Proof of Proposition 21

Proposition 21 For any program 11 and any aggregate expression E occurring in 11 and
any set X of ground atoms of o(11), X |= E iff X |= PDB-SPTn(E) iff X = FLPu(E) iff
X | Ferp(E).

Proof. Clearly, FLP(E) is classically equivalent to Mod-FLP(F), and, by Lemma 24,
to PDB-SPT(FE). According to Lemma 34, X = FLP(FE) iff X = E. Also, as a special
case of Lemma 30 when Y=X, we get X = F iff X = Ferpp(E). 1

Proofs of Lemma 26 and Proposition 22

Lemma 26

(g < p) — (PDB-SPTn(E)"(q) — FLPu(E)*(q))

is logically valid.

Proof. In view of Lemma 24 and Lemma 28, it is sufficient to prove that, under the as-

sumption g < p,

Nrer(e) (VAeI AV V4cHB 1 A*(Q)>
- /\IGIH(E) ((/\Ae[ A= \/AeHBH\I A) A (Naer A*(q) = \/AGHBH\I A*(Q))>

is logically valid. Assume
A (V-av o a@)
Ieln(E) A€l AcHB\1

and consider any [ in Ij(E).

Case 1:\/ 4c; —A. It follows from Lemma 27 that,
\/ 4=\ -4%(q)
Ael Ael

is logically valid. Thus we get

( \V-av o/ A) A ( \V -4 gv \/ A*(q)>. (4.39)

Aerl AcHB\1 Aerl AcHB\1
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Case 2: \/ ycHB,\; A" (q)- By Lemma 27,

V 4aq@- \/ 4

AcHB\1 AecHBp\1
Thus we get (4.39). 1

Proposition 22 Every PDB-SPT answer set of 11 is an FLP answer set of 11.

Proof. Clearly, PDB-SPT(II) is equivalent to FLP(II). In view of Lemma 28 it is sufficient
to prove that

(g < p) = (PDB-SPTu(E)"(q) — FLPu(E) (q))
which is Lemma 26. 1§
Proofs of Proposition 23 and Proposition 24

Proposition 24 For any semi-positive program 11, the FLP answer sets of 11 are precisely

the Ferraris answer sets of Pos(1I).

Proof. It is sufficient to show that, for any aggregate expression E occurring in a semi-
positive program Pos(II),
X UYP = Fern(E)*(q)
iff
X UYP E FLPR(E)*(q)
Since Ferp(F) and FLP(E) are conjunctions of implications G — H where each of G

and H contains no implications, by Lemma 32, the above is equivalent to saying that
X E Ferp(E), Y | Ferp(E)
iff
X EFLP(E), Y | FLP(F)

This claim follows from Proposition 21.

Proposition 23 For any semi-positive program 11, every FLP answer set of 11 is a Ferraris

answer set of 11.
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Proof. According to Proposition 21, for every Herbrand model X of o(II), X = FLP(E)
iff X = Ferpp(E). Let E be OP(x : F(x)) # b. In view of the proof of Proposition 24, it
is sufficient to show that for any aggregate expression E in the negative body of (4.2), if

X UY{ satisfies FLPpg ) (E)*(q), then it satisfies (—Ferr(E))*(q) as well.
By Lemma 27,
it X UY? |= FLPp g p (E)*(q) then X UYP |= FLPpo (1 (E).  (4.40)

Since E contains no implications, in view of the proof of Proposition 24,

XUyl = FLPPos(n)(E) iff XUYYP = Ferp(E). (4.41)
It is clear that
XUyl = Fer(E) iff X U YP = —Fern(E). (4.42)
By Lemma 28,
XUYpP | —Ferp(F) iff XUYP = (mFern(£))*(q).
|

Proof of Proposition 27

Lemma 35 For any aggregate formula ' and any sets of ground atoms X, Y, under the

unique name assumption,
X | NFESp(Y) iff X U(X \Y)P = F*(q).
Proof. By induction on F'.
Proposition 27 'Y is FLP externally supported by Il w.r.t. X iff X satisfies ES p ) (Y ).

The proof follows immediately from the following lemma.

Lemma 36 /f £ contains no implications in it, then under the unique name assumption,

X | NFESg(Y)iff X = Eand X \Y = E.
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Proof. By Lemma 35,
X ENESg(Y) iff XU(X\Y)Y E Fern(E)*(q).
By Lemma 32,
XU(X\Y)! = Fern(E)*(q) iff X | Ferp(E)and (X \Y) = Fery(E).
By Proposition 21,

X [ Ferp(E) and (X \ Y) k= Ferp(E) iff X = Eand (X \Y) E E.

Proof of Theorem 8

For any disjunctive program 11 with aggregates, we represent a ground disjunctive rule with
aggregates in Ground(II) as

H(p) < B(p) (4.43)

where p is a list of distinct predicate constants in o(II), and H(p) is a disjunction of atoms
in the head and B(p) is a conjunction of literals and aggregate expressions in the body.
Let q be a list of new distinct predicate constants of the same length as p. By H(q) we
denote the formula obtained from H(p) by replacing every predicate constant p from p
by the corresponding predicate constant ¢ in g. Similarly we define B(q). Given a set Y’
of ground atoms, we denote by Y7 the set of atoms obtained from Y by substituting the

members of g for the corresponding members of p.

Lemma 37 Let I be a disjunctive program with aggregates. For any Herbrand interpreta-

tions X, Y of o(II), and any ground rule

H(p) < B(p)

in Ground(T),
Y |= (H(p) + B(p))*
iff
XUYy = B(p) A Blg) — H(q). (4.44)
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Proof. Case 1: X satisfies B(p). (H(p) + B(p))%is H(p) + B(p). On the other hand,
(4.44) is equivalent to saying that Y’ |= B(q) — H(q), which in turn is equivalent to saying
thatY = B(p) — H(p).

Case 2: X does not satisfy B(p). (H(p) < B(p))X is equivalent to T; itis clear that (4.44)

holds. 1

Lemma 38 For any finite ground program 11, X |= IT17OF jff X satisfies T1X.

Proof. Immediate from the definition of TTX.

Theorem 8 Let 11 be a finite disjunctive program with aggregates that contains at least one
object constant. The FLP-answer sets of 11 in the sense of (Faber et al., 2011) are precisely

the Herbrand models of F'LP[II| whose signature is o (I1).
Proof. Let = be the list of variables occurring in II and let H(x) < B(x) be a rule of II.
In view of Lemma 38, X is an FLP answer set of II iff

(i) X |=1179%, and

(i) no proper subset Y of X satisfies (Ground(IT))%-.

On the other hand, X is a Herbrand model of FLP[I1] iff

(") X |=1179%, and

(i") X does not satisfy Ju(u < p A T4 (u)).

Condition (ii) can be reformulated as: no proper subset Y of X satisfies every rule
(H(t) < B(t))X where H(t) — B(t) € Ground(II). Condition (ii’) can be reformulated
as: there is no proper subset Y of X such that, for every rule H(xz) < B(z) in II and
for every tuple t of ground terms, X U Y} satisfies (H (t) < B(t))“(q). By Lemma 37, it

follows that (ii) is equivalent to (ii"). 1
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Proof of Proposition 30

Proposition 30 For any finite general program 11 with aggregates, if X is an Herbrand

interpretation of o (11) that satisfies FLPI1], then X is a minimal model of I1.

Proof. Assume that X is an Herbrand interpretation of o (II) that satisfies FLP[II] and Y’

is any proper subset of X. Note that
X = PO A —Fu(u < p ATIZ (u))
iff X |= 17O and, for every proper subset Z of X,
X U ZP =117 (q).

Consequently, there exists a rule H < B in Ground(II) such that X UYJ = B(q) A B and
X UYL W~ H(q). Since B(q) and H(q) do not contain any predicate from p, it follows that
X EB,Y EBandY [ H. Consequently, Y does not satisfy Ground(II). 1
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Chapter 5

FIRST-ORDER STABLE MODEL SEMANTICS FOR GENERALIZED QUANTIFIED
FORMULA

Applications of answer set programming motivated various recent extensions to the stable
model semantics, for instance, to incorporate aggregates (Faber et al., 2011; Ferraris, 2005;
Son & Pontelli, 2007) and abstract constraint atoms (Marek & Truszczynski, 2004), and to
facilitate interface with external information source, such as ontology descriptions (Eiter
et al., 2008a). While the extensions were driven by different motivations and applications, a
common underlying issue is to extend the stable model semantics to incorporate “complex
atoms,” such as aggregates, abstract constraint atoms and dl-atoms. However, a systematic
study is still missing. As we showed in the introduction, many mathematical results on the
stable model semantics (e.g. splitting theorem, the theorem on completion, the theorem
on loop formulas, the theorem on strong equivalence and the theorem on safety) were

re-proven for each of the extension.

HEX programs (Eiter et al., 2005) provide an elegant solution to incorporate such
different extensions in a uniform framework via “external atoms.” The idea is to define
the meaning of external atoms in terms of external functions. For example, aggregate
COUNT(z.p(z,a)) > 3 is modelled by a binary external function f.ount such that given an
Herbrand interpretation I, fucount(!,a,3) = 1 iff the cardinality of the set {c | c € |I],] |=
p(c,a)} is > 3. Once the notion of satisfaction is extended to cover external atoms, the
stable models of HEX programs are defined as minimal models of the “FLP-reduct” (Faber
et al., 2011). The adoption of the FLP reduct instead of the traditional Gelfond-Lifschitz
reduct was a key idea to incorporate external atoms in HEX programs. HEX programs are
well studied (Eiter et al., 2006a, 2008a, 2011), and was implemented in the system dlv-
hex." On the other hand, as we discussed in Section 2.4, FLP semantics is limited to the

propositional case and it suffers from some unintuitiveness.

So one wonders: is it possible to combine the versatility of HEX programs and the

semantic properties of the first-order stable model semantics? How is the new semantics

http://www.kr.tuwien.ac.at/research/systems/divhex/
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related to the HEX semantics? These are the subjects of this chapter.

Itis hinted in (Ferraris & Lifschitz, 2010) that aggregates may be viewed in terms of
generalized quantifiers—a generalizations of the standard quantifiers, V and 3, introduced
by Mostowski (1957). We follow up on that suggestion, and present an alternative approach
to HEX programs by understanding external atoms in terms of generalized quantifiers. Our
semantics avoids the above issues with the FLP semantics, and allows natural extensions
to several important theorems about the first-order stable model semantics from (Ferraris
et al., 2011a), such as the splitting theorem, the theorem on completion and the theorem on
strong equivalence, to formulas with generalized quantifiers (GQ-formulas), which in turn
can be applied to the individual extensions. This saves efforts in re-proving the theorems
for these individual cases. It also allows us to combine the individual extensions in a single

language as in the following example.

Example 13 Consider an extension of nonmonotonic dl-programs (7 ,11) that allows ag-
gregates. The ontology description T specifies that every married man has a spouse who

is a woman and similarly for married woman:

Man M Married T JSpouse. Woman

Woman I Married T dSpouse. Man.

The following program 11 counts the number of people who are eligible for an insurance

discount:

discount(x) < not accident(x),
#dl[Man & mm, Married & mm, Woman & mw, Married & mw; 3Spouse.T|(x).
discount(x) < discount(y), family(y, x), not accident(x).

numOfDiscount(z) < COUNT (z.discount(z)) = z.

The first rule describes that everybody who has a spouse and has no accident is eligible
for a discount. The second rule describes that everybody who has no accident and has a
family member with a discount is eligible for a discount. We will see that our method can

provide the semantics of this combination.
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Interestingly, our approach allows us to discover two new extensions of the stable
model semantics, yet another semantics of logic programs with abstract constraints, and
yet another semantics of nonmonotonic dl-programs, both of which are again special cases
of GQ-formulas, and, distinct from the previous definitions, are close to the first-order stable

model semantics.

To compare with the HEX semantics, we extend the first-order FLP semantics for
programs with aggregate further to programs containing generalized quantifiers, which can
be viewed as extending HEX programs to the first-order level. We relate the FLP semantics
and the first-order stable model semantics in the general context of programs with general-

ized quantifiers.

This chapter is organized as follows. In Section 5.1, we review the syntax and the
semantics of GQ-formulas. We also present two equivalent stable models semantics, one
based on the SM operator and the other based on grounding and reduct. Section 5.2 shows
that extension of the stable model semantics, such as logic programs with aggregates, con-
straints, and nonmonotonic dl-atoms, can be viewed as special cases of GQ-formulas. In
Section 5.3, we extend important theorems in answer set programming, such as the split-
ting theorem, the theorem on completion, and the theorem on strong equivalence, theorem
on safety and theorem on loop formulas to GQ-formulas. In Section 5.4, we extend the
first-order FLP semantics to cover programs with generalized quantifiers and relate it to the
first-order stable model semantics. Section 5.5 proposes a new semantics for nonmono-
tonic dl-programs. Section 5.6 relates the proposed semantics to the existing semantics of
logic programs with generalized quantifiers and to the stable model semantics of infinitary

formula. Section 5.7 concludes this chapter.

5.1 Stable Models of Formulas with Generalized Quantifiers
Syntax of Formulas with Generalized Quantifiers

We follow the definition of a formula with generalized quantifiers from (Westerstahl, 2008),
which allows Lindstrém quantifiers (Lindstrém, 1966) without the isomorphism closure con-

dition.

We assume a set Q of symbols for generalized quantifiers. Each symbol in Q is
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associated with a tuple of nonnegative integer (ni,...,n;) (k > 0, and each n; is > 0),
called the type. A formula (with the set QQ of generalized quantifiers) is defined in a recursive

way.

e an atomic formula is a formula;

e if F1,..., Fy are formulas and @ is a generalized quantifier of type (n1,...,nx), then

Qlz]. .. [xi)(Fi(x1), . - ., Fr(xy)) (5.1)

is a formula, where each x; (1 < i < k) is a list of distinct object variables whose

length is n;.

We say that an occurrence of a variable = in a formula F'is bound if it belongs to a
subformula of F' that has the form Q[x1]. .. [zx](Fi(x1), ..., Fi(xk)), where x is in some
x;. Otherwise it is free. We say that z is free in F'if I’ contains a free occurrence of . A

sentence is a formula with no free variables.

We assume that Q contains a type () quantifier @, a type (0) quantifier Q- type
(0,0) quantifiers Qa, Qv, Q—, and type (1) quantifiers Qv, Q3. Each of them corresponds
to the standard logical connectives and quantifiers, 1, -, A,V, —,V, 3. These generalized
quantifiers will often be written in the familiar form. For example, we write F' A G in place of

QA (F, G), and write Yz F'(x) in place of Qv[z|(F(z)).

Semantics of Formulas with Generalized Quantifiers

An interpretation I of a signature o consists of a nonempty set U, called the universe of I,
and a mapping ¢! for each function or predicate constant c in o. For each function constant
f of o whose arity is n, f! is an element of U if n is 0, and is a function from from U™ to U
otherwise. For each predicate constant p of o whose arity is n, p’ is an element of {t, f}if
n is 0, and is a function from U™ to {t, f} otherwise. For each generalized quantifier @) of
type (ni,...,nx), QY is a function from P(U™) x --- x P(U™) to {t, £}, where P(U™)

denotes the power set of U™:.
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Example 14 Besides the standard connectives and quantifiers, the following are other ex-

amples of generalized quantifiers.

e type (1) quantifier Q<o such that Q%,(R) = t iff the cardinality of R is < 2; 2

o type (1) quantifier Qmajority Such that QY (R) = t iff the cardinality of R is

majority

greater than the cardinality of U \ R;

e type (2,1,1) reachability quantifier Q,cqcr, such that QU . (Ri, Re, R3) = t iff there

reach

are some u,v € U such that Ry = {u}, R3 = {v} and (u,v) belongs to the transitive

closure of R1.

Consider an interpretation I of a first-order signature o. o is defined the same as
before: signature obtained from ¢ by adding names for every element in the universe of I.

Given a sentence F of o/, F! is defined recursively as follows:

o p(tr,... tn)l =pl(t], ... th),
o (th=t) = (t] =t)),
e For a generalized quantifier Q of type (n1, ..., ny),
Q] .. [zK](Fi(21), .., Fi(zi))) = QV((z1-Fi(z1)) s ..., (xr-Fr(z))'),
where (z;.F;(x;)) = {€ € U™ | (Fi(€"))" = t}.

We assume that, for the standard logical connectives and quantifiers @, functions
QY have the standard meaning:
e QU(R) =tiff R=U; e QUY(Ry,Ry) = tiff R = {e} or Ry =
. , {e}s
e QY(R)=tiff RNU # 0;

° QE{(RI,RQ) =t iff R1 = RQ = {6};3 ° Qg(Rl,RQ) = t iff R1 is Q) or Rg is

%It is clear from the type that R is any subset of U. We will skip such explanation.
3¢ denotes the empty tuple. For any interpretation I, U® = {e}. For I to satisfy Q[][J(F, G), both (e.F)*
and (e.G)! have to be {e}, which means that F¥ = G' = t.
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{e}; « QIO =1

e QU(R) =tiff R =10.

We say that an interpretation I satisfies a sentence F', or is a model of F', and write

I |= F,if FI =t. A sentence F is logically valid if every interpretation satisfies F.

Example 15 Program 11, in Example 2 is identified with the following GQ-formula F :

(=Q(sum,<) 2]yl (p(x), y=2) = p(2))
A (Qsum,») ][yl (p(z), y=—1) — p(-1))
A (p(=1) = p(1)) -
Consider two Herbrand interpretations of the universe U = {—1,1,2}: I; = {p(—1),p(1)}

and I = {p(~1),p(1),p(2)}. We have (Qsum,«)[=][y](p(z), y = 2))"" = t since

o (wp(@)h ={-1,1} and (y.y=2)"" = {2};

J Q?SUMK)({—L 1},{2}) =t.
Similarly, (Qsum,>)[][y](p(x), y=—1))" =t since

o (wp(@)? ={-1,1,2} and (y.y=-1)" = {-1};

. Q?SUM’>)({—1, L2h{-1}) =t

Consequently, both I and I satisfy F}.

We say that a generalized quantifier (5.1) is monotone in the i-th argument position
if the following holds for any interpretation I: if QV(Ry,...,R;) = tand R; C R, C U™,
then QV(Ry,..., Ri—1, R, Riy1,..., Ry) = t. Similarly, we say that @ is anti-monotone in
the i-th argument position if the following holds for any interpretation I: if QV(Ry, ..., Ry) =
tand R, C R; C U™, then QV(Ry,...,Ri_1,Ri, Ri11,..., Ry) = t. We call an argument
position of () monotone (anti-monotone) if () is monotone (anti-monotone) in that argument

position.
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Let M be a subset of {1,...,k}. We say that @) is monotone in M if () is monotone
in the i-th argument position for all 7 in M. It is easy to check that both QA and @\, are
monotone in {1, 2}. Q_, is anti-monotone in {1} and monotone in {2}; @, is anti-monotone
in {1}. In Example 14, Q<2 is anti-monotone in {1} and Qmqjority IS Monotone in {1}. We
will see later that (anti-)monotonicity play an important role in the properties of stable models
for formulas with generalized quantifiers.

Stable Models of GQ-Formulas

For any first-order formula F* and any list of predicates p = (p1, ..., pn), formula SM[F’; p]
is defined as

FA=Ju((u < p) A F*(u)), (5.2)

where F*(u) is defined recursively:

e pi(t)* = u;(t) for any list t of terms;

e [ = F for any atomic formula F' that does not contain members of p;

(Q[x1] . .- k] (Fi (1), - .., Fy(mr)))* =

Q[ml] - [wk](Ff(asl), cey F,:‘(wk)) A Q[:I:l] - [.’I}k](Fl(ml), ceey Fk(a:k))
(5.3)

As in Section 2.5, for a sentence F', the models of SM[F’; p] are called the p-stable
models of F' and we write SM[F] in place of SM[F'; p| when p is the list of all predicate

constants occurring in F', and call p-stable models simply stable models.

Proposition 32 Let M be asubsetof{1,...,k} andletQ[x1]...[xr|(Fi(x1),..., Fr(zy))

be a formula such that no predicate constant from p occurs in Fj forall j € {1,...,k}\ M.

(a) If Q) is monotone in M, then
u<p— (Q]...[xi](Fi(z1),. .., Fi(zk)))"
< Q][] (FT (@), .., Fii (x1)))

is logically valid.
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(b) If QQ is anti-monotone in M, then

u<p— (Qxi]...[ze](Fi(z1),..., Frlzr)))"
< Qlzi]. .. [zr](Fi(21), ..., Fr(zk)))

is logically valid.

Proposition 32 allows us to simplify the formula £*(u) in (5.2) without affecting the
models of (5.2). In formula (5.3), if  is monotone in all argument positions, we can drop
the second conjunctive term in view of Proposition 32 (a). Similarly, if ) is anti-monotone in
all argument positions, we can drop the first conjunctive term in view of Proposition 32 (b).
For instance, recall that each of Q,, Qv, Qv, X3 is monotone in all its argument positions,
and Q- is anti-monotone in {1}. If F'is a standard first-order formula, then (5.3) can be

equivalently rewritten as
[} (—\F)* = —\F,
o (FANG)*=F*NG*; (FVG)"=F*VGY
o (F=GQ)=(F"=>G)YN(F—G);
o (VaF)* =VaF™*; (JoF)" =JaF™.
This is almost the same as the definition of F* in Section 2.5, except for (=F)*.* The

only propositional connective which is neither monotone nor anti-monotone in all argument

positions is (), for which the simplification does not apply.
Example 15 continued For GQ-sentence F considered earlier, SM|[F}] is
Fiy A —Ju(u <pA Ff(u)), (5.4)

where F}(u) is equivalent to the conjunction of F; and

(=Q(sum, <) [7][Y](p(x), y=2) — u(2))
A (Qsum» [7][yl(p(z), y=—1) A Qsum,>)[][y](u(z),y=~1)) = u(-1))
A (u(=1) = u(1)) .

I, and I, considered earlier satisfy (5.4) and thus are stable models of F}.

4~F is understood as F' — L in (Ferraris et al., 2011a), but this difference does not affect stable models.
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Reduct-Based Definition

We present a reduct-based definition of stable models for GQ-formulas. We also assume a
set @ of generalized quantifiers, which contain all propositional connectives and standard

quantifiers.

A ground GQ-formula w.r.t. I is defined recursively as follows:

e p(&7,...,&), where p is a predicate constant of o and & are object names of ol is

a ground GQ-formula w.r.t. I;

e forany Q € Q of type (nq,...,ng), if each S; is a set of pairs of the form £°.F where
£° is a list of object names in o/ whose length is n; and F is a ground GQ-formula

w.r.t. I, then
Q(S1,. .-, Sk)

is a ground GQ-formula w.r.t. I.
The following definition of grounding turns any GQ-sentence into a ground GQ-
formula w.r.t. an interpretation:

Let F' be a GQ-sentence of a signature o, and let I be an interpretation of o. By

grr[F] we denote the ground formula w.r.t. I, which is obtained by the following process:

grl[p(tla cee >tn)] = p((t{)o> S (trlz)o);
T ift] =+, and
® g’l"[[tl = tg] =
1 otherwise;
o gri[T]=T; gri[l]=1;
® ng[Q[azl] e [mk](Fl(ml), ey Fk(a:k))] = Q(Sl, ey Sk)

where S; = {£€°.gr1[F;(£°)] | €° is a list of object names of o/ whose length is the

same as n; }.
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For any interpretation I and any ground GQ-formula F' w.r.t. I, the satisfaction

relation I = F'is defined recursively as follows.

For any interpretation I and any ground formula F' w.r.t. I, the truth value of F' under

1, denoted by F!, is defined recursively as follows.

o P&l &) =p(&, - 6n);
o TI=t; L=,

e Q(S1,..., S =QUY(St, ..., SI)where S = {¢ | ¢°.F(¢°) € S;, F(£°)! = t}.

Example 15 continued For Herbrand interpretation Iy = {p(—1), p(1)}, formula gr, [F1]
is S

(=Q(sum,<)({—1.p(=1),1.p(1), 2.p(2) }, { 1.1, 1.1, 2.T}) — p(2))

A (Qsum,>) ({=1.p(=1),1.p(1),2.p(2)}, {~1L.T,L.L,2.1}) = p(-1)) (5:5)

A (p(=1) = p(1)) -
I satisfies Qsum,<)({—1.p(—1),1.p(1),2.p(2)},{—1.L,1.1,2.T}) because I = p(—1),
I = p(1), I |~ p(2), and

Qlsum o) ({-1,1}1,{2}) = ¢.

I satisfies Q(sum,>)({—1.p(=1),1.p(1),2.p(2)},{—1.T,1.1,2. 1 }) because

Qlsum>) ({11}, {-1}) = ¢.

Consequently, I; satisfies (5.5).

Proposition 33 Let o be a signature that contains finitely many predicate constants, let oP
be the set of predicate constants in o, let I = (I, IP) be an interpretation of o, and let F

be a GQ-sentence of . Then I |= F iff IP |= gr[F].

For any ground formula F w.r.t. I, the reduct of F relative to I, denoted by FL, is

obtained by replacing each maximal subformula that is not satisfied by I with L. It can also

be defined recursively as follows.

®For simplicity, we write —1, 1, 2 instead of their object names (—1)°,1°,2°.
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ooyt = | PE ) T p(E 6,
o (p(&7,...,&0))F =

1 otherwise;

e TL=T; 1L=1;

1, s Pk ; 1y--

where Si = {£°.(F(£°))L | €°.F(£°) € Si}.

Theorem 10 Let o be a signature that contains finitely many predicate constants, let oP be
the set of predicate constants in o, let [ = (I oI P) be an interpretation of o, and let F' be a

GQ-sentence of 0. I = SM[F; oP] iff IP is a minimal set of atoms that satisfies (gr;[F])L.

Example 15 continued The interpretation I; considered before can be identified as the
tuple (17, {p(—1),p(1)}) where I/ is empty. The reduct (grr, [F1])L is
(L—1)
A (Qsum> ({=1:p(=1),1:p(1),2: L} {=1:T,1: 1,2: 1}) = p(-1))
A (p(=1) = p(1)) .
We can check that {p(—1),p(1)} is a minimal model of the reduct.
5.2 Extensions of ASP as GQ formulas

In this section, we show that aggregate formulas, programs with abstract or explicit con-
straints, nonmonotonic dI-programs can be viewed as special cases of GQ formulas.

Aggregates as GQ-Formulas
We identify expression (4.16), which is
OP(z'.Fy,..., 2" F,) = b
with the GQ-formula
Qeop)[@1] - [®allyl(Fi(@1), .., Fn(an),y = b) (5.6)

where, for any interpretation I, Q%P + Is a function that maps PUlh x ... x P(U®nl) x

P(U) to {t, f} such that Qop oy (R1, .. -, Rn, Ruy1) = tiff
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e OP(«) is defined, where « is the join of the multisets msp(Ry1), ..., msp(Ry,),
e R, = {b'}, where b! € Num, and

o OP(a) = bl;

The following proposition states that this definition is equivalent to the definition

from (Ferraris & Lifschitz, 2010).

Proposition 34 Let F' be a first-order sentence with aggregates whose signature is o, and
let p be a list of predicate constants. For any expansion I of oy, to o, I is a p-stable model

of F' in the sense of (Ferraris & Lifschitz, 2010) iff I is a p-stable model of F' in our sense.

Non-monotonic DL-Programs as GQ Formulas

Let C' be a set of object constants, and let P and Py be disjoint sets of predicate constants.
A nonmonotonic di-program (Eiter et al., 2008a) is a pair (7,1I), where T is a theory in
description logic (DL) of signature (C, Pr) and Il is a generalized normal logic program of
signature (C, Pr1) such that Pr N Pp = (. We assume that II contains no variables by
applying grounding w.r.t. C. A generalized normal logic program is a set of nondisjunctive

rules that can contain queries to 7 in the form of “dl-atoms.” A dl-atom is of the form

DL[Siopip1, - .., Skopipr; Queryl(t) (k> 0), (5.7)

where S; € Pr, p; € P, and op; € {W,J,A}; Query(t) is a dl-query as defined in (Eiter

et al., 2008a). A dl-rule is of the form
a<by,...,bp,n0t byyy1,...,n0t by | (5.8)
where a is an atom and each b; is either an atom or a dl-atom. We identify rule (5.8) with
a+ B,N, (5.9)

where Bis by, ...,b, and N is not by,41, .. .,not b,. An Herbrand interpretation I satisfies
a ground atom A relative to T if I satisfies A. An Herbrand interpretation I satisfies a

ground dl-atom (5.7) relative to T it T U |J_, Ai(I) entails Query(t), where A;(I) is
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° {Sz(e) ’ pi(e) € I} if op; is W,
o {=S;(e)| pile) € I}ifop;is U,
o {=S;(e)| pile) & I}ifop;isnA.
A ground dl-atom A is monotonic relative to T if, for any two Herbrand interpreta-
tions I and I’ such that I C I', I =7 A implies I’ =1 A. Similarly, a ground dl-atom A

is anti-monotonic relative to T if, for any two Herbrand interpretations I and I’ such that

ICI,I' =7 Aimplies I =7 A.

Given a dl-program (7,1I) and an Herbrand interpretation I of (C, P1), the weak

dl-transform of 11 relative to 7, denoted by wII.., is the set of rules
a+ B (5.10)

where a + B, N isinIl, I =7 B A N, and B’ is obtained from B by removing all dl-atoms
in it. Similarly, the strong dl-transform of 11 relative to T, denoted by sIIZ., is the set of rules
(5.10), where a «+ B, N isinIl, I =7 B A N and B’ is obtained from B by removing all
nonmonotonic dl-atoms in it. The only difference between these two definitions is whether

monotonic dl-atoms in the positive body remain in the reduct or not.

An Herbrand interpretation I is a weak (strong, respectively) answer set of (T, 1I)

if I is minimal among the sets of atoms that satisfy wIl-(sII%-, respectively).

Here we understand dl-programs as a special case of GQ formulas. Consider a dl-
program (7, 1I) such that IT is ground. Under the strong answer set semantics, we identify

every dl-atom (5.7) in 1I with
Qeu.olzi]- . [xk](pr(z1), - - -, pr(r)) (5.11)
if it is monotonic relative to (7, 1I), and

Q. lx] . [zk](p1(21), - pe(k) (5.12)

otherwise.
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Given an interpretation I, Q{;  is a function that maps P(UI®1[) x --- x P(U=)
to {t, f} such that, Q%_7)(R1, o Ry) =tiff TU Ule A;(R;) entails Query(t), where
Az(Rz) is

o {Si(&) & € Ri}ifopiisw,

o {—S5i(&) €& € Ri}ifop;isy,

o {=Si(&) | & € U™\ R} if op;is A.

We say that I is a strong answer set of (T, 11) if I satisfies SM[II; Pry].

Similarly a weak answer set of (7,11) is defined by identifying every dl-atom (5.7)

in 1T with (5.12) regardless whether A is monotonic or not.

Example 13 continued The dl-atom

#dl[Man W mm, Married & mm, Woman & mw, Married & mw; 3Spouse. T |(alice)
(5.13)

is identified with the generalized quantified formula

Q5.13)[71][x][23][xa] (mm(z 1), mm(z2), mw(z3), mw(24)) (5.14)

where, for any interpretation I, ang) is a function that maps P(U) x P(U) x P(U) x P(U)
to {t, f} such that Q?MS) (Ry, Ro, R3, Ry) = t iff T U{Man(c) | ¢ € R1} U {Woman(c) |

¢ € R3}U {Married(c) | ¢ € R2 U R4} entails 3xSpouse(alice, x).

Consider an Herbrand interpretation I = {mw(alice)}, which satisfies (5.13). I
also satisfies (5.14) since (z.mw(x))! = {alice} and TU{Woman(alice), Married(alice)}

entails 3xSpouse(alice, ).

The following proposition tells us that the definitions of a strong answer set and a

weak answer set given here are equivalent to the definitions from (Eiter et al., 2008a).

Proposition 35 For any dl-program (T, 11), an Herbrand interpretation is a strong (weak,
respectively) answer set of (T, 11) in the sense of (Eiter et al., 2008a) iff it is a strong (weak,

respectively) answer set of (T, 11) in our sense.
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Abstract Constraint Atoms as GQ-Formulas

Abstract constraint atoms is a generalization of aggregates to represent arbitrary constraints
on atoms. Intuitively, a constraint A represents a condition on models of the program con-
taining A. The definition of A includes an explicit description of conditions interpretations

have to meet in order to satisfy it.

Formally, let o be a propositional signature, D be a finite set of atoms of o and C'
be a subset of the power set P(D). An abstract constraint atom (or c-atom following (Son
et al., 2007)) is of the form (D, C). Intuitively, a c-atom represents a constraint with a finite
set C of admissible solutions over a finite domain D. Given a propositional signature o, for
any interpretation I of o, we say that I satisfies an c-atom (D, C) if IND € C. Consider the

c-atom ({a, b}, {{ },{b},{a,b}}). For any interpretation I, I satisfies the c-atomiff a & I.

Son, Pontelli and Tu (Son et al., 2007) proposed a semantics of program with ab-
stract constraints atoms based on a extended definition of satisfaction, namely “conditional
satisfaction.” Lemma 6 from (Son & Pontelli, 2007) shows that the definition is equivalent
to the semantics of aggregates by Pelov, Denecker, Bruynooghe (Pelov et al., 2007), which
translate aggregates into nested expressions. We will just present the reductive semantics

which involves the notion of a “(maximal) local power set.”.

For any c-atom (D, C), by SPT(D, C)® (Son & Pontelli, 2007) we denote the for-

mula

\/ (Awn A -») (5.15)

(B,T) is amaximal LPS of C p;€B pi €D\T

By SPT(II) we denote the propositional formula obtained from Ground(II) by re-
placing all c-atoms (D, C) in it by SPT(D, C). The SPT answer sets of II are defined as

the answer sets of SPT(II) in the sense of SM.

Example 16 The following example is from (Liu, Pontelli, Son, & Truszczynski, 2010). Con-

®Here we understand a c-atom as an aggregate
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sider the following program 11.
a. b.
¢« ((a,b,c0),{{a},{a,c}, {a,b,c}}).
SPT(II) is the formula

aNbA (((aN=b)V(aNc)) — c).

It is easy to check that there is no SPT answer sets of 11.

We view c-atoms as a special case of generalized quantifiers containing no vari-
ables, and this provides an alternative semantics of c-atoms that is different from (Son
et al., 2007). An abstract constraint (D, C'), where D is (p1,...,pn), can be viewed as a
GQ-formula

Qcl]..-[1D, (5.16)

where, for any interpretation I of o, QY, is a function that maps P({e}) x --- x P({e}) to

{t, f} suchthat QY(Ry,...,R,) = tiff {p; | 1 <i<n, R;={e}} € C.

The following lemma follows immediately from the definition:

Lemma 39 For any c-atom (D, C) of o and any interpretation I of o, I satisfies (D, C') in

the sense of (Son et al., 2007) iff I |= (5.16).

A propositional formula with c-atoms extends the standard syntax of a propositional
formula by treating c-atoms as a base case in addition to standard atoms. The stable model
semantics of such a formula is defined by understanding the formula as shorthand for the

corresponding GQ-formula as described in Lemma 50.

Example 16 continued Consider the formula F' that corresponds to 11

aNbA((a,bc),{{a},{a,c}, {a,b,c}}) = c
For new atoms d,e, f, formula F*(d, e, f) is

dNeA ((a,b,c), {{a},{a,c},{a,b,c}}) — c)A

((a,b,¢), {{a},{a,c},{a,;b,c}}) A ((d.e, f). {{d}.{d. f},{d,e, f}}) = ).
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Any subset X of {a,b, c} is an answer set of F' iff X satisfies F' and for any proper subset
Y of X, X UY % does not satisty F*(d,e, f). (Here Y;'f is the set obtained from Y by

replacing a, b, c withd, e, f.)

We can check that {a, b} is the only answer set of F'. Indeed, {a, b} satisfies F' and

each of {a, b}, {a,b,d}, {a,b, e} does not satisfy F*(d,e, f).

Given a c-atom (5.16), we define its propositional formula representation as
A\ (/\p—> \/ p>. (5.17)
CeP(D)\C " peC peD\C
For any propositional formula F' with c-atoms, by Fer(F'), we denote the usual propositional

formula obtained from F' by replacing every c-atom (5.16) with (5.17).

The following proposition tells us that c-atoms in a formula can be rewritten as

propositional formulas under the stable model semantics from (Ferraris, 2005).

Proposition 36 For any propositional formula F' with c-atoms and any propositional inter-

pretation X, X is an answer set of F' iff X is an answer set of Fer(F).

Example 16 continued For the formula F' above, Fer(F) is

aNbA (((aVOVe)Ab—=aVe)A(c—=aVb)A(aNb—c)N(bAc—a))— c).
We check that {a, b} is the only answer set of Fer(F') in accordance with Proposition 36.
Explicit Constraints as GQ-Formulas

Let oy, be a background signature consisting of function and predicate constants, and let o
be a superset of o;,. As before, we designate some ground terms that can be constructed
from o \ o4, as constraint variables. An explicit constraint is a formula formed from a
background signature o, allowing elements of V' also used as terms. Let C' be the set
of all explicit constraints. Like SMT theories (Biere, Biere, Heule, van Maaren, & Walsh,
2009), we assume that the evaluation of constants in oy, is pre-determined. For instance,
numbers are evaluated as themselves, built-in functions (e.g., +, —), and built-in predicates

(e.g., <, >) have their intended meanings. Formally, a background interpretation Iy, is a
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fixed interpretation of o,. Given a constraint satisfaction problem (V, D, C'), we assume

that all elements d in Dom(v), where v € V/, are object constants in o3, such that dfs = d.

Example 17 Take oy, to be the signature that contains all integers and arithmetic func-
tions + and sq(uare). LetV be {side;(obj), sidea(0bj), sides(obj)}. The domain of every

constraint variable is the set of all integers.

sq(side(obj)) + sq(sidea(obj)) = sq(sides(obj))
A triangle(obj) — rightTriangle(obj)

is a formula with explicit constraints.
For any formula F' of o and any list of intensional predicates p = (p1, ..., pn) Whose
members belong to o \ o34, formula SM[F; p] is defined as
F A —3u(u < pA F*(u)),
where F*(u) is defined as before.

An explicit constraint ¢, where vy, ..., v, is the list of all constraint variables that

occurs in it, can be viewed as a generalized quantified formula

Qclz1] .. [xn)(x1 =v1,. . zp = V), (5.18)

where for any interpretation I that conforms to (V, D, C), QL(Ry,...,R,) = t iff each R;
is some singleton set {d;} such that d; € Dom(v;) and I = ¢’ where ¢’ is obtained from ¢

by replacing every v; with d; (1 <17 < n).
Example 17 continued The explicit constraint c;

sq(sidey(0bj)) + sq(sidea(0bj)) = sq(sides(obj))
is understood as the generalized quantified formula

Qe [21][x2][x3] (21 = side1 (0b] ), ko = sidea(0bj), x3 = sides(obj)),

where Q! (R1, Ry, R3) = t iff each R; is a singleton set {d;} such that d; is an integer and

sq(dq) + sq(d2) = sq(ds).
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The GQ-representation (“Generalized Quantified Formula representation”) of a for-
mula F with constraints (denoted by F@?) is the formula obtained from F by identifying all

constraints ¢ by their corresponding generalized quantified formula (5.18).

Proposition 37 Let (V, D, C) be a constraint satisfaction problem, let F' be a sentence of
signature o with explicit constraints of signature oy, such that o, C o, let p be a list of
predicates whose members belong to o \ o,. For any expansion I of an interpretation of
obg t0 o that conforms to (V, D, C), I = SM[F; p) iff I = SM[FS?; p].

5.3 Important Theorems

In this section, we extend some important theorems of the programs under the stable mod-

els semantics to formulas with generalized quantifiers.

Strong Equivalence

Strong equivalence (Lifschitz et al., 2001) is an important notion that allows us to substitute
one subformula for another subformula without affecting the stable models. In the following,

we extend the theorem on strong equivalence GQ-formulas.

About GQ-formulas F' and G we say that F' is strongly equivalent to G if, for any
formula H, any occurrence of F'in H, and any list p of distinct predicate and function
constants, SM[H; p] is equivalent to SM[H’; p|, where H' is obtained from H by replacing
the occurrence of F' by G. In this definition, H is allowed to contain object, function and
predicate constants that do not occur in F', GG; Theorem 11 below shows, however, that this

is not essential.

Theorem 11 Let F' and G be GQ-formulas, let p be the list of all predicate constants occur-
ring in F' or G and let u be a list of distinct predicate variables corresponding to p. Formulas

F and G are strongly equivalent to each other iff the formula
(uw < p) = (F*(u) < G*(u))

is logically valid.
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Example 18 The program (2.3) can be identified with the formula F'

(—g — p(a)) A (COUNT(z.p(z)) <1 — q),

and is strongly equivalent to the following formula G':

(=COUNT(z.p(z)) <1 — p(a)) A (COUNT(z.p(x)) <1 — q).

One can check that F*(u,v) and G*(u,v) are equivalent to each other.

Splitting Theorem

The splitting method(Lifschitz & Turner, 1994; Janhunen & Oikarinen, 2004; Ferraris, Lee,
Lifschitz, & Palla, 2009a) can reduce the task of computing the stable models of a logic pro-
gram to similar tasks for smaller programs. In this section, we extend the splitting theorem

from (Ferraris, Lee, Lifschitz, & Palla, 2009b) to GQ-formulas.

Let F' be a GQ-formula. We say that an occurrence of p in F'is mixed if there is
some generalized quantifier () that contains the occurrence in its argument position which
is neither monotone nor anti-monotone. Let [ be the number of generalized quantifiers
in £ such that the occurrence of p belongs to an anti-monotone argument position of Q. If
the occurrence is not mixed then we call it positive in F' if [ is even, and negative otherwise.
The occurrence is strictly positive in F'if [ = 0. We call an occurrence of predicate constant

semi-positive if it is positive or mixed. Similarly, it is semi-negative if it is negative or mixed.

We say that F' is negative on p if there is no strictly positive occurrence of a predi-
cate constant from p in F'. An occurrence of a predicate constant or a subformula of F'is

p-negated in F' if it is contained in a subformula of F' that is negative on p.
The predicate dependency graph of F' relative to a list p of intensional predicates
(denoted by DG, [F) is a directed graph such that
e the vertices are the members of p, and

e there is an edge from p to q if there is a strictly positive occurrence of a subformula

G = Qlz1]. .. [x4](Fi, ..., F},) such that

— p has a strictly positive occurrence in GG, and
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— ¢ has a semi-positive, non-p-negated occurrence in a non-monotone argument

position of Q.

A loop of I (relative to a list p of intensional predicates) is a nonempty subset [
of p such that the subgraph of DG, [F] induced by [ is strongly connected. It is clear that
the strongly connected components of DG, [F] can be characterized as the maximal loops

of F.

Example 13 continued Figure 5.1 shows the dependency graph of F’ relative to {discount,
family, mm, mw, accident, numOfDiscount}.

/—'--u,
s

f

numOfDis

e h
g l AN
a-xh — //-L\ .
Ve / / Ve
( mm [ wm ( family (acc'\dent
\

Figure 5.1: The predicate dependency graph of the formula in Example 13

Theorem 12 Let I' be a GQ-sentence, and let p be a tuple of distinct predicate constants.

IflY, ... 1" are all the loops of F relative to p then
SM[F;p| s equivalentto SM[F;I*] A ---ASM[F;1"].

The following theorem extends the splitting theorem from (Ferraris et al., 2009b) to

GQ-sentences.

Theorem 13 Let F', G be GQ-sentences, and let p, q be disjoint tuples of distinct predicate

constants. If
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e each strongly connected component of DGy, [F' A\ G] is a subset of p or a subset of

q,
e [ s negative on q, and
e (5 is negative on p

then

SM[F A G;pq] is equivalentto SM[F;p] A SM|G;q].

Example 13 continued SMIF’; discount, numOfDiscount] is equivalent to

SMIGy; discount] A SM[G2; numOfDiscount],

where (G is the conjunction of the first two implications in ' and G5 is the last implication.

Completion

A GQ-formula F'is in Clark normal form if it is a conjunction of sentences of the form
V(G — p(x)), (5.19)

one for each intensional predicate p, where «x is a list of distinct object variables, and G has
no free variables other than . The completion (relative to p) of a GQ-formula F' in Clark
normal form, denoted by Comp[F7, is obtained by replacing each conjunctive term (5.19)
with

Va(p(x) < G).

We say that a GQ-formula is tight on p if its (predicate) dependency graph relative

to p is acyclic.

Theorem 14 For any GQ-formula F' in Clark normal form that is tight on p, SM[F; p] is

equivalent to the completion of F' relative to p.

Example 13 continued Let F’ be the formula obtained from F by dropping the sec-

ond implication. The Clark normal form of F' is tight on {discount, numOfDiscount}. So
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SM]|F3; discount, numOfDiscount] is equivalent to

YV (discount(x) <> —accident(z)A
#dl[Man W mm, Married & mm, Woman & mw, Married & mw; 3Spouse.T|(x))

A Vy(numOfDiscount(y) <» COUNT(z.discount(z)) = y).

Safety for First-order Formulas with Generalized Quantifiers

The condition of safety ensures that answer sets computations are not affected by the
choice of domain. This in turn justifies domain-independent reasoning using the grounding

mechanisms.

According to the traditional definition of safety in ASP, a rule in a program is safe
if every variable occurring in it also occurs in the positive part of the body. A program is
safe if all the rules in it are safe. Answer set solvers accept only safe rules as input. Eiter,
lanni, Schindlauer, and Tompits (2006b) extended the result of safety to programs with
external atoms. According to the paper, external atoms can be used to restrict variables
in very limited cases. For example, the following program is not safe if we view aggregate

expressions as external atoms
p(y) ~ COUNT(z.q(z,y)) = 2.

The problem is that, when defining safety, external atoms are treated as black boxes: the

properties of each different external atoms are not considered.

On the other hand, Lee, Lifschitz, and Palla (2008b) define the meaning of counting
and choice by reducing these constructs to first-order formulas and defines the concept of a
safe program based on the reduction. According to (Lee et al., 2008b), the above program

is safe. However, the approach does not apply to arbitrary aggregates.

Example 19 For instance, the following program 11 should be safe but is not covered by
the approach in (Lee et al., 2008b):

q(2,1).

p(y) < SUM(z.q(z,y)) = 2.

The answer set of the program is {q(2, 1), p(1)} no matter which domain we choose.
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In this section, we show that how the theorem on Safety can be extended to cover GQ-
formulas. We consider only the first order formulas with generalized quantifiers which con-
tains no function constant of positive arity.

Semi-Safety

We say that a generalized quantifier @ of type (n1,...,n) is conjunctive w.rt. an argu-
ment set M if for every interpretation I, any subsets Ry C P(|I]1®]),... R, C P(|I|l®*]),
Q' (Ry,...,Ry,) = t implies that R; # () for every i € M. Similarly, Q is disjunctive w.r.t.
an argument set M if for every interpretation I, any subsets Ry C P(|I|l®1]),... R, C

P(|I|1®)), Q'(Ry,..., Ry) = t implies that R; # () for some i € M.

Given a GQ-formula F', we first rename all variables such that all bound and free
variables are disjoint. Then we extend the definition of restricted variables (Lee et al.,

2008a) to cover GQ-formula as follows.

e For an atomic formula F,

— if F'is an equality between two variables then RV (F) = 0);

— otherwise, RV (F) is the set of all variables occurring in F.
e For any GQ-formula F of the form Q[x1] . .. [xk](Gi(x1), ..., Gk(xk)),

RV(F)= |J RVu(F)
MC{1,...k}

where RV, (F) is defined as follows:

— If Q is conjunctive w.r.t. M, then

RV (F) = [ ®RV(Gy) \ z);
ieM
— else, if ) is disjunctive w.r.t. M, then
RVu(F) = () (RV(Gi) \ @));
ieM

— otherwise, RV, (F) = ().
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A formula F' is semi-safe if every strictly positive occurrence of every variable x
that does not follow a generalized quantifier is contained in a subformula F' in the form of

G — H, such that x € RV(G)

Example 19 continued The program 11

q(2,1).
p(y) < SUM(z.q(x,y)) > 2.

is sami-safe. This is because it can be viewed as the generalized quantified formula F

q(2,1) AVy(p(y) < Qsum,>2) 7] (q(z,y)))

where for any interpretation 7, Q? ) is a function that maps P(U) to {t, f} such that

SUM,>2
Q?SU Mz (1) = tff

e SUM(R) is defined, and

o SUM(R) > 2.

Since Qs a,>2) is conjunctive w.r.t. {1}. As a result,

RV(Qsum,>2)[2] (q(z,v))) = {y}.

Note that the representation of an aggregate is more restricted the one we pre-
sented in Section 5.2 in that the bound, 2, of the aggregate is now within a generalized
quantifier instead of occurring as a term in the generalized quantified formula. This under-
standing representation disallows variable bounds. On the other hand, if we understand
SUM(z.q(z,y)) > 2 as Qsum,>)l*][2] (a(r,y),z = 2) as in Section 5.2, Q(syrr,>) is
not conjunctive w.r.t. {1}. We can not conclude that the program is safe according to the

representation.

For any finite set ¢ of object constants, in.(x1, ..., z,,) stands for the formula
/\ \/ l‘j = C.
1<j<mcec
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By SPP. we denote the conjunction of the sentences

Va <pz(zc) — inc(w)>

for all predicate constants p; occurring in F', where x is a list of distinct object variables

whose length is the same as the arity of p.

For any set c of object constants, e. denotes the list of predicate expressions con-
sisting of
A (pi(:v) A inc(a:)>

for all p; in F.

For any formula F, let ¢(F) be the set of all object constants in F' and o (F') be the

set of all object and predicate constants in F.

Proposition 38 For semi-safe sentence F', SM[F] = SPP . (p).

Example 19 continued SPP{M} is
Vay(q(e,y) = (z=1Va=2)A(y=1Vy=2)

According to the above proposition, SM[F] [= SPP oy.
Grounding

Let F' = Q[x1]. .. [zk](G1(x1),...,Gk(xk)) be a generalized quantified formula and ¢ a
set of object constants containing o(F'). By Oi, we denote the set of all lists of object

constants of ¢ whose length is the same as the length of z*. C.(F) is the set of all tuples

of the form (R, ..., Rx) such that

e R; C O, and

e Q°(Ry,...,Ry) = f.

For any sentence F' and any nonempty finite set ¢ of object constants, the variable-

free formula Ground.[F] are defined as follows.
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e If F'is an atomic formula, Ground.[F| = F;

o If Flis Q[:I}l] . [:I}k](G1<:131), . ,Gk(a:k)), GI‘OUHdc[F] is

A < /\ Ground.[Gi(di)] — \/ Groundc[Gi(di)])_

Ri,...,Rp)ECC(F) ~ 1=isk 1<i<k
(Fa RECAF) gk, d;€OL\R;

Proposition 39 For any GQ sentence F', any signature o such that o(F) C o and any
Herbrand interpretation X of o, let c be the set of all object constants in o, if c is finite, then

X = SM[F] iff X |= SM[Ground.[F]].
Example 20 Consider the generalized quantified formula E1 = QA (G4, G2). For any finite
set of object constants ¢, C.(E1) is {(0,0), (¢,0), (0,€)}. Ground.[F1] is

(Ground.|G1] V Ground.[G2))
A (Ground|G1] — Ground.|G2))
A (Ground|G2] — Ground.[G1])

which is strongly equivalent to

Ground[G1] N Ground.|G2].

For another example, consider the generalized quantified formula
Ey = Qsum,>2)l] (¢(w)).
Let the set of object constants ¢ = {1,2}. Cc(E») is {0, {1}}. Ground.[E»] is

(q(1) v q(2)) A (q(1) — q(2)).

Note that the later is exactly the formula representation of the aggregate SUM(x.q(z)) > 2

according to (Ferraris, 2005).

Consider the generalized quantified formula

E3 = Qmajor[x] (p(l'))
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such that for any interpretation I and any R C |I|, Q{najm,(R) = tiff|R| > |I|/2. Let the
set of object constants ¢ = {a,b,c}. OL = {a,b,c}. Cc(E3) is {(0), ({a}), ({b}), ({c})}.
Ground.[Es] is
(p(a) vV p(b) vV p(c)) A (p(a) = p(b) V p(c))
A (p(b) = p(a) V p(c)) A (p(c) = p(a) V p(b)).
Safety
Given a GQ-formula, we first rename all variables such that all bound variables are disjoint.

The following transformation is a refomulation of the transformation defined in [Cabalar et

al., 2009].
e -l — T, T+ L1,
o IANF—1 FAL— L1 TAF—F FAT—F,

o |VF—F FV1—F TVF—T, FVT—T,

o |l > F— T, F>T—T, T—=>F—F,

Qr.Tr— T,Qzx.L— 1 for@Q e {V,3}.

We say that z is positively weakly restricted in the formula G if the formula obtained

from G by

e first replacing every atomic formula containing « by L,

e then apply the transformation above

the result is T; x is negatively weakly restricted in G if the result is L.

A semi-safe sentence with aggregates I’ is safe if, for every (non-strictly positive)

occurrence of a variable x in F,

e every occurrence of each of every variable = that is quantified by V or 3 in F'is

contained in a subformula G — H that satisfies two conditions
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— if x is quantified by V that has positive occurrence or 3 that has negative occur-

rence, then the occurrence is either

x positively weakly restricted in a formula G that is positive in F, or

+ negatively weakly restricted in a formula G that is negative in F.

— if x is quantified by 3 that has positive occurrence or V that has negative occur-

rence, then the occurrence is either

x positively weakly restricted in a formula G that is negative in F', or

+ negatively weakly restricted in a formula G that is positive in F'.

e for GQ-formula of the form

Qlx1] ... [x](G1(x1),. .., Gr(xk))

such that @ is neither Qy nor O3, every variable in ' belongs to RV (G;).

Proposition 40 For any safe GQ sentence I’ and any nonemptly finite set c of object con-

stants containing c(F'), SM[F| is equivalent to SM [Ground .[F]).

Example 21 Consider the formula F

pla) A p(b) AVz(p(z) = (q(z) V ~q(x)))
A COUNT(y.q(y)) <1 —r.

The formula is semi-safe because only the variable x has strictly positive occur-
rences (in the second conjunctive terms) and they are contained in the implication where

x € RV (p(x)). As a result, the following holds

Ve(p(x) > x=aVr="0)

Va(q(x) = x=aVx=0>0).

F is also safe because x is quantified by V that has positive occurrence and is
negatively weakly restricted in p(x) that is negative in F'y. The variable y is not quantified

by ¥ or 3 and it belongs to RV (q(y)).
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As aresult, Iy has the same answer sets as Ground , y\(F1) which is the following
formula
p(a) A p(b)
Ap(a) = (g(a) V =¢(a)))
Ap(b) — (q(b) V —q(b)))

A(q(a) Agq(b)) — L) = 7.
Loop Formulas for GQ-Formula

_>
ﬁ

In this section we extend the definition of a first-order loop formula to a GQ-sentence.

As with a propositional loop formula defined for an arbitrary propositional theory
(Ferraris et al., 2006), it is convenient to introduce a formula whose negation is close to ES.
We define formula NES»(Y") (“Negation of (First-order) External Support Formula”), where
F is a first-order formula and Y is a finite set of atoms, as follows. We assume that no

variables in Y occur in F', by renaming variables.

o NES,,1)(Y) =pi(t) A N\, prey t # ¢

e NESp(Y) = F for any atomic formula F' that does not contain members of p;

NESQ[@,]...[a4](G1(@1), Gr (@) (V) =
o Q). [k (NESg o) (V), - -, NESy o) (V)
A Qlxi]. .. [xk](Gi(®1),. .., Gr()).

The (first-order) loop formula of Y for F', denoted by LF(Y), is the universal clo-
sure of

Y — ~NESg(Y). (5.20)

Let /' be a GQ-formula and p be the list of all predicates that occur in F'. We say
that an occurrence of a predicate constant or subformula in a formula F'is mixed if there is
some generalized quantifier () that contains the occurrence in its argument position which
is neither monotone nor anti-monotone. Let [ be the number of generalized quantifiers Q in
F such that the occurrence of p belongs to an anti-monotone argument position of Q. If the

occurrence is not mixed then we call it positive in F if [ is even, and negative otherwise. The
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occurrence is strictly positive in F'if [ = 0. We call an occurrence of a predicate constant
or a subformula semi-positive if it is positive or mixed. Similarly, it is semi-negative if it is
negative or mixed. We say that F' is negative on p if there is no strictly positive occurrence
of a predicate constant from p in F'. An occurrence of a predicate constant or a subformula

of F'is p-negated in F' if it is contained in a subformula of F' that is negative on p.

We will say that a GQ-formula is rectified if it has no variables that are both bound
and free, and if all quantifiers in the formula refer to different variables. Any formula can be

easily rewritten into a rectified formula by renaming bound variables.

Let F' = Q[z1]. .. [xk](G1,. .., G) be a rectified generalized formula. We say that

an atom p(t) depends on an atom ¢(t') in F if

e p(t) has a strictly positive occurrence in F, and

e ¢(t') has a semi-positive, non-p-negated occurrence in a non-monotone argument

position of Q).

The definition of a first-order atomic dependency graph is extended to formulas as
follows. The (first-order) atomic dependency graph of a rectified GQ-formula F'is the infinite

directed graph (V, E') such that

e V is the set of atoms of signature o(F);

e (p(t)0,q(t)0) is in E if p(t) depends on ¢(t') in a strictly positive occurrence of a
subformula of F' and @ is a substitution that maps variables in ¢ and ¢’ to terms of

o(F).

A loop of F is a nonempty subset L of V' such that the subgraph induced by L is
strongly connected. It is clear that the strongly connected components can be characterized

as the maximal loops of F'.

Example 13 continued The dependency graph of F' contains the following finite loops
{family (u)}, {mm(u)}, {mw(u)}, {accident(u)}, { numOfDiscount(u)} and {discount(uy), ..., discount(uy,)}

foranyn > 1.
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LFp({discount(uy), ..., discount(u,)}) is the following formula

Ni<i<p discount(u;) — <(d1'scount(y) A Ni<icn ¥ # wi A family (y, z) A —accident(z))V

(maccident(z) A Q5.13)[#1][z2][2s][x4] (mm(z1 ), mm(z2), mw(z3), HIW(M))))

Theorem 15 Let F' be a rectified GQ-sentence that has no function constants of positive
arity, and let X be an Herbrand interpretation of o (F') that satisfies F'. The following condi-

tions are equivalent to each other:

(a) X is a stable model of F' (i.e., I satisfies SM[F]);
(b) for every nonempty finite setY of atoms of o(F'), X satisfies LFp(Y);

(c) for every finite first-order loop Y of F', X satisfies LFp(Y').
5.4  First-Order FLP Semantics for Programs with Generalized Quantifiers

To compare to the HEX semantics, we first extend the first-order FLP semantics for pro-
grams with aggregate further to programs containing generalized quantifiers, which can be
viewed as extending HEX programs to the first-order level. We then relate the FLP se-
mantics and the first-order stable model semantics in the general context of programs with

generalized quantifiers.

A (general) rule is of the form
H<+ B (5.21)

where H and B are arbitrary GQ-formulas. A (general) program is a finite set of rules.

The definition of FLP[II; p] is the same as the one for formulas with aggregates
in Section 4.6. Let II be a finite program whose rules have the form (5.21). The GQ-
representation TI¢% of II is the conjunction of the universal closures of B — H for all

rules (5.21) in II. By FLP[II; p] we denote the second-order formula
M99 A =Fu(u < p ATTS (u))
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where T1” (u) is defined as the conjunction of the universal closures of
B A B(u)— H(u)
for all rules H <— B in IL

We will often simply write FLP[II] instead of FLP[IIL; p] when p is the list of all

predicate constants occurring in II, and call a model of FLP[II] an FLP-stable model of II.

Example 15 continued For GQ-formula F considered earlier, FLP[F}] is
Fi A —Ju(u<pA FIA(u)) , (5.22)
where FIA(u) is

(=Qsum,<) (][] (p(x), y=2) A =Qsum,<)[7][y](u(x),y=2) — u(2))
A (Qsum,>) [][y](p(7), y=—1) A (Qsum,>)lz][y)(u(z), y=—1) = u(-1))
A (p(—=1) Au(—=1) = u(1)) .

I, considered earlier satisfies (5.22) but I does not.

Consider the following one-rule program 11
p(a) < not not p(a).

Both () and {p(a)} satisfy SMIIL; p], but only () satisfies FLP[IL; p|]. Even in the absence of

double negations, the two semantics may still disagree. For example,

p(a) < not Q<olz] p(x) (5.23)
has the same Herbrand stable models as the above, as ()<, behaves the same as negation.

We show the class of programs for which the FLP semantics and the stable model
semantics coincide, which extends the one in the previous chapter. We say that a formula

F with generalized quantifiers is canonical relative to a list p of predicate constants if

e for every occurrence of every predicate constant p from p in F, the number of non-

monotone arguments that contain the occurrence is < 1;
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e if a predicate constant p from p occurs in the scope of a strictly positive occurrence
of a generalized quantifier Q in F' such that Q ¢ {Q—, @, Qv}, then the occurrence

of p is strictly positive and not mixed in F.

Proposition 41 Let 11 be a finite general program and let F' be the GQ-representation of
II. For every rule (5.21) in 11, if B is canonical relative to p and every occurrence of p from

p in H is strictly positive and not mixed in H, then FLP[I1; p| is equivalent to SM|F; p|.

For example, program (5.23) does not satisfy the condition in Proposition 41 since

Q<o[z] p(z) is not monotone in {1}.

The definition of a formula being canonical relative to a list of predicate constants is
simplified in that, instead of the two numbers £ and m, we only need to consider the number
of nonmonotone arguments. This is because the antecedence of an implication is also a
nonmonotone argument of the generalized quantifier (J_,. The generality of GQ-formulas

identifies the property of connective that the theorem relies on.
5.5 Reuvisiting Non-Monotonic DL-programs

Eiter et al. (2008b) note that weak answer set semantics produce counterintuitive answer
sets with circular justifications by self-supporting loops. This are caused by the removal
of dl-atoms when forming the reduct. To overcome this problem, authors refer to strong
answer sets. However, Shen (2011) notes that both strong and weak answer set semantics

suffer from circular justifications too.
Example 22 (Shen, 2011) Consider (T,11), where T = () and 11 is the program

pla) < #dllcWp,bAg; ¢M=bl(a), (5.24)

in which the dl-atom is neither monotonic nor anti-monotonic. The dl-program has two
strong (weak, respectively) answer sets: () and {p(a)}. According to (Shen, 2011), the

second answer set is circularly justified:
p(a) <= #dllc¥p,bAg; cN-bl(a) < pa) A =q(a).

Indeed, sHé? (@)} (wHéf’ (@)} respectively) is p(a) <, and {p(a)} is its minimal model.
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From the above example, we observe that the issue is related to the fact that both
strong and weak answer set semantics do not distinguish between anti-monotonic and non-
anti-monotonic dl-atoms. In view of the Theorem on Loop Formulas, the former does not
contribute to loops, but the latter does. As a result, non-anti-monotonic dl-atoms should par-
ticipate in enforcing minimality of answer sets and should not be removed when forming the
reduct. This suggests the following alternative definition of the semantics of dl-programs. In-
stead of removing every nonmonotonic dl-atoms in forming the reduct under strong answer
set semantics, we remove only anti-monotonic dl-atoms from the bodies, but leave non-anti-
monotonic dl-atoms. In other words, the dl-transform of 1I relative to 7 and an Herbrand
interpretation I of (C, Pyr), denoted by I14, is the set of rules (5.10), where a < B, N is in
I, I E7 BA N and B’ is obtained from B by removing all anti-monotonic dl-atoms in it.
We say that an Herbrand interpretation I is an answer set of (7 ,1I) if I is minimal among

the sets of atoms that satisfy HIT.

Example 22 continued {p(a)} is not an answer set of (T, 11) according to the new defini-

tion. Hé? @} g (5.24) itself, and ), a proper subset of {p(a)} satisfies it.

This new definition can be also characterized in terms of generalized quantifiers.
In fact, the characterization is simpler than those for the other two semantics. We simply

identify (5.7) with (5.11) regardless of the (anti-)monotonicity of the dl-atom.

Proposition 42 For any dl-program (T, 11), and any Herbrand interpretation X of (C, Py),
X is an answer set of (T,1I) as defined here iff X satisfies SM[II; p| when we identify
every dl-atom (5.7) in 11 with (5.11).

In (Shen, 2011), the author proposed the semantics based on conditional satisfac-
tion to resolve the circular justification of the above mentioned semantics. However, the

semantics are sometimes too strong and rule out some intuitive answer sets.

Example 23 Consider the dl-program (T, 11) such that T is empty, and 11 is the following
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program containing a nonmonotonic dl-atom:

p(x) < q(x).

q(z) < p().

p(a) < #dI[BAp,CWq; -BUC|(a).
According to the first two rules, either p(a) and q(a) are both true or both false. In any of
the cases, the dl-atom in the third rule is satisfied. As a result, p(a) is true. So the answer
set should be {p(a), q(a)}. However, {p(a), q(a)} is not an answer set according to (Shen,

2011).

Fink and Pearce (2010) proposed another semantics of nonmonotonic dl-programs
by viewing them as special cases of HEX programs. Their semantics can be generalized to
the first-order case using the FLP operator we introduced before. The following proposition

makes this claim clear.

Proposition 43 For any dl-program (T, 11), and any Herbrand interpretation X of (C, Pr),
X satisfies FLP[II®?; Py| relative to T iff X is an answer set of (T, 11) according to Fink

and Pearce.

The following proposition states that the relationship between the two semantics. It

follows immediately from Proposition 41.

Proposition 44 For any dl-program (T, 11), and any Herbrand interpretation X of (C, Py),
if every occurrence of nonmonotonic dl-atoms is in the positive body of a rule, then X is an
answer set of (T, 11) in the sense of (Fink & Pearce, 2010) iff X is an answer set of (T, 1I)

in our sense.

The following example shows why the condition in the statement is essential.

Example 24 Consider the dl-program (T, 11) such that T is empty, and 11 is the following

single rule program containing a nonmonotonic dl-atom:

p(a) < not #dl[C A p; =C](a).
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While () and {p(a)} are answer sets according to us, only () is the answer set according to

(Fink & Pearce, 2010).

As in other FLP-based semantics, the semantics by Fink and Pearce suffers from

unintuitive cases.
Example 24 continued Consider a rewriting of the program

pla) < q.
q < not #dl[C A p; =C](a)

both () and {p(a)} are answer sets according to (Fink & Pearce, 2010).

5.6 Related Work
Relation to GQ-Stable Models by Eiter et al.

In fact, the incorporation of generalized quantifiers in logic programming was considered
earlier in (Eiter, Gottlob, & Veith, 1997a, 1997b). The authors extended logic programs by
allowing “GQ-atoms,” a special class of generalized quantified formula (5.1) that have the
form

Qlx1] ... [xk](s1(x1), ...\ Sp—1(TK—1), T = V), (5.25)

where s1,...s,_1 are predicate constants, and v is a list of variables. They consider that
rules have the form

A<« B,N, (5.26)

where A is a (normal) atom, B is a set of atoms and GQ-atoms and N is a set of atoms

and GQ-atoms preceded by “not.”

Let II be such a finite program, and X an Herbrand interpretation of o(II), the
signature consisting of object and predicate constants occurring in II. We assume that II

has no free variables. The EGV-reduct of 1I relative to X is the set of rules
A+~ B

where A <+~ B, NinIl, X = B A N, and B’ is obtained from B by removing all GQ-atoms
init. X is an EGV-answer set of 11 if X is minimal among the sets of atoms that satisfy the

EGV-reduct of II relative to X.
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Under this semantics, both GQ-atoms and their negations are treated like negative

literals. However, this often leads to unintuitive results.

Example 25 For instance, according to (Eiter et al., 1997a), program
pla) < YV p(z) (5.27)

has two EGV-answer sets, ) and {p(a)}. The latter is “unfounded.” In our semantics, {p(a)}

is not stable, while ) is.

The semantics of programs by Eiter et al. can be easily expressed in terms of our
semantics by prepending —— to generalized quantifiers. Let II®? be the formula represen-
tation of IT and let (II“?) ™" be the formula obtained from TI¢? by inserting —— in front of

every GQ-atom.

Proposition 45 For any program 11 and any Herbrand interpretation X of o(Il), X is an

EGV-answer set of 11 iff X = SM[(T199)™7].

The two semantics coincide if IT is “tight.” A program is tight if its formula represen-

tation is tight.

Corollary 12 For any tight program 11 and any Herbrand interpretation X of o(I1), X is an
EGV-answer set of 11 iff X = SM[IIC¥).

Relation to Infinitary Formulas

The study on infinitary logic can be dated back to the 18th century (Moore, 1997). In (Scott,

1958) and (Tarski, 1958), infinitary propositional and predicate languages were introduced.

The completeness theorem for the infinitary languages were proven in (Karp, 1964). Truszczyn-

ski (2012) extended reduct proposed by (Ferraris, 2005) to allow infinitary propositional for-
mula for defining first-order stable models. In the following, we review the definitions in

(Truszczynski, 2012).

Let A be a propositional signature. The set of infinitary formula is defined as follows.
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e Fp=AU {L}
e F..1, where i > 0, consists of the expression H” and A", for all subsets H of

FoU...,UF;, and of expressions F — G, where F,G € FoU...UF,.

We denote £/ = | J F; and call elements of £/ infinitary formulas (over A).
A i=0 A

Let I be a subset of A and an infinitary formula F', we define I |= F' by induction:

T L

Foreverype A, I Epifpel

o [ =7H"ifthereisaformula F' € H suchthat = F

I |="H"if for every formula F € H, [ £ F

o [EG—HIifl-~Gorl =H.

The concept of reduct is extended to infinitary formulas.

Forevery p € A, pL. = L if I [~ p; otherwise pL = p

(HV)L = Lif I = HY; otherwise, (H")L = {GL| G € H}V

(HML = Lif I = H"; otherwise, (H")L = {GL| G € H}"

e (G— H) = 1ifIG— H;otherwise (G — H)L = GL — HL

Let F" be an infinitary formula and I an interpretation. I is a stable model of F' if I

is a minimal model of F.

Let F' be a first-order sentence. The first-order stable model of F' can be defined
in terms of grounding into infinitary formula. The Truszczynski grounding of F' w.r.t. I,
denoted by grlT[F], is similar to the grounding we defined before except that the last bullet

is replaced by the following two bullets:
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o gri [BeF(x)] = {gr{[F(&)] | € € |1}

o gri VoF(x)] = {gr{ [F(€)] | € € |T]}".

The following corollary is immediate from Theorem 2 and Proposition 3 in (Truszczyn-

ski, 2012).

Corollary 13 Let o be a signature that contains finitely many predicate constants, let oP
be the set of predicate constants in o, let I = (I, IP) be an interpretation of o, and let F
be a first-order sentence of o. IP is a minimal set of atoms that satisfies (gr ;[F])L iff IP is
a minimal set of atoms that satisfies (gr¥[F])L.

Relation to Ferraris’ Semantics

Let F' = Q[x1] ... [xr](G1i(x1),...,Gr(xr)) be a GQ-formula of o and I an interpretation
of a signature o. F' = Q(S1,...,S:) is a ground GQ-formula of F' w.rt. I. By O% = {£° |
£°.F(¢°) € S;}. C(F') is the set of all tuples of the form (Ry, ..., Ry) such that

e R, C O, and

e Q(Ry,...,Rp) = f.

The infinitary formula representation of F’, denoted by Inf[F’] are defined recur-

sively as follows.

e If F'is an atomic formula, Inf[F’] = F”;

o If s Q(Sl, ey Sk), Inf[F’] is
{/Hf — /HE/ | (Rl, R ,Rk) € é[(FI)}/\
where H;, = {Inf[G,;(€°)] | 1 < i < k,£° € R;} and Hy = {Inf[Gi(€°)] | 1 < i <

k,£° € OF\ R;}.

When [ is the Herbrand interpretation of o(F'), the Ferraris formula representation

of F’, denoted by Fer[F'] are defined recursively as follows.
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e If F” is an atomic formula, Fer[F'] = F’;
o If F/is Q(S1,...,Sk), Fer[F'] is

/\ /\ Fer[G;(€°%)] — \/ Fer[Gi(fo)O

(R1,...,Rp)€C (F) “1<i<k,£°€R; 1<i<k,£°€O}\R;

Example 26 Consider the generalized quantified formula Fy = Qa(p, q). For any interpre-

tation I, Fy is Qn({p}, {q})- C1(F7) is {(0,0), ({e},0), (0, {e})}. Inf[F{] is
{p, a4V, {p}" = {a}V . {a}" = {p}V}"

Fer[F{] is

(pVa)Alp—a)A(g— p)
Consider the generalized quantified formula

F2 = Qmajor[x] (p(x))

such that for any interpretation J and any R C |J R) =tiff|R| > |J|/2. Consider

7
, or (
major
I such that |I| = {a,b,c}. Fy = Qmajor({a®.p(a®),b°.p(b°),®.p(c®)}). OF = {a®,b°,c°}.
Cr(Fy) is {0, {a®}, {b°}, {c"}}. Inf[Fy] is

{{r(a), p(b). p(c)}", {p(a)}"* — {p(b), p(c)}",
{p(0)}" = {p(a), p(c)}Y. {p(c)}" — {p(a) v p(b)}}"
Fer[Fj] is
(p(a) V p(b) V p(c)) A (p(a) = p(b) V p(c))

A (p(b) = p(a) V p(c)) A (p(e) — p(a) V p(b))

Proposition 46 Let o be a signature that contains finitely many predicate constants, let
I = (I, IP) be an interpretation of o, let F be a first-order sentence of o, F' be the ground

GQ-formula of F w.rt. I and JP be any subset of IP. JP |= F' iff JP |= Inf[F"’].

Proposition 47 Let o be a signature that contains finitely many predicate constants, let
I = (I, IP) be an interpretation of o, let I be a first-order sentence of o and let I be the
ground GQ-formula of F w.r.t. I. IP is a minimal set of atoms that satisfies (F')L. iff IP is

a minimal set of atoms that satisfies (Inf[F'])L.
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Proposition 48 Let o be a signature that contains finitely many predicate constants, let F’
be a first-order sentence of o, let I = (I¥, IP) be an Herbrand interpretation of o(F), and
let F' be the ground GQ-formula of F w.r.t. 1. IP is a minimal set of atoms that satisfies

(Inf[F'))L iff IP is a minimal set of atoms that satisfies (Fer[F"])L.
5.7 Conclusion

We presented different reformulations of the stable model semantics and FLP semantics
for formulas containing generalized quantifiers, and showed that several recent extensions
of the stable model semantics can be viewed as special cases of this formalism. The
reformulations help us understand the relationship between the FLP semantics and the
first-order stable model semantics, and their extensions. For the class of programs where
the two semantics coincide, the system dlv-hex can be viewed as an implementation of the

stable model semantics of GQ-formulas.

The generality of the formalism is useful in providing a principled way to study and
compare the different extensions of the stable model semantics. Indeed, it led us to define
yet another semantics of logic programs with abstract constraints, and yet another seman-
tics of nonmonotonic dl-programs, both of which are in the spirit of the first-order stable
model semantics. The unifying framework also saves efforts in re-proving the theorems
for these individual extension. We extend several important theorems in ASP to formulas
with generalized quantifiers, which in turn can be applied to the particular extensions of the

stable model semantics.
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5.8 Proofs

We omit the proof of Theorem 11 since the proof is a rewriting from the proof of Theorem 9

from (Ferraris et al., 2011b).

Useful Lemmas

Lemma 40 Let I’ be a GQ-formula. Formula
(u <p)AF*(u) = F

is logically valid.

Proof. By inductionon F'. 1

Lemma 41 Let F' be a GQ-formula. Formula

q=p— (F"(q) < F"(p))

is logically valid.

Proof. By inductionon F'. 1

To facilitate the proofs, we introduce the following notion. Let ) be a generalized
quantifier and let I be an interpretation. We say that QU is monotone in the i-th argu-
ment position if the following holds: if QV(Ry,...,R;) = t and R; C R, C \I['mq, then
QY(Ry,...,Ri—1, R, Ris1,. .., Ry) = t. Similarly, we say that QV is anti-monotone in the
i-th argument position if the following holds: if QU(Ry,..., R;) = tand R, C R; C |I|I*'],
then QY (Ry, .. . Ri—1, R, Rit1,...,R,) = t. Clearly, @ is monotone (anti-monotone) in
the i-th argument position iff QU is monotone (anti-monotone) in the i-th argument position
for any interpretation 1. Similarly, we define that QV is monotone (anti-monotone) in some

set of argument positions.

Lemma 42 Consider GQ sentences

F=Q[zi]...[xx)(Fi(x1),..., Filz)),
165



G = Q[x1] ... [xK)(Gi(x1),...,Gr(zr)),

any subset M of {1, ..., k}, and any interpretation I.

(a) If QY is monotone in M, then

T ( Aol Fa) = Gt
Nvetn iy YailFi@i) < Gi(e.) )
- (F = G).

(b) If QU is anti-monotone in M, then

Ik (/\ZEM Vati (Fi(a:) = Gilai))A

Nieqr,... oy Vi (Fi(i) < Gi(wi))>

-----

— (G = F).

Proof.

(a): Assume

I N\ VaFi() = Gi(@) A N\ Va(Fi(x) < Gi(w:))
ieM ie{l,....k}\M

and I |= F. Consider (x;.F;)! = {& | I | Fi(€")} and (x,.G;)! = {€| I = G;(€%)} for
eachiin{l,...,k}.

e If7 € M, it follows from [ ): VZBZ(.FZ(:I%) — Gz(wl)) that (CL'ZFZ)I - (QZZGZ)I

o Ifi € {1,...,k}\ M, it follows from I |= Va;(Fi(x;) < Gi(x;)) that (z;.F;)! =
From I |= F, by definition, QV ((x1.F1)?, ..., (zx.Fx)!) = t. Since QV is monotone in M,
it follows that QU((wl.Gl)I, cey (ZUka)I) =t. Thus I ': G.

(b): Similarto (a). 1

The following lemma follows immediately from Lemma 42.
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Lemma 43 Let M be a subset of {1,...,k} and Q a generalized quantifier. Consider
formulas

F(x) = Q[xi1],. .., [xx|(Fi(x1,x), ..., Fp(zg, x)),
G(z) = Qlx1],. .., [z (Gi(x1, ), ..., Gz, X)),

where x is a list of all free variables in ' and G.

(a) IfQ is monotone in M, then
(/\ZEM Vi (Fy(wi, ) — Gi(as, €))A
Nvetn, oy Yol Fii, ) ¢ Gilai @)
- (F@) - G(@))

is logically valid.
(b) If Q is anti-monotone in M, then
(/\ieM Vi (Fi(x;, x) — Gi(zi, x))A
Nieqr,... oy Vi (Fi(@i, ) < Gi(i, 96)))
— (G(x) = F(x))
is logically valid.
Lemma 44 If F is negative on p then
(w <p) = (F(u) < F)

is logically valid.

Proof. By induction on F.

Case 1: F'is an atomic formula. If F'is of the form p;(t) then p; ¢ p since F is negative
on p. Consequently, F*(u) is the same as F. Otherwise, F*(u) is the same as F' by

definition.
Case 2: F'is of the form (5.1). In view of Lemma 40, it is sufficient to show that

(u <p)— (F — F*(u)) (5.28)
167



is logically valid. Let Anti be the set of all anti-monotone argument positions of Q.
e Consider any F;, wherei € {1,...,k}\ Anti. Since F'is negative on p, it follows that
F; is negative on p. By |.H.,
(u < p) = (Ff (u) < F)
is logically valid.
e Consider any F;, where i € Anti. By Lemma 40,

(u < p) = (Fj(u) = Fj)

is logically valid.

From the two bullets, by Lemma 43 (b), we conclude (5.28). 1
Proof of Proposition 32

An interpretation I of a signature o can be represented as a pair (J, X'), where J is the
restriction of I to the function constants in o, and X is the set of the atoms, formed using

predicate constants from o and the names of elements of |

, which are satisfied by I.

When I is an Herbrand interpretation, we often omit J and represent I by X.

By ot we denote the signature obtained from o by adding new predicate con-
stants g, one per each member of p. About an atomic formula formed using a predicate
constant from ot and names of elements of |I| we say that it is a p-atom if its predicate
constant belongs to p, and that it is a g-atom otherwise. For any set X of p-atoms we
denote by X7 the set of the g-atoms that are obtained from the elements of X by replacing

their predicate constants by the corresponding predicate constants from q.

Lemma 45 Let M be a subset of {1,...,k} and let Q[x1] ... [xk](Fi(x1),..., Fi(xk))
be a sentence such that F; is negative on p for all j in {1,...,k} \ M. Consider any

interpretation I = (J, X') and any subsetY of X.
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(a) If QU is monotone in M, then

(J,XUYD) E Q1] ... [=](Fi(z1), ..., Fi(xx)))*(q)

(b) If QU is anti-monotone in M, then

(L, XUYZ) E Q] [me](Fi(z1), - -, Fr(zk)))"(q)
& Qlza]... [z (Fi(x1), ..., Fr(zk)).

Proof. (a) Itis sufficient to show that

(L XUYZ) | Qlaa].. - [we](F] (1), ..., Fy ()

(5.29)

e Forevery i € {1,...,k}\ M, F; is negative on p. By Lemma 44, (J, X UYY)

e Foreveryi € M, by Lemma40, (J, X UYY) E F(q) — F,.

From the above two facts, by Lemma 42(a), we conclude (5.29).

(b) It is sufficient to show that

<J,X ) Y,f) }: Q[:}Cl] e [:I:k}(Fl(:Bl), e ,Fk(wk))
— Q1] ... (k| (Ff (1), ..., Fj (x8)).

(5.30)
e Forevery i € {1,...,k}\ M, F; is negative on p. By Lemma 44, (J, X UYY) E
e Foreveryi € M, by Lemma 40, (J, X UYP) E F(q) — F,.
From the above two facts, by Lemma 42(b), we conclude (5.30). 1§
We now prove a slightly more general version of Proposition 32.
Proposition 32 Let M be asubsetof{1,...,k} andletQ|xz1] ... [xk](Fi(x1),..., Fp(zy))

be a formula such F} is negative onp forall j € {1,...,k}\ M.
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(a) If QQ is monotone in M, then

u<p— ((Q[a:l] R [:Dk](F1(CL’1)7 e 7Fk($k)))*
& Qlaea] . [=](FY (1), -, F (w)))

is logically valid.

(b) If QQ is anti-monotone in M, then

u<p— ((Qxi]... [z (Fi(xr),..., Fr(xk)))*
< Qlzq] ... [xk](Fi(x1), ..., Fx(xy)))

is logically valid.

Proof. Clear from Lemma 45. 1

Proof of Proposition 33

Proposition 33 Let o be a signature that contains finitely many predicate constants, let oP
be the set of predicate constants in o, let I = (I £ IP) be an interpretation of o, and let F’

be a GQ-sentence of 0. Then I = F' iff IP |= gri[F].

Proof. By induction on F'.
Case 1: Fiis p(ty,...,t). gri[p(ts, ... te)] = ()%, ..., (t7)").
1= Fittp((t7), ..., (tF)) e IPiff 1P |= grilp(ty, . .., 1))
Case 2: Flist) =to. I = Fitft!! = t17 it gr;[F)is T iff IP = gr;[F).
Case 3: F'is of the form (5.1). By definition, I |= F iff
QU((z1.Fi(z1)), ..., (zp-Fr(zr))) = t, (5.31)

where (z;.F;(x;))! = {£ € U™ | I = F;(€)}. By L.H.

(z:.Fi(z:))" = {€ € U™ | IP |= gri[Fi(€7)]}-
The later is the same as the set S} = {¢ | I |= F, £€.F € S;} where

S; = {x;0.gr1[F(x;)0] | 0 is a substitution from variables in ; to names}.

As aresult, (5.31)iff QU(S,...,S))=¢t. 1
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Proof of Theorem 10

Theorem 10 Let o be a signature that contains finitely many predicate constants, let cP be
the set of predicate constants in o, let I = (IT, IP) be an interpretation of o, and let F be a

GQ-sentence of 0. I = SM[F; oP] iff IP is a minimal set of atoms that satisfies (gr;[F])L.

Proof. ltis sufficient to show that for any JP C [P,
(I7,J90IP) = F*(q)
iff
P = (gr [F))L
This is proven by induction on F'.
Case 1: Flis p(t1,...,tx). Clear.

Case 2: F'is t1 = t9. Clear from definition.

Case 3: F'is of the form (5.1). F™* is
Qlx1] ... [x] (Fy (21), ..., Fi(zr)) A Q] - . . [xk] (Fi(z1), - . ., Fr(xk)).

gri[F]is
QU(Sl, ooy Sk)

where S; = {x;0.gr[F(x;0)] | 6 is a substitution from x; to names}.

Consider two cases:

Case 3.1: IP £ gr;[F). (gr;[F])Lis L. From IP [~ gr([F], by Proposition 33, (If, IP) |~
F follows. By Lemma 40, (If, J9U IP) [~ F*(q).

Case 3.2: IP = gry[F). (gr;[F))LisQUV(Sy,...,S,) where each S} = {x;0.(gr [F;(z:0)]) |

6 is a substitution from x; to names}. By I.H. foreach 1 < i < k,
JP = (gri[Fi(m:0)])*
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iff
(I, JTUIP) = (Fi(2i9))"(q)-

Let

S = {x;0 | JP = (gr[[F;(x:0)))L, 0 is a substitution from x; to names}
and
Sy = {axi0 | (IT,JIU IP) |= (Fy(x:0))*(q), 6 is a substitution from x; to names}.
It is clear that S/ = S. As a result,
QU(SY,....S!) =t (5.32)
iff
QY(Sy,...,S)) =t. (5.33)
(5.32) is equivalent to saying that JP |= (gr;[F])] and (5.33) is equivalent to saying
that (I1,J9U IP) |= F*(q). 1

Proof of Proposition 34

Lemma 46 /et E be an aggregate expression (4.16) that contains no free variables, let

EGQ be the GQ-representation of E, and let I be an interpretation. I |= E iff I = E¢9.

Proof. Let a be the join of the multisets msp(x1.F1)!, ..., msp(x,.F,)!. By definition,

I = E iff (i) OP(«) is defined, (ii) b/ € Num, and (iii) OP(a) = b’.

The three conditions hold iff Q{OP >)((a;l.Fl)f, ooy (0 F)T {bT}) = t, which is

the same as saying that I |= E¢Q. 1

Proposition 34 Let F' be an aggregate sentence of o, let FGQ pe the GQ-representation
of F, and let p be a list of predicate constants. For any expansion I of oy, to 0, I |=

SMI[F; p] (according to Ferraris and Lifschitz) iff I |= SM[F%%; p].
Proof. In view of Theorem 11, we will prove that for any aggregate formula F, F* is
equivalent to (F“?)*. It is sufficient to prove that, for any aggregate expression

OP(x:1.Fi(x1,p),...,xTn.Fr(xy,p)) = b
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that contains no free variables, any interpretation I = (.J, X), and any subset Y of X,

(J, X UYY) satisfies

OP{xi.Fi(x1,p),..., xn.Fp(xy, b
(z1.F1(x1, p) (xn, p)) (5.3

A OP(x1.Ff(x1,q),...,xn.F)(xn,q)) = b

iff (J, X UYZ) satisfies

Qo) [x1] - [Tl [Y] (Fi(®1,D), - - -, Fu(®n, P), y = b)A

Qop,x) [®1] - - [l Yl (FT (21, ), - -, Iy (20, ),y = 1)

(5.35)

By Lemma 46, (J, X U Y} satisfies the first (second) conjunctive term of (5.34) iff

(J, X UYQ) satisfies the first (second) conjunctive term of (5.35). 1
Proof of Proposition 35

Lemma 47 For any dl-program (T,11), any dl-atom (5.7) in 11 that contains no free vari-

ables and any Herbrand interpretation I of (C, Pr1), I =1 (5.7) iffI = (5.11) iff I |= (5.12).

Proof. ltis sufficient to consider a GQ-formula of the form (5.11) since (5.12) is equivalent

to (5.11).
By definition, I {=7 (5.7) iff T U U_, Ai(I) entails Query(t). Note that p;(e) € I
itfe € {c| I =pi(c)} and p;i(e) € I iff e € |I|l¢I\ {c | I = pi(c)}. Consequently, A;(I) is
the same as A;(R;), which is defined as
] {Sl(e) | e c RZ} if op; is @,
o {=Si(e)|ec R;}ifop;is®,
o {=Si(e) | ec |I|lel\ R;}if op; is ©,

where R; = {c | I |= pi(c)}. Clearly, T U, A;(I) entails Query(t) iff T U U, A;(R;)
entails Query(t) iff I = (5.11). 1

Given a dl-program (7, 1I), we denote s(II)5 as the strong reduct of II relative to

T. For a set X of dl-atoms, we denote X*¢? as the set of atoms obtained from X by
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identifying each dl-atom as (5.11) if it is monotonic and (5.12) otherwise. Similarly, X*¢?

is the set of atoms obtained from X by identifying each dl-atom as (5.12).

Lemma 48 For any dl-program (T, 11), any Herbrand interpretations X, Y of (C, Pr1) such
thatY C X, and any rule p(t) + B, N inTI,

Y ':7' S(p(t) — BvN)¥

iff

X UYP 7 (B*99 AN99)*(q) — q(1). (5.36)

Proof. By Lemma 44, (N*¢?)*(q) is equivalent to N*¢%. We partition B into two sets:

the set B; of all monotonic dl-atoms and the set B of all non-monotonic dl-atoms.

It is clear from (5.12) that B;GQ is negative on p. By Lemma 44 again, (B;GQ)*(q)

is equivalent to B:9Q. Thus (5.36) is equivalent to saying that
2

X UYP =7 (Bi99*(q) A B3E9 A N*GQ  ¢(t). (5.37)
Consider two cases.
Case 1: X =7 BoAN. Then s(p(t) < B, N)? is p(t) « B;. By Lemma47,Y =1 B; —

p(t) iff

YP T (B9 (@) = q(t). (5.38)
From Y C X and that all di-atoms in B; are monotonic, it follows that Y =7 (B:“%)(q)

implies X =7 B{““. So (5.38) is equivalent to
G G
X UYP Er (Bi%)(a) A B = q(),
which is also equivalent to (5.37) under the assumption that X =7 Bs A N.

Case 2: X [ Bo A N. Then s(p(t) + B, N)¥ is equivalent to T. On the other hand, by

Lemma 47, X b7 B3°9 A N5CQ. So we get (5.37). B

Lemma 49 For any dl-program (T ,11) and any Herbrand interpretation X of (C, Pr1), X |

599 jff X =7 sIIF.
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Proof. Immediate from the definition of sIIF¥, X =7 sIIf iff X =7 II. By Lemma 47,

X =7 ITiff X = 11569, 1

Proposition 35 For any dl-program (T,11), the weak (strong, respectively) answer sets
of (T, 11) are precisely the Herbrand interpretations of (C, Pr) that satisfy SM[P*%?; Py]

(SMP*C®; Py, respectively) relative to T

Proof. We only prove the case for strong answer sets. The proof for weak answer sets is

similar.
Let X be an Herbrand interpretation of (C, Pr1). X is a strong answer set of (7, 1I)
iff
() X 7 sIIX, and

(i) no proper subset Y of X satisfies sH)T( relative to 7.
On the other hand, X |= SM[P*¢@; Py] iff

(") X = 11°99, and
(i) X does not satisfy Ju(u < Py A (II°C9)*(u)).
By Lemma 49, (i) is equivalent to (i’). Assume (i’). Condition (ii) can be reformulated
as: no proper subset Y of X satisfies s(p(t) + B, N)# relative to T for every rule p(t) +
B, N € II. Under the assumption (i), condition (ii') can be reformulated as: there is no

proper subset Y of X such that X UYJ =7 (B*“Q? A N3¢@)*(q) — q(t) for every rule

p(t) « B, N in II. By Lemma 48, (ii) is equivalent to (ii"). 1

Proof of Proposition 36

Lemma 50 For any c-atom (D, C) of o, let I be an interpretation of o. I satisfies (D, C') iff

I = (5.16).
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Proof. I = (D,C)iff IND € Ciff R € C where R =1nN D. Consider Ry, ..., R, such
that R; = {e} if p; € Rand R; = () otherwise. R =1 N D iff QL (Ry,...,R,) =t. 1

Lemma 51 For any c-atom (D, (),

Qcl]...[1D (5.39)

is equivalent to

A (Ar— V »). (5.40)

CeP(D)\C peC peD\C

Proof. Consider any subset X of {p1,...,p,}. Itis sufficient to prove that X¥ | (5.39)
iff X2 |= (5.40).

From left to right: Assume X% = (5.39). It is follows from Lemma 50 that X = (D, C). As
aresult, X ¢ P(D)\ C. Consider any C' € P(D) \ C such that Xg = A s ¢ Itis clear
that C C X and C # X (since X ¢ P(D) \ C). Consequently,

X\ ¢

peD\C'

From right to left: Assume X% = (5.40). Clearly, X ¢ P(D)\ C. So X = (D, C) and, by
Lemma 50, X¥ = (5.39). &

Lemma 52 For any c-atoms (D, C'), (5.16) is strongly equivalent to (5.17).

Proof. In view of Theorem 11, it is sufficient to prove that for any list (q1, ..., ¢g,) of new

atoms such that (q1,...,q.) < (p1,---,Pn)s

Qcll.- - [(pr,--spn) AQel] - [Har, - - an) (5.41)

is equivalent to
Neerone (Apec? = Vpepra ) A

Neeryc (/\peé 4= Vpepro q).

(5.42)
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Consider any subset X of {p1,...,p,} and any subset Y of X, we will show that X UY} |=
(5.41) iff X UYY = (5.42). It follows from Lemma 51 that X satisfies the first conjunctive
term of (5.41) iff X satisfies the first conjunctive term of (5.42). Similarly, Y/’ satisfies the

second conjunctive term of (5.41) iff Y}’ satisfies the second conjunctive term of (5.42). 1

Proposition 36 For any propositional formula F' with c-atoms and any propositional inter-

pretation X, X is an answer set of F' iff X is an answer set of Fer(F).

Proof. Clear from Lemma52. 1

Proof of Proposition 37

Lemma 53 Let (V, D, C) be a constraint satisfaction problem, ¢ an explicit constraint in C,
and I an expansion of an interpretation of oy, to o that conforms to (V, D, C'). I satisfies c

iff I k= (5.18).

Proof. Clear from definition. 1

Proposition 37 Let (V, D, C) be a constraint satisfaction problem, let F' be a sentence of
signature o with explicit constraints of signature oy, such that oy, C o, let p be a list of
predicates whose members belong to o \ o0y,. For any expansion I of an interpretation of

oy to o that conforms to (V, D, C), I |= SM[F; p) iff I = SM[FS9; p].

Proof. Let I = (J, X) as defined before. Consider any subset Y of X. We will prove
that for any formula F' with explicit constraints, (J, X U YY) = F*(q) iff (, X UYYP) |
(F9Q)*(q). ltis sufficient to prove that, for any explicit constraint ¢ € C, (J, X UYJ) =
*(q) iff (,XUYP) E (Qclz1]...[zn](x1 = v1,...,2, = v,))*(q). It is clear that that
both c and Q.[x1] ... [zy](z1 = v1,..., 2, = v,) are negative on p. By Lemma 44, (J, X U
YP) = ¢*(q) is equivalentto I = cand (J, X UYYD) = (Qclz1] ... [xn](z1 = v1,... 20 =
vn))*(q) is equivalent to I = Q.[z1]. .. [zn](x1 = v1,...,2, = v,). So the claim follows

from Lemma 53. 1
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Proofs of Theorems 12 and 13

Lemma 54 If every occurrence of every predicate constant from p, in F' is p-negated in F',

then

(w1, uz) < (P1,p2) = (F7" (w1, ug) & F*(u1,p,)) (5.43)

is logically valid.

Proof. By induction on F.

Case 1: F'is an atomic formula.

e If F'is of the form p(t) then p ¢ p, since every occurrence of every predicate constant

from py in F'is p-negated in F. Clearly, F*(u1, us) is the same as F*(uy, p,).

e Otherwise, it is clear that both F"* (w1, u2) and F*(u1, p,) are the same as F.

Case 2: F'is of the form (5.1).

e If F'is negative on p, by Lemma 44, both F*(u1,u2) and F*(u1,p,) are equivalent

to F.

e Otherwise, F' is not negative on p. Consider any F; where i € {1,...,k}. Note
that every occurrence of every predicate constant from p, in F' is contained in a
subformula of F' that is negative on p. Since F' is not negative on p, such subformula
can not be F'. It follows that every occurrence of every predicate constant from p, in

F; is p-negated in F;. By |.H.,

(ur,u2) < (p1,p2) — (Fi (u1,u2) < Fj(u1,py))

is logically valid. Consequently, (5.43) is logically valid.
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Lemma 55 Let p be the list of all intensional predicates and let p,, p, be a partition of p,
and let uy, uy be disjoint lists of distinct predicate variables of the same length as p;, p,

respectively.

(a) If every semi-positive occurrence of every predicate constant from p, in F' is p-

negated in F', then
((u1,u2) < (p1,P2)) A F*(u1,py) = F*(u1,us)
is logically valid.

(b) If every semi-negative occurrence of every predicate constant from p, in F' is p-

negated in F', then
((w1,u2) < (p1,P2)) A F™ (w1, u) = F*(u1, py)

is logically valid.

Proof. Both parts are proven simultaneously by induction on F'.

Case 1: F'is an atomic formula p;(t).

(a) Since every semi-positive occurrence of every predicate constant from p, in F'is
p-negated in F, predicate constant p; is not in py, so F*(ui,p,) is the same as

F*(ul,uQ).

(b) Clear from (w1, us2) < (py,py).

Case 2: Fist; =ty or L. Clear since both F*(u1, py) and F*(u1, us) are the same as F.

Case 3: I is of the form (5.1). Without loss of generality, we partition the set of all argument
positions of () into three sets: the set of monotone argument positions Mon, the set of anti-

monotone argument positions Anti and the rest of argument positions Mixed.

(a) If I is negative on p, by Lemma 44, both F*(u1,us) and F*(u1, p,) are equivalent to

F. Otherwise, assume (u1,us) < (py, Po)-
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e Consider any F;, where i € Mon. Note that every semi-positive occurrence of predi-
cates from p, in F' is p-negated in F'. Since F' is not negative on p, such subformula
can not be F. It follows that every semi-positive occurrence of predicates from p, in

F; is p-negated in F;. By I.H. (a),
((w1,u2) < (p1,p2)) A Ff (U1, pg) — F (w1, uz) (5.44)
is logically valid.

e Consider any F;, where ¢ € Mixed. Note that every semi-positive occurrence of
predicates from p, in F is p-negated in F. Since F' is not negative on p, such
subformula can not be F'. It follows that every occurrence of predicates from p, in F;

is p-negated in F;. By Lemma 54,
(w1, u2) < (p1,p2)) = (Ff (w1, pg) < Ff (w1, u2)) (5.45)
is logically valid.

e Consider any F;, where i € Anti. Note that every semi-positive occurrence of predi-
cates from p, in F' is p-negated in F'. Since F' is not negative on p, such subformula
can not be F'. It follows that every semi-negative occurrence of predicates from p, in

F; is p-negated in F;. By I.H. (b),
((u1,u2) < (p1,p2)) A Ff (U1, u2) = F'(u1, py) (5.46)
is logically valid.
Since () is monotone in Mon and anti-monotone in Anti, by Lemma 43 (a) and

Lemma 43 (b),

(w1, u2) < (p1,p2)) A F*(u1,py) — F*(u1,uz)

follows from (5.44), (5.45) and (5.46).

(b) If F' is negative on p, by Lemma 44, both F*(u1,us) and F*(u1, py) are equivalent to

F'. Otherwise, assume (u1,u2) < (py,Pa)-
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e Consider any F;, where © € Mon. Note that every semi-negative occurrence of pred-
icates p, in F'is p-negated in F;. Since F'is not negative on p, such subformula can
not be F'. It follows that every semi-negative occurrence of predicates from p, in F;

is p-negated in F;. By I.H. (b),
((w1,u2) < (p1,P2)) A Fy (w1, uz) = Fi (u1,py) (5.47)
is logically valid.

e Consider any Fj;, where © € Mixed. Note that every semi-negative occurrence of
predicates from p, in F is p-negated in F'. Since F' is not negative on p, such
subformula can not be F'. It follows that every occurrence of predicates from p, in F;

is p-negated in F;. By Lemma 54,

((u1,u2) < (P1;p2)) = (F (w1, pa) <> Fi' (u1,u2)) (5.48)
is logically valid.

e Consider any F; where ¢ € Anti. Note that every semi-negative occurrence of predi-
cates from p, in F' is p-negated in F'. Since F' is not negative on p, such subformula
can not be F. It follows that every semi-positive occurrence of predicates from p, in

F; is p-negated in F;. By I.H. (a),
((u1,u2) < (P1,p2)) A F (w1, pp) = Fi' (u1,u2) (5.49)

is logically valid.

Since @ is monotone in Mon and anti-monotone in Anti, by Lemma 43(a) and

Lemma 43(b),

((u1,u2) < (p1,P2)) A F*(u1,u2) = F*(u1,ps)

follows from (5.47), (5.48) and (5.49). 1

Lemma 56 Let p,, p, be disjoint lists of distinct predicate constants such that DGy, p, [F]

has no edges from predicate constants in p, to predicate constants in p,, and let uy, uo
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be disjoint lists of distinct predicate variables of the same length as p,, p, respectively.

Formula
((u1,u2) < (P1,P2)) A F*(ur,u2) = F*(u1, ps)

is logically valid.

Proof. By induction on F.

Case 1: F'is an atomic formula.

e If F'is of the form p(t), where p € p,, then both F"*(u;,u2) and F*(u1, p,y) are u(t).
e If I is of the form p(t) where p € p,, clear from Lemma 40 and the assumption
uz < Po.

e Otherwise, F*(u1,uz) and F*(u1, p,) are the same as F.

Case 2: Fis of the form (5.1). Without loss of generality, we partition the set of all argument
positions of () into three sets: the set of monotone argument positions Mon, the set of anti-

monotone argument positions Anti, and the rest of argument positions Mixed.

SubCase 2.1: F; is negative on p; for each ©« € Mon U Mixed. Then F'is negative on

p,- Assuming

((u1,u2) < (p1,P2)) A F*(u1,u2),
by Lemma 40, we get F, or equivalently F™*(p;,p5), and by Lemma 44, we get
F*(uq, py).

SubCase 2.2: F; is not negative on p, for some ¢ € Mon U Mixed.

— Consider any F; where j € Anti U Mixed. Since DGy p,[F] has no edges
from predicates in p; to predicates in p,, every semi-positive occurrence of

predicates from p, in I} is p-negated in F;. By Lemma 55 (a),

(w1, u2) < (p1,P2)) A Fj (w1, p3) = Fj (w1, us) (5.50)

is logically valid.
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— Consider any F; where j € Mon U Mixed. Since the occurrence of F} is strictly
positive in I, DGy, p, [Fj] is a subgraph of DGy, p, [F]. It follows that DGy, . [F]
has no edges from predicate constants in p; to predicate constants in p,. By

I.H.,

((ula ’U,Q) S (p17p2)) A Ff(“lv“?) — F;(uhpQ) (551)

is logically valid.

From (5.50) and (5.51), it follows that

(w1, u2) < (p1,p2)) = (F (w1, ug) < F'(u1,py)) (5.52)

is logically valid for every i € Mixed.

Assume (u1,us2) < (py,ps), and
Q[ml] e [$k](Ff(’ul,’u,2), ey F,;“(ul, UQ)) (553)

Let F” be the formula obtained from (5.53) by replacing F* (w1, u2) with F*(u;, p,)
for every i € Mon U Mixed. Since () is monotone in Mon, by Lemma 43 (a), formula

F' follows from (5.51) and (5.52). Since @ is anti-monotone in Anti, by Lemma 43
(b),
Qlz]. .. [xk](F] (w1, py), - - -, Fy (w1, py))

follows from F’ and (5.50).

Lemma 57 Forany GQ formula F' and any nonempty setY of intensional predicates, there

exists a subset Z of Y such that

(a) Z is aloop of F', and

(b) the predicate dependency graph of I' has no edges from predicate constants in Z to

predicate constantsinY \ Z.
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The proof is essentially the same as the proof of Lemma 4 in (Ferraris et al., 2006).

Theorem 12 Let I’ be a GQ sentence, and let p be a tuple of distinct predicate constants.

Ifl, ... 1" are all the loops of F relative to p then

SM[F;p] isequivalentto SM[F;I'] A---ASM[F;I"].

Proof. It is sufficient to prove the logical validity of the formula

Fu((u < p) A F*(u))
o Jul((u! < 1) A FH(ul))

VooV 3un((un < 1) A FF(un)),

where each u’ is the part of u that corresponds to the part I° of p, and ui is the list of
symbols obtained from p by replacing every intensional predicate p that belongs to I’ with

the corresponding predicate variable w.
From right to left: Clear.

From left to right: Assume Ju((u < p) A F*(u)) and take u such that (u < p) A F*(u).
Consider several cases, each corresponding to a nonempty subset Y of p. The assumption
characterizing each case is that © < p for each member p of p that belongs to Y, and that
u = p for each p that does not belong to Y. By Lemma 57, there is a loop I of F that
is contained in Y such that the dependency graph DG, [F] has no edges from predicate
constants in I to predicate constants in Y\ I*. Since I’ is contained in Y, from the fact that

u < p for each p in Y we can conclude that
ul < I (5.54)

Let u’ be the list of symbols obtained from p by replacing every member p that belongs
to Y with the corresponding variable u. Under the assumption characterizing each case,
u = v/, so that F*(u) < F*(u'). Consequently, we can derive F*(u’). It follows from
Lemma 56 that the formula

(u' < p) AF*(u) = F*(ul)
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is logically valid, so that we further conclude that F*({;i). In view of (5.54), it follows that

Jui((ui < U) A F*(ui)). 1

Theorem 13 Let F', G be GQ sentences, and let p, q be disjoint tuples of distinct predicate

constants. If

e each strongly connected component of DGp,[F A G] is a subset of p or a subset of

q’
e [ s negative on q, and
e (G is negative on p

then
SM[F N G;pq] isequivalentto SM[F;p|] A SM[G;q|.

Proof. Same as the proof in (Ferraris et al., 2009b). 1
Proof of Theorem 14

Theorem 14 For any GQ formula F in Clark normal form that is tight on p, SM[F’; p| is

equivalent to the completion of F' relative to p.

Proof. Since F is tight on p, the loops of F' relative to p are singletons only. By Theo-
rem 13, SM[F’; p| is equivalent to the conjunction of SM[Vx;(G;(x;) — pi(x;)); pi] for each

p; € p, which, under the assumption F', is equivalent to
VU,Z('LLZ < p; — le(G;k(:Ez) N ﬂuz(ccz))) (5.55)

Since F'is tight on p, it follows that G;(x;) is negative on p;. By Lemma 44, G} (x;) is

equivalent to G;(x;). Consequently, (5.55) is equivalent to

Vui(u; < pi — 32 (Gi(i) A —ui(x;))). (5.56)

It is sufficient to prove that, under the assumption

Va;(Gi(zi) = pi(xi)), (5.57)
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formula (5.56) is equivalent to V; (p;(x;) — Gi(x;)).

From left to right: Assume (5.56) and, for the sake of contradiction, assume that there exists
x such that

pi(x) A =Gi(z). (5.58)

Take u; such that

Vi (ui(x;) ¢ Gi(®;)). (5.59)

From (5.57), (5.58), and (5.59), we conclude u; < p;. From (5.56), 3&;(G;(x;) N\ —~ui(x;)))

follows, which contradicts with (5.59).

From right to left: Assume V,;(G;(x;) <> pi(x;)). We further assume that u; < p; for some

u;. From u; < p;, 3z;(pi(x;) A —ui(x;)) follows. Consequently, 3x;(G;(x;) N —u;(x;))

follows. 1

Proof of Proposition 38
Lemma 58 For any generalized quantifiers @) of the type (n1,...,ny) and any formula F
in the form

Q1] ... [xp](G1(x1, Y1), ..., Gr(Tr, Yyi)),

(a) If Q is conjunctive w.r.t. M for some M C {1,...,k}, then

F— N\ 32:Gi(xiy;)
ieM

is logically valid;

(b) If Q is disjunctive w.r.t. M for some M C {1,... k}, then

F—\/ 3z:Gi(zi, y;)
€M

is logically valid.

Proof. Consider any interpretation I and the lists of object names -, of the same length

as x; fori € M.
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(a): For sake of contradiction, we assume

I'=Qla]. .. [wi)(Gi(z1,71), - - -, Grl(®r, V)

but
1=\ Vai-Gi(xi,v,).
ieM
From (5.61), there is i such that i € M and (z;.Gi(x;,~;))! = (). By assumption,
I Q] [xe)(Gi(z1,71)s - - - Gr(r, i)
which contradicts (5.60).
(b): For sake of contradiction, we assume
I ): Q[ml] e [$k](G1(3317’Y1)7 BRI 7Gk)($k7’yk>)
but
I'= N\ Vai-Gi(xi,,).
ieM

From (5.63), (x;.G;(x;,v,;)) = () for every i € M. By assumption,

Il Q] . [k (Gi(®1,71),s - -+ Grl(Tk, Vi)

which contradicts (5.62). 1

Lemma 59 For any GQ-formula F,
F*(ec) — in.(RV (F))
is logically valid, where c is any set of object constants containing c(F).
Proof. By induction on F'.
Case 1: F'is an atomic formula p(t) or t; = to, it is clear from definition of ec.

Case 2: If F'is a GQ-formula of the form
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e If Q is conjunctive w.rt. M for some M C {1,...,k}, by Lemma 58(a), F"*(e.)
implies

/\ Jx,Gi(x;) /\ dx;G (ec)
ieM ieM
which in turn implies
N\ FziGi(zi)" (o).
ieM
By I.H.
/\ ine(RV(Gy(x;)) \ )
€M
follows. It follows that
ine(|J (RV(Gi(2")) \ ),
ieM
which is exactly ine(RV s (F)).

e If ) is disjunctive w.r.t. M forsome M C {1,...,k}, by Lemma 58(b), F"*(e.) implies

\/ EI:I:Z \/ awz C)

i€eM ieM
which in turn implies
\/ FziGi(zi)" (o).
ieM
By I.H.
\/ ine(RV(Gi(z:)) \ )
e M
follows. It follows that
ine({7) (RV(Gi(z")) \ ),
ieM
which is exactly in.(RV s (F)).

e Otherwise, RV /(F) = 0.

As a result,

ine( |J RVum(F))

MC{1,...k}
follows. 1

A variable x in a GQ-formula F' is semi-safe in F' if every strictly positive occurrence

of  that does not follow any generalized quantifier is contained in a subformula Q_, (G, G2)
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such that z is in RV(G}). Itis clear that a GQ-formula is semi-safe iff all variables occurring
in it are semi-safe. By NS(F') we will denote the set of the variables of F' that are not

semi-safe.

Lemma 60 For any GQ-formula F'(x) such that all unsafe variables NS(F') are free in
F(x), let = be all the free variables in F(x) and c be a finite set of object constants con-
taining c(F')

F(x) Nine(NS(F)) — F(x)*(ee) (5.64)

is logically valid.

Proof. By induction on F.

Case 1: F(x) is an atomic formula. Since all variables in F'(x) are unsafe, it is trivial.

Case 2: F is a GQ-formula of the form

Qlx1] ... [z (Gi(x1), ..., Gr(xy)).

o If Qis s, assume

G1— Gy, (5.65)
in.(NS(F)). (5.66)

Further, we assume that Gj(e.). From the assumption G (e.), by Lemma 40, we get

G'1. Consequently, G follows from (5.65).

Also, from the assumption G (e.), by Lemma 59,

in.(RV(Gr)). (5.67)

Note that NS(G2) C NS(G1 — G2) URV(G1). Consequently, from (5.66) and (5.67),

ine(NS(Gs)) (5.68)

follows. Then by I.H., G5(e.) follows from G2 and (5.68).
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e Otherwise, since all unsafe variables are free, it follows that NS(£') = U, <;<;, NS(G:)

because the variables x; must be safe in G;. Assume F' A in.(NS(F)). By I.H.
Gi(xi) Nine(NS(Gi)) — Gi(xi)*(ec)
is logically valid. By Lemma 40,
Gi(x;)* (ec) — Gi(xy)
is logically valid. So under the assumption in.(NS(F')), both
Gi(x;)" (ec) < Gi(x;)

forevery 1 <i¢ < k and

F(x) < F(x)*(ec)

are logically valid.

Proposition 38 For semi-safe sentence I, SM[F| = SPP (p).

Proof. We will prove a more general claim that, for any semi-safe GQ-sentence F, formula

SM|[F] entails SPP (). Clearly, any safe sentence is a special case of such sentence.

We will show that F' A =SPP ) entails
Ju(u < p A F*(u)).
Assume F'and —SPP . p). Itis sufficient to show that
ecr) <P A F*(eqr)) (5.69)

holds.

Note that Formula

A (v ((06e) A ingry ) = (o))
peEp
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is logically valid. Assume for the sake of contradiction,

N\ v <p(:13) — (p(®) Aingp) (m))) (5.70)

pEP
Formula (5.70) entails SPP ., which contradicts the assumption =SPP ). Consequently,

we conclude e ) < p. By Lemma 60, the second conjunctive term of (5.69) follows from

the assumption about F'. 1
Proof of Proposition 39

Lemma 61 For any GQ-formula F of the form Q[x1]...[zt](G1(p,z1),...,Gr(p, xk))

that contain no free variables and any finite set ¢ of object constants containing o (F'),

Qlz1] ... [z (Gi(g, x1) Nine(xy), ..., GL(g, k) A ine(xk)) (5.71)

is equivalent to

/\ ( /\ Gi(q,d;) — \/ G;‘k(%dz‘))- (5.72)
(R1,...,R,)ECL(E) fé%: dilegoig\kRi

Proof. Consider any interpretation I. We identify I as <If, X) where If is the interpreta-
tion of functions and X is a set of ground atoms forms from predicate constants in p and
elements in the universe. Let Y be a subset of X. It is sufficient to prove that when F

contains no free variable, (I7, X UYZP) |= (5.71) iff (I, X UYY) |= (5.72).

From left to right: Assume (I/, X UYZP) |= (5.71). let R, be the set of all lists d; of object
constants such that
(I, X UYP) E Gi(g,di) Aine(dy).
Clearly, d; € O. From (5.71), Q¢(R}, ..., R,) = t follows. Consequently, (R}, ..., R,) is
notin C.(F). Consider any (R, ..., Ry) in C.(F) such that
(. XuYP) E N Gilg.d)

1<i<k
d;€R;

Clearly, each R; is a subset of R;. Furthermore, there is an index j such 1 < j < k and R;

is a strict subset of R/ since (R}, ..., R})is notin C.(F). Consequently,

1<i<k
d;€OL\R;
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From right to left: Assume (5.72). Again let R, be the set of all lists d; of object constants

such that (I/, X UYY) = Gi(q,d;). Clearly, (R}, ..., R})is notin Cc(F). Since

(I, XYy = N Gilg.d)— \/ Gilq.di).
1<i<k 1<i<k
d;ER) d;,€OL\R/,

Consequently, Q¢(R1, ..., R,) = t. As a result, we conclude (5.71). 1

The following corollary immediately follows.

Corollary 14 For any GQ-formula F' of the form Q|x;] ... [xk](Gi(p,x1),...,Gk(P, xk))
that contain no free variables and any finite set c of object constants containing o(F’), let X

andY Herbrand interpretations of ¢ such thatY C X. The following holds

XU qu = Qlx1] ... [xx](Gi(g,z1),...,G(q, xk))

iff
xuvpE A (A Giad)~ \ Gia.d)).
e R)EE)

Proposition 39 For any GQ sentence F', any signature o such that o(F) C o and any
Herbrand interpretation X of o, let c be the set of all object constants in o, if c is finite, then

X E SM[F]iff X = SM[Ground.[F]).

Proof. It is sufficient to prove that for any subset Y of X, X UYY = F*(q) iff X UYL

(Ground.[F])*(q). This is proven by induction.

e F'is an atomic formula, clear since Ground.[F] is the same as F.

e [ is a GQ-formula of the form Q[x1] ... [zk](Gi(p,x1),...,Gr(p,xk)). By Corol-

lary 14, X UY® E Qlz1] . .. [xi](Gi(q, x1), - . ., Gi(q, zx)) iff

xuvpE A (A Glad) >\ Giad)).

B ROCC(E)  L<isk 1<i<k
(R1,...,R)EC(E) d;E€R; d;COL\R;

By I.H. the later is the same as saying

XUYP = A ( /\ Ground.[G}(q.di)] - \/ GTOUHdc[G:(%di)])‘

( 1yeees k)e C( ) d;ER; d;€OL\R;
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Proof of Proposition 40

Lemma 62 Let F' be a generalized quantified formula of the form Q[x+] . . . [x](G1(x1), . . ., Gk (xk)).
Formulas
( N Gild)— \/ Gi(di)) (5.73)
(B, Rp)€Co(E) f;%: dile%ég\km

and

A (A G~ Gia) 574

B,T) isan MLPS of Co(E) fi€B RieT
< ) o(P) d;€R; d;€OL\R;

are strongly equivalent.

Proof. It is sufficient to show that for any two subsets B, T of Oi such that B is a subset

of T', formula

A (/\ Gi(d) —» \/ Gi(di)) (5.75)

BCSCT  RieS R;€s
d;ER; d;EOL\R;

is equivalent to

dieR; d;€EOL\R;

in the Logic of Here-and-There.
From right to left: Clear from the facts that B C S C T.

From left to right: Assume (5.75). Consider several cases, each of which corresponds to
S such that B C § C T. The assumption characterizing each case is that each R; € S

contains all d; such that G;(d;) holds. Consequently, we have

/\ Gi(d;) A /\ —=Gi(d;). (5.76)
R;es R,ET,R}eS
d;€R; d;€R;\R]

It follows from (5.75) and (5.76) that

\/  Gi(d).
R;eS
d;€OL\R;
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From this and the second conjunctive term of (5.76), we conclude that

\/  Gi(d).
R;ET
d;€OL\R;

Lemma 63 For any GQ-formula F and list of predicates p, if x € RV (F'), then
F — ine(z)

follows from SPP..

Proof. By induction on F'.
Case 1: F'is an atomic formula p(t) or t; = t», it is clear from SPP..

Case 2: F'is a GQ-formula Q[x1] ... [xk](Gi(x1), ..., Gr(zk)).

e FlisGi NGay. If x € RV(G A H), thenz € RV(G) or x € RV(H). In either case,

in.(z) follows from F and I.H.

o FisGyV Gy Ifz € RV(GV H), then z € RV(G) and = € RV(H). Thus ine(z)

follows from |.H.

e FisVxG(x) or JzG(x). RV(F) = RV(G) \ . So in.(RV(F)) follows from G(x)
and I.H.

e Otherwise, clear since RV (F) = 0.

Lemma 64 Let F' be a GQ-formula.

e If a variable z is positively weakly restricted in F, let F*(q)*' be the formula obtained
from F*(q) by replacing every atomic formula A or A*(q) in it such that x € RV (A)

by L and apply the transformation, F™* (q)j‘ is equivalentto T ;
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e [favariable x is negatively weakly restricted in F, let F™* (q)i‘ be the formula obtained
from F*(q) by replacing every atomic formula A or A*(q) in it such that x € RV (A)

by L and apply the transformation, F*(q)f is equivalent to L.

Proof. We will only prove the second bullet. Proof of the first bullet is similar. By induction

on I\
Case 1: F is an atomic formula p(t). F*(q) is q(t). F*(q)7 is L.

Case 2: F'is an atomic formula t; = t5. F*(q) is F'. Clear from the definition of negatively

weakly restricted.
Case 3: F'is a GQ-formula Q[z1] ... [xk](Gi(x1), ..., Gr(xk)).
o Fis Gi NGa. F*(q)is Gi(q) A G5(q). x is negatively weakly restricted in G or G.
So F*(g)% is L from I.H.

e Flis G1 V Ga. F*(q) is Gi(q) V G5(q). = is negatively weakly restricted in both G
and Gs. So F*(q)7 is L from L.H.

o FisGi — Ga. F*(q)is (Gi(q) — G5(q))N(G1 — G2). Since x is negatively weakly
restricted in G — Ga, it is clear that (G; — Gg)f is L. As a result, x is negatively
weakly restricted in (G2 and positively weakly restricted in G1. By I.H., G’{(q)j1 is T

and G3(q)1 is L. So F*(q)? is equivalent to L.
e FisVxG(x) or JzG(x). Clear from I.H.

e Otherwise, there is no way for F*(q)+ to be L.

Lemma 65 For any GQ-formula F' where all bound variables are disjoint,

(a) if x is positively weakly restricted in F', then

q < pA—ine(r) = (F*(q,7) < T)
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is derivable from SPP..

(b) if x is negatively weakly restricted in F', then
g < pA-ine(x) — (F*(q,x) < 1)

is derivable from SPP..

Proof. We will only prove it for (a), proof of (b) is similar. Since ¢ < p, by Lemma 63, for
any atomic formula A such that x € RV(A), A « L follows from SPP.. Also, it follows
from Lemma 40 that A*(q) <+ L is derivable from SPP... So F*(q) is equivalent to F*(q),
where F*(q)f is obtained from F™*(q) by replacing every atomic formula A or A*(q) by L.

In view of Lemma 64, since z is positively weakly restricted in F/, F*(q)i‘ ~T. 1
Proposition 40 For any safe GQ sentence F and any nonempty finite set ¢ of object
constants containing c(F'), SM[F] is equivalent to SM [Ground.[F1|.

Proof of Proposition 40 immediately follows from the following lemma.

Lemma 66 For any safe GQ-sentence I, and for any nonempty finite set c of object con-

stants containing c(F),
q<p— (F"(q) < (Ground[F])"(q))
is logically valid.
Proof. By induction on F.
Case 1: F'is an atomic formula or 0-place connectives. Trivial since Ground.[F] is itself.
Case 2: F'is a GQ-formula Q[z1] ... [xk](G1(x1), ..., Gr(xk)).

e FisVaF(p,z). YxF*(q,x) can be rewritten as

Va(ing(z) = F*(q,z)) AV (-in.(z) — F*(q,x)),
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and consequently as

/\ F*(q,c) ANVz(—in.(z) — F*(q,x)). (5.77)

cee

Note that x is quantified by V which has positive occurrence. Consider the maximal
positive subformula G(x) of F'(x) such that x is positively weakly restricted in G(z).

By Lemma 65 (a), for each of these subformulas, the implication
qg <pA-ing(z) = (G*(q,x) < T)
is derivable from SPP... Also, when q is p,
—ing(z) = (G(z) < T)

follows from SPP.. As a result, under the assumption SPP., (5.77) can be equiva-
lently rewritten as

N\ F*(q,¢) A Va(=ing(x) — S5(q)). (5.78)

cee

where S} (q) is the formula obtained from F™*(q, x) by replacing each of these G*(q, x)
with T and then replacing G with T. Now consider the maximal negative subformula
H(x) of Sy such that z is negatively weakly restricted in H(x). By Lemma 65 (b), for

each of these subformulas, the implication
q <pA-ing(x) = (H*(q,z) < 1)
is derivable from SPP.. Also, when q is p,
—ine(z) — (H(z) < 1)

follows from SPP.. As a result, under the assumption SPP., (5.78) can be equiva-

lently rewritten as

N\ F*(q,¢) A Va(=ine(x) — S5(q)) (5.79)

cee

where S5(q) is the formula obtained from S5 (q) by replacing each of these H*(q, x)

with L and then replacing H with L.

We claim that = does not occur in S5(q). Indeed, consider any occurrence of x in Sj.

Since Yz F'(x) is safe, in view of the fact that if a subformula G is positive (negative) in
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F, then G*(q) is also positive (negative) in F*(q), by the construction of S5 (g), that
occurrence is in a negative subformula H'(z) of Sy, which is obtained from a negative
subformula H (x) of F'(x) in which x is negatively weakly restricted, by replacing some
of its subformulas by T. Clearly, x is negatively weakly restricted in H'(z) as well. By
the construction of S5(q), a formula that contains H'(x) or H*(q, x) is replaced by

L.

It follows that S5 (g) can be obtained from F*(q, c¢) in the same way as it was obtained
from F*(q, x), that is by replacing some subformulas that are positive in £*(q, ¢) with
T and then replacing some subformulas that are negative in the resulting formula
with L. Consequently, F™*(q, c¢) — S5(q) follows and so is F*(q, ¢) — Vz(-ine(z) —
S5(q)). Thus the second conjunctive term of (5.79) can be dropped. So (5.79) is

equivalent to

/\ F*(q.0). (5.80)

cee

(5.80) can be viewed as

A (/\ F(q,d) > \/ F*(q,d)).

dec  def dec\(c\{d})

By Lemma 62, the later is equivalent to

A (/\F*(qad)% \V F*(q,d))- (5.81)

SCe des dec\S

By I.H. (5.81) is equivalent to

/\ ( /\ Ground.[F*(q,d)] — \/ GroundC[F*(q,d)])

Sce des dec\S

which is exactly Ground.[VzF(p, z)].

F'is 3z F(p, x). Similar to the first case.

Otherwise, every variable in =’ belongs to RV (G;). By Lemma 63
Gi(p,x;) — ine(x;)

is logically valid. So F'is equivalent to

Qlx1] ... [zk)(Gi(p,x1) Nine(xk)), - . ., Gr(p, xk) A ine(xy))).
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By Lemma 61,

Qlx1] ... [zk](Gi(q, x1) Nine(xy), ..., Gr(g, k) Aine(xk))

is equivalent to

A ( N Gig.d)— \/ G;‘(q,di)>.

Ry,...,Ry)EC(E) 1sisk 1<isk
(Ri, Bi)€Ce(B) 03 4, cOI\R,

By I.H. the later is equivalent to

/\ ( /\ Ground.[G}(q,d;)] — \/ Groundc[G;k(q,di)])-

RuvoR)ECo(E) | LSISH 1<ick
(Bue Bi)€Ce(B) - Gich, d;€0L\R;

Proof of Theorem 15
Proof Between (a) and (b) of Theorem 15:

Let ¢ be the set of all object constants in o(F'). By Proposition 39, X = SM[F] iff
X = SM[Ground,[F]]. According to Theorem 1/ in (Lee & Meng, 2011), X |= SM[Ground,.[F]]
iff X satisfies LF Gyound, (] (Y) for every nonempty finite set Y of atoms of o(F'). As a
result, it is sufficient to prove that when F' contains no free variables, for any nonempty finite
set Y of atoms of o(F), X = NESp(Y) iff X = NESGround.(r] (Y). We will prove it by

induction.
Case 1: F'is an atomic formula. Clear since Ground.[F] is the same as F.

Case 2: F' is of the form Q[iBl] - [:B;A(Gl(il}l), - ,Gk(:lik)) Groundc[F] is

A ( N\ Ground[Gi(dy)] — \/ Gfoundc[Gi(di)O'
(R R o) 15

NESGround. (] (Y') is the conjunction of Ground.[F] and

A\ ( A NESGround.[c:(a(¥) = V NESGroundc[Gi(di)](Y)>‘
(R1o Ry ) €Ce(F) fé%f dileéof\km

(5.82)

199



On the other hand, NES(Y) is the conjunction of F' and

It follows from the proof of Proposition 39 that X = Ground.[F] iff X = F. By
LH. X = NESg,@q,)(Y) iff X = NESGroundc[Gi(di)](Y) foreach 1 < i < k and any
d; € ¢(F)®!. As aresult, X = (5.83) iff

X ): Q[ml] . [mk](NESGTOundC[Gﬂwl)}(Y)’ ey NESGrOundC[Gk(wk)] (Y))

which, by Corollary 14, iff X = (5.82).

Proof Between (ba) and (c) of Theorem 15: By Theorem 2 in (Lee & Meng, 2011), (b) is

equivalent to (b)

(b) for every nonempty finite set Y of ground atoms of o(F'), X satisfies LF z(Y);
It is also clear that (c) is equivalent to (c’)

(c’) for every finite ground loop Y of F', X satisfies LF p(Y").

We will show that (b’) is equivalent to (c’).
Lemma 67 For any GQ-formula F' and any setY of atoms, NESr(Y') implies F.

Proof. By inductionon F'. 1

Lemma 68 For any GQ-formula F' and any setY of ground atoms, let Si be the set of all
atoms that has strictly positive occurrences in F'. If for every substitution 6 from variables in

S to ground terms inY, Sk NY = () then NESp(Y) is equivalent to F.

Proof. By induction on F.
Case 1: Fis p;(t). NESp(Y) is

pt) A N\ t#d (5.84)
pi(d)€Y
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Since every substitution 6 from variables in Sr to ground terms in Y, SpNY = (. It follows

that ¢t # d is logically valid for every p;(d) € Y. As a result, (5.84) is equivalent to p;(t).

Case 2: I' is an atomic formula that does not contain members of p. It is clear since

NESp(Y) = F.
Case 3: F is of the form Q[x1] ... [x)(Gi(x1),...,Gr(xy)). NESE(Y) is

A Q[.’El] e [.’Bk](Gl(:El), ceey Gk(wk))

(5.85)

Without loss of generality, we partition the set of all argument positions of () into three sets:
the set of monotone argument positions Mon, the set of antimonotone argument positions

Anti and the rest of argument positions Mixed.

(a) Consider any : € Mon U Mixed. Note that Si, C Sr. Since for every substitution
0 from variables in Sr to ground terms in Y, Spf N'Y = 0, it is immediate that

Sg,0NY = (. By LH. NESg;, () (Y') is equivalent to G ().

(b) Consider any i € Anti. By Lemma 67, NES, (4,)(Y') implies G;(z;).

From (a) and (b), by Lemma 43(b), Q[x1] ... [xk](Gi(x1), ..., Gk(xy)) implies

Q[mﬂ e [mk](NESGl(ml)(Y)a e ’NESGk(mk)(Y))'

As a result, (5.85) is equivalentto F'. 1

Lemma 69 For any GQ-formula F, setY of ground atoms, and subset Z of Y, let S} be
the set of all atoms that has semi-positive non-p-negated occurrences in F' and S}, be the

set of all atoms that has semi-negative non-p-negated occurrences in F'.

(a) If for every substitution 0 from variables in S;E to groundtermsinY’, S;;é?ﬁ (Y\Z2)=10

then NESEr(Z) implies NESgp(Y');

(b) If for every substitution 6 from variables in S, to ground termsinY, Sp0N(Y\Z) =0

then NESEr(Y') implies NESp(Z).
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Proof. Both parts are proved simultaneously by induction on F'.
Case 1: F'is p;(t).

Part (a): NESp(Z2) is
pt)A \ t#d (5.86)

pi(d)eZ
Since every substitution ¢ from variables in S} to ground terms in Y, S£0N (Y \ Z) = 0. It
follows that t # d is logically valid for every p;(d) € Y \ Z. As a result, (5.86) is equivalent

to

pi(t) A /\ t#d,

pi(d)€Y

which is exactly NES(Y").
Part (b): Clear from Z C Y.

Case 2: F' is an atomic formula that does not contain members of p. It is clear since

NESp(Y) = NESp(Z) = F.

Case 3: F'is of the form Q[z1] . .. [zx](G1 (1), . . ., Gk (k). Without loss of generality, we
partition the set of all argument positions of @ into three sets: the set of monotone argument
positions Mon, the set of antimonotone argument positions Anti and the rest of argument

positions Mixed.

Part (a): If F' is negated on p, then by Lemma 68, NESp(Y') and NESp(Z) are both

equivalent to F'. Otherwise,

e Consider any i € MonUMixed. Note that S/, C S Itfollows that S¢; 6N(Y'\ Z) = 0.

By I.H.(a) NES¢;, (,)(Z) implies NES¢, () (Y).

e Considerany i € AntiUMixed. Note that S;; C S} It follows that S;; 6N(Y'\ Z) = 0.

By I.H.(b) NESGZ_(%)(Y) implies NESGi(mi)(Z).
From the above two bullets, we conclude

e forany i € Mon, NESg,(,,)(Z) implies NESg, (4, (Y);
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e forany i € Mixed, NESg, (,,)(Z) is equivalent to NES¢;, (5,)(Y);

o forany i € Anti, NES¢, (,)(Y) implies NES¢, () (2).

By Lemma 43, NESr(Z), which is
Qlz1] ... [xk](NESq, (2)(Z), - - -, NESq, (2,)(2)) A Q1] ... [2](G1(21), - - ., Gr(zk)),
implies NES(Y"), which is

Q[CBl] . [mk](NESGl(ml)(Y)> ey NESGk(mk)(Y)) AN Q[:I)l] N [:ck](Gl (1131), ‘e ,Gk(:lik))

Part (b): Similarto (a). 1

Lemma 70 For any GQ-formula F and any nonempty setY of atoms, there exists a subset

Z of Y such that

(a) Z is aloop of F', and

(b) the dependency graph of F' has no edges from atoms in Z to atomsinY \ Z.

Lemma 71 Let F' be a GQ-formula, Y be a set of ground atoms of o (F') and Z a nonempty
subset of Y such that the dependency graph of F' has no edges from atoms in Z to atoms

inY \ Z. NESp(Y') implies NESp(Z).

Proof. By induction on F.

Case 1: F'is p;(t). Clear from Z C Y.

Case 2: F' is an atomic formula that does not contain members of p. It is clear since

NESy(Y) = F.

Case 3: F'is of the form Q[x1] . .. [zx](G1 (1), . . ., Gk(xk)). Without loss of generality, we
partition the set of all argument positions of () into three sets: the set of monotone argument
positions Mon, the set of antimonotone argument positions Anti and the rest of argument

positions Mixed.

Consider two subcases.
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3.1: Let SF be the set of all atoms that has strictly positive occurrences in F. If for every
substitution # from variables in F' to ground terms in Y, Sp#NY = () then, by Lemma

68, both NES(Z) and NES(Y') are equivalent to F.

3.2: Otherwise, there is a substitution 6 from variables in Sg to ground terms in Y such

that SFO NY # (.

— Consider any ¢ € Anti U Mixed. Let Sgi be the set of all atoms that has semi-
positive non-p-negated occurrences in Gz;. Since there are no edges from Z to
Y \ Z in the dependency graph of F, it follows that for any substitution &’ from
variables in S, to ground terms in Y S£06' N (Y \ Z) = . By Lemma 69 (a),
NESp(Z) implies NESpg(Y'). Since this holds for any such substitution 6, so
we derive NESz(Z) implies NESg(Y).

— Consider any ¢ € Mon U Mixed. Note that the dependency graph of Gj is a
subgraph of the dependency graph of F'. It follows that the dependency graph
of G; has no edges from atoms in Z to atoms in Y\ Z. By LH. NESz(Y") implies
NESgp(Z).

From the above two bullets, we conclude

— forany i € Mon, NESg, (,,)(Y) implies NES¢, (4,)(2);
— forany i € Mixed, NESg, (5,)(Z) is equivalent to NESg, () (Y);

— forany i € Anti, NESq, (,)(Z) implies NESg, ) (Y).
By Lemma 43, NESg(Y), which is
Qlxq]. .. [mk](NESGI(wl)(Y), - s NESg, (2,) (Y))A Qlx1] ... [z (G1(x1),. .., Gr(xk)),
implies NES(Z), which is

Q[ml] e [wk](NESGl(ml)(Z)v RN NESGk(wk)(Z))/\ Q[:Bl] . [azk](Gl(ml), oo, Gr(zr)).
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Proof Between (b’) and (c’). It is clear that (b’) implies (c¢’). To prove the other direction,
for the sake of contradiction, assume (c’) and that (b’) does not hold. Let Y be a nonempty
subset of X such that

XEY? (5.87)

and

X = NESp(Y). (5.88)

By Lemma 70, there there exists a subset Z of Y such that Z is a loop of F, and the
dependency graph of F' has no edges from Z to Y \ Z. From (5.87), we conclude that
X E Z". By Lemma 71, (5.88) implies that X = NESz(Z). This conflicts with (c’). 1

Proof of Proposition 41

Lemma 72 Let I' be a formula with generalized quantifiers. If every occurrence of every

predicate constant p; from p in F' is strictly positive and not mixed in F', the formula
u<p— (F'(u) < F(u))

is logically valid.

Proof. By induction on F.

Case 1: Fis an atomic formula.

e If F'is an atom p;(t) where p; € p, F*(u) is exactly F'(u).

e Otherwise, both F*(u) and F'(u) are the same as F.

Case 2: F'is of the form (5.1). Since every predicate from p in F'is strictly positive and not
mixed in F', it follows that every predicate from p occurs in a monotone argument position

in F'. By Proposition 32(a),

u<p-— ((Qxi]...|lxx](Fi(x1),..., Fr(xk)))*
< Q] .. [ (F (1), . .., Fi (1))
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is logically valid. Consider each F; where 1 < ¢ < k. Note that every occurrence of every

predicate constant p from p in Fj is strictly positive and not mixed in F;. By I.H.
u <p— (F(u) & Fi(u))

is logically valid. So the claim follows. 1§

Lemma 73 Let p be a list of predicate constants. If F' is canonical relative to p, then the
formula

u<p— (F(u) < (Flu) A F))

is logically valid.

Proof. By Lemma 40,
u<p— (F*(u) > F)
is logically valid. It is sufficient to prove that under the assumption of F,
u<p— (F(u) < F(u))

is logically valid. This can be proven by induction on F'.

Case 1: F'is an atomic formula.

e F'is an atom p;(t) where p; € p, F*(u) is exactly F'(u).

e Otherwise, F*(u) and F'(u) are the same as F.

Case 2: F' is of the form (5.1). Consider the following subcases.

e Q & {Q-,Qn Qv}. Consider each F; where 1 < i < k. Since every predicate

constant p; from p in Fj is strictly positive and not mixed in F;, by Lemma 72,
u <p = (Fj(u) < Fi(u))

is logically valid. So under the assumption F', the formula F*(u) is equivalent to
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e Q€ {Qn,Qv}, clear from I.H.

e Qis Q. Assume (u < p) A (F1 — F3). ltis sufficient to show
(FT () = Fy(u)) < (Fi(u) = Fy(u))). (5.89)

Since F — F5y is canonical relative to p, every occurrence of every predicate con-
stant p; from p in F} is strictly positive and not mixed in F, so that, by Lemma 72,

F(u) is equivalent to Fi(u).
- Case 1: —F;. By Lemma 40, —F(u). The claim follows since —F} (u) is
equivalent to —F (u).

— Case 2: Fy. By I.H. F(u) is equivalent to 5> (u). The claim follows since F;(u)

is equivalent to Fi(u).

Proposition 41 Let 11 be a finite general program and let F' be the GQ-representation of
II. For every rule (5.21) in 11, if B is canonical relative to p and every occurrence of p from

p in H is strictly positive and not mixed in H, then FLP[I1; p| is equivalent to SM[F; p|.

Proof. ltis sufficient to show that under the assumption u < p and 11, for each rule (5.21)
in II,

B(u) ANB — H(u)

is equivalent to

(B*(u) - H*(u)) A (B — H).
From the fact that B is canonical relative to p, by Lemma 73,
B*(u) <> (B(u) A B).
Also, since every occurrence of p; from p in H is strictly positive and not mixed in H, by

Lemma 72, H*(u) <> H(u) follows. 1
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Proof of Proposition 42

Lemma 74 For any dl-program (T ,11), any dl-atom A of the form (5.7) in 11 that contains
no free variables, A is monotonic (anti-monotonic) relative to T iff Q% is motonone (anti-

monotone) in {1, ..., k} for all Herbrand interpretations I of (C, Pry).

Proof. We will show the case of monotonic dl-atoms. The case of anti-monotonic dl-atoms

is similar.

From left to right: Assume that A is monotonic relative to 7. We further assume Q%(Rl, .., Rp) =
t, where R; C |I|1®il for 1 < j < k. Considerany i € {1,...,k} and any R, C |I|/®il such

that R; C R;, we will show that Q%(Rl, . ,Rifl, R;, Ri+1, R ,Rk) =t.
Let I’ be the Herbrand interpretation
TU{pi(d) | d € R;\ R},

whose signature is the same as I. It is clear that I C I’. Also, by Lemma 47, I =1 A
follows from QY (R1,..., Ri,...,Ry) = t. Since A is monotonic relative to 7, I’ =7 A
and by Lemma 47, Q%(Rb ....Ri_1,R],Riy1,...,Ry) =t. Since I and I’ have the same

universe, Q4(Ri, ..., Ri—1, R}, Rit1,..., Rg) = t follows.

From right to left: Assume that Q% is monotone in {1,. .., k} for all Herbrand interpretations
I of (C, Pr1). Consider any Herbrand interpretations J, J' of (C, Py1) such that J C J’ and
assume that J =7 A. We will show that J' =7 A.

Let R; = {d € |J|/! | (pi(d))’ =t} and R, = {d € |J'|®! | (p;(d))”" = t} for
each 1 < i < k. From J =7 A, by Lemma 47, QY (Ry,...,Rx) = t. Since J C J', it
follows that R; C R! for each 1 < i < k. From the fact that QY is monotone in {1, ..., k},

QY(R},..., R,) = tfollows. By Lemma 47, J' =1 A. 1

Lemma 75 For any dl-program (T, 11), any Herbrand interpretations X, Y of (C, Pr1) such
thatY C X, and any rule p(t) «<— B, N in1I,

Y >:7— (p(t) A BaN)%
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iff

XUYP = (B9 (g) A (N“9) () = q(t). (5.90)

Proof. We partition B into two sets: the set By of all anti-monotonic dl-atoms and the
set B; of all remaining dl-atoms. In view of Lemma 74, BQGQ is a conjunction of GQ-
formulas (5.11) such that QU is anti-monotone in all argument positions. By Lemma 44 and

Proposition 32 (b), (5.90) is equivalent to
GQn+ G
X UYP = (BY9) (q) A BF? ANE = g(t),
which is the same as

X UYP = Bi9(q) A B9 A B9 ANCD 5 q(t). (5.91)

Consider two cases.

Case 1: X =7 Bo AN. (p(t) « B,N)¥ is p(t) < Bjy. On the other hand, by Lemma 47,
X = BY? ANGQ. Since Y C X, YP = BY“(q) implies X = BY“. Thus (5.91) is
equivalent to saying that Y = BlGQ(q) — ¢q(t), which in turn is equivalent to saying that
Y = BY? - p(t). By Lemma 47 again, Y = BSY — p(t) iff Y =1 By — p(t).

Case 2: X W1 Bo AN. (p(t) «+ B,N)¥ is equivalent to T. By Lemma 47, X -

BY9 A NGQ._ Thus (5.91) follows.

Lemma 76 For any dl-program (T,11), X |= 199 jff X =7 I,

Proof. Immediate from the definition of H% that X =7 H§ iff X =7 IL. It follows from

Lemma 47 that X [=7 ITiff X |= 199, 1

Proposition 42 For any dl-program (T, 11), and any Herbrand interpretation X of (C, Py),

X is an answer set of (T, 11) iff X satisfies SM[I19?; Pyj] relative to T .

Proof. X is an answer set of (7 ,11I) iff
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() X 7 I, and

(ii) no proper subset Y of X satisfies H§ relative to 7.
On the other hand, X |= SM[II“?; Py] iff

(") X %9, and

(i) X does not satisfy Ju(u < P A (II59)*(u)).

By Lemma 76, (i) is equivalent to (i’). Assume (i'). Condition (ii) can be reformu-
lated as: no proper subset Y of X satisfies (p(t) <« B,N)¥ relative to T for every rule
p(t) + B, N in II. Under the assumption (i’), condition (ii’) can be reformulated as: there
is no proper subset Y of X such that, for every rule p(t) « B, N in II, X U Y2 satisfies

(BE9)*(q) A (NFQ)*(q) — q(t). By Lemma 75, it follows that (ii) is equivalent to (ii'). B
Proof of Proposition 43

Let (7,1I) be a dl-program and X an Herbrand interpretation of (C, P). By fILX, we

denote the FLP reduct of II as defined by viewing a dI-program as a Hex program.

Lemma 77 Let (T,1I) be a dl-program. For any Herbrand interpretations X, Y of (C, Pr)
such thatY C X and any rule p(t) < B, N inlI,

Y =71 f(p(t) B, N)F
iff
X UYP = B99(q) AN9(q) A BYC ANQ = g(1). (5.92)

Proof. Case 1: X =7 B,N. f(p(t) + B,N)¥ is p(t) + B, N. On the other hand, by
Lemma 47, X |= BE? A N9 follows. (5.92) is equivalent to saying that Y7 |= B(q)“% A
N(q)%? — q(t), which in turn is equivalent to saying that Y |= BY? A NGQ — p(t). By
Lemma 47 again, Y =7 p(t) + B, N iff Y = BEC A NCQ — p(t).

Case 2: X W1 B,N. f(p(t) + B,N)¥ is equivalent to T. By Lemma 47, X [£ BY? A
NGQ. S0 (5.92) holds. &
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Lemma 78 For any dl-program (T,11) such that 11 is a ground program, X = T1¢% jff
X 1 1.

Proof. Immediate from the definition of fﬂ§ that X = fH¥ iff X =7 II. It follows from

Lemma 47 that X |=7 ITiff X |= T199. 1

Proposition 43 For any dl-program (T ,11), and any Herbrand interpretation X of (C, Pr),
X satisfies FLP[II®Y; Py] relative to T iff X is an answer set of (T ,11) according to Fink

and Pearce.

Proof. X is an answer set of (7,1I) according to Fink and Pearce iff

() X 7 fIIX, and

(ii) no proper subset Y of X satisfies fH¥ relative to 7.
On the other hand, X satisfies FLP[I19%; Py] iff

(") X |= 1199, and

(i") X does not satisfy Ju(u < P A (II99)% (u)).

By Lemma 80, (i) iff (i"). Condition (ii) can be reformulated as: no proper subset Y
of X satisfies f(p(t) < B, N)7 relative to T for every rule p(t) +- B, N in II. Condition
(ii") can be reformulated as: there is no proper subset Y of X such that, for every rule
p(t) «+ B, N inll, X UYY satisfies ((p(t) + B, N)“?)>(q). By Lemma 79, it follows that

(ii) is equivalent to (ii"). 1
Proof of Proposition 44

Let (7,1I) be a dl-program and X an Herbrand interpretation of (C, Py1). By fIIX, we

denote the FLP reduct of 1I as defined by viewing a dI-program as a HEX program.

Lemma 79 For any dl-program (T,11) such that every occurrence of non-monotonic dl-

atoms is in the positive body of a rule, any Herbrand interpretations X, Y of (C, Pr1) such
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thatY C X and any rule p(t) < B, N inlI,

Y =7 f(p(t) + B,N)7
iff

Y >:7— (p(t) A BaN)%

Proof. We partition B into two sets: the set B; of all anti-monotonic dl-atoms and the set

Bs of rest of all dl-atoms.
Consider two cases.

Case 1: X =7 BAN. f(p(t) « B,N)¥ is p(t) + B, N. On the other hand, (p(t) +
B, N)¥ is p(t) < Bs. It is sufficient to show that Y =7 By A Bo A N iff Y =7 By. From
X = B AN, itfollows that X = B; and X |= N. Since B; contains only anti-monotonic
dl-atoms, Y = B; follows from X |= Bj. Since N contains only negation of monotonic

dl-atoms, Y = N follows from X = N.

Case 2: X [~7 B A N. both (p(t) < B,N)F and f(p(t) «+ B, N)¥ are equivalentto T.
|

Lemma 80 For any dl-program (T ,11) such that 11 is a ground program and every occur-

rence of non-monotonic dl-atoms is in the positive body of a rule, X =115 iff X =1 fIIX.

Proof. Immediate from the definition of fH? that X = fH)T( iff X =7 II. It follows from

Lemma 47 that X [=7 ITiff X |= 1199, 1§

Proposition 44 For any dl-program (T, 11), and any Herbrand interpretation X of (C, Pr),
if every occurrence of non-monotonic dl-atoms is in the positive body of a rule, then X is an
answer set of (T, 11) in the sense of (Fink & Pearce, 2010) iff X is an answer set of (T, 1I)

in our sense.

Proof. X is an answer set of (7, 1I) according to Fink and Pearce iff
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() X 7 fIIX, and

(ii) no proper subset Y of X satisfies fﬂ¥ relative to 7.
On the other hand, X satisfies FLP[II9?; Py] iff

(") X =711, and

(i’) no proper subset Y of X satisfies IL relative to 7.
T

By Lemma 80, (i) is equivalent to (i'). By Lemma 79, (ii) is equivalent to (ii"). 1
Proof of Proposition 45
Theorem on Double Negations (Ferraris et al., 2009b) Let H be a sentence, F' a sub-
formula of H, and H~ the sentence obtained from H by inserting —— in front of F. If F'

is contained in a subformula G of H that is negative on p then SM[H ~; p| is equivalent to

SM[H; p].

The following corollary follows from the Splitting Lemma and the Theorem on Dou-

ble Negations.

Corollary 15 Let II be a tight program with generalized quantifiers. SM[(II®?)™"; p] is
equivalent to SMIII?; p.

Lemma 81 LetII be a finite program and X, Y be sets of atoms of o(I1) such thatY C X

and p be the list of all predicates in 11. Consider any rule
p(t) < B,QB,N

in IT where B is a set of normal atoms, QB is a set of GQ-atoms and N is a set of normal

and GQ atoms preceded by “not".
Y E (p(t) + B,QB,N)*
iff

XUYPE (BAQB™ AN (g) — q(t). (5.93)
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Proof. Since QB and N are negative on p, in view of Lemma 44, (5.93) is the same
as saying

XUYP | B* (@) AQB AN = q(t). (5.94)

Consider two cases:

Case 1: X - QB,N. (p(t) <+ B,QB,N)X is T. Clearly, X = QB™" A N"". As aresult,
(5.94) holds.

Case 2: X = QB,N. (p(t) < B,QB,N)¥ is p(t) < B. On the other hand, (5.94) is
equivalent to saying that

Y? = B*(q) — q(t). (5.95)

Since B is a conjunction of atoms, it is clear that Y = p(t) < B iff (5.95) holds. 1

Lemma 82 Let II be a finite program and X be a set of atoms of o(Il). X | IIX iff
X | (I&9)~.

Proof. Clear fromLemma 81 whenY =X andp=gq. 1

Proposition 45 For any program 11 and any Herbrand interpretation X of o(Il), X is a

EGV-answer set of 1 iff X = SM[(TIF9)™"].

Proof. X is a EGV-answer set of 11 iff

(i) X 1%, and

(ii) no proper subset Y of X satisfies IT.
On the other hand, X satisfies SM[(TT¢?) 7] iff
(") X = (I199)"", and

(i") X does not satisfy Ju(u < p A (IIF?)™7)*(u)).
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By Lemma 82, (i) is equivalent to (i’). Let rules in II are of the form
p(t) « B,QB,N

where B is a set of normal atoms, QB is a set of GQ-atoms and NV is a set of normal
and GQ atoms preceded by “not". Condition (ii) can be reformulated as: no proper subset
Y of X satisfies (p(t) < B,QB, N)*X for every rule p(t) + B,QB,N < II. Condition
(ii") can be reformulated as: there is no proper subset Y of X such that, for every rule
p(t) < B,QB,N € 1II, X UY} satisfies (BAQB™ A N"7)*(q) — q(t). By Lemma 81,

(ii) is equivalent to (ii"). 1
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Chapter 6

ANSWER SET PROGRAMMING MODULO THEORIES AND REASONING ABOUT
CONTINUOUS CHANGES

The availability of efficient Answer Set Programming (ASP) solvers has greatly contribute
the success of the programming paradigm. Most ASP solvers utilize (i) intelligent grounding—
the process that replaces variables with ground terms—and (ii) efficient search methods
that originated from propositional satisfiability solvers (SAT solvers). However, this method
is not scalable in handling functional fluents that range over a large numeric domain. For

example, consider the inertia rule:

Speed; () <« Speed(x), not =Speed; (x) (6.1)

If the range of x is over a large domain of numbers (e.g. all integers), then grounding it
w.r.t. all the elements in the domain becomes very inefficient. Moreover, real numbers are

not supported at all because grounding cannot be applied.

An alternative representation using functions, such as replacing Speed; (z) with
Speed; = x, does not work under the ASP semantics because (i) answer sets are defined
as Herbrand models (e.g., Speed; = Speed,, is always false under any Herbrand interpreta-
tion), and (ii) the nonmonotonicity of the stable model semantics has to do with minimizing

the extents of predicates but has nothing to do with functions.

In order to alleviate the “grounding problem,” there have been several recent ef-
forts (Gebser et al., 2009; Balduccini, 2009; Janhunen et al., 2011; Liu et al., 2012) to
integrate ASP with Constraint Programming or Satisfiability Modulo Theories (SMT), where
functional fluents can be represented by variables in Constraint Satisfaction Problems or
uninterpreted constants in SMT. However, like the standard ASP, nonmonotonicity of those
extensions has to do with predicates only, and nothing to do with functions. For instance, a

natural counterpart of (6.1) in the language of CLINGCON (Gebser et al., 2009),

Speed; =% = « Speed =% 2, not Speed; #° =,

does not correctly represent inertia.
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| Monotonic | Nonmonotonic \

FOL Functional SM
SMT ASP Modulo Theories
SAT ASP

Figure 6.1: Analogy between SMT and ASPMT

In this chapter, we present a framework of combining answer set programming with
satisfiability modulo theories, which we call Answer Set Programming Modulo Theories
(ASPMT). Just like that SMT is a generalization of SAT and, at the same time, a special case
of first-order logic in which certain predicate and function symbols in background theories
(such as difference logic and the theory of reals) have fixed interpretations, ASPMT is a
generalization of the standard ASP and, at the same time, a special case of functional
stable model semantics (Bartholomew & Lee, 2012) that assumes background theories.
Figure 6.1 summarizes our view on the analogy. Like the known relationship between
SAT and ASP that tight ASP programs can be turned into SAT instances, we show that
tight ASPMT programs can be turned into SMT instances, which allows SMT solvers for

computing ASPMT programs.

This results allow us to enhance action language C+ (Giunchiglia et al., 2004) to
handle reasoning about continuous changes. Language C+ is an expressive action de-
scription language but its semantics was defined in terms of propositional causal theories,
which limits the language to express discrete changes only. By reformulating C+ in terms of
ASPMT, we naturally extend the language to overcome the limitation, and use SMT solvers
to compute the language. Our experiment shows that this approach outperforms the exist-

ing implementations of C+ by several orders of magnitude for some benchmark problems.

This chapter is organized as follows. Section 6.1 provides the theoretical founda-
tion of the formalism. In Section 6.2, we extend the action language C+ to allow arbitrary
domains and to reasoning about continuous changes. We illustrate the expressiveness of
the extended language using various benchmark examples. In Section 6.3, we show that
reachability analysis in Hybrid Automata can be automated using the extended framework.
Section 6.4 compare the framework with some related work in the modelling of actions and

continuous changes.
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6.1 Answer Set Programming Modulo Theories
Syntax

Formally, an SMT instance is a formula in many-sorted first-order logic, where some des-
ignated function and predicate constants are constrained by some fixed background inter-
pretation. SMT is the problem of determining whether such a formula has a model that

expands the background interpretation.

The syntax of ASPMT is the same as that of SMT. Let ¢%¢ be the (many-sorted)
signature of the background theory bg (E.g., the theory of reals). In the theory of reals,
we consider the set R of symbols for all real numbers, the set {+, —, /, *} of arithmetic
functions over reals and the set {<, >, <, >} of binary predicates over reals. Note that we
have a fixed set of functions and predicates, all of which are typed. Also, note that every
symbol in o%9 has a fixed interpretation. o is extended from o®? with uninterpreted symbols

- object constants of some sorts and propositional constants. Terms are defined as usual:

e object constants of o and variables are terms;

e if f is a function constants of sort (s1,..., S, Sp41) @nd t1,...,t, are terms of sort
S1,...,8n then f(t1,...,t,)is aterm of sort s,,+1. (N.B. this means that if f has arity

> 0, then f must be a function from the background theory)

Atomic Formula are defined as follows:

e if pis a predicate constant of sort (s1,...,s,) and t1,...,t, are ground terms of sort
S1,---,5n, then p(ty, ..., t,) is an atomic formula. (N.B. this means that if p has arity

> 0, then p must be a predicate from the background theory)

e if 1, t9 are terms of the same sort then ¢t; = ¢5 is an atomic formula.

Formulas are defined the same as in the first-order logic. We call a formula ground

if it contains no variable.
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Semantics

We consider the standard semantics of many-sorted first-order formulas. Interpretation and

satisfaction are defined as usual.

A background interpretation I% is an interpretation of the signature o%. For in-

stance, in the Theory of Reals,

o foreachr e R, " =r;
e for each arithmetics functions f € {+, —, /, %}, I RxR = R;

e for each comparisons predicates op € {<,>,<,>,=}, op!”" : R x R — {t, f}.

Let o be a signature that is disjoint from o9. We say that an interpretation I of o
satisfies F' w.rt. the background theory bg, denoted by I =, F', if I U I = F. Let I
be an ASPMT instance with background theory . Interpretation I is a stable model of F'

relative to ¢ (w.r.t. background theory o%) if I =, SM[F’; c.

We will often write the implication ' — G in a form familiar in logic programs,

G + F'. Afinite set of formulas is identified with the conjunction of the formulas in the set.

An Example

Example 27 The following formula F' describes the inertia assumption on the speed of a

car and the effect of accelerating. Assume that the background theory is the theory of reals.

Speed, =z < Speedy=x N ~—(Speed, =) 6.2)
Speed, =z + (x = Speedy+3x Duration) A Accelerate.

Here x is a variable of sort R>q; 8Speed,, 8Speed, and BDuration are function constants
of sort R>o and BAccelerate is a Boolean function constant. For interpretation I of sig-
nature {Speed,,, Speed,, Duration, Accelerate} such that Accelerate™ = f, Speedé1 =1,

Speedl’ =1, Duration™ = 1.5, we have I, vy SM[F; Speed.].

Consider another interpretation I, of the same signature that agrees with I except

that Accelerate™ = t, Speed{2 = 5.5, we check that Iy =y, SM[F'; Speed,].
219



Another interpretation I3 that agrees with I, except that (Speed,)’* = 5.5. I3 =y F
but I3 =y, SM[F; Speed].
Completion
In this section, we present a generalization of the theorem on completion from (Bartholomew

& Lee, 2012) by (i) not restricting to “f-plain” theories, and (ii) referring to a weaker notion

of “tightness.”

Let f be a function constant. A first-order formula is called f-plain if each atomic
formula in it does not contain f, or is of the form f(¢) = t; where t is a list of terms not
containing f, and t; is a term not containing f. For any list ¢ of predicate and function

constants, we say that F' is c-plain if F'is f-plain for each function constant f in c.

A formula F' is said to be in Clark normal form (relative to the list ¢ of intensional

constants) if it is a conjunction of sentences of the form
V(G — p(x)) (6.3)

and

Yy (G — f(z)=y) (6.4)

one for each intensional predicate p and each intensional function f, where x is a list of
distinct object variables, y is an object variable, and G is an arbitrary formula that has no

free variables other than those in  and y.

The completion of a formula F" in Clark normal form (relative to c) is obtained from
F by replacing each conjunctive term (6.3) with V(p(x) <> G) and each conjunctive term

(6.4) with Vzy(f(x)=y + G).

The dependency graph of F' (relative to c) is the directed graph that

e has all members of ¢ as its vertices, and
e has an edge from cto d if, for some strictly positive occurrence of G — H in F,

— ¢ has a strictly positive occurrence in H, and

— d has a strictly positive occurrence in G.
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We say that F'is tight (on c) if the dependency graph of F’ (relative to ¢) is acyclic.

The following theorem is a generalization of Theorem 12 from (Bartholomew & Lee,

2012).

Theorem 16 For any formula F' in Clark normal form that is tight on ¢, an interpretation 1
that satisfies 3xy(x # y) is a model of SM|F'; c] iff I is a model of the completion of F’

relative to c.

Theorem 16 can be applied to formulas in non-Clark normal form if they can be
rewritten in Clark normal form. The following theorem is useful in extending completion to

formulas that are not in Clark normal form.

Theorem 17 (Bartholomew & Lee, 2012, Theorem 1) For any first-order formulas F' and GG,
if G has no strict positive occurrence of a constant from ¢, SM[F' A G;c] is equivalent

to SM[F;c] ANG.

Theorem 16 is applicable to ASPMT formulas as well. Since F' in Example 27 is
tight on Speed;, according to Theorem 16, SM[F'; Speed,| is equivalent to the following

SMT instance with the same background theory:

Speed; =z <> (Speedy=z A ——(Speed;=xz))

V (z = Speed+3x Duration) A Accelerate .
Comparison with Clingcon

Clingcon semantics (Gebser et al., 2009) combines answer set programs with arbitrary

constraints.

Remind that a constraint satisfaction problem (CSP) is a tuple (V, D, C'), where V'
is a set of constraint variables with the respective domain D, and C'is a set of constraints
of the form

<(U1a"'7vn)?R>a (65)

suchthatv; € V(1 <i<n)and R C Dom(v;) X - -+ x Dom(vy,).
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In view of the definition of SM from the previous section, we identify V' with object

constants in o \ o4,. D contains the sort(v) for every v € V. We represent a constraint

(6.5) as a formula F(vy, ..., v,) of the signature ¢%9 UV where F(x1,...,z,) is a formula
of the signature 0% and F(vy,...,v,) is obtained from F(z1,...,z,) by substituting the
constants (vy,...,v,) for (z1,...,2,). We call F(vy,...,v,) a formula over (vi,...,v,).

We now review the syntax and the semantics of constraint answer sets by (Gebser
et al., 2009). We find it convenient to understand constraint answer sets as a first-order

interpretations.

A clingcon program 11 with with a constraint satisfaction problem (V, D, C) is a set
of rules of the form

H + B, N,Chn, (6.6)

where H, B are sets of positive propositional literals, NV is a set of negative propositional

literals, and C'n is a set of constraints from C, possibly preceded by not.

We identify an interpretation of o as the tuple (A, X') where A is the interpretation

over function constants and X is a set of propositional atoms in o \ o%9.

Given a clingcon program II, an interpretation I = (A, X'), we define the reduct of

IT relative to X and A (denoted by Hif) as the set of rules
H + B,

where H < B, N,Cn isin 1l such that

e AUIY |= Cn, and
e X EN.

We say that a set X of propositional atoms is a constraint answer set of 11 relative to A if X

is a minimal model of I1%.

Example 17 continued Consider the Clingcon program 11:
triangle(obj);

rightTriangle(obj) < triangle(obj), sq(side1(0bj)) + sq(sidea(obj)) = sq(sides(obj)).
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Let A be a mapping such that A(side;(obj)) = 3, A(sidey(obj)) = 4, A(sidei(obj)) =5
and let X = {triangle(obj), rightTriangle(obj)}. We check that X is a constraint answer

set relative to A because X is the minimal model of II{ which is

triangle(obj);

rightTriangle(obj) < triangle(oby).

We identify a clingcon program II as a formula which is the conjunction of the rules

in II. The following proposition reformulate the clingcon semantics in terms of SM.

Proposition 49 Let 11 be a clingcon program with CSP (V, D, ('), let p be a set of propo-
sitional constants that occur in 11 and I = (A, X) an interpretation of the signature V' U p.

I =y, SMIL; p| iff X is a constraint answer set of 11 relative to A.

Example 17 Continued. Let A and X be the same as above. We check that (A, X) =,

SMIIT; triangle(obj)].

6.2 Enhancing C+ for Continuous Changes
Syntax

We consider a many-sorted first-order signature o that is partitioned into three signatures:
the set o/! of object constants called fluent constants, the set o%“* of object constants called
action constants, and the background signature o%9. The signature o/ is further partitioned
into the set o' of simple fluent constants and the set ¢ of statically determined fluent
constants. We assume the same syntax of formulas as in Section 6.1. A fluent formula is a
formula of signature o/ U o%9. An action formula is a formula of 0% U ¢ that contains at

least one action constant and no fluent constants.

A static law is an expression of the form
caused F'if G (6.7)

where each F' and G are fluent formulas. An action dynamic law is an expression of the

form (6.7) in which F' is an action formula and G is a formula. A fluent dynamic law is an
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expression of the form

caused F' if G after H (6.8)

where F' and G are fluent formulas and H is a formula, provided that F' does not contain
statically determined constants. A causal law is a static law, or an action dynamic law, or a

fluent dynamic law. A C+ action description is a finite set of causal laws.

An action description is definite if the head F' of every causal law (6.7) and (6.8) is
an atomic formula that is (07! U o%t)-plain. Throughout this chapter we consider definite
action descriptions only, which covers the fragment of C+ that is implemented in CCalc.

Semantics

In (Giunchiglia et al., 2004) the semantics of C+ is defined in terms of nonmonotonic propo-
sitional causal theories, in which every constant has a finite domain. The semantics of the
enhanced C+ below is similar to the one in (Giunchiglia et al., 2004) except that it is de-
fined in terms of ASPMT in place of causal theories. This reformulation is essential for the

language to represent continuous changes as it is not limited to finite domains only.

For a signature o and a nonnegative integer ¢, expression ¢ : o is the signature
consisting of the pairs ¢ : ¢ such that ¢ € o, and the sort of 7 : c is the same as the sort
of c. Similarly, if s is an interpretation of o, 7 : s is an interpretation of ¢ : ¢ such that

e = (i:c)¥s.

For any definite action description D of signature o/! U 0% U ¢%9 and any nonneg-
ative integer m, the ASPMT program D,, is defined as follows. The signature of D,, is
0:0/tU---Um:a/tU0:0% U---U(m—1):0% Uc®. By i: F we denote the result of
inserting ¢ : in front of every occurrence of every fluent and action constant in a formula F'.

ASPMT program D,, is the conjunction of
——i:G—1i:F

for every static law (6.7) in D and every i € {0, ..., m}, and for every action dynamic law

(6.7)in D and every i € {0,...,m—1};

= (i+1):GANi:H— (i+1): F
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for every fluent dynamic law (6.8) in D and every i € {0,...,m — 1}.

The transition system represented by an action description D consists of states
(vertices) and transitions (edges). A state is an interpretation s of o// such that 0: s Fbg
SM[Dy; OZO'Sd]. A transition is a triple (s, e, s’), where s and s’ are interpretations of ol and

e is an interpretation of 0%, such that

(0:5) U (0:e) U (1:8") =g SM[Dy; (0:0°1) U (0:0%) U (1:07h)].

The following theorems extend Propositions 7 and 8 from (Giunchiglia et al., 2004)
by referring to functional stable model semantics. They justify the soundness of our refor-

mulation of C+.
Theorem 18 For every transition (s, e, s'), s and s' are states.

Theorem 19

(0:50) U (0:ep) U(Lisy)U(Lieg)U---U (m:sy,)

by SM[Dp; (0:0%%) U (0:0%) U (1:a/) U (1:0%t) U - U (m—1:0%) U (m:07h)]

iff each triple (s;, e;, si+1) (0 <1i < m) is a transition.

According to the above theorems, each stable model of D,,, corresponds to a path
of length m in the transition system represented by D. At the same time, each path in the
transition system of D can be mapped to a stable model of D,,. As a result, the stable

models of D,, correctly represent the semantics of D.

It is not difficult to check that the ASPMT program D, that is obtained from action
description D is always tight. In view of the theorem on completion (Section 6.1), D,,, can
be represented in the language of SMT as the next section demonstrates.

Reasoning about Continuous Changes in C+

In order to represent continuous changes in the enhanced C+, we distinguish between
steps and real clock times. We assume the theory of reals as the background theory,

and introduce a simple fluent constant Time of sort R>g, which denotes the clock time,
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and an action constant Dur of sort R>o, which denotes the time elapsed between the two

consecutive states. We postulate the following causal laws:

exogenous Time, Dur,

constraint Time=t¢ + ¢’ after Time=t¢ A Dur=¢.
These causal laws are shorthand for

caused Time=t if Time=t ,
caused Dur=t if Dur=¢,

caused L if ~(Time=¢ + t’) after Time=¢ A Dur=t¢

where ¢, ¢’ are variables of sort R>¢. (See Appendix B in (Giunchiglia et al., 2004) for the

abbreviations of causal laws.)

Continuous changes can be described as a function of duration using fluent dy-

namic laws of the form
caused c= f(x, 2/, t) if ¢/ =x'after (c=z) A (Dur=t) NG

where (i) ¢ is a simple fluent constant, (i) ¢, ¢’ are lists of fluent constants, (iii) «, =’ are lists
of object variables, (iv) G is a formula, and (v) f(x,z’,t) is a term constructed from o%9,

and variables in «, =/, and ¢.
For instance, the fluent dynamic law

caused Distance=d+0.5x (v'+v) x t if Speed =1’

after Speed =v A Distance=d A Dur=t

describes how fluent Distance changes according to the function of real time.

Consider the following problem by Lifschitz.’
If the accelerator of a car is activated, the car will speed up with constant accel-
eration A until the accelerator is released or the car reaches its maximum speed
M S, whichever comes first. If the brake is activated, the car will slow down with
acceleration — A until the brake is released or the car stops, whichever comes

first. Otherwise, the speed of the car remains constant. The problem asks to

http://www.cs.utexas.edu/vl/tag/continuous_problem
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find a plan satisfying the following condition: at time 0, the car is at rest at one

end of the road; at time T, it should be at rest at the other end.

Notation: A, MS are real numbers

Simple fluent constants: Domain:
Speed, Distance, Time R>o0

Action constants: Domain:
Accelerate, Decelerate Boolean
Dur R>0

caused Speed =v+ A xt after Accelerate A Speed=v A Dur=t
caused Speed =v— A xt after Decelerate A Speed=v A Dur=t¢
caused Distance=d+0.5 x (v'+v) xt if Speed =

after Speed=v A Distance=d A Dur=t
constraint Time=t+¢" after Time=¢ A Dur=¢'
constraint Speed < M S

inertial Speed
exogenous Time, ¢ for every action constant ¢

Figure 6.2: Car Example in C+

A C+ description of this example is shown in Figure 6.2. The actions Accelerate and

Decelerate has direct effects on Speed and indirect effects on Distance. According to the

semantics in Section 6.2, the description is turned into the ASPMT program with the theory

of reals as the background theory, which can be further rewritten in Clark normal form.

Some occurrences of =— can be dropped without affecting stable models, which results in

the program in Figure 6.3.

The program can be viewed as F'/AG where F'is the conjunction of the rules that has

i+1:Speed in the heads, and G is the conjunction of the rest rules. In view of Theorem 20,

the stable models and F' A G are the same as the stable models of I’ that satisfies G.

By Theorem 16, the completion of the program relative to ¢+ 1 : Speed is equivalent to the

following formula

i+1:Speed=x <+ (z = (i:Speed+Axi:Dur) A i:Accelerate)
V(2 = (i:Speed—Axi:Dur) A i:Decelerate)

\/(i—i—l:Speed:w A i:Speed:aﬁ).
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Notation: z, v, ¢ are variables of sort R>o; v is a variable of sort Boolean.
Intensional object constants: i:Speed fori > 0

i+1:Speed=z <« (x =v+Axt) A i:(Accelerate A Speed=v A Dur=t)
i+1:Speed=z + (v =v—Axt) A i:(Decelerate A Speed=v A Dur=t)
i+1:Distance=xz « (z =d+0.5%x (v'+v)xt)

Ai+1:Speed=v" Ai: (Speed=v A Distance=d A Dur=t)
—=((i+1:Time) = (i: Time) + (¢:Dur))
- (i:Speed < M S)
i+1:Speed=x < ——(i+1:Speed=x) A i:Speed=x
i:Time=t < ——(i: Time=t)
irc=y <« (irc=y) for every action constant ¢

Figure 6.3: Car Example in ASPMT

{Accel, ) {Decel,
Dur=1.183}| Dis=2.100 |{Dur=1.630} Dis=7.893 |pyr=1.183}

Spd=3.551 Spd=3.551
Time=1.183 Time=2.817

Figure 6.4: A Path in the Transition System of Car Example.

Variable x in the formula can be eliminated by equivalent transformations using

equality:

i:Accelerate=t — i+1:Speed = (i:Speed+ A xi:Dur)

i:Decelerate=t — i+1:Speed = (i: Speed — A xi: Dur)

(i+1 : Speed = (i:Speed+Axi:Dur) A i:Accelerate =t)
V(i+1 : Speed = (i:Speed— A xi:Dur) A i:Decelerate=t)

V(i:Speed = i+1:Speed) .

This formula can be encoded in the input language of SMT solvers. The shortest
plan found by iSAT 2 on this input formula when the road length is 10, A = 3, M S = 4, K =
4 is shown in Figure 6.4.

Reasoning about Additive Fluents

Additive fluents are fluents with numerical values such that the effect of several concurrently
executed actions on it can be computed by adding the effects of the individual actions. Lee

and Lifschitz [(2003a)] show how to describe additive fluents in C+ by understanding “incre-

2http://isat.gforge.avacs.org/index.html
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ment laws” as shorthand for some causal laws. However, some additive fluents are real-
valued, and cannot be represented in the language described in (Lee & Lifschitz, 2003a)
as it is limited to finite domains only. This made the discussion of additive fluents in (Lee &
Lifschitz, 2003a) limited to integer domains only. For example, in (Lee & Lifschitz, 2003a)
the effect of firing multiple jets on the velocity of a spacecraft is described by “increment
laws”

Fire(j) increments Vel(ax) by n/Mass if Force(j, ax)=n,

where Mass stands for an integer constant. The duration of firing action is assumed to be
1, and all components of the position and the velocity vectors at any time are assumed to
be integers, and even the forces applied are limited to integers. Obviously these are too

strong assumptions.

These limitations are not present in our SMT-based computation of the enhanced
C+. The representation in (Lee & Lifschitz, 2003a) can be straightforwardly extended to
handle continuous motions by distinguishing between steps and real time as in the previous
section. For example, we can describe the effect that firing multiple jets has on the velocity

of a spacecraft by

Fire(j) increments Vel(ax)by n/Mass x t if Force(j, ax)=n A Dur=t . (6.10)

In general, an incremental law is of the form

aincrements c by f(x,t) ifd=x ADur=t A G (6.11)

where

a is a Boolean action or fluent constant;

c is an additive fluent constant;

d is a list of fluent constants, and «x is a list of corresponding variables;

e f(x,t)is an arithmetic expression over x and the duration ¢;

G is a formula that contains no Boolean action constants.
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The increment law (6.11) is understood in terms of causal laws of the form (6.7) and
(6.8) by using auxiliary action constants C'ontr(a, c) where ¢ is an additive fluent constants

and a is an c-contributing constant. We

e replace each increment law (6.11) with the action dynamic law

caused Contr(a,c)= f(Tcur, d) if Cour =T cur N Duration=d N G, (6.12)

e for every auxiliary constant Contr(a, c), add the action dynamic law

caused Contr(a,c)=0 if Contr(a,c)=0, (6.13)

e add the fluent dynamic laws

caused c=v + X v, if T after c=v A /\ Contr(a,c)=uvg, (6.14)

a
for every additive fluent constant ¢, every v € Dom(c) and every function a — v,
that maps each c-contributing constant a to an element of the domain of Contr(a,c)

so that v + X ,v, is in the domain of c.

The sum and the multiple conjunction in (6.14) range over all c-contributing con-

stants a.

Example 28 The following example from (Lee & Lifschitz, 2003a) describe the use of ad-

ditive fluents.

A spacecraft is not affected by any external forces. It has two jets and the force
that can be applied by each jet along each axis is at most 2. The current position
of is (0,0,0), and its current velocity is (0,1, 1). How can it get to (0, 3, 2) within

2 seconds? Assume the mass is 2.

The C+ encoding of the example is shown in Figure 6.5. Figure 6.6 shows the

basic program that corresponds to the program in Figure 6.5. The corresponding ASPMT

230



program is shown in Figure 6.7. Fire(j) is a contribution constant Speed(ax). The incre-

ment law (6.10) is understood as the set of laws

caused Contr(Fire(j), Speed(az))=x/Mass X t
if Fire(j) A Force(j, ax)=x A Dur=t
caused Contr(Fire(j), Speed(ax))=0 if Contr(Fire(j), Speed(az))=0 (6.15)
caused Speed(az) =v;+vp+vs if T after vy =Speed(ax)A
ve = Contr(Fire(J1), Speed(azx)) A vs=Contr(Fire(.J2), Speed(azx)),

which in turn can be understood as the following ASPMT program:

i:Contr(Fire(j), Speed(ax))=x/Mass x t
< i:Fire(j) Ai:Force(j,ax)=x Ai:Dur=t
i:Contr(Fire(j), Speed(azx))=0 < —i:Contr(Fire(j), Speed(azx)) # 0 (6.16)
i+1:Speed(ax)=s < s=(i:Speed(ax)+i:Contr(Fire(J;), Speed(ax))
+i:Contr(Fire(J2), Speed(ax))).

Completion of (6.16) is the conjunction of it with

i:Contr(Fire(j), Speed(azx))=0V

(i:Contr(Fire(j), Speed(ax))= (i:Force(j, ax)x i: Dur/Mass) Ai:Fire(j)).

The definition of additive fluent in from (Lee & Lifschitz, 2003a) restricts contributing
constant to be action constant. We slightly generalize to allow Boolean fluent constants as
well. This is generalization allows us to encode process as we show in the next section.
Our C+ representation of the spacecraft example is essentially an enhancement of the one

in Figure 6.2 in that it allows concurrent accelerations.

Table 6.1 and Table 6.2 compare the performance of SMT-based computation of
C+ vs. existing implementations of C+: CCalc and cplus2asp in terms of running time and
the number of variables and clauses. System cplus2asp translates C+ into ASP programs
and use gringo and clasp for computation. For the sake of comparison, we assume that
the duration of each action is exactly 1 unit of time so that the plans found by the systems
are of the same kind. We assume that initially the spacecraft is rest at coordinate (0, 0, 0).

The task is to find a plan such that at each integer time t, the spacecraft is at (2,2, t?).
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Notation: j € {J1, J2}, ax € {X,Y, Z}

Simple fluent constants: Domain:
Pos(ax) R
Time RZO

Action constants: Domain:
Fire(j), Force(j,ax) Boolean
Dur R>0

Additive fluent constants: Domain:
Speed R

Fire(j) increments Speed(ax) by n/Mass x t if Force(j,ax)=n A Dur = t.
caused Pos(ax) =p+(0.5x (v+Speed(ax)) xt)
after Speed(ax)=v A Pos(ax)=p A Dur=t.
always Force(j,ax) =0 <> —Fire(j).
constraint Time=t+¢" after Time=t A Dur=¢'
exogenous Time
exogenous c for every action constant ¢

Figure 6.5: Spacecraft Example in Additive C+

Steps CCalc v2.0 cplus2asp v1.0 C+iniSAT v1.0
Run Time Run Time Run Time
(grounding+solving) (grounding+solving) last/total
1 0.16 (0.12+0.00) 0.01 (0.01+0) 0/0
2 0.57 (0.40+0.00) 0.03 (0.03+0) 0/0
3 10.2 (2.62+6) 0.43 (0.23+0.2) 0/0
4 505.86 (12.94+479) 12.55 (3.18+9.37) 0/0
5 failed (51.10+failed) 73.07 (15.85+57.22) 0/0.03
6 time out 3020.85 (62.38+2958.47) 0/0.03
10 time out time out 0.03/0.09
50 time out time out 0.09/1.39
100 time out time out 0.17/5.21
200 time out time out 0.33/21.96

Table 6.1: Experimental Results (Running Time) on Spacecraft Example

The plan involve having the maximal acceleration at each step. We further restrict duration
of each action is exactly 1 unit of time so that the program can be run using previous C'+
solvers. A 2 hours timeout is assumed for all systems. The first set is based on the C'+
solver CCALC'. The run time consists of grounding time (first number) and solving time
(second number). Both time increase exponential according to the number of steps. When
the step is 5, the grounded program is too large so that the solver does not return any
solution. The second set is based on cplus2asp. It is a recent improvement of CCALC
by smart grounding. We can see that there is a significant speed up for test. However, the

increase of all attributes are still exponential. The test takes too long to return solutions for
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Notation: j € {J1, J2}, ax € {X,Y, Z}

Simple fluent constants: Domain:
Pos(ax) R
Time RZO

Action constants: Domain:
Fire(j), Force(j,ax) Boolean
Dur R>0

Additive fluent constants: Domain:
Speed R

caused Speed(ax) =wv1+vy+vs if v1 =Speed(ax)A
vg = Contr(Fire(J;), Speed(ax)) A v3=Contr(Fire(.J2), Speed(ax))
caused Contr(Fire(j), Speed(ax))=n/Mass x t
if Fire(j) A Force(j, ax) =n A Dur=t
caused Contr(Fire(j),Speed(ax)) =0 if Contr(Fire(j),Speed(ax))=0
caused Pos(ax) =p+(0.5x (v+Speed(ax)) x t)
after Speed(ax)=v A Pos(ax)=p A Dur=t.
always Force(j,ax) =0 <> —Fire(j).
constraint Time=¢+t" after Time=¢ A Dur=t¢
exogenous Time
exogenous c for every action constant ¢

Figure 6.6: Spacecraft Example in Basic C+

Notation: s, x are variables of sort R, M S is a real number;
jE {Jl, :]2}, ar € {X,KZ}.
Intensional object constants: : Pos(ax) fori > 0

i+1:Speed(ax)=s < s= (i : Speed(ax)+i:Contr(Fire(J;), Speed(ax))
+i:Contr(Fire(J3), Speed(ax)))

i: Contr(Fire(j),Speed(ax)) =x <—i: Fire(j) A @: Force(j,ax) xi: Dur/Mass) ==z

i: Contr(Fire(j),Speed(ax)) =0 «— —i: Contr(Fire(j),Speed(ax)) # 0

i+1: Pos(ax) = (i: Pos(ax)+0.5x7: Durx (i+1: Speed(ax)+i: Speed(ax)))

< = (i: Force(j,ax) =0 «» —i: Fire(j))

i1+1: Time=17: Time+3: Dur

< = (0 <i:Speed < MS)

Figure 6.7: Spacecraft Example in ASPTM

steps greater than 6. The third set is based on our framework using the SMT solver iSAT.

Since iSAT uses iterative deepening search, the run time contains the actual time for the last

step and the accumulated time. We can see that all attributes increase linearly according

to the number of steps. The run time is still very short for a large steps number. From

the experiments, it is clear that our approach significantly improves previous approaches

233



Steps CCalc v2.0 cplus2asp v1.0 C+iniSAT v1.0
# atoms / clauses # atoms / rules # variables / clauses
1 488 /1872 1864 / 2626 (42+53) / 182
2 3262 /14238 6673 /12035 (82+98) / 352
3 32772 / 155058 42778 /92124 (122+143) / 520
4 204230 /992838 228575/ 503141 (162+188) / 688
5 897016 /4410186 949240/ 2060834 (202+233) / 856
6 - 3179869/ 6790167 (242+278) / 1024
10 - - (402+458) / 1696
50 — - (2002+2258) / 8416
100 - - (4002+4508) / 16816
200 - - (8002+9008) / 33616

Table 6.2: Experimental Results (Instance Size) on Spacecraft Example

both in expressivity of the language and the efficiency of computation. The experiment was
performed on Intel Core 2 Duo CPU 3.00 GHz with 4 GB RAM running on Ubuntu version

11.10. It shows clear advantage of the SMT-based computation of C+ for this example.

Representing Processes in C+

The language C+ is flexible enough to represent the start-process-end model (Reiter, 1996;
Fox & Long, 2006a), where instantaneous actions may initiate or terminate processes. Pro-
cesses run over time and have a continuous effect on numeric fluents. They are initiated
and terminated either by the direct action of the agent or by events triggered in the environ-

ment.

The model can be encoded in C+ by representing a process as a Boolean fluent p.

An instantaneous event e+ causes the fluent to be true which starts the process

€start CAUSES P .

Similarly, an action or event e.,,; causes the fluent to be false which terminates the process

Cend CAUSES —p .

The process fluent p is inertial, meaning that the process continues until there is an action
or event stops it

inertial p .
The process fluent p determines the changes of additive variables c in terms of incremental
laws

p increments c by f(xcyr,t) if cour =Teur A Dur=t A G.
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For example, the process On(Tap;) increases the water level by the flow rate W (T'ap;)

times the duration

On(Tap;y) increments Level by W(Tap,) x tif Dur = t. (6.17)

The start action e+ and end actions e.,,4 are instantaneous

estart caUses Dur=0

€end causes Dur=0.

Example 29 The following example describes the process of two taps filling a water tank.

There are two taps above a water tank with a leak. When Tab; is turned on, wa-
ter fills the tank at the constant rate of W ;. The leak causes water to be drained
at the constraint rate of V. The water level Level must be maintained between
the minimum constant level Low and the maximum constant level High. As-
sume W1 = Wy = 0.2, V = 0.3, Low = 0.5, High = 1. Initially, Level = 1,

Time = 0. Find a plan such that when Time = 5, water level is 0.75.

Figure 6.8 describes the two-taps water tank example in C+ with additive fluents.
The process of Tap; filling the tank can be modeled by the fluent On(Tap,). An instan-
taneous action TurnOn(Tap;) initiates the process while another instantaneous action
TurnOff (Tap;) terminates it. When the fluent On(Tap;) is true, it contributes to increasing
the water level by W ; times duration. Leaking on the other hand is another process that

decreases the water level.

The semantics of the C'+ program in Figure 6.8 is defined by the ASPMT program

in Figure 6.9. Completion of the program relative to the intensional constants are the
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conjunction of the rules and the following formula

i: Contr(On(z),Level) =0 V (i: Contr(On(z),Level) = W(z) xi: Dur Ai: On(z))

i: Contr(Leaking, Level) =0 V (i: Contr(Leaking,Level) =V X i : Dur Ni: Leaking)

i+1:0n(z) — (i:On(x) Vi: TurnOn(z))
—i+1:O0n(z) — (—i:On(z) Vi: TurnOff(z))
1+1: Leaking —1i: Leaking

—t+1: Leaking — —i: Leaking.

x € {Tap,, Tapy }; W(x), V, Low, High are real numbers;
t, t" are variables of sort R>.

TurnOn(z) causes On(z);  TurnOff(x) causes —On(x)
TurnOn(z) causes Dur=0; TurnOff(z) causes Dur=0

On(z) increments Level by W (z) xt if Dur=t
Leaking decrements Level by V xt if Dur=t

constraint Low < Level A Level < High
inertial On(x), Leaking
exogenous ¢  for every action constant ¢

exogenous Time
constraint Time=t + t’ after Time=t A Dur=¢'

Figure 6.8: Two Taps Water Tank Example C+

An output from iSAT corresponds to a path in the transition system described by the
C'+ program in Figure 6.8 is shown in Figure 6.10. The solution contains 5 steps and the

solving time is 0.07 second.

6.3 Hybrid Automata and C+
Hybrid Automata

In the following, we review the definition of Hybrid Automata. The definition follows from the

one in (Henzinger, 1996).

A Hybrid Automaton H consists of the following components:
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Notation: y, v, v2, v3 are variables of sort R.
Intensional object constants: i: Leaking, i : Contr(Leaking,Level),
i:Contr(On(x),Level), :On(x) fori > 0

i+1:0n(x) < i:TurnOn(x)

—i+1:0n(x) < ¢: TurnOff(x)

1:Contr(On(x),Level) =y +— y=W(x) xt Ai:Dur=t A i:0On(x)

i:Contr(On(x),Level) =0 < = i: Contr(On(x),Level) # 0

1:Contr(Leaking,Level) =y «— y=—V xtA:Dur=t A i: Leaking

i:Contr(Leaking,Level) =0 < — i: Contr(Leaking,Level) # 0

i+1:Level =x+v1+va+vg < i:Level=2 A i:Contr(On(Tap, ), Level)) =v;
Ai:Contr(On(Tap,), Level) =vy A i: Contr(Leaking,Level ) = v3

i+1:Time=y <+ i: TurnOn(x) Ai: Time=y

i+1:Time=y < ¢: TurnOff(x) A i: Time=y

i+1:Time=t+t¢ + i:Dur=t Ai:Time=t¢'

i+1:Leaking < i:Leaking A =—i+1:Leaking

—t+1:Leaking < —i:Leaking A =74 1:Leaking

i4+1:0n(x) < i:0n(x) A 7=i+1:0n(x)

—i+1:0n(x) <= =i:0n(x) A =i+1:0n(x)

Figure 6.9: Two Taps Water Tank Example in ASPTM
(" leaking (" leaking

. {turnOn(t1), —— -
leaking ¢ rnon(ra), [ 1e2king teaking i rnoff(t2),
— on(t1) dur=0} onftl) |(dur=2.44)| onftl) dur=0} | —ont1) tdur=1.35} —on(tl]
— on(t2) > on(t2) on(t2)

> > » on{t2) on(t2}
level=0.6 level=0.6 level=0.8 level=0.88| level=0.75|
t=1.19 t=1.19 t=3.65 t=3.65 ) \__t=5

Figure 6.10: A Path in the Transition System of Two Taps Water Tank Example.

leaking *
—von(tl) |{dur=1.19}
— on(t2)
level=1
t=0

e Variables. A finite list X = (z1,...,z,) of variables whose values are in R. X

defines the continuous components. We write X for the list (1,...,4,) of dotted

variables, representing first derivatives during continuous change, and X’ for the list

(«),...,x]) of primed variables, representing the set of “next" variables.

e Directed Graph. A finite directed graph (V, E), where V is the set of locations and

FE is a finite set of edges between locations.

e Invariant, initial and flow conditions. Three vertex labeling functions, init, inv, and

flow, that assign to each location v € V' three arithmetic formulas:

— Each inv(v)(X) is a formula over X which constraints the value of the continu-

ous part of the state while the location is v.

237



— KI‘E Rz- }(1'=K1, K2'=}€2

HZS xZ.' Hlm\.r—[]__-l e e ’_/"—'_ i R}'E .’:1. R]‘E )E.
- - E - Q;
{ X=wyv ] 1N oy
1=-

\ X;=—v ).(f Wa-W

: RIS xz Py ‘M“—n.\___\_\__ Ez__'_'_d_/{l

Hy= Ry, Xy'=Xy, Mp'=¥3

Figure 6.11: Hybrid Automata for Water Tank System.

— Each init(v)(X) is a formula over X that defines the initial condition.

— Each flow(v)(X, X) is a formula over X U X, which constraints the continuous

variables and their first derivatives.

e Jump conditions. Each jump(e)(X’, X), where e € F, is a formula over X U X’,

which specifies the precondition and postcondition of the edge.

e Events. A finite set > of events and a function, event : E — X, that assigns to each

edge an unique event.

Example 30 Consider the following Water Tank System example from (Lygeros, 2004).

The automata consists of two variables X = (X1, X3), two events ¥ = {Ey, Es}
and two locations V- = {Q1,Q2}. The flow, initial, invariants and jump conditions are as
shown in the graph. For example, flow(Ql)(Xl, Xo, X1, Xo) is Xi=W-=V; A Xo=-Vp,
init(Q1) (X1, X2) is X1 > RiANX2> Ro. inv(Q1) (X1, X2) is Xo > Rs. event(Q1,Q2) = E1,
Jump(Qr, Q2) (X1, Xo', X1, Xp) is Xo <Ry A X{=X1 N X5=X>.

A labelled transition system consists of the following components:

e State Space. A (possibly infinite) set, (), of states and a subset, Qg C @ of initial

states.

e Transition Relation. A (possibly infinite) set, A, of labels. For each label a € A a

binary relation —® on the state space Q. Each triple ¢ — ¢’ is called a transition.

The Hybrid Transition System T’y of a Hybrid Automaton H is the labelled transition

system with components Q, Qo, A and =, for each a € A, defined as follows:
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Define Q, Qo € V x R™ such that (v, n) is in Q iff inv,(n) is true, and (v, n) is in Q

iff both inv,(n) and init,(n) are true.
e A=Y URso.

e For each event o € ¥, define (v,n) % (v/,n’) iff there is an edge (v,v') € E such

that: (1) the formula jump, ,/)(n, n’) is true, and (2) event(v,v’) = o.

For each § € R>¢, define (v,n) LN (v,n') iff there is a differentiable function f :

[0,8] — R”, with the first derivative f : (0,0) — R"™ such that: (i) f(0) = n and
f(8) = m’, and (i) for all reals ¢ € (0,4), both inv,(f(€)) and flow,(f(¢), f(e)) are

true.

Example 30 Continued Let W = 0.75, V; = V5 = 0.5, Ry = Re = 0. Transition system

of the automata contains the following path

(Q1, (X1 =0,X3=1)) > (Q1, (X1 = 0.5, Xp = 0)).

There is a differentiable function f : [0,2] — R? such that for any ¢ € (0,2), f(e) =
(04+0.25 x €,1—0.5 x €) which corresponds to the functions on X; and X, respectively.
f(e) = (0.25,—0.5). Note that flow(Q1)(X1, Xa, X1, Xs) is X1 =0.25 A Xy = —0.5. We

check flow(Q1)(f(e), £(€)) is (0.25=0.25) A (—0.5= —0.5) and inv(Q1)(f(€)) is X2 >0

which is true because 0 < X3 <1 when ¢ € (0,2).

A Linear Hybrid Automaton is a Hybrid Automaton where (1) all the conditions are
Boolean combinations of linear inequalities, and (2) the flow conditions contain variables
in X only, and (3) flow(v)(X,X) is a conjunction of linear inequalities. For example, the
automaton shown in Figure 6.11 is a linear Hybrid Automaton.

Linear Hybrid Automata in C+ Modulo Theories

Given a linear hybrid automaton H, we assume that the background theory is the theory of
reals extended with members of V' as object constants. Consider a signature o consisting

of

e for each arithmetic variable X; in H, a simple fluent constant X; of sort R;
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e for each event e € X, a Boolean action constant ¢;

for each vertex v, a Boolean action constant E(v);

a simple fluent constant Time of sort R>o;

e an action constant Dur of sort R>o;

a simple fluent constant Loc of sort V.

A C+ action description describing hybrid automaton H consists of the following

causal laws. Below x represents a list of variables of sort k.

(i) For each vertex v € V, the causal laws that represent invariant condition:

constraint inv,(X) if Loc=v
and flow condition:
constraint flow,((X —x)/t) if Loc=v after Loc=v ADur=t At > 0N X ==z
constraint X = x if Loc=v after Loc=v A =E(v) ADur=0AN X =z
where (X —x)/t represents the tuple of expressions (X;—z;)/t. Also include
default -E(v).

E(v) is an auxiliary action constant that records whether any event happend from the loca-

tion v. If E(v) is false, the flow condition applies; otherwise the jump condition applies.

(ii) For each edge (v,v’) € E, causal laws for the jump condition.

constraint jump, . (x, X) after event(v,v') A X = .

(iii) For each edge (v,v') in E,

exogenous event (v, v')
nonexecutable event (v, v') if Loc # v

event(v,v’) causes Loc=v" ADur=0A E(v).

(iv) exogenous X; for each simple fluent constant X;; causal law inertial Loc; and causal

law (6.9).
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q € {Q1,Q2}; t, t' are variables of sort R>.

Simple fluent constants: Domain:
Xl, X2, Time RZO
Loc {Q1,Q2}

Action constants: Domain:
Ey, Es, E(q) Boolean
Dur R>o0

% inv

constraint X, > R if Loc = Q4
constraint X; > R; if Loc = Q9

% flow
constraint ((X1—x1)/t, (Xo—xz2)/t) = (W-V1,—Va) if Loc=Q1
after Loc=Q1 A (Xl,XQ) = (azl,xg) ADur=tAt>0
constraint (X1, Xy) = (21, x2) if Loc=0Q1
after —\E(Ql) ALoc=0Q1 ADur=0A (Xl, XQ) = (:131, J,‘Q)
constraint ((X1—x1)/t, (Xo—x2)/t) = (-V1, W=V3) if Loc=Q2
after Loc=Q> A (Xl, XQ) = (3}1,1’2) ADur=tAt >0
constraint (X1, Xo) = (21, x2) if Loc=Q2
after —\E(QQ) ALoc=Qs ADur=0A (Xl,XQ) = (xl, xg)

% jump
constraint (Xl, XQ) = (331,352) VAN (SL‘Q < RQ) after £ A (Xl,Xg) = (l‘l,xg)
constraint (Xl, Xg) = (.7}1,%'2) A (xl < Rl) after £y A (Xl,XQ) = (xl,xg)

exogenous X1, Xo, F1, Fy, Time, Dur

nonexecutable I if Loc #

nonexecutable Fs if Loc # Qo

E; causes Loc=Q A Dur=0A E(Q1)

E, causes Loc=Q; ADur=0 A E(Q2)

inertial Loc; default -E(Q); default -E£(Q2)
constraint Time=t + ¢’ after Time=¢ A Dur=¢'

Figure 6.12: Hybrid Automaton of Water Tank (Figure 6.11) in C+

Example 30 Continued The Linear Hybrid Automata in Example 30 can be encoded in
the C+ program shown in Figure 6.12. It is semantics is defined in terms of the ASPT M

program in Figure 6.3. Completion of the program is the conjunction of the program with
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Figure 6.13: Water Tank Example in ASPMT

Intensional constants: ¢ : Location for 1 < i

Note ¢ € {Q1,Q2}-

(1:X2) > (i: Rg) < (i: Location) = Q1
((i—i— 1: Xl) — (Z : X1)>/d: (W — Vl) VAN ((’L +1: XQ) — (Z : XQ))/dZ -V,
< (i+1: Location) = Q1, (i : Location) = Q1, (i : Duration) = d,d > 0
(Z+1Xl):<’LX1)/\(Z+1X2):<ZX2)
(i 4+ 1: Location) = Q1, (i : Location) = Q1, (i : Duration) =0
((Z+1Xl):(ZXl)/\(Z+1X2>:(ZXQ)
A Xo < Ro) ANv= Q1) < E1 A (i: Location) = v

(1:X1) > (i: Ry) < (i : Location) = Q2
(i+1: X1) = (G X0)Jd = —Vi A (15 Xp) — (2 X)) /d = (W — V3)
+ (i 4+ 1: Location) = Qo, (i : Location) = Q2, (i : Duration) = d,d > 0
(i+1ZXl):(’i!Xl)/\(i+11X2):(iiX2)
< (i 4+ 1: Location) = Qa, (i : Location) = Q2, (i : Duration) =0
((i+11X1):(iZXl)/\(i+1ZX2):(iZX2)
A : X1 < Ry)ANv=Q2) <+ E2 A (i: Location) = v

(1 +1: Location) = q < (i : Location) = g,not (i + 1 : Location) # q
(1 +1: Location) = Q2 < (i : E1)

(1 + 1 : Location) = Q1 < (i : E»)

(t+1:Time) = (i:Time) < i: Ey

(t+1:Time) = (i: Time) < i: Ey

(t+1:Time) =y <+ y=d+z,(i: Duration) = d, (i : Time) = x

the following formula

(i + 1 : Location) = (i : Location) V
((t +1: Location) = Q2 A (i : Eq)) V
((1 +1: Location) = Q1 A (i : Es))

The completion formula can be computed by SMT solvers. An output from iSAT

corresponds to a path in the transition system is shown in Figure 6.15. The solution contains

5 steps and the solving time is 0.31 second.

Let H be a linear hybrid automata, T the labelled transition system of H, and Dy

the C+ description representing H. Let

p=(v0,m0) 2% (vi,m1) T L TN (0, M)
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Figure 6.15: A Path in the Transition System of Water Tank Example.

be a path in Ty. We consider

p/ - (307607817617 e -7Sm)

where each s; is an interpretation of o/l and each ¢; is an interpretation of 0% such that,

fort =0,...m—1,

e 50 by (Loc, X, Time) = (vg, 0, 0);

e Sit1 Fug (Loc, X, Time) = (vi1,nit1,t + d), where

1) s; Fpg Time=t, and

2) d is oy if 0; is a number, and 0 otherwise.

e 1)if o; = event(v;, viy1) then e; =y, Dur=0, and, for all Boolean actions a, we have

e; =g aiff ais event(v;, vig1) or E(v;);

2) if o; € R0 then e; |=p;, Dur=oy, and, for all Boolean action a, e; -y, a;
243



Proposition 50 p’ is a path in the transition system Dp.

Initial conditions of a Linear Hybrid automata can be encoded in ASPMT formulas:
for each v € V, the formula

Loc = v — init,(X).
We denote the set of such formula by INIT.

Let

q = (807 €0,S51,€1, - .- 7em)
be a path in the transition system of Dy such that sg =, INIT and vg = (Loc)®0. Consider
1 Om—1

q = (vo,mo) 2o, (vi,m1) — ... — (U, M)

where each v; € V andeachn; € R" fori =0,...m,

o s5; =iy (Loc, X) = (v, ny),

o 1)if e; =pq event(v;, vi1) then o; = event(v;, vig1);

2) otherwise o; = Dur®.

Proposition 51 p’ is a path in the transition system T;.

Note that only a fragment of the language C+ is enough to describe Hybrid au-
tomata. Statically determined fluents, indirect effects, and concurrently executed actions

are not utilized.

The completion formula can be computed by SMT solvers. An output from iSAT
corresponds to a path in the transition system is shown in Figure 6.15. The solution contains

5 steps and the solving time is 0.09 second.
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6.4 Related Work and Conclusion

The framework of ASPMT presented in this chapter is a novel combination of several re-
cent developments: functional stable model semantics, constraint answer set solving, SMT

solving, and hybrid reasoning about dynamic systems.

PDDL 2.1 (Fox & Long, 2003) introduced numeric fluents and durative actions to
represent and reason about continuous time and resource. The framework is further ex-
tended to allow autonomous processes and event in PDDL+ (Fox & Long, 2006b). While
the former is similar to our simple encoding approach, we showed that the start-process-
stop model in PDDL+ can be represented in our framework by representing a process as
an inertial fluent. (Shin & Davis, 2005) extended SAT-based planning framework to cover
an extension of PDDL+ language using SAT-based arithmetic constraint solvers. In (Shin &
Davis, 2005), durative actions are always understood as the start action, continuous action

and end action.

In (Bu, Cimatti, Li, Mover, & Tonetta, 2010), the authors showed that bounded model
checking of Linear Hybrid Automata can be implemented using SMT solvers. While (Bu
et al., 2010) directly encode a Linear Hybrid Automata into SMT theory, we first encode
it using the high level C+ Modulo Theories and use completion to turn it into the input
language of SMT solvers. Since C+ has built-in transition semantics, we find our encoding
more intuitive. On the other hand, (Bu et al., 2010) also considers shallow synchronization

semantics of a Hybrid Automata network.

Our approach is similar to the action language H (Chintabathina, 2008) which is a
recent extension of action language to reason about continuous process. One notable dif-
ference is there, each state represents an interval of time, rather than a particular timepoint.
Instead of using SMT solvers, an implementation of H is by translation into the language
AC (Mellarkod et al., 2008), which extends ASP with constraints. Action language H does

not have action dynamic laws, and consequently does not allow additive fluents.

In action language H, fluents are separated into two kinds: discrete fluents and

continuous fluents. While a discrete fluent describes the static properties in each state,
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a continuous fluent describes a property that changes with time within a state. This is
similar to the approach presented in (Pinto, 1994) in the framework of situation calculus.
Natural actions and continuous changes in situation calculus were studied in (Pinto, 1994;
Reiter, 1996), which do not have explicit transition system semantics. In situation calculus,
a dynamic world is modeled as progressing through a series of situations as a result of
various actions being performed within the world. Actions are assumed to be instantaneous
and actions with durations are modeled in terms of two durationless actions which initiate
and terminate a process fluent. As we show in Section 6.2, process can be modeled in our
framework as well. Our language provides more flexibility by allowing durative actions as

well.

Event Calculus (Kowalski & Sergot, 1986) provides a powerful framework for repre-
senting and reasoning about actions and their effects. It was extended by Shanahan (1990)
to model continuous changes. As described in the water sink example in (Shanahan, 1990),
within an event, some actions (like tap-on, tap-off) can initiate or terminate processes (e.g
filling), which in turn can contribute to rate of change in some fluents (e.g the level of water).
This is similar to our process model. The concept of an event make it flexible when dealing
with concurrency. On the other hand, additive fluents in our formalism give us more natural
representation when there are multiple contributing processes. In the case of (Shanahan,

1990), the filling process has to be terminated and restart with a different rate.

In (Lee & Palla, 2012b, 2012a), situation calculus and event calculus were reformu-
lated in ASP. We expect that the techniques we developed in this chapter can be applied

for more effective computation of these formalisms using SMT solvers.
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6.5 Proofs
Useful Lemmas and Theorem

Lemma 83 Formulac = ¢ — F*(¢) < F is logically valid.

Proof. By inductionon F. 1

Theorem 20 [Theorem 1, (Bartholomew & Lee, 2012)] For any first-order formulas F' and
G, if G is negative on ¢, SM[F' N\ G; c| is equivalent to SM[F; c] A G.

Proof of Theorem 18

Let ¢ be a list of object constants and let F' be a formula that is the conjunction of formulas
of the form

Vz(c =t + B) (6.18)

where c is an object constant, ¢ is a term that does not contain any constant from ¢, B is
a formula and z is the set of all free variables in t and B. By F’, we denote the formula

obtained from F’ by replacing every formula (6.18) where ¢ € ¢ by the formula
Vez(c=z 4 x=tAB) (6.19)

where z is a new variable. By Comp[F’; c|, we denote the formula obtained from F’ by
replacing all implications (6.19) where c € ¢ by the formula
Vz(c=z < \/ Jz(z =t A B)).
(6.19)e F”

Lemma 84 If F' as defined above is tight, then for any interpretation I that satisfies Jxy(x #

Y), I F=og SMF; el iff I |=py Comp[F;cl.

Proof. ltis clear that I =y, SM[F'; ] iff I =, SM[F";c|. F' is strongly equivalent to the
conjunction of

/\Va:(c:a:<— \/ Jz(z =t A B)) (6.20)
cee (6.19)cF"
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and

A\ Vz(c=t+ B). (6.21)
cée
Since (6.21) is negative on ¢, by Theorem 20, I =, SM[F’; ¢| iff I satisfies SM[(6.20); c|

and I =, (6.21). If F'is tight, it is immediate that (6.20) is also tight. Since (6.20) is in

Clark normal form, by Theorem 16, I =, SM[(6.20); c| iff I satisfies

/\ Vz(c=z \/ Jz(z =t A B)) (6.22)
cee (6.19)cF’

I =py (6.21) A (6.22) iff I =g Comp[F;c]l. 1
Let D be an action description and D,, be the corresponding ASPMT formula.
Comp[Dyy; (0:0°) U (0:0%) U (1:0/) U (1:0%) U --- U (m—1:0%) U (m:0fl)]

is the conjunction of the following formulas for 0 <i<mand0 < j7<m — 1:

e formula SD(7), which is the conjunction of

Vo(izsd=z < i \/  Jz(x=tAQG)), (6.23)
static law (6.7) €D
His sd=t

for each statically determined constant sd where z is the set of all free variables in

(6.7),

e formula AD(j), which is the conjunction of

Vx(j:a:x S E \/ Elz(:z::t/\G)), (6.24)
action dynamic law (6.7)€ D
Hisa=t

for each action constant a where z is the set of all free variables in (6.7),
e formula F'D(i), which is the conjunction of

Vo ((i+]) :sim=xz « (i4+1) :Vsacawcnep 32(z =t A G)
His sim=t (625)
V \/fluentdynamiclaw (6.8)eD Elzl(x - (Z+1) VAN (Z+1) IG A ZH))

H is sim=t
for each simple fluent constant sim where z is the set of all free variables in (6.7) and

z' is the set of all free variables in (6.8),
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e formula SI1M (0), which is the conjunction of

vz (0:sim=xz « 0: \/ Jz(z =t N G)) (6.26)

static law (6.7)€ D
His sim=t

for each simple fluent constant sim where z is the set of all free variables in (6.7).

Theorem 18 For every transition (s, e, s'), s and s’ are states.
Proof. Since (s, e, s') is a transition, by definition,

0:5U0:eU1L:s f=py SM[Dy; (0:0°%) U (0:0%) U (1:071)]. (6.27)

Since D; is tight, by Lemma 84, (6.27) is equivalent to

0:sU0:eU1:s" =4y Comp[Dy; (0:0%%) U (0:0%) U (1:0/1)]. (6.28)

Note that Comp[Dy; (0:0°¢) U (0: %) U (1:071)] is the conjunction of STM (0), SD(0),
AD(0), FD(0) and SD(1). From (6.28), it follows that

0:5 =3y SIM(0) A SD(0), (6.29)

and

0:5U0:eU1:s = FD(0) A SD(1). (6.30)

(6.29) is the same as saying that

0:s =y Comp[Dy; 0:0°%. (6.31)

(a) From (6.30), it follows that 1 : s" =, SD(1), which can be rewritten as 0: s’ =,
SD(0).

(b) From (6.30), it follows that 1:s" =, SIM(1), which can be rewritten as 0: 5" =,

SIM(0).

From (a) and (b), we conclude

0:5' F=pg SIM(0) A SD(0)
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which is the same as saying that
0:5" f=py Comp[Dg; 0:0°7). (6.32)
Note that Dy is tight. From (6.31) and (6.32), by Lemma 84,

0:5 by SM[Dy; 0:0°9),
0:5' by SM[Dg; 0:0%7]

follows. As a result, s and s’ are states. 1

Proof of Theorem 19

Theorem 19

0:s0U0:egUlisiUlier U - Um:sy, Fpg SM[Dp; (0:0°%) (6.33)
U0:0% U (1:a/yu (1:0%) U+ U (m—1:0%) U (m:o/h)]

iff each triple (s;, e;, si+1) (0 < i < m) is a transition.

Proof. By induction on m.

Base Case: When m = 1, clear from definition.

Assumption: Assume that the statement of the theorem holds for m = k (1 < k).

Inductive Case: We will show that the statement of the theorem holds for m = k + 1.

From left to right: Assuming (6.33), by I.H.

<SO7 €0, 81>7 ceey <$k—17 €k—1, 8k>

are transitions. We are to show that (s, ex, sx+1) is a transition. Since Dy, is tight, by

Lemma 84, (6.33) is equivalent to

0:50U0:eqU---Uk:ep U (k+1):5541 FEpg Comp[Dygr; (6.3

(0:0%)) U (0:0%) U (1:0/) U (1:0%) U --- U (ko) U (k+1:0/1)).
From (6.34), it follows that

ki s vy SIM(K) A SD(E), (6.35)
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k:spUk:ep ):bg AD(k), (6.36)
kispUk:ep U (k+1):spt1 g FD(K). (6.37)

It is immediate from above that

0:sk ’:bg SIM(0) A SD(0), (6.38)
0:5,U0:ex ’:bg AD(0), (6.39)
0:8,U0:e Ul:spy ):bg FD(O) (6.40)

follows. This is equivalent to saying that
0:8, U0ze, Ul:sgiq Fpg Comp|Dy; (0:0%%) U (0:0%) U (1:0/1)],
which by Lemma 84 is equivalent to saying that
0:8,UO0zer UL:isgi1 Fpg SM[Dy; (0:0%%) U (0:0%) U (1:0/1)].
By definition, (sg, ex, sk+1) is a transition.

From right to left: Assume that each triple (s;, e;, s;4+1) (0 < i < k) is a transition. By I.H.

0:50U0:egUlisy Ulieg U---Uk:sy Fpg SM[Dy; (0:0°%)

(6.41)
U0:0%) U (1:ayu(1:0%) U---U(k—1:0%) U (k:o/h)].
Since Dy, is tight, by Lemma 84, (6.41) is equivalent to
0:50U0:egUlisyUlieg U---Uk:sy Fpg Comp[Dy; (6.42)
(0:0%)) U (0:0%) U (1:0/Y U (1:09%) U --- U (k—1:0%Y) U (k:0f1)).
Note that (s, ek, sp+1) is also a transition, by definition,
0:85 U0z e Ulisgir Fpg SM[Dy; (0:0%%) U (0:09¢) U (1:071)]. (6.43)
Since D; is tight, by Lemma 84, (6.43) is equivalent to saying that
0:8, U0:er Ulisgiq Fpg Comp[Dy; (0:0%%) U (0:09) U (1:07h)]. (6.44)
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(6.44) is equivalent to saying (6.38), (6.39) and (6.40). It is immediate that (6.35), (6.36)
and (6.37) follow. We observe that the conjunction of (6.35), (6.36), (6.37) and (6.42) is

equivalent to saying that

0:s0U0:egUl:siUliegU---U(k+1):s =y, Comp|D,y,;
0 0 1 1 (k+1):5441 Fpg p| (6.45)

(0:0%) U (0:0) U (1:0/) U (1:0%t) U --- U (k:0%) U (k+1:0/)).

This follows from the fact that (6.42) implies k:s;, =y, SD(k)AFD(k), whichin turnimplies

(6.35). From (6.45), by Lemma 84 again, we derive (6.33). 1

Proof of Proposition 50

Lemma 85 Let H be a linear hybrid automaton and
(v,n) % (v,n)

be a transition in Ty such thato € R>o. f(t)=n+t x (n'—n)/o is a linear differentiable
function from [0, o] to R™, with the first derivative f: [0,0] — R™ such that: (1) f(0)=n

and f(o)=mn' and (2) for all reals € € (0, o), both inv(v)(f(€)) and flow(v)(f(€)) are true.

Proof. We check that f satisfies the above conditions:

e f(t) is differentiable over [0, o].
e Itisclearthat f(0)=n and f(o)=n'.

e Since (v,mn) and (v/,n’) are states of T, it follows that inv,(f(0)) and inv,(f (o))
are true. Since inv,,(X) is a conjunction of linear inequalities, the values of X that
satisfies inwv,, (X') must form a convex region in R™. Since f(t) is a linear function, it

follows that for any € € (0, 0), inv,(f(€)) is true.

e Since (v,n) = (v,n’) is a transition in Ty, it follows that there is a function f’
such that (1) f’ is differentiable in [0, o], (2) for any € € (0,0), flow,(f'(¢)) is true,
) f'(0) = n and f'(c) = m’. Since f’ is continuous on [0, o] (differentiability

implies continuity) and differentiable on (0, ), by mean value theorem?, there is a

3http:/en.wikipedia.org/wiki/Mean_value_theorem
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point ¢ € (0,0) such that f/(¢) = (n’'—n)/o. Consequently, flow,((n'—n)/o) is true.

As a result, we get flow(v)(f(e)) is true for all € € (0, 0).

Lemma 86 Foreachi > 0, s; is a state in the transition system of Dp;.

Proof. By definition, we are to show that

0:5i =g SM[(Dpr)o; 0], (6.46)
while SM[(Dy)o; 0] is equivalent to the conjunctions of

0:invy(X) < 0: Loc=v (6.47)

for each location v € V. Since p is a path, for each i > 0, (v;,n;) is a state in Ty. By
the definition of hybrid transition systems, inv,,(n;) is true. Note that s; =5, (Loc, X)) =

(vi,my;). Itis clear that 0 : s; =g (6.47). 1

Lemma 87 Foreachi >0, (s;,e;, si+1) is a transition.

Proof. By definition, we are to show that

0:5;,U0:e; Ul:8541 'Zbg SM[(DH)l, 0:0%t U1 :USim]. (6.48)

We check that (Dp); is tight. By Lemma 84, (6.48) is equivalent to
0:5,U0:e; Ul:si11 =4y Comp[(Dp)1; 0:0%tU1 :USim] (6.49)
where Comp|[(Dy)1;0 : 0%t U 1 : 0%™] is equivalent to the conjunction of the following
formulas:
e Formula INV, which is the conjunction of
k:invy(X) < k: Loc=v (6.50)

foreach k € {0,1} and eachv € V;
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e Formula FLOW, which is the conjunction of
flow,((1: X —0:X)/t) < 1:Loc=v AN0:Loc=v A0:Dur=t At >0 (6.51)
and

1: X =0: X «— /\ = 0:event(v,v')Al: Loc=vA0: Loc=vA0: Dur=0 (6.52)

(v,w')EE
for some v’

foreachv € V;

e Formula JUMP, which is the conjunction of

Jump(y(0: X, 1: X) A0: Loc=v A 1: Loc=v" A0: Dur=0

(6.53)
+ 0:event(v,v")
for each (v,v') € F;
e Formula LOC, which is the conjunction of
1:Loc=v — 0:Loc=vV \/ 0:event(v',v) (6.54)
(v w)EE
for some v’
foreachv € V;
e Formula EV, which is the conjunction of
0:E(v) «» \/ 0:event(v,v') (6.55)
(v,w')EE
for some v’
for each location v € V;
e Formula TIME, which is the formula
1:Time = 0:Time + 0: Dur. (6.56)

We will check in the following that 0:s; U 0:e; U 1:s;41 satisfies each one of them.

INV: From the fact that (v;, n;) and (v;41,1;41) are states in Ty, by the definition of hybrid
transition systems, inv,,(n;) and inv,,, (n;+1) are true. Note that s; =, (Loc, X) =

(Ui, ’I'LZ) and Sit+1 ):bg (LOC, X) = (U,‘_H, ni+1). As a result,

0: 55 =g 0:9n0y(X) <= 0: Loc=v

1:8i41 Fpg 1:invy(X) <= 1: Loc=v.
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TIME: From the construction of s; and s; 11, Time®*+! = Time®* + Dur®. It is clear that

OZSiUOIeiU1:$Z‘+1 ’:bg TIME.

We will show that 0:s; U0:e; Ul: ;41 satisfies FLOW, JUMP, LOC and EV.

From the definition of T, there are two cases for the value of o;:

Case 1: o; = event(v;,v;+1). It follows from the construction of p’ that (Dur)¢ = 0,
(event(vi,viy1))% =t and (event(v,v"))% = f for every other (v,v’) € E. Since FLOW is

trivially satisfied, it is sufficient to consider only JUMP, LOC and EV.

From the fact that

(Uz‘, ni) o (Uz'+1, "z‘+1)

is a transition in T and that o; = event(v;,v;+1), it follows from the definition of hybrid

transition systems that jump,, ., ) (7, it1) is true.

e JUMP: Note that s; =p4 (Loc, X) = (vi,n;) and s;1 F=pg (Loc, X) = (vig1, ig1).
Itis immediate that 0:s;U1:s;11 [Fpg jump(y, v,,,)(0: X, 1:X), 0:5; [=pg 0: Loc=1;
and 1:s;41 g 1: Loc=wv;41. Since Dur® =0 and (event(v;, vi41))® =t, itis follows

that0:s; UO:e; Ul:s;41 ):bg JUMP.

e LOC: Since (Loc)®i+t =wv; 41 and (event(v;, viy1))¢ =t, it follows that 0: s, U0:e;U1:

Si+1 'Zbg LOC (take v to be Ui+1).

e EV: Since (event(v;,viy+1))% =t, E(v;)* =t and a = f for any other action a. It is

clear that 0:e; = EV (take v to be ;).

Case 2: 0; € R>¢. By the construction of p’, Dur® =o; and (event(v,v"))% = f for every
(v,v") € E. Since JUMP is trivially satisfied, it is sufficient to consider only FLOW and
LOC.

From the fact that

(vi, 1) 25 (Vi1 Mit1)

is a transition of Ty and that o; € R>o, it follows from the definition of hybrid transition

systems that
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(@) vi=viy1, and

(b) there is a differentiable function f : [0, o;] — R", with the first derivative f : [0, 0] —
R"™ such that: (1) f(0) =n; and f(o;) =n,;4+1 and (2) for all reals € € (0, 0;), both

invy(f(€)) and flow,(f(€)) are true.
We check the following:

e FLOW: consider two cases.

— If o; = 0 then Dur® = 0. It is sufficient to consider only (6.52). From (b),
n;=n;;1= f(0). Since (X)% =(X)%+1, it follows that 0:5, U0:e;Ul:s;41 =pg
(6.52).

— If 0; > 0, then Dur¢ > 0. By Lemma 85, f(t) = n; +t * (niy1 — n;)/o;
is a differentiable function that satisfies all the conditions in (b). As a result,
flowy,((ni41 —my)/o;) is true and thus 0:5; UO:e; U l:siqq F=pg flow,, ((1:

X —0:X)/Dur). It follows that 0:s; U0:e; U 1:s;11 by (6.51).

e LOC: From v; = v;41 and that Loc* = v;, Loc®+! = v;,1, it follows that 0:s; U0 :

e;Ul:isi ':bg LOC.

e EV: Since a® = f for any other action a. ltis clear that 0:e; =, EV.

Proposition 50 p' is a path in the transition system of Dp.

Proof. By Lemma 86, each s; is a state of Dy. By Lemma 87, each (s;,¢;,s;+1) is a

transition of Dy. So p’ is a path in the transition system of Dy. 1

Proof of Proposition 51

Lemma 88

(a) Foreachi >0, (v;,n;) is a state in Ty, and
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(b) (vo,my) is an initial state in Ty;.

Proof.

(a) By definition, we are to show that inv,, (n;) is true. Since each s; is a state in the

transition system of Dy, by definition,

0:5; g SM[(Dar)o; 0. (6.57)
Note that SM[(Dy )o; ()] is equivalent to the conjunction of the formula:

0:invy(X) < 0: Loc = v (6.58)

for each location v € V. Since (Loc)% = wv;, it follows that s; =, inv, (X). Since
g i

X? = n,, it follows that inv,,(n;) is true.

(b) We are to show that init,,(no) is true. This is clear from the fact that sg |=y, INIT and

(X)0 =no. 1

Lemma 89 Foreach(0 < i <m,

(vi, m4) o (Vit1, Mit1) (6.59)

is a transition in Ty .

Proof. From the fact that (s;, e;, s;4+1) is a transition of Dy, by definition, we know that
0:5;U0:e; Ul:sipy F=pg SM[(Dp )1 0:0%" U1 :USim]. (6.60)
Since (D)1 is tight, by Lemma 84, (6.60) holds iff
0:5;U0:e; Ul:si11 =pg Comp[(Dp)1; 0:0% U 1:08””]. (6.61)

where Comp[(Dp)1;0:0% U 1:0%™] is equivalent to the conjunction of the formulas INV,

FLOW, JUMP, LOC, TIME and EV.

Since 0: e; =5, JUMP, it is follows that if (event(v,v))% = t for some v’ then
Loc® = v, Loc®+1 = v'. As a result, there can be at most one event(v,v’') such that

(event(v,v"))¢ = t. Consider two cases:
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Case 1: There exists an edge (v,v’) such that (event(v,v’))% = t. From the above dis-
cussion, we know that event(v,v’) is the only event that is true. Since Loc® = v; and
Loc®i+1 = v; 1, it follows that (v, v’) must be (v;,v;11). As a result, (event(v;, v;41)) =t
and (event(v,v'))% = f for every other (v,v') € E. It follows from the definition that

o; = event(vi, Vit1).

(a) Since 0:s; U0:¢; U Lisjy =pg JUMP, X%+ = n; and X% = n;, it is immediate

that jump(viwrl)(nHl, ’I’LZ) is true.

(b) By Lemma 88, (v;, n;) and (v;+1,n;+1) are states.

From (a), (b) and the fact that o; = event(v;, v;+1), we conclude (6.59) is a transition.

Case 2: (event(v,v")) = f for every (v,v’) € E. By construction, (Dur)% = o; for
some o; € R>o. By Lemma 88, (v;,n;) and (vi+1,m,41) are states. From LOC, it follows
that Loc®* = Loc*+1. As a result, v; = v;11. We are to show that there is a differentiable
function f : [0, 0;] — R™, with the first derivative f : [0, 0;] — R™ such that: (1) f(0) = n;

and f(o;) = n;41 and (2) for all reals € € (0,0;), both inv,, (f(€)) and flow,,(f(e)) are

true. Define f(t) = n; +t*(n;4+1 —n;)/o;. We check that f satisfies the above conditions:

e f(t) is differentiable over [0, o;].
e ltis clearthat f(0) = n; and f(0;) = njt1.

e We check that for any € € (0,0), inv,(f(€)) is true. From i : s; U (i + 1) : si11 =g
(6.50), it follows that inv,, (f(0)) and inv,,(f(o;)) are true. Since inv,, (X) is a
conjunction of linear inequalities, the values of X that satisfies inv,, (X)) must form a
convex region in R"™. Since f(t) is a linear function, it follows that for any € € (0, 0),

inv,(f(€)) is true.

e We check that for any € € (0,0), flow,,(f(¢)) is true. We only consider the case
where o; > 0 because otherwise is trivial (there is no ¢ € (0,0)). From (6.51),

it follows that flow,,((f(c;) — f(0))/o;) is true. Since f(t) is a linear function, it
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follows that for any e € (0,0;), f(e) = (f(0:) — f(0))/oi. As a result, flow,,(f(¢€)) is

true.

From above, we conclude that (6.59) is a transition. 1

Proposition 51 ¢’ is a path inTy.

04

Proof. By Lemma 88 (a), each (v;, n;) is a state in Ty. By Lemma 89, each (v;,n;) —
(Vig1,Miq1) is a transition in Tx. So ¢’ is a path in Tx. If g =4 init,, then by Lemma 88

(b), (vo,mp) is ainitial state in Tp. 1

Proof of Proposition 49

Lemma 90 For any clingcon program 11 with CSP (V, D, C), any interpretation I = (A, X)
of the signature VU p, let Y be sets of X such that. Consider any rule H <— B, N,Cn in
1,
Y |=p (H < B, N,Cn)%
iff
(A, XUYP) by (BANACn)*(q) — H*(q). (6.62)

Proof. By Theorem 20, (A, XUYP) =;, N*(q) iff (A, XUYY) =4, N. Since Cn contains
no intentional constants, Cn*(q) is the same as Cn. So (6.62) can be equivalently rewritten
as

(A, X UYP) =y B*(q) AN A Cn — H*(q). (6.63)

Consider two cases.

Case 1: A Wby Cnor X Wy N, (H < B,N,Cn)% is equivalent to T. It follows that
(A, X UYF)YUI% {£,, N A Cn. Clearly, (6.63) holds.

Case 2: Otherwise, A =, Cn and X =, N. As aresult, (A, X) =g NACn. (H
B,N,Cn)% is H + B. Y k=, H + B is equivalent to Y& =, H*(q) + B*(q). And
thus (A, YY) vy B*(q) — H*(q), which in turn is equivalent to (6.63) when (A4, X)) =,

NACn. 1
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Lemma 91 For any clingcon program 11 with CSP (V, D, C), any interpretation I = (A, X)

of the signature V U p, I =, 11 iff X satisfies 115 .

Proof. Immediate from Lemma 90 and Lemma 83 whenY = X andp=gq. 1

Proposition 49 Let 11 be a clingcon program with CSP (V, D, C), let p be a set of propo-
sitional constants that occur in 11 and I = (A, X') an interpretation of the signature V U p.

I =y SM(IT; p| iff X is a constraint answer set of 11 relative to A.
Proof. X is a constraint answer set of I relative to A iff

(i) X = 11, and

(i) no proper subset Y of X satisfies Hi{.
On the other hand, I =, SMIIT; p] iff

(i) I =py 11, and

(i) I does not satisfy Ju(u < p A II*(w)).

It follows from Lemma 91 that condition (i) is equivalent to condition (i’). Assume
(). Condition (ii) can be reformulated as: no proper subset Y of X satisfies rule (H <
B, N, C’n)f{ foreach H < B, N,Cn € II. Under the assumption (i’), condition (ii’) can be
reformulated as: there is no proper subset Y of X such that, for every rule H < B, N,Cn
in 1L, (A, X UYY) =y (BAN ACn)*(q) — H*(g). By Lemma 90, (ii) is equivalent to (ii").
|
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Chapter 7

Conclusion

In this dissertation, we proposed a framework for extending ASP language and for integrat-
ing it with other computing paradigms. We observed that the traditional ASP semantics is
too restrictive for new constructs like aggregates, dl-atoms and constraints. Also, a system-

atic way to study different extensions is needed.

To overcome the limitations in the existing extensions, we extend the first-order
stable model semantics to formulas with generalized quantifiers, which cover aggregates,
DL-atoms, constraints and SMT theory atoms as special cases. The framework provides a
new top-down perspective on extensions of ASP and a systematic approach to study and

extend non-monotonic languages.

This dissertation contributes to the researches in the area of logic programming and

reasoning about actions in the following ways:

e By relating the first-order stable model semantics to first-order logic via loop formulas,
we provided useful insights into first-order reasoning with stable models. We showed
that when a formula is bounded or has finite complete set of loop, the reasoning under
the first-order stable model semantics can be reduced to reasoning in first-order logic.
The results were extended to cover aggregates and generalized quantifiers. These
results allow us to compute non-Herbrand stable models using solvers from other

computing paradigms.

e By reformulating the existing semantics on programs with aggregates in terms of
propositional formulas, we presented a systematic way to study the properties of
each semantics using the underlying general language. Guided by the reduction, we
lifted up the stable model semantics and FLP semantics of aggregates to the first-
order level. The general semantics avoid the issues of grounding and provide natural
semantics for arbitrary recursive and nested aggregates. The study paved ways to

more general semantics that unify the extensions of ASP.

e To provide a systematic approach for studying the other extensions of ASP, we ex-
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tended the first-order semantics to formulas with generalized quantifiers and showed
that the unifying framework naturally covers aggregates, DL-atoms, constraints and
SMT theory atoms as special cases. The framework provides a theoretic founda-
tion of extending ASP with other computing paradigms via a first-order semantics.
This overcomes the limitation of existing approaches that are based on propositional
ones. We also illustrated the unifying view by generalizing several important proper-
ties, such as the splitting theorem, the theorem on completion, the theorem on strong
equivalence, the theorem on safety and the theorem on loop formulas to formulas with
generalized quantifiers, which in turn can be applied to existing individual extensions.

This saves the efforts of reproving them in each context.

Towards a tight integration of ASP with SMT, we presented the ASPMT framework
which allows us to represent non-monotonic functions with background interpreta-
tions. We bridged the gap between traditional ASP and functional view in constraints
by referring to functional stable model semantics. Using the framework, we enhanced
action language C+ to handle reasoning about continuous changes. We demon-
strated the expressiveness of the new language by modeling domains that reason
about continuous changes, additive fluents and process. We also showed the com-
putation advantage of the framework using some benchmark examples. Preliminary
experiment results shows that our approach outperform existing implementations of

C+ by several orders of magnitude.

Some results presented in the dissertation were in the following venue:

Relating first-order stable model semantics to first-order logic: (Lee & Meng, 2008,

2011).

On semantics of aggregates: (Lee & Meng, 2009; Bartholomew et al., 2011).

First-order stable model semantics for generalized quantified formulas: (Lee & Meng,

2012a, 2012b, 2012c).
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