On the Relationship between P-log and LPM!N+

Evgenii Balai and Michael Gelfond

Texas Tech University, Lubbock Texas
{evgenii.balai, michael.gelfond} @ttu.edu

Abstract. The paper investigates the relationship between knowledge representa-
tion languages P-log [2] and LPM™N [11] designed for representing and reasoning
with logic and probability. We give a translation from an important subset of
LPMMN to P-log which preserves probabilistic functions defined by LPM™N pro-
grams and complements recent research [12] by the authors of LPMN where they
give a translation from a subset of P-log to their language. This work sheds light
on the different ways to treat inconsistency in both languages.

1 Introduction

Combining logic and probability has been one of the most important directions of artifi-
cial intelligence research in recent years. Many different languages and formalisms have
been developed to represent and reason about both probabilistic and logical arguments,
such as ProbLog [5, 6], PRISM [16, 17], LPADs [19], CP-Logic [18], MLN [15], and
others.

In this paper we focus on two such languages, P-log and LPMN, They are distin-
guished from other mentioned alternatives by their common logic base, Answer Set
Prolog (ASP) [8], a logical formalism modeling beliefs of a rational agent. ASP is power-
ful enough to naturally represent defaults, non-monotonically update the knowledge base
with new information, define relations recursively, reason about causal effects of actions,
etc. The language serves as the foundation of the so called Answer Set Programming
paradigm [13, 14] and has been used in a large number of applications [4].

An agent associated with an ASP knowledge base reasons about three degrees of
belief — he can believe that p is true, believe that p is false, or remain uncommitted
about his belief in p. In the latter case the truth of p remains unknown.

An extension of ASP, called P-log, allows the reasoner to express and reason with
finer, numerically expressed, gradation of the strength of his beliefs. In other words,
it preserves the power of ASP and, in addition, allows an agent to do sophisticated
probabilistic reasoning.

The main goal of the P-log designers was to provide the language and reasoning
mechanism which can be used for clear and transparent modeling of knowledge involv-
ing logical and probabilistic arguments. There are a number of non-trivial scenarios
formalized in [3]. More computationally challenging scenarios, including probabilistic

*This work was sponsored by NASA under the grant CertWare ABSA: Argument Based Safety
Assurance, Grant #: NRA NNH11ZEAOOIN-SSAT2



planning and diagnosis, can be found in [20], where their P-log representations and
performance analysis are given.

A new version of P-log , introduced in [9], replaces ASP by its extension CR-Prolog
[1], which expands logical power of ASP (and hence the original P-log) by allowing so
called consistency restoring rules (cr-rules) used for restoring consistency of the program
by a certain form of abductive reasoning.

Despite the presence of cr-rules, the underlying philosophy of P-log requires the
corresponding knowledge base to be consistent. A rational reasoner is assumed to trust
its rules and refuses to deal with a knowledge base containing statements p and —p.
Possible means to ensure consistency of the program should be supplied by a knowledge
engineer. This is natural from a theoretical goal of the authors but is also important in
many practical applications, for example, where inconsistency of the knowledge base
may be a sign of some errors in its design and therefore should be addressed by making
the necessary changes.

The language LPM™N introduced in [11], is based on a different philosophy. Its
first goal seems to be similar to that of P-log — it is supposed to provide means for
combining ASP based reasoning with reasoning about probability. But, in addition, the
new language is aimed at providing a powerful (though somewhat less predictable) way
of resolving inconsistencies which may appear in LPMN programs due to mechanical
combination of different knowledge bases, designer mistakes, or some other reasons.
The design of the language was influenced by Markov Logic Networks [15] and seems
to be practically independent from P-log. As a result, the relationship between these
two languages with seemingly similar goals remains unclear. This paper is a step in
remedying this situation. In particular, we give a translation from an important subset
of LPM'N o P-log which preserves probabilistic functions defined by LPM™N programs.
The work complements resent research[12] by Lee and Wang in which the authors give
a translation from a subset of P-log to LPM!N |

The rest of this paper is organized as follows. In section 2 we define the subset
of P-log used in this paper. In section 3 we briefly describe the syntax and semantics
of LPM'N. In section 4 we describe a translation from LPM™N to P-log and define the
correspondence between LPM“N programs and their P-log translations precisely. Section
5 uses the results from sections 4 to describe certain properties of probabilities defined
by LPMN programs. Section 6 concludes the paper by summarizing the obtained results
and future work.

2 Language P-log

In this section we introduce a simplified version of P-log with consistency restoring
rules from [9] which is sufficient to define the translation from LPM'™N. We do so by
considering a simple domain consisting of two adjacent rooms, 1 and 2, and a robot
initially located in r;. We present a P-log program, I1,, modeling direct effects of
the action move of the robot attempting to enter the second room. The program is
presented to illustrate the language constructs so we ignore concerns about its generality,
elaboration tolerance, etc.



We start with declarations of objects and functions of the domain. In P-log such
functions are usually referred to as attributes, while expressions of the form f(Z), where
f is an attribute, are called attribute terms. We need the sort

step = {0,1}

where 0 and 1 denote time-steps before and after the execution of the action respectively.
We also need the sort

room = {ry,rs}

and attributes
move, broken : boolean

loc : step — room

Here mowve is true iff at step 0 the robot has attempted to move to room r2; broken holds
if the robot has been broken and hence may exhibit some non-deterministic behavior;
loc gives the location of the robot at a given step. Declarations of P-log are followed by
the program rules. In our case we will have rules

loc(0) =1y (1)

move (2)

indicating that at step O the robot located in room 7; attempted to move to room 7. Here
move is a shorthand for move = true. We use this convention for all boolean functions:
f(Z) = true and f(Z) = false are written as f(Z) and — f(Z) respectively.

As expected the effect of action move for the well-functioning robot is given by the
rule:

loc(1) = ro + not broken, move. 3)

If the robot is malfunctioning however we need to state that the effect of mowve is random
— the robot can still successfully move to room 75 or to stay in room 7. In P-log this is
expressed by the following random selection rule r

[r] random(loc(1)) « broken, move 4

which says that if the malfunctioning robot will attempt to move to room r5 then, in the
resulting state, attribute term loc(1) will randomly take a value from the range of loc. The
rules of the program described so far can be easily translated into regular ASP rules — we
simply need to replace random(loc(1)) in the last rule by (loc(1) = 71 or loc(1) = r3),
replace atoms of the form f(z) = y by f(Z, y) and, for every term f(Z), add a constraint
{+ f(Z) = y1, f(T) = y2,y1 # y=2}. In general, an atom of the form random(f(Z))
is replaced by the disjunction f(Z) = y1 or ... or f(Z) = yy where {y1,...,yr} is
the range of f.

Answer sets of the translation of a P-log program I7 into ASP are viewed as pos-
sible worlds of the probabilistic model defined by II. It is easy to see that program
II° consisting of rules (1)—(4) has one such possible world Wy = {move, loc(0) =



r1,loc(1) = ro}! . Program IT' = IT°U{broken} will have two possible worlds, W; =
{broken, move,loc(0) = ri,loc(1) = rq} and Wo = {broken, move,loc(0) =
r1,loc(l) = r1}. In the case of multiple possible worlds we need some device al-
lowing to specify the numeric probabilities of possible values of random attributes. This
is expressed in P-log through causal probability statements, or, simply, pr-atoms. A
pr-atom takes the form

pre(f(z) =y) = v

where f(Z) is a random attribute, y is a value from the range of f, and v € [0,1] is
the probability of y to be selected as the value of f(Z) as the result of firing random
selection rule . In case of IT! such pr-atoms may look as, say,

pry(loc(1) =r1) =0.3

and
prr(loc(1) = r9) = 0.7

Unnormalized probabilistic measure of a possible world W is defined as the product
of probabilities of the random atoms f1(Z1) = y1,. .., fk(Tx) = yx from W. These
probabilities are obtained from the corresponding pr-atoms. Normalized probabilistic
measures and probability function on the sets of possible worlds and on the literals of the
language are defined as usual. Let Py and P; be the probability functions defined by IT°
and IT! respectively. Wy has no random atoms, the empty product is 1, and hence the
probabilistic measure of Wy and Py(loc(1) = r1) are both equal to 1. The probabilistic
measures of Wy and W5 are 0.7 and 0.3 respectively and hence P; (loc(1) = ry) = 0.3.

As mentioned in the introduction, a P-log program can be inconsistent. For instance,
program 712 = IT° U {loc(1) = 71} has no possible worlds. To avoid this particular
inconsistency the program designer can expand I7° by a cr-rule:

broken & . 5)

which allows to restore inconsistency of IT? by assuming that the robot is broken. Since
the original program I7° is consistent, the resulting program, I7°_ = will define the

new
same probabilistic model as I7°. The program I12,, , consisting of I1°,,, and the fact

{loc(1) = 71}, unlike the program 12, will be consistent and have one possible world,
Ws. The extension of I1° by a new information changed the probability of the robot

being in room 7 after execution of move from 1 to 0.

3 Language LPMN

In this section we give a brief summary of LPMEN ([11]). We limit out attention to ground
programs whose rules contain no double default negation not not and no disjunction.
To the best of our knowledge, no example in the literature demonstrating the use of

'for convenience we will often identify original P-log literals with corresponding ASP ones
(e.g, we will sometimes write loc(1) = 71 in place of loc(1,71))
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LPMIN for formalization of knowledge uses these constructs. As usual, we may use rules
with variables viewed as shorthands for the sets of their ground instances. A program
of the language is a finite set of LPMN rules — ground ASP rules preceded by a weight:
symbol « or a real number. Rules of the first type are called hard while rules of the
second are referred to as soft. Despite their name the hard rules are not really “hard”.
Their behavior is reminiscent of that of defaults. According to the semantics of the
language the reasoner associated with a program constructs possible worlds with non-
zero probability by trying to satisfy as many hard rules as possible. The satisfiability
requirement for the soft rules and the use of their weights for assigning the probability
measure to possible worlds of M are more subtle. In what follows we give the necessary
definitions and illustrate them by an example of LPM'N program. Sometimes we abuse
the notation and identify an LPM™N program M with its ASP counterpart obtained from
M by dropping the weights of its rules. Stable models of such a counterpart will be
referred to as ASP models of M. By M; we denote the set of rules of M which are
satised by an interpretation I of M. An interpretation W is a possible world of M if it
is a ASP model of My, . We will say that a possible world W is supported by Myy. As
usual, by £2); we denote the set of all possible worlds of M. Unnormalized measure of
a possible world W € 2, (denoted by wys (W)) is exp” where - is the sum of weights
of all rules of M satisfied by W. Note that, in case M contains rules with a-weights
satisfied by W, wps (W) is not a numerical value and should be understood as a symbolic
expression. The probability function, Py, defined by program M is

. wpr (W)
Pu(W) = lim ——W)
M a—00 ZVEQM ’w]w(V)

It is easy to check that Py; maps possible worlds of M into the interval [0, 1] and satisfies
standard axioms of probability.
As expected, the probabilistic model defined by M consists of 2); and Pyy.

Let us now use LPMN to formalize the stories from the previous section. Program

M? will capture the first such story corresponding to P-log program I7°. It clearly should
contain rules (1) — (3) of IT°. In addition, for every attribute f it must include a constraint

—f(X) =7, f(X) =Y, V1 # Y5 (6)

which is hidden in P-log semantics of 11 0. All these rules, however, should be supplied
with some weights. Since we strongly believe that the rules are correct, we would like to
preserve as many of them as possible. Hence, we view them as hard. LPM™N does not
have a direct analog of rule (4) but, it seems natural to represent it by two rules:

In(0.3) : loc(l) = ry < broken, move ™

and
n(0.7) : loc(l) = re + broken, move )

where the logarithms are added to the probabilities to cancel the exponentiation from the
definition of unnormalized measure w);. In addition, the hard rule

a: <+ notloc(l) = ri,not loc(1) = rq )



is added to force loc(1) to take a value (in P-log this is guaranteed by the semantics of
disjunction). This concludes construction of M. It is worth noting that M, is similar to
the program obtained from 7, by a general translation from P-log to LPM™N described
in [12].

We will show that there is a simple relationship between probabilistic models defined
by I7° and M°. The possible worlds of IT° correspond to the possible worlds M° with
non-zero probability (also called probabilistic stable models of MY in [11]). Moreover,
probability functions Py;o and Ppo coincide on probabilistic stable models of M.

Let us first notice that Wy = {move, loc(0) = r1,loc(1) = 73} is an ASP model
of M 8V0 and hence is a possible world of M°. The probability of Wy is 1. Clearly, Wy
is the only possible world of MY satisfying all its hard rules. M° however has other
possible worlds. For instance, V = {move} satisfies all the rules of M°\ {(1), (3), (9)}
and is the stable model of this program. Therefore, it is a possible world of MP°. It is
easy to check however that V' is not a probabilistic stable model of M?. In fact, this is a
consequence of a general result in [11] which says that if there is a possible world of
LPMN program M which satisfies all its hard rules then every probabilistic stable model
of M also satisfies them. The result clearly implies that 1 is the only probabilistic
stable model of M.

The program M* = M° U {« : broken} is again similar to IT*. It has two proba-
bilistic stable models, W; and W5 with probabilities equal to 0.7 and 0.3 respectively.
As before, there are other possible worlds but none of them satisfies all the hard rules of
M and hence they have probability 0.

A more serious difference can be observed however between the program I7% and
the new program M? obtained from MY by adding the rule

a:loc(l) =71 (10)

Since the rules of 172 are strict and, therefore, should be satisfied by possible worlds,
the program I1? is inconsistent. /2 however does not have such a restriction. It will
have three probabilistic stable models. The first one is an ASP model of M2\ {(2)}.
It resolves contradiction by assuming that the robot failed to move. The second is an
ASP model of M2\ {(3)}. The contradiction is removed by abandoning the causal law
(3). Another possible explanation may given by an ASP model of M2\ {(10)} which
assumes that our observation of the robot being in r; after the execution of move is
incorrect. This seems to be a reasonable answer.

M? also has other possible worlds, for instance, W* = {loc(1) = ry,loc(1) =
o, move, loc(0) = 1 }. W* however does not satisfy two ground instances of the rule
(6):

a i loc(1) = r1,loc(l) = ro,r1 # 19
a 4 loc(1l) = ro,loc(l) = ri,m0 # 11

and therefore, has probability 0. This follows from a simple generalization of the result
from ([11]) which says that if there is a possible world of LPM“N program M which
satisfies n hard rules then every possible world satisfying less than n hard rules has



probability 0. Note, however, that if the rule (6) in M? were replaced by a seemingly
equivalent rule
ax= f(X) =Y, f(X) =Y, V1 <Y an

(with a lexicographic meaning of <), the resulting program M * would have an additional
probabilistic stable model W*. It is an ASP model of the program obtained from M™* by
removing the following ground instance of (11):

a ¢ loc(1) = ry,loc(l) = ro,m1 < 7o (12)

Though technically correct the result looks somewhat counterintuitive since the robot
cannot occupy both rooms at the same time. However, we can extend M * with another
copy of (12) to increase our confidence in it. The new program will have the same
probabilistic stable models as M?2.

Finally, to model the effect of consistency restoring rule (5), we extend M° with the
rule

w : broken (13)

where w is a very large negative weight. The resulting program M?,,, will have 3
probabilistic stable models, in two of which the robot is believed to be broken, however
the probabilities of both of them are very low. This behavior is quite different (and, in
some sense, less elegant) from the similar case in P-log where the cr-rule (5) was not used
since the program I1° is consistent. Similarly to I72,,,, the program M2, consisting of
M., and the fact {loc(1) = 71} has exactly one probabilistic stable model W5 (which
satisfies all the hard rules of the program). As in P-log, the semantics of LPM™N allow
updating of the probability of the robot to be in room r at step 1 from 0 to 1 by adding
new information. However, unlike in P-log, extending the original program M° with
a soft counterpart (13) of the cr-rule (5) leads to introducing new probabilistic stable

models of the program with negligible probabilities.

4 From LPM™ to P-log

In this section we state the main result of this paper: establishing a relationship between
LPMN and P-log programs.

First we need a definition. Let M be an LPM“N program and At(M) be the set of
atoms in M.

Definition 1 (Counterpart). A P-log program I is called a counterpart of M if there
exists a bijection ¢ from the set of probabilistic stable models of M to the set of possible
worlds of II such that

1. for every probabilistic stable model W of M , if Py and Py are probability
Sunctions defined by M and I1 respectively, then Py (W) = P (p(W))

2. for every probabilistic stable model W of M, W = ay(ary ¢(W), that is, W and
@ (W) coincide on the atoms of M.

Main Theorem. For every LPM™N program M (as defined in section 3) there exists its

P-log counterpart, T(M), which is linear-time constructible. t



The previous theorem immediately implies the following important corollary:

Corollary 1. If A is atom of an LPM™ program M, then
Pr(A) = Pray(A)

where the probabilities Py;(A) and Pr(yr)(A) are defined as the sum of probabilities of
possible worlds which contain A of the corresponding program. U

To prove the theorem we need the following Lemma which gives an alternative
characterization of probabilistic stable models of M.

Lemma 1. Let W be an interpretation satisfying n hard rules of M. W is a probabilistic
stable model of M if and only if

1. W is a possible world of M supported by some M° C M;
2. no possible world of M supported by some M' C M satisfies more than n hard
rules of M.

O

Proof of the Main Theorem: Here we only provide a construction of (M) given a
program M and define a map ¢ from definition 1 (the complete proof of the theorem,
including a proof of lemma 1 can be found in Appendix B. A short outline of the proof
is given in Appendix A ).

We will assume that all atoms in I7 are of the form p, where p is an identifier
(in the general case, the atoms of the form p(ty, ..., t,) can be translated into unique
identifiers).

In what follows we will construct a P-log program which chooses a subprogram M°
of M and computes ASP models of M supported by MY such that no possible world of
M is supported by a program containing more hard rules than M. By Lemma 1, they
will be probabilistic stable models of M. Appropriate probability atoms will ensure that
the corresponding probabilities match.

Letrq1,...,r, be the enumeration of rules of M. We will refer to ¢ as the label of ;.
The translation 7(M) is defined as follows:

1. 7(M) contains

(a) declarations of the sorts hard and soft — sets of labels of hard and soft rules of
M respectively.

(b) declaration a : boolean for each atom « in the signature of I7.

(c) declarations of the auxiliary attributes

h, b, selected, sat : soft — boolean

ab : hard — boolean

whose meaning will be explained later.



We refer to this part of the translation as the declaration part of T.
. For every hard rule r; of the form

« : head < body (14)

7(M) contains the rules:
head <+ body,not ab(i) (15)
ab(i) & . (16)

The auxiliary relation ab(i) says that “rule r; is abnormal (or not-applicable))”. The
addition of not ab(4) turns the translation (15) of II’s rule (14) into a default rule of
P-log. The cr-rule (16), called Contingency Axiom [9], says that, the reasoner may
possibly believe ab(i). This possibility, however, may be used only if there is no
way to obtain a consistent set of beliefs by using only regular rules of the program.
It is commonly used to capture indirect exceptions to defaults [7]. Together, these
rules allow to stop the application of a minimal number of the hard rules of M thus
avoiding possible inconsistency and conforming to the semantics of such rules in
LPMLN.

This completes the translation for programs consisting of hard rules only.

. For every soft rule r; of the form

w : head < body (17
7(M) contains the rules:
head < body, selected(7) (18)
random(selected(i)) (19)
<« —selected(i), sat(i) (20)

The auxiliary relation selected(i) says that “the rule with label ¢ is selected”; relation
sat (i) stands for ‘the rule with label i is satisfied*. The addition of selected(i) to
the body of the translation (18) of M’s rule (17) together with random selection rule
(19) allows a reasoner to select soft rules of a candidate subprogram M, of M.
Constraint (20) is used to ensure that computed models of M satisfy condition
1 from the Lemma 1. Of course, to make this work we need the definition of sat
which is given by the following rules:

sat(i) < b(4), h(i) 1)
sat (i) < not b(7) (22)
b(i) « B (23)

where B is the body of soft rule r;, and
h(i) < 1 24)

for every literal [ in the head of soft rule r;. As expected, b(¢) stands for ‘the body
of r; is satisfied and h(7) for ‘the head of r; is satisfied".
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4. Finally, for every selected(i), 7(M) contains probability atom:

pr(selected(i)) = 1i l , (25)
eWi

which says ‘the soft rule 7; with weight w; is selected (that is, added to M 9) with

probability 15;’;1, .

It is easy to see that the size of 7(M) is linear in terms of the size of M. Moreover,
7(M) is modular, that is, it can be easily extended if new rules are added to M.
The map ¢ is defined is follows:

(W) =W U {ab(i) | i € hard,r; is not satisfied by W'}
U {sat(i) | i € soft,r; is satisfied by W}
U {selected(i) | i € soft,r; is not satisfied by W'}
U {—selected(i) | i € soft,r; is satisfied by W}
U {b(7) | 7 € soft, the body of r; is satisfied by W}
U {h(7) | i € soft, the head of r; is satisfied by W}

The rest of the proof can be outlined as follows. We first need to show that for every
probabilistic stable model W, ¢(W) is a possible world of 7(M ). This can be done by
using standard techniques suitable for CR-Prolog programs. After that, we show the
bijectivity of ¢. This step can be split into two parts. Firstly, the surjectivity of ¢(1)
follows from the fact that a probabilistic stable model V' of M obtained from a possible
world W of 7(IT) by dropping all newly introduced literals from W satisfies ¢(V') =
W. Secondly, the injectivity follows trivially from the definition of ¢. Finally, the
required probability equality from definition 1 follows from the definition of probabilistic
functions in both languages. O

The following is an example of the translation.
Example. Consider the following LPM™ program M from [11]:

« : concertBooked.

« : longDrive < concertBooked, not cancelled.
In(0.2) : cancelled.
In(0.8) :<— cancelled.

The program has two probabilistic stable models (each of which satisfy both its hard
rules):

1. Vi = {concert Booked, cancelled}
2. Vo = {concertBooked, longDrive}

with corresponding probabilities equal to 0.2 and 0.8.

The corresponding translation 7( M) looks as follows:



% declaration part:

soft = {3,4}.

hard = {1,2}.

concertBooked, cancelled, longDrive : boolean.
b, h, selected, sat : soft — boolean.
ab : hard — boolean.

% translation of hard rules:
concertBooked <+ not ab(1).
longDrive < concertBooked, not cancelled, not ab(2).
ab(R) & .

% translation of soft rules:

cancelled < selected(3).

+ cancelled, selected(4).
random(selected(R)).

+ —selected(R), sat(R).

% definition of satisfiability:

sat(R) < not b(R).

sat(R) < b(R), h(R).

b(3).

b(4) < cancelled.

h(3) « cancelled.

% probability atoms:
pr(selected(3)) = 0.2/(1 + 0.2).
pr(selected(4)) = 0.8/(1 + 0.8).

The translation 7(M ) has two possible worlds:

1. Uy = {selected(3), ~selected(4), h(3), cancelled,
b(3),b(4), sat(3), concert Booked}
2. Uy = {—selected(3), selected(4), b(3), longDrive, concert Booked, sat(4)}

As expected, on the atoms of M, U; and U, coincide with the corresponding probabilistic
stable models {cancelled, concert Booked} and {concert Booked, longDrive} of M
(more specifically, U; = ¢(V;) and Uy = ¢(V5)). It can be easily checked that, as
promised, Pr(ar)(U1) = Py (Vi) = 0.2 and Py (ap)(Uz) = Pp(V2) = 0.8.

5 Probabilities of soft rules in LPM™N

Let M be an LPM™N program with at least one soft rule r; of the form w; : head < body.
The authors of LPM™N view r; as an implication and define the probability Py;(r;) as
follows:

Pa(ri) = Xweon wier P (W) (26)

Note that replacing (2); with the set of all probabilistic stable models of M gives
an equivalent definition. We will use the result obtained in the previous section to
investigate the relationship between the reasoner’s confidence in r;, i.e, its weight w;
and its probability Py (r;).
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It seems natural to assume that Py (r;) would be proportional to w. However, this is
not necessarily the case. Let us consider the following program:

n(3): a.
In(3): <« a.
n(2): b.

Despite the larger weight, the first rule has smaller probability than the third one (the
corresponding probabilities are equal to 1/2 and 2/3 respectively).

Informally speaking, this happens because the first rule is inconsistent with the
second one, while the third one doesn’t have such a restriction.

We next use the results from the previous section to obtain an alternative understand-
ing of the probability Py (r;). Let 7(M) be the counterpart of M described there and ¢
be the bijection from Definition 1. It can be easily seen that r; is satisfied by a possible
world W of M iff (W) contains selected(:). This, together with the first clause of
Definition 1 implies that:

Ppr(ri) = Proar(selected(i)) (27)

That is, the probability of r; in M is equal to the probability of selected(i) in P-log
program 7 (M ). In general, this probability depends on all possible worlds of 7(M) and
their probabilities. However, for some cases it can be determined uniquely by the weight
of r;. This is always the case if 7(M) belongs to the class of coherent P-log programs,
where this probability is equal to the value of the pr-atom pr(selected(z)) in (25). This
class, and the sufficient conditions for a P-log program to be in it, are given in [3].

For instance, it can be checked that the translation of the program M? consisting of
soft facts [n(3) : @ and In(2) : b is coherent. Thus, the fact that probability of a is equal
to ™(3) /(1 + €!™(3)) = 3 /4 can be obtained directly from the corresponding pr-atom
(25) of 7(M?3). Note that, in general, to compute the probability of an atom, we may
need to perform fairly complex inference (e.g, compute possible worlds of the program).

6 Conclusion and Future Work

We have defined a linear-time constructible modular translation 7 from LPM™N programs
into P-log programs. Non-zero probability possible worlds of an LPMN program M
coincide with possible worlds of 7(M) on atoms of M. Moreover, the probabilistic
functions defined by M and 7(M) coincide on atoms M. The work allowed us to better
understand both languages, including their treatment of potential inconsistencies, and
opened a way to the development of LPMN solvers based on P-log inference engines.
We also believe that this work, together with the new complementary results from [12],
will allow to use the theory developed for one language to discover properties of the
other.
Our plans for future work are as follows.

1. We plan to complete the current work on the development of an efficient inference
engine for P-log and use the translation 7 to turn it into a solver for LPMMY
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2. In the near future, we expect the appearance of LPM™N solver based on the algorithm
from Section 3.4 [11]. It will be interesting to use the translatiom from [12] to turn it
into P-log solver and compare its performance with that of the one mentioned above.

3. We plan to investigate the possibility of adapting inference methods developed for
MLN[10] and LPM for improving efficiency of P-log solvers.
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A Proof of the Main Theorem (Outline)

In this section we provide a sequence of lemmas which may serve as an outline of the
complete proof of the theorem available in appendix B. In section 4 of the main text we
have constructed the translation 7(M ) from an LPM“N program M into a P-log program
which has a size linear in terms of the size of M, as well as defined the map ¢ from
probabilistic stable models of M into possible worlds of 7(M). To complete the proof,
we need to show that ¢ satisfies the desired properties from definition 1. The properties
follow directly from the lemmas:

Lemma 2. For every probabilistic stable model W of M, ¢(W) is a possible world of
T(M). O

Proof of lemma 2, outline. We need to show that ¢(11) is an answer set of the CR-Prolog
program which is used to define the possible worlds of 7(M) (the translation from a
P-log program 7(M) into the corresponding CR-Prolog program is described in section
2 of the main text). We denote the CR-Prolog program by 7*(M ). We can prove the
lemma in the following steps:

1. Construct a subset «y of consistency restoring rules of 7*(M) as follows:

7 = {ab(i) ¢ |ab(i) € H(W)}

2. Show that ¢(W) is an answer set of the program constructed from the regular rules
of 7*(M) and the regular counterparts of the rules in .
3. Show that  is an abductive support of 7*(M).

The details of step 2 can be found in sections 2.2-2.3 of the complete proof (Appendix
B). Step 3 corresponds to section 2.4 of the complete proof.
O

Lemma 3. For every possible world V of 7(M ), the set of atoms in V' from the signature
of M is a probabilistic stable model of M. U

Proof of lemma 3, outline. Let W be the set of atoms in V' from the signature of M. The
correctness of the lemma can be shown in the following two steps:

1. Show that W is a possible world of M. This can be done by showing that W is an
ASP model of Myy (a subset of M constructed from all rules of M satisfied by W).
2. Show that W is a probabilistic stable model of M (that is, Py (W) > 0). This can

be shown using some properties of LPMN programs, including lemma 1 from the
main text.
The details are left for section 3.1 of the complete proof. O

Lemma 4. ¢ is surjective, that is, there for every possible world V' of 7(M) there exists
a probabilistic stable model W of M such that p(W) = V. O



17

Proof of lemma 4, outline. Given a possible world V' of (M), let W be a set of atoms
obtained from V' by removing all atoms not belonging to the signature of A/. By lemma
3, W is a probabilistic stable model of M. The fact that ¢(W) = V can be proved by
considering every atom [ and showing that [ € ¢(W) iff I € V. The details of the last
step can be found in section 3.2 of the complete version. U

Lemma 5. ¢ is injective, that is, for every two distinct probabilistic stable models 1/
and Wy, of M, ¢p(W7) # o(Wa). O

Proof of lemma 5, outline. The correctness of the lemma follows immediately from the
fact that W C (W) for every probabilistic stable model W of M. See section 4 of the
complete proof for the details. U

Lemma 6. ¢ is bijective. (]

Proof of lemma 6: the fact that ¢ is a bijective follows immediately from lemmas 4 and
5 which state that ¢ is surjective and injective and surjective respectively. (]

Lemma 7. For every probabilistic stable model W of M,

Py (W) = Py (9(W))
O

Proof of lemma 6, outline. The equality can be established by applying the definitions
of probabilistic functions Py, and Pr(jr) of the corresponding programs. The key
observation needed is the fact that the random attribute term selected(i) is true in
possible world ¢(W) of 7(M) if and only if the soft rule of M labeled with i is satisfied
by W. See section 5 of the complete proof for details. U

B Proof of the Main Theorem

In this section we complete the proof of the main theorem from section 4. In particular,
we show that for an LPM™N program M, 7(M) is a counterpart of M.

We start from stating and proving some propositions about LPM“N which extend the
results from [11].

Proposition 1. If W is a possible world of an LP™ program M and there exists a

possible world of M which satisfies more hard rules than Wy, then Py (W7) = 0.

Proof: Let W, be a possible world of M which satisfies more hard rules of M than W;.
Let ¢ and 7 be the number of hard rules satisfied by 1W; and W5 respectively. From
the definition of unnormalized measure w)y it is to see that there exist two positive real
numbers y; and ys such that:

wy (Wh) = y1 - e (28)

and
wy (Wa) =yo - €™ (29)
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By definition of probability function Py, we have:

wM(Wl)
ey war (J)

Py (W1) = limg— 00 5 (by definition)

= lima—>oo EJGZ;;]:::AI(J) (by (28))

= lim yp-e®®
amree wM(W2)+ZJ€QM\{W2} w ()

= limg o0 o  (by (29)) (30)

Y2 €D seap \(wyy WM (S

To compute the limit in (36), we introduce three functions f;(«), f2(«), f3(«) of a real
argument « defined as follows:

f (a) =0 31D
yp - e
fola) = (32)
( ) y2~€’"a+ZJeQn\{W2}wU(J)
el .
fala) = =& (33)
€ * Y2
Then we have
Prr(Wh) = limg 0 s t2e™ (from (30) )
Y2 2 seap\ (wyy WM ()
= limg— o0 f2(a) (by (32)) (34)

It is easy to see that for every real number «:

0= fi(a) < fa(a) < f3(@) (35)
Therefore, to show that Py (W) = lim, 00 fo(a) = 0, it is sufficient to show
limgy 00 f3(a) = 0:

Y1
erys

Y1
e(r—a)a.y,

=0 (since r > q) (36)
O

limg 00 f3 (CK) = limg 00

= lima— oo

Proposition 2. Let M be an LPMEN program and W1 be a possible world of M
satisfying r hard rules of M. Every probabilistic stable model of M satisfies at least r
hard rules of M.

Proof:
Let W5 be a probabilistic stable model of M. For the sake of contradiction, suppose
it satisfies ¢ < r hard rules of M. Then by Proposition 1 we have that Py (Ws) = 0,
which contradicts the definition of probabilistic stable model of M.
d
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Proposition 3. Let M be an LPM™N program. Let W be a possible world of IT satisfying
q hard rules of M. W is a probabilistic stable model of M if and only if every possible
world of M satisfies at most q hard rules of M.

=>

Proof:

Suppose W is a probabilistic stable model of M. For the sake of contradiction,
suppose there exists a possible world of M which satisfies » > ¢ hard rules of
M. By Proposition 2, W has to satisfy at least » hard rules of M, which is a
contradiction, since we know W satisfies ¢ < r hard rules of M.

Suppose every possible world of M satisfies at most ¢ rules of M. We show

W is a probabilistic stable model of I 37

Let Wy, ..., W, be all possible worlds of M. Without loss of generality we will
assume W = Wj. Let i be an integer in {1..n}. We have

wM(Wi) _ eZw:ReM,WihR(w)
Let A; be the set of all hard rules of M satisfied by W, and B; be the set of all soft
rules of M satisfied by W;. Then we have

war (W;) = elAile. e2w:res, (W)
We denote the sum ) ;. 5 (w) by y; and |A;| (the number of hard rules of M
satisfied by W;) by h;. Then we have

hi*xa

wpy(Wi) =y;-e

Note that y; is a positive real number.
We have

Py (W) = P (Wh)
= lima_yoo e=meWs)___
T wa (W)
hy-a

= lima—o0o W (38)

Since every possible world of M satisfies at most q rules of M, h; < hy = q. Let I
be the largest subset of {1,...,n} such that for each j € I, W; satisfies exactly h;
hard rules (that is, h; = hy). Then we have

forevery j € {1,...,n}\ I, h; < hy (39)
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and
Py (W) =1i yr-e1
M = Mo —co =70 . - oo
21':1 yi ke
hy-a
= limgy 00 Yie
. hy-o . hi-a
DierVixe + Zie{l,...,n}\l Yix e
hy-a
= limg 00 s
hi-« e
Zze[ Yixe + 216{1 ..... n}\I Yixe i

1 1
=lim,_ oo — o

ZiGI yrxell e + Zie{l n}\I yl*ehl o

.....

(40)

To compute the last limit in 40, we introduce a function f(«) of a real argument «:

h;-o

f(Oé) = ZZGI Zi:ihl =+ Zze{l n\T % (41)

and compute the limit:

h; o

yixe 1 hia ixe
Zie[ yr*ehi o + Zze{l Ln\I yl*ehl a)

seh1a ol
=1 yi*e ; yixe 1%
= lima—oo ( Dier yl*e"l“") + lima—oo ( Eie{l,...,n}\l yl*ehya>

lzma—mof(a) = lima 00

= liMa—oo

> W)(smce Vie{l,....,n}\ I: hy > h;)

i€l yyxel1 ™
— Yi
=D ier ot (42)

Therefore, from (40) we have:

— i 1
Py (W) = limg— 00 " — o
Z yixe - + Z yike 't
i€l yyxeh1l @ 1€{1,...,n}\I y xeh1-o

= limg 00 m
= m (we know from (42) that lim,_, . f(c) exists)
1

7
2ier yr

=Y ier &+ > 0 (since y; > O forevery j € {1,...,n}) (43)

From the fact that W is a possible world of I and (43) we have (37).

O
It is worth noticing that Proposition 3 is equivalent to Lemma 1 from the main text

of the paper.
We are ready to prove that 7(1/) is a counterpart of 1. In step 1 of the proof we
define a mapping ¢ from probabilistic stable models of M to possible worlds of 7(M).
In 2 we prove for every probabilistic stable model W of M, ¢(W) is a possible world of
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7(M). In 3-4 we prove that ¢ is a bijection (to do this, we show that ¢ is surjective and
injective in 3 and 4 respectively). In 5 we show Py (W) = Pr(ap)(¢(W)). 1-5 together
imply that 7(M) is a counterpart of M

1. Suppose
W is a probabilistic stable model of M (44)

We define ¢(W) as follows?

G(W) := W U {ab(i) | i € hard,r; is not satisfied by W'}
U {sat(i) | i € soft,r; is satisfied by W'}
U {selected(i) | i € soft,r; is not satisfied by W'}
U {—selected(i) | i € soft,r; is satisfied by W'}
U {b(i) | i € soft, the body of r; is satisfied by W}
U {h(i) | i € soft, the head of r; is satisfied by W}  (45)

Note that ¢(TV) is consistent by construction.

2. Let W be a probabilistic stable model of M. Let 7/ be the mapping from P-log
programs to ASP program defined in section 4 and 7* be the composition 7’ o 7. We
need to show that ¢(1V) is an answer set of 7*(M).

As in [7], by a(r) we denote a regular rule obtained from a consistency restoring

rule r by replacing & with +; «a(r) is expanded in a standard way to a set R of
cr-rules, i.e. a(R) = {a(r) : r € R}.

In 2.1 we construct a subset « of consistency restoring rules of 7*(M).

Let R be the set of regular rules of 7*(M). In 2.2-2.3 we show that ¢(W) is an
answer set of R U a(7y) (in particular, in 2.2 we show that ¢(W) satisfies the rules
of RU a(v) and in 2.3 we prove that there there does not exist a proper subset of
H(W) satisfying (R U a(y))*"W)).

In 2.4 we show that -y is an abductive support of 7*(M). Since from 2.3 it follows
that R U () is consistent, it is sufficient to show there does not exist a subset ' of
consistency restoring rules of 7*(M) such that

@ [ <v

(b) the program R U «(y') is consistent.

From 2.1 - 2.4 it follows ¢ (W) is an answer set of CR-Prolog program 7* (M), and
therefore a possible world of 7(M).

2.1 We construct a subset -y of consistency restoring rules of 7*(M) as follows:

v = {ab(i) & |ab(i) € 9(W)) (46)

2.2 We will prove that ¢(1V) satisfies the rules of R U «(7). In 2.2.1 we prove
¢(W) satisfies the rules in R and In 2.2.2 we prove ¢(.5) satisfies the rules in

().

’Note that in what follows we, as previously, identify a P-log literal of the form f(Z) (which
is a shorthand for f(t) = true) with the literal of the form f(Z,¢rue) and the literal of the
form —f(t) with f (%, false). For example, we view ab(¢) and ab(i, true) as identical literals.
Similarly —selected(z) is the same as selected(, false)
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2.2.1 We will prove ¢(W) satisfies the rules of R. Let r be a rule in R. In what
follows we will consider all possible forms of the rule » and show that r
is satisfied. We first notice that, since the rules of M do not contain new
literals introduced in 7(M ), for every rule r of M we have:

r is satisfied by W iff r is satisfied by ¢(W) (47)

if head < body is a rule of M

2.2.1.1

22122

22.1.2.3

22.1.2.4

22.1.2.5

22.1.2.6

Suppose r is of the form

head + body, not ab(i) (48)

where head < body is a rule of M.

If (W) contains ab(4), the rule is satisfied. Otherwise, by construction
of (W), head < body is satisfied by W, and, therefore, by (47), the
rule (48) is satisfied by ¢(W).

Suppose r is of the form:

head «+ body, selected(i) (49)

where head < body is a rule of M. If ¢(W') does not contain
selected(i), the rule is satisfied. Otherwise, similarly to the previous
case, the rule is satisfied.

Suppose r is of the form:

sat(i) « b(i), h(i) (50)

If ¢(W) satisfies both b(7) and h(¢), then the head and the body of r;
are satisfied by W. Therefore, r; is satisfied by W, and, by construction
of p(W), sat(i) € ¢(W). Therefore, (W) satisfies the rule (50).
Suppose r is of the form:

sat(i) < not b() (51)

Similarly to the case 2.2.1.2.3 we can show W satisfies r;, sat(i) €
¢(W) and, therefore, (W) satisfies the rule (51).
Suppose r is of the form:

b(i) « B (52)

where B is the body of the rule r; of M. Suppose ¢(W) satisfies B.
Then, by construction of ¢(W), ¢(W) satisfies b(i), and, therefore,
o (W) satisfies (52).

Suppose r is of the form:

h(i) + 1 (53)

By the reasoning similar to the one from case 2.2.1.2.5, we can show
that if ¢(W) satisfies I, it also satisfies k(7). Therefore, ¢(WW) satisfies
(53).
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2.2.1.2.7 Suppose 7 is of the form:
+ —selected(i), sat (i) 54)

Suppose ¢(W) satisfies —selected(i). Thus, by construction of ¢(WW),
r; is not satisfied by W and ¢(W) does not contain sat(i). Therefore
the rule (54) is satisfied by ¢(WV).
If —selected(t) is not satisfied by ¢(1W), the rule (54) is satisfied by
P(W).

2.2.1.2.8 Suppose 7 is of the form:

selected(i) or —selected(t). (55)

where ¢ € soft. In this case, depending on whether or not r; is sat-
isfied by W, by construction ¢(W) contains either selected(i) or
—selected(t) correspondingly. Therefore, the rule (55) is satisfied by
B(W).

2.2.2 By construction of (%), it is easy to see that «(+y) consists of facts of the
form ab(i), where ab(i) € ¢(W). Therefore, ¢(W) satisfies all facts in
a(7).

2.3 We sh(ovv?/ that every subset of ¢(TW) satisfying the reduct (R U a(7))?™) is
equal to p(W).
For the sake of contradiction, suppose there exists a subset W’ of ¢(W) such
that

W' S o(W) (56)
that is, W' is a proper subset of ¢(W), and
W satisfies (R U a(v))*") (57)

We introduce some notation. By O (read “original”) we denote the set of
atoms of M. By N (read "newly added”) we denote the set of atoms of 7* (M)
excluding atoms of M. For a set X of atoms of 7* (M), by X we denote the
set of atoms X N O. Finally, by Xy we denote the set of atoms X N N.

We derive a contradiction by showing that W’ = ¢(WW), that is, by showing that
(56) does not hold. In 2.3.1 we will prove the implication

(Wo =¢(W)o) = (Wy = ¢(W)n) (58)

That is, if W' and ¢(WW) coincide on the atoms of M, they must also coincide
on other atoms of 7*(M).
In 2.3.2 we will show

WhHCW (59)

In what follows, whenever convenient, we ignore the weights of My and treat
it as an ASP program. For instance, (My, )" will denote the ASP reduct of
ASP program My with respect to W. In 2.3.3 we will show

WY, satisfies the rules of (M)W (60)
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(60) together with (59) contradicts the fact that W is an ASP model of Myy,
and, therefore, the fact that W is a probabilistic stable model of M which was
our original supposition (44).
2.3.1 We prove (58). Suppose
Wi =o(W)o (61)

We will show
Wy =o(W)y (62)

Since A C B implies that for an arbitrary set U, ANU is a subset of BNU,
(56) implies:

Wy Co(W)n (63)
Therefore, to show (62) it is sufficient to show

d(W)ny €Wy (64)
Let [ be an atom such that

Le¢(W)n (65)

In what follows we consider all possible forms of [ and show that [ € Wy,.
In doing that we find useful the following observation. By definition of ¢,

o(W)o =W (66)
From (66) and (61) we have

W, =W (67)

2.3.1.1 Suppose ! = ab(3).
In this case, by construction of ~,

ab(i) <= belongs to 7 (68)
Therefore, by definition of o
ab(i) belongs to () (69)
Hence, ab(i) belongs to (R U a())?"). Therefore, by (57), ab(i) €
W', and, since ab(i) € N, ab(i) € W,.
2.3.1.2 Suppose | = b(i). Let B; be the body of the rule r; of M. Since b(7)

belongs to ¢(W), by its construction B; is satisfied by .
From (67) we have

B; is satisfied by W’ (70)
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Let B! be the set of literals obtained from B; by removing all extended
literals containing not. The reduct R?(") contains the rule

b(i) + B! (1)

From (70) we have
B is satisfied by W’ (72)

By (57), W' satisfies all the rules in R?"), including the rule (71).
Therefore, from (72) we have b(i) € W', and, since b(i) € N, b(i) €
W

Suppose | = h(%). Since, by (65), h(i) belongs to ¢(W), by construc-
tion of ¢(W), the head of r; is satisfied by W. That is, there exists a
literal /; belonging to the head of r; such that

lieWw (73)
From (73) and (67) we have

liew (74)

By construction, 7*(M), and therefore the reduct (R U a(v))*W)
contain the rule
h(i) « 1; (75)

By (57), W' satisfies all the rules of (R U a(7))?™), including (75).
Therefore, from (74) we have h(i) € W, and, since h(i) € N, h(i) €
Suppose [ = sat().
In this case, by construction of ¢(WW') we have that the rule r; of M is
satisfied by W. There are two possible cases considered in 2.3.1.2.1
and 2.3.1.2.2 below.

2.3.1.4.1 The body and the head of r; are satisfied by W. By construction of

@(W') we have
b(i) € ¢(W) (76)

and
h(i) € (W) (77)

In 2.3.1.2 and 2.3.1.3 we have shown that from (76) and (77) it
follows

b(i) € W’ (78)

and
h(i) e W’ (79)

respectively.
Since the rule
sat(i) < b(i), h(7)
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belongs to the reduct (R U a(v))?"), by (57) we have W' satisfies
this rule and , from (78) and (79) we have sat(i) € W, and, since
sat(i) € N, we have sat(i) € Wj.

2.3.1.4.2 The body of the rule r; is not satisfied by W. In this case, by con-

struction of ¢(W), b(i) & ¢(W). In this case the fact
sat(i) (80)
obtained from the rule
sat(i) < not b(i) (81)

of 7*(M) belongs to the reduct (R U a(v))?™"). Since, by (57),
W' satisfies (R U a(v))?"W), we have sat(i) € W’, and, since
sat(i) € N, we have sat(i) € Wy.

2.3.1.5 Suppose [ = selected(i). Since selected(i) belongs to ¢(W), by con-

struction, —selected(i) does not belong to ¢(W). By (56), W’ C
¢(W). Therefore,
—selected(i) ¢ W' (82)

Since
selected(i) or —selected (i)

belonging to the reduct (R U a(7))?™") is satisfied by W’ (by (57)),
from (82) we have selected(i) € W'. Since selected(i) € N, we have
selected(i) € W

2.3.1.6 Suppose [ is ~selected(s). This case is very similar to 2.3.1.5.

232

From 2.3.1.1 - 2.3.1.6 we have (64). From (64) and (63) we have (62).
Therefore, we proved (62) assuming (61), and the implication (58) holds.
We prove that W/, C W.

From the definitions of W/, and Wy;:

W'=WhLUWy (83)
and

d(W) = d(W)o Ud(W)n (34)
From (58), (83), (84) we have

(Wo =6(W)o) = (W' =¢(W)) (85)
From (85) and (56) we have

W5 # 6(W)o (86)
From (86) and (56) we have

W6 S o(W)o (87)
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By construction of ¢, we have

o(W)o =W (88)

From (88) and (87) we have (59).
2.3.3 We prove (60) which says that W/, satisfies all the rules of the reduct
(Mw)".
We divide the rules of (Myy)" into two categories: the ones obtained from
hard and soft rules of My respectively. We will show in 2.3.3.1. and 2.3.3.2
respectively that the rules of both types are satisfied by W,.
2.3.3.1 Letr be arule of (My)" of the form head < body such that

r is obtained from a hard rule r; of My, (89)
That is, r; is a rule of M such that
r; is satisfied by W 90)
We will prove that
W/, satisfies r 91)

by showing that the rule r belongs to the reduct (R U a(7))?™) and,
therefore, is satisfied by W’ by (57). Since r only contains atoms from
O, this will immediately imply (91).

Let r; be of the form

a : head < body’

We will show

body’ \ body is satisfied by ¢ (W) 92)

For the sake of contradiction, suppose

body' \ body is not satisfied by ¢(W) (93)

In this case there exists not I’ € body’ such that
'€ p(W) %94)

But, since I’ occurs in a rule of M, and therefore belongs to O, from
(94) we have
not I’ is not satisfied by W 95)

But then we have not I’ in body’ which is not satisfied by W, therefore,
the rule head < body of (My,)" cannot be obtained from the hard
rule o : head < body’ of Myy, which is a contradiction to (89).
Therefore, (92) holds. From (92), the construction of ¢(W), and the
fact that body and body’ are constructed from the literals of M, we
have
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body' \ body is satisfied by W (96)

By construction of 7* (M), the rule
head < body', not ab(i) 97

belongs to R, the set of all regular rules of 7*(M).
By (57) W' satisfies all the rules of (R U a(7))*W), therefore

W' satisfies the reduct {head < body’, not ab(i)}*") (98)

By (90), r; is satisfied by W. Therefore, by construction of ¢(WW') we

have

ab(i) & ¢(W) (99)
Since W is a subset of ¢(W) (by (56)), we have
ab(i) ¢ W’ (100)
Since ab(i) does not belong to ¢(W), from (98) we have

W' satisfies the reduct { head < body'}*"") (101)

Since all the literals in head and body’ are atoms from O, the reduct
of head + body’ with respect to ¢(W) is the same as the reduct of
head < body’ with respect to W. Therefore,

W’ satisfies the reduct {head < body'}"V (102)

Since all the literals in head and body’ are atoms from O, possibly
preceded by default negation, from (102) we have

WY, satisfies the reduct {head < body’}"V (103)

By (96), the reduct of head < body’ with respect to W is head
body. Thus, from (103) we have (91).

Let r be a rule of (My, )" of the form head < body obtained from a
soft rule r; of My,. We will show

W/, satisfies r (104)

Let r; be of the form

w : head < body’

Since r; belongs to My, r; is satisfied by W. Therefore, we have

selected(i) € p(W) (105)
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and

—selected(i) & ¢(W) (106)

By construction of R the rule
selected(i) | —selected(i) (107)

belongs to R and, hence, to the reduct R®*W)  From (56) and (106) we
have

—selected(i) ¢ W' (108)

Since, by (57), W' satisfies all the rules of the reduct R?(W) | it satisfies
the rule (107), and

selected(i) € W' or —selected(i) € W' (109)
From (108) and (109) we have

selected(i) € W’ (110)

The further reasoning needed to obtain (104) is similar to the case
2.3.3.1. The only difference is that we need to consider the rule

head + body’, selected (i) (111)

from R where selected(i) € W instead of the rule (97) we considered
in 2.3.3.1 with ab(i) ¢ W'.

2.4 We show that +, constructed in 2.1, is an abductive support of 7*(M). In 2.3
we have shown that the program (R U a(7)) is consistent (in particular, it has
an answer set ¢(W)). Therefore, it is sufficient to show that there does not exist
a subset ' of consistency restoring rules of 7* (M) such that
@ [ <l
(b) the program R U (') is consistent.

We prove by contradiction. Suppose there exists 7’ such that (a) and (b) hold

Let W’ be an answer set of R U a(7y').

As in 2.2, we will use the notation W’O to denote a subset of W’ consisting of

all literals of M and W to denote the set difference W'\ W/,.

In 2.4.1 we show that W/O € 2. 1In 2.4.2 we obtain a contradiction to the fact

that W is a probabilistic stable model of M by establishing Prj; (W) = 0. We

do so by proving that W satisfies less hard rules than W/, and using Proposition

1.

2.4.1 We show W/, € £2);. By definition of a possible world of M, it is sufficient

to prove there is no proper subset of Wy, satisfying the rules (M, yWo.
For the sake of contradiction, suppose there exists W/ such that

W5 S W6 (112)
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and

/

W satisfies (Myy,, YWo (113)

Let H be the set of literals defined as:
H=WiuWy (114)

It is easy to see that, by 112 and 114,
HcwW (115)

We prove
H satisfies the rules of (R U a(y))" (116)

Let 7 be arule in (R U a(v'))"". Suppose
the body of r is satisfied by H (117)

(otherwise r is satisfied by H). Since r belongs to a reduct, its body contains
no default negations, and therefore from (115) and (117) we have

the body of r is satisfied by W’ (118)

Since W’ is an answer set of (R U «a(y’)), it satisfies all the rules of
(RUa(y"))"", including r. Therefore, from (118) we have

the head of r is satisfied by W’ (119)

Since W' and H coincide on the atoms in N, if the head of r is in IV, (119)
implies r is satisfied by H. Therefore, it is sufficient to consider possible
forms of r in case the head of r is constructed from the atoms in O. There
are only two possible cases, 2.4.1.1 and 2.4.1.2, considered below.

2.4.1.1 Suppose 7 is of the form

head < body

where the corresponding rule r* of R from which r was obtained is of
the form

head + body,not ly, ... ,not I, not ab(i) (120)
By construction of R, the rule
head < body,not ly, ... ,not l, (121)

belongs to M. We will denote this rule by ».
Since r belongs to the reduct (RU ('), and {I1,...,1;} € O we

must have
ab(i) ¢ W’ (122)
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and

{li, ..., l}N W5 =10 (123)

To prove r is satisfied by H, suppose body is satisfied by H, and,
therefore, since body is constructed from the atoms in O,

body C W/, (124)
From (112) we have W/; C W/, and therefore:
body C W, (125)
From (125) and (123) we have:
W/, satisfies the body of 1/ (126)
From (126), (122) we have that
W' satisfies the body of 7* (127)

From the fact that W’ is an answer set of R U «(v"), and therefore
satisfies the rules of R including r* we have

W' satisfies head (128)
Since head is constructed from the atoms in O, we have:

W/, satisfies head (129)
From (129) we have

WY, satisfies (130)
Since M belongs to M, from (130) (by definition of My, ) we have

M e My, (131)
From (123) and the fact that {l1,...,l,} C O we have:

{rMWo = {head < body} C (MW(/D)W(/J (132)

Since, by (113), W satisfies the rules of (] Wy, )Wé ,including head +
body, from (124) we have

W satisfies head (133)
By (114), W/5 C H, and therefore

H satisfies head (134)

Therefore, H satisfies r.
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2.4.1.2 Suppose r is of the form
head «+ body, selected(i)

where the corresponding rule »* of R from which r was obtained is of
the form

head + body, selected(i),not 1y, . .., not Iy (135)

We will consider two possible cases
2.4.1.2.1 Suppose selected(i) ¢ W’. In this case, by construction of H,
selected(i) ¢ H, and therefore r is satisfied by H.
2.4.1.2.2 Suppose selected(i) € W'. This case is similar to 2.4.1.1, except we
use the fact selected(i) € W' instead of (122) in all the arguments
from there.

Therefore, H C W' satisfies the rules of (R U a(y"))"V" which contradicts
the fact that W’ is an answer set of R U «(Y/).
2.4.2 We show Py (W) = 0. From 2.4.1 we have that

Wh € 2 (136)

Let h be the number of hard rules in M and k be the number of hard rules
of M satisfied by W. Then we have |y| = h — k (by construction of ¢(W)
and ).
We next show

W/, satisfies at least h — |7'| hard rules of M (137)

Let ab(i) be the head of a cr-rule of 7* (M) not belonging to 4’ (such a rule
must exist since |y'| < |y| and ~ is a subset of cr-rules of 7*(M)).
By construction, ab(i) does not belong to the heads of R U a(v’). Hence,

abli) & W’ (138)

By construction of 7%(M), R contains the rule

head + body, not ab(i)

Since W' is an answer set of R U ('), it satisfies the rules of M, and,
therefore,

W' satisfies head < body, not ab(i) (139)

From (138) and (139) we have that W’ satisfies head < body,
and, therefore, the hard rule

a : head < body

of M is satisfied by W,.
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Therefore, since ab(i) was chosen arbitrarily from the heads of cr-rules not
belonging to 4/, we have (137).
Since |'| < ||, for some positive integer m from (137) we have

W, satisfies h — |y| +m = k + m hard rules of M (140)

From (140) and the fact that W satisfies k£ hard rules of M, W satisfies less
hard rules then W/,. Since both W and W/, are possible worlds of M, by
Proposition 1, we have Py;(W) = 0. Therefore, +' cannot exist, and + is
an abductive support of 7*(M).
To summarize, from 2.2-2.3 it follows ¢(W) is an answer set of R U «a(7),
where R is the set of regular rules of 7*(M) and -y is a subset of consistency
restoring rules of 7*(M) constructed in 2.1. In 2.4 we have shown that +y is an
abductive support of 7*(M). Together 2.1 - 2.4 imply that ¢(TV) is an answer
set of 7* (M) and therefore a possible world of 7(M).

3. We show ¢ is surjective. That is, for every possible world V' of 7(M) there exists a
probabilistic stable model U of M s.t. $(U) = V. In 3.1 we prove Vo (Vo here is
the notation introduced in step 2 meaning the subset of all atoms of M in V) is a
probabilistic stable model of M. In 3.2 we show ¢(Vo) = V.

3.1 Since V is a possible world of I, it is, by definition, an answer set of CR-Prolog
program 7* (M), which is, in turn, an answer set of the ASP program RU «a/(y*),
where R is the set of regular rules of 7*(A/) and +* is an abductive support of
7*(M). First of all, by applying exactly the same reasoning as in 2.4.1, we get

Vo € 2y (141)

Therefore, we only need to show

Pr(Vo) # 0 (142)

Let h be the number of hard rules in M. In 3.1.1 we show that every possible
world of M satisfies at most k — |y*| hard rules of M, in 3.1.2 we show that Vp
satisfies at least h — |y*| hard rules of M, and in 3.1.3 we show Py (Vp) > 0

using the results from 3.1.2 and 3.1.1 and Proposition 3.
3.1.1 We show by contradiction that every possible world of M satisfies at most
h — |v*| hard rules of M. Suppose there exists X € {25s such that for some

m >0

X satisfies h — |y*| + m hard rules of M (143)

We denote h — |y*| + m by k. By the reasoning identical to the one we
applied in 2.1 - 2.3 we have

#(X) is an answer set of RU a(y) (144)
for a subset v of consistency restoring of 7* (M), such that

VFl=h—k (145)
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3.1.2

Therefore, from (143) and (145) we have

| = h—k (146)
—h—h—|y|+m (147)
=y l-m (148)

Since m > 0, and the program R U a(y) is consistent (by (144)), we
have a contradiction to the fact that abductive support v* is minimal (by
cardinality) subset of consistency restoring rules of M such that the program
R U «a(v*) is consistent.

We show that Vo satisfies at least h — |y*| hard rules of M. If h = |y*|,
the claim is obviously true. Otherwise, there exists at least one consistency

restoring rule ab(i) & such that
ab(i) & & * (149)
By construction of 7*(M), R contains the rule
head + body, not ab(i) (150)

From (149) and by construction of 7%(M ), the program R U «(y*) does
not contain any rules with ab(4) in the head, and V' does not contain ab(i).
Since V satisfies all rules of R, including (150), and ab(i) € V, we have
the hard rule

«a : head < body

is satisfied by V' and, since all the atoms in the rule are in O, by V5.
Therefore, since we have h — |v*| distinct literals of the form ab(i) not
belonging to v*, Vo satisfies at least h — |y*| distinct hard rules of M.
We show

Py (Vo) >0 (151)

Let W1, ..., W, be all the members of (2;,. Without loss of generality, we
will assume Vo = Wj. Let h; be the number of hard rules of M satisfied
by W;. By 3.1.1 and 3.1.2 we have h; < h; Therefore, by (141) and
Proposition 3, we have W; = V, is a probabilistic stable model of M, that
is, Vo is a possible world of M such that (151) holds.

3.2 We show ¢(Vp) = V. We need to show that for every literal [ of 7*(M),

[ € Vifandonlyifl € ¢(Vp) (152)

First of all, if  is an atom in O, then, by definition of Vi, and construction of
¢,1 € Vifand only if | € ¢(V) . In what follows we will consider all other
possible forms of /.

3.2.1

Suppose [ = ab(i), where i is the label of a hard rule r; of M of the form

a : head < body



35

To show (152), it is sufficient to show
ab(i) ¢ V if and only if ab(?) & ¢(Vo) (153)

By construction of ¢,

ab(i) € ¢p(Vo) iff r; is not satisfied by Vo (154)
From (154) we have:
ab(i) & (Vo) iff r; is satisfied by Vo (155)

Therefore, based on (155), to show (153) (and, therefore, (152)), it is
sufficient to show:

r; is satisfied by Vo iff ab(i) € V (156)
Suppose ab(i) ¢ V. By construction of 7*, the rule
head < body, not ab(i)

belongs to 7*(M). Since, by definition, V satisfies 7% (M), V satisfies 7*.
Therefore, since ab(i) ¢ V,

V satisfies head < body (157)

Since r; is of the form « : head < body, where head and body are
constructed from atoms in O, from (157) we have

Vo satisfies r; (158)

Now suppose 7; is satisfied by V. For the sake of contradiction, suppose

ab(i) €V (159)

By construction, the only rule of 7*(M) with ab(i) in the head is the

consistency restoring rule ab(i) & Therefore, there exists an abductive
support ¢ of 7*(M) such that

ab(i) & €0 (160)
and
V is an answer set of R U a(0) (161)
Let us consider the set
V' =V \ {ab(i)} (162)

Let o’ be the set of consistency restoring rules of 7* (M) obtained from V'
by converting every atom of the form ab(j) in V' into consistency restoring

rule ab(j) & From (159), (161) and (162) we have

o Co (163)
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We will show ¢’ is an abductive support of 7*(M), which together with
(163) gives a contradiction to the fact that o is an abductive support of
7*(M). To show ¢’ is an abductive support of 7*(M), it is sufficient to
show
V' is an answer set of RU a(o”) (164)
We denote R U a(0”) by IT;. Let P = II; \ {r*}. Then we have
11V ={head + body}""
upY (165)

Since ab(i) does not occur in P, by 162 we have:
PV = pV (166)

From (163) and (161) and (166) we have that V' satisfies the rules of PV’
Since those rules do not contain an occurrence of ab(%), by construction of
V'’ we have

V' satisfies the rules of PV, (167)

By (158), Vp satisfies
head < body

Therefore, from (162) and the fact that body and head are constructed from
atoms of O, we have

V' satisfies head < body (168)
From (165), (167) and (168) it follows that

V' satisfies all the rules of 17} (169)

We now show V’ is minimal. Suppose there exists V' such that

V' C V! (170)

and
V" satisfies the rules of 1T (171)

Let
V" =V U {ab(i)} (172)

By (162) and (159) and the fact that V" C V' we have

V" Ccv (173)
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Let us now show that V'’ is a proper subset of V. Since V" C V' and V'
does not contain ab(i) by construction, we have

there exists an atom [ different from ab(7)
st.le{V'\V"} (174)

By construction of V', | € V. Therefore, by (172) and (174),1 ¢ V', and

V" CV (175)

We will next show that
V" satisfies (R U a(o))Y (176)

We notice
(RUa(0))Y =11} U {ab(i)}

In 3.2.1.1 we will prove

V" satisfies IT, (177)
and in 3.2.1.2 we will prove

V""" satisfies ab(7) (178)

From (177) and (178) we will have (176).
3.2.1.1 We prove I1} is satisfied by V" By definition of reduct, since V' =
V A\ {ab(i)} € V, we have

oy cm) (179)

By (171),
V" satisfies the rules of IT} (180)

Since 1} does not contain an occurrence of ab(i), from (172) and
(180) we have
V" satisfies the rules of IT} (181)

3.2.1.2 By (172), V" satisfies ab(i).

Therefore, V" C V satisfies all the rules of (R U a(c))Y which is a
contradiction to the fact that V' is an answer set of (R U a(0))V.
Therefore, V"' satisfying conditions (171) and (170) cannot exist and V" is
an answer set of II; = RU«(o”), and ¢ is an abductive support of 7% (M),
which, by (163) is a contradiction to the fact that ¢ is an abductive support
of 7*(M). Therefore, (159) does not hold, ab(i) € V and (156) holds.

3.2.2 Suppose I = h(i), where r; is of the form w : head < body. The only
rules of 7% (M) with h(4) in the head are

{h(i) «+ U'll' € head}
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Therefore,

h(i) belongs to V iff 3" € head s.t.l' € V (182)
By construction of ¢(Vy) and definition of Vo,
3" € head s.t. 1" € Viff A’ € head s.tl' € p(Vo) (183)

By construction of ¢,

JI" € head s.t. I € ¢p(Vo) iff h(i) belongs to ¢(Vo) (184)
From (182) - (184) we have

h(%) belongs to V iff h(i) belongs to ¢(Vp) (185)

Suppose [ is of the form b(%), where
r; be of the form w : head < body. The only rule of 7*(M) defining b(%)
is

b(i) + B

where B is a set of literals formed by atoms in O. Therefore,

b(i) belongs to V' iff B is satisfied by V' (186)
By construction of ¢(Vp) and definition of Vo,
B is satisfied by V' iff B is satisfied by ¢(Vp) (187)

By construction of ¢,

B is satisfied by ¢(Vp) iff b(4) belongs to ¢(Vo) (188)
From (186) - (188) we have

b(i) belongs to V' iff b(i) belongs to ¢(Vp) (189)

Suppose [ = sat(7).
By applying the reasoning identical to the one in 2.2-2.3, from (141) we
have

»(Vo) is an answer set of R U (o) (190)
for some subset o1 of consistency restoring rules of 7*(M).
The only rules of 7*(M) and R U «(o7) with sat(i) in the head are :
sat(i) < b(i), h(7)
and
sat(i) < not b()

By 3.2.2 and 3.2.3, each of the atoms b(7) and h(¢) belongs to V' if and
only if it belongs to ¢(Vo), Therefore, from (190) and the fact that V' is
an answer set of 7*(M) by minimality of answer sets we have that sat(7)
belongs to V' if and only if sat () belongs to ¢(Vp).
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3.2.5 Suppose | = selected(i)
We first prove the following:

selected(i) € ¢(Vo) iff sat(i) € ¢(Vo) (191)

Indeed, by construction of ¢(Vp), selected(i) € ¢(Vo) iff r; is satisfied
by Vo iff sat(i) € (Vo).
We next prove the following:

selected(i) € V iff sat(i) € V (192)

First of all, since V' is an answer set of 7*(M),
either —selected(i) or selected(i) belongs to V (193)
Suppose sat(i) € V. In this case —selected(i) ¢ V (or else, the constraint
« —selected(t), sat(i)

is violated). Therefore, selected(i) € V.
Suppose now selected(i) € V. For the sake of contradiction assume
sat(i) ¢V (194)

Let r; be of the form w : head < body. By construction of 7* (M), sat(i)
is defined by the rules
sat(i) < not b(i)

sat(i) < b(i), h(i)
where the only rules of 7* (M) defining h(¢) and b() are

{h(7) < 1|l € head}

and
b(i) « body

Since V is an answer set of 7% (M), sat(i) € V iff head < body is satisfied
by V. Therefore, by (194), we have head < body is not satisfied by V.
But then the rule

head + body, selected(7)
of 7*(M) is not satisfied by V/, which is a contradiction.
Therefore, (194) does not hold and we have
sat(i) e V (195)

Therefore, (192) holds.
By (192), (191) and 3.2.4 we have selected(i) € V iff selected(i) €

»(Vo)
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3.2.6 Suppose | = —selected().
Since the rule
selected(i) | mselected(i) (196)

belongs to 7*(M), the disjunction selected(i) | —selected(i) has to be
satisfied by both V' (since it’s an answer set of program containing (196))
and ¢(Vo) (by construction of ¢)).
3.2.6.1 Suppose —selected(i) € V. Since V satisfies the rules of 7* (M),
including the constraint:

<« —selected(i), sat(i) (197)
we have
sat(i) €V (198)
By 3.2.4 we have
sat(i) & p(Vo) (199)
By construction of ¢ we have
selected(i) & ¢(Vo) (200)
and
—selected(i) € ¢(Vo) (201)

3.2.6.2 Suppose —selected(i) € ¢(Vp). By construction of ¢, selected(i) ¢
?(Vo). By 3.2.3, selected(i) ¢ V. Since V satisfies the rule

selected(i)|—selected(i)

—selected(i) € V.

4. We show ¢ is injective. That is, for every two distinct probabilistic stable models

W1 and W5 of M, we will show

d(W1) # ¢(Wa) (202)

By definition of ¢, for every possible world U of M, ¢(U)o = U. Therefore,

dp(Wi)o = Wy (203)
and
o(Wa)o = Wh (204)
From (203) and (204) and the fact that /7 and W5 are distinct we have
d(Wi)o # #(W1)o (205)

From (205) we immediately have (202).
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5. We show
Py (W) = Py (¢(W)) (206)

Let F¥r (Fysar) be the set of soft rules of M satisfied (unsatisfied) by W.
Similarly, let HYy 7 (HYysa7) be the set of hard rules of M satisfied (unsatisfied)
by W. We first prove the following:

All possible worlds of M satisfy at most |H Y, ;| hard rules of M (207)

Suppose there exists a possible world W’ of M such that it satisfies ¢ > |H Y, 7|
hard rules of M. We will denote |HY, 7| 7 = |[HY,+|). Note that ¢ > . Then by
Proposition 1 we have Prj; (W) = 0 which is a contradiction to the fact that W is
a probabilistic stable model of M.
We then perform a computation similar to the one we did in in the proof of Propo-
sition 3. Let 2y = {Wy,..., W, }. Without loss of generality we can assume
W = Wj. Let I be the largest subset of {1,...,n} such that for every i € I, W;
satisfies exactly | HY, 1| hard rules of M, let h; be the number of hard rules satisfied
by W; and let y; denote exp(}_, o pwi w)

SAT
Similarly to (43) we have

Py (W) = ZZI m

_ eIP(Zw:REFSM;T U)) (208)
ZiGI ewp(Zw:RGF:XT w)

We next compute Pr(ap) (¢(W)).
In what follows we will sometimes use the shorthand sel for selected. By P(sel(j))
and P(—sel(j)) we denote the probabilities of sel(j) and —sel(;) respectively defined by

pr-atoms of 7(M) (the probabilities are P(sel(j)) = li:;] and P(—sel(j)) = Hiwj
respectively). We also denote the set of all probabilistic stable models of M by £2;,. We

then have

B wy (3 (B(V))
Pran@W)) = 5 o (G077

_ [sciyepow) PselG)) Tl seiyeaowy P(osel(5))
Yw,eat, (Tsageoovn Psel(5)) - Toseriesws) P(osel(d))
(209)

We note that for a probabilistic stable model W of M, selected(j) belongs to ¢p(W)
if and only if r; is a soft rule of M satisfied by W if and only if sat(j) belongs to ¢().
Therefore,

H P(selected(j)) = H p(J) (210)
selected(j)Ep(W) Tjerw;xT

where p(j) denotes m
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Similarly, for a probabilistic stable model W of M, —selected(;) belongs to ¢p(W)
if and only if r; is a soft rule of M not satisfied by W if and only if —sat(j) belongs to
¢(W). Therefore,

11 P(-selected(j)) =[]  (1-p() 211

—selected(§)EP(W) r;€FM v sar

By U we will denote the product [],,. pc (1 + €*). From (209) - (211) we have:

I, crw P, o (1=p(3))
PTM(¢(W)): iSTSAT T UNSAT .
o Swyeay (L, ey 2(0) 11, vy~ (1=0(0))
Murery,, € /0+e) Ty perw, - 1/(0Fe")

ZWJGQ]‘& (H“):RGF;VXT e”/(1+ev)- HT‘EF[‘;‘%SAT 1/(1+ ew))
— (Hw:REF&T ew)/U
ZWJ'E.Q]T/I (H’UJ:RGF;VXT ew)/U
(HUJ:REFS‘,"QT ew)/U
(ijen}& (Hw:REF;/V/{T ew))/U
Hw:RGFg‘gT e’

( ZVV7 GQJJCI Hw:REF;VAjT e“’)

emP(Zw:REF&{;T w)

ZWJ'GQJTI el.p(Zw:REF:;jT 6)

212)
Let W; = {W;|i € I} We next show

Wr =02, (213)
Let O be a member of QJJ\}, that is, O is a probabilistic stable model of M. Let r
denote |Hg‘f4T|. Suppose O satisfies 71 < r hard rules of M. By Proposition 1 we have
Py (O) = 0, which is a contradiction. Suppose now O satisfies o >  hard rules of M.
In this case, again, by Proposition 1 we have Py, (W) = 0, which contradicts the fact
that TV is a probabilistic stable model of M.
Therefore, O satisfies exactly r hard rules of M and

QF Wy (214)

Let now H be a member of W7y, that is, H is a possible world of M which satisfies
exactly 7 hard rules of M. Clearly, there does not exist a possible world H; of M
satisfying more than r hard rules of M (since in this case Py; (W) = 0 by Proposition
1). In other words, every stable model of M satisfies at most r hard rules of M. Then H
is a probabilistic stable model of M by Proposition 3 and we have

Wi C Q;\F/[ (215)
From (214) and (215) we have (213). From (213), (212) and (208) we have (206). [



