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Abstract

It was recently shown by van den Broeck at al. that the symmetric
weighted first-order model counting problem (WFOMC) for sentences of
two-variable logic FO? is in polynomial time, while it is #P1-complete for
some FO®-sentences. We extend the result for FO? in two independent
directions: to sentences of the form ¢ A Va3~ y(z,y) with ¢ and ¢ for-
mulated in FO? and to sentences of the uniform one-dimensional fragment
U; of FO, a recently introduced extension of two-variable logic with the
capacity to deal with relation symbols of all arities. We note that the
former generalizes the extension of FO? with a functional relation sym-
bol. We also identify a complete classification of first-order prefix classes
according to whether WFOMC is in polynomial time or #P;-complete.

1 Introduction

The first-order model counting problem asks, given a sentence ¢ and a number
n, how many models of ¢ of size n exist. (The domain of the models is taken to
be {0,...,n—1}.) The weighted variant of this problem adds weights to atomic
facts R™ (uy,...,u) of models M, the total weight of M being the product of
the atomic weights. The question is then what the sum of the weights of all
models of ¢ of size n is. Following [12], we also admit weights of negative facts
‘not R™ (uy, ..., ug).

We investigate the symmetric weighted model counting problem of systems
extending the two-variable fragment FO? of first-order logic FO. The word
‘symmetric’ indicates that each weight is determined by the relation symbol of
the (positive or negative) fact and thus the weights can be specified by weight
functions w and w that assign weights to each relation symbol occurring posi-
tively (w) or negatively (@w). We let WFOMC refer to the symmetric weighted
first-order model counting problem, with WFOMC (¢, n, w, w) denoting the sum
of the weights of models M |= ¢ of size n according to the weight functions w
and w. We focus on studying the data complexity of WFOMC, that is, the
complexity of determining WFOMC (g, n, w, w) where n is the only input, given
in unary, and with ¢, w, @ fixed.
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The recent article [4] established the by now well-known result that the data
complexity of WFOMC is in polynomial time for formulae of FO?, while [3]
demonstrated that the three-variable fragment FO® contains formulae for which
the problem is #P;-complete. We note that the non-symmetric variant of the
problem is known to be #P-complete for some FO?-sentences [3].

Weighted model counting problems have a range of well-known applications.
For example, as pointed out in [3], WFOMC problems occur in a natural way
in knowledge bases with soft constraints and are especially prominent in the
area of Markov logic [6]. For a recent comprehensive survey on these matters,
see [5]. From a mathematical perspective, WFOMC offers a neat and general
approach to elementary enumerative combinatorics. To give a simple illustration
of this, consider WFOMC(p, n,w,w) for the two-variable logic sentence ¢ =
VaVy(Rzy — (Ryx A x # y)) with w(R) = w(R) = 1. The sentence states that

R encodes a simple undirected graph and thus WFOMC(p, n,w,w) = 2(3),
the number of graphs of order n (with the set n of vertices). Thus WFOMC
provides a logic-based way of classifying combinatorial problems. For instance,
the result for FO?-properties from [4] shows that all these properties can be
associated with tractable enumeration functions. For discussions of the links
between weighted model counting, the spectrum problem and 0-1 laws, see [3].

In the current paper, we extend the result of [4] for FO? in two independent
directions. We first consider FO? with a functionality aziom, that is, sentences
of type ¢ AVzI='y(z,y) with ¢ and ¢ in FO?. This extension is motivated,
inter alia, by certain description logics with functional roles [I]. The connection
of WFOMC to enumerative combinatorics also provides an important part of the
motivation. Indeed, while FO? is a reasonable formalism for specifying proper-
ties of relations, adding functionality axioms allows us to also express properties
of functions, possibly combined with relations. For example, applying WFOMC
to the sentence Vz—Rxx A Voz3=lyRxy gives the number of functions that do
not have a fixed point. While the extension of FO? with a functionality axiom
might appear simple at first sight, showing that the data complexity of WFOMC
remains in PTIME requires a rather different and much more involved approach
than that for FO%. Our proofs provide concrete and insightful aritmetic expres-
sions for analysing the related weighted model counts. The article [9] considers
weighted model counting of an orthogonal extension of FO? which can express
that some relations are functions.

We also show that the data complexity of WFOMC remains in PTIME for
sentences of the uniform one-dimensional fragment U;. This is a recently intro-
duced [8, 10] extension of FO? that preserves NEXPTIME-completeness of the
satisfiability problem while admitting more than two variables and thus being
able to speak about relations of all arities in a meaningful way. The fragment
U, is obtained from FO by restricting quantification to blocks of existential
(universal) quantifiers that leave at most one variable free, a restriction referred
to as the one-dimensionality condition. Additionally, a uniformity condition
is imposed: if k,n > 2, then a Boolean combination of atoms Rz ...z, and
Sy1...yn is allowed only if the sets {x1,...,zr} and {y1,...,yn} of variables



are equal. Boolean combinations of formulae with at most one free variable
can be formed freely, and the use of equality is unrestricted. It is shown in [§]
that lifting either of these conditions—in a minimal way—leads to undecidabil-
ity. For a survey of the basic properties of U; and its relation to modal and
description logics, see [14].

What makes weighted model counting for U; attractive in relation to appli-
cations is the ability of U; to express interesting properties of relations of all
arities, thereby banishing one of the main weaknesses of FO?. This is especially
well justified from the points of view of database theory and of knowledge rep-
resentation with formalisms such as Markov logic, which are among the main
application areas of WFOMC. We note that U; is significantly more expressive
than FO? already in restriction to models with at most binary relations [14].

We also identify a complete classification of first-order prefix classes ac-
cording to whether the sentences of the particular class have polynomial time
WFOMUC or whether some sentence of the class has a #P;-complete WFOMC.
This classification, whose proof makes significant use of the results and tech-
niques from [3], [4], is remarkably simple: #P;-hardness arises precisely for the
classes with more than two quantifiers, independently of the quantifier pattern.

2 Preliminaries

The natural numbers are denoted by N and positive integers by Z,. As usual,
we often identify n € N with the set { k € N| k < n}. We define [n] := {1,...,n}
for each n € Z4 and [0] = 0. The domain of a function f is denoted by dom(f).
The function f is involutive if f(f(x)) = « for all x € dom(f) and anti-involutive
if f(f(z)) # x for all © € dom(f). Two functions f and g are nowhere inverses
if f(g(x)) # x and g(f(y)) # y for all x € dom(g), y € dom(f). We use the
standard notation (m"nm) for multinomial coefficients.

We study (fragments of) first-order logic FO over relational vocabularies;
constant and function symbols are not allowed. The identity symbol ‘=" and
the Boolean constants |, T are not considered relation symbols; they are a
logical symbols included in FO. We allow nullary relation symbols in FO with
the usual syntax and semantics. The vocabulary of a formula ¢ is denoted by
voc(p).

We let VAR := {vg, v1,...} denote a fixed, countably infinite set of variable
symbols. We mainly use meta-variables x, y, z, etc., in order to refer to symbols
in VAR. Note that for example z and y may denote the same variable, while v;
and v; are different if ¢ # j.

The domain of a model M is denoted by dom (9M). In the case A C (dom (9M))*,
we let (91, A) denote the expansion of Mt obtained by adding the k-ary rela-
tion A to M. We mostly do not differentiate between relations and relation
symbols explicitly when the distinction is clear from the context. Relational
models decompose into facts and negative facts in the usual way: if R is a k-ary
relation symbol of a model 9 and Ru; . .. uy holds for some elements uq, . .., ug
of M, then Ruy...ux is a positive fact of M, and if Ru; ...ux does not hold



in M, then Ru; ...uy is a negative fact of M. We denote the positive (respec-
tively, negative) facts of 9 by F'T(9M) (respectively, F~(9)). The span of a
fact Ruq,...,u, whether positive or negative, is {uq,...,ux} and its size is
{u1,...,ug}|

The first-order model counting problem asks, when given a positive integer
n in unary and an FO-sentence ¢, how many models ¢ has over the domain
n ={0,...,n— 1}; the vocabulary of the models is taken to be voc(y), and dif-
ferent but isomorphic models contribute separately to the output. The weighted
first-order model counting problem adds two functions to the input, w and w,
that both map the set of all possible facts over n and wvoc(y) into a set of
weights. In the symmetric weighted model counting problem studied in this
paper, w and w are functions w : voc(¢) — Q and @ : voc(¢) — Q. The output
WFOMC (¢, n, w,w) is then the sum of the weights W (9, w, @) of all models
M = ¢ with domain n and vocabulary voc(p),

W (O, w, @) := 11 w(R) - 11 w(R). (1)

Rul...uk€F+(9ﬁ) Rul...ukeF*(im)

This setting gives rise to several computational problems, depending on which
inputs are fixed. In this article, we exclusively study data complezity, i.e., the
problem of computing WFOMC(p, n, w,w) with the sole input n € Z given
in unary; ¢, w and w are fixed and thus not part of the input. Algorithms for
more general inputs can easily be extracted from our proofs, but we only study
data complexity explicitly for the lack of space.

While weights are rational numbers, it will be easy to see that reals with
a tame enough representation could also be included without sacrificing our
results. We ignore this for the sake of simplicity and stick to rational weights.
(See also [12].)

We now define, for technical purposes, some restricted versions of WFOMC
and the operator W. First, if M is a class of models, we define

WFOMC(p, n,w,w) | M

to be the sum of the weights W(9, w,w) of models M € M with domain n
and vocabulary voc(p) such that 9 = . For k € Zy, we let F;F (M) and
F,7 (9M) denote the restrictions of F'* (M) and F~ (9M) to facts with span of size
k. We define W (9, w, w) exactly as W (9, w, w) but with F*(9) and F~(9N)
replaced by F, () and F, (9M). When ¢, n, w and w are clear from the context,
we use the weight of a class M of models to refer to WFOMC(p, n, w,w) | M.

The quantifier-free part of a prenex normal form formula of FO is called a
matriz. A prenex normal form sentence of type x := V1 ...Vagey, where ¢ is
the matrix, is a V*-sentence, and the number k of quantifiers in x is the width
of x. An F*-sentence is defined analogously.

We will investigate standard two-variable logic FO? enhanced with a func-
tionality axiom. Formulae in this language are conjunctions of the type ¢ A
Vz3=yi(z,7), where ¢ and v are FO*-formulae, 1) with the free variables z,y



and ¢ a sentence. When studying this variant of FO, we exclusively use the
variables z,y, with  denoting v; and y denoting vs.

We next introduce uniform one-dimensional fragments of FO. Let ¥ =
{y1,-..,yr} be a set of distinct variables, and let R be an n-ary relation symbol
for some n > k. An atom Ry, ...,y is a Y-atom if {y;,...,v:,} =Y. For
example, if z,y, z,v are distinct variable symbols, then Tzyzx and Sxzy are
{z,y, z}-atoms, while Uzyzv and Vzy are not. Furthermore, Vzz is an {z, z}-
atom while x = z is not as identity is not a relation symbol. A Y-literal is a
Y-atom Ry;, ...,y;, or anegated Y-atom —Ry;, ...y, . A Y-literal is an m-ary
literal if |Y'| = m, so for example Sxx and — Pz are unary literals; Sxzx is even a
unary atom while =Pz is not. A higher arity literal is a literal of arity at least
two. We let diff (x1,...,2x) denote the conjunction of inequalities x; # z; for
all distinct 4, j € [k].

The set of formulae of the uniform one-dimensional fragment Uy of FO is
the smallest set F such that the following conditions hold.

1. Unary and nullary atoms are in F.
2. All identity atoms z = y are in F.
3. If p,9p € F, then ~p € F and p Ay € F.

4. Let X = {xg,...,2x} and Y C X. Let ¢ be a Boolean combination of
Y-atoms and formulae in F whose free variables (if any) are in X. Then

(a) a1 ... Jxpp € F,
(b) Jzo... Tz € F.

For example Jy3z((—Rxyz VT zyxx) AQy) is a Ui-formula while JxJy(Szy A
Sxzz) is not, as {x,y} # {z,z}. This latter formula is said to violate the uni-
formity condition of U;. Also J2VyVa(Tzyz A JuSzu) is a Ui-formula while
FxIyIz(Tryz AJuTzyu) is not, as JuTxyu leaves two variables free and thereby
violates the one-dimensionality condition of U;. The clause 4 above does not
require that Y-atoms must be included, so also JxTFyIzdiff (z,y, 2) is a Us-
formula. We thus see that U; has some counting capacities. A matrix of a
U;-formula is a called a Uq-matriz.

The article [I4] contains a survey of Uy with background about its expressive
power and connections to extended modal logics. The article [II] provides an
Ehrenfeucht-Fraissé game characterization of U;. It is worth noting that the
so-called fully uniform one-dimensional fragment FU; has exactly the same
expressive power as FO? when restricting to vocabularies with at most binary
relations [I4]. The logic FU; is obtained by dropping clause 2 from the above
definition of Uy and instead regarding the identity symbol as an ordinary binary
relation in clause 4; see [I4]. Thus Uy is the extension of FU; with unrestricted
use of identity.

The formula Jz3y3zdiff (z,y, z) is an obvious example of a U;-formula that
is not expressible in FO?. Another formula worth mentioning here that separates



the expressive powers of U; and FO? is 32VyVz(Ryz — (x =y V x = 2)) which
states that some node is part of every edge of R. The separation was shown
in [I4], and the proof is easy; simply consider the two-pebble game (defined in,
e.g., [7]) on the complete graphs Ky and K5. The Uj-formula Jx3y3z—Szyz
is one of the simplest formulae separating Uy from both FO? and the guarded
negation fragment [2], as shown in [I4].

For technical purposes, we also introduce the strongly restricted fragment of
Uy, denoted SU;, which was originally introduced and studied in [I1]. The logic
SU; imposes the additional condition on the above clause 4 that the set Y must
contain exactly all of the variables xq, . . ., zx. For example Jz3yTu(Rryu Az #
u) is an SU;-formula while 323y (Sxy Az # z) is not, despite being a U;-formula,
as z € {x,y}. Despite the syntactic restriction imposed by SU; being simple,
it has some significant consequences: it is shown in [II] that the satisfiability
problem of SU; in the presence of a single built-in equivalence relation is only
NEXPTIME-complete, while it is 2NEXPTIME-complete for U;. We note that
even the restriction SU; of Uy contains FO? as a syntactic fragment.

A Uj-sentence ¢ is in generalized Scott normal form, if

o= N Vai...Vag o) (v1,...,70)
1<i<my
AN YaTyre Buked (01, Yk,
1<i<ms
where ¢7 and ¢} are quantifier-free. A sentence of FO? is in (standard) Scott
normal form if it is of type

VavVy o(z, y) A Ni<icms Y23yi(z, y)

with ¢ and each 1; quantifier-free. There exists a standard procedure (see, e.g.,
[7,[10]) that converts any given formula ¢ of FO? (respectively, U;) in polynomial
time into a formula Sc(p) in standard (respectively, generalized) Scott normal
form such that ¢ is equivalent to 3P; ...3P,Sc(p), where P,..., P, are fresh
unary and nullary predicates. The procedure is well-known and used in most
papers on FO? and Uy, so we here only describe it very briefly. See Appendix Al
for further details. The principal idea is to replace, starting from the atomic level
and working upwards from there, any subformula ¥ (z) = Q1 ... QxyY, where
Q € {¥,3} and x is quantifier-free, with an atomic formula Py(x), where P, is
a fresh relation symbol. This novel atom Py (x) is then separately axiomatized
to be equivalent to ¥ (z).

If ¢ is a sentence of U; (respectively SU;, FO?), then Sc(yp) is likewise a
sentence of Uy (respectively SU;, FO?); see Appendix[A1l Each novel predicate
(Py in the above example) is axiomatized to be equivalent to the subformula
(¢(z) in the above example) whose quantifiers are to be eliminated, so the
interpretation of the predicate is fully determined by the subformula in every
model of the ultimate Scott normal form sentence. Thus, recalling that ¢ =
3P, ... 3P, Sc(p), where P, ... Py are the fresh predicates, we get the following
(see Appendix [AJ]and cf. [4]).

Lemma 2.1. WFOMC(p,n,w,w) = WFOMC(Sc(yp),n,w’,w’), where w'
and W' map the fresh symbols to 1.



2.1 Types and tables

Let n be a finite relational vocabulary. A 1-type (over ) is a maximally consis-
tent set of n-atoms and negated n-atoms in the single variable v;. The number
of 1-types over 7 is clearly finite. We often identify a 1-type a with the conjunc-
tion of its elements, whence a(v1) is simply a formula in the single variable v;.
While the official variable with which « is defined is v1, we frequently consider
1-types a(x), a(y), etc., with vy replaced by other variables. To see some ex-
amples, consider the case where n = {R, P} with R binary and P unary. Then
the 1-types over 7 in the variable x are Rxx A Px, ~Rxx A Px, Rxx A —~Px and
- Rzx A - Pz.

Let 9 be an n-model and « a l-type over 1. An element u € dom(9N)
realizes the 1-type o if MM E a(u). Note that every element of 91 realizes
exactly one 1-type over 7.

Let £ > 2 be an integer. A k-table over n is a maximally consistent set of
{v1, ..., v }-atoms and negated {v1, ..., vg }-atoms over . We define that 2-tables
do not contain identity atoms or negated identity atoms. For example, using x, y
instead of vy, ve, the set { Rxxy, Rryx, ~Ryxx, Ryyx, - Ryxy, Rxyy, Sty, ~Syx}
is a 2-table over {R, S}, where R is a ternary and S a binary symbol. We often
identify a k-table 8 with a conjunction of its elements. We also often consider
formulae such as f(x1,...,xx), thereby writing k-tables in terms of variables
other than vy, ..., v.

For investigations on two-variable logic, we also need the notion of a 2-type.
Recalling that we let  and y denote, respectively, v; and v2 in two-variable
contexts, we define that a 2-type over 7 is a conjunction B(x, y) Aay(z) Aaz(y) A
x # y, where (8 is a 2-table while o; and g are 1-types over n. Such a 2-type
can be conveniently denoted by a; Bas.

Let v be either a 1-type or a k-table over n. Let L, and L_ be the sets
of positive and negative literals in 7. Given weight functions w : n — Q and

W : n — Q, the weight of v, denoted by (w, w)(y), is the product ] w(R)
RUE Ly
II @(R), where T denotes all the different possible tuples of variables in
~RoeL_
the literals of .

2.2 A Skolemization procedure

We now define a formula transformation procedure designed for the purposes of
model counting. The procedure, which was originally introduced in [4], resem-
bles Skolemization but does not in general produce an equisatisfiable formula.
Here we present a slightly modified variant of the procedure from [4] suitable
for our purposes.

If @ € {3,V} is a quantifier, we let Q" denote the dual quantifier of Q, i.e.,
Q' € (3,9} {Q}. Let

@ =Vry...Vepdyr ... Jym@Qiz1 ... Qnzn ¥

be a first-order prenex normal form sentence where 1 is quantifier-free and



Q; € {3,V} for all i. We eliminate the block Jy; ... Iy, of existential quantifiers
of ¢ in two steps. First we replace ¢ by

Var .. Vag(Azy...xg vV o3yr . ym Q121 - - - Quzn ),
where A is a fresh k-ary predicate. Then the negation is pushed inwards
past the quantifier block Jy; ... 3yQ121 - . - Qnz, and the resulting dual block
Yyi .. . VymQiz1 ... Q) zy is pulled out so that we end up with the prenex normal
form sentence

Vo .. VerVyr . VymQlz1 .. QLzn (Axy .o 2 V ).

Let Sko(p) denote the sentence obtained by changing the maximally long
outermost block of existential quantifiers (the block Jy; ... Jy,, if @1 =V above)
to a block of universal quantifiers using the above two steps, and let Sk(¢) be the
V*-sentence obtained by repeatedly applying Skg. For any conjunction y := 1 A
-+ - A1), of prenex normal form sentences, we let Sk(x) := Sk(¢1) A--- A Sk(¢n).

The next Lemma is proved similarly as the corresponding result in [4]. For
the sake of completeness, Appendix also gives a proof.

Lemma 2.2 (cf. [4]). Let x and ¢ be sentences, ¢ a conjunction of prenex
normal form sentences. Let w and w be weight functions. Then

WFOMC(p A x,n, w, @) = WEFOMC(Sk(p) A x, n,w’, @),
where w' and W' are obtained from w and w by mapping the fresh symbols in
Sk(p) to 1 in the case of w' and to —1 in the case of W'. If p is a sentence of
FO?, then so is Sk(p). If ¢ is a sentence of £ € {SU1,U;} in generalized Scott
normal form, then Sk(p) € L.

2.3 Further syntactic assumptions

Let ¢ be a sentence of U;. Due to Lemmas 2.1] and 222] we have
WFOMC (g, n,w,w) = WFOMC(Sk(Sc(p)),n, w’, @),

where w’ and @’ treat the fresh symbols as discussed when defining Sc and Sk.
Call x := Sk(Sc(p)) and assume, w.l.o.g., that x = Va1 x1A- - -AVxy ... Vg for
some matrices ;. For technical convenience, when working with SU7, we assume
that there is at most one V*-conjunct of any particular width; if not, formulae
Yy .. . Vzpx' and Vo ... Vaz,x” can always be combined to Vzi ...V, (x' Ax”).

Now, x may contain nullary predicates. Let S be the set of nullary predicates
of x and let f: S — {T,L} be a function. Let x/ be the formula obtained
from x by replacing each nullary predicate P by f(P). It is easy to compute
WFOMC(x,n,v,9) from the values WFOMC(x¥,n,v,7) for all functions f :
S — {T,L1}. Thus, when studying WFOCM for U; and SU;, we begin with
a formula Vxix; A -+ AV ... Vagxr assumed to be free of nullary predicates.
We also assume, w.l.o.g., that the greatest width & is at least 2 and equal to the
greatest arity of relation symbols occurring in the formula. (We can always add
dummy V*-conjuncts of higher width, and we can add a dummy k-ary symbol
R to a conjunct Vi ...Vrgxs by replacing xx by Rzi...xr A xr and setting
w(R) =w(R) =1.)



We then turn to two-variable logic with a functionality axiom. Consider a
sentence ¢’ = p A Va3=lyi(x,y), where p and ¥ (z,y) are FO*-formulae. By
applying the Scott normal form procedure for eliminating quantified subformu-
lae and using the Skolemization operator Sk, it is easy to obtain (see Appendix
[A3) a sentence ¢ := VaVyx A VzI=lyx'(x,y) with x and x'(x,%) quantifier-
free so that WFOMC(¢', n,w,w) = WFOMC(¢",n,w’,@"), where w' and @’
extend w and w. If ¢’ has nullary predicates, we eliminate them in the way
discussed above. Thus, when studying WFOMC for FO? with a functionality
axioms below, we begin with a sentence of the form VaVyp; A VoIy=lps(z,y)
where ¢ and @9 are quantifier-free. We also assume, w.l.o.g., that the sentence
contains at least one binary relation symbol and no symbols of arity greater
than two. (These assumptions are easy to justify, see Appendix [A4])

3 Counting for FO? with functionality

We now show that the symmetric weighted model counting problem for FO2-
sentences with a functionality axiom is in PTIME. As discussed in the prelimi-
naries, it suffices to consider a formula
By = VaVy pf(z,y) A YaI~lyeg(z,y),

where cpg(:v, y) and cpg (z,y) are quantifier-free and do not contain nullary re-
lation symbols. Further assumptions justified in the preliminaries are that ®g
contains at least one binary relation symbol and no relation symbols of arity
greater than two. From now on, we thus consider a fixed formula @ of the
above form as well as fixed weight functions w and w.

To simplify the constructions below, it would help if the subformula o3 (, y)
of @y was of the form x # y A 1 so that a witness for the existential quantifier
would always be different from the point it is a witness to. However, there
seems to be no obvious way to convert @ into the desired form while preserving
weighted model counts. We thus use a conversion that does not preserve these
counts and then show how to rectify this. Let

® = Vavy (pf(z,y) A —(z #y Az, o) Apg(z,y)))
AVzFTly(z £y A (5 (z,x) A Sy)
Vo (gg(x,2) A Sz A Ty)
\ (ﬁsp(a)(xv .’L‘) A 90(3)(‘T7 y)) ))7
where S and T are fresh unary predicates. Let M be the class of models (over
voc(®)) where S and T are interpreted to be distinct singletons. Slightly abusing
notation, assume further that both w and w assign to both S and T the value

1.
The remainder of this section is devoted to showing how to compute

WFOMC(®, n, w,w) [ M.

We note that the class



Mp:={MeM|dom(M)=n}
of models relevant to WFOMC(®, n,w,w) [ M can be obtained from the class
My of models relevant to WFOMC(®g, n,w,w) by interpreting S and T as
distinct singletons in all possible ways, so every model in Mg gives rise to
n(n — 1) models in M. It is thus easy to see that we get WFOMC(®Pg, n, w, w)
from WFOMC(®, n,w,w) [ M by dividing by n(n — 1). (The case n = 1 is
computed separately.)

We note that there seems to be no obvious way to modify ® to additionally
enforce S and T to be distinct singletons. While this property is expressible by
a sentence of FO?, adding such a sentence would destroy the intended syntactic
structure of ®. Note here that Lemma does not in general produce an
equivalent formula, so using it for modifying the required FO?-sentence would
not help.

3.1 Partitioning models

For simplicity, let ® = VaVy " (z,y) A V23~ly o7 (x,y), so ¢ (z,y) and ¢ (x,y)
denote, respectively, the quantifier-free parts of the VV-conjunct and v3=!-
conjunct of ®. In the rest of Section Bl types and tables mean types and tables
with respect to voc(®).

Now, recall from the preliminaries that a 2-type 7(x,y) is a conjunction
a(x) A B(z,y) Ao/ (y) ANz # y where § is a 2-table and a, o’ are 1-types. We
denote such a 2-type by afa’. We call « the first 1-type and o’ the second
1-type of T(z,y) and denote these 1-types by 7(1) and 7(2). The 2-type 7(z,y)
is coherent if

(@) 7 (2,y) A" (y,2) A g7 (z,2) ApY (y,y).
A 1-type a(z) is coherent if a(z) = ¢"(x,z). The inverse of a 2-type 7(z,y) is
the 2-type 7/(z,y) = 7(y,z). A 2-type is symmetric if it is equal to its inverse.

The witness of an element v in a model 97 of @ is the unique element v such
that MM = o7 (u,v). A 2-type 7(x,y) is witnessing if 7(x,y) is coherent and we
have 7(x,y) = ¢>(z,y). The 2-type 7(z,y) is both ways witnessing if both it
and its inverse are witnessing; note that a both ways witnessing 2-type can be
symmetric but does not have to. The set of all witnessing 2-types is denoted by
A.

We next define the notions of a block and a cell. These are an essential
part of the subsequent constructions. One central idea of our model counting
strategy is to partition the domain of a model 9t of ® into blocks which are
further partitioned into cells. A block type is simply a witnessing 2-type. The
block type of an element u of M = @ is the unique witnessing 2-type 7(z,y)
such that 9 = 7(u,v), where v is the witness of u. The domain M of I is
partitioned by the family (B2), where each set B™ C M contains precisely the
elements of M with block type 7. Some of the sets B> can of course be empty.
We call the sets B™ the blocks of M and refer to B™ as the block of type 7. We
fix a linear order < over all block types and denote its reflexive variant by <.
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Each block further partitions into cells. A cell type is a pair (o,7) of wit-
nessing 2-types. For brevity, we denote cell types by o7 instead of (o,7). The
cell type of an element v in a model M | @ is the unique pair o7 such that
u € B and v € B, v the witness of u. Each block B2 is partitioned by the
family (C2%), where each set C2% C B contains precisely the elements of O
that are of cell type o7. Again, some of the sets C™* can be empty. We call the
sets C™% the cells of BT and refer to each C2% as the cell of type o7.

3.2 The counting strategy

We now describe our strategy for computing WFOMC(®g, n, w, w) informally.
A formal treatment will be given later on. We first explain how to compute
WFOMC(®, n,w,w) and then discuss how to get WFOMC(®,n,w,w) [ M
and WFOMC(®g, n, w, o).

The strategy for computing WFOMC(®, n, w, w) is based on blocks and cells.
We are interested in models of a given size n and with domainn = {0,...,n—1},
so we let M2 denote the set of all voc(®)-models 90t with domain n that satisfy
.

A cell configuration is a partition (Cyr )y, of the set n where some sets can
be empty. The cell configuration of a model M € M2 is the family (C2),,
as defined in Section BTl For a cell configuration T', we use M3 . to denote
the class of all models in M® that have cell configuration T'. It is clear that
the family (./\/lf;r)p, where I" ranges over all cell configurations, partitions M®
(though some sets M;{;F can be empty). It would be convenient to iterate
over cell configurations I' and independently compute the weight of all models
in each M;ﬁp, eventually summing up the computed weights. However, this
option is ruled out since the number of cell configurations is exponential in n.
Fortunately, it suffices to only know the sizes of cells rather than their concrete
extensions.

Let 01,..., 0k enumerate all block types. Then the sequence

0101,0102;...,0k0k
enumerates all cell types. A multiplicity configuration is a vector

(Norors Noroas -+ s Nogoy,)

where each 74,5, is a number in {0,...,n} and ng,s, + - + Ng,0, = n. The
multiplicity configuration of a model MM € M is obtained by letting each n,, be
the size of C2. For a multiplicity configuration A, we use M;{; A to denote the
class of all models from M that have multiplicity configuration A. Clearly, the
number of multiplicity configurations is polynomial in n, so we can iterate over
them and—as we shall see—independently compute the weight of all models in
each ./\/l;{:) A in polynomial time.

Each cell configuration gives rise to a unique multiplicity configuration. Con-
versely, for every multiplicity configuration A = (s, 0y, Noyogs - - - s Ropoy ), there

11



are

n
n(7'10'17n0'1(727 AR 7n0kak

cell configurations giving rise to A. For any two such cell configurations I', TV,
the weight of M . (i.e., the sum of the weights of the models in My ) is

identical to the weight of M .. To obtain the weight of My, , it thus suffices
to consider a single cell configuration I' giving rise to A, compute the weight of
M;{;F and multiply by £.

We now briefly describe how to compute the number of models in M;{;F,
ignoring weights. With easy modifications, the approach will ultimately also
give the weight of M;{;F. Although our algorithm is not going to explicitly
construct the models in M, 1, to describe how the number of those models is
counted, we simultaneously consider how we could construct all of them.

Let (By)s be the block configuration that corresponds to the cell config-
uration I' = (Cor)or, that is, B, = |J. Cyr for each block type . As the
domain is fixed to be n, we consider all possible ways to assign 1-types to the
elements of n and 2-tables to pairs of distinct elements such that we realize
the cell configuration I'. There is no freedom for the 1-types: if u € B,, then
we must assign the 1-type (1) to u. To assign 2-tables, we consider each pair
of blocks (B, B;) with o < 7 independently, identifying each possible way to
simultaneously assign 2-tables to pairs in B, x B,. (When o = 7, we must be
careful to (1) consider only pairs (u,v) of distinct elements and (2) to assign a
2-table to only one of (u,v), (v,u).) It is important to understand that in B,,
there is exactly one cell, namely C,,, whose elements require a witness from
B,. Similarly, in B, it is precisely the elements of C,, that require a witness
in B,. Since witnesses are unique, we start with identifying the ways to simul-
taneously define functions f : C,r — B; and ¢ : C';, — B, that determine the
witnesses. It then remains to count the number of ways to assign 2-types to the
remaining edges that are witnessing in neither direction. This is easy—as long
as we know the number N of these remaining edges—since each edge realizes
the 1-type o(1) at the one end and 7(2) at the other. We use a look-up table
to find the number of 2-tables that are ‘compatible’ with this. The number N
depends on how many pairs in B, x B; and B; x B, belong to the functions
that determine the witnesses, but N will nevertheless be easy to determine, as
we shall see.

The precise arithmetic formulae for counting the number of ways to assign
2-tables to all elements from B, x B, are given in Section 3.3l There are several
cases that need to be distinguished. We now briefly look at the most important
cases informally.

We start with the case o = 7, that is, the two blocks B,, B, are in fact
the same single block, and we aim to assign 2-tables within that block. Then
exactly the elements from the cell C,, require a witness in B, itself. If o is not
both ways witnessing, then C,, will be the domain of an anti-involutive function
Cyo — B, that determines a witness in B, for each element in C,. If o is both
ways witnessing and its own inverse, this function is involutive. The case where
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o is both ways witnessing but not its own inverse is pathological in the sense
that there are then no valid ways to assign 2-tables unless C,, is empty. To
sum up, in each case, the core task in designing the desired arithmetic formula
is thus to count the number of suitable anti-involutive or involutive functions.

Now consider the case where o # 7 and thus B, and B, are different blocks.
Here again several subcases arise based on whether ¢ and 7 are both ways
witnessing. The most interesting case is where neither ¢ nor 7 is both ways
witnessing. We then need to count the ways of finding two functions f : Cpr —
B; and g : C;, — B, that are nowhere inverses of each other. In the case
where o and 7 are both ways witnessing and inverses of each other, we need to
count the number of perfect matchings between the sets C,r and C,. The case
where at least one of the witness types, say o, is both ways witnessing, but o
and 7 are not inverses of each other, is again pathological.

Implementing the above ideas, we will show how to obtain, for any pair of
blocks By, B, where we have ¢ < 7, a function My, (ng,Nor,nr,Nre) that
counts the ‘weighted number of ways’ to connect the blocks B, and B, with
2-tables, when given the sizes n, and n, of the blocks as well as the sizes
Ngr and n., of the cells C,, C B, and C,, C B,; we note that while this
fixes the intuitive interpretation of My, (ns,ngr,Nr,Nry), the function M.,
will become formally defined in terms of arithmetic operations in Section [3.4
(Furthermore, for the sake of extra clarity, we provide in Appendix [B1] a more
detailed description of what the weighted number of ways to connect B, and
B, with 2-tables means.)

Recall that A is the set of all block types and note that ny = Y. Ngor

o’ €A
and likewise for n., so n, and n. are determined by the sizes of all cells in the
blocks B, and B,. With the aim of achieving notational uniformity, we can

thus replace M, by a function

Nor(NoyoysNoyoys - - - 7n0k0'k) (2)

that outputs My, (ns, Nor, Ny, Nre) but has a full multiplicity type as an input.
Noting that the weight functions w and @ give rise to the weight w, := (w, @) ()
of each 1-type «, we now observe that we can compute WFOMC(®, n, w, w) by
the function

n
L{(n) = Z ( (nglgl,na’10’2)"'?ngkgk>

Nojo; TNojogt " FNop o, =N

(TT @woe)™) I NUT(ngm,nm,...,ngk(,k)). (3)

ce A o, 7T € A

Recall, however, that we aim to compute WFOMC(®, n, w, @) | M rather
than WFOMC(®, n, w,w). And eventually we want to compute

WFOMC(®g, n, w, w),

which can be obtained simply by dividing WFOMC(®, n, w,w) | M by n(n—1).
In order to get from WFOMC(®, n, w,w) to WFOMC(®, n, w,w) | M, we need
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to discard weights contributed by models where S and T are not interpreted
as non-overlapping singletons. This is easy: we only need to discard multiplic-
ity configurations (Mg, oy, Moyoss - - - » Moy, ) that do not make S and T distinct
singletons. Let (n) be the set of multiplicity configurations with the undesired
ones excluded. Summing up, WFOMC(®y, n,w,w) can thus be computed by
the function

1

M = e

> <( )
(n) Noy1o135Noyogy -+ Mooy,
* ( H wo(l) H NUT nﬂldlandlffzv s 7n0kgk))' (4)

ce A o, T €A

In the next Section [3.3] we deal with the combinatorics for defining the func-
tions N,-. The actual functions N, are then specified in Section [3.4] where we
conclude our argument.

3.3 The relevant combinatorics

Let k € N. The following equation is well known.

v () - ®

1=0

On the intuitive level, the alternating sum on the left hand side of the equation
relates directly to the inclusion-exclusion principle. We shall make frequent use
of this equation in the constructions below.

The first result of this section, Proposition Bl below, will ultimately help
us in counting the number of ways to connect a block to itself with 2-tables.
However, the result is interesting in its own right and thus we formulate it
abstractly, like most results in this section, without reference to 2-types or other
logic-related notions.

Recall that a unary function is anti-involutive if f(f(x)) # « for all x €
dom(f). Note that this implies f(x) # x for all z € dom(f), i.e., f is fized point
free.

Proposition 3.1. Let n and m < n be nonnegative integers. The number of
anti-involutive functions m — n is

i=|m/2] .
I(mn) =Y (—1)i(n—1)m—2i($)2(f(—l_)’. (6)

~ i!)

Proof. We first note that for a nonnegative integer i, there are (2 z 2) L ways to
partition 2¢ elements into doubletons, where 2 is written ¢ times in the bottom
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row. Writing the multinomial coefficient (2
(2
200D *

Now, for a fixed point free function f, if f(f(z)) = x for some z, then we
call the doubleton {z, f(z)} a symmetric pair of f. A fixed point free function
f:m — n with i labelled symmetric pairs is a pair (f, L) where f : m — n
is a fixed point free function and L is a set of exactly ¢ symmetric pairs of f.
Note that f may have other symmetric pairs outside L, so L only distinguishes
1 specially labelled symmetric pairs.

It is easy to see that the number of fixed point free functions m — n with 4
labelled symmetric pairs is given by

o (5) 2

Therefore Equation [6] has the following intuitive interpretation. The equation
first counts—when ¢ is zero—all fixed point free functions m — n without any
labelled symmetric pairs; unlabelled symmetric pairs are allowed. Then, when
1 = 1, the equation subtracts the number of fixed point free functions m — n
with one labelled symmetric pair. Then, with ¢ = 2 the equation adds the the
number of fixed point free functions m — n with two labelled symmetric pairs,
and so on, all the way to i = |m/2].

Now, fix a single fixed point free function f : m — n with ezactly j symmetric
pairs. Labelling k£ < j of the j symmetric pairs can be done in (i) ways. Thus
f gets counted in Equation [0l precisely S(j) := (f)) — ({) + (%) — ek (j) times,
where * is + if j is even and — if j is odd. By Equation Bl S(j) is 0 when
j # 0and 1 when j = 0. Thus f gets counted zero times if j # 0 and once if
ji=0. O

Proposition B.1] will be used for counting functions that find a witness for
each element of a cell C of size m from a block B DO C of size n. However, we also
need to count the ways of assigning non-witnessing 2-tables to the remaining
edges inside B. The next two results, Lemma [3.21and Proposition 3.3} will help
in this.

Let G be an undirected graph with the set V' of vertices and E of edges.
A labelling of G with k symmetric colours and £ directed colours is a pair of
functions (s, d) such that

1. s maps some set U C FE into [k], not necessarily surjectively,

2. d maps the complement E \ U of U into [¢(] x V such that each edge
e € E\ U gets mapped to a pair (i,u) where u € e. Intuitively, d picks a
colour in [/] and an orientation for e. It is not required that each i € [¢]
gets assigned to some edge.

The colour j € [{] is said to define a function if the relation { (u,v)|{u,v} €
E\U, d({u,v}) = (j,v) } is a function.
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Rather than counting labellings of graphs, we need to count weighted la-
bellings: a weighted labelling of a graph G with k& symmetric and ¢ directed
colours is a triple

W = ((s,d), (w1, ..., wg), (x1,...2¢))
such that (s,d) is a labelling of G and wy, ..., wy are weights of the symmetric
colours 1,...,k and z1, ..., z, weights of the directed colours 1,...,¢. (Here e.g.
1 is called both a directed and symmetric colour. This will pose no problem.)
The total weight ty of the weighted labelling W is the product of the weights as-
signed to the edges of G. The weighted number of labellings of G with k symmet-
ric and / directed colours with weights wy, . .., wg and x1, . .., ¢ is the sum of the
total weights ty of all weighted labellings W = ((s, d), (w1, ..., wk), (z1,...2¢))
of G.
The following is easy to prove (see Appendix [B.2).

Lemma 3.2. The function

L, ,(N,wy,...,wg,21,...,2¢0) :=

N
i1+~»+z‘k+jzl;r~»+je—N( (il""’ikvjlv---jl)
it H (wp)) ( H (24)7) ) 8)

p € [K] g€ (4]

gies the weighted number of labellings of an arbitrary N-edge graph with k
symmetric and £ directed colours with weights w1, ...,wx and x1,...,xy. At
least one of k, ¢ is assumed nonzero here. The first (resp. second) product on
the bottom row outputs 1 if k=0 (resp. £=0).

We also define Lo g(N) := 0 for N > 0 and L (0) := 1, and furthermore,
Ly e(m,wy,..., Wk, T1,...,2¢) := 0 for all negative integers m. The following is
easy to prove (see Appendix [B.3).

Proposition 3.3. Let n and m < n be nonnegative integers, and let wy, ..., wg
and x1,...,xe,y be weights for k symmetric and £ + 1 directed colours. The
function

g (myn,wy, . wg, T, T, Y) =

n

)L

)_mawla"'vwkaxla"'axf) (9)

gies the weighted number of labellings of the complete n-element graph with k
symmetric and £+ 1 directed colours with the above weights such that the edges
of colour £ + 1 define an anti-involutive function m — n.

The following result will ultimately help us in counting the ways of connect-
ing two different blocks to each other with 2-tables.
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Proposition 3.4. Let A # () and B # 0 be disjoint finite sets, |A| = M and
|B| = N. Let A,,, C A and B,, C B be sets of sizes m and n, respectively. There
exist

K(m, M,n,N) := i_mgm)n)(—mi (m> <”> (il - M= . Ny (10)

. (3 1
=0

ways to define two functions f : Ay, — B and g : B, — A that are nowhere
inverses of each other.

Proof. Fix some i < min(m,n), and fix two sets A; C A,, and B; C B,,, both
of size i. There exist (i! - M=) N(m_i)) ways to define a pair of functions
f:A, - Bandg: B, — Asuch that f [ A; and g | B; are bijections and
inverses of each other; here i! is the number of ways the two functions can be
defined in restriction to A; and B; so that they become inverses of each other
over A; and B;. (Note that f and g can be inverses elsewhere too.) Thus

BT

gives the number of tuples (f, g, A’, B') such that f: A,, > Bandg: B, - A
are functions and A’ C A,, and B’ C B, sets of size i such that f | A" and
g | B’ are inverses of each other.

Now, fix two sets A; C A,, and B; C B,, of size j both. Fix two functions
f: A, — Bandg: B, - A that are inverses of each other on A; and B; and
nowhere else. Thus the pair f, g is counted in the alternating sum of Equation

exactly S(j) := (6) — ({) + (;) — ek (j) times, where * is + if j is even
and — otherwise. By Equation[H S(j) is zero when j # 0 and one when j = 0.
Thus the pair f, g gets counted zero times if j # 0 and otherwise once. O

We also define K(m, M,n,N) := 0 for any m < M and n < N with M =
0# n or N =0 # m. Furthermore, we define K(0,0,0,N) = K(0,M,0,0) =1
for all M, N € N.

The next result, Proposition 3.5 extends Proposition [3.4] so that also the
non-witnessing edges will be taken into account. To formulate the result, we
define that for disjoint finite sets A and B, the complete bipartite graph on Ax B
is the undirected bipartite graph with the set { {a,b}|a € A, b € B} of edges.

Proposition 3.5. Let A and B be finite disjoint sets, |A| = M and |B] = N.
Let A, € A and B,, C B be sets of sizes m and n, respectively. Let w1, ..., wg
and x1,...,Te, Y,z be weights. The function

P o(m, Mon, Nowy, .. wy, @1, ., 20,0y, 2) 2=
K(m,M,n,N)-y™z"- L, (MN —=m—n, wy,...,wg,x1,...,2¢) (11)
gives the weighted number of labellings of the complete bipartite graph on A X
B with k symmetric and € 4+ 2 directed colours with weights wy, ..., wx and

T1,...,%0,Y, 2 such that the directed colours £+ 1 and £+ 2 define, respectively,
functions f : Ay, — B and g : B, — A that are nowhere inverses of each other.
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Proof. The relatively easy proof is given in Appendix [B.4] O

The results so far in this section provide us with ways of counting in cases
where witnesses are found via 2-types that are not both ways witnessing. We
now deal with the remaining cases.

Recall that n!! denotes the standard double factorial operation defined such
that for example 7!! =7-5-3-1 and 8!! =8-6-4-2. We define the function
F : N — N such that F'(0) = 1 and for all m € Z, we have F(m) = (m — 1)!!
if m is even and F'(m) = 0 otherwise. It is well known and easy to show that
F(m) is precisely the number of perfect matchings of the complete graph G with
the set m of vertices, i.e., the number of 1-factors of a graph of order m (and
with the set m of vertices). By a perfect matching of the set m, we refer to a
perfect matching of the complete graph with the vertex set m. The following is
easy to prove (see Appendix [B.A]).

Proposition 3.6. Letn and m < n be nonnegative integers, and let wy, ..., wg,y
and x1,...,xp be weights. The function
Sk+1,e(m7n7w17 ey WEY, X1y - Vré) =

F(m)'ym/2'Lk,e(<Z> — \_m/2J, wl,...,wk,xl,...,w) (12)

gives the weighted number of labellings of the complete graph with the set n of
vertices with k + 1 symmetric and £ directed colours with weights w1, ..., Wk, Yy
and x1,...,x¢ such that the edges of the symmetric colour k+1 define a perfect
matching of the set m C n.

Let F' : N x N — N be the function such that F'(n,m) = n! if n = m and
F'(n,m) = 0 otherwise. A perfect matching between two disjoint sets S and T'
is a perfect matching of the complete bipartite graph on S x T'. The following
is immediate.

Proposition 3.7. Let A and B be finite disjoint finite sets, |A| = M and
|B| = N. Let A, C A and B, C B be sets of sizes m and n, respectively. The
function

T,

k+1,e(m7M7naN7w17"wwkuyaxlu"'axf) =

F'(n,m)-y"- L, ,(MN —n, wi,...,wg,21,...,3¢) (13)

gives the weighted number of labellings of the complete bipartite graph on A X

B with k + 1 symmetric and £ directed colours with weights w1, ..., wg,y and
Z1,...,2Te such that the symmetric colour k+1 defines a perfect matching between
A, and B,,.

3.4 Defining the functions N,

We now discuss how the functions N,, are defined for all pairs o7 of block
types, thereby completing the definition of Equation [l
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Fix a pair o7 of block types. Let y and z, respectively, be the weights of
the 2-tables of the 2-types o and 7. Let wy,...,wy (respectively, x1,...,xy)
enumerate the weights of the symmetric (resp., unsymmetric) 2-tables § that
can connect the block B, to the block B, so that neither the resulting 2-type
o(1)B7(1) nor its inverse is witnessing, and furthermore, o(1)57(1) is coherent.
If o = 7, these are the weights of the coherent 2-tables that can connect a point
in block B, to another point in the same block so that the resulting 2-type is
not witnessing in either direction.

We next consider different cases depending on how ¢ and 7 relate to each
other. We let 7 denote the input tuple to N, with @ containing the multiplic-
ities ny/o of all cell types o’c”. For a witness 2-type o', we let n,s abbreviate
the sum >, . x Moo (vecall A is the set of all block types). The witness
2-type o’ is compatible with a witness 2-type o” if o/(2) = o (1).

Case 1. We assume that 1.a) o # 7; 1.b) o and 7 are compatible with each
other; 1.c) neither ¢ nor 7 is a both ways witnessing 2-type. By Proposition
B3 the weight contributed by all the edges from B, to B, is thus given by

Nor() := P, s (Nor, Mo, Nray My, W1y ooy Wy T, ooy T, Yy 2)-
which defines N, under these particular assumptions.

The remaining cases are similar but use different functions defined in the
previous section. For example, when ¢ = 7 and o is not two-ways witnessing,
we use the function Jy ;41 from Equation@lin Proposition 3.3} see the Appendix
[B.6l (Case 4) for the full details. All the remaining cases are also discussed in
Appendix By inspecting the operations of Equation @ we conclude the

following.

Theorem 3.8. The weighted model counting problem of each two-variable logic
sentence with a functionality aziom is in PTIME.

4 Weighted model counting for U,

In this section we prove that WFOMC is in PTIME for each sentence of U;. To
that end, we first establish the same result for SU1, stated as Lemma[4.5] below.
We follow a proof strategy that makes explicit how the syntactic restrictions
of SU; naturally lead to polynomial time model counting. We then provide a
reduction from U; to SU;.

4.1 Weighted model counting for SU;

Let ¢(z1, ..., zk) be a quantifier-free first-order formula, and let £ < k be a pos-
itive integer. Let F' denote the set of all surjections [k] — [¢]. The conjunction
N b(zpay, .. xpa) | f € F}is called the £-surjective image of 1.

Definition 4.1. Let ¢ be a conjunction of V*-sentences of FO (These need not
be sentences of Uy or SU;.) We now define the surjective completion sur(p) of
¢ by modifying ¢ as follows.
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1.) Let k be the maximum width of the V*-conjuncts of ¢. We modify ¢ so
that for all i € [k], there exists a conjunct of width ¢. This can be ensured by
adding dummy conjuncts, if necessary. We let ¢’ denote the resulting sentence.
2.) We merge the conjuncts of ¢’ with the same width, so that for example
VaVyy(z,y) A VaVyx(z,y) would become VaVy(y(z,y) A x(x,y)). Thus the
resulting formula ¢” is a conjunction of V*-sentences so that no two conjuncts
have the same width.

3.) Define ¢} = ¢" where k is the maximum width of the V*-sentences
of ¢"”. Inductively, let 1 < ¢ < k and assume we have defined a sentence
©7i1 = X1/A---Axk where each x; is an V*-sentence of width 4. Let ¢ and

¢ be the matrices of x,41 and x¢, so we have

Xi+1 = V:El . .V:Eprl 1/}[+1(5171, e ,:Z?ngl),
Xe =Vri...Vaee(zy,...,x).
Let 1, denote the {-surjective image of ¢4 1. Replace the conjunct x, of @7,
by Vai...Vae(ye A 1py). Define ) to be the resulting modification of ¢y ;.
Define sur(p) to be the formula ¢f.

Let ¢ :=Vz1...Vziy be an V*-sentence. We let diff (¢) denote the sentence
Yy .. Vop (diff (x1, ..., z8) — ), letting diff (x1) := T. For a conjunction
@ = 1A\ Ay of V*-sentences, we define diff (¢') := diff (1) A+ - Adiff (pr).

Lemma 4.2. We have ¢ = diff (sur(p)) for any conjunction ¢ of first-order
V*-sentences.

Proof. Clearly ¢ = sur(p). Also sur(p) = diff (sur(y)), as sur is based on steps
where the surjective image of a matrix is pushed to be part of the matrix of a
formula with one variable less. O

As discussed in the preliminaries, to prove that the weighted model counting
problem of SU;-sentences is in PTIME, it suffices to show this for conjunctions
of V*-sentences of SU; of the type ¢’ = Vxi¢7 A .-+ A Vay...Vr, ), where
each v} is quantifier-free. Other assumptions justified in the preliminaries are
that ¢’ contains no nullary atoms; p is equal to the greatest arity of the symbols
in voc(¢'); and p > 2. By Lemma 2] ¢’ is equivalent to ¢ := diff (sur(¢")).
We remove the conjunct of width 1 from ¢’ and integrate it to the conjunct of
width 2, so if

¢ = V1 x1(z1) AVarVas (diff (z1, z2) — x2(w1,22)) A P,
we replace ¢” by
Y= VaclV:Cg(diﬁ(:m,wz) — (x1(z1) A X2($17$2))) NQ.

(We ignore the case with a one-element domain as we can simply store and
return the answer in that case.) For the remainder of Section [l we fix the
obtained sentence ¢ and weight functions w and w that assign weights to each
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symbol R in the vocabulary 7 of ¢; our aim is to compute WFOMC(p, n, w, w).
We let
@ = VriVeaths A - A Vxl...prwp, (14)

so the individual matrices are denoted by ;. We denote each conjunct
Vxl AN .V:Z?k 1/)k

by . The next two lemmas are crucial for computing WFOMC (g, n, w, w) in
polynomial time.

Lemma 4.3. M = ¢ iff for all k € {2,...,p}, we have My, = ¢ for every
k-element submodel My, of M.

Proof. The first implication is immediate since universal sentences are preserved
under taking submodels. For the converse implication, assume that for all k €
{2,...,p}, My, = oy for all submodels My, of M of size k. Assume that M = .
Thus 9 £ ¢y for some k. The matrix vy, of @y, is of the type diff (z1,...2x) —
1, so there exists some k-element submodel M, of M with domain {uy, ..., uk}
such that My ¥~ ¥i(ui,...,ux). This is a contradiction, so M |= . O

Let 9t and 9 be n-models such that 9 is obtained by changing exactly
one fact of span size k from positive to negative or vice versa. Let S be the
k-element set spanned by that fact. Then 91 and 9 are S-variants of each
other.

Lemma 4.4. Let M and M’ be S-variants of each other, |S| > 1. Let U # S
be a set of elements of M such that [U| = m > 1. Let My and My, be the
submodels of M and M induced by U. Then My = ©m iff My = om.-

Proof. Firstly, if the formula ¢, = Vz;i...Vx,, 1, contains atoms of arity
two or more, then, by the syntactic restrictions of SU;, each of those atoms
mentions exactly all of the variables x1,...z,,. Secondly, 1, is of the form
diff (1, .., xm) — Y. O

Lemma 4.5. The weighted model counting problem for each SU1-sentence is in
PTIME.

Proof. As discussed above, we prove the claim for the sentence ¢ we have fixed.
Let T be the set of 1-types over the vocabulary n of ¢. Fix an ordering of
T and let aq,...,ap enumerate T in that order. For a positive integer k =
{0,...,k — 1}, a function f : k — T is a type assignment over k. Two type
assignments f : k — T and ¢g : k — T are said to have the same multiplicity, if
for each o € T, the functions f and g map the same number of elements in k
to a.

For a type assignment f : k — T, let My be the set of all n-models 90
such that the following conditions hold.

1. The domain of M is k = {0,...,k — 1}, and the size of the span of each
positive fact Ruy ... u,, of M is either 1 or k, i.e., each positive fact either
spans a single domain element or all of the domain elements of 91.
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2. For each m € {0,...,k — 1}, we have M |= a () (m).

3. Sﬁ)zgok.

Recalling the relativised weight function Wy, from the preliminaries, we de-
fine the local weight lw(py, f) of ¢y, with respect to a type assignment f : k — T
so that

w(pk, f) == Z Wi (9, w, ).
Mme My

Thus lw (g, f) could be characterized as giving the weighted number of mod-
els of g with domain k£ and with 1-types distributed according to f so that
only those positive and negative facts are counted that have span k. Clearly
lw(p, f) = lw(p,g) for any g : k — T that has the same multiplicity as f, so
only the number of realizations of the 1-types matters rather than the concrete
realizations. Therefore we define, for any nonnegative integers k1, ..., ks such
that k1 + -+ + ke = k, that lw(pg, (k1,...,ke)) = lw(pk, h), where h: T — k
is a type assignment that maps, for each i € [¢], precisely k; elements of k to
a;. Note that there exist only finitely many numbers lw(pg, (k1,. .., k¢)) such
that k € {2,...,p} and k1 + - - + k¢ = k. We can thus compile a look-up table
of these finitely many local weights.

For each tuple (ny, ..., n) of nonnegative integers such that ny+- - -+ny = n,
fix a unique type assignment h : n — T that maps exactly n; elements of n to
a; for each i € [f]. Then, using h, define M, . ,,) to be the class of 7-models
with domain n where exactly the elements ¢ such that h(i) = «y, realize a;.
Clearly WFOMC(p, n, w,w) is now given by

n —
> (nl, o ,W) WFOMC(p, n, w, @) [ Mn, .__ny)- (15)

nitetng=n
Therefore, to conclude the proof, we need to find a suitable formula for

WFOMC (@, n, w, w) | M,

1oy ng)-

We shall do that next.

For each a; € T, let wy, be the weight of the type «;. Let ki,...,ks be
nonnegative integers that sum to k& < n. A k-element set with k; realizations
of a; for each i € [¢] can be chosen in (Zi) S (Zﬁ) ways from the set n with
n; realizations of o fixed for each i € [(]. By Lemmas [4.3] and 4], we thus see
that

2<k<p kit-+ke=k
Therefore the function in Line (&) can clearly be computed in PTIME in n

(which is given in unary). O
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4.2 Weighted model counting for U,

As discussed in the preliminaries, the weighted model counting problem of U;-
sentences can be reduced to the corresponding problem for conjunctions of Vv*-
sentences of U;. A natural next step would be to follow the strategy of Sec-
tion Il However, that approach would fail due to Lemma [£.4] which depends
crucially on the exact syntactic properties of SU;. Thus we need a different
approach. We now show how to reduce the weighted model counting problem
for U; to the corresponding problem for SU;.

We begin with the Lemma below. Restricting attention to V*-sentences
in the lemma is crucial, since SU; is in general strictly less expressive than Uy,
as shown in [I1].

Lemma 4.6. FEvery V*-sentence of Uy translates to an equivalent Boolean com-
bination V*-sentences of SUj.

Proof. We sketch the proof. See Appendix [B.7 for further details.
It is easy to show that every 3*-sentence of U; is equivalent to a disjunction
of 3*-sentences of the form

Jz; . ..Elxg(al(xl) A Nag(xe) A Bz, ..o o) A diff (2, . .,a:g)),
where «; are 1-types and (8 is a k-table. For this to be an SU;-sentence, k
would need to be equal to ¢. However, this sentence can be seen equivalent to
the following conjunction of SU;-sentences:
33:1...Elxk(ozl(ml)/\~--/\ozk(:vk) AB(x1,. .. ) A diﬁ(m,...,:ﬂk))

A Jr; . ..ng(al(ﬂcl) A= Nag(ze) A diff (4, .. .,:w)). O

Theorem 4.7. The weighted model counting problem is in PTIME for each
sentence of Uj.

Proof. As discussed in the preliminaries, it suffices to prove the theorem for a
conjunction y of V*-sentences of U;. We apply Lemma to x, obtaining a
sentence 1 = x which is a Boolean combination of V*-sentences of SU;. By Lem-
masZTand[2.2] we have WFOMC (¢, n, w, w) = WFOMC(Sk(Sc(v)),n, w', w'),
where w’ and @’ are obtained from w and @ by mapping the new symbols as
specified in the lemmas. Sk(Sc(v)) is an V*-sentence of SUj;. O

5 Counting and prefix classes

First-order prefix classes admit the following neat classification:

Proposition 5.1. Consider a prefiz class C, of first-order logic defined by a
quantifier-prefix w € {3, V}*.

1. If |lw| > 3, then C,, contains a formula with a #P1-complete symmetric
weighted model counting problem.

2. If lw| < 3, then the symmetric weighted model counting problem of each
formula in Cy, is in PTIME.
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We note that the proof of the Proposition makes use of the results and
techniques of [4] [3] in various ways, and thus much of the credit goes there. We
sketch the proof—see Appendix [C] for more details.

Firstly, [3] shows that there is an FO?-sentence ¢ with a #P;-complete model
counting problem. We turn ¢ into a conjunction of prenex form sentences by
eliminating quantified subformulae in a way resembling the Scott normal form
procedure. We then apply the Skolemization operator Sk (see Section 22)).
Combining the obtained V*-conjuncts, we get a sentence x := VazVyVz1y with
the same model counting problem as ¢; here ¢ is quantifier-free.

We then start modifying the VVV-sentence x in order to obtain, for each prefix
class C' with three quantifiers, a sentence in C' with the same model counting
problem as x. The required modifications can be easily done by using operations
that slightly generalize the Skolemization operation from Section These
operations are defined as follows. Let x' := Vxy ... VorQ1Trr1 - . Qmam X be
a prenex form sentence with x” quantifier-free and with @; € {3,V}. We turn
X' into Vo .. . VepQiags1 .. QL xm(Axy ...z VX"), where A is a fresh k-ary
predicate and each @ is the dual of @;. The difference with the Skolemization
operation of Section is simply that @7 is not required to be d. This new
sentence has the same model counting problem as x’ when the fresh symbol A
is given weights exactly as in Lemma The proof of this claim is similar to
the proof of Lemma

The second claim of Proposition [5.1] holds by the result for FO?.

6 Conclusions

It can be shown that WFOMC for formulae of two-variable logic with count-
ing C? can be reduced to WFOMC for FO? with several functionality axioms.
Proving tractability in that setting remains an interesting open problem. One
difficulty here is that the interaction patterns of different functional relations
cause effects that could intuitively be described as ‘non-local’ and seem to re-
quire significantly more general combinatorial arguments than those in Section
Bl The tools of [13] could prove useful here.
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Appendix

A.1 Scott normal forms

Here we briefly discuss the principal properties of the reduction of formulae to
Scott normal form. The process is well-known, so we only sketch the related
details.
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Let ¢ be a sentence of Uy. Note that FO? and of course SU; are syntactic
fragments of U;. To put ¢ into generalized Scott normal form, consider a
subformula ¥(z) = Qui ... Qurx(x,y1,-..,Yx) of ¢, where Q € {V,3} and x
is quantifier-free. Now, ¢(z) has one free variable. Thus we let Py be a fresh
unary predicate and consider the sentence

Ve(Pyr < Qui...Quex(T,y1,...,Yx))

which states that ¢ (z) is equivalent to Pyz. Letting @ denote the dual of @,
ie, Q ={3,V}\ {Q}, this sentence is seen equivalent to

/

X' = VaQui ... Que(Ppr — X(z, 91, yk))
AV2Q'yr .. Qur(x (91,5 - - yk) = Pypx).  (17)

Therefore ¢ is has the same weighted model count as the sentence

X" = X' A @[Py(x)/v(x)],

where [Py (z)/¢(x)] is obtained from ¢ by replacing ¢ (z) with Py (z); the fresh
relation symbol P is given the weight 1 in both positive and negative facts.
Repeating this, we eliminate quantifiers one by one, starting from the atomic
level and working upwards from there. We always introduce a new predicate
symbol (P, in the above example) and axiomatize that symbol to be equivalent
to the formula beginning with the quantifier to be eliminated (¢(x) in the above
example).

Note that while ¢ (z) had a free variable, we may also need to eliminate
quanfiers from subformulae without free variables, such as, e.g., 3z Az. Then
a fresh nullary predicate needs to be introduced. Note that quantifying in Uj
leaves at most one free variable, so the fresh symbols are always at most unary
by the definition of the syntax of U;. We clearly end up with a sentence in
generalized Scott normal form.

We make the following observations

1. The Scott-normal form version Sc(p) of a sentence ¢ indeed has the re-
quired property that 3P; ... 3P, Sc(p) is equivalent to ¢, where Py, ..., Py,
are the fresh unary and nullary predicates.

2. If ¢ is a sentence of Uy (respectively, SU;, FO?), then the sentence Sc(¢p)
is a sentence of Uy (respectively, SUq, FOQ). This is easy to see by first
noting that the fresh symbols are unary or nullary, and noting then that
the syntax of U; allows free use of unary and nullary symbols.

3. We have WFOMC (¢, n,w,w) = WFOMC(Sc(yp),n,w’, @), where w
and w map the fresh symbols to 1. The reason for this is that the novel
symbols are axiomatized to be equivalent to the unary and nullary formu-

lae, and thereby the novel symbols must have a unique interpretation in
each model of Sc(yp).
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4. In the case of FO?, the novel sentences VaVyy that arise when axioma-
tizing the fresh predicates can be pushed together so that only a single
V*-conjunct VaVyx’ rather than a conjunction VaVyyi A - - AVaVyyx, will
be part of the ultimate Scott normal form formula.

A.2 Proof of Lemma

Before proving Lemma 2.2 we define that a self-inverse bijection is an involutive
bijection, so f(f(z)) = x for all x € dom(f). We then prove the lemma.

Proof. We will consider the formulae

X1 :=Vry...Verdy; ... Jym@iz1 - - - Qnzn ¢
X2 =Y. Vep(Azy ooz V-3yr - 3ym @121 - Quzn ¥)

from our definition of Skolemization and show the following:
WFOMC(x1,n,v,0) | {B} = WFOMC(x2,n,v",9') | C (18)

where v' and ¥’ extend v and @ on the input A such that v'(A4) =1 and ¥/(A) =
—1, and {8} is a singleton model class where B is a voc(x1)-model and C the
model class { (B, A4)| A C dom(B) =n}.

Assume B = x1. Then an expanded model (9B, A) satisfies 2 if and only if
A is interpreted to be the total k-ary relation over the domain n. Thus Equation
[I8 holds.

Assume then that 9B [~ x1. We will show that the sum of the weights of the
models in C that satisfy y2 is zero. This will conclude the proof.

Let U be the set of tuples (u1,...,u;) € n* such that

BETyr ... Wm@Qr21 ... Quzn ¥ (U1, ..., uk).

We have (n*\ U) # 0 as B x1.

Let M be the class of models in C that satisfy x2. As models 91 € M must
satisfy y2, each 91 € M has A™ DO U. Furthermore, for each A’ O U such that
A" C nF, there clearly exists a model 9 € M so that A% = A’.

We shall define a self-inverse bijection f : M — M such that the weights of
N and f(N) cancel for each N € M, thereby concluding the proof.

Let @ be the lexicographically smallest tuple in (n* \ U) # (0 (we have
(n*\ U) C n*, so a lexicographic ordering is defined). We define f so that it
sends each model 91 € M to the model where A is modified simply by changing
the interpretation of A on w: if A is true on W, we make it false, and if A is
false on @, we make it true, and on other tuples, we keep A the same. It is thus
clear that the weights of any 91 € M and f(M) cancel each other, as the models
differ only on the interpretation of A on this one tuple (and 5(4) = —1). O
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A.3 Normal forms for FO? with a functionality axiom

Here we discuss how the sentence o A Va3=ly)(x,y) given in Section can
be modified in order to obtain the desired normal form sentence.

We first consider only the subformula ¢ (z,y), ignoring ¢ for awhile. We
apply the Scott normal form procedure for eliminating quantified subformulae
(see Appendix[A.]]) to the open formula ¢ (z,y). We thereby obtain from v (z, y)
a formula

W' (2, ) Ay " A A\ Vady g,
where 1/, 9" and each 1); are quantifier-free. We then observe that

Va3 y(4 (2, y) AVavyd” A N\ VaTy)

is equivalent to

Vavyy” A \VaTyw; A VoI (z,y).

K2

We then use the Skolemization operator Sk to the formulae Vz3yy; and combine
the resulting V*-sentences with each other and with VaVyy"”, thereby obtaining
a sentence VaVyy" AVa3=tyy! (z,y).

We then modify (the so far ignored sentence) ¢. We put it in Scott normal
form first and then use Skolemization, thereby obtaining a conjunction VzVyyi A
... N\V2Vyxr. We combine these conjuncts with VzVyi)'” to form a single VV-
conjuct Vavyy”. The ultimate sentence is thus VaVyy””" A VaI=tyy'(x,y),
where ¢ and ¢’ (z,y) are quantifier-free, as desired.

A.4 Relation symbol arities in the two-variable context

If VaVyp1 AVzIy=1po(x,y) contains no binary relation, we replace ¢; by Rxy A
1 and give R the weights w(R) = @w(R) = 1. Now R must have a unique
interpretation in every model of VaVy(Rxzy A ¢1) A Va3y='ys(z,y) and thus
contributes nothing to the ultimate weighted model count.

We then discuss the assumption that we can limit attention to formulae
without relation symbols of arities £ > 2 when studying the data complexity of
weighted model counting for two-variable logic with a functionality axiom.

We first give a short justification of the assumption and then look at the
issue in a bit more detail. So, to put it short, the analysis of Section Bl will
work as such even if relation symbols of arities k& > 2 are included, the only
difference being that the ultimate model count must be multiplied by a (non-
constant) factor N that takes into account facts and negative facts of span sizes
greater than 2. This factor N is very easy to compute, as our logic—using two
variables—is fully invariant under changing facts with span sizes greater than 2
elements.
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We then look at the matter in a bit more detail. Let us first fix some sentence
X = Vavyx' AVady= " (z,y)

containing at least one relation symbol of arity k& > 2. Now, notice that 2-tables
are allowed to contain atoms such as Rxyxxy, while 1-types are allowed to
contain atoms Sxzxx etcetera. Thus the reader can easily check that everything
in Section[Bworks as such if we allow relation symbols of arities k > 2, with only
the following exception: the number WFOMC(x, n, w,@w) = g € Q obtained by
our analysis must be multiplied by IV, which is a factor arising from the simple
fact that M = x < N E x for all M and N which differ only in facts and
negative facts with span sizes greater than 2. Our analysis takes into account
only facts of span sizes up to 2.

We consider an example to illustrate the issue. Assume x contains a k-ary
symbol R, with £ > 2, and all other symbols in x are at most binary. We show
how to compute the factor N.

Let n > k be a model size. There are n* tuples of length k with elements
from n. Exactly n of these tuples have span 1 (e.g., a tuple of type (u,...,u)
with u repeated k times). Exactly (%) - (2% — 2) of the n* tuples have span 2
(e.g., a k-tuple of type (u,v,u,v,...,u,v) if k is even). Thus there are

e =4 a2 o)

tuples with span size greater than 2 over the domain n. On some of these tuples
we can define R positively and negatively on others. Thus, letting w(R) be the
positive and @(R) the negative weight for R, we define

N(n,k) = Z (p("i’ k)> (w(R))" - (uf}(R))(p(n,k)fi)'

i< p(n,k)

While this looks nasty, we can easily evaluate it in polynomial time in the unary
input n. The function N(n, k) provides the desired factor N: we multiply the
number WFOMC(x, n, w, w), which is given by our analysis that ignores facts
of span size greater than 2, by N(n, k) and thereby get the correct result. Note
that we assumed n > k simply because models with domain size smaller than k
can in any case be ignored as there are only finitely many inputs smaller than
k to the model counting problem, so we can construct a look-up table for them.

It is easy to see how to expand this to cover the case where x has several
relations of arities greater than 2.

B Appendix: FO? with a functionality axiom

B.1 Characterizing M, (n,, Nyr, Nry Nry)
Here we give a detailed specification of the characterization of

Mor(nch Ngr, Nr, nTU)
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as being the weighted number of ways to connect blocks By O Cyr and B, O Cr
to each other with 2-tables when |B,| = ny, |Cor| = nor, |B-| = n, and
|Cro| = nre. We specify the weighted number N of ways to connect the blocks
in the way described below. (It is worth noting here that we will not compute
N in the way described below in the ultimate polynomial time algorithm.) The
number N is informally the sum of all products W that can be obtained by
simultaneously assigning 2-tables to all edges in B, X B; and multiplying the
individual weights of (positive and negative) facts in the 2-tables such that the
following conditions hold.

1. In each of the simultaneous assignments, elements in the cells C,, and
Cro obtain, respectively, witnesses in B, and B, via suitable witnessing
2-tables. The 2-table for the pairs in B, x B; that provide witnesses for
the elements of C,, is the 2-table of the 2-type o. Similarly, the 2-table
for the pairs in B, X B, that provide witnesses for the elements of C, is
the 2-table of 7.

2. The remaining pairs in B, X B, are assigned some non-witnessing coherent
2-table whose inverse is, likewise, not witnessing.

To define this more formally, consider the case with the below assumptions.
1. o #T.
2. Neither o nor 7 is both ways witnessing.
First, we define N = 0 if any of the following conditions is satisfied.
1. Ngr €Ny OF Npy L Ny
2. ngr # 0 and o(2) # 7(1).
3. nre # 0 and 7(2) # o(1).

Otherwise, let B, and B, be disjoint sets, |B,| = n, and |B;| = n,. Let
Cysr C B, and Cr, C B; be sets such that |Cy| = ngr and |Cry| = nr0. Now,
assume f : C,r — B; and g : C-, — B, are functions that are nowhere inverses
of each other. (We note that such functions need not exist, as demonstrated,
for example, by the case where n,, # 0 and n, = 0.) There are precisely n,,
pairs in f and n,, pairs in g, and since f and g are nowhere inverses, f and the
inverse of g occupy nyr + n-o edges in B, X B;. Recall from the preliminaries
that, if 8 is a 2-table, then (w, w)(8) denotes the product of the weights of the
literals in 3. We let 3, and B, denote the 2-tables of o and 7 and define

wyg = ((w, w)(Be))"" - ((w, @) (Br))" .

Now, let T be the set of 2-tables 8 such that the 2-type ¢ := o(1)87(1)
satisfies the following conditions.

1. ¢ is coherent.
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2. J is not witnessing.
3. The inverse of § is not witnessing.

Consider the pairs in B, x B; that do not belong to f or the inverse of g. Let
S C B, x B; be the set of these pairs. Let F¢ , denote the set of all functions
F:S — T. For each such function F', define

wpi= ] {(w,@)(F((w,0)

(u,v) €S
and
Wf,g,F = Wf,g  WF-

Let P denote the set of triples (f, g, F') where f : Cyr = B; and g : Crp —
B, are funtions that are nowhere inverses of each other and F' € Fy ;. Define,

finally, that
N = Z Wf g,F-
(f.9.F)€P

The remaining cases, including the ones where ¢ = 7, are similar in spirit
and defined analogously, so we omit them here.

B.2 Proof of Lemma

Proof. Choose some numbers i1, ...,i; and ji, ..., j, that add to N. There are

(i)
Uiy ooy by J1ye -y 00

ways to choose precisely i, edges for the symmetric colours p € [k] and j, edges
for the directed colours ¢ € [¢]. There are 271" ¢ ways to choose an orientation
for the directed colours. The contribution of the weights is then given by the

product . ‘
( H (wp)z’)) ’ ( H (xq)Jq)-

p € [K] g€ ]

B.3 Proof of Proposition 3.3

Proof. Consider the complete graph G with the set n of vertices. By proposition
B] there exist I(m,n) anti-involutive functions f : m — n. Fix a single such
function f. Being anti-involutive and having an m-element domain, the tuples
(u,v) € f cover precisely m edges of G. Thus the contribution of the edges
covered by f to the total weight of any labelling that assigns the weight y to
those edges is y™. With f fixed, the remaining (g) —m edges (not belonging to
f) can by Lemma be labelled in different ways so that they contribute the
factor L, , ((g) — M, Wi, .o, Why L1ye ey :vg) to the total weight. O
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B.4 Proof of Proposition

Proof. By Lemma B4l there exist K (m, M,n, N) ways to define a pair of func-
tions f,g so that f : A,, — B and g : B, — A are nowhere inverses of each
other. Now fix a pair f, g of such functions. The contribution of f and g to the
weight of any labelling that contains f and g is y™2". There are MN —m —n
edges outside the functions f and g. (The pathological cases where MN —m—n
is negative are harmless due to the definition of L, ,.) By Lemma[3.2] the con-
tribution of these edges to the total weight is

L,,(MN—=m—mn, wy,...,Wk,21,...,2¢).

B.5 Proof of Proposition

Proof. When m is even, then m/2 = |m/2] gives the number of those edges
over the vertex set m that will be part of the complete matching of m. Thus
there are then (5) —m/2 edges outside the matching in the graph with vertex
set n. Note that F(m) = 0 when m is odd; we write |m/2] simply to ensure
the inputs to L, , are integers even in this pathological case. The rest of the

claim follows directly from the relevant definitions. O

B.6 The remaining cases for defining the functions N,

Case 2. We now assume (cf. Case 1) that 1.a and 1.b hold but 1.c does not.
Now, if o and 7 are inverses of each other, then we define N, as follows using
T,,,, from Equation [[3] of Proposition 3.7t

Nor(@) :=T,., ,(Nor, Mo, Nrgy Nr, W1, - oo, Wiy Y, L1, - -, Tg). (19)

If o0 and 7 are not inverses of each other, we consider three subcases. Firstly, if

both ¢ and 7 are both ways witnessing, then we define

0 ifng #0or ny #0,

Lw(ng Ny Wiy ooy Why Ty - - ,CC[) otherwise.

Now () = { (20)

Secondly, if o is both ways witnessing but 7 not, we define N, as follows, letting

w' denote the list wy, ..., wk, 21, ..., T, y, 2 of weights:
— 0 ifngr #0,
Nor (n) = or , . (21)
Py o4 (Nors Moy Ny, N, W) otherwise.

Finally, the case where 7 is both ways witnessing but ¢ is not is analogous.

Case 3. We assume that 1.a holds but 1.b not. If both o and 7 are incombatible
with each other, we define N,, exactly as in Equation If 7 is combatible
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with o but ¢ not with 7, we define N, as follows, with two subcases. Firstly,
if 7 is both ways witnessing, we define N,, as in Equation 20l If 7 is not both
ways witnessing, we define N,, according to Equation 21l The case where o is
combatible with 7 but 7 not with o, is analogous.

Case 4. We assume that 4.a) o = 7; 4.b) ¢ is compatible with itself, meaning
that the first and second 1-types of o are the same; 4.c) o is not both ways
witnessing. By Equation [ in Proposition [3.3] the weight contributed by edges
from B, to B, itself is thus given by

Naa(ﬁ) = Jk’z+1(no'o'7no'7w17 ceey, WE, X1y - -wréay)u (22)

which defines the function N, in this particular case. When 4.a and 4.b hold
but 4.c not, so ¢ is both ways witnessing, then we define, using the function

S,+1.. of Equation 2 in Proposition B.6] that
No’o’(ﬁ) = SkJrL@(no’Uano’awlu e WESYs1 e e 7:E€)' (23)

When 4.a holds but 4.b not, we define N,,(7) to be zero when n,, # 0 and
otherwise as given by Equation

By observing that the expressions in Equation Ml can easily be computed in
PTIME, we obtain the theorem that the weighted model counting problem for
each sentence of two-variable logic with a functionality axiom is in PTIME.

B.7 Proof of Lemma

Before Proving Lemma [£.6] we make the following auxiliary definitions.

An identity literal is an atom x = y or negated atom x # y. An identity
profile ¢ over a set X of variables is a consistent conjunction with precisely one
of the literals x = y, x # y for each two distinct variables x,y € X; consistency
of ¢ means that ¢ = L. Note that the formula diff (1, ..., z) is the identity
profile over {x1,...,x;} where all identities are negative. An identity profile
is consistent with a conjunction v of identity literals if o A = L.

We then prove Lemma

Proof. We will prove the equivalent claim that every 3*-sentence of U; translates
to an equivalent Boolean combination of 3*-sentences of SU;. Thus we fix a U;-
sentence Jxj ...3dxe Y where ¢ is quantifier-free. We let 1 be the vocabulary
of . As ¢ is a Uj-matrix, all the higher arity atoms of 1 have the same set
Y C{x1,...,x¢} of variables. We let Y := {y1,...,yr}-

We then begin modifying the sentence 3z ... Jx,p. We first put ¢ into dis-
junctive normal form, thereby obtaining an equivalent sentence 3z ... 3z, (11 V
-V 1y, ), where each formula 1); is free of disjunctions. We then distribute
the quantifier block 3z, ... 3z, of over the disjunctions, obtaining the sentence
X:=3xy ... 3zethr) VooV (3xr .. Axethn,).

Now, let us fix a disjunct Jz;...3xe; of x. To conclude the proof, it
suffices to show that dx; ...3zp; is equivalent to a Boolean combination of
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F*-sentences of SU;. We assume, w.l.o.g., that ©; := xi.a A x1 A xX(¥1,---Yk),
where ;4 is a conjunction of identities and negated identities, y1 a conjunction
of unary literals, and x(y1,...,yx) a conjunction of Y-literals. We also assume,
w.l.o.g., that the vocabulary of v; is n and that 1); is consistent, i.e., 1; & L. If
1; was not consistent, we would be done with the proof, as Jx; ... 3x,; would
be equivalent to L.

Let I denote set of identity profiles over {xi,...,2,} consistent with x;4.
Thus

Y = \/ (v A xa A X, - yw)-
yel

Now recall that x; is a conjunction of unary literals whose variables are con-
tained in {z1,...,2¢}. Thus x; is equivalent to a disjunction of conjunctions
aq(z1) A+ A ag(xg) where each o is a 1-type over 7. Let A denote the set of
all such conjunctions. Thus we have

b=\ (A Ax(, )

(pv)€EAXI

Now, in order to obtain a suitably modified variant of the sentence
3,@1 .. .Hl'g ’lﬁi,

we distribute the block Jz;...dx,; of quantifiers over the disjunctions of the
right hand side of the above equation and thereby observe that

E'.Il N EIE U)l

= \/ Jzq ... 3ze(y Ao A x(Y1, -5 YR))-
() € AxI

We fix a single disjunct § := Jz1 ... 3xe(y A @ A x(¥1, - - -, yx)) and show how to
translate it to a Boolean combination of 3*-sentences of SU;, thereby concluding
the proof.

If v contains non-negated identities, we eliminate them by renaming variables
in the quantifier-free part of §. Thus we obtain a sentence §’ := Jz; ... 3z, (7' A
¢ A X') equivalent to ¢ such that the following conditions hold.

1.) {z1,...,2n} C{z1,...,2¢} and v is the formula diff (z1,..., z,) (which is
simply T if n = 1).

2.) ¢ is a conjunction aj(z1) A -+ A an(z,) of 1-types containing at least one
1-type for each variable z1, ..., z,; if the conjunction has two or more types for
the same variable, then it is inconsistent, and thus ¢’ = L, so we are done with
the proof. Therefore we assume that aq(z1) A-- - A, (z,) has exactly one 1-type
for each variable.

3.) ¥’ is a conjunction of Z-literals for some set Z C {z1,...,2,} of variables.
We assume, w.lo.g., that Z = {z1,...,2,} for some m < n. We note the
following.
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3.a) It is possible that the variable renaming process makes y’ inconsistent,
as for example when Rzyz, ~Ryxz are replaced by Ryyz, ~Ryyz. If x’
is inconsistent, we are done with the proof. Thus we assume that x’ is
consistent.

3.b) There exists a disjunction 51 V- - -V 8, of | Z|-tables such that 51 V-- -V, |=
X'

Thus &' = V,c,321... 3z (v A ¢’ A B;), where each §; is a |Z|-table. Once

again distributing the quantifiers, we get a disjunction Jz1...3z,(y A ¢ A

B1) V-V 3z ... 3z, (v A @ A Bp). It suffices to fix one of these disjuncts

Jz1 ... 320 (¥ A @' A B;) and show how it translates into a Boolean combination

of F*-sentences of SU;. Now, Jz1...3z,(7 A ¢ A ;) is the sentence

Iz ... Hzn(dz’ﬁ(zl, cozn) Nag(z1) A A ag(z0) A B2, - .,zm)).

Since each element of a model must satisfy exactly one 1-type, we observe that
this sentence is equivalent to the following sentence (where the first main con-
junct has m and the second one n variables):

Elzl...ﬂzm(al(zl) A N (2m) A Bi(21, -y 2m) A diﬁ(zl,...,zm))
A ﬂxl...ﬂxn(al(ml) A N () A diﬁ(zl,...7zn)).

Both of these conjuncts are SU;-sentences. O

C Appendix: Proof of Proposition [5.7]

Proof. The second claim of Proposition 5.1 is immediate, as [4] shows that the
symmetric weighted model counting problem is in PTIME for each formula of
two-variable logic. We thus turn to the first claim.

The article [3] provides a sentence ¢ of three-variable logic FO® that has a
#P1-complete symmetric weighted model counting problem. Given ¢, there is a
very simple way to directly ensure that there exists a sentence VaVyVz1y (where
¥ quantifier-free) with the same model counting problem as ¢. The prodecure
is straightforward and interesting in its own right. The idea is to process ¢ in a
way that bears a resemblance to the Scott normal form reduction. We describe
the procedure for an arbitrary FO3-sentence y.

We begin eliminating quantifiers of quantified subformulae of x, one quan-
tifier at a time, starting from the atomic level and working our way upwards.
Consider a subformula x/(y, 2) := Qxxo(z,y,2) of x where Q € {V,3} and xq
is quantifier-free. Now, x’(y, z) has two free variables. Therefore we let P/ be
a fresh binary predicate and consider the sentence

vva(PX'(yaz) <~ Q'IXO('rvyaz))
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stating that x/(y, z) is equivalent to Py (y, z). Letting Q" denote the dual of @,
ie., @ € {3,V}\ {Q}, this sentence is easily seen equivalent to

X" = VyVzQr(Py(y, 2) — Xo(,y, 2))
AVYVzQ'z(xo(x,y,2) = Py (y,2)). (24)

Therefore x is equivalent to the sentence

X" = X" A x[Pe(y,2)/X (1, 2)],

where x[Py (y,2)/x'(y, z)] is obtained from x by replacing the formula x’(y, z)
with Py (y, z).

Here Qzxo(x,y, z) had two free variables, but we may also need to eliminate
quantifiers Qx from formulae of type Qzy’ with one or zero free variables; here
¢’ is quantifier-free. The elimination is then, however, done in a similar way,
the main difference being that the fresh predicate then has arity one or zero.

Repeating the procedure, we eliminate quantifiers one by one, starting from
the atomic level and working upwards from there. We ultimately end up with
a conjunction

Q1x1 A A QrXk

where each @ is a block of three quantifiers (introducing dummy quantifiers
if necessary), while each x; is quantifier-free. Now, similarly to the case with
Scott normal form reductions discussed above, the novel predicates have been
axiomatized to have a unique interpretation in any model that satisfies ¢ :=
Qix1 A -+ A Qrxk, and thus an analogous result to Lemma 2] holds:

WFOMC(x,n,w,w) = WFOMC(yp, n,w’,w'), (25)

where w’ and @’ extend w and w by sending the novel symbols to 1.
Then we apply the Skolemization procedure (Lemma [2.2) to ¢, thus obtain-
ing a conjunction of the form

VaVyVazxy A - AVZVyVYz ).

We combine the matrices x4,..., X}, under the same quantifier prefix, thus ob-
taining a sentence ¢’ := VaVyVz vy, where v is quantifier-free. We now have

WFOMC(p,n,w',w") = WFOMC(¢', n, w"”, @w"),

where w” and w” treat the fresh symbols as specified in Lemma2.2] w” mapping
them to 1 and w” to —1. Thus, combining this with Equation 28] we obtain

WFOMC(x, n, w,w) = WFOMC(¢', n, w",w").

Thus we finally obtain the sentence ¢’ with prefix VWV with a #Pi-complete
weighted model counting problem.

We then start modifying the VVV-sentence ¢’ in order to obtain, for each
prefix class C' with three quantifiers, a sentence in C' with the same weighted
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model counting problem as ¢’. The required modifications will be made by
operations that slightly modify the Skolemization operation from Section
We define these operations next.

Let x' := Vay...VorQiags1 ... QmaTm X’ be a prenex normal form sen-
tence with x” quantifier-free and with Q; € {3,V} for each i. We turn y’
into Vq ... VerQ apt1 .- QL xm(Axy ... V —X"), where A is a fresh k-ary
predicate and each Q) is the dual of @;. The difference with the Skolemization
operation of Section is simply that @1 is not required to be 3. This new
sentence has the same model counting problem as x” when the fresh symbol A
is given weights exactly as in Lemma The proof of this claim almost the
same as the proof of Lemma 2.2] which is given in Appendix Notice that
we can have k = 0, and then the new predicate A is nullary.

With these novel Skolemization operations, we can take any prenex normal
form sentence and modify it so that the original prefix VQ ...Q,, changes
to VQ, ...Q’, where V is in both cases the same (possibly empty) string of
universal quantifiers and Q) ...Q’, is obtained from Q;...Q,, by changing
each quantifier to its dual. It remains to show that with these simple operations,
we can obtain from the prefix YVV all the remaining seven prefixes with three
quantifiers.

We obtain 333 from VWV by letting all the three quantifiers in V¥V be the
suffix that gets dualized. We get V33 from VVV by dualizing the last two univer-
sal quantifiers. Similarly, we get VW3 from VVV by dualizing the last universal
quantifier. Now, having YV, we obtain V3V by dualizing the last two quantifiers
and 33V by dualizing all the three quantifiers. From V3V, we then get 3v3 by
dualizing all quantifiers. Finally, from V33 obtained earlier on, we get the last
remaining prefix IvV by dualizing everything.

Thus we have shown that all prefix classes with at least three quantifiers have
a sentence with a #Pi-complete symmetric weighted model counting problem.
Together with the first claim of Proposition B}, this gives the desired complete
classification of first-order prefix classes. o

37



	1 Introduction
	2 Preliminaries
	2.1 Types and tables
	2.2 A Skolemization procedure
	2.3 Further syntactic assumptions

	3 Counting for FO2 with functionality
	3.1 Partitioning models
	3.2 The counting strategy
	3.3 The relevant combinatorics
	3.4 Defining the functions N

	4 Weighted model counting for U1
	4.1 Weighted model counting for SU1
	4.2 Weighted model counting for U1

	5 Counting and prefix classes
	6 Conclusions
	A Appendix
	A.1 Scott normal forms
	A.2 Proof of Lemma ??
	A.3 Normal forms for FO2 with a functionality axiom
	A.4 Relation symbol arities in the two-variable context

	B Appendix: FO2 with a functionality axiom
	B.1 Characterizing M(n,n,n, n)
	B.2 Proof of Lemma ??
	B.3 Proof of Proposition ??
	B.4 Proof of Proposition ??
	B.5 Proof of Proposition ??
	B.6 The remaining cases for defining the functions N
	B.7 Proof of Lemma ??

	C Appendix: Proof of Proposition ??

