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discrete and continuous variables and relationships between them. WMI is computationally
very demanding as it requires to explicitly enumerate all possible truth assignments to
be integrated over. Component caching strategies which proved extremely effective for
WMC are difficult to apply in this formalism because of the tight coupling induced by the

Ilfigxﬁis;m inference arithmetic constraints. In this paper we present a novel formulation of WMI, which allows
Satisfiability modulo theories to exploit the power of SMT-based predicate abstraction techniques in designing efficient
Weighted model counting inference procedures. A novel algorithm combines a strong reduction in the number of
Weighted model integration models to be integrated over with their efficient enumeration. Experimental results on

synthetic and real-world data show drastic computational improvements over the original
WMI formulation as well as existing alternatives for hybrid inference.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The development of efficient exact and approximate algorithms for probabilistic inference is a long standing goal of
artificial intelligence research. Whereas substantial progress has been made in dealing with purely discrete or purely con-
tinuous domains, probabilistic inference on hybrid domains, characterized by both discrete and continuous variables and their
relationships, is still a challenge. Hybrid domains are however extremely common in real-world scenarios, from transport
modeling and traffic forecasting [27] to probabilistic robotics [48] and cyber-physical systems [32].

Weighted model counting (WMC) is the task of computing the weighted sum of all satisfying assignments of a proposi-
tional formula, where weights are associated to models and are typically factorized into the product of weights of individual
variables. In recent years, WMC was shown to be an effective solution for addressing probabilistic inference in a wide
spectrum of formalisms [13,15,23,47]. Exact WMC solvers are based on knowledge compilation [17,37] or exhaustive DPLL
search [41]. In both cases, substantial efficiency gains can be obtained by leveraging component caching techniques [3,40],
in which the weighted model counts of disjoint components of a formula are cached once and reused whenever the formula
is encountered again in the computation.

An inherent limitation of WMC is that it can only deal with discrete distributions. In order to overcome this restriction,
weighted model integration (WMI) [7] was recently introduced as a formulation generalizing WMC to deal with hybrid
domains. The formalism relies on satisfiability modulo theories (SMT) [5] technology, which allows to reason about the
satisfiability of formulas involving e.g. linear constraints over integers or reals. WMI works by replacing the weighted sum
of truth assignments satisfying a propositional formula with a sum of integrals over weight functions defined over the truth
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assignments satisfying an SMT formula. Weight functions here play the role of (unnormalized) densities, whereas logic
formulas in the model define the integration domain. WMI is computationally very demanding as it requires to explicitly
enumerate all possible truth assignments to be integrated over. Component caching strategies which proved extremely
effective for WMC are difficult to apply in this formalism because of the tight coupling induced by the arithmetic constraints.

In this paper, we elaborate on the notion of WMI and provide a refined formalization which allows to design more
efficient inference procedures. In particular, our novel formulation:

e easily captures the previous definition;

e allows for defining arbitrary weight functions (involving e.g., arbitrary combinations of sums, products, if-then-elses,
case-splits...) without requiring to specify them in terms of combinations of weights over literals;

e allows for exploiting state-of-the-art SMT-based techniques.

Building on the properties of this novel formulation, we devise an efficient algorithm combining a strong reduction in
the number of models to be generated and integrated over, with efficiency in enumerating these models. The key ingredient
is the use of SMT-based predicate abstraction techniques [11,26,30] to efficiently and effectively generate the set of models
needed to compute the exact integral. Our experimental evaluation confirms that the approach is drastically faster than
existing alternatives over synthetic and real-world problems, and that both aspects contribute to the gain.

The paper is organized as follows. We start by introducing relevant background, including the original definition of
WMI (§2). We then proceed by identifying its shortcomings and proposing a revised and general formulation, proving
some essential properties (§3). In order to show the expressiveness and features of the novel definition, we propose a case
study coming from a real-world application (§4). Then we show how to efficiently compute WMI by exploiting SMT-based
predicate abstraction techniques (§5). In §6 we summarize some related work. In §7 we present an empirical evaluation on
synthetic and real-world problems comparing the algorithm proposed in §5 with existing alternatives. In §8 we conclude,
and describe some future research directions.

2. Background

We provide the necessary background notions on SMT, AlISMT and Predicate Abstraction (§2.1), and on WMC and the
original formulation of WMI (§2.2).

2.1. SMT, AlISMT and predicate abstraction

We assume the reader is familiar with the basic syntax, semantics and results of propositional and first-order logics. We
adopt some terminology and concepts from Satisfiability Modulo Theories (SMT), which we briefly summarize below (see
[5,44] for details).

Our context is that of SMT on quantifier-free formulas in the theory of linear arithmetic over the reals, LR.A. R denotes

the set of real values and B d:ef{"l’, L} the set of Boolean values. LR.A4 formulas are combinations by means of the standard
Boolean operators {—, A, V, —, <>} of atomic propositions A; € B (aka Boolean atoms/variables) and of LR.A atomic formu-
las (aka LRA atoms) in the form (}_; c;x; <€), s.t. x; are variables in R, ¢; are rational values and o< € {=, #, >, <, >, <},
with their usual semantics. A Boolean/LR.A literal is either a Boolean/LR.A atom (a positive literal) or its negation (a
negative literal).

“ErrA” denotes entailment in LRA (e.g. (x>2) ErrAa (x> 1)), whereas “l=g” denotes tautological entailment (e.g.
AA(X=2)ER (A1 V(x<1)) A(—A1V (x> 2))). Note that =g is strictly stronger than =, 4, that is, if ¢1 =g @2 then
©1 ErrA @2, but not vice versa. We say that ¢ implies ¢, in LRA, written ¢1 = R4 @2, iff 91 ErrA @2. We say that
¢1. @2 are LR.A-equivalent, written ¢1 < £z .4 ¢2, iff both @1 =2r.A @2 and @2 Err A @1

We frequently use the following formula and term abbreviations, all written in the form “[(expression)]”, denoting the
LRA-encoding of (expression), the latter being some mathematical concept which is not an LR.A formula or term. Let
t,ti be LRA terms, ¢, ¢; be LR.A formulas, and I = [I,u] be some interval; then we use “[te I]]” as a shortcut for the
formula (t > 1) A (t <u), possibly with “>” or “<” if some end of the interval is open'; we use “[OneOf{g1, ..., @n}]"
as a shortcut for the formula (\/{_; @) A /\1<i<j<n —(¢;i A @j), i.e, exactly one ¢; holds; we use “[If ¢ Then t; Else t;]”
to represent an if-then-else expression, that is, t = [[If ¢ Then t; Else t;] is equivalent to (¢ — (t =t1)) A (—p — (t =
t2)); we use “[Case @1 :t1; @2 :tz; ...]" to generalize the if-then-else to the case of multiple mutually-exclusive and
exhaustive conditions, that is, t = [Case @1 :t1; @3 :t2; ...] is equivalent to A;(¢; — (t =t;)), under the assumption that
the conditions ¢; are exhaustive -that is, =% 4 \/; i- and mutually exclusive - that is, ¢; A ¢j =gr.A L for every i, j?

Given a set of LR.A formulas ‘Ildzef{wl, ..., ¥k}, we call a total [resp. partial] truth assignment u for ¥ any total [resp.
partial] map from W to B. With a little abuse of notation, we represent j either as a set or a conjunction:

T We often represent strict inequalities “(t; < t)” as negated non-strict ones “—(t; > t)”, see [44].
2 Note that the mutual exclusion guarantees that the semantics of [Case @7 :t1; @a:ty; ...] is not sequential, and it does not depend on the order of
the conditions ¢1, @2, .. ..
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def

=Y lyel n(@)=TIHU{-~y |y eV, u@)=_1}
def
= Nyewumr=1 ¥ N Nyewpm)=L ¥
and we write “y; € 1" and “u1 € wp” as if w1, wy were represented as sets (i.e. we write “Y1 A =Y C Y1 A =Y A Y37
meaning “{v1, =¥} C {¥1, =¥, ¥3}”). In the latter case, we say that w1 is a sub-assignment of w,, and that uj is a

super-assignment of j11. We denote by BX the set of all total truth assignments over W.

Let xd=Ef {x1,...,xn} € RN and Ad=6f{A1,...,AM} € BM for some N and M. Consider a generic LR.A formula ¢ on

(subsets of®) x and A, and let \Ild:efAtoms(qJ), i.e. the set of propositional and LR.A atoms occurring in ¢. Given a truth
assignment p for Atoms(¢), we denote by pu® and ut®4 its two components on the Boolean atoms in A and on the
LRA atoms respectively, so that pu = u® A u£RA (Eg., if w=A1 A=Az A (x> 1) A =(x > 3), then u® = A; A —A; and
uﬁRA = (x>1) A—=(x>3)). Importantly, and unlike with pure propositional logic, u can be LR.A-unsatisfiable due to its
Mﬁn““ component (e.g. 1 dzef—|A1 A (X1 +x2 =3) A —(X1 +x > 2)). A (partial) truth assignment w propositionally satisfies ¢
iff u =g @. The SMT problem for ¢ in LR.A is the problem of checking the existence of a LR.A-satisfiable assignment n
s.t. U =R @.

We denote by 77T .A(p) e {t1,...,mj,...} the set of all LR.A-satisfiable total truth assignments (; on Atoms(g)
propositionally satisfying ¢. 77 .A(g) is unique. The disjunction of the ;s in 7T A(p) is LR.A-equivalent to ¢ (see e.g.
[44]):

o orra \ Wi (1)
wieT T A(p)

We denote by 7 .A(p) dzef{m, ooy Mj, ...} any set of LR A-satisfiable partial truth assignments (. propositionally satis-
fying ¢, s.t. (i) every total truth assignment 1 € 7T A(p) is a super-assignment of one w; in 7.A(¢), and (ii) every pair
Wi, (j assigns opposite truth values to at least one element, i.e,, ui A iuj =g L (hence u;j A pjl=rra L). TA(p) is not
unique, and 77 A(g) is a particular case of 7.A(¢). The disjunction of the 1 ;’s in T.A(p) is LR.A-equivalent to ¢ (see
e.g. [44]):

o ocra /Wi (2)
1ieTA@)

Intuitively, a set 7.A(¢) is a (much) more compact representation of 7 7.4(p), because every partial assignment p; in
T A(p) implicitly represents up to 2/40m@)I=luil of jts total super-assignments in 77T .A(p). (It is “up to” rather than
“exactly” because not all the super-assignments of 14; are necessarily £LR.A-satisfiable.)

The AIISMT problem for ¢ in LR.A, hereafter denoted as AlISMT(¢), is the problem of enumerating one set 77 .4(¢)—or
T A(p) if and only if we allow for partial assignments—matching the above definition.*

Example 1. Consider the LR.A-formula ¢ def (x<0)V (x>1). Then TT A(p) def {(x<0O)A=(x>1),=-(x<0) A (x>}

Note that (77.A(¢) does not contain (x < 0) A (x > 1) because the latter is not LR.A-satisfiable.) The other admissi-
ble T A(p)’s are: {(x<0),~(x<0)A(x>1)} and {(x > 1), (x <0) A —(x > 1)}. Instead, the set of unary truth assignments
{(x <0), (x> 1)} is not an admissible 7.4(p) because there is no atom to which they assign different truth values, so that
x<0OAGx=DERL o

We recall a notion of predicate abstraction, which is widely used in formal verification for automatically computing
finite-state abstractions for systems with potentially infinite state spaces [11,26,30].

Definition 1. Let ¢(x,A) be a LR.A-formula on x and A; let \Ild:Ef{w], ..., ¥k} be a set of LR.A-formulas over x and A,

and Bd:ef{B1, ..., Bk} be a set of fresh atomic propositions s.t. AN B = @. Then we call a Predicate Abstraction of ¢ with

respect to ¥ on B, namely PredAbsi, w(B), any propositional formula equivalent to the formula®

K
JA3X. <(p(x, A) A N Bi < vi(x, A))) . (3)

k=1

3 Note that it is not necessarily the case that all elements of x and A actually occur in ¢.

4 We remark that in the SMT literature the word “AlISMT" is used with slightly distinct meanings, as either 77 A(¢), or as T .A(p), or even as predicate
abstraction as in Definition 1 [16,30,38].

5 In principle we should existentially quantify only the variables x, and Ap, which actually occur in either ¢ or W. Nevertheless, this is not restrictive
since 3A,.¢ & £r.A @ if Ay does not occur in @; the same holds for x;.
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We define PredAbs|,(¥) def PredAbsyy, v (B)[B <— W], that is, the LR.A-formula obtained from the propositional formula
PredAbsi, w)(B) by substituting each By with its corresponding 1.

Note that in Definition 1 the formulas iy are neither necessarily atomic, nor necessarily sub-formulas of ¢.
PredAbs, v (B) defines an equivalence class of propositional formulas over B, i.e., (3) may represent many syntactically-
different albeit logically-equivalent propositional formulas.

Example 2. Consider A% {A1}, x & (x1.x2), ¢ & A1 A (1 +2x2>12), ¥1 & (01 +x2=2), ¥2 € (x1 — x2 < 10). Then we
have that:
def AL A (X1 +X2 > 12)A
PredAbsy, v (B) = JA1.3x1x2. | (B1 < (X1 +x3=2)A (4)
(B2 <> (x1 — X2 < 10))
= (=B1 A—=B3) vV (=B1 A By) 5)
(X1 +x=2)A—(x1 —x2 < 10)) Vv
PredAbs[q)](\Il) = ( ( 1 2 ) ( 1 2 )) (7)
(=(x1 +x2 =2) A (x1 — X2 < 10))
=—(x1 +x2=2). 8)

Note that both the equivalent propositional formulas (5) and (6) match the definition of PredAbsi, y(B): (5) is built as the
disjunction of total assignments on B, whereas (6) is built as the disjunction of partial ones s.t.:

TT A(PredAbsi, ) (B)) = {(=B1 A =B3), (=B1 A By)} )

T A(PredAbsy v (B)) = {(—B1)} (10)
(=(X1 +x2 =2) A —=(x1 — x2 < 10)),

TT A(PredAbsiy(¥)) = (=1 + 3= 2) A (%1 — %2 < 10)) } (11)

T A(PredAbs;y) (¥)) = {(—(x1 + X2 = 2))} (12)

Note also that the other two total assignments, B; A B, and By A —B3, do not occur in (5) because they would both force
the formula to be £LR.A-unsatisfiable because of the contradictory conjuncts (x; +x2 > 12) A (X1 +x2=2). ©

Intuitively, given a set of “relevant” formulas W—typically referred to as “predicates”, from which the name “predicate
abstraction” follows [26]— and a set of Boolean atoms B labeling them, PredAbs|, y)(B) is a Boolean formula whose satis-
fying assignments represent the truth assignments to (the propositional atoms B labeling) the predicates in ¥ which are
consistent with ¢, so that PredAbsy1(¥) is a LR.A-formula characterizing the truth assignments to the predicates in ¥
which share some solution with ¢. Thus, PredAbsy, v (B) “abstracts” (aka “projects”) ¢ onto the Boolean space BX by con-
sidering the truth values of (the propositional atoms B labeling) the predicates in ¥ as the only relevant information to
consider in the resulting propositional formula, and by existentially-quantifying away all other information.

Note that in the typical usage of predicate abstraction the number of “relevant” predicates |W¥| is smaller or even much
smaller than |Atoms(g)|, so that to drastically reduce the size of the search space for the SMT solver, from (up to) 2/Ams@)l
to (up to) 2/¥!, so that 2%l « 2lAtoms()]

We highlight a few facts about predicate abstraction.

(a) If ¥ is A, then PredAbs|,(A) reduces to Ix.¢ (X, A).S

(b) If W is Atoms(¢), then PredAbs|,(Atoms(¢)) is equivalent to @.” Therefore TT A(PredAbsiy) (Atoms(¢))) [resp.
T A(PredAbsi,) (Atoms(p))) iff we admit partial assignments] is the same as 77.A(p) [resp. T A(p) |, that is,
AlISMT(¢).

(c) If W C Atoms(p) and |¥| is significantly smaller than |Atoms(g)|, then typically |77 .A(PredAbsiy (¥))| < | T T A(p)|.2

Very effective SMT-based techniques for computing 77 .A(PredAbsy, v (B)) —and hence for 77 .A(PredAbs|,|(¥))— have
been proposed in the literature (e.g. [11,30]) and are implemented in modern SMT solvers like MATHSATS5 [16]. Very impor-
tantly for our purposes, these techniques work by iteratively producing a set of propositional truth assignments on B, which

6 In fact, PredAbsjy| (A) = PredAbsi, aj (B)[B < Al = (FA3X.(¢(X, A) A AK_, (B <> Ap)} [B < A]) = {3x.0(X, B)} [B < Al = Ix.0(x, A).

7 In fact, PredAbsi,) (Atoms(¢)) = PredAbsy atoms(p)] (B)[B < Atoms(¢)] = {FAIX.(p(X,A) A /\W!:GA[OY"S(‘P)(B’{ < )} [B < Atoms(gp)]), which is equiva-
lent to ¢ (x, A).

8 In fact, for every assignment € 77 .A(PredAbsi, (¥)) there exist from 1 to 2/Atms@I=I¥I assignments A ' € TTA(@).
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are then disjoined as in (2). Therefore, MATHSAT5 computes PredAbs|, y(B) directly in the form 77 .A(PredAbsiy w)(B))
[resp. PredAbs(y1(¥) in the form 77 .A(PredAbsiy;(¥))].

In particular MATHSATS5, on demand, can produce either the set of total assignments on B, 77T .A(PredAbsi, v (B)), or a
set of partial ones, T .A(PredAbs|, w|(B)), by means of assignment-reduction techniques. To this extent, we recall that MATH-
SAT5 does not provide an explicit command for AIISMT(¢); rather, the user has to set explicitly the definitions A\ (Bx <> )
and specify the (sub)set of B of interest.’

2.2. Weighted model counting and weighted model integration

WMC is the task of computing the weighted sum of all satisfying assignments of a propositional formula, with weights
typically factorized as a product of weights over literals.

Definition 2 (Weighted Model Count). Let ¢ be a propositional formula on the set of Boolean atoms AY {Aq,..., Ay} and
let w be a function associating a non-negative weight to each literal whose atom occurs in ¢. Then the Weighted Model
Count of ¢ is defined as:

WMC(p,w)= Y []w®. (13)
HET T A(p) tep

Example 3. Let ¢ dZEf((A1 A Az) <> B1) A ((A1 A —A3) < B2) A ((—mA1 A Ag) <> B3) A ((—mA1 A —A2) <> By). Let the weights
of all literals be equal to 1 apart from w(A1) = w(—A1) =0.5, w(B1) = 0.8, w(B3) = 0.2, w(B3) = 0.4, w(B4) = 0.6. Then
TTA(p A Ay) has two assignments 41 d=EfA1 A Az ABy A=By A—=B3 A—By and u; d=6f—|A1 A Ay A—B1 A—=By A B3 A—By,
so that the weighted model count of ¢ A A, is computed as:

WMC (¢ A Ay, W) = > [w@
HET T A(PAA) Lep

=w( Ay -w( A2)-w( B1)-w(=B2) - w(—B3) - w(—By)
+w(=A1) - w( A2)-w(=B1)-w(=B2)-w( B3)-w(—By)
=05-1-08-1-1-1405-1-1-1-04-1=0.6.

Note that the (¢, w) pair here models a joint probability distribution P(A1, A2) = P(A2|A1)P(A1) over binary variables
A1 and A;. P(A1) is encoded in the weights associated to A; and P(A3|A1) is encoded in the weights associated to
the auxiliary variables By, By, B3 and Bg4, each labeling one of the four truth value combinations. WMC(¢ A Ay, w) here
computes the marginal probability of A, =T, i.e. P(A=T) = ZA1={J_,T} P(A; =T|A1)P(Ay). ¢

Remark 1. Note that the above definition of WMC(¢,w) implicitly assumes that the Boolean domain is specified by means
of some given background set of atomic propositions (namely A) such that Atoms(p) € A for every formula ¢ considered,
and that always truth assignments assign all atoms in A, including those which do not occur in Atoms(g). (If not so,
and we considered instead assignments only to the atoms occurring in ¢, we could have situations where the WMC of
two logically-equivalent formulas ¢ and ¢, under the same weight function wproduces different values: ¢1 < ¢, and
WMC(@1, W) # WMC(¢2, w).!?) In our framework we will make domain assumptions explicit (§3 and §5).

WMI generalizes WMC to hybrid domains. Following is the original definition of WMI [7], hereafter denoted with WMIgg,
which serves as a starting point for our revised formulation. The definition assumes £LR.A formulas, for which efficient
solvers exist, albeit the concept could in principle accommodate other theories over continuous domains.

Definition 3 (Weighted Model Integral). Let ¢ be a LR.A formula on the set of LR.A variables x & {x1,...,xn} and Boolean

atoms A % {A1,...,Am}. Let w be a function associating an expression (possibly constant) over x to each literal whose
atom occurs in ¢. The Weighted Model Integral of ¢ is defined as:

WMigg(@, W)= Y [w® dx (14)
MGTTA((‘))MERA len

9 See http://mathsat.fbk.eu/smt2examples.html. See also Footnote 4.

10 Eg,if ¢ d=efA1, 2 d=ef(A1 v A2) A (A1 V —A), and w(l) =1 for every literal I, then WMC(¢1, w) =1 and WMC(¢, w) = 2.
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Example 4. Consider the LR.A-formula

0 (A > (1< AEZ3)) A (A3 > (=X <3) A (X <5)))
A (A< (A A-AD) AT <X)A(X<D5).

Let the weights of all literals be 1 except for w(A1) =0.1, w(A2) =0.25-x —0.25 and w(A3) =1.25 — 0.25 - x. First, it is
easy to see that

AiA—AyAN—A3A (I<X)AN X<5A (x=<3),
AiA—AIA—A3A (I<X)AN (X<5 A-(Xx<3),
—AIA AyA—ASA (I<XAN X<5A (x<3),
—A1A—AIA A3A (I1<X)A X<5)A-(x=<3)

TTA(p) =

Then we have:!!

WMloa (¢, w) = / w(Aq) dx + / w(A7) dx

(1<) A(X<5)A(x<3) (I=0)A(Xx=5)A=(x=<3)

+ / w(Ay) dx + f w(A3) dx

(1<) A(X<5)A(x<3) (I=0)A(Xx=5)A—(x=<3)

:/O.ldx—i—/o.ldx
[1.3] (3.5

+ / 0.25-x —0.25 dx + / 1.25-0.25-x dx
[1,3] 3,5]
=1[0.1-x]3 +[0.1-x]3

2 3 2 5
+[0.125~x —0.25~x]1+[1.25-x—0.125-x ]3
—03—0.1+405—03+0.375+0.125+3.125 — 2.625 = 1.4

This example models an unnormalized distribution over x ranging from one to five, which is uniform if A, is true, and
is modeled as a triangular distribution with mode at x = 3 otherwise. ¢

Remark 2. The main motivation behind the introduction of WMI was that of enabling probabilistic inference in hybrid
domains. In that scenario, it was implicitly assumed that a pair (¢, w) defines the unnormalized distribution, and that any
additional formula representing evidence or queries does not introduce any additional Boolean or continuous variables with
respect to those in ¢, and that the weight of any literal of atoms not in ¢ has a constant weight of 1.

Example 5. Let ¢ and w be as in the previous example. Suppose we are interested in computing the probability that x <2
(query), given the unnormalized distribution represented by the (¢, w) pair and the information that A; = L (evidence).
This probability can be computed as:

WMIgig(p A =A7 A (x<2),w) _ 0.125

P X<2lA;=1)= = =0.125
(pm(*=2[A1=1) WMlga(@ A —A7, W) 1.0
because:
WMlgig( A =A1, w) = f W(Az) dx + / w(A3) dx
(1=0AKE5)A(3) (1=0AR5)A~(x=3)

:/0.25~x—0.25dx+ / 1.25-0.25-xdx
(1,3] 3.5]

2 3 2 5
:[0.125-x —0.25~x]1+[1.25~x—0.125-x ]3
—0.375+0.125 4+ 3.125 — 2.625 = 1.0

11 For better readability, here and henceforth we drop from products the weights w () which are equal to 1.
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WMlgg(@ A —AT A (X<2),w) = / w(Ay) dx

(A=)AKX=)A(KR=3)A(x=2)

= / 0.25-x—0.25dx
[1,2]

2
= [0.125-x2 —0.25~x]1

=0.04+0.125=0.125 ¢
3. Weighted model integration, revisited

Definition 3 is a very direct and intuitive generalization of WMC to the hybrid case. However, it is very abstract and
directly turning it into a computational procedure, as was done in all previous implementations [7-9], can result in major
inefficiencies, even if using non-naive techniques like AIISMT, as will be shown in our experimental evaluation. In the
following we present a revised formulation of WMI that:

e easily captures the previous definition;

e decouples the specification of the formula and of the weight function from that of the variables on which WMI is to be
computed, removing all implicit assumptions of the original formulation (see Remark 2);

e is not restricted to weight functions in the form of products of weights over literals, but allows for much more general
forms (§3.3). This gives a remarkable flexibility in designing efficient encodings for hybrid domains, as shown with the
case study on modeling journey times on road networks (§4);

e makes it easier to develop algorithms for WMI computation that fully exploit the potential advantage of advanced SMT
techniques like predicate abstraction, as will be shown in §5.

We start by introducing a revisited and very general definition of WMI, starting from the Boolean-free case (§3.1) and
then covering the general case (§3.2), and finally we describe a very general class of weight functions s.t. WMI is computable

(83.3).

3.1. Basic case: WMI without atomic propositions

We investigate first the simple case where no atomic proposition comes into play. Let x def {x1,...,xn} € RN. We consider
a generic total weight function w(x) s.t. w: RN — R*, and £LRA formulas ¢(x) s.t. ¢ : RN — B.

Definition 4. Assume ¢ does not contain atomic propositions and w : RN — R™. Then we define the Weighted Model
Integral of w over ¢ on X as:

WM (¢, W[X) déf/w(x) dx, (15)
o)

“np” meaning “no-Booleans”, that is, as the integral of w(x) over the set {x | ¢(X) is true}.
The following property of WMIn, (¢, w|x) derives directly from Definition 4.2

Property 1. Given x, w, ¢, and ¢’ as above,

. if ¢ is LR.A-unsatisfiable, then WMl (¢, w|x) = 0.

. if o = rrA @, then WMIn, (¢, wiX) < WMl (¢, w|X)
L if o ©rrA @, then WMl (¢, w|X) = WMIn, (¢, w|X)
. for every LR A-formula v (x),

AN T

WMlnp (¢, W[X) = WMInp (@ A Y, W[X) +WMlnp (9 A =3, W(X).

12 We understand that Property 1 holds also for WMIg, provided the implicit assumptions of Remark 2.
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Remark 3. We stress the fact that in the definition of WMI,, (¢, w(X) specifying the domain “|x” is of primary importance.
In fact, even if some x,; does not occur in ¢,"> WMl (@, w|x) = Jr WMIns (@, WX\ {xp}) dxn % WMIlnp (@, WIX\{Xn}). “|X"
defines the dimensions of the space we are integrating on, which must be stated. (E.g., integrating on volumes differs from
integrating on surfaces.)

”

The above definition of WMIpp (¢, w|X) does not (yet) imply a practical technique for computing it, because “fw(x) ... dx
cannot be directly computed by most integration solvers, which typically can handle only conjunctions of LR.A-literals, not
arbitrary Boolean combinations of them. To cope with this fact, we need decomposing ¢ into conjunctions of £LR.A-literals.
This is where 77T.A(), T.A() and the SMT-based techniques to compute them come into play, as described in the following.

The following property of WMIn, (¢, w|x) derives directly from the definition of 77 .A(¢) and 7 .A(¢) and from (2), by
recalling that the domains of the assignments u£R4 in 7T .A(p) and T .A(¢) are pairwise disjoint.

Proposition 1. Given X, w(x), ¢(x), T T .A(¢) and T A(¢p) as above,

WMin (@, wix) = Y~ WMinp (WA, wix) (16)
PERAETT A(p)
= ) WM R wi). (17)
UERAET A(g)

Proof. We prove only (17), because 77 .A(¢p) is a subcase of T .A(¢p):

WMlnp (¢, WX)
by 2} =WMin( \/ A w
UWERACT A(p)
{disjoint domains of the u~RA"s} = Z WM (R4 wix). O
UERAET A(p)

Importantly, the #£R4s in both (16) and (17) are conjunctions of literals, so that WMIn, (R4, w|x) is computable by
standard integration solvers under reasonable hypotheses (e.g., w is a polynomial) which will be discussed in §4. Note that
if (i) w is in the form of products of weights over a set of literals as in Definition 3 and (ii) ¢ is defined only over such
literals and (iii) ¢ contains no Boolean atom, then (16) corresponds to (14).

3.2. General case: WMI with atomic propositions

We investigate now the general case, where atomic propositions come into play and both wand ¢ depend also on them.

Let AdZEf{Al, ..., Am) € BM. We consider thus a generic total weight function w(x, A) s.t. w: RN x BM — R*, and LRA

formulas ¢(x,A) s.t. ¢ : RN x BM — B.

In what follows, u? denotes a total truth assignment on A, @A) (X) denotes (any formula equivalent to) the formula
obtained from ¢ by substituting every Boolean value A; with its truth value in p?, and Wi (X) is w computed on x and
on the truth values of y®. Thus, gp,a;: RN +— B and wya;: RN — R,

Definition 5. Given X, A, the Weighted Model Integral of w over ¢ is defined as follows:

def
WMI(@, WX, A) S >~ WMng (@),,8), Wi 1X), (18)

UAcBM
where the u?’s are all total truth assignments on A.

Example 6. Let ¢ & (A & (x= 0)) A (x= —1) A (x < 1), and w(x, A) £ [If A Then x Eise —x]. If uA < ((=A)), then ¢;,a) =

x>0 AKX>—-1)A(x=<1) and wp,a; = —Xx. Note that @rua) can be simplified into the equivalent formula —(x > 0) A

(x > —1). Similarly, if uA d=Ef{(A)}, then ¢p,a; can be simplified into (x> 0) A (x < 1) and w,a; = x. Thus,

13 It may be the case that x, does not occur in ¢ even though wdepends on x,: e.g., wmay be a Gaussian on x, so that no restriction on the domain of
Xp is expressed by ¢.
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def
WMI(p, wix,A) = WMInp (@1=a}1 Wii=an1X) + WMl (@[(a), Wigan1x)

= / —xdx + /xdx
[-1,0) [0,1]
1 1

=—4+=-=1. ¢
2 2

Note that in Definition 5 the truth assignments u® of practical interest are only those for which @run is LRA-satisfiable,
because for the others WMIlny (@(,a}, W(,4)1X) = 0 by Property 1.a. We address this issue in §5.
The following property of WMI(¢, w|x, A) derives directly from Definition 5, by applying Property 1 to WAy @)

¢Eun]v (@ AY)uap and (@ A =) ,ay, for every ph.

A

Property 2. Given x, A, w, ¢, and ¢’ as above,

. if ¢ is LR.A-unsatisfiable, then WMI(p, w|x, A) =0.

. if ¢ = R4 ¢, then WMI(p, wix, A) < WMI(¢', w|X, A)
L if o © A @, then WMI(@, wix, A) = WMI(¢’, w|x, A)
. for every LR A-formula v (x, A),

QN To

WMI(@, wix, A) = WMI(@ A ¥, WX, A) + WMI(p A =, WX, A).

Remark 4. As with Remark 3, in WMI(¢p, w|x, A), specifying not only “|x”, but also “|x, A” is of primary importance. In fact,
even if some of the Ay does not occur in ¢,
WMI(p, w(x, A)
=WMI(@, wiia, 11X, A\{Am}) + WMI(@, W[{-a, 311X, A\{—Amn})
# WMI(@, wix, A\{An}).

To this extent, hereafter and if not explicitly specified otherwise, we implicitly assume w.l.o.g. that A and ¢ are such
that each Boolean atom in A occurs in ¢. (If this were not the case, we could rewrite ¢ into the equivalent formula
@ AV (Ap vV —Ap), s.t. the Ay’s are the atoms in A not occurring in ¢.) Consequently, each truth assignment in 7 7.A(p)
assigns every atom in A. We make the same assumption w.l.o.g. for the formula 3x.¢.

The following properties of WMI(¢, w|x, A) derive from the definition of 77 .A(...).

Proposition 2. Given x, A, w(X,A), ¢(x, A) and 7T A(p) as above, we have that:

WMI(p, w(x, A) = > WMo (W ERA, W a1%) (19)
PAAUERAT T A(p)

Proof. By applying (16) to Definition 5 we have that:

WMI(p, wix, A)= ) > WMo (W ERA, W a1X). (20)
uheBM [,L‘CRAGTTA((P[HAJ)

In order to pass from (20) to (19), consider u® A ufRA st. uA € BM and pufRA ¢ TTA(@,a)- By construction uh A
UERA =& o (otherwise pufRA ¢ TTAW@A))

If uh A uFRA ¢ TTA(@), then uf A ufRA is not LR.A-satisfiable by the definition of 77T .A(p), so that
WMo (uERA, wi a)[%) = 0. Hence (20) equals (19). O

Proposition 3. Given x, A, w(X,A), ¢(x, A) and 7T .A(p) as above, we have that:

WMI(@, wix, A) = > WMinp (@), WiaX) (21)
uheTT A@EX.@)
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X’A X,A
WMI(p, w|x, A) WMI(¢ A (B 4 ¢),w'|x, A U{B})

Fig. 1. Graphical representation of Lemma 1.

Proof. Compare (18) with (21). Let u® € BM s.t. u® ¢ TT.A@x.¢). Then ¢,a; < £r.A L, 50 that WMln, (@), W(,a)X) = 0.
Hence (18) equals (21). O

Predicate abstraction in Definition 1 and other forms of frequently-used formula manipulations require the introduction
of fresh propositions B “labelling” sub-formulas . The next result shows that this does not affect the value of WMI.

Lemma 1. Let X, A, w, and ¢ be as in Definition 5; let v (x, A) be some LR A-formula; let ¢’ d:ef(p A (B <> ), where B ¢ A; let w’
extend w s.t. w' (X, AU {B}) = w(X, A) for every X, A and B. Then we have that
WMI(¢', w'|x, AU {B}) = WMI(¢, w|X, A). (22)

Proof. We note that wl/uf‘/\m S LRA (@ Ay, and that (p{u

w{uAmB](x) = Wy,a;(X). Thus:

< LRA (@ A=) ,a. Also, we have that w/ X) =

AA—B] [UAAB]

WMI(¢', w'|x, AU {B})

/ ! / /
= Z (WMInb(wlﬂA/\BJ’W[/LA/\B]|X) +WMInb((p[,U.A/\—‘B]’W[/LA/\—'BJ|X))
MAE]BM

= Z (WMlnb(((p A W)[MA]’ W[MA]|X) + WM'nb((QD A _"W)[MA]V W[MA]lx))
UAeBM

= Z (WMInb((p[MA] A\ 1//[MA], W[MA]|X) +WM|nb((p[MA] AN _‘w[MA], W[MA]|X))
UACBM

= D WMo (gyyua), wipiay %)
uAcBM
=WMI(p, w|x, A). O

The intuitive meaning of Lemma 1 is represented in Fig. 1. (For graphical convenience, we abstract the whole space
X, A into only one horizontal dimension.) Suppose Fig. 1 (left) represents WMI(¢, w|x, A). The formula ¢ cuts the space
X, A, and thus WMI(¢, w|x, A), into two parts. In Fig. 1 (right) we add a new Boolean dimension B, and we represent
WMI(¢ A (B < ), w'|x, AU {B}), which is split into the sum of two parts, for B= 1 and B = T, corresponding respectively
to ¥ =L and ¢ = T. Thus WMI(¢'), w’|x, AU {B}) is identical to the sum of the two pieces of WMI(¢p, w|x, A), for ¥ = L
and ¢ = T respectively.

3.3. Conditional weight functions

We call a (non-minimal) support of a weight function w(x, A) any subset of RYN x BM out of which w(x,A) =0."* In
many situations it is useful to provide explicitly the representation of a support of w(x,A) as a LR.A-formula y (x,A).
(When this is not the case, then we implicitly set x (x,A) d:Ef"l'.) For instance, it allows to cut part of the domain where a

polynomial function is negative (see e.g. Example 7 below).
The following property follows trivially.

14 Note that a support is not unique and it is not necessarily minimal with respect to C, that is, it may be the case that w(x, A) =0 also if (x,A) is in
the support. This definition allows to deal with cases in which the minimal support is not known or hard to characterize.
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3.0 E (z,y,4) — w(a,y, A)
.. T o
25
3.0
.. 25
20
20
=15
\ 1.0
<SR
.. 0y B i o \ "
iy ANy
Lo > \‘-‘l\\\'\m‘ 0.0
B
B
05 .. |
0.0 2, 0o
0.0 05 1.0 15 2.0 25 3.0

Fig. 2. Graphical representation of the support x(x,A) (left) and of the weight w(x,A) (right) in Example 7.

Property 3. Let ¢ and w be as above. If y (x,A) is a LR.A-formula representing a support of w, then:

WMI(@, wix, A) = WMI(@ A x, WX, A). (23)
Example 7. Let x = (x, y}, A% (A},
def

XX A) = (A— [xe[1,2]) A (mA— ([xe [1.3]] A x+y =3) A [yell.3]]

w(x, A) ' [If A Then (=% — y2 + 2x + 3y) Else (—2x — 2y + 6)].

The support y(x,A) defines two sub-spaces of x x y conditioned on the truth value of A, as depicted in Fig. 2 (left). The
weight function w(x, A) is an if-then-else on condition A such that its two branches are two polynomials which are forced
to be zero outside the domain defined by the support formula, as depicted in Fig. 2 (right). Note that outside such domains
the two polynomials may acquire negative values. ¢

We introduce a novel kind of weight function, which can be defined also in terms of £LR.A conditions. (See §4 for an ex-
ample application). We consider first the generic class of functions w(x), which we call feasibly integrable on LRA (FIFRA),
which contain no combinatorial component, and for which there exists some procedure able to compute WMInb(/LﬁRA, w|X)
for every set of LRA literals on X. (E.g., polynomials are FI=4 [4]). Such background procedure, which we use as a black-
box, is the basic building block of our WMI calculations.

Definition 6. We call a total weight function w(x, A), feasibly integrable under £R A conditions (FIUC£RA) iff it can be
described in terms of

e a support LRA-formula x (x,A) (if no support description is provided, then x d=Ef'l'),

e aset ¥ d=6f{1p1 X,A), ..., ¥k X, A} of LRA-formulas (conditions),

in such a way that, for every total truth assignment u® to A and for every total truth assignment u¥ to W, W[MAM'II](X)
is FIFRA in the domain given by the values of (x,A) which satisfy x A /,L‘I’)[MA]. We denote such FI£RA functions by

fuapy (), s.t. for every (uh, 1Yy,
if A A ¥ holds, then w(X) = fa,% (X). (24)

def

(Note that a plain FI£RA weight function is a subcase in which ¥ T and w& @.)

A very relevant subcase of FIUCERA functions, which we denote by pLRA (“Polynomials under £LR.A conditions”), is
given by arbitrary combinations of polynomials with £LR.A conditions, such that each fuaye(x) in (24) is a polynomial
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whose value is non-negative in the domain defined by Y. PLRA functions are FIUCERA because polynomials can always
be integrated on the domains given by a set of £LRA literals [4]. The syntax of P£RA weight functions can be defined by
the following grammar, expressed in standard Backus-Naur form:!®

wi=c | x| (25)
-wlWw+w) | (w—w) | (w-w) |
[if ¢ Then w Else w] |
[Case¢ : w; ¢ : w; ...]

Xui=¢ (26)

where ¢ denotes a real value, x denotes a real variable, w denotes a P£RA weight function, ¢ denotes an LR.A formula.
We recall from §2.1 that the conditions ¢ in the case-terms must be mutually exclusive and exhaustive. (In practice, it
suffices that the conditions are exhaustive within the domain described by the support x, that is, for the term [Case ¢,
Wi @2 @ W25 ... @k : Wg] we must have that x Erra \/f=1 @;.) In short, w can be any arbitrary combination of sums,
products and £R.A-conditions.

Note that all the LR.A-formulas ¢ occurring as conditions in the weight function or in the support formula must be
such to restrict the domains of the polynomials to areas where they are non-negative.

Example 8. Let xd:Ef {x1,%2}, Ad:ef{A}, and

XA E [xe[-1, D] A [roe [1, D] A (A< (22 0))
w(x,A) & [1f X1 > 0 Then x3 Else — 2x1] + [If A Then 3x, Else — x3].

w is PERA and hence FIUCLRA, In fact, its value depends on the combination of the truth values of the conditions

\Itdzef{(xl >0)} and Adzd{A}, so that:

fia=0y =x+4+3x2  st.x1€[0,1), x2€[0,1),
fia—e=0) =—2x1+3x2, s.t.x1 €[—1,0), x, €[0, 1),
fleam=0) =% =X, s.t.x1 €[0,1), xp €[—1,0),
flea—z0) =—2x1 —X s.t.x1€[—1,0), x, €[—1,0).

All four f,a,w are positive polynomials in their respective domain and as such they can be integrated. ©

Intuitively, Definition 6 captures the class of all the weight functions which can be described by means of arbitrary
combinations of nested if-then-elses on conditions in A and W, s.t. each branch (u®, u¥) results into a FIFRA weight
function. Each pair (u?, %) describes a portion of the domain of w, inside which w is the FI“RA function funpe.

The expressivity of FIUCLRA weight functions allows for the direct encoding of a number of probabilistic models or
density estimators into the weighted model integration framework. For instance, it is possible to readily perform WMI
inference on a trained Mixed Sum-Product Network (MSPN) [35] with piecewise-polynomial leaves, whose internal nodes
are product or weighted sums. In this case, the circuit is already a FIUCLRA function and the support corresponds to the
disjunction of the domains of its polynomial leaves. This procedure allows MSPNs to answer complex probability queries that
couldn’t normally be computed by their inference algorithms, such as those involving hard constraints. Density Estimation
Trees (DETs) [39] are hybrid non-parametric'® density estimators composed of internal univariate split nodes and constant
leaves. Also in this case, the tree can be represented by a FIUCLRA function without additional processing and probabilistic
queries can be performed using the estimator’s bounding box as the support, thus enabling probabilistic queries on DETSs.

Theorem 1. Let w(x,A), ¥ and x be as in Definition 6. Let B dzef{B1, ..., Bk} be fresh propositional atoms and let w*(x, AU B)

be the weight function obtained by substituting in w(x, A) each condition vy, with By, for every k € [1.K1. Let ¢* £ o A x A
/\llc(=1 (By <> Yry). Then:

WMI(p A x, w|x, A) = WMI(p*, w*|x, AUB). (27)

15 The obvious standard syntactic simplifications apply, e.g., “((1-x1) — (4-x2)) + —(5 - x3)" is rewritten as “(x; — 4xy — 5x3)".
16 1n this context, the intended meaning of “non-parametric” is that no distributional assumption is made by the model.
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Proof. To every truth assignment ,u“’ to W we associate the corresponding truth assignment /LB to B s.t. ,uB(Bk) = /L‘I’(xpk),
for every k € [1..K]. We note that, for every u® € BM and uB € BX (with its corresponding p¥):

P ap ) SLRA @AY AL nnm)s (28)

because every v is forced by ¥ to assume the same truth value Bj assumes in uB. Let w’ extend w s.t. w/(x,AUB) =
w(x, A) for every X, A and B. Then, since ¢* forces every By to hold if and only if W, holds, we have:

WM'nb(‘P[*MA,\MBy W/ULA/\MBJ 1) (29)
=WMlno (@ A XA KA Wpa 8 %)
=WMino (@ A X A )08y fun g0 (%)

=WMlno (@ A XA K (a8 W a8y %)

*

(A8 %)

= WMlnb((p[kMA,\MBy w

Then, by applying K times Lemma 1, and then (29):

WMI(p A X, WX, A)
K
=WMIi(@ A x A \ Bk < i), w'x, AUB)
k=1

J— * !
= Z WMln (@1, p 87> W1pua ppem %)
uheBMBcBK

= X WMl (P18 W %)
/LAE]BMMBE]BK

= WMI(¢*, w*|x,AUB). m]

def def

Example 9. Let A=0, x = [xe[-1,1]], ¢ = T, ¢ def (x > 0), and the weight w(x) def [If (x>0) Then x Else — x]. (lLe,,
def

w(x) = |x|.) Then WMI(¢, w|x, @) = WMIpp (@, W|X) = -[[*1,1] |x| dx=1. By Lemma 1, ¢* = [xe [-1,1]] A (B <> (x> 0)) and
w* = [[If B Then x Else — x], which are the same formula and weight function as in Example 6 (modulo some reordering
and variable renaming), s.t. WMI(¢p*, w*|x,B) =1. ©

Theorem 1 allows to compute the WMI with complicated FIUCLRA weight functions by substituting with a fresh
Boolean variable Bj each condition 1y in the if-then-else and case constructs and by adding /\,'f:1 (B < Yx) to ¢ A X.
Intuitively, during the computation of the WMIs, Theorem 1 allows for extracting out of the integrals the conditional com-
ponent on LR.A conditions, which are labeled by Boolean atoms and can be thus handled externally. Note that the pairs of
truth assignments (u®, u¥) of practical interest are only those for which (x A H/\I’)[MA] is LR.A-satisfiable. We will address
this issue in §5.

3.4. From WMI to WMlq4 and vice versa

We can now compare the original definition of WMI in [7] (Definition of WMly4 in §2.2) with our new notion of WMI
applied to FIUCERA weight functions. One key difference is that in the former the weight w is defined as a product of
weights on literals in ¢, whereas with the latter the weight w is a FIUCLRA function over the LR.A domain (x,A) (and
hence it does not depend on the LR.A-atoms in ¢).

To this extent, we note that we can easily express and compute WMIyq (14) as WMI in the following way, by using an
equivalent FIUCSRA weight function:

WMi(p, ] [ Then w(y) Else w(=y)] IX, A).

yeAtoms(¢)

The vice versa is tricky, in the sense that, to the best of our knowledge and understanding, there is no obvious general
way to encode an arbitrary FIUCLRA weight function into a WMIyq one while always preventing an explosion in the size
of its representation. In order to understand the difficulty in finding such a general encoding, consider a generic FIUCLRA
weight function w(x, A). In order to write it as a WMIyg weight function, one should find an integer K, a set of conditions
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{¥r (X, A)}k ; and a set of positive functions { fy, (X), f-y, (x)} 1 SO that w(x, A) could be written into the WMIg-equivalent
form:

K

w(x, A) = [ [[If (X, A) Then fy, (X) Else foy, (X)] (30)
k=1

where the conditions ¥ can be either (a) Boolean atoms in A, (b) LR.A-atoms on X, (c¢) LR.A-formulas on atoms in the
form (a) and (b) by labeling them with fresh Boolean atoms, so that their truth values derive deterministically from the
values of x, A, written “y (X, A)”.

Since w(x,A), fy,(X) and f-y,(X) are positive for every k, and the log function is continuous, strictly increasing and
invertible, noticing that [[If A Then b Else c]] = [[If A Then b Else 0] + [If A Then 0 Else c], we see that (30) is equivalent to:

[If i (x, A) Then log( fy, (X)) Else 0] +

[If Yk (x, A) Then 0 Else log( f-y, (X))] 1)

log(w(x. A)) = Z

for every x, A. Thus, if we fix the value for x and call y,t d:ﬁlog(fwk (x)) and yi | dzeflog(fﬂpk (X)) s.t. yir, YrL € RU{—00},
then (31) can be represented as a system of 2/ linear equalities, one for each total truth assignment on A, on 2K variables
{YkT, ykL},’le whose {0, 1}-coefficients are given by the truth values of v (x, A). Thus, for every value of x, we have 2/A
linear equations with 2K real-valued variables. This suggests that, in order (30) to hold, the size K of the product may blow
up in size with |A].

For instance, a trivial general solution consists in first converting the problem into WMI(¢*, w*|x, A*) as in Theorem 1
and then, for every total truth assignment win TT A(g*), introducing a fresh new Boolean atom B, adding B, < u to

the formula, and defining W(B,L) = WM(X) w(—=By) d_efl w(l) ' for every other literal I. This solution is obviously not

practical for non-trivial size of A* because it generates an exponential growth in the size of the formula.
4. A case study

Consider modeling journey time on a road network for e.g. a delivery agency. In order to safely organize priority de-
liveries, the agency could be interested in knowing well in advance the probability of completing the journey within a
certain time, given the time of departure. An accurate estimate requires to consider how travel duration between locations
can change according to the time of the day, and combine these duration distributions over the entire route. A different
encoding for the same problem was presented in the original WMI work [7].

Suppose that (the part of interest of) the day is partitioned into {I!, ..., IM} disjoint and consecutive intervals such that,

for each adjacent location I; and [; in the road network and for each I™ def [¢m, cm+1), we know the distribution of the
journey time from location I; to location [; given that we move at time t € I". Let fl’,"l, :R +— R™* denote such distribution

and let the interval Rm def [all I ,b}“, ) be its support. (Note that the I™s are intervals in absolute time and are all disjoint
whereas the er,-n ;S are mtervals in relatlve time and are typically not disjoint.)

4.1. Modeling a journey with a fixed path

Given a path (lo, ...,In) and departure and arrival times tgep and ta, we are interested in answering queries of the form
P(tN < tar | to = tdep, {l,-}f’:O). We can encode the problem as follows. Let t; be the time at step n and x, the journey time

between I,_1 and ;. Let xd:Ef {x1,...,xn}. (Here Ad_ef(?J ) Then:
N N
xS Altne ler.cmal]l A\ [OneOH[tnr e IMIM_,]
n=0 n=1
N M
A /\ /\ ([tn-1€ ™) = (%€ R, D

n=1m=1

N

w(X) dEfn [[Case [taae '] £ @i oo [t € IM] 1f1:{],zn(xn)}]
n=1

(/)(X) def

where for n > 0, “t,” is a shortcut for the term “Y_I_; x; +to", so that “[t,—1 € I™]" is a shortcut for the formula “(Z, 1 Xi+
to>cm) A _'(Zi:l Xi +to > cm+1)”, and “[x, € R,H ln}]" is a shortcut for the formula “(x, > alH 1) A= > bln—l )"
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Fig. 3. This figure shows the journey time densities for a pair of consecutive time steps, from location [; to ;1. Each edge shows the corresponding journey
time distribution for each of the intervals.

This encoding allows us to answer the up-mentioned queries as follows:

WMInp (X (X) A (EN < tarr) A (to = tdep) W(X)[X)
WMInp (X (X) A (to = taep), W(X)[X)

N

where the locations {l;};_, are used to generate a query-specific encoding for x (x) and w(x).
Under the assumption that each distribution fl'?lj (x) is feasibly integrable if x € R;?lj, then w(x) is FIUCERA with N - M

P(tN <tarr | to= tdepa {li}g\]:()) =

conditions " def [tn€ I"]. Thus we can introduce N - M fresh Boolean atoms B} and apply Theorem 1, obtaining:

N M
P x.B) Ep A x @ A N\ /\ By < [tare )

n=1m=1
N

def 1 . rl . M . ¢M
w*(x.B) €] HCase Bl i fl ()i BM .f,nq’,n(xn)]] .
n=1
Each distribution f,:il In is thus associated to Bj'. Note that, for each step n, exactly one condition variable B] is true,

representing the fact that the n-th location is reached during the m-th interval. Intuitively, this allows to select at each step
the distribution corresponding to the interval in which the location is reached, as shown in Fig. 3.

Example 10. Consider an instance of our case study where Adzef@, N=2, M=3,

x® Lo [7,10)]
Alto +x1€1[7,10)]
AJOneOH{[to€ [7.8)]. ... [toc [9, 10)]}]
A[OneOf{[to + x1€[7,8)], .-, [to + x1€[9,10)]}]
Ato€ [7,8)] — [¥1€[0.5,1)]
Atoe [8,9)] — [x1€[1,1.5)]
Alto€[9,10)] — [x1€[1,2)]
Afto+x1€1[7,8)] — [x2€[1,1.5)]
Afto+x1€[8,9)] — [x2€[1.5,2)]
Afto +x1€[9,10)] = [x2€[1,2)]
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k next(lcur'rcntv kv ltargct) S

Fig. 4. The figure shows two alternative (sub)paths from Iy, to larget: the successor of leyy is selected according to the time interval at which the node is
reached (m in the figure).

Case Case
wop & || Toe17:8)] L s [to+x1€(7.8)] :fl, ()
=\ e 9] 20 ||| [o+xeB.9] : 52,0
[to€9,10)] : £}, (x0); [to +x1€19,10)] : f2,, (x2);
000 €T

where the fIT—]ln (x) are functions which are integrable and positive in their respective domain stated in x (x) (e.g., f,z)l] (x1)
is integrable and positive in [[x; € [0.5, 1)]).
Then, by applying Theorem 1, we can introduce 6 Boolean variables B} and reformulate the problem as follows:
% def
P* (X, B) = pXx) A X (X) (32)
A (By < [toe[7.8)])
AN

A (B < [to+x1€[9,10)])

Case Case
1. ¢1 . 1. r1 .
W*(X B) d:ef BO ‘floll(xl)’ ] B1 -f,llz(Xz),
, B% :flih (x1); B% Ifflz(xz);
Ba : f’ill (%1)3 B? : fl?lz (%2)3

4.2. Modeling a journey under a conditional plan

We generalize the previous scenario to the case in which the path is not given in advance. Rather, they are provided only
a maximum path length N, a final target location larget and a conditional plan, establishing the successor location for every
location at each time slot. Intuitively, the conditional plan mimics the empirical knowledge of a driver that, given his/her
current location and time of the day, chooses the next step towards the final destination. (E.g., if one road passes aside a
school entrance, the driver arriving there from 8 am to 9 am knows it is better to choose an alternative path to avoid the
queues of cars leaving the children there.)

Let Z={1,..., M} be the set of indices of the time intervals. Let £L={1,..., L} be the set of indices of each location.
Given a target destination lLarget € £, a conditional plan is a function next: £ x Z x £ — L such that, for any current location

I € £ and time interval index m € Z, next(l, m, liarget) is the next location in the path, as shown in Fig. 4. To handle the special

case of the final location liarget, we set next(ltarget, M, ltarget) def liarget and R} def [0, 0], so that [xe R[" 1 def (x=0).

. ltargel ) ltargel llarget ;llarget
The queries we want to address are of the form
P(ty < tar | to = tdeps ldep, Liarget, NEXL).

The encoding generalizes the previous encoding for fixed paths. This time we need to introduce N sets of L mutually-
exclusive Boolean variables A,; which encode the location visited at each time step - with the intended meaning that Ay
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is true iff the location at step n is the one indexed by I - and [OneOf{A, |l € [1,L]}] is added to the formula for every n.!”
Unless otherwise specified, in the following we use the same notation and shortcuts of the case study presented in §4 (in
particular, we recall that for n > 0, “t,” is a shortcut for the term “2?21 Xi +to"):

N

/\[[tne[cl,cMH]]] A\ [OoneOt{[ta_1 € I™] |m & [1, M]}]
n=0 n=1

X (X, A) def

[OneOf{A, |1 € (1, L]}]

(

L M
def
P A) E g, A /\ (A (A= A\ Tta1€ 1" = Anoxttm tuge) ) )

>

N
AN
n=0
N M
VAN /\ (An_],l — /\ ([[tn_] € Im]] —> IIXnG RTnGXt(l-m,lmrget)]])))’
n=1

1 m=1

n=1 I[=1 m=1
[ Case T
(An—l,ll A An,lz) :
[Case [tn_1€1']: f,lylz(xn); oo [tner € IM] :f,’l‘{lz(xn) I;
w(x,A) d—efﬁ (Bt /\An’b)l: . £l o M. £M .
at [Case [tn—1€ 1 ]].f,1’l3(xn), v [thn el ]]'fll,la(X”) I
(An—1,;, AN Ang_q):
[Case [tn_1€1'] :fllylL—l(Xn); i [taer € IM] :flILV.]lL,l(X“) I |

Note that in the definition of w(x,A) the pairs of locations of interest in the outer case-expression are only those
connected by an edge. Moreover, we can safely consider only the edges which appear in the conditional plan for the desired
ltarget, i.€. pairs in Lreach = {{li, Ij) | i #1j € £,3m € [1, M] . next(l;, m, harget) = 1j}.

If we compare the description of x (x), w(x) and ¢(x) for the fixed-path-setting in §4.1 with these of x(x,A), w(x,A)
and ¢(x,A) for the conditional-plan setting described above, we note that the former can be seen as a particular subcase
of the latter.!®

This encoding allows us to answer the queries of interest as follows:

WMI(@ (X, A) A X (X, A) A (EN <tarr) A (to = taep), W(X, A)|X, A)
WMI(@ (X, A) A X (X, A) A (to = taep), W(X, A)X, A)
where lgep, ltarget and next are used to generate a query-specific encoding for ¢(x,A), x (X,A) and w(x, A).

P(tN < tar | to = tdeps ldep, Liarget, NEXt) =

4.3. Efficiency of the encodings

Note that, with both encodings in §4.1 and §4.2, in the formula x the constraints “[OneOf{[t,_1€ I”"]]}”"f:1 " (see
§2.1) are not strictly necessary from the logical perspective because the I™’s are mutually exclusive by construction and
[tn€ [c1,cm+11] for n € [0, N]. Nevertheless, adding such constraints may improve the performances of the SMT solver the
formula is fed to, because they allow the solver to infer the disjunction and the mutual exclusion directly via Boolean
constraint propagation instead of using less efficient £R.A-deduction steps (see e.g. static learning in [44]).

For the same reason, adding the following logically-redundant constraints to x may improve the performances of the

SMT solver:
n—1 n—1
Q Xi+to=cmi) > (Y _Xi+to=cm) Vne[l,Nl, me[l,M—1]
i=1 i=1

(Xn > Vi) > (X =>vj) if vi=vj, Vne[l,N],

where the v;, v; are among the upper- and lower-bound values of the intervals R;:il.,n.lg

17" Alternatively, this can be encoded by a distinct truth assignment to [log,(L)] Boolean variables representing the binary encoding of the index I, using
overall N - [log2(L)] Boolean variables. However, since L is quite small, this is not worth doing in our case.
18 In fact, if we impose a given path lp,lq, ..., Iy by substituting the part “Agj, A /\,’,V 1(.)" in @(x,A) with “/\,I:’ o Any,”, then it is easy to see that

X (x,A) A @(x,A) simplifies by unit-propagation into u® A x (X) A @(x), where u® = def

because only one condition (A,_1, , A Apy,) holds for the n-th external Case.
19 In practice, we do not need adding such constraints for every pair (v, vj); rather and more efficiently, it suffices to sort all such values for each x,
and to add one constraint only for pairs of consecutive values, because the others are obtained implicitly by transitivity.

/\n o(An, A /\,#," —An,), and that w,a (x) simplifies into w(x)
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5. Efficient WMI computation

We address the problem of computing efficiently the WMI of a FIUC£RA weight function w(x, A), with support formula
x and set of conditions W, over a formula ¢ (x, A).
The first step (if needed) is a preprocessing step in which the problem is transformed by labeling all conditions ¥ with

fresh Boolean atoms B, as in Theorem 1. Let ¢*, w*, x, A* be the result of such process, where ¢* d=8f<p/\x A/\,’le(B,< < Yp),

w* d:‘afw[B <~ V], and A* AU B. Consequently, for every ,uA*, WDM*] is feasibly integrable on gol*ﬂ,\* ’

Remark 5. Following up with Remark 4, hereafter we assume w.l.o.g. that each Boolean atom in A occurs in ¢ A x or in W,
so that every atom in A* occurs in ¢*. Consequently, each truth assignment in 77 .A(¢*) assigns every atom in A*. The

same assumption applies to 3x.¢* 20

5.1. The procedure WMI-AIISMT

Consider p = " A ufRA € TT A(@*). Then ufRA € TTA@ ). s that we can compute WMIn (ERA, WY e X).
Combining Theorem 1 with Proposition 2 allows us to compute the WMI as follows:

WMI(@, w|x, A) (33)
= WMI(¢*, w*|x, A¥).
= > WMo (1“4 W e 150

MA* /\//L‘CR‘AETT.A((,O*)

The set 77T .A(¢*) is computed by an AIISMT procedure implemented on top of an SMT solver like MATHSAT5—
ie, as TT.A(PredAbsi,+ (Atoms(¢*))), without the assignment-reduction technique (see fact (b) in §2.1). Each
WMInb(MﬁRA, WE‘MA* ]|x) is computed by invoking our background integration procedure for FI“RA functions of §3.3. We

call this algorithm WMI-AIISMT.
5.2. The procedure WMI-PA

A much more efficient technique, which we call WMI-PA because it exploits SMT-based predicate abstraction in its full
pruning power rather than simply as AIISMT,?! can be implemented by noticing that, combining Theorem 1 with Proposi-
tion 3, we have that:

WMI(p, w|x, A) (34)
= WMI(p*, w*|x, A¥).

= D WMinp(@aey Wm0
uA e TT A@EX.0%)

and that, due to Proposition 1, each WMINb((p[*HA*]’ WE‘MA*]lx) can be computed as:

Do WM (AW e ). (35)
WERACTAW@! ps))

Note that in (34) we must use 7 7 .A(...) instead of 7.A(...) because by construction WL“*J requires each MA* to be total,

whereas in (35) we can use 7 .A(...) because there is no need for the /,L‘CR“AS to be total (Proposition 1).

The pseudocode of WMI-PA is reported in Algorithm 1. First, the problem is transformed (if needed) by labeling con-

ditions W with fresh Boolean variables B, as in Theorem 1. After this preprocessing stage, the set MA" def TTAEX.@*)

is computed by invoking 7T .A(PredAbsj,« (A*)) (see §2.1). Then, the algorithm iterates over each Boolean assignment
MA* in MA". (p[*/ﬂ‘*J can be simplified by the Simplify procedure, by propagating truth values (e.g., @1 A (T V ¢2) A (L V
©3) A (—@3 V @a) = @1 A @3 A @a) and by applying arithmetical simplifications like £LR.A theory propagation [5] (e.g.,

20 We note that this assumption is necessary for our basic procedure WMI-AIISMT (see §5.1) but it is not necessary with our much more efficient
procedure WMI-PA (see §5.2) because the SMT-based procedure we use for computing predicate abstraction, 7 7 .A(PredAbs|,)(A)) (see §2.1), allows for
forcing the branches even on atoms A; which do not actually occur in the input formula ¢. Nevertheless, this assumption makes the explanation simpler.
21 To this extent, compare facts (c) and (b) in §2.1.
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Algorithm 1 WMI-PA(p, w, X, A).
(p*, w*, A*) < LabelConditions(¢, w, X, A)
MA" — TT A(PredAbsi,+| (A*))
vol <0
for A" ¢ MA" do

Simplify((pﬂLA*l)
if LiteralConjunction((p[*ﬂA*]) then

* *
vol < vol + WMInb(go[lLA*], w[ﬂmlx)
else
MERA T.A(PredAbsw[;A*]J(Atoms(tp[*“,‘*])))
for t“RA e MERA do
vol < vol +WMip, (uERA, WE‘MMJ\X)
end for
end if
end for
return vol

EX=DACE=0) V@) A({(x=>0)V @)= (x>1) A @) This improves the chances of reducing (p[* A to a conjunction of
literals, and allows for reducing the size of Atoms((p[*ﬂ,\*]) to feed to PredAbs (see below). Then, if ('0[*#“*] is already a con-
junction of literals, then the algorithm directly computes its contribution to the volume by calling WMInb((pE“MA*], WE‘MA*]|X).
Otherwise, TA((p[*MA* J) is computed as TA(PredAbs[(p;LA*] J(Atoms(wrﬂ,\* J))). using the assignment-reduction technique to

produce partial assignments (see §2.1), and the algorithm iteratively computes the contributions to the volume for each
LRA
n

Example 11. Consider the problem described by ¢* and w* in Example 10. Since A =@, then A* =B.
Suppose first we generically want to leave lp no earlier than 7 and no later than 10, and arrive to I, strictly before 11.
These constraints correspond to conjoining

[to€ [7,10)] A (to + X1 + X2 < 11)

to @*. In such case, PredAbsj,+(A*) is the following formula:

( BOA—=B3A—-B3A Bl A=B2A-B3) (36)

V( BOA—=B3A—-ByA—Bl A B?A-B}) (37)
V(—ByA B3A-ByA—BIA-BZA BY) (38)

so that MA" def TT A(PredAbsi,+1(A*)) is the set of the three disjuncts (36)-(38). Importantly, note that the other 6 assign-

ments, which would make ¢* LR.A-unsatisfiable causing WMl to return O, are not generated by T T A(PredAbsj,«(A*)).
(E.g., if Bl =T then I; is necessarily reached strictly before 9, which forces B? =1, s.t. the assignment (Bg] A —|Bg A —-Bg A
—Bl A—=B? A B3) is not generated.)

Now suppose instead that we fix to to some value tgep € [7,10) by conjoining (to = tqep) to @* (see §7). Depending on
the value tqep, we distinguish four cases:

tgep € [7,7.5): forces B}) =T and 7T A(PredAbsj,+ (A*)) reduces to (36) and (37);
tgep € [7.5, 8): forces Bcl) =T and 7T A(PredAbsj,+(A*)) reduces to (37) because (36) cannot be extended with any
LR A-satisfiable p£RA;
tgep € [8,9): forces B% =T and 7T .A(PredAbsj,](A*)) reduces to (38);
taep € [9, 10): makes the whole formula £LR.A-unsatisfiable, s.t. 77 .A(PredAbsjy+)(A*)) is empty.

E.g., in the first case, if we set tqep to 7.4 by conjoining (to = 7.4) to ¢*, then 7T A(PredAbsi,+(A*)) contains only (36)
and (37). Let (36) be the first assignment selected in the “for” loop, that is, uA" % (By A—B% A—B3 A Bl A=B2 A —B3).
Propagating its truth values inside ¢* and w* in (32) and simplifying the truth values by means of Simplify(), we get rid of

most LR .A-literals in ¢*, obtaining thus®?:

(pEkMA*] =(to=7.4) A [[t()E [7, 10)]]
A(to+x1+x <11)

22 Note that [toe [7,10)] and [to€ [7,8)] are made redundant by (to = 7.4); however, they do not affect the result.
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Atoe[7,8)] A [x1€[0.5,1)]
Afto+x1€17,8)] A [x2€[1,1.5)]
Wia = fl})h (x1) - fl:lz (x2)

<p[*ﬂA*] is a conjunction of LR.A-literals, so that the condition of the “if” is verified, then WMI, can be invoked on it directly

at the cost of one integration only, without further invoking another predicate abstraction and hence without running the
internal “for”, which would cost one integration for every internal loop. ¢

5.3. WMI-PA vs. WMI-ALLSMT

As a general remark, comparing (34) with (18)—even if ¢*, w*, x, A* were respectively ¢, W X, A—we note that in WMI-
PA the restriction of the sum to T’TA(EIX ©*) in (34) removes a priori all the assignments uA" which cannot be expanded
by any assignment pfRA st. uh A ufRA propositionally satisfies ¢* and pufR4A is LR A-satisfiable, whose integrals
would be 0-valued.

We argue that WMI-PA produces much less calls to the background integration procedure WMInb(uERA [ A |x) than

WMI-ALLSMT for two main reasons.
First, the size of Atoms(go[*MA*]) which is fed to PredAbs in (35) can be made much smaller than the number of

LRA-atoms in Atoms(p*) fed to PredAbs in (33), since many L£R.4-atoms are simplified out by ul . (Eg, x<1 A
(A2 V (x> 0)))[4,] is simplified into (x < 1), so that (x> 0) is eliminated.) Thus, for each ,U,A*, the number of assignments
in the form " A u£RA which are enumerated in (34)-(35) can be drastically reduced with respect to those enumerated
n (33).

Second, with (35) it is possible to search for a set 7.A(...) of partial assignments, each of which substitutes 2! total
ones, i being the number of unassigned £R.A-atoms. Note that, unlike with Boolean atoms, we can safely produce partial
assignments on LR.A-atoms because w(x,A) does not depend directly on them, since the integrals can be computed

also on a partial assignment of the LR.A-atoms. (E.g., if (,()Ek A def (x>0 A ((x<2)V (x<1)), the partial assignment

WERALL (v > 0) A (x < 2) prevents enumerating the two total ones u£RA A (x < 1) and pERA A =(x < 1), computing one

integral rather than two.
6. Related work

Most works on probabilistic inference in hybrid graphical models are either limited to joint Gaussian distributions [31], or
perform approximate inference [1,24]. A recent line of research focused on developing exact inference algorithms for graph-
ical models with mixtures of polynomials [42,45,49], using techniques like generalized joint-tree algorithms or symbolic
variable elimination. The WMI formalism extends these approaches allowing to represent constraints in terms of arbitrary
combinations of Boolean connectives.

The first solver for exact WMI [7], which is based on the original definition WMIgyq in §2.2, was a proof-of-concept
relying on a simple block-clause strategy (WMI-BC in the following), which iteratively generates new models by adding the
negation of the latest model to the formula for the following iteration. In the propositional (WMC) case, substantial efficiency
gains can be obtained by leveraging component caching techniques [3,40], in which the weighted model counts of disjoint
components of a formula are cached once and reused whenever the formula is encountered again in the computation.
Unfortunately, these strategies are difficult to apply in the WMI case, because of the additional coupling induced by algebraic
constraints. A recent work [9] did show substantial computational savings in adapting #DPLL with component caching from
the WMC to the WMI case. The approach however works with purely piecewise polynomial densities, with no additional
constraints between theory variables. In this setting, the reasoning part boils down to plain SAT, and an eager encoding of
the piecewise structure allows to apply component caching at the propositional level and leave the integration of densities
to the final steps of the decomposition procedure. Albeit effective, this solution cannot be applied whenever algebraic
constraints exist between variables, e.g. their sum being within a certain range, a rather common situation in many practical
cases (see §4). In the same paper, an approach equivalent to WMI-ALLSMT applied to the original WMI formulation was
shown to improve over the WMI-BC baseline. Nevertheless, further improvements are not possible without revising the
formulation as we do in this work.

Closest to WMI are the work by Sanner and Abbasnejad [42] and the probabilistic inference modulo theories [19]
framework. The former is the first approach for closed-form exact inference on hybrid graphical models with piecewise
polynomial functions. It relies on a symbolic extension of the variable elimination algorithm implemented using extended
algebraic decision diagrams (XADD) [43]. We will refer to this approach as SVE-XADD in the rest of the paper. A major
limitation of SVE-XADD is that it requires to enumerate all paths from the root to the leaves in the XADD during com-
putation, thus producing a blow-up both in memory requirements and number of alternatives to be evaluated. Although
variable-elimination-based algorithms can cache intermediate results in principle, this is apparently not the case for the
SVE-XADD algorithm. Indeed, our experimental evaluation (§7) shows that SVE-XADD has the worst performance among
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all competing approaches in terms of query execution times, and quickly exhausts available memory for increasing problem
size. Probabilistic inference modulo theories [19] is a general framework where a combination of DPLL and symbolic variable
elimination allows to perform probabilistic inference on a variety of theories. While initially focused on integer arithmetic,
the system developed by the authors (called PRAISE) was recently provided with support for arithmetic over the reals and
polynomial densities. Our experimental evaluation (§7) shows that PRAISE is always more efficient than SVE-XADD, and
substantially outperforms WMI-BC and WMI-ALLSMT when the relations between the continuous variables allow to effi-
ciently decompose the integral by means of variable elimination steps, but it is largely inferior to our novel formulation in
all tested scenarios.

7. Experiments

We have evaluated the performance of WMI-PA on both synthetic (§7.1) and real-world (§7.2 and §7.3) problems, com-
paring it with WMIg4 techniques and alternative symbolic approaches. These problems have been chosen also because they
can be suitably encoded to be fed to all tools under test; in particular, they are very naturally encoded into WMIgyq without
the exponential blowup described in §3.4.

In our empirical evaluation we compared the following tools:

e WMI-BC is our re-implementation of the WMlqq procedure in [7];

o WMI-ALLSMT and WMI-PA are our implementations of the procedures described in §5.1 and §5.2 respectively;

e SVE-XADD is the implementation of the algorithm in [43] provided by the authors, adapted in order to parse our input
format;

o PRAISE?® is the implementation of Probabilistic Inference Modulo Theories [19] provided by the authors.

The implementations of WMI-BC, WMI-ALLSMT and WMI-PA use MATHSAT5?* [16] to perform SMT reasoning and LATTE
INTEGRALE®® [33] to compute integrals of polynomials. To perform internal manipulations of the weight components, we
used SYMPY,%® a Python library for symbolic mathematics. The software implementation of all algorithms, as well as all data
and scripts for replicating the experiments in this paper are publicly available online.?’

All experiments were run on a Virtual Machine with 7 cores running at a frequency of 2.2 GHz and 94 GB of RAM. The
timeout was set at 10,000 seconds for each (query, tool) job pair. Importantly, comparing the numerical results of the tests
it turned out that, when terminating, all tools returned the same values on the same queries (modulo roundings).

7.1. Synthetic setting

The synthetic setting is conceived in order to test the performance of the different tools on generic WMI problems. The
setting we use here is more elaborate than the one we employed in [36], with the aim of making it more challenging
for WMI-PA, in particular to force WMI-PA to enter more frequently its inner loop (the loop in the “else” case in Algo-
rithm 1). Note however that the results in the simpler setting reported in [36] are qualitatively similar to the ones we
report here, with an even more pronounced advantage of the WMI-based approaches over the symbolic alternatives (see
the supplementary material for the results on that setting).

In what follows, let A® denote a random Boolean atom drawn from A, let AR denote a random L£R.4-atom over
variables in x, let AB/R denote a random Boolean or £R.A-atom. In this experiment, we used two recursive procedures to
generate random formulas and nested weight functions with a given depth d:

DL randy(d—1) ifd>0

randy, (d) = a=

0@ [—]AB/R otherwise
[If rand, (d) Then rand,, (d — 1) Else randy, (d — 1)]

randy, (d) = or .
randy, (d — 1) ® randy, (d — 1) ifd>0
Prandom (X, MaXgeg) otherwise

where P € {\/, \,~V,—~ A} ® € {+, -} are randomly-picked Boolean and arithmetical operators respectively, “[—]” means
that a negation is added at random, “w; or w,” means that one of the two alternative functions w; and w; is chosen
randomly, and Prandom (X, M@Xgeg) are random polynomials over X with maximum degree maxgeq.
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http://aic-sri-international.github.io/aic-praise/.
http://mathsat.fbk.eu/.
https://www.math.ucdavis.edu/~latte/.
http://www.sympy.org/.
https://github.com/unitn-sml/wmi-pa.
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Fig. 5. Query execution times in seconds for all methods on the synthetic experiment (left); number of integrals (right) for WMI-BC, WMI-ALLSMT and
WMI-PA on the same instances.

Using the procedures above, we generated the problem instances as follows:

X (X, A) =randy (D) A /\[[xe [Ix, ux1]

Xex

w(X,A) =rand,, (D)
Pquery(X, A) = randrp(D)

where D is a parameter that control the depth of x, w and @query, and [lx, ux] are random lower and upper bounds for each
variable x € x.

Fig. 5 (left) shows the query execution times on the randomly generated problem instances for all the methods. Instances
are ordered by increasing hardness, measured as the running time of the slowest method. For instances in which the slowest
method reaches the timeout, the second slowest method is used to order instances, and so on. (Here and in next figures, a
value of 10,000 s denotes the fact that the procedure under test reached the timeout without producing a solution.)

In this experimental setting, the WMI methods achieve better performance with respect to the symbolic approaches,
suggesting that the latter struggle with combinatorial reasoning, in contrast with the WMI approaches which rely on the
full reasoning power of a state-of-the-art SMT solver.

Whereas WMI-ALLSMT performs better than the baseline WMI-BC for the most difficult cases, WMI-PA achieves dras-
tic speedups with respect to both the alternatives. Fig. 5 (right) reports the number of integrals computed by the three
WMI methods. The curves for WMI-BC and WMI-ALLSMT are indistinguishable, an expected result as the two formulations
enumerate the same set of total truth assignments, with WMI-ALLSMT doing it more efficiently. Conversely, the predicate
abstraction steps of WMI-PA allow it to drastically reduce the number of assignments, and thus integrals to be computed.
Note that a comparison with the symbolic approaches in terms of number of integrals is not possible because of their
complex combination of variable elimination and integration steps.

7.2. Strategic road network with fixed path

In order to show the applicability of our method to real world tasks, we implemented the case study described in §4.1.
The data was taken from the Strategic Road Network Dataset,”® which provides a record of journey times on all the mo-
torways managed by the English Highways Agency. From this dataset we extracted a graph between junctions whose edges
were labeled with distributions of average journey times for each time interval (15 minutes long). For our experiments, we
considered the largest strongly connected component of this graph, shown in Fig. 6. In this setting, the task is to perform
queries of the form:

P((tN < tarr) | to= tdepa {Ii}?lzo)»

that is, computing the probability of completing a fixed path Iy, ..., Iy within t4y, given the departure time tqep. We encoded
an equivalent formulation for PRAISE and compared it with the WMI approaches. SVE-XADD was not considered in this
setting because its execution times are prohibitive for all but the smallest path lengths. Another issue we encountered with
SVE-XADD is that it often runs out of memory due to the size of the underlying XADDs.

The results in Fig. 7 show median, first and third quartiles of the query execution times, computed over 10 randomly
generated queries for each path length. Whereas WMI-BC and WMI-ALLSMT cannot scale to the path lengths handled by

28 https://data.gov.uk/dataset/dft-eng- srn-routes-journey- times.
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Fig. 6. The subgraph of the Strategic Road Network used in our experiments. Locations are colored according to their out degree. (For interpretation of the
colours in the figure(s), the reader is referred to the web version of this article.)
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Fig. 7. Query execution times in seconds (1st quartile, median and 3rd quartile) in the Strategic Road Network setting with fixed path (left). Table showing
the medians for each length (right).

PRAISE, our approach is much faster than all alternatives, being able to compute queries up to two steps longer than PRAISE
without reaching the timeout.>

In contrast with the synthetic experiment, in this setting PRAISE performs much better than WMI-BC and WMI-ALLSMT.
On the one hand, PRAISE seems to benefit from the deterministic relationships between the journey time variables, being
able to symbolically decompose the integration much more efficiently with relation to the synthetic experiment, in which
the continuous variables can relate to each other in diverse and entangled ways. On the other hand, the number of overlap-
ping intervals in this encoding makes the enumeration of total truth assignments performed by WMI-BC and WMI-ALLSMT
prohibitive (see §7.4).

Fig. 8 shows the number of integrals computed by the three WMI techniques. (As before, this data cannot be provided
with PRAISE.) Note that the plots for WMI-BC and WMI-ALLSMT coincide, whereas that for WMI-PA cannot be distinguished
from the x axis. From this, we observe that predicate abstraction techniques used in WMI-PA allow to drastically reduce the
number of integrations.

7.3. Strategic road network with conditional plans

In order to further investigate the impact of combinatorial reasoning on the performance of WMI-PA and PRAISE, we
generalized the previous experiment to the case in which the path is not given in advance, using the encoding described
in §4.2. In this experiment, we precomputed the conditional plan for each triple (l;, m,l;) using a greedy procedure based
on expected journey time between adjacent locations. WMI-BC and WMI-ALLSMT were not considered in this experiment,

29 Note that the complexity of the query is due to the combination of the path length and the number of time intervals in which the time horizon is
divided (M = 12 in these experiments). For paths of length 8, the total number of potential cases is 128 = 429, 981, 696. Clearly, most of these cases are
unfeasible and are thus ruled out by the SMT solver before the integration.
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12000 - 1
—— PRAISE
WMI-PA
~ 10000 - ---- B
3 #] PRAISE | WML-PA
o
£ 00, 1 799 1
8 2> 10000 2
= 3> 10000 4
= 6000 -
5 4> 10000 6
g 5> 10000 14
gl 4900, 6> 10000 77
g 7> 10000 708
S 2000- 8> 10000 6203
0~ T 7 - T " ! -
1 2 3 4 5 6 74 8

Maximum path length

Fig. 9. Query execution times in seconds (1st quartile, median and 3rd quartile) in the Strategic Road Network setting with conditional plan (left). Table
showing the medians for each maximum length (right).

given their inability to scale on the simpler fixed path experiment. Recall that in this setting, the task is answering queries
of the form:

P(tN <tar | to = tgep, ldep, ltarget, next),

that is, computing the probability of reaching lLaget Within tay, leaving from lgep at time tgep and using the conditional plan
encoded in next to make local decisions on the route to follow.

The results displayed in Fig. 9 show that with the conditional-plan setting WMI-PA drastically outperforms PRAISE,
the performance gaps being even superior than that with the fixed-plan setting in Fig. 7.30 These results suggest that
PRAISE struggles with the heavier combinatorial aspect of this generalization. On the other hand, WMI-PA can prune the
combinatorial space much more efficiently.

7.4. Discussion

The remarkable performance gaps of WMI-PA with respect to its competitors, in particular with respect to WMI-ALLSMT
and WMI-BC, can be explained in terms of what discussed in §5.3. In particular, we analyze the Strategic Road Network
with Fixed Path setting of §7.2 by generalizing the scenario of Example 11. (In what follows we have omitted the literals
from the query, which can simply be conjoined to each truth assignment.)

Consider ¢*(x,B) as in §4.1, and consider some uA" € MA" as in Algorithm 1. Then, for every n, only one B, is true

(say, Bi™,) and all others are false in A", so that AN, (Bt y <> [t e I™]) forces [t, e I™] to be true and all the others

30 Comparing Fig. 9 with Fig. 7 one may get the (false) impression that the fixed plan problem is comparable or even harder for WMI-PA than the
conditional-plan one. We note, however, that the two plots cannot be compared because in Fig. 7 the x axis represents the length of the (fixed) plan
whereas in Fig. 9 it represents the maximum plan length, which can be bigger than the length of the actual plans.
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to be false, so that AM_, ([tn_1€ I"] — [xn € R 1.1 forces [xp € R;:L_,n]] to be true and satisfies all other constraints

([tr1 € I™] — [xne R]" | ) for m £ my, with no need to assign truth values to the other constraints [x,€ R]" | .

With WMI-ALLSMT (and WMI-BC) only total truth assignments ,u,A* A ,uERA are generated from 7 7.A(¢*). We note
that there can be up to (2M — 1)V such assignments sharing the same A" with different u£=4 part, each of which
must be integrated separately. In fact, consider one A" as above. WMI-ALLSMT is forced to enumerate all total assignments
P A WERA A A pERA | extending uA” which cover all possible truth value combinations of the atoms in [x, €
R 1,1 with m # my, which are LR.A-consistent with [x, € R;::Jn]]‘ although a truth value assignment to these atoms is
not necessary to satisfy the formula, as pointed out above. (Recall that the intervals {R;:q.,n }m are not disjoint.) Depending
on the possible overlappings of R}:jl,,” with the other intervals R}’LJ" with m # m,, there are up to 2M — 1)N such
potential combinations: the extreme case is where, for every n, the bounds of the intervals R;:—lqln are all different and for

every m#my RI' | CR™ |,
We stress the fact that this partitioning is unnecessary because inside Rf;: I the weight function is not partitioned.

With WMI-PA, instead, the constraints ([tn—1€ I™] — [xx € RITq ln]]) for m # m, are removed from (p[*u,\*] by Simplify(),

so that RZ}L Iy is partitioned into 2M — 1 sub-intervals, totaling (2M — 1) combinations.

so that ¢, ., is simplified into’!

N my—1 M
A laem™In N\ tazedn \ —1 =cn ) A€ R™
n=1 m=1 m=my—+1

which is a conjunction of £LRA-literals (namely p£RA). Thus, with the fixed-path setting, WMI-PA generates only one
WERA 1o integrate for every puA” e MA™.

A direct theoretical comparison of the WMI techniques with respect to the symbolic techniques in SVE-XADD [42] and
PRAISE [19] is not possible, because of the very different nature of such procedures—and of the fact that the code of PRAISE
is much more complex and sophisticated than the general algorithm described in [19]—so that we limit to express a few
conjectures.

Concerning the performance of SVE-XADD, as mentioned in §6, we conjecture that its major limitation is that it requires
to enumerate all paths from the root to the leaves in the XADD during computation, thus producing a blow-up both in
memory requirements and number of alternatives to be evaluated.

An analysis of the performance difference between PRAISE and WMI-BC/WMI-ALLSMT is more difficult. On the one
hand, to the best of our understanding of the algorithm in [19], PRAISE supports some form of reasoning on partial
LR.A-subassignments, which we conjecture to provide a good advantage with respect to WMI-BC and WMI-ALLSMT on
the road-network setting, where this feature is critical. On the other hand, where the above issue is less critical as with the
synthetic setting, we conjecture that the usage of variable-elimination techniques might be less efficient than the Boolean
decomposition plus numerical integrations, as done by WMI-BC and WMI-ALLSMT.

Finally, when comparing PRAISE and WMI-PA—in addition to what mentioned in the last paragraph—we conjecture that
the superiority in performance might be due mostly to the two-step usage of predicate abstraction interleaved with formula
simplification, which allows both for getting rid of most £LR.4-atoms from (pE“MA*] and for enumerating partial assignments

on them, so that to drastically prune the number of £LR.A-assignments pu£RA

performed.

produced and thus the number of integrals

8. Conclusion and future work

In this paper we proposed a revised definition of WMI which addresses some theoretical and practical limitations of
the original formulation. Building on the properties of the novel formulation, we developed an efficient WMI algorithm
combining a substantial reduction in the number of integrations with their efficient enumeration. Experimental comparisons
over synthetic and real-world data confirm the drastic efficiency improvement over existing alternatives.

A number of relevant research directions can be foreseen to improve the current framework. From a computational
perspective, further efficiency improvements could be obtained by developing decomposition techniques combined with
appropriate caching strategies. This is a highly non-trivial task, as component caching approaches from the WMC litera-
ture [3,40] cannot be easily adapted to the WMI case because of the coupling induced by algebraic constraints. Another
direction to scale up WMI to larger domains is that of working on approximate strategies. Space decomposition strategies
based on random parity constraints [46] have been successfully employed for approximate model counting [6,25] and its
weighted alternative [12,21,22]. A first step in this direction has been recently made by Belle et al. [8], but further work
is needed in order to fully combine the efficiency of sampling by parity constraints with that of reasoning with theory

31 Recall from §4.1 that [t;_j € I™] def (tn—1 > Cm—1) A =(tn—1 > cm); consequently, we have that —[[t,—1 € "] = —=(th—1 > cm—1) V (ta—1 > C), Which is

simplified into (tp—1 > ¢p) if m <my, and into —(t,—1 > cp—q) if m > my.
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solvers while retaining approximation guarantees in the weighted setting. From an expressivity viewpoint, an obvious di-
rection is that of generalizing WMI to deal with combinations of theories, like linear arithmetic over reals and integers.
This is a rather straightforward extension as it only affects the base step of our algorithm (alternative approaches like
PRAISE already provide this functionality). A promising but more challenging direction for further enhancement is that of
incorporating function symbols, something which has been recently investigated in both WMC [10] and probabilistic in-
ference modulo theories [18]. A complementary direction in terms of enhanced expressivity is that of extending the class
of weight functions supported by the method. WMI currently works for FI“RA functions, i.e. functions which are feasibly
integrable on every set of £R.A atoms. Polynomials are FIS®A [4], and they are the weight functions currently supported
by our WMI implementation. Arbitrary weight functions could in principle be tackled using hyper-rectangle decomposition
approaches [14]. Here the weight function is approximated as the sum of weight functions over hyper-rectangles, which
are easy to compute. The problem is that depending on the LR.A4 atoms, a very large or even infinite number of hyper-
rectangles can be needed. A recent work by Merrell et al. [34] showed that in the special case of independent Gaussian
densities, appropriate orthogonal transformations can be used to align one of the faces of the boundary of the formula to
one of the axes without affecting the value of the integral, thus reducing the number of hyper-rectangles needed for an
accurate approximation.

Finally, WMI has a number of intriguing application scenarios. Probabilistic inference in hybrid graphical models is the
original motivation for research on WMI. Probabilistic planning [20,29] on hybrid domains is also a natural application
domain. Program analysis is another promising direction, as exemplified by the recent works on quantifying bias in proba-
bilistic programs [2] and probabilistic program abstraction [28].
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