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Abstract. In this paper, we investigate the Probabilistic Satisfiability
Problem, and its relation with the classical Satisfiability Problem, look-
ing for a possible polynomial-time reduction. For this, we present an
Atomic Normal Form to the probabilistic satisfiability problem and then
we define a Probabilistic Entailment relation, showing its inherent prop-
erties. At the end, we enunciate and refute a conjecture that could lead
to the desired polynomial-time reduction.
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1 Introduction

The study of reasoning under uncertainty is a subject from many fields, and,
in computer science, it has been useful on distributed system analysis and pro-
gram analysis under probabilistic assumptions. In the XIX century, Boole [1]
has already studied the probability assignment to logical sentences, and we see
his influence on de Finetti’s theory of subject probability [3]. In 1965, Hailperin
[5] revisited the problem, giving it a linear programming form. In 1986, Nilsson
[8] formalized the probabilistic satisfiability problem as we know it today: given
logical sentences, and a probability assignment to them, we want to know if this
assignment is consistent. The main analytical and numerical solutions to this
problem, as well its detailed history, can be seen in [6].

The probabilistic satisfiability problem (PSAT) is NP-complete. Thus the
Cook-Levin Theorem [2] tells us that there is a polynomial reduction from PSAT
to classical satisfiability (SAT). Such reduction might be interesting to exploit
the efficiency of SAT solvers. Another reason to study reduction from PSAT to
SAT is the seek for a better understanding on the relation between logic and
probability. The objective of this work is to investigate the relation between
PSAT and SAT, looking for paths that enable the desired reduction.

In Section 2 we formally present the PSAT problem, in Nilsson’s linear pro-
gramming formulation [8]. In Section 3 we introduce the Atomic Normal Form
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for PSAT and in Section 4 a probabilistic entailment relation is suggested. Then
in Section 5 we present a conjecture, under the concepts developed in the pre-
vious sections, on a possible reduction from PSAT to SAT. Such conjecture is
exhaustively refuted by a counterexample.

2 The Problem

The probabilistic satisfiability (PSAT) is a decision problem, where we explore
the consistency of a probability assignment over logical formulas.

Formally, let S = {s1,...,sx} be a set with k logical sentences, defined on
a set of n Boolean variables, X = {x1,...,2,}, with the usual operators from
the classical propositional logic. A truth assignment (or valuation) v is initially
defined as a function that associates truth values to Boolean variables, formally
v: X — {0,1}. Then we can extend its domain to the set of formulas S, as usual
in classical logic !, v: S — {0,1}.

Let V' = {vy1,...,van} be the set of possible truth assignments over X. A
probability distribution over propositional valuations 7 : V' — [0,1] is a func-
tion that maps every valuation to a value in the real interval [0,1] such that
212;1 m(v;) = 1. The probability of a formula s according to 7 is giving by
Pa(s) = Yo{m(v))]vy(s) = 1.

Let P = {p;|0 < p; < 1,1 < i < k} be a set of probabilities. We say
that the probability assignment p(s;) = p; is consistent if, and only if, there
is a distribution 7 over V' that makes p.(s;) = p;,1 < i < k. Finally a PSAT
instance, defined by the set S and by p(s;) = p;, with 1 <4 < k, is satisfiable iff
this probability assignment is consistent.

Now PSAT can be expressed as a linear programming problem, as introduced
in [8]. Let A be the PSAT instance made by assigning the probabilities in P to the
k formulasin S, A = {p(s;) = p;|1 <14 < k}. We define the matrix Agxon = [a;4],
such that a;; = v;(s;), and the matrix pgx1 = [p;]. So A is satisfiable iff there is
a vector 7 that hold the restrictions:

Ar=p ; (1)
>0 ; (2)

Yor=1. (3)

If there is a feasible solution 7, then we say that 7 satisfies A, else we say
that A is unsatisfiable. The restrictions (2) and (3) force 7 to be a probability
distribution. The restriction (3) can be omitted if we add an entire row of 1’s to
the matrix A, agy1; = 1,1 < 7 < 27, and if we add an element pr117 = 1 to
the vector p, what will be done from here until the end of this paper.
According to Carathéodory’s Lemma [9], if the linear programming problem
(1-3) has feasible solution, then there is a solution with only k 4 1 elements of

! Let @ and 8 be formulas from classical propositional logic, we have: v(a A §) = 1 iff
v(a) =1land v(B) = L;v(aVpE) =1iff v(a) =1 or v(B) = 1; v(—a) = 1iff v(a) = 0;
vl — B) =11iff v(a) =0 or v(B) = 1; and v(a < B) = 1 iff v(a) = v(B).
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7 different from zero. As pointed in [4], this result places PSAT in NP, because
we can take a matrix Ay4q k41 and a vector w111 as NP-certificate. Besides
that, any instance from classical satisfiability (SAT), made from a set S with &
sentences, can be reduced to a PSAT instance, in polynomial time, by making
p(s;) =p; =1,1 <i < k. It follows that PSAT is NP-hard, hence NP-complete.

3 The Atomic Normal Form

Let S = {s1,..., sk} be a set of sentences from classical propositional logic, over
the set X = {x1,...,z,} of Boolean variables. We say that a PSAT instance,
A={p(s;) = pi|l <i<Ek},0<p; <1,isin the Atomic Normal Form if it
can be partitioned in two sets, (I, ¥), where I' = {p(s;) = 1|1 < i < m} and
U = {p(y;) = pi|ly; is an atom and 1 < ¢ <[}, with 0 < p; < 1, where k =m +1.
The partition I" is the SAT part of the atomic normal form, usually represented
as a set of formulas, and the partition ¥ is the atomic probability assignment
part. The following Theorem shows how any PSAT instance can be brought to
the atomic normal form, by adding a linear number of new variables.

Theorem 1 (Atomic Normal Form). Let A = {p(s;) = p;|]1 <i <k} be a
PSAT instance. Then a PSAT instance (I, W) in the atomic normal form can be
built, in polynomial time on k, such that A is satisfiable iff (I, W) is satisfiable.

Proof. To build a PSAT instance (I',¥) in the atomic normal form, from the
instance A = {p(s;) = p;, 1 < i < k}, we first add k new variables, yi, ..., yk.
Then we make I' = {p(y; < s;) = 1|1 <i <k} and ¥ = {p(y;) = pi|1 <1i < k}.
Clearly, this can be done in polynomial time on k.

Suppose there is a probability distribution 7 over the truth assignments
vi{zy, .., 2t U{yr, ..., uxt — {0,1} that satisfies (I, ¥). Because 7 satisfies
(I,¥), we have p,(y;) = pi, 1 < i < k. By the construction of I" and the laws
of probability, pr(y;) = pr(si), thus p:(s;) = p;, 1 < i < k. Over the truth

assignments v’ : {x1,...,2,} — {0,1}, we define a probability distribution 7’
(V') = Z{W(Uﬂv(mi) =v'(x;),1<i<n} .
Hence 7’ is a probability distribution over {x1, ..., z,} that satisfies p,/ (s;) = ps,

1 <4 < k, and consequently 7’ satisfies A.

Now suppose there is a probability distribution 7’ over the truth assignments
v {xy, ..., z,} — {0,1} that satisfies A. Because 7’ satisfies A, p./(s;) = ps,
1 < i < k. We define a probability distribution 7 over the truth assignments
vi{xy,.. oz U{yr, .0kt — {0,1}:

(v) = ' (V') , if v(z;) = ' (x;) and v(y;) = v(s;), 1 <i<nand 1 <j<k
)= 0, other cases

Clearly, we have pr(s;) = pr(s;) and pr(y;) = pr(si), 1 <i < k. It follows that
pr(yi) = pr(s;) = pi, 1 < i <k, and then 7 satisfies ¥. For all v, such that
m(v) # 0, we have v(y;) = v(s;), 1 <@ <k, thus pr(y; < s;) = 1,1 <i <k, and
7 satisfies I'. Finally, 7 satisfies (I, ¥). O
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The atomic normal form allows us to see a PSAT instance (I, ¥) as an inter-
action between a probability assignment (¥) and a SAT instance (I"). Solutions
to (I',¥) can be seen as solutions to ¥ constrained by the SAT instance I'.

4 A Probabilistic Entailment Relation

Let ¥ be an atomic probability assignment and let a be a formula. We say that
¥ probabilistically entails «, denoted by ¥ ks «, iff the PSAT instance in the
atomic normal form ({—a}, ¥) is (probabilistically) unsatisfiable. In other words,
if ({—a},¥) is unsatisfiable, then p(—a) = 1 and p(a) = 0 are not consistent
with ¥; and because the probabilities are non-negative, ¥ k o implies p(«) > 0,
for any probability distribution that satisfies ¥.

We denote by ¥" the set of all formulas o such that ¥ k2 . The following
Theorem shows, by this set, the role probabilistic entailment plays in PSAT
study.

Theorem 2. Let ¥ = (IW) be a PSAT instance in the atomic normal form.
X is satisfiable iff for each a € u'/ﬁ, I'u{a} is classically satisfiable.

Proof. Suppose there is an « € lI/k, but I'U{a} is classically unsatisfiable, then
I'E-a.Froma € Wh, we obtain that ({—a}, ¥) is probabilistically unsatisfiable,
and thus (I',¥) is also probabilistically unsatisfiable.

Conversely, suppose (I, ¥) is probabilistically unsatisfiable. Let  be the con-
junction of all formulas in I'. Obviously ({7}, ¥) is also unsatisfiable. It follows
that -y € o~ and, clearly, I' U {—~} is classically unsatisfiable. O

This motivates the study of the probabilistic entailment properties.

4.1 Probabilistic Entailment Properties
We first note an initial relation between R and F:
Lemma 1. If Uk a and o F (3, then ¥ 3.

Proof. From ¥ ke «r, we know that p(a) > 0, and « F (3 yields p(a) < p(8). So
p(B) > 0, and therefore ¥ k= 3. O

However we note that ¥ ra and ¥k don’t imply ¥ Ra A 8. As coun-
terexample, we take p(a) = p(f) = 0.4 and p(a V §) = 0.8, from where we
obtain p(a A 8) = 0 and thus ¥ Ea A 8. In this counterexample, we made
p(aV B) = p(a) + p(B), but it’s only possible when p(a) + p() < 1. This leads
us to the next Lemma.

Because in the atomic normal form the probabilities are assigned to atoms,
and consequently to their negations, it’s useful to define literal, so we can talk
about probabilities overs literals. A literal x is an atom or its negation, and &
denotes the negation of .
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Lemma 2. Let ¥ be an atomic probability assignment such that, for literals y
and z, p(y) + p(z) > 1. Then Wy A z.

Proof. As direct consequence of Kolmogorov’s probability axioms, we know that

p(y) +p(z) =plyVz)+plyAz) .

As p(y) + p(z) > 1, and always p(y V z) < 1, we obtain that p(y A z) > 0, and
thus ¥ Ry A 2. O

However, as p(y1) + ...+ p(yx) > 1 doesn’t imply ¥ R y; A ... A yg, we look
for a suitable generalization for the Lemma 2.
Let w1, ..., yx be literals and let j be an integer, with 1 < j < k. We define:

For example, C1(y, z,w) = yVzVw, C%(y,z,w) = (yAz)V(yAw)V (2 Vw)
and C3(y,z,w) = y A z Aw. It is useful to define C°(y1,...,yx) = 1, as the
conjunction neutral element. We call formulas in the format (4) a C-formula.

From the commutativity of the logical operators A and V, we obtain that
the literals order in (4) is irrelevant. Besides that, let’s look at the following
C-formulas properties, related to the entailment:

Lemma 3. Let y1,...,yx be literals and let j,5', k and k' be non-negative inte-
gers:

(a) if 0 < j" < j then C’j(yh...,yk)FCj/(yl,...,yk) ;
(b) if k' >k then CI(y1,...,yx) EC? (Y1, ..., yr) -

Proof.

(a) Let Y = {y1,...,yr} be a set of literals. Note that the truth assignment
v satisfies C7(yy, ..., yx) iff there is a set Y’ C Y such that |Y'| = j and
v(y) = 1, for all y € Y. Obviously, if v satisfies C?(y1, . .., yx), then, for each
1<j" <j,thereisaset Y” CY’' CY such that |Y”| = ;' and v(y) =1 for
all y € Y. So such truth assignment v must also satisfy C7' (1, ..., yx).
(b) When &k’ > k, C?(y1, ...,y ) can be written in the format aVC(y1, ..., yk)-
So each truth assignment that satisfies C7(yy, . . ., yx) also satisfies C7 (y1, ..., yx’).
O

Let Y = {y1,...,yx} be aset of literals. Another important C-formulas property,
to be used in section 5, is related to adding opposite literals, z,z ¢ Y, in C7(Y),
where C7(Y') denotes C?(y1, ..., yx):

Lemma 4. Let Y be a set of literals, and let z be a literal, such that z,Z ¢ Y.
Then CI(Y) = CIT1(Y U {2, 2}).

Proof. Expanding the formula C7+1(Y U{z, z}) and ruling out the conjunctions
that imply z A Z, we have 2 kinds of conjunctions: the ones where j literals are
in Y and the remaining literal is in {z,Z}, and those with all literals in Y. Or:
CIHY Y U{z,z}) = 2ACH(Y)VEZACI(Y)VCITHY) = CI(Y), by Lemma 3a. O



6 A Refuted Conjecture on Probabilistic Satisfiability

~ Before we enunciate the next Theorem, we need the following Lemma, where
CY denotes C7(y1, ..., yx):
Lemma 5. Let ¢ and k be integers, with 0 < i < k. Then
p(Ye+1 A CL) JFP(C;H) = P(Cllcfl) +p(Yrg1 A C;i“) .
Proof. Directly from Kolmogorov’s axioms, we have:
Py A CL) +p(C) = plyest A CLV G +p(ye ACLA G
From Lemma 3, we know that CZH F Ci. Then:
P(Yr+1 A CL NG = plyka A O

From the C-formulas definition, we note that:

Yk+1 A C,iC Y, C,i“ = C;ill .
Finally, we obtain:

P(ye+1 ACL) + p(CHY) = p(CiY) + Py ACLTY)

Theorem 3. Let {y1,...,yx} be a set of literals. Then:

Y1) + o+ p(yr) = p(C Y1y y)) + o D(CF (Y, yk))

Proof. The proof proceeds by induction in k, with C’,z denoting C7(y1, ..., yr):
Induction basis: k = 1, p(y;) = C(y1) trivially. A
Induction hypothesis: k = j > 1, p(y1) + ... + p(y;) = p(C}) + ... + p(CY).
Induction step: k = j+1; starting from the induction hypothesis, we sum p(y;+1)
to both sides of equality:

P + -+ p(y5) + 1) = p(CH) + ...+ p(C)) + p(yj41) -
As y;41 is equivalent to y; 41 A C;J, we apply Lemma 5:
p(C}) + p(yj+1) = p(Cja) +p(yj41 A Cj)
So we obtain:

1) + -+ pyir1) = p(Ci1) + p(yj41 ACH) +p(CF) + ...+ p(CY) .

In an analogous way, we apply Lemma 5 j — 1 times, obtaining:
p1) + -+ p(yie1) = p(Cly) + ...+ p(Clyy) + plyjs1 ACY)
Noting that yj41 A C’j = C]]-ii we finally have:

p(y1) + oo+ pWis1) = p(C (w1, yjs1)) + oo+ p(CTT Y1y yi11))

as desired. O
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Having presented the C-formulas, and with Theorem 3 in hand, we can enun-
ciate the Theorem that finally generalizes the Lemma 2:

Theorem 4. Let {y1,...,yr} be a set of literals, and let ¥ be a probability
assignment to these literals. If Zle p(y:) >j—1, then C7(y1,...,y1) € 7"

Proof. In one hand, from Theorem 3, we have:

k k

> o) = p(Ciyr, ) > i1 .

i=1 i=1
As p(a) < 1 for all formula «, Zf;ll p(Ci(yy,...,yr)) < j—1, for any j <k, it
follows that Zf:j p(CH(y1,...,yk)) > 0.

In other hand, from Lemma 3, it follows that C*(y1,...,yx) F ... E C¥(y1,...,yx),
because j < k, and hence:

(k=7 +Dp(Co(y1, .- ) > Zf:jp(ci(y1,~-~,yk)) >0 ;
p(CJ(ylvvyk)) >0 .

We conclude that ¥ k CY(y1, ..., yx), and therefore CY(yy,...,yx) € v O

5 A Conjecture and its Refutation

Let (I,%) be a PSAT instance. In one hand, from Theorem 2, if {a} U I is
classically unsatisfiable, for a C-formula o € LT/F:, then (I',¥) is probabilistically
unsatisfiable. In other hand, if each formula o € 7" were implied by a formula
CI(y1,...,yx), such that Zle p(y;) > j — 1, the probabilistic unsatisfiability of
(I',¥) would yield the classical unsatisfiability of {C7(y1,...,yx)} U T, for one
C-formula in that condition. Having this in mind, we conjecture the following;:

Conjecture 1 If (I,¥) is an unsatisfiable PSAT instance, then there is a C-
formula C7 (y1, ..., yx), with Zle p(y;) > j — 1, such that {CI(y1,...,yx)}UT
18 classically unsatisfiable.

Refutation. Our refutation will be built by presenting a counterexample PSAT
instance. Let’s consider the PSAT instance A = (I,¥), where I is a set with 1
formula, from classical propositional logic, over 4 boolean variables x1, ..., x4.
To simplify the writing, if o and § are formulas, then a3 denotes a A 3, and &
denotes —a:

I'= {$1$2$3$4 V Z1Z2X3%4 V T1X2T3T4 V T1Tox3%4 V x1i2x3x4} .
And V is the following probability assignment to the boolean variables:

U ={p(x1) =047, p(x2) =0.40, p(x3) =046 and p(z4)=0.05} .
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It follows that, from Kolmogorov’s axioms:
p(Z1) =0.53, p(Z2) =0.60, p(T3)=0.54 and p(Z4)=0.95 .

Let v : {z1,...,24} — {0,1}, 1 < k < 5, be the only truth assignments
to satisfy I', such that v, satisfies x1xox3xy, vo satisfies x1T2T3T4, v3 satisfies
f1I2f3f4, V4 satisfies j1f2$3i’4, and Vs satisfies 1‘1.’521‘31‘4.

To note the unsatisfiability of A = (I',¥), we will show a formula « € LT/R,
such that {«} U I is unsatisfiable. As p(x1) + p(x2) + p(z3) = 1.33, by Theorem
3 we have p(C1(x1, 2, 23)) + p(C?(x1, T2, 23)) + p(C3(x1, 72, x3)) = 1.33. With
p(Cl(gjlax271’3)) < 1 and? by Lemma 3&, p(C2(IE1,IL‘2,{E3)) > p(CS(I'thaxB’))a
it follows p(C?(x1,2,73)) > 0.165. Thus p(Z4) + p(C?(z1,22,73)) > 1 and
p(Z4ANC?(21,79,73)) > 0. Let a be 4 AC? (1, 2, 23). We note that o € " and
{a}UTI is unsatisfiable. Then, by Theorem 2, A is probabilistically unsatisfiable.

Now we have to exhaustively show that, for each formula C7(yy, ..., yx) with
S o) > 5 —1, {Ci(y1,...,yx)} UT is satisfiable. Remembering Lemma
3a, being Y a set of literals, if 0 < j' < j, then C9(Y) £ C7'(Y). For each
set of literals Y = {y1,...,yx}, we define jq0.(Y) = [Zle p(y;)] and denote
CImaz(Y)(Y) by CImas (V). So if 0 < j < jmaz(Y), then CImas (V) E CI(Y), and
if jmaz(Y) < j, then Zle p(yi) < j — 1. Thus for each set of literals Y, it’s
enough to verify the satisfiability of {CJma=(Y)} U I

With 4 variables, we have 8 different literals, that yield 28 = 256 possi-
ble sets of literals to be checked. We easily note that the empty set doesn’t
need to be verified, because Y7, 4 p(y) = 0 = jmaz (D), and C°(Y) = TRUE
is satisfied by any truth assignment. Considering now sets with one literal,
whose jmaer = 1, note that each of the 8 literals is true either in vz, or in
vs, 80 we don’t need to check theses sets also. Furthermore, if 2,z ¢ Y, then
Jmaz(Y U{z,2}) = [p(2) + P(2) + 2o ey P(Y)] = Jmaz(Y) + 1. So, by Lemma 4,
Cimaz (Y U{z, z}) = CIma= (Y), thus we don’t need to check sets with 2 opposite
literals. The 3 tables below show the 72 remaining possible sets of literals over
{x1,..., 24}, organized by the set length. Each row presents a set Y of literals,
the sum of these literals probabilities, Zyeyp(y), the Jmaz defined by this set
and the truth assignment that satisfies {CVme=(Y)} U I'. Each truth assignment
is represented by the conjunction it is the only one to satisfy.

And so we finish the refutation, with an unsatisfiable PSAT instance, (I, ¥),
where for each formula C7(Y), such that 3° _y p(y) > j — 1, we have shown a
truth assignment that satisfies {C7(Y)} U I O

Note that Theorems 3 and 4 also hold for formulas, not only for atoms. The
formula « presented as ”witness” for the unsatisfiability of PSAT instance (I, ¥),
from Conjecture 1 refutation, could be written as a C-formula of formulas: @ =
—xg NC? (21,22, 23) = C*(~wa, C* (21,22, 73)). As p(—xa) +(C? (21, 2, 23)) > 1,
by Theorem 4, ¥ e C?(—xy, C? (21,72, 23)), but this C-formula is inconsistent
with I', as we have shown.
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Table 1. Sets with 4 literals
set of literals Y|} , p(y)|jmaa v; set of literals Y |>° _y p(y)|jmas v;
{f17f2753,54} 2.62 3 |T1T2T3T4 {i’1,§32,5¢3,£4} 1.72 2 |x1X2T3T4
{il,i‘%l‘g,iq} 2.54 3 |Z1Tox3%4 {i‘h T2, 1'3,I4} 1.64 2 |T1XT2x3T4
{fl,wz,fg,‘@;} 2.42 3 |T122X3%4 {i‘l, x2, i‘g,(L‘4} 1.52 2 |T1x2T3T4
{il,xg,xg,;i4} 2.34 3 |Ziz2T374 {i’1,1’2,$3,$4} 1.44 2 |rix203714
{I175E27.i‘3,i‘4} 2.56 3 |x1ZT2T3%4 {m17 T2, 3_3'3,I4} 1.66 2 |x1x2T3T4
{ml,iz,x;;,a’u} 2.48 3 |x1T2X3%4 {:Cl, T2, $3,m4} 1.58 2 |r1x2T3T4
{.Z‘l,xz,fg,iz;} 2.36 3 |X1T2T3T4 {Z’1,$2,f3,$4} 1.46 2 |x1x2T3T4
{I17CC271'3,.T4} 2.28 3 X1X2X3T4 {$'17 T2, 1‘3,I4} 1.38 2 L1X2X3T4
Table 2. Sets with 3 literals
set of literals Y|3° y p(y)|jmaz v; set of literals Y |>° _y p(y)|jmaz v;
{Z1, T2, T3} 1.67 2 |T1T2T3T4 {Z1, T2, 3} 1.59 2 |T1T2x3T4
{i‘hmg,.fg} 1.47 2 |T1x2T3T4 {fl, 332,333} 1.39 2 |T1x2T3T4
{x17i‘27i‘3} 1.61 2 |x1X2T3%4 {23'1, 3_3'2,I3} 1.53 2 |x1T2x3T4
{:E1,:E2,.f3} 1.41 2 |T1X2T3T4 {1131, 1'2,.%'3} 1.33 2 |x1x2T3T4
{i‘1,.f2,.f4} 2.08 3 |Z1T223%4 {fl, f2,$4} 1.18 2 |T1T2x3T4
{51756275?4} 1.88 2 |T1x2T3%4 {2_31, IQ,I4} 0.98 1 |z1x27374
{1‘1,:f2,£f4} 2.02 3 |x1Z2T3%4 {:171, f2,$4} 1.12 2 |x1x2T3T4
{z1,22,T4} 1.82 2 |x1x2T3T4 {z1, 2,24} 0.92 1 |z17273T4
{5175337.7?4} 2.02 3 |T1x2X3T4 {El, {f3,$4} 1.12 2 |T122T3T4
{i‘1,$3,f4} 1.94 2 |T1X2x3T4 {571, $3,m4} 1.04 2 |x1x2T3T4
{l‘1,[f3,i’4} 1.96 2 |T1X2X3T4 {1’1, f3,$4} 1.06 2 |r1x20374
{x17:c37:?4} 1.88 2 X1X2X3T4 {131, $3,$4} 0.98 1 1234
{i‘g,i‘g,fﬁ;} 2.09 3 |x1Z2T3%4 {572, f3,$4} 1.19 2 |x1X2T3T4
{52,1‘3,‘%4} 201 3 i1i2x3f4 {fz, 1}3,1}4} 1.11 2 T1X2T3T4
{$2,537i4} 1.89 2 |T1X2T3Ta {122, f3,$4} 0.99 1 |x1x273%4
{x2,1'3,ff4} 1.81 2 L1234 {xg, x3,m4} 0.91 1 X1T2X3T4
Table 3. Sets with 2 literals
set of literals Y Zyey P(Y)|Imaz V4 set of literals Y Zyey P(Y)|Jmax V4
{i‘1,fz} 1.13 2 |T1X2x3T4 {Cfl, 132} 0.93 1 |z1222374
{thz} 1.07 2 |T1X2T3Ta {xl,xg} 0.87 1 |x1ix207374
{i‘hi‘;g} 1.07 2 |T1x2X3T4 {571,$3} 0.99 1 |x1222374
{Il,i’g} 101 2 l’lii’zi’gf4 {.’1317 CE3} 093 1 1234
{f1,if4} 1.48 2 |T1x2T3Ta {1_21,.%4} 0.58 1 |x1x2073%4
{1‘17i'4} 1.42 2 |x1X2X3T4 {x1,$4} 0.52 1 |x1220374
{52,1‘4} 1.55 2 l’lii’2:f'3f4 {.’fz, CE4} 0.65 1 122374
{$2,54} 1.35 2 |T1X2T3T4 {122,1‘4} 0.45 1 |x1ix207374
{:f'27i‘3} 1.14 2 |T1X2X3T4 {3_32,$3} 1.06 2 |X1X2x3T4
{z2, T3} 0.94 1 |z1227374 {z2, 23} 0.86 1 |z12207374
{53754} 1.49 2 |T1X2T3Ta {523,.%‘4} 0.59 1 |x1ix207374
{1‘37.7?‘4} 1.41 2 |T1X2x3T4 {x3,$4} 0.51 1 |z1x207374
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6 Conclusion

In this paper, we investigated the relation between probabilistic satisfiability
and classical satisfiability. For this, we presented the Atomic Normal Form and
defined a Probabilistic Entailment relation (k). We defined C-formulas, which
have shown ubiquity in the probabilistic satisfiability study. Finally, we conjec-
tured the completeness of only looking at C-formulas probabilistically entailed
to decide the satisfiability of a PSAT instance, and we refuted it with a coun-
terexample.

The exponential number of C-formulas to investigate doesn’t allow its ex-
haustive use in a possible polynomial reduction from PSAT to SAT. However,
the founded results seem to be useful on PSAT study, bringing it back to logic.
The Atomic Normal Form might be useful to standardize PSAT instances, in
order to compare numeric outputs from algorithms that solve the problem. The
introduced probabilistic entailment relation enables the presentation of a ”wit-
ness” formula for the unsatisfiability of a PSAT instance, which can be used in
proving probabilistic unsatisfiability, using classical unsatisfiability.

As the efficiency of algorithms that solve PSAT is considerably lower than
those from algorithms for another NP-complete problems (like SAT), we believe
there is a lot of work to be done. A possible approach would be the polynomial
reduction to SAT, using the concepts we presented here together with linear
algebra techniques to explore PSAT, as it can be seen as a linear programming
problem.
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