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Abstract. In this paper, we introduce a novel algorithm to solve projected
model counting (PMC). PMC asks to count solutions of a Boolean formula
with respect to a given set of projected variables, where multiple solutions
that are identical when restricted to the projected variables count as only
one solution. Our algorithm exploits small treewidth of the primal graph
of the input instance. It runs in time O(22k+4n2) where k is the treewidth
and n is the input size of the instance. In other words, we obtain that
the problem PMC is fixed-parameter tractable when parameterized by
treewidth. Further, we take the exponential time hypothesis (ETH) into
consideration and establish lower bounds of bounded treewidth algorithms
for PMC, yielding asymptotically tight runtime bounds of our algorithm.
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1 Introduction

A problem that has been used to solve a large variety of real-world questions
is the model counting problem (#SAT) [2,11, 14,16, 33,37, 40,42, 45]. It asks to
compute the number of solutions of a Boolean formula [24] and is theoretically of
high worst-case complexity (#- P-complete [43,38]). Lately, both #SAT and its
approximate version have received renewed attention in theory and practice [9,
16,31, 39]. A concept that allows very natural abstractions of data and query
results is projection. Projection has wide applications in databases [1] and
declarative problem modeling. The problem projected model counting (PMC)
asks to count solutions of a Boolean formula with respect to a given set of
projected variables, where multiple solutions that are identical when restricted
to the projected variables count as only one solution. If all variables of the
formula are projected variables, then PMC is the #SAT problem and if there
are no projected variables then it is simply the SAT problem. Projected variables
allow for solving problems where one needs to introduce auxiliary variables, in
particular, if these variables are functionally independent of the variables of
interest, in the problem encoding, e.g., [21,23].
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two authors are also affiliated with the University of Potsdam, Germany.
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When we consider the computational complexity of PMC it turns out that un-
der standard assumptions the problem is even harder than #SAT, more precisely,
complete for the class #- NP [17]. Even though there is a PMC solver [3] and an
ASP solver that implements projected enumeration [22], PMC has received very
little attention in parameterized algorithmics so far. Parameterized algorithms [12,
15, 20, 34] tackle computationally hard problems by directly exploiting certain
structural properties (parameter) of the input instance to solve the problem
faster, preferably in polynomial-time for a fixed parameter value. In this paper,
we consider the treewidth of graphs associated with the given input formula as
parameter, namely the primal graph [41]. Roughly speaking, small treewidth of a
graph measures its tree-likeness and sparsity. Treewidth is defined in terms of
tree decompositions (TDs), which are arrangements of graphs into trees. When
we take advantage of small treewidth, we usually take a TD and evaluate the
considered problem in parts, via dynamic programming (DP) on the TD.

New Contributions.

1. We introduce a novel algorithm to solve projected model counting (PMC) in
time (’)(22k+4n2) where k is the treewidth of the primal graph of the instance
and n is the size of the input instance. Similar to recent DP algorithms for
problems on the second level of the polynomial hierarchy [19], our algorithm
traverses the given tree decomposition multiple times (multi-pass). In the first
traversal, we run a dynamic programming algorithm on tree decompositions
to solve SAT [41]. In a second traversal, we construct equivalence classes on
top of the previous computation to obtain model counts with respect to the
projected variables by exploiting combinatorial properties of intersections.

2. We establish that our runtime bounds are asymptotically tight under the
exponential time hypothesis (ETH) [28] using a recent result by Lampis and
Mitsou [32], who established lower bounds for the problem IV-SAT assuming
ETH. Intuitively, ETH states a complexity theoretical lower bound on how
fast satisfiability problems can be solved. More precisely, one cannot solve
3-SAT in time 25 - n®M for some s > 0 and number n of variables.

2 Preliminaries

For a set X, let 2% be the power set of X consisting of all subsets Y with ) C Y C
X. Recall the well-known combinatorial inclusion-exclusion principle [25], which
states that for two finite sets A and B it is true that |AU B| = |A|+|B|—|ANB|.
Later, we need a generalized version for arbitrary many sets. Given for some
integer n a family of finite sets X1, Xo, ..., X,,, the number of elements in the

union over all sets is |U;.l:1 X;| = Elglw’n}’]#@(—l)‘”_1\ Nicr Xil-

Satisfiability. A literal is a (Boolean) variable x or its negation —z. A clause is
a finite set of literals, interpreted as the disjunction of these literals. A (CNF)
formula is a finite set of clauses, interpreted as the conjunction of its clauses. A
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3-CNF has clauses of length at most 3. Let F' be a formula. A sub-formula S of F
is a subset S C F of F. For a clause ¢ € F, we let var(c) consist of all variables
that occur in ¢ and var(F) := {J,cp var(c). A (partial) assignment is a mapping
a :var(F) — {0, 1}. For z € var(F'), we define a(—z) := 1—a(x). The formula F'
under the assignment a € 22 (F) is the formula Fj, obtained from F' by removing
all clauses ¢ containing a literal set to 1 by « and removing from the remaining
clauses all literals set to 0 by a. An assignment « is satisfying if Fo, = () and F
is satisfiable if there is a satisfying assignment «. Let V' be a set of variables. An
interpretation is a set J C V' and its induced assignment oy of J with respect
to V is defined as follows ayy :={v—1|lve JNViU{v—0|veV\J}
We simply write oy for ayy if V' = var(F'). An interpretation J is a model of F,
denoted by J E F, if its induced assignment «; is satisfying. Given a formula F;
the problem SAT asks whether F' is satisfiable and the problem #SAT asks to
output the number of models of F'| i.e., |S| where S is the set of all models of F'.

Projected Model Counting. An instance of the projected model counting problem
is a pair (F, P) where F' is a (CNF) formula and P is a set of Boolean variables
such that P C var(F). We call the set P projection variables of the instance. The
projected model count of a formula F' with respect to P is the number of total
assignments « to variables in P such that the formula Fj, under « is satisfiable.
The projected model counting problem (PMC) [3] asks to output the projected
model count of F, i.e., {M NP | M € S}| where S is the set of all models of F'.

c1 Cc2 c3 cq

Example 1. Consider formula F' :={-a VbV p1,aV —=bV —pi,aV pa,aV —ps}
and set P := {p1,pa} of projection variables. The models of formula F are {a,b},
{a,p1}, {a,b,p1},{a,b,p2}, {a,p1,p2}, and {a,b,p1, p2}. However, projected to
the set P, we only have models 0, {p1}, {p2}, and {p1,p2}. Hence, the model
count of F' is 6 whereas the projected model count of instance (F,P) is4. N

Computational Complexity. We assume familiarity with standard notions in
computational complexity [35] and use counting complexity classes as defined
by Hesaspaandra and Vollmer [27]. For parameterized complexity, we refer to
standard texts [12,15,20, 34]. Let X and X’ be some finite alphabets. We call
I € ¥* an instance and ||I|| denotes the size of I. Let L C Y*xNand L’ C X" xN
be two parameterized problems. An fpt-reduction r from L to L’ is a many-to-
one reduction from X* x N to X’* x N such that for all I € X* we have
(I,k) € L if and only if r(I,k) = (I',k’) € L' such that k¥’ < g(k) for a fixed
computable function g : N — N, and there is a computable function f and
a constant ¢ such that r is computable in time O(f(k)||I]|°) [20]. A witness
function is a function W: X* — 2" that maps an instance I € X* to a finite
subset of X'*. We call the set W(I) the witnesses. A parameterized counting
problem L : X* x Ny — Ny is a function that maps a given instance I € X* and an
integer k € N to the cardinality of its witnesses W (I)|. We call k the parameter.
The exponential time hypothesis (ETH) states that the (decision) problem SAT
on 3-CNF formulas cannot be solved in time 25" - n®W) for some s > 0 where n
is the number of variables [28].
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Fig. 1. Primal graph Pr of F from Example 2 (left) with a TD T of graph Pp (right).

Tree Decompositions and Treewidth. For basic terminology on graphs, we refer to
standard texts [13,8]. For a tree T'= (NN, A,n) with root n and a node ¢t € N,
we let children(¢,T') be the sequence of all nodes ¢’ in arbitrarily but fixed order,
which have an edge (¢,t') € A. Let G = (V, E) be a graph. A tree decomposition
(TD) of graph G is a pair T = (T, x) where T'= (N, A, n) is a rooted tree, n € N
the root, and y a mapping that assigns to each node t € N a set x(t) C V,
called a bag, such that the following conditions hold: (i) V' = [J,cy x(t) and
E CUeniuv | u,v € x(t)}; (ii) for each r,s,t € N such that s lies on the path
from r to ¢, we have x(r) N x(t) C x(s). Then, width(7") := max;en |x(¢)| — 1.
The treewidth tw(G) of G is the minimum width(7) over all tree decompositions
T of G. For arbitrary but fixed w > 1, it is feasible in linear time to decide if a
graph has treewidth at most w and, if so, to compute a tree decomposition of
width w [5]. In order to simplify case distinctions in the algorithms, we always
use so-called nice tree decompositions, which can be computed in linear time
without increasing the width [7] and are defined as follows. For a node t € N, we
say that type(t) is leaf if children(¢,T) = (); join if children(t,T) = (¢',t”) where
x(t) = x(t') = x(#") # 0; int (“introduce”) if children(t,T) = ('), x(t') C x(¥)
and |x(¢t)| = [x(t")| + 1; rem (“removal”) if children(t,T) = ('), x(¢') 2 x(t) and
[x(t)| = |x(®)| + 1. If for every node t € N, type(t) € {leaf, join, int, rem} and
bags of leaf nodes and the root are empty, then the TD is called nice.

3 Dynamic Programming on TDs for SAT

Before we introduce our algorithm, we need some notations for dynamic program-
ming on tree decompositions and recall how to solve the decision problem SAT
by exploiting small treewidth.

Graph Representation of SAT Formulas. In order to use tree decompositions for
satisfiability problems, we need a dedicated graph representation of the given
formula F'. The primal graph Pp of F' has as vertices the variables of F' and two
variables are joined by an edge if they occur together in a clause of F'. Further, we
define some auxiliary notation. For a given node t of a tree decomposition (T, x)
of the primal graph, we let F; := {c | ¢ € F,var(c) C x(t)}, i.e., clauses
entirely covered by x(t). The set F<; denotes the union over Fy for all descendant
nodes s € N of . In the following, we sometimes simply write tree decomposition
of formula F or treewidth of F and omit the actual graph representation of F'.

Example 2. Consider formula F' from Example 1. The primal graph Pr of
formula F' and a tree decomposition 7 of Pr are depicted in Figure 1. Intuitively,
T allows to evaluate formula F' in parts. When evaluating F<,,, we split into
F<y, ={c1,c2} and F<y, = {c3,ca}, respectively. |
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Dynamic Programming on TDs. Algorithms that solve SAT or #SAT [41] in linear
time for input formulas of bounded treewidth proceed by dynamic programming
along the tree decomposition (in post-order) where at each node ¢ of the tree
information is gathered [6] in a table 7. A table T is a set of rows, where a
row u € T is a sequence of fixed length. Tables are derived by an algorithm, which
we therefore call table algorithm A. The actual length, content, and meaning of the
rows depend on the algorithm A that derives tables. Therefore, we often explicitly
state A-row if rows of this type are syntactically used for table algorithm A and
similar A-table for tables. For sake of comprehension, we specify the rows before
presenting the actual table algorithm for manipulating tables. The rows used
by a table algorithm SAT have in common that the first position of these rows
manipulated by SAT consists of an interpretation. The remaining positions of
the row depend on the considered table algorithm. For each sequence u € 7, we
write I(u) to address the interpretation (first) part of the sequence u. Further,
for a given positive integer i, we denote by wu;) the i-th element of row u and
define 7(;y as 7(;) = {ug) | v € 7}

Then, the dynamic programming approach for propositional satisfiability
performs the following steps:

1. Construct the primal graph Pg of F.

2. Compute a tree decomposition (7T, x) of Pr, where T'= (N, -, n).

3. Run DPgut (see Listing 1), which executes a table algorithm SAT for every
node t in post-order of the nodes in N, and returns SAT-Comp mapping
every node t to its table. SAT takes as input! bag x(t), sub-formula F;, and
tables Child-Tabs previously computed at children of ¢ and outputs a table 7.

4. Print the result by interpreting the table for root n of T'.

Listing 2 presents table algorithm SAT that uses the primal graph representation.
We provide only brief intuition, for details we refer to the original source [41].
The main idea is to store in table 73 only interpretations that are a model of
sub-formula F<; when restricted to bag x(t). Table algorithm SAT transforms at
node ¢ certain row combinations of the tables (Child-Tabs) of child nodes of ¢
into rows of table 7;. The transformation depends on a case where variable a is
added or not added to an interpretation (int), removed from an interpretation
(rem), or where coinciding interpretations are required (join). In the end, an
interpretation I(u) from a row w of the table 7,, at the root n proves that there
is a supset J D I(u) that is a model of F' = Fx,,, and hence that the formula is
satisfiable. Example 3 lists selected tables when running algorithm DPg4r.

Example 3. Consider formula F' from Example 2. Figure 2 illustrates a tree
decomposition T’ = (-, x) of the primal graph of F' and tables 71, ..., 712 that
are obtained during the execution of DPsat((F,-),T’,-). We assume that each
row in a table 7; is identified by a number, i.e., row ¢ corresponds to us.; = (Jy.;).

! Actually, SAT takes in addition as input PP-Tabs, which contains a mapping of
nodes of the tree decomposition to tables, i.e., tables of the previous pass. Later, we
use this for a second traversal to pass results (SAT-Comp) from the first traversal to
the table algorithm PRQJ for projected model counting in the second traversal.
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Listing 1: Algorithm DPA((F, P), T, PP-Tabs) for DP on TD T [18].
In: Table algorithm A, TD 7 = (T, x) of F s.t. T = (N, -,n), tables PP-Tabs.
Out: Table A-Comp, which maps each TD node t € N to some computed table 7.
1 for iterate ¢ in post-order(7T,n) do
2 Child-Tabs := (A-Complt1], ..., A-Complt,]) where children(¢,T) = (t1,...,te)
3 A-Complt] « A(t, x(t), Ft, P N x(t), Child-Tabs, PP-T'abs)
4 return A-Comp

Listing 2: Table algorithm SAT(¢, x¢, F%, -, Child-Tabs, -) [41].
In: Node t, bag x:, clauses Fy, sequence Child-Tabs of tables. Out: Table 7.

1 if type(t) = leaf then 1 + {{0)}

2 else if type(t) = int, a € x; is introduced, and Child-Tabs = (7') then
3 | 7+ {(K) [ (JYer Ke{]JU{a}}, K E F}

4 else if type(t) = rem, a & x: is removed, and Child-Tabs = (t') then
s | e ({0 {a) () €'}

6 else if type(t) = join, and Child-Tabs = (v',7"") then

| m e {) () 7', (7) €77}

8 return 7;

Table 71 = {(0)} as type(t1) = leaf. Since type(ta) = int, we construct table 7o
from 71 by taking J;; and Jy ; U {a} for each (Jy ;) € 7. Then, t3 introduces p;
and t4 introduces b. Fy, = F}, = Fy, = 0, but since x(¢4) C var(cy) we have F}, =
{c1,¢2} for t4. In consequence, for each Jy; of table 74, we have {c1,co} F Jy;
since SAT enforces satisfiability of F} in node t. Since type(ts) = rem, we remove
variable p; from all elements in 74 to construct 75. Note that we have already seen
all rules where p; occurs and hence p; can no longer affect interpretations during
the remaining traversal. We similarly create 76 = {{0)), (a)} and 70 = {(a)}.
Since type(t11) = join, we build table 711 by taking the intersection of 74 and 1.
Intuitively, this combines interpretations agreeing on a. By definition (primal
graph and TDs), for every ¢ € F, variables var(c) occur together in at least one
common bag. Hence, F' = F;,, and since 112 = {(0)}, we can reconstruct for
example model {a,b,pa} = J11.1 U J5.4UJg 2 of F using highlighted (yellow) rows
in Figure 2. On the other hand, if F' was unsatisfiable, 712 would be empty (0). B

The following definition simplifies the presentation. At a node ¢ and for a
row u of the table SAT-Complt], it yields the rows in the tables of the children
of t that were involved in computing row u by algorithm SAT.

Definition 1 (c.f., [19]). Let F be a formula, T = (T, x) be a tree decomposi-
tion of F', t be a node of T that has ¢ children, and 71, ...,7 be the SAT-tables
computed by DPsar((F,-),T,-) where children(t,T) = (t1,...,ts). Given a se-
quence 8 = (s1,...,8¢), we let {sP):=({s1},...,{se}), for technical reasons.
For a given SAT-row uw, we define the originating SAT-rows of w in node t by
SAT-origins(t,u) :={s | s € 71 X -+ x 7,7 = SAT(¢, x(¢), F}, -, {s],),u € 7}.
We extend this to a SAT-table o by SAT-origins(t, o) :=J,, ., SAT-origins(¢, u).

uco



Exploiting Treewidth for Projected Model Counting & Limits 7

Fig. 2. Selected tables obtained by algorithm DPprm on tree decomposition T

Remark 1. An actual implementation would not compute origins, but store and
reuse them without side-effects to worst-case complexity during tree traversal.

Example 4. Consider formula F, tree decomposition 7' = (T, x), and tables
T1,-..,T12 from Example 3. We focus on uy.1 = (J1.1) = (@) of table 7 of the
leaf t1. The row u1.1 has no preceding row, since type(t1) = leaf. Hence, we have
SAT-origins(t1,u1.1) = {({)}. The origins of row wus.1 of table 75 are given by
SAT-origins(ts, ws.1), which correspond to the preceding rows in table ¢4 that lead
to row wus.1 of table 75 when running algorithm SAT, i.e., SAT-origins(ts, us.1) =
{(u4.1), (uq.4)}. Observe that SAT-origins(¢;,u) = @ for any row v ¢ 7;. For
node t17 of type join and row wq1.1, we obtain SAT-origins(t11,u11.1) = {{us.2,
u10.1)} (see Example 3). More general, when using algorithm SAT, at a node ¢
of type join with table 7 we have SAT-origins(¢, u) = {(u,u)} for row u € 7. B

Definition 1 talked about a top-down direction for rows and their origins. In
addition, we need definitions to talk about a recursive version of these origins
from a node ¢ down to the leafs, mainly to state properties for our algorithms.

Definition 2. Let F be a formula, T = (T, x) be a tree decomposition with T =
(N,-,n), t € N, SAT-Compl[t'] be obtained by DPsat((F,-),T,-) for each node t'
of the induced sub-tree T'[t] rooted at ¢, and w be a row of SAT-Complt].

An extension below t is a set of pairs where a pair consists of a node t'
of T[t] and a row v of SAT-Comp[t'] and the cardinality of the set equals the
number of nodes in the sub-tree T[t]. We define the family of extensions below ¢
recursively as follows. If t is of type leaf, then Ext<;(u) :={{(t,u)}}; otherwise
EXtSt(u) = UvESAT—origins(t,u) {{<t7 ’LL>} UXiU...UX, ‘ X; € EXtSti (v(l))} fOT’
the £ children ty,...,t; of t. We extend this notation for a SAT-table o by
Ext<i(0) = Uyco Ext<¢(u). Further, we let Exts := Ext<, (SAT-Comp[n]).

If we would construct all extensions below the root n, it allows us to also
obtain all models of a formula F'. To this end, we state the following definition.

Definition 3. Let F' be a formula, T = (T, x) be a tree decomposition of F', t be
a node of T, and o C SAT-Complt] be a set of SAT-rows that have been computed
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by DPsat((F,-), T,-) att. We define the satisfiable extensions below ¢ for o by
SatExt<;(0) ==, . {X | X € Ext<;(u), X CY,Y € Exts}.

ueco

Observation 1. Let F' be a formula, T be a tree decomposition with root n of F'.
Then, SatExt<,, (SAT-Complt]) = Exts.

Next, we define an auxiliary notation that gives us a way to reconstruct
interpretations from families of extensions.

Definition 4. Let (F, P) be an instance of PMC, T = (T, x) be a tree decom-
position of F, t be a node of T. Further, let E be a family of extensions below t,
and P be a set of projection variables. We define the set I(FE) of interpreta-
tions of E by I(E):={ Upwex I(w) | X € E} and the set Ip(E) of projected
interpretations by Ip(E):={ Ut wexI(w)nP|X € E}.

Example 5. Consider again formula F' and tree decomposition 7’ with root n
of F from Example 3. Let X = {(t12, (D)), (t11, ({a})), (ts, {a})), {5, ({a,b})),
<t47<{a7 b}>>’ <t37<{a}>>7 <t2’ <{a}>>’ <t1a <®>>7 <t107<{a}>>7 <t9’ ({a,p2}>>, <t8a <{p2}>>’
(t7, (D))} be an extension below n. Observe that X € Exts and that Figure 2
highlights those rows of tables for nodes t12,%11, tg, t5,t4 and t; that also occur
in X (in yellow). Further, I({X}) = {a, b, p2} computes the corresponding model
of X, and Ip({X}) = {p2} derives the projected model of X. I(Exts) refers to
the set of models of F, whereas Ip(Exts) is the set of projected models of F'. B

4 Counting Projected Models by Dynamic Programming

In this section, we introduce the dynamic programming algorithm PCNTsaT to
solve the projected model counting problem (PMC) for Boolean formulas. Our
algorithm traverses the tree decomposition twice following a multi-pass dynamic
programming paradigm [19]. Similar to the previous section, we construct a
graph representation and heuristically compute a tree decomposition of this
graph. Then, we run DPgar (see Listing 1) in Step 3a as first traversal. Step 3a
can also be seen as a preprocessing step for projected model counting, from which
we immediately know whether the problem has a solution. Afterwards we remove
all rows from the SAT-tables which cannot be extended to a solution for the
SAT problem ( “Purge non-solutions”). In other words, we keep only rows u in
table SAT-Complt] at node ¢ if its interpretation I(u) can be extended to a model
of F', more formally, (t,u) € X for some X € SatExt<,(SAT-Comp[t]). Thereby,
we avoid redundancies and can simplify the description of our next step, since we
then only have to consider (parts of) models. In Step 3b (DPproy), we traverse
the tree decomposition a second time to count projections of interpretations of
rows in SAT-tables. In the following, we only describe the table algorithm PRQO]J,
since the traversal in DPpgrgy is the same as before. For PROJ, a row at a node ¢
is a pair (o, ¢) where o is a SAT-table, in particular, a subset of SAT-Complt]
computed by DPsat, and ¢ is a non-negative integer. In fact, we store in integer ¢
a count that expresses the number of “all-overlapping” solutions (ipmc), whereas
in the end we aim for the projected model count (pmc), clarified in the following.
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Definition 5. Let F be a formula, T = (T, x) be a tree decomposition of F, t be
a node of T, 0 C SAT-Complt] be a set of SAT-rows that have been computed by
DPsat((F,-),T,-) at node t in T. Then, the projected model count pmc,(o) of
o below t is the size of the union over projected interpretations of the satisfiable
extensions of o below t, formally, pmc,(0) :=|U,c, Ip(SatExt<;({u}))|.

The intersection projected model count ipmc., (o) of o below t is the size of
the intersection over projected interpretations of the satisfiable extensions of o
below t, i.e., ipmcy (o) :=[ [, e, [P(SatExt<;({u}))|.

The next definitions provide central notions for grouping rows of tables
according to the given projection of variables.

Definition 6. Let (F, P) be an instance of PMC and o be a SAT-table. We
define the relation =p C o X o to consider equivalent rows with respect to the
projection of its interpretations by =p :={(u,v) | u,v € o, [(u)NP = I(v)N P}.

Observation 2. The relation =p is an equivalence relation.

Definition 7. Let 7 be a SAT-table and u be a row of 7. The relation =p induces
equivalence classes [u]p on the SAT-table T in the usual way, i.e., [u]lp = {v |
v=pu,v € 7} [44]. We denote by bucketsp(7) the set of equivalence classes
of T, i.e., bucketsp(7):=(7/=p) = {[u]p | w € 7}. Further, we define the set
sub-bucketsp(7) of all sub-equivalence classes of T by sub-bucketsp(7):={5 |
0 € S C B,B € bucketsp(7)}.

Example 6. Consider again formula F' and set P of projection variables from
Example 1 and tree decomposition 7' = (T, x) and SAT-table 74 from Figure 2.
We have ug,1 =p uq.2 and ug.4 =p u4.5. We obtain the set 74/ =p of equivalence
classes of 74 by bucketsp(o) = {{u4.1,us.2,us.3}, {U4.4, Usa5,Us.6}} [ ]

Since PRQOJ stores a counter in PROJ-tables together with a SAT-table, we
need an auxiliary definition that given SAT-table allows us to select the respective
counts from a PRQOJ-table. Later, we use the definition in the context of looking
up the already computed projected counts for tables of children of a given node.

Definition 8. Given a PROJ-table ¢ and a SAT-table o we define the stored
ipme for all rows of o in v by s-ipmc(e, o) ::Zw@@ c. Later, we apply this to
rows from several origins. Therefore, for a sequence s of PRQJ-tables of length ¢
and a set O of sequences of SAT-rows where each sequence is of length £, we let

s-ipme(s, 0) = [ieqq,.._ oy siPme(s), Ogi)).-

When computing s-ipmc in Definition 8, we select the i-th position of the
sequence together with sets of the i-th position from the set of sequences. We
need this somewhat technical construction, since later at node ¢t we apply this
definition to PRQOJ-tables of children of ¢ and origins of subsets of SAT-tables.
There, we may simply have several children if the node is of type join and hence
we need to select from the right children.

Now, we are in position to give a core definition for our algorithm that solves
PMC. Intuitively, when we are at a node t in the Algorithm DPprgy we already
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computed all tables SAT-Comp by DPgyr according to Step 3a, purged non-
solutions, and computed PROJ-Complt'] for all nodes ' below ¢ and in particular
the PROJ-tables Child-Tabs of the children of ¢. Then, we compute the projected
model count of a subset o of the SAT-rows in SAT-Comp]t], which we formalize in
the following definition, by applying the generalized inclusion-exclusion principle
to the stored projected model count of origins.

Definition 9. Let (F, P) be an instance of PMC, T = (T, x) be a tree decom-
position of F', SAT-Compl[s| be the SAT-tables computed by DPsar((F, ), T,-) for
every node s of T. Further, let t be a node of T with £ children, Child-Tabs =
(PROJ-Complt], ..., PROJ-Comp[ts]) be the sequence of PROJ-tables computed
by DPproy((F, P), T,SAT-Comp) where children(t,T) = (t1,...,t¢), and o C
SAT-Complt] be a table. We define the (inductive) projected model count of o:

pmc(t, o, Child-Tabs) := > (=1)UOI=Y sipme( Child- Tabs, O).
PCOCSAT-origins(t,o)

Vaguely speaking, pmc determines the SAT-origins of the set o of rows, goes
over all subsets of these origins and looks up the stored counts (s-ipmc) in the
PROJ-tables of the children of ¢. Example 7 provides an idea on how to compute
the projected model count of tables of our running example using pmc.

Example 7. The function defined in Definition 9 allows us to compute the
projected count for a given SAT-table. Therefore, consider again formula F' and
tree decomposition 7’ from Example 2 and Figure 2. Say we want to compute the
projected count pmc(ts,{us.4}, Child-Tabs) where Child-Tabs:={({u4.5},1),
({ua.6}, 1>} for row us 4 of table 75. Note that t5 has £ = 1 child nodes (t4)
and therefore the product of Definition 8 consists of only one factor. Observe
that SAT-origins(¢5, us.4) = {(u4.3), (ua.6)}. Since the rows u4.3 and uqg.6 do
not occur in the same SAT-table of Child-Tabs, only the value of s-ipmc for the
two singleton origin sets {(u4.3)} and {(u4.6)} is non-zero; for the remaining set
of origins we have zero. Hence, we obtain pmc(ts, {us.4}, Child-Tabs) =2. W

Before we present algorithm PRQOJ (Listing 3), we give a definition that allows
us at a certain node ¢ to compute the intersection pmc for a given SAT-table o
by computing the pme (using stored ipmc values from PROJ-tables for children
of t), and subtracting and adding ipmc values for subsets ) C p C o accordingly.

Definition 10. Let T = (T,-) be a tree decomposition, t be a node of T, p be
SAT-table, and Child-Tabs be a sequence of tables. Then, we define the (recursive)

i llows:
ipmc of o as follows 1, if type(t) = leaf
ipmc(t, o, Child-Tabs) := ’ pmc(t, o, Child-Tabs) +
E(DCPCU(—I)V" - ipmc(t, p, Child-Tabs)

, otherwise.

In other words, if a node is of type leaf the ipmc is one, since by definition of
a tree decomposition the bags of nodes of type leaf contain only one projected
interpretation (the empty set). Otherwise, using Definition 9, we are able to
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Listing 3: Table algorithm PRQJ(¢, -, -, P, Child-Tabs, SAT-Comp).
In: Node t, set P of projection variables, Child-Tabs, and SAT-Comp.
Out: Table «; consisting of pairs (o, ¢), where o C SAT-Complt] and ¢ € N.
1w + {{o,ipmc(t, o, Child-Tabs))| o € sub-bucketsp(SAT-Complt]) }
2 return ¢

compute the ipmc for a given SAT-table o, which is by construction the same as
ipmec, (o) (c.f. proof of Theorem 3 later). In more detail, we want to compute for a
SAT-table o its ipmc that represents “all-overlapping” counts of ¢ with respect to
set P of projection variables, that is, ipmc.,(c). Therefore, for ipmc, we rearrange
the inclusion-exclusion principle. To this end, we take pme, which computes the
“non-overlapping” count of ¢ with respect to P, by once more exploiting the
inclusion-exclusion principle on SAT-origins of o (as already discussed) such that
we count every projected model only once. Then we have to alternately subtract
and add ipmc values for strict subsets p of o, accordingly.

Finally, Listing 3 presents table algorithm PRQJ, which stores for given node ¢
a PROJ-table consisting of every sub-bucket of the given table SAT-Complt]
together with its ipmc (as presented above).

Example 8. Recall instance (F, P), tree decomposition 7", and tables 71, ...,
T2 from Example 1, 2, and Figure 2. Figure 3 depicts selected tables of ¢1, ... ¢12
obtained after running DPprgy for counting projected interpretations. We assume
numbered rows, i.e., row 4 in table ¢; corresponds to v¢.; = (0.4, ¢r.;). Note that for
some nodes ¢, there are rows among different SAT-tables that occur in Ext<¢, but
not in SatExt<;. These rows are removed during purging. In fact, rows u4.1, 4.2,
and w4.4 do not occur in table ¢4. Observe that purging is a crucial trick here
that avoids to correct stored counters ¢ by backtracking whenever a certain row
of a table has no succeeding row in the parent table.

Next, we discuss selected rows obtained by DPproy((F, P), 7', SAT-Comp).
Tables ¢1, ..., 112 that are computed at the respective nodes of the tree decom-
position are shown in Figure 3. Since type(t1) = leaf, we have ¢; = ({{0)}, 1).
Intuitively, up to node t; the SAT-row () belongs to 1 bucket. Node ts in-
troduces variable a, which results in table to:={({({a})},1)}. Note that the
SAT-row ((}) is subject to purging. Node t3 introduces p; and node t4 intro-
duces b. Node t5 removes projected variable p;. The row vg.o of PROJ-table ¢5
has already been discussed in Example 7 and row wvs.; works similar. For
row wvs.3 we compute the count ipme(ts, {us.2,us.4}, (t4)) by means of pme.
Therefore, take for p the sets {us.2}, {us.4}, and {us.2,us.4}. For the single-
ton sets, we simply have pme(ts, {us.2}, (t4)) = ipme(ts, {us.2}, (t4)) = c51 =
1 and pmc(ts, {us.a}, (ta)) = ipmec(ts, {us.a}, (t4)) = 52 = 2. To compute
pmc(ts, {us.2,us.4}, (t4)) following Definition 9, take for O the sets {u4.5},
{uqa.3}, and {ugq.6} into account, since all other non-empty subsets of origins
of ug.2 and us.4 in ¢4 do not occur in 4. Then, we take the sum over the values
sipme({t), { (wa.s)}) = 1, sipme((ta), {{uas)}) = 1, and s-ipme({ta), {(wa.6)})
= 1; and subtract s-ipme({t4), {{u4.5), (uq.6)}) = 1. Hence, pme(ts, {us.2, us.4},
(t4)) = 2. In order to compute ipmc(5, {us.2, us.4}, (ta)) = | pme(ts, {us.2, us.4},
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Fig. 3. Selected tables obtained by DPproy on TD T using DPsat (c.f., Figure 2).

(ta)) —ipme(ts, {us.2}, (1a)) — ipme(ts, {us.a}, (L)) = 2-1-2| = | - 1| = 1.
Hence, c5.3 = 1 represents the number of projected models, both rows wus.o
and us.4 have in common. We then use it for table tg.

For node t11 of type join one simply in addition multiplies stored s-ipmc
values for SAT-rows in the two children of ¢1; accordingly (see Definition 8). In
the end, the projected model count of F' corresponds to s-ipmc(i12,-) =4. W

5 Runtime (Upper and Lower Bounds)

In this section, we first present asymptotic upper bounds on the runtime of our
Algorithm DPpggy. For the analysis, we assume (n) to be the costs for multiplying
two n-bit integers, which can be achieved in time n - logn - loglogn [30, 26].
Then, our main result is a lower bound that establishes that there cannot
be an algorithm that solves PMC in time that is only single exponential in the
treewidth and polynomial in the size of the formula unless the exponential time
hypothesis (ETH) fails. This result establishes that there cannot be an algorithm
exploiting treewidth that is asymptotically better than our presented algorithm,
although one can likely improve on the analysis and give a better algorithm.

Theorem 1. Given a PMC instance (F, P) and a tree decomposition T = (T, x)
of F' of width k with g nodes. Algorithm DPproy runs in time (9(221“r4 AUIED - 9)-

Proof. Let d = k + 1 be maximum bag size of 7. For each node t of T, we
consider table 7 = SAT-Comp[t] which has been computed by DPgar [41]. The
table 7 has at most 2¢ rows. In the worst case we store in © = PROJ-Compl|t]
each subset o0 C 7 together with exactly one counter. Hence, we have 92 many
rows in ¢. In order to compute ipmc for o, we consider every subset p C o and
compute pmc. Since |o| < 2¢, we have at most 22 many subsets p of o. For
computing pmc, there could be each subset of the origins of p for each child table,
which are less than 22°"" . 22" (join and remove case). In total, we obtain a
runtime bound of O(22" .22 .22 . 22" .y (||F|))) € 022" - (|| F||)) since
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we also need multiplication of counters. Then, we apply this to every node t of
the tree decomposition, which results in running time O(22"" - y(||[F||) - g). O

Corollary 1. Given an instance (F, P) of PMC where F has trecwidth k. Al-
gorithm PCNTgur runs in time O(22° -~y (||F|) - |F|)).

Proof. We compute in time 20(k%) . |V| a tree decomposition 7’ of width at

most k [5] of primal graph Pr. Then, we run a decision version of the algo-

rithm DPga7 by Samer and Szeider [41] in time O(2% - y(||F||) - || F||). Then, we

again traverse the decomposition, thereby keeping rows that have a satisfying

extension (“purging”), in time O(2* - ||F||). Finally, we run DPprgy and obtain

the claim by Theorem 1 and since 7' has linearly many nodes [5]. O
The next results also establish the lower bounds for our worst-cases.

Theorem 2. Unless ETH fails, PMC cannot be solved in time 22" - (| E||o)
for a given instance (F, P) where k is the treewidth of the primal graph of F.

Proof. Assume for proof by contradiction that there is such an algorithm. We
show that this contradicts a recent result [32], which states that one cannot decide
the validity of a QBF [4,29] Q = V1 VV3.E in time 22°" . ||E||°® under ETH.
Given an instance (Q, k) of V-SAT when parameterized by the treewidth & of E,
we provide a reduction to an instance (VV;.3Va.E’ k) of V3-SAT where E' = —F
and E' is in CNF. Observe that the primal graphs of E and E’ are isomorphic and
therefore have the same treewidth & [32]. Then, given an instance (VV1.3V5.E’, k)
of V3-SAT when parameterized by the treewidth k, we provide a reduction to
an instance ((F, P,n), k) of decision version PMC-exactly-n of PMC such that
F = E, P = Vi, and the number n of solutions is exactly 2/"1|. The reduction
gives a yes instance ((F, P,n), k) of PMC-exactly-n if and only if (VV1.3V5.E', k)
is a yes instance of Y3-SAT. The reduction is also an fpt-reduction, since the
treewidth of F' is exactly k. O

Corollary 2. Given an instance (F, P) of PMC where F has treewidth k. Then,
Algorithm PCNTgay runs in time 22 AUIEID - I1E]-

6 Correctness of the Algorithm

In the following, we state definitions required for the correctness proofs of our
algorithm PROJ. In the end, we only store rows that are restricted to the bag
content to maintain runtime bounds. Similar to related work [18,41], we proceed
in two steps. First, we define properties of so-called PRQJ-solutions up to t, and
then restrict these to PROJ-row solutions at t.

For the following statements, we assume that we have given an arbitrary
instance (F, P) of PMC and a tree decomposition 7 = (T,x) of formula F,
where T'= (N, A,n), node n € N is the root and T is of width k. Moreover, for
every t € N of tree decomposition 7, we let SAT-Complt] be the tables that have
been computed by running algorithm DPgat for the dedicated input. Analogously,
let PROJ-Complt] be the tables computed by running DPprgy for the input.
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Definition 11. Let® C o C SAT-Complt] be a table with o € sub-bucketsp(SAT-
Complt]). We define a PROJ-solution up to ¢ to be the sequence () = (SatExt<(c)).

Next, we recall that we can reconstruct all models from the tables.
Proposition 1. I(SatExt<, (SAT-Comp[n])) = I(Exts) = {J € 2v*(F)|J E F}.

Proof (Idea). We use a construction similar to Samer and Szeider [41] and Pichler,
Riimmele, and Woltran [36, Fig. 1], where we simply collect preceding rows. O
Before we present equivalence results between ipmc,(...) and the recursive
version ipmc(t, . ..) (Definition 10) used during the computation of DPprgy, recall
that ipmc., and pmc, (Definition 5) are key to compute the projected model
count. The following corollary states that computing ipmc., at the root n
actually suffices to compute the projected model count pmc.,, of the formula.

Corollary 3. ipmc.,, (SAT-Comp[n]) = pmc,,(SAT-Comp[n]) =
|Ip(SatExt<, (SAT-Comp[n]))| =|Ip(Exts)| = [{JNP | J €2 JE F}|

Proof. The corollary immediately follows from Proposition 1 and the observation
that |[SAT-Comp|n]| < 1 by properties of algorithm SAT and since x(n) =0. O

The following lemma establishes that the PRQJ-solutions up to root n of a
given tree decomposition solve the PMC problem.

Lemma 1. The value ¢ =} 5y i o pROT-solution up to n [1P(0)] if and only if c is
the projected model count of F with respect to the set P of projection variables.

Proof. Assume that ¢ =} ;) i » PROJsolution up to n |1P(5)|- Observe that there
can be at most one projected solution up to n, since x(n) = 0. If ¢ = 0, then
SAT-Comp[n] contains no rows. Hence, F' has no models, c.f., Proposition 1, and
obviously also no models projected to P. Consequently, ¢ is the projected model
count of F. If ¢ > 0 we have by Corollary 3 that ¢ is equivalent to the projected
model count of F' with respect to P. We proceed similar in the if direction. O

In the following, we provide for a given node t and a given PRQJ-solution up
to t, the definition of a PROJ-row solution at ¢.

Definition 12. Let t,t' € N be nodes of a given tree decomposition T, and & be
a PROJ-solution up to t. Then, we define the local table for ¢’ aslocal(t’, §) :={(u)]
(t',u) € 6}, and if t =t', the PROJ-row solution at ¢t by (local(t, &), |[Ip(6)]).

Observation 3. Let (6) be a PROJ-solution up to a node t € N. There is
exactly one corresponding PROJ-row solution (local(t, &), |Ip(5)|) at t.

Vice versa, let (o, c) be a PROJ-row solution at t for some integer c. Then,
there is exactly one corresponding PROJ-solution (SatExt<;(o)) up to t.

We need to ensure that storing PRQJ-row solutions at a node suffices to solve
the PMC problem, which is necessary to obtain runtime bounds (c.f. Corollary 1).

Lemma 2. Lett € N be a node of the tree decomposition T. There is a PROJ-
row solution at root n if and only if the projected model count of F is larger
than 0.
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Proof. (“="): Let (0, c) be a PROJ-row solution at root n where o is a SAT-
table and c is a positive integer. Then, by Definition 12, there also exists a corre-
sponding PROJ-solution (6) up to n such that ¢ = local(n,d) and ¢ = |Ip(d)|.
Moreover, since x(n) = (}, we have [SAT-Comp|[n|| = 1. Then, by Definition 11,
& = SAT-Comp|n]. By Corollary 3, we have ¢ = |Ip(SAT-Comp|n])|. Finally, the
claim follows. (“<="): Similar to the only-if direction. a

Observation 4. Let Xy, ..., X;, be finite sets. The number |(,cx Xi| is given
by | Miex Xil = || U?:l X+ Z@ggx(_l)”” Nier Xz”

Lemma 3. Lett € N be a node of the tree decomposition T with children(t,T) =
(t1,...,te) and let (o,-) be a PROJ-row solution at t. Then,

1. ipmc(t, o, (PROJ-Comp[t1], ..., PROJ-Comp[t,])) =ipmc, (o)

2. Iftype(t) # leaf: pme(t, o, (PROJ-Complti], ..., PROJ-Complt,])) =pmec, (o).

Proof (Sketch). We prove the statement by simultaneous induction. (“Induction
Hypothesis”): Lemma 3 holds for the nodes in children(¢,T") and also for node ¢,
but on strict subsets p C o. (“Base Cases”): Let type(t) = leaf. By definition,
ipme(t, 0, ()) = ipmc<, () = 1. Recall that for pmc the equivalence does not
hold for leaves, but we use a node ¢ that has a node # € N with type(t') = leaf
as child for the base case. Observe that by definition ¢ has exactly one child.
Then, we have pmc(t, o, (PROJ-Comp[t'])) = Z@goggAT-origins(t,a)(_1)(‘0‘71) .
s-ipmc((SAT-Comp[t']), 0) = |U, e, Ip(SatExt<;({u}))| = pmc., (o) = 1 for
PROJ-row solution (o, -} at t. (“Induction Step”): We proceed by case distinction.
Assume that type(t) = int. Let a € (x(¢) \ x(¢')) be the introduced variable. We
have two cases. Assume Case (i): a also belongs to (var(F) \ P), i.e., a is not a
projection variable. Let (o, ¢) be a PROJ-row solution at ¢ for some integer c. By
construction of algorithm SAT there are many rows in the table SAT-Compl|t]
for one row in the table SAT-Complt], more precisely, | bucketsp(o)| = 1. As
a result, pmc, (o) = pmc., (SAT-origins(¢, o)) by applying Observation 3. We
apply the inclusion-exclusion principle on every subset p of the origins of ¢ in the
definition of pmc and by induction hypothesis we know that ipmec(¢, p, (PROJ-
Compl[t'])) = ipmccy(p), therefore, s-ipmc(PROJ-Complt'],p) = ipmcy (p).
This concludes Case (i) for pmec. The induction step for ipmc works similar
by applying Observation 4 and comparing corresponding PROJ-solutions up
to t or t/, respectively. Further, for showing the lemma for ipmc, one has to
additionally apply the hypothesis for node ¢, but on strict subsets @ C p C o
of 0. Assume that we have Case (ii): a also belongs to P, i.e., a is a projection
variable. This is a special case of Case (i) since | bucketsp(o)| = 1. Similarly, for
join and remove nodes. ad

Lemma 4 (Soundness). Let t € N be a node of the tree decomposition T with
children(t, T) = (t1,...,ts). Then, each row (7,c) at node t obtained by PROJ is
a PROJ-row solution fort.

Proof (Idea). Observe that Listing 3 computes a row for each sub-bucket o €
sub-buckets p (SAT-Complt]). The resulting row (o, ¢) obtained by ipmc is indeed
a PROJ-row solution for ¢ according to Lemma 3. a
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Lemma 5 (Completeness). Let t € N be a node of tree decomposition T
where children(t,T) = (t1,...,t) and type(t) # leaf. Given a PROJ-row solu-
tion {(o,c) att. Then, there is (Cy,...,Cy) where each C; is a set of PROJ-row
solutions at t; with 0 = PROJ(t,-, -, P,(Cy,...,C¢),SAT-Comp).

Proof (Idea). Since (o, ¢) is a PROJ-row solution for ¢, there is by Definition 12
a corresponding PROJ-solution () up to t such that local(t,5) = 0. We
proceed again by case distinction. Assume type(t) = int and t' = t;. Then
we define o’ :=={(t',p) | (t',p) € o,t # t'}. Then, for each subset ) C p C
local(t', ), we define (p, |Ip(SatExt<;(p))|) in accordance with Definition 12. By
Observation 3, we have that (p,|Ip(SatExt<.(p))|) is a SAT-row solution at t'.
Since we defined PRQJ-row solutions for ¢ for all respective PRQOJ-solutions up
to t', we encountered every PROJ-row solution for ¢ required for deriving (o, c)
via PROJ (c.f. Definitions 10 and 9). Similarly, for remove and join nodes. O

Theorem 3. The algorithm DPproy is correct. More precisely, DPproy((F, P), T,
SAT-Comp) returns tables PROJ-Comp such that ¢ = s-ipmc(SAT-Compn], -)
is the projected model count of F with respect to the set P of projection variables.

Proof. By Lemma 4 we have soundness for every node ¢t € IV and hence only valid
rows as output of table algorithm PRQJ when traversing the tree decomposition
in post-order up to the root n. By Lemma 2 we know that the projected model
count ¢ of F is larger than zero if and only if there exists a certain PROJ-row
solution for n. This PROJ-row solution at node n is of the form ({(0,...)},¢).
If there is no PROJ-row solution at node n, then SAT-Comp[n] = () since the
table algorithm SAT is correct (c.f. Proposition 1). Consequently, we have ¢ = 0.
Therefore, ¢ = s-ipmc(SAT-Comp(n],-) is the pmc of F w.r.t. P in both cases.
Next, we establish completeness by induction starting from root n. Let
therefore, () be the PROJ-solution up to n, where for each row in uw € &, I(u)
corresponds to a model of F. By Definition 12, we know that for n we can
construct a PROJ-row solution at n of the form ({(0,...)},c) for 6. We already
established the induction step in Lemma 5. Finally, we stop at the leaves. O

Corollary 4. The algorithm PCNTsat is correct, i.e., PCNTgaT solves PMC.

Proof. The result follows, since PCNTsam consists of pass DPsat, a purging step
and DPproy. For correctness of DPga we refer to other sources [18,41]. By Propo-
sition 1, “purging” neither destroys soundness nor completeness of DPgyr. a

7 Conclusions

We introduced a dynamic programming algorithm to solve projected model
counting (PMC) by exploiting the structural parameter treewidth. Our algorithm
is asymptotically optimal under the exponential time hypothesis (ETH). Its
runtime is double exponential in the treewidth of the primal graph of the instance
and polynomial in the size of the input instance. We believe that our results can
also be extended to another graph representation, namely the incidence graph.
Our approach is very general and might be applicable to a wide range of other
hard combinatorial problems, such as projection for ASP [18] and QBF [10].



Exploiting Treewidth for Projected Model Counting & Limits 17

References

10.

11.

12.

13.

14.

15.

16.

17.

. Abiteboul, S., Hull, R., Vianu, V.: Foundations of Databases: The Logical Level.

Addison-Wesley, Boston, MA, USA, 1st edn. (1995)

Abramson, B., Brown, J., Edwards, W., Murphy, A., Winkler, R.L.: Hailfinder: A
Bayesian system for forecasting severe weather. International Journal of Forecasting
12(1), 57-71 (1996)

Aziz, R.A., Chu, G., Muise, C., Stuckey, P.: #(3)SAT: Projected Model Counting.
In: Heule, M., Weaver, S. (eds.) Proceedings of the 18th International Conference on
Theory and Applications of Satisfiability Testing (SAT’15). pp. 121-137. Springer
Verlag, Austin, TX, USA (Sep 2015)

Biere, A., Heule, M., van Maaren, H., Walsh, T. (eds.): Handbook of Satisfiability,
Frontiers in Artificial Intelligence and Applications, vol. 185. IOS Press, Amsterdam,
Netherlands (Feb 2009)

Bodlaender, H.L.: A linear-time algorithm for finding tree-decompositions of small
treewidth. SIAM J. Comput. 25(6), 1305-1317 (1996)

Bodlaender, H.L., Kloks, T.: Efficient and constructive algorithms for the pathwidth
and treewidth of graphs. J. Algorithms 21(2), 358-402 (1996)

Bodlaender, H.L., Koster, A.M.C.A.: Combinatorial optimization on graphs of
bounded treewidth. The Computer Journal 51(3), 255-269 (2008)

Bondy, J.A., Murty, U.S.R.: Graph theory, Graduate Texts in Mathematics, vol.
244. Springer Verlag, New York, USA (2008)

Chakraborty, S., Meel, K.S., Vardi, M.Y.: Improving approximate counting for prob-
abilistic inference: From linear to logarithmic SAT solver calls. In: Kambhampati, S.
(ed.) Proceedings of 25th International Joint Conference on Artificial Intelligence
(IJCAT’16). pp. 3569-3576. The AAAI Press, New York City, NY, USA (Jul 2016)
Charwat, G., Woltran, S.: Dynamic programming-based QBF solving. In: Lonsing,
F., Seidl, M. (eds.) Proceedings of the 4th International Workshop on Quantified
Boolean Formulas (QBF’16). vol. 1719, pp. 27-40. CEUR Workshop Proceedings
(CEUR-WS.org) (2016), co-located with 19th International Conference on Theory
and Applications of Satisfiability Testing (SAT’16)

Choi, A., Van den Broeck, G., Darwiche, A.: Tractable learning for structured
probability spaces: A case study in learning preference distributions. In: Yang, Q.
(ed.) Proceedings of 24th International Joint Conference on Artificial Intelligence
(IJCAI'15). The AAAI Press (2015)

Cygan, M., Fomin, F.V., Kowalik, L., Lokshtanov, D., Déniel Marx, M.P., Pilipczuk,
M., Saurabh, S.: Parameterized Algorithms. Springer Verlag (2015)

Diestel, R.: Graph Theory, 4th Edition, Graduate Texts in Mathematics, vol. 173.
Springer Verlag (2012)

Domshlak, C., Hoffmann, J.: Probabilistic planning via heuristic forward search
and weighted model counting. J. Artif. Intell. Res. 30, 565-620 (2007)

Downey, R.G., Fellows, M.R.: Fundamentals of Parameterized Complexity. Texts
in Computer Science, Springer Verlag, London, UK (2013)

Duenas-Osorio, L., Meel, K.S., Paredes, R., Vardi, M.Y.: Counting-based reliability
estimation for power-transmission grids. In: Singh, S.P., Markovitch, S. (eds.) Pro-
ceedings of the Thirty-First AAAI Conference on Artificial Intelligence (AAAT’17).
pp. 4488-4494. The AAAI Press, San Francisco, CA, USA (Feb 2017)

Durand, A., Hermann, M., Kolaitis, P.G.: Subtractive reductions and complete
problems for counting complexity classes. Theoretical Computer Science 340(3),
496-513 (2005)



18

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Fichte et al.

Fichte, J.K., Hecher, M., Morak, M., Woltran, S.: Answer set solving with bounded
treewidth revisited. In: Balduccini, M., Janhunen, T. (eds.) Proceedings of the 14th
International Conference on Logic Programming and Nonmonotonic Reasoning
(LPNMR’17). Lecture Notes in Computer Science, vol. 10377, pp. 132-145. Springer
Verlag, Espoo, Finland (Jul 2017)

Fichte, J.K., Hecher, M., Morak, M., Woltran, S.: DynASP2.5: Dynamic program-
ming on tree decompositions in action. In: Lokshtanov, D., Nishimura, N. (eds.)
Proceedings of the 12th International Symposium on Parameterized and Exact
Computation (IPEC’17). Dagstuhl Publishing (2017)

Flum, J., Grohe, M.: Parameterized Complexity Theory, Theoretical Computer
Science, vol. XIV. Springer Verlag, Berlin (2006)

Gebser, M., Schaub, T., Thiele, S., Veber, P.: Detecting inconsistencies in large
biological networks with answer set programming. Theory Pract. Log. Program.
11(2-3), 323-360 (2011)

Gebser, M., Kaufmann, B., Schaub, T.: Solution enumeration for projected boolean
search problems. In: van Hoeve, W.J., Hooker, J.N. (eds.) Proceedings of the 6th
International Conference on Integration of AI and OR Techniques in Constraint
Programming for Combinatorial Optimization Problems (CPAIOR’09). Lecture
Notes in Computer Science, vol. 5547, pp. 71-86. Springer Verlag, Berlin (2009)
Ginsberg, M.L., Parkes, A.J., Roy, A.: Supermodels and robustness. In: Rich,
C., Mostow, J. (eds.) Proceedings of the 15th National Conference on Artificial
Intelligence and 10th Innovative Applications of Artificial Intelligence Conference
(AAAI/TAAT98). pp. 334-339. The AAAI Press, Madison, Wisconsin, USA (Jul
1998)

Gomes, C.P.; Sabharwal, A., Selman, B.: Chapter 20: Model counting. In: Biere, A.,
Heule, M., van Maaren, H., Walsh, T. (eds.) Handbook of Satisfiability, Frontiers in
Artificial Intelligence and Applications, vol. 185, pp. 633-654. IOS Press, Amsterdam,
Netherlands (Feb 2009)

Graham, R.L., Grotschel, M., Lovéasz, L.: Handbook of Combinatorics, vol. I.
Elsevier Science Publishers, North-Holland (1995)

Harvey, D., van der Hoeven, J., Lecerf, G.: Even faster integer multiplication. J.
Complexity 36, 1-30 (2016)

Hemaspaandra, L.A., Vollmer, H.: The satanic notations: Counting classes beyond
#P and other definitional adventures. SIGACT News 26(1), 2-13 (Mar 1995)
Impagliazzo, R., Paturi, R., Zane, F.: Which problems have strongly exponential
complexity? J. of Computer and System Sciences 63(4), 512-530 (2001)

Kleine Biining, H., Lettman, T.: Propositional logic: deduction and algorithms.
Cambridge University Press, Cambridge, New York, NY, USA (1999)

Knuth, D.E.: How fast can we multiply? In: The Art of Computer Programming,
Seminumerical Algorithms, vol. 2, chap. 4.3.3, pp. 294-318. Addison-Wesley, 3 edn.
(1998)

Lagniez, J.M., Marquis, P.: An improved decision-DNNF compiler. In: Sierra, C.
(ed.) Proceedings of the Twenty-Sixth International Joint Conference on Artificial
Intelligence (IJCAI’17). The AAAI Press (2017)

Lampis, M., Mitsou, V.: Treewidth with a quantifier alternation revisited. In: Lok-
shtanov, D., Nishimura, N. (eds.) Proceedings of the 12th International Symposium
on Parameterized and Exact Computation (IPEC’17). Dagstuhl Publishing (2017)
Manning, C.D., Raghavan, P., Schiitze, H.: Introduction to Information Retrieval.
Cambridge University Press, Cambridge (2008)



34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Exploiting Treewidth for Projected Model Counting & Limits 19

Niedermeier, R.: Invitation to Fixed-Parameter Algorithms, Oxford Lecture Series
in Mathematics and its Applications, vol. 31. Oxford University Press, New York,
NY, USA (2006)

Papadimitriou, C.H.: Computational Complexity. Addison-Wesley (1994)

Pichler, R., Riimmele, S., Woltran, S.: Counting and enumeration problems with
bounded treewidth. In: Clarke, E.M., Voronkov, A. (eds.) Proceedings of the 16th
International Conference on Logic for Programming, Artificial Intelligence, and
Reasoning (LPAR’10). Lecture Notes in Computer Science, vol. 6355, pp. 387-404.
Springer Verlag (2010)

Pourret, O., Naim, P., Bruce, M.: Bayesian Networks - A Practical Guide to
Applications. John Wiley & Sons (2008)

Roth, D.: On the hardness of approximate reasoning. Artificial Intelligence 82(1-2)
(1996)

Seether, S.H., Telle, J.A., Vatshelle, M.: Solving #SAT and MAXSAT by dynamic
programming. J. Artif. Intell. Res. 54, 59-82 (2015)

Sahami, M., Dumais, S., Heckerman, D., Horvitz, E.: A Bayesian approach to
filtering junk e-mail. In: Joachims, T. (ed.) Proceedings of the AAAI-98 Workshop
on Learning for Text Categorization. vol. 62, pp. 98-105 (1998)

Samer, M., Szeider, S.: Algorithms for propositional model counting. J. Discrete
Algorithms 8(1), 50—64 (2010)

Sang, T., Beame, P., Kautz, H.: Performing Bayesian inference by weighted model
counting. In: Veloso, M.M., Kambhampati, S. (eds.) Proceedings of the 29th National
Conference on Artificial Intelligence (AAAT’05). The AAAT Press (2005)

Valiant, L.: The complexity of enumeration and reliability problems. STAM J.
Comput. 8(3), 410-421 (1979)

Wilder, R.L.: Introduction to the Foundations of Mathematics. John Wiley & Sons,
2nd edition edn. (1965)

Xue, Y., Choi, A., Darwiche, A.: Basing decisions on sentences in decision diagrams.
In: Hoffmann, J., Selman, B. (eds.) Proceedings of the 26th AAAI Conference on
Artificial Intelligence (AAAT’12). The AAAIT Press, Toronto, ON, Canada (2012)



