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Abstract. As in human world many of our goals could not be achieved
without interacting with other people, in case many agents are part of the
same environment one agent should be aware that he is not alone and he
cannot assume other agents sharing his own goals. Moreover, he may be
required to interact with other agents and to reason about their mental
state in order to find out potential friends to join with (or opponents
to fight against). In this paper we focus on a language derived from
logic programming which both supports the representation of mental
states of agent communities and provides each agent with the capability
of reasoning about other agents’ mental states and acting accordingly.
The proposed semantics is shown to be translatable into stable model
semantics of logic programs with aggregates.

1 Introduction

Beside autonomy, agents [16, 15] may be required to have social ability, which
is the capability of interacting with other self-interested agents and, as a con-
sequence, producing beliefs, desires and intentions (BDI) [2,3] which may be
dependent on such interactions.

Social ability means not only using a common language for agent communi-
cation. In this respect, KQML [13] and FIPA ACL [7], both based on the speech
act theory by Cohen and Levesque [6], represent the main efforts done in the last
years. Another important issue is reasoning about the content of such a com-
munication [15, 14, 11]. In this paper we focus on a language derived from logic
programming which both supports the representation of mental states of agent
communities and provides each agent with the capability of reasoning about
other agents’ mental states and acting accordingly.

Consider the following example: There are four agents which have been in-
vited to the same wedding party. Some agents are less autonomous than the
others, i.e. they may decide either to join the party or not to go at all, possibly
depending on the other agents’ choice. Moreover some agents may tolerate some
options. These are the desires of the agents:

Agent; will go to the party only if at least the half of the total number of agents
(not including himself) goes there.

Agent, possibly does not go to the party, but he tolerates such an option. In
case he goes, then he possibly drives the car.



Agent; would like to join the party together with Agent,, but he is not so
much safe with Agenty’s driving skill. Thus he decides to go to the party
only if Agent, both goes there and does not want to drive the car.

Agent, does not go to the party.

It is possible to represent the above desires using logic programming with
negation as failure (not) where each agent is represented by a single program
and requested/desired items (representing the mental state of the agent) are
modelled as atoms occurring inside rule heads. In particular, mandatory items
are modelled as facts. Moreover, it is possible to represent tolerated items, i.e.
items which are not requested, but possibly accepted. To this aim we use the
predicate okay(), previously introduced in [5].

However, representing the requests/acceptances of single agents in a commu-
nity is not enough. A social language should provide also a machinery to handle
compromises among those agents. Thus, we introduce a new construct providing
one agent with the ability to reason about other agents’ mental state and then
to act accordingly. Program rules may have the form:

head « [selection_condition]{body}, (1)

where selection_condition predicates about some social condition concerning ei-
ther the cardinality of communities or particular individuals satisfying body.

For instance, consider the following rule, belonging to a program representing
a given agent A: a < [[,h]{b, not c}. This rule means that A will require a
only if n agents (other than A) exist such that they require or tolerate b, do not
require or tolerate ¢ and it holds that 0 <1 <n < h < nggent — 1, where nggent
is the total number of agents®.

This enriched language is referred to as SOcial Logic Programming (SOLP).
The wedding party example above may be represented by the four SOLP pro-
grams shown in Table 1, where the program P, is empty since the corresponding
agent has not any desire to express.

The intended models must represent the mental states of each agent inside

the community. For instance, the agents’ choices w.r.t. the party can be:
{}, {go_weddingp,, go_weddingp,, drivep,}, and {go_weddingp,, go_weddingp,,
go_weddingp, }, where the subscript p, (1 <4 < nggens) references, for each atom
in a model, the program (resp. agent) that atom is entailed by. The models
respectively mean that either (i) no agent will go to the party, (i7) only Agent,
and Agent, will go and also Agent, will drive the car, or (4i7) all agents but
Agent, will go to the party.

Indeed, Agent, anyway does not go. On the one hand, if Agent, does not
go to the party, then Agents will do the same. Now, let n’ be the number
of agents which are going to the party, it is n’ = 0. Agent; requires that at
least v = 24 — 1 agents (other than himself) go to the party, but since it is
v= % —1=1and n’ <v, then Agent; does not go to the party (case (i)).

1 By default, [ = 0 and h = nagens — 1.



P1 (Agent,) : P2 (Agents) :

go_wedding «— [ — 1, |{go_wedding} okay(go-wedding) —
okay(drive) «— go_wedding

Ps (Agents) : Ps (Agenty) :

go_wedding <« [Agentz]|{go_wedding, empty program
not drive}

Table 1. The wedding party example

On the other hand, if Agents goes to the party, it is possible that he wants
either to drive the car or not. If he wants to drive, then Agents will not join
the party. Now, it is n’ = 1 = v, then Agent; will go to the party (case (ii)).
Otherwise, if Agent, does not want to drive the car, then all conditions required
by Agents are satisfied, thus he will go to the party. Now, it is n’ = 2 > v and
then Agent; will join the party too (case (iii)).

The intended models are referred to as social models, since they express the
results of the interactions among agents.

Our work is strongly related to [5], where the Joint Fizpoint Semantics (JFP),
that is a semantics providing a way to reach a compromise (in terms of a common
agreement) among many agents, is proposed. Therein, each model contains atoms
representing items being common to all the agents. Our paper extends such a
semantics, providing feature-selective atom subset community, i.e. given a set S
of SOLP programs representing a community of agents, a program P € S and a
rule r € P of the form head — [selection_condition]{body}, then head will belong
to an intended model if all properties enclosed in {body} are entailed by either
() any subset S’ C (S'\ {P}) of programs with a given cardinality (specified by
[selection_condition]) or (ii) some particular program different from P.

An example of case (i) is shown in Table 1 by the program P;: An in-
tended model M will include the atom go_weddingp, if a set of programs S’ C
{P2,P3, P4} exists such that VP; € S, goweddingp,€ M and [S'| > Zagent — 1,
An example of case (i7) is represented by the program Ps, which requests the
atom go_weddingp, to be part of an intended model M if go_weddingp, belongs
to M, but the atom drivep, does not.

Importantly, social constraints can be nested. Consider for example the pro-
gram: download(X)«[min, |{shared(X),[1, [{not incomplete(X)}}, file(X). This
program represents a Peer-to-Peer file-sharing system where a user can share his
collection of files with other users on the Internet. In order to get better perfor-
mances, a file is split into several parts being downloaded separately (possibly



each part from a different user)2. Thus, the program describes the behavior of
an agent (acting on behalf of a given user) that wants to download any file X
being shared by at least a number min of users such that at least one of them
owns a complete version of X.

We show also that, given a set of SOLP programs in input, a source-to-source
transformation is possible which provides as output a single DLP* [8] program
whose stable models are in one-to-one correspondence with the intended ones.
We recall that DLP* is basically disjunctive logic programming with aggregate
functions, supported by the DLV system [9]. The translation to DLP# give us
the ability of exploiting DLV (widely accepted as the state-of-the-art system
implementing disjunctive logic programming)3. Observe that since our language
includes neither disjunction nor classical negation (even though the extensions
to these cases could be considered), both disjunction and classical negation of
DLP* are never enabled by our translation. Moreover, Section 5 shows that our
kind of social reasoning is not trivial, since even in the case of positive programs,
the semantics of SOLP has a computational complexity which is NP complete.

The paper is organized as follows: in Sections 2 and 3 we respectively define
the notion of SOLP programs and define their semantics (Social Semantics).
In Section 4 we illustrate how a set of SOLP programs, each representing a
different agent, is translated into a single DLP# logic program whose stable
models describe the mental states of the whole agent community and then we
show that such a translation is correct. In Section 5 we prove that the Social
Semantics extends the JFP Semantics [5] and we study the complexity of the
problem of searching for a social model. In Section 6 we describe how this novel
approach may be used for knowledge representation and finally, we draw our
conclusions. For space restrictions, proofs of theorems and lemmata are omitted.
They can be found in [4].

2 Social Logic Programs: Basic Definitions

In this section we introduce the notion of SOLP program.

A term is either a variable or a constant. An atom or positive literal is an
expression p(t1,---,t,), where p is a predicate of arity n and ¢y, - - -, t,, are terms.
A negative literal is the negation as failure (NAF) not a of a given atom a.

Definition 1. A (n-)social selection constraint s, said also (n-)SSC, is an ex-
pression of the form cond(s) property(s), such that:

(1) cond(s) is an expression [a] where « is either (i) a pair of integers [, h such
that 0 <1 < h < n—1,or (i1) an integer belonging to {1, - -, n} said program
identifiert.

2 Among others, KaZaA, EDonkey, WinMX and BitTorrent are the most popular
Internet P2P file-sharing systems exploiting such a feature.

3 Of course, our approach may easily be adapted to other systems supporting cardi-
nality constraints, such as Smodels.

4 We will show, at the end of the section, that the program identifier uniquely identifies
a program (i.e., an agent).



(2) property(s) = content(s) U skel(s), where content(s) is a non-empty set of
literals and skel(s) is a (possibly empty) set of SSCs.

Concerning item (1) of the above definition, in case (%), cond(s) is said car-
dinal selection condition, while, in case (ii), cond(s) is said member selection
condition.

n-social selection constraints operate over a collection of n programs (we will
formally define later in this section which kind of program are allowed). Thus,
with a little abuse of notation, we often denote a member selection condition by
[P;] instead of [j].

Concerning item (2) of Definition 1, if skel(s) = @ then s is said simple. For
a simple SSC s such that content(s) is singleton, the enclosing braces can be
omitted. Finally, given a SSC s, the formula not s is said the NAF of s.

In our initial wedding party example, [22 — 1 ]{go_wedding} and [Agent,]
{go_wedding, notdrive} are two simple SSCs. On the contrary, the SSC occurring
in the example regarding a Peer-to-Peer system (see Page 3) is not simple.

As a further example, if s = [I, h]{a, b, ¢, [l1, h1]{d, [l2, ho]e}, [l3, hs]f}, then s is
not simple, content(s) = {a,b,c} and skel(s) = {[l1, h1]{d, [l2, h2]e}, [l3, h3]f}.

Now we define a function which returns, for a given SSC s, its nesting depth.

Given a SSC s, we define the function depth as follows:

depth(s) = depth(s') +1, if 3s' | s € skel(s')
depth(s) = 0, otherwise.

Given two SSCs s and s’ such that cond(s) = [I,h] and cond(s’) = [I, 1], i.e.
they are cardinal selection conditions, we say that cond(s’) C cond(s) if b’ < h.

A SSC s is well-formed if either (i) s is simple, or (i¢) s is not simple, cond(s)
is a cardinal selection condition and Vs’ € skel(s) it holds that:

(a) If cond(s’) is a cardinal selection condition, then s’ is well-formed and
cond(s") C cond(s);
(b) If cond(s") is a member selection condition, then s’ is simple.

From now on, we consider only well-formed SSCs.

Example 1. The SSC s = [1,8]{a, [3,6]{b, [Agentx|{c,d}}} is well-formed, while
s1 = [4,7{a,[3,9]b} is not a well-formed SSC, because [3,9] Z [4,7].

We introduce now the notion of rule. Our definition generalizes the notion of
classical logic rule.

Definition 2. A (n-)social rule r is ais a formula a < by A+ - Aby, ASTA -+ Asg
(m >0, k> 0), where a is an atom, each b; (1 <i <m) is a literal and each s;
(1 < j < k) is either a n-SSC or the NAF of a n-SSC. The atom a is said the
head of r, while the conjunction by A -+ - Ab,, Asy A+ -+ Asg is said the body of r. In
case a is of the form okay(p), where p is an atom, then r it is said (n-)tolerance
(social) rule and p is said the head of . In case k = 0, a social non-tolerance
rule is said classical rule.



Given a rule r, we denote by head(r) (resp. body(r)) the head (resp. the
body) of r. Moreover, r is said a fact in case the body is empty, while r is said
an integrity constraint if the head is missing.

Definition 3. A SOLP collection is a set {Py,---,Pn} of SOLP programs,
where each SOLP program is a set of n-social rules. The cardinal ¢ (1 <4 < n)
is called program identifier of the program P;.

A SOLP program is positive if no NAF symbol not occurs in it. For the sake of
presentation we only refer, in the following sections, to ground (i.e., variable-free)
SOLP programs — the extension to the general case is straightforward.

3 Semantics of SOLP programs

In this section we introduce the Social Semantics, i.e. the semantics of a collection
of SOLP programs. We assume the reader is familiar with the basic concepts of
logic programming [1,12].

We start by introducing the notion of interpretation for a single SOLP pro-
gram (note that this is the same as for classical programs). An interpretation
for a ground SOLP program P is a subset of Var(P), where Var(P) is the set
of atoms appearing in P. A positive literal a (resp. a negative literal not a) is
true w.r.t. an interpretation I if a € T (resp. a ¢ I); otherwise it is false. A rule
is satisfied (or is true) w.r.t. I if its head is true or its body is false w.r.t. I.

Before defining the intended models of our semantics, we need some prelimi-
nary definitions. Let P be a SOLP program. We define the autonomous reduction
of P, denoted by AP, the program obtained from P by removing all the SSCs
from the rules in P. Thus, if the program P represents the social behavior of an
agent, then AP represents the behavior of the same agent in case he decides to
operate independently of the other agents.

Given a SOLP program P and an interpretation I C Var(AP), let CL(AP)
(resp. TR(AP)) be the set of classical (resp. tolerance) rules in AP. The au-
tonomous immediate consequence operator ATp is the function from 2V (AP)

to 2V (AP) defined as follows:
ATp(I) = {head(r) | Yr € CL(AP), body(r) is true w.r.t. I} U

{head(r) | Vr € TR(AP), body(r) A head(r) is true w.r.t. I}.

Definition 4. An interpretation I for a SOLP program P is an autonomous
fizpoint of P if I is a fixpoint of the associated transformation ATp, i.e. if
ATp(I) = I. The set of all autonomous fixpoints of P is denoted by AFP(P).

Thus, the autonomous fixpoints of a given SOLP program P represent the men-
tal states of the corresponding agent, whenever every social constraint in P is
discarded.

Definition 5. Let P be a SOLP program and L be a set of literals. The labeled
version of L w.r.t. P is the set Lp = {ap | a € L}.



Let C' = {Py,---,Pn} be a SOLP collection. A social interpretation for C' is
aset [ =1Ip U---UI} , where IV is an interpretation for P; (1 < j < n).

Ezample 2. 1If C' = {P1, P2, P3}, I' = {a,b,c}, I? = {a,d, e} and B ={b,c,d},
where I7 is an interpretation for P; (1 < j < 3), then I = {ap,,bp,,cp,,ap,,dp,,
epy, bpy, Py, dp, } s a social interpretation for C.

Let C = {Py1, -+, Pn} be a SOLP collection and P € C. Given a social
interpretation I for C, a positive literal a € Var(P) (resp. a negative literal
not a) is true w.r.t. I if ap € I (resp. ap ¢ I); otherwise it is false.

Before giving the definition of truth for a SSC, we introduce a way to reference
any SSC s (and also every SSC nested in s) occurring in a given rule r of a SOLP
program P.

Given a SOLP program P, a social rule r € P and an integer n > 0, we de-
fine the set MSSCP™™ = {5 | s is a SSC occurring in 7 € P A depth(s) = n}.
Observe that MSSC{P9) denotes the set of SSCs as they appear in the rule r
of the SOLP program P.

Example 3. Let a — [1,8]{a, [3,6]{b, [Agentx|{c,d}}},[2,3]{e, f} be arule r in a
SOLP program P. Then:
MSSCP0 = { [1,8]{a, [3,6]{b, [Agentx]{c, d}}}, [2,3]{e, f} },
MSSCPY = { [3,6]{b, [Agentx]{c,d}} },
MSSCP ™2 = { [Agenty]{c,d} },
MSSCP 3 =g,

Given a SOLP program P, we define the set MSSCT = U MSSC{Pm0,
reP
Thus M SSC? is the set of all the SSCs (with depth 0) occurring in P.
Now we provide the definition of truth of a SSC w.r.t. a given social inter-
pretation and, subsequently, the definition of truth of a social rule.

Definition 6. Let C' = {P1,---,P,} be a SOLP collection, C" C C and P; €
C'. Given a social interpretation I for C’ and a n-SSC s € MSSCTi, we say
that s is true in €’ w.r.t. I if it holds that either:
(1) cond(s) = [k] A
3Py, € C' | Vap, € (content(s))p, a is true w.r.t. I, or
(2) cond(s) =[I,h] A
dD CC'\{P;} |I<|D|<h A
Vap € Upep(content(s))p ais true wrt. I A
Vs € skel(s) 3D’ C D | ¢’ is true in D’ w.r.t. I,
where [, h and k are integers (observe that k is a program identifier). If ¢’ = C,
then we simply say that s is true w.r.t. I. A n-SSC not true (in C’) w.r.t. I is
said false (in C) w.r.t. I.
Finally, the NAF of a n-SSC s, not s, is said true (resp. false) (in C') w.r.t.
I if s is false (resp. true) (in C') w.r.t. I.

Thus, given a SSC s included in Pj, s is true w.r.t. a social interpretation Iif
a single SOLP program corresponding to a program identifier k (resp. a set of



SOLP programs) exists (resp. not including P;) such that all the elements in
property(s) are true w.r.t. I. Observe that the truth of property(s) w.r.t. I is
possibly defined recursively, since s may contain nested SSCs.

Once the notion of truth of SSCs has been defined, we are able to define the
notion of satisfaction of a social rule w.r.t. a social interpretation.

Let C = {Py1, -+, Pn} be a SOLP collection and P € C. Given a social
interpretation I for C, a social rule in P is satisfied (or is true) w.r.t. I if its
head is true w.r.t. I or its body is false w.r.t. 1.

Given a SOLP collection {P1,---,P,}, we define the set of candidate social
interpretations for Py, ---, P, as

UPr,- -, Pn) ={Fp U--UFp | F' € AFP(P;),1 <i<n}.

where, recall, AF'P(P;) is the set of autonomous fixpoints of the SOLP program
P;, introduced in Definition 4 and by Ff, (1 < i < n) we denote the labeled
version of F* w.r.t. P (see Definition 5). U(P1,---,Py,) represents all the con-
figurations obtained by combining the autonomous (i.e. without considering the
social constraints) mental states of the agents corresponding to the programs
P1,---,P,. Each candidate social interpretation is a candidate intended model.

The intended models are then obtained by enabling the social constraints.

Now, we are ready to give the definition of intended model w.r.t. the Social
Semantics.

Definition 7. Given a SOLP collection C = {Py,---,P,}, a candidate social
interpretation I for C is a social model of C'if Vr € U P;, ris true w.r.t. I.

1<i<n

Definition 8. Given a SOLP collection {P1, -, Py}, the Social Semantics (of-
ten referred to as S-Semantics) of Py,---, Py, is the set

SOS(P1, -+, Pp) ={M | M € U(P1, -, Pn) A M is a social model of P1,---,P,},

Thus SOS(Py, -+, Py) is the set of all social models of Py, -+, P,.
Given a SOLP collection C' = {Py,---,P,} and a SOLP program P € C, we
define the S-Semantics of P as

S(P)={F|F € AFP(P) A 3M € SOS(Py,---,P,) | Fp C M},

Hence S(P) represents the autonomous mental states of an agent, correspond-
ing to a SOLP program P, which are also included in some social model of
Pi1,--+,Ppn, and then fulfill all social requirements.

4 Translation

In this section we give the translation from SOLP under the Social Semantics to
DLP# [8] under Stable Model Semantics. We assume that the reader is familiar
with the Stable Model Semantics [10]. Given a classical logic program P, we
denote by SM(P) the set of all the stable models of P.
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Given a SOLP program P, we define the set USSC? = U U MSSCPrm)
reP n>0
Thus, USSC? includes all the SSCs (at any nesting depth) in P.
Given a SOLP program P, we define the functions p and g, each establishing
a one-to-one correspondence between each element in USSCF and a set of atoms
L such that both (i) LNVar(P) =0 and (ii) Vs,t € USSCT, p(s) # g(t). Thus,
given a SSC s included in a SOLP program P, p(s) is a unique positive literal
identifying s and we denote by (p(s))p the labeled version of p(s) w.r.t. P.
Similar considerations hold for g(s). Moreover, with a little abuse of notation we
write (g(s))p(z) denoting the labeled version of the predicate (g(s))(x) w.r.t. P.
Now we introduce the translation of a single SSC and then we extend such a
translation to all SSCs included in a social rule, a SOLP program and a SOLP
collection, respectively.

Definition 9. Given a SOLP collection {Py,-+,Pj, -+, Py} and s € USSCT7,
we define the translation of s as the DLP* program ¥%i(s) = GUESS7(s) U
CHECK”(s), where GUESS”7 (s) =

{(9())p; (k) = Nvccontent(s) OPits if cond(s) = [],

{(g(s))Pj (l) - /\bEcontent(s) bPi A
/\s/Eskel(s) (9(s))p, (4) |

1<i#j<n}uU

{GUESSTi(s') | s € skel(s)}, if cond(s) = [I, h],
and CHECK” (s) =
{(p(s))p, < (9(s))p, (k) }, if cond(s) = [k],
) {(p(s))p, — I < #count{K : (g(s))p, (K), K # j} < h} U
{CHECK"3(s') | s' € skel(s)}, if cond(s) = [I,h],

where #count is an aggregate function which returns the cardinality of a set
of literals satisfying some conditions [8]. Observe that the above translation
produces a safe aggregate-stratified DLP# program and thus the computational
complexity remains the same as for standard DLP [8,9].

Given a SOLP program P; and a social rule r € P;, we define the SSC
translation of r as the DLP program T4 (r) = J, . 1,55¢.n0 ¥Fi(s). Observe
that, for any classical rule r € P;, it holds that T (r) = 0.

Given a SOLP program P;, the SSC translation of P; is the DLP* program
WPi = U,ep, T% (7).

Definition 10. Given a SOLP collection {P1, - -, Py}, we define the SSC trans-
lation, of the collection as the DLPA program C(Py,---,P,) = Ur<icn W7

Thus C(Py,---,P,) is a DLP* program representing the translation of all the
SSCs included in Py, -+, Py
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We have defined above the translation for the SSCs included in a SOLP
program. Now we give the translation for the whole SOLP program, but first we
need a preliminary processing of all tolerance rules. The latter is done by means
of the transformation defined as follows:

Given a SOLP program P, P = P\ TR(P)U{head(r) — head(r) A body(r) |
r € TR(P)}. Thus P is obtained from P by replacing each tolerance rule
okay(p) < body with the rule p < p, body.

Definition 11. Let P be a SOLP program. We define the program F’(75) over
the set of atoms Var(F’( D)) = {ap | a € Var(A’P)} Ufap | a € Var(AP)} u
{sap |ae Var(AP)}U{fmlp} as I (P) = 8} (P)USH(P)USL(P), where S (P),

SL(P ) and S4(P) are defined as follows:

S{(P) = {ap « not djp | a € Var(AP)} U {d} « not ap | a € Var(AP)},
Sé(P) = {sap <_b73’" bff,)( (81)ps- - (p(sm))p | @ < b1, by, 81,7+, 8 € P},
S4(P) = {failp — not failp, sap,not ap | a € Var(AP)}U

{failp — not failp,ap,not sap | a € Var(AP)}.

Definition 12. Given a SOLP collection {Py, -, Py}, we define the set P, =
Uicicn I (Pi).

Thus P/ is a classical logic program representing the translation of the
SOLP collection. This program is used in conjunction with the DLP# program
C(Py,--+,Py) in order to enable the social constraints.

In the next theorem we state that a one-to-one correspondence exists be-
tween the social models in SOS(Py, - - -, P,) and the stable models of the DLPA
program P! U C. First, we need the following definition and results:

Let P be a SOLP program and M C Var(P). We denote by [M]p the set
{ap |ae M}YU{ap | a € Var(P)\ M} U {sap | a € M}.

Lemma 1. Given a SOLP collection SP = {Py, -+, Py}, a social interpretation
I for SP, a SOLP program P; € SP and a SSC s € MSSC%i, assume C' =
C(P1,~',77 ) and @ = {a «| ae]} Then:

s is true w.r.t. Iiff IM € SM(CUQ) | (p(s))p, € M.

Definition 13. Given a SOLP collection SP = {Py,---,P,}, a social interpre-
tation I for SP, a SOLP program P; € SP and a SSC s € MSSC7i, assume
C=C(Py,---,Pn) and Q = {a «| a € I'}. We define the set

SATT (s) = { h| h = head(r),r € ¥Pi(s) NIM € SM(CUQ) | h e M}.

Thus, by virtue of Lemma 1, if s is true w.r.t. I, then SATIZDJ(S) includes the
literal (p(s))p, and those heads of rules in ¥ (s) corresponding (by means of
the functions p and g) to both s and the SSCs which are nested in s.

Theorem 1. Given a SOLP collection {Py,---,P,}, and C = C(Py,---,Py).
Then A = B, where:
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A= S_M(F{L U_C) and
B={FUGUH | _ )
Zf = Ulgign Ff; ANF* e AFP(P;)) N F € SOS(Py,---,Pp)
G= U1<i<n G%;i A G%J,- = [F’L]Pi \Ff:,

H=U e Hp, N Hp = U,cprsscr: SATE (s)}.
Thus each stable model € A may be partitioned in three sets: F' (the social

model of the SOLP collection, which corresponds to x), G'and H (both including
overhead literals needed by the translation).

5 Social Models, Joint Fixpoints and Complexity

In this section we show that the Social Semantics extends the JFP semantics [5].
Basically, COLP programs are logic programs containing also tolerance rules,
that are rules of the form okay(p) <« body(r). The semantics of a collection
of COLP programs is defined over classical programs obtained by the COLP
programs by translating each rule of the form okay(p) < body(r) into the rule
p < p,body(r). The semantics of a collection Py, ---, P, of COLP programs is
defined in [5] in terms of joint (i.e., common) fixpoints (of the immediate conse-
quence operator) of the logic programs obtained from P, - - -, P,, by transforming
tolerance rules occurring in them (as shown above). Recall that the immediate
consequence operator Tp is a function from 2V (P) to 2V7(P) defined as follows.
For each interpretation I C Var(P), Tp(I) is the set of all heads of rules in P
whose bodies are true w.r.t. I.
First, we define a translation from COLP programs [5] to SOLP programs:

Definition 14. Given a COLP program P and an integer n > 1, the SOLP
translation of P is a SOLP program o™ (P) = {o,ue(r) | € P}, where

(r) = head(r) < [n — 1,n — 1]head(r), body(r) if r is a classical rule,
Trutell) = okay(p) < [n — 1,n — 1]p, body(r) if head(r) = okay(p).

The next theorem states that the JFP semantics is a special case of the Social
Semantics. JFP(Py,---,P,) denotes the set of the joint fixpoints of Py, -+, P,,.

Theorem 2. Given n > 1, let Py,---,P, be COLP programs and Q1,---,Qn
be SOLP programs such that Q; = ¢”(P;). Then:

SOS(Q1,+,Qn) =3 |J Fo. | F € JFP(Py,---,Py)

1<i<n

Now we introduce a relevant decision problem w.r.t. the Social Semantics
and discuss its complexity. Observe that the analysis is done in case of positive
programs. Indeed, the case of non positive programs is straightforward: Since
it is NP complete to determine whether a single non-positive program has a
fixpoint, it is easy to see that the same holds for non-positive SOLP programs
and autonomous fixpoints. Thus, checking whether a SOLP collection containing
at least one non-positive SOLP program has a social model is trivially NP hard.
Moreover, since this problem is easily seen to be in NP, it is NP complete.
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PROBLEM SOS,, (social model existence):

Instance: A SOLP collection Py,...,P,
Question: Is SOS(Py,...P,) # 0, i.e., does the SOLP collection Py,...,P,
have any social model?

Theorem 3. The problem SOS,, is NP complete.

6 Knowledge Representation with SOLP programs

In this section, we provide two real-life examples showing the capability of our
language of representing common knowledge.

Ezample 4. Seating. We must arrange a seating for a number ngge,: of agents,
with m tables and a maximum of ¢ chairs per table. Agents who like (resp.
dislike) each other should (resp. should not) sit at the same table. Moreover,
an agent can express some requirements w.r.t. the number and the identity of
other agents sitting at the same table. Assume that the i-th agent is represented
by a predicate agent(i) (1 < i < Nagent) and his knowledge base is included
in a single SOLP program. The predicate like(i) (resp. dislike(i)) means that
Agent; is desired (resp. not tolerated) at the same table, table(T) represents a
table (1 <T < m) and at(T") expresses the desire to sit at table T'. For instance,
the program P; (which is associated to Agent;) could be written as follows:

T agent(1) «—

ro — at(T1),at(T2),T1 <> T2

r3 at(T) — [,c — 1[{at(T), agent(P)}, like(P), table(T")
T4 — at(T),[1,{at(T), agent(P)}, dislike(P)
5 «— like(P), dislike(P)

e : like(2) —

T7 dislike(3) —
rg : okay(like(4)) «—
Ty : —at(T),[3,[{at(T)}

where rules from r; to r5 are common to all the programs (of course, the argu-
ment of agent() in r1 is suited to the enclosing program) and rules from r¢ to
r9 express agent’s own requirements. In particular, while the rule ro states that
any agent cannot be seated at more than one table, the rules r3 and r4 mean
that an agent wants to share the table with no more than ¢ — 1 agents he likes
and with no agent he dislikes, respectively. The rule r5 provides consistency for
like and dislike. The rule rg is used to declare that Agent; tolerates Agenty,
i.e. Agent, possibly shares a table with Agent;, and finally the rule r9 means
that Agent; does not want to share a table with 3 agents or more.

Observe that while the rule r3 generates possible seating arrangements, the
rules 79, r4 and rg discard those which are not allowed.
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Ezample 5. Room arrangement. Consider a house having m rooms. We have
to distribute some objects (i.e. furniture and appliances) over the rooms without
exceeding the maximum number of objects, say ¢, allowed per each room. Further
constraints may be set w.r.t. the color and/or the type of objects in the same
room, etc. Each object is represented by a single SOLP program encoding both
the properties of the object and the constraints we want to meet. As an example
consider the following program, representing an object cupboard:

r1 : name(cupboard) —
ro 1 type( furniture) «—

rg:  color(yellow) —

T4 — at(R1),at(R2), Rl <> R2

T at(R) «— [, 2]{at(R), type(appliance), not color(yellow),
[1, 1]{name(fridge)}}, room(R)

6 : at(R) < [, c — 3]{at(R), type( furniture)}, room(R)

r7 — at(R), [1,]{at(R), color(green)}

where the properties of the object are encoded as predicates representing the
name (fridge, cupboard, table, etc.), the type (furniture or appliance), the color
and so on. In particular, the rule r4 states that an object may not be in more
than one room, while by means of the rule r5, we allow no more than 2 appliances
to share the room with the cupboard, provided that they are not yellow and also
that one of them is a fridge. The rule rg, means that we want the cupboard to be
in the same room with any other pieces of furniture, but no more than ¢ — 3, in
order not to exceed the maximum number of objects. Finally, the rule r; states
that the cupboard cannot share the room with any green object.

7 Conclusions

In this work we have proposed a new language, SOcial Logic Programming
(SOLP), which enables social behavior among a community of agents repre-
sented by logic programs, extending COLP [5]. Thus, the intended models of the
Social Semantics represent those mental states satisfying social requirements im-
posed by the agents. Moreover, we have given a translation from SOLP to logic
programming with aggregates and discussed the computational complexity of
SOLP, which has been proved to be NP complete.
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