N

HAL

open science

Linear Programs with Conjunctive Database Queries

Florent Capelli, Nicolas Crosetti, Joachim Niehren, Jan Ramon

» To cite this version:

Florent Capelli, Nicolas Crosetti, Joachim Niehren, Jan Ramon. Linear Programs with Conjunctive
Database Queries. Logical Methods in Computer Science, inPress, Volume 20, Issue 1, 10.46298/lmcs-

20(1:9)2024 . hal-04317553

HAL Id: hal-04317553
https://hal.science/hal-04317553
Submitted on 12 Dec 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-04317553
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

arXiv:2210.16694v3 [cs.DB] 9 Dec 2023

LINEAR PROGRAMS WITH CONJUNCTIVE DATABASE QUERIES

FLORENT CAPELLI ®“*, NICOLAS CROSETTI®, JOACHIM NIEHREN ®°, AND JAN RAMON ®°

“ Université de Lille
e-mail address: florent.capelli@univ-lille.fr

®Inria, Lille
e-mail address: nicolas.crosetti@inria.fr, joachim.niehren@inria.fr, jan.ramon@inria.fr

ABSTRACT. In this paper, we study the problem of optimizing a linear program whose
variables are the answers to a conjunctive query. For this we propose the language LP(CQ)
for specifying linear programs whose constraints and objective functions depend on the
answer sets of conjunctive queries. We contribute an efficient algorithm for solving programs
in a fragment of LP(CQ). The natural approach constructs a linear program having as
many variables as there are elements in the answer set of the queries. Our approach
constructs a linear program having the same optimal value but fewer variables. This is
done by exploiting the structure of the conjunctive queries using generalized hypertree
decompositions of small width to factorize elements of the answer set together. We illustrate
the various applications of LP(CQ) programs on three examples: optimizing deliveries
of resources, minimizing noise for differential privacy, and computing the s-measure of
patterns in graphs as needed for data mining.
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1. INTRODUCTION

When modeling optimization problems it often seems natural to separate the logical con-
straints from the relational data. This holds for linear programming with AMPL [FGK90]
and for constraint programming in MiniZinc [NSBT07]. It was also noticed in the context
of database research, when using integer linear programming for finding optimal database
repairs as proposed by Kolaitis, Pema and Tan [KPT13], or when using linear optimization
to explain the result of a database query to the user as proposed by Meliou and Suciu [MS12].
Moreover, tools like SolveDB [SP16] have been developed to better integrate mixed integer
programming and thus linear programming into relational databases.

We also find it natural to define the relational data of linear optimization problems
by database queries. For this reason, we propose the language of linear programs with
conjunctive queries LP(CQ ) in the present paper. An LP(CQy) program is a linear
program with constructs allowing to express linear constraints and linear sums over the
weightings of an answer set of database queries. It hence allows us to express an optimization
problem with a linear objective function subject to linear constraints that are parameterized
by conjunctive queries. To do so, we define the natural interpretation (L)P of an LP(CQ ;)
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L over a database DD that is a linear program whose variables are in correspondence with
the answer set of the queries of L, hence, (L) expresses an optimization problem whose
solutions are weightings of the answer sets of conjunctive queries. The optimal weightings of
LP(CQy) programs can be computed in a natural manner, by first answering the database
queries, then generating the interpretation of L over D and solving it by calling a linear
solver. We then approach the question — to our knowledge for the first time — of whether
this can be done with lower complexity for subclasses of conjunctive queries such as the
class of acyclic conjunctive queries.

As our main contribution we present a more efficient algorithm for computing the optimal
value of a program in LP(CQ ) programs that is able to exploit hypertree decomposition
of the queries to speed up the computation. Our algorithm operates in two phases: first, it
unfolds universal quantifiers present in LP(CQ y;) programs to generate a program in a more
restrictive language that we call LP.,s(CQy). Then, the algorithm exploits a hypertree
decomposition to construct an alternate interpretation of an LP,,s(CQy;) program over
a database that we call the factorized interpretation. The factorized interpretation is a
linear program having the same optimal value as the linear program resulting in the natural
interpretation of LP(CQ ) while being more succinct. It uses different linear program
variables that intuitively represent sums of the linear program variables in the natural
interpretation. The number of linear program variables in the factorized interpretation
depends only on the fractional hypertree width of hypertree decompositions of the queries
provided in the input, rather than on the number of query variables. In this manner, our
more efficient algorithm can decrease the data complexity, i.e., the degree of the polynomial
in the upper bound of the run time of the naive algorithm based on computing the natural
interpretation and solving it with a linear program solver. With respect to the combined
complexity, even solving LP,;,s(CQy,) programs is NP-hard and coNP-hard in general, but
our approach shows that some cases are tractable.

We prove the correctness of the factorized interpretation with respect to the natural
interpretation — that is, the fact that factorized and natural interpretation generates linear
program with the same optimal value — by exhibiting a correspondence between weightings
of answer sets on the natural interpretation, and weightings of answer sets on the factorized
interpretation. This correspondence can be seen as an independent contribution as it
shows that one can reconstruct a relevant weighting of the answer set of a quantifier free
conjunctive query by only knowing the value of the projected weighting on the bags of
a tree decomposition. Conjunctive queries with existential quantifiers are dealt with by
showing that one can find an equivalent projecting LP(CQ ) program with quantifier free
conjunctive queries only.

1.1. A Concrete Example. We start by illustrating the language LP(CQ ) on an exam-
ple.

Resource Delivery Optimization. We consider a situation in logistics where a company
received orders for specific quantities of resource objects. The objects must be produced
at a factory, then transported to a warehouse before being delivered to the buyer. The
objective is to fulfill every order while minimizing the overall delivery costs and respecting
the production capacities of the factories as well as the storing capacities of the warehouses.

Let F be the set of factories, O the set of objects, W the set of warehouses and B the set
of buyers. We consider a database D with elements in the domain D = FWOWW ¥ BWR™.
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The database D has four tables. The first table prod”® C F x O x Rt contains triples
(f,0,q) stating that the factory f can produce up to g units of object o. The second table
order® : B x O x RT contains triples (b, 0, q) stating that the buyer b orders ¢ units of object
o. The third table store® C W x RT contains pairs (w, 1) stating that the warehouse w has
a storing limit of . The fourth table route® : (F x W x R*) U (W x B x RT) contains triples
(f,w,c) stating that the transport from factory f to warehouse w costs ¢, and triples (w, b, ¢)
stating that the transport from warehouse w to buyer b costs ¢. The query:

dlr(f,w,b,0) = 3q.3q2.3c.3co. prod(f,o,q) N order(b,o,qa2) A route(f,w,c) A route(w, b, c3)

selects from the database D all tuples (f,w, b, 0) such that the factory f can produce some
objects o to be delivered to buyer b through the warehouse w. Let Q = dir(f’,w',v,0)
and let solD(Q) be the answers of () on database D. The goal is to determine for each
of these possible deliveries the quantity of the object that should actually be sent. These
quantities are modeled by the unknown weights 67, of the query answers o € 50l%(Q).
For any factory f and warehouse w the sum ) 5ol (QAW =wA /= f) 0¢ 1s described by the
expression weight /- r,,-,,(€) when interpreted over D.

We use the LP(CQ5;) program in Figure 1 to describe the optimal weights that minimize
the overall delivery costs.

minimize Z(f,w,c):mute(f,w,c) num(c) WeightXif'if/\w,iW(Q)—i_
(w,b,c):route(w,b,c) num(c) weightx:w’iw/\b’ﬁb(@)
subject to
V(f, 0, Q):pTOd(fa 0, Q) Weightx:f’if/\o’io(Q) < num(Q) N
V(b, 0,q):order(b, 0,q). weight, .y, -, (Q) > num(q) A
V(w,l):store(w, ). weight,.,,—,(Q) < num(l)

Figure 1: A LP(CQ ) program for the resource delivery optimization where Q = dir(x)
and x = (f/,w',V/,0).

The weights depend on the interpretation of the program over the database, since D
specifies the production capacities of the factories, the stocking limits of the warehouses, etc.
The program has the following constraints:

- for each (f,o0,q) € prod® the overall quantity of object o produced by f is at most ¢'.
- for each (b,0,q) € order® the overall quantity of objects o delivered to b is at least q.
- for each (w,1) € store® the overall quantity of objects stored in w is at most I.

By answering the query @ on the database D and introducing a linear program variable
0g for each of the query answer a, we can interpret the LP (CQ5) program in Figure 1 as
a linear program. A solution to this linear program will associate a real weight to each «,
that is, to each tuple (f,w,b,0) that is a solution of ) over D. Intuitively, this weight is
the quantity of object o that factory f has to produce to store in warehouse w before being
sent to buyer b. Moreover, these quantities are compatible with the constraints imposed on
the capacity of each factory, warehouse and on the orders of each buyer. Hence an optimal
solution of this linear program will yield an optimal way of producing what is necessary
while minimizing the transportation costs.

Hn this constraint, we use the construct num(q) to explicitly specify that the domain of ¢ is R and that,
when evaluating the LP(CQ ;) program on a database D, ¢ will be decoded back as an element of RT.
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1.2. Related Work. Our result builds on well-known techniques using dynamic program-
ming on tree decompositions of the hypergraph of conjunctive queries. These techniques
were first introduced by Yannkakis [Yan81] who observed that so-called acyclic conjunctive
queries could be answered in linear time using dynamic programming on a tree whose
nodes are in correspondence with the atoms of the query. Generalizations have followed in
two directions: on the one hand, generalizations of acyclicity such as notions of hypertree
width [GLS02, GLS99, Gro06] have been introduced and on the other hand enumeration
and aggregation problems have been shown to be tractable on these families of queries such
as finding the size of the answer set [PS13] or enumerating it with small delay [BDGOT].
These tractability results can be obtained in a unified and generalized way by using factor-
ized databases introduced by Olteanu and Zavodny [0Z12, OZ15], from which our work is
inspired. Factorized databases provide succinct representations for answer sets of queries on
databases. The representation enjoys interesting syntactic properties allowing to efficiently
solve numerous aggregation problems on answer sets in polynomial time in the size of the
representation. Olteanu and Zavodny [OZ15] have shown that when the fractional hypertree
width of a query @ is bounded, then one can construct, given a hypertree decomposition of Q)
and a database D, a factorized databases representing the answers of () on D of polynomial
size. They also give a O(1) delay enumeration algorithm on factorized databases. Combining
both results gives a generalization of the result of Bagan, Durand and Grandjean [BDGO07]
on the complexity of enumerating the answers of conjunctive queries.

Our result heavily draws inspiration from this approach as we use bottom up dynamic
programming on hypertree decomposition of the input query ) to construct a partial
representation of the answers set of @@ on database D that we later use to construct a
factorized interpretation of the linear program to solve. While our approach could be made
to work directly on factorized representations of queries answer sets as defined by Olteanu
and Zavodny [OZ15], we choose to directly work on tree decompositions. One reason for this
is because our factorized interpretation uses hypertree decompositions that are slightly more
constraint than the one usually used to efficiently handle complex linear programs. Namely,
our tree decomposition needs extra bags for dependencies between variables that are not
present in the query but only in the linear program. This constraints are not straightforward
to translate into factorized databases while they are natural on tree decompositions.

Comparison with conference version. This paper is a longer version of [CCNR22]. We
have improved the presentation of some results from this old version, added new ones and
added the full proofs left in the appendix in the earlier version. Some clarifications were
made through slight changes in the theoretical framework that are described in the next
paragraph. Our new contributions includes:

e A precise complexity analysis on how one can solve linear programs in LP(CQ 5.) depending
on their structure, stated by explicitly using the AGM bound and fractional hypertree
width of the queries involved in the linear program,

e New hardness results for the general case,

e A cleaner logical framework to describe linear programs over database queries.

The main change in the presentation comes from the introduction of the core language
LP,,s(CQy) on which the factorized interpretation is described. It allows for a cleaner
analysis of the complexity of our approach where we can separate the explanation of inter-
preting LP,,s(CQy) languages, now called the natural interpretation (naive interpretation
in the conference paper), and the unfolding of quantifiers in LP(CQ ). Indeed, in the
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conference version, we started by unfolding quantifiers before performing the analysis. This
unfolding is now made explicit by the closure operation of LP(CQ ) programs which pro-
duces an LP,,s(CQy) program that can then be solved using our techniques. It allows
us to properly separate the unfolding phase from the interpretation phase and to describe
their complexity independently. In particular, in the conference version of the paper, the
tractability result holds only for a fragment of LP(CQ ) where we are able to bound the
size of the unfolding. Thanks to the introduction of LP,;,s(CQy,) and to a notion of normal
form for LP(CQ ) programs, we are now able to state precise complexity bounds for every
program in LP(CQy) depending on their structure without assuming anything more. We
also removed one constructor from the definition of LP(CQy). Indeed, in the conference
version of the paper, LP(CQ 5) programs could use an expression of the form weight, o (Q)
to generate a linear sum depending on both @ and @’. However, our tractability results
worked only when @’ has a very particular form, namely, )’ needed to be of the form x=y.
We hence removed this constructor from the definition of LP,,s(CQy;) language which
has now only constructors of the form weight,_-.(Q) for a vector of database constants c.
Consequently we do not need to introduce a fragment of the general language anymore to
recover tractability since the tractable case is now the only one possible in LP,,s(CQy).
It may appear that we lost some expressivity along the way but it turns out that we can
recover the same behavior using constructors in LP(CQ 5;). Namely weight, ., (Q) can now
be expressed as >, o weight, - (Q).

1.3. Organization of the paper. Section 2 contains the necessary definitions to understand
the paper. Section 3 presents the language LP,,s(CQy) of linear programs parameterized
by conjunctive queries and gives its semantics by interpreting programs in LP.,s(CQy;) as
linear programs, which we call the natural interpretation. This language is very simple and
does not allow universal quantification as used in Section 1.1. We show in Section 4 that one
can exploit hypertree decomposition to compute the optimal value of LP,,s(CQy;) programs
efficiently by interpreting them as more succinct linear programs, via an interpretation that
we call factorized interpretation. The soundness of this approach is delayed to Section 6
as it contains results on weightings of conjunctive queries that are of independent interest.
We then proceed to defining the language LP(CQ ) in Section 5.1. The language is more
expressive than LP,,s(CQy;) as it allows for universal quantification over the database, as
it is hinted in the previous example. We give its semantics via a closure operation that
transforms an LP(CQ ) program to an LP.,s(CQy;) program. We analyze the complexity
of solving LP(CQ ;) programs and show how one can leverage the results on LP,;,s(CQy;) to
this program in Section 5.2. We present some preliminary experimental results in Section 5.3.
Finally, Section 7 presents some applications of LP(CQy).

2. PRELIMINARIES

Sets, Functions and Relations. Let B = {0,1} be the set of Booleans, N the set of
natural numbers including 0, R™ be the set of positive reals including 0 and subsuming N,
and R the set of all reals.
Given any set S and n € N we denote by S™ the set of all n-tuples over S and by
S* = UpenS™ the set of all words over S. A weighting on S is a (total) function f: S — R™T.
Given a set of (total) functions A C DS = {f | f : S — D} and a subset S’ C S, we
define the set of restrictions Ajg = {f|s | f € A}. For any binary relation R C S x 5,
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we denote its transitive closure by RT C S x S and the reflexive transitive closure by
R*=RTU{(s,s)|s €S}

Variable assignments. We fix a countably infinite set of (query) variables X’. For any
set D of database elements, an assignment of (query) variables to database elements is a
function « : X — D that maps elements of a finite subset of variables X C X to values of
D. For any two sets of variable assignments A; C DX! and Ay C DX2 we define their join
Ai i Ay = {041 U ag | o € Ay, € Ag,alu = ag‘[} where I = X7 N Xs.

We also use a few vector notations. Given a vector of variables x = (z1,...,2,) € X"
we denote by set(x) = {x1,...,2,} the set of the elements of x. For any variable assignment
a : X — D with set(x) € X we denote the application of the assignment a on x by

a(x) = (a(x1),...,a(x,)).

Linear expressions S,5 € LE == r|&|[rS|S+ 9
Linear constraints C,C" € Lc == S <S8 |CAC| true
Linear programs Lelp = maximize S subject to C

Figure 2: The set of linear programs LP with variables £ € = and constants r € R.

2.1. Linear Programs. Let = be a set of linear program variables. In Figure 2, we recall
the definition of the sets of linear expressions LE, linear constraints LC, and linear programs
Lp with variables in 2. We consider the usual linear equations S=S’ as syntactic sugar for
the constraints S < S’ A S” < S. For any linear program

L = maximize S subject to C

we call .S the objective function of L and C the constraint of L. Note that the linear program
minimize S subject to C can be expressed by

maximize -1 -5 subject to C.

We recall the formal semantics of linear programs in Figure 3.

evaly,(r) =r withr e R, w:= =R
evaly(§) =w(§) with{eZ=

evaly, (rS) =r-evaly(S)

evaly, (S +5") = evaly,(S) + eval,(S”)

[true] ={w|w:E—>R"}

[S <9 = {w | eval,(S) < eval,(S")}
[CACT =[CIn]CT

opt(maximize S subject to C)
= maz({eval,(S) |w: = = RT,w e [C]})

Figure 3: Semantics of linear expressions, constraints and programs.

For any weightings w : © — R™, the value of a sum S € LE is the real number
eval,(S) € R. We denote the solution set of a constraint C' € Lc by [C] C{w |w: E — Rt}
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The optimal value opt(L) € R of a linear program L with objective function S and constraint
Cis:
opt(L) = max{eval,(S) |w: = — RT, w e [C]}

The size |L| of a linear program L is defined to be the number of symbols needed to write it
down. It is well-known that the optimal solution of a linear program L can be computed in
polynomial time in |L| [Kar84].

Observe that we are only interested in non-negative weightings, without explicitly
imposing positivity constraints. It is a usual assumption in linear programming since it is
well known that one can transform any linear program L into L’ of size at most 2|L]| so
that the feasible points of L’ over R* are exactly the feasible points of L over R, by simply
replacing every occurrence of a variable x in L by 27 — 2.

2.2. Conjunctive Queries. A relational signature is a pair ¥ = (R,C) where C a finite set
of constants ranged over by ¢ and R = Un,enR(™ is a finite set of relation symbols. The
elements R € R(™ are called relation symbols of arity n € N.

Expressions E,...,E, u=zx]c
Conjunctive queries Q, Q' € CQy. == F1=E, | R(F1,...,E,)
| QAQ'|3z.Q | true

Figure 4: The set of conjunctive queries CQy, with signature ¥ = ((R(™),cn,C) where
reX,ceC, and Re RM,

In Figure 4 we recall the notion of conjunctive queries. An expression F is either a
(query) variable x € X or a constant a € C. The set of conjunctive queries Q € CQy. is built
from equations Ey1=FE,, atoms R(E1,..., E,), the logical operators of conjunction Q A @’
and existential quantification 3x.Q). Given a vector x = (z1,...,2,) € X" and a query @,
we write 3x.() instead of Jx;..... Jz,,.Q. For any sequence of constants ¢ = (cy,...,¢,) € C"
we write x=c instead of x1=c1 A ... A z,=c,. If n = 0 then x=c is equal to true.

The set of free variables fv(Q)) C X are those variables that occur in @) outside the scope
of an existential quantifier:

f?)(R(El, cee, ) U 1 U(EZ) f'U(EliEQ) = fU(El) U f?)(Eg)

fQAQ) = (@)U fu(Q) fo(F2.Q) = fo(Q) \ {z}
v(z) = {z} fo(e) =1

A conjunctive query @ is said to be quantifier free if it does not contain any existential

quantifier. In the literature, such queries are sometimes also called full queries.
We can define operations to extend queries with additional variables x such that for all

&TtX(Q) = /\xEset(x)\fv(Q) r=x A\ Q
For any n > 0 and vector of constants ¢ € C" and vector of variables x € X™ we define an

operator subs[y/c] on conjunctive queries, that substitutes any variable in a vector x by the
constant at the same position in vector c, so that for all queries @ € CQx:

SUbS[x/c](Q) = Q[X/C],
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i.e., where all occurrences in @) of variables in x are replaced by the corresponding elements
of c.

2.3. Relational Databases. A relational Y-structure is a tuple D = (X, D,-P), where
Y = (R™),>0,C) is a relational signature, D a finite set, ¢® € D an element for each
constant ¢ € C and RP? C D" a relation for any relation symbol R € R and n > 0. We also
define the structures’ domain dom(D) = D. A (relational) database D is a finite relational
Y-structure, i.e., all its components are finite. We denote the set of all databases by dby.

For any conjunctive query @ € CQy;, set X D fv(Q) and relational database D € dby,
we define the answer set [[Q]]E?} in Figure 5. It contains all those assignments a : X — D for
which ) becomes true on D.

eval®(z) = a(x) (with z € X' a variable)
eval®*(c) = P (with ¢ € C a constant)
[E1=E2]% = {a:X — D|eval®(By) = eval®(Es)}
[R(E1,...,E)]% = {a:X — D|(eva®*(Ey),...,eval”*(E,)) € R’}
[Q1AQx = [@i]x N[Q:A%
[FzQI% = {ox|ac [[Q]];D;U{x}} if v & X
ltrue]% = XP

Figure 5: The answer set of a conjunctive query @) € C@Qy, on a database D € dby, for a set
of variables X D fv(Q).

We define the semantics of a query by:
[[Q]]D = [[Q]]%;(Q)

In particular, observe that the semantics of existential quantifiers is the projection of the
answer set, that is: [3x.Q]P = [[Q]]D|fv(Q)\set(x)'

2.4. Hypertree Decompositions. Hypertree decompositions of conjunctive queries are
a way of laying out the structure of a conjunctive query in a tree. It allows to solve many
aggregation problems (such as checking the existence of a solution, counting or enumerating
the solutions etc.) on quantifier free conjunctive queries in polynomial time where the degree
of the polynomial is given by the width of the decomposition.

A digraph is a pair (V,€) with node set V and edge set £ C V x V. A digraph is
acyclic if there is no v € V for which (v,v) € £F. For any node u € V, we denote by
lu={v eV | (u,v) € E} the set of nodes in V reachable over some downwards path from
u, and we define the context of u, denoted fu, by Tu = (V' \ Ju) U {u}. The digraph (V,&)
is a forest if it is acyclic and for all u,u’,v € V there holds that (u,v), (u/,v) € £ implies
u = u'. Moreover, (V,€) is a tree if there exists a node r € V such that ¥V = |r. In this case,
r is unique and called the root of the tree. If for v € V it holds that Jv = {v}, then v is
called a leaf. Observe that in this tree, the paths are oriented from the root to the leaves of
the tree.

Definition 2.1. Let X C X be a finite set of variables. A decomposition tree T' of X is a
tuple (V, &, B) such that:
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- (V, &) is a finite directed rooted tree with edges from the root to the leaves,

- the bag function B : V — 2% maps nodes to subsets of variables in X,

- for all x € X the subset of nodes {u € V | z € B(u)} is connected in the tree (V, ),
- each variable of X appears in some bag, that is [ ¢y, B(u) = X.

Now a hypertree decomposition of a quantifier free conjunctive query is a decomposition
tree where for each atom of the query there is at least one bag that covers its variables.

Definition 2.2 (Hypertree width of quantifier free conjunctive queries). Let @ € CQxy,
be a quantifier free conjunctive query. A generalized hypertree decomposition of @ is a
decomposition tree T = (V, &, B) of fv(Q) such that for each atom R(x) of @ there is a
vertex u € V such that set(x) C B(u). The width of T with respect to @ is the minimal
number k£ such that every bag of T' can be covered by the variables of k£ atoms of ). The
generalized hypertree width of a query @ is the minimal width of a tree decomposition of Q.

For example, the query R(x,y) A R(y, z) has a generalized hypertree decomposition of
hypertree width 1: (V, €, B) with vertices V = {1, 2,3}, edges £ = {(1,2), (1,3)}, and bags
B = [1/{y}.2/{w,y}3/{y. 2.

While hypertree width allows to obtain efficient algorithms on conjunctive queries, our
results will also work for the more general notion of fractional hypertree width, which consists
in a fractional relaxation of the hypertree width. We let Q@ € CQyx, be a quantifier free
conjunctive query, A be the atoms of @ and let X C fv(Q). A fractional cover of X is a
function c¢: A — R assigning positive weights to the atoms of @ such that for every z € X,
> reAzefo(r) C(F) = 1. The value of a fractional cover c is defined as } pc 4 ¢(R).

For example, consider the query Triangle = R(xz,y)AS(y, z) AT (z,x) and X = {z,vy, z}.
The function ¢ such that ¢(R) = ¢(S) = ¢(T') = 1/2 is a fractional cover of X of value 3/2.

Definition 2.3. Let @ be a conjunctive query and 7' = (V, &, B) be a generalized hypertree
decomposition of (). The fractional hypertree width of T is the smallest k such that for
every u € V, there exists a fractional cover of B(u) of value smaller than k. The fractional
hypertree width of @), denoted by fhtw(Q), is the smallest k& such that @ has a generalized
hypertree decomposition of fractional hypertree width k.

From now on, we will only write the width of 7" in place of the fractional hypertree width.
The key observation making fractional hypertree width suitable for algorithmic purposes is
due to Grohe and Marx [GM14] who proved that if a quantifier free conjunctive query is
such that fv(Q) has a fractional cover of value k, then |[Q]®| < |D|*. Hence, if T = (V, &, B)
is a tree decomposition of @ of width &, then [[Q]]I‘%(u) is of size at most |D|*. Moreover, it
can be computed efficiently:

Lemma 2.4. Given a tree decomposition T = (V,E,B) of a quantifier free conjunctive
query Q € CQx, of width k and a database D € dby, one can compute the collection of
bag projections ([[Q]]D|B(u))uev in time O((|D[¥log(|D])) - |V|). Moreover, for every u € V,

[[Q]]]\I)I)S(u) is of size at most |D|".

Lemma 2.4 is folklore: it can be proven by computing the semi-join of every bag in a
subtree in a bottom-up fashion, as it is done in [Lib13, Theorem 6.25] and using a worst-case
optimal join algorithm such as Triejoin [Vell4] for computing the relation at each bag. This
yields a superset S, of [Q]" B(u) for every u. Then, with a second top-down phase, one can

remove tuples from S, that cannot be extended to a solution of [Q]P.
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Following the previously mentioned upper bound of [GM14], Atserias, Grohe and Marx
proved in [AGM13] that the bound given by an optimal fractional cover of @ is tight (up
to polynomial factors). This bound is now usually referred to as the AGM bound. More
precisely, it says that if AGM(Q) denotes the smallest value over every fractional cover of
Q, then for every I, [Q]® is of size at most |D|ACM(@) and there exists a database D* such

that [Q]P" is of size greater than %. Hence, even if Q is of width k, the size of [Q]”

could be order of magnitudes bigger than |D|¥ when k < AGM(Q). Hence, Lemma 2.4 gives
a succinct way of describing the set of solutions of ) that we exploit in this paper.
Parts of our result will be easier to describe on so-called normalized decomposition trees:

Definition 2.5. Let T'= (V, &, B) be a decomposition tree. We call a node u € V of T":

- an extend node: if it has a single child v" and B(u) = B(v')U{x} for some z € X'\ B(u'),
- a project node: if it has a single child v’ and B(u) = B(u') \ {z} for some z € X'\ B(u),
- a join node: if it has k > 1 children uy, ..., ug with B(u) = B(uy) = ... = B(ug).

We call T' normalized ? if all its nodes in V are either extend nodes, project nodes, join
nodes, or leaves.

It is well-known that tree decompositions can always be normalized without changing
the width. Thus normalization does not change the asymptotic complexity of the algorithms.

Lemma 2.6 (Lemma of 13.1.2 of [Klo94]). For every tree decomposition of T = (V,E,B) of
Q of width k, there exists a normalized tree decomposition T' = (V', &', B') having width k.
Moreover, one can compute T" from T in polynomial time.

3. LINEAR PROGRAMS WITH CLOSED WEIGHT EXPRESSIONS

In this section, we introduce the language LP,;,s(CQy,) to express linear programs parame-
terized by conjunctive queries. This language is deliberately kept simple, which allow us to
design efficient algorithms for it. An element of LP,,s(CQy,) is called a closed LP(CQy,)
program. We refer to such programs as “closed” because they do not contain quantification
in the linear program part, which contrasts with the more general definition of LP(CQy,)
given in Section 5, which allows to express more interesting linear program. The case of
closed LP(CQy,) programs is however central in this work as this is the class of optimization
problems for which we propose an efficient algorithm. The more general case of LP(CQy;)
programs is dealt with using a “closure” procedure which transforms any programs from
LP(CQy,) into a closed program LP.,s(CQy).

Let ¥ be a relational signature. A closed weight expression is an expression of the
form weight, -.(Q) where @ is a conjunctive query, set(x) C fv(Q), variables in x are
pairwise distinct and c are database constants. An LP.,s;(CQy) program is intuitively a
linear program whose variables are closed weight expressions. A formal definition is given in
Figure 6.

2In the literature this property is referred to as “nice” tree decompositions.
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Linear sums S,8" € LS0s(CQx) = weight, - .(Q)|rS|S+S"|r
where set(x) C fo(Q),
variables in x are pairwise distinct
c are database constants

Linear constraints C,C’" € LCps(CQy) == S <8 |S=S8"|CANC"| true

Linear programs L € LP,,s(CQy) = maximize S subject to C

Figure 6: Linear sums, constraints, and programs with closed weight expressions containing
conjunctive queries () € CQyx, where r € R.

Such linear programs can be interpreted as standard linear programs for any database D
with numerical values. In order to do so, we fix for any query @ € CQy; a set Gg of fresh
linear program variables 95 arbitrarily:

O = {03 | a € [QI"}

We can then map each closed weight expression to a linear sum with variables in @]g as

follows:
(weight,(Q))" = 3 03
ae[QP

a(x)=c

Note that our assumption set(x) C fv(Q) ensures that «(x) is well-defined.

Definition 3.1. For any linear program L € LP,.,s(CQsy) we define the natural interpreta-
tion (L)? € LP by replacing any weight expression S in L by (S)?. By applying the same
substitution we define the interpretation (S)? € LS of any linear sum S € LS 0s(CQy;) and
the interpretation (C)? € LC of any linear constraint C' € LC ,s(CQy;) in analogy.

The size |L| of a program L € LP.,s(CQy) is defined to be the number of symbols
needed to write it down.

3.1. Example. As an example we consider the conjunctive query Q = R;(x) A Ra(y) and
the following program L € LP.,s(CQy):

maximize weighty(Q)
subject to weight,,(Q) <1
A weight,;(Q) < 1
Let D be the database D with tables RY = {(0), (1)} and RY = {(0), (1)}. The answer set
of Qis [Q]° = {a | a: {z,y} — {0,1}}. The interpretation (L)” is the following linear
program, where we denote any query answer o € [Q]® by a pair (a(z), a(y)) in the Cartesian
product {0,1}? for simplicity:

. . (0,0) (0,1) (1,0) (1,1
maximize QQ +9Q +9Q —|—9Q

subject to eg),o) + 98’1) <1
Aoy 15 <1

The objective function 98 0) + 98 ) + 08 :0) + 98 D i the interpretation of the expression

weight(Q). The first constraint 08)’0) +0$’1) is obtained by interpreting weight - ,(Q) < 1

)
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and the second constraint by interpreting weight,-;(Q) < 1. Note that the objective
function is the sum of the lefthandsides of the two constraints, so the three weight expressions
of L are semantically related.

3.2. Complexity of solving LP,;,s(CQy;). In this section, we are interested in the com-
plexity of computing opt((L)) given L € LP.;,s(CQsy) and a database D. From a combined
complexity point of view, that is, when both L and D are assumed to be part of the input, it
is not hard to see that the problem is NP-hard since it requires to implicitly find the answer
set of every conjunctive query appearing in L. We formalize this intuition in the following
theorem:

Theorem 3.2. The problem of deciding whether opt({L)P) # 0 given a relational signature
Y, L € LP,,s(CQy,) and a database D is both NP-hard and coNP-hard.

Proof. Tt is well-known that the problem of deciding whether [Q] # §) given a conjunctive
query @ and a database D in the input is NP-complete [CM77]. We show that this problem
can be reduced to the problem of deciding whether the optimal value opt({L)P) is non-zero,
given a relational signature X, a linear program L € LP.,;(CQy) and a database D with
schema Y. The NP-hardness of computing opt({L)P) is thus a direct corollary.

For any conjunctive query @, we consider the following LP.,s(CQy) program:

Lo = maximize weight,, . (Q)) subject to weight,,,.(Q) <1

We claim that
opt((Lg)®) # 0 if and only if [Q]” # 0
We first note that:

(Lg)” = maximize S subject to S < 1 where S = Z 05
acQ]”

So, if [Q]® = 0, then eval,,(S) = 0 for all w, so that opt((Lg)P) = 0. So consider the other
case where [Q]P # 0. Let a € [Q]® and consider the weighting w such that w(bg) =1
and w(ﬁg) =0 for every o € [Q]P such that o/ # . This weighting clearly respects the
constraints of S < 1, so w € [S < 1] showing that opt((Lg)P) > 1 # 0.

To show the coNP-hardness, it is sufficient to observe that the same trick can be applied

to reduce the problem of deciding whether [Q]” = 0 given @ and D, which is coNP-complete
from [CMT77]. []

Data complexity. The hardness from Theorem 3.2 mainly stems from the hardness of
answering conjunctive queries, that is only relevant in the context of combined complexity.
It is often assumed however that the size of the query is small with respect to the size of the
data, hence one can study the data complexity of the problem, that is, the complexity of
the problem when we fix the linear program L. In this case, computing opt((L)") can be
done in polynomial time in |D| using the following procedure:

e Compute explicitly [Q] for every @ appearing in L,
e Compute (L)P,
e Solve (L)? in time polynomial in |(L)?| using an LP-solver.
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The exact complexity of the previous procedure is however dependent on the size of
(L)P whose number of variables is the sum of |[Q]P| for every Q appearing in L. We lift the
AGM bound presented in Section 2.4 to linear programs in LP,,s(CQy;) by defining AGM(L)
to be the maximum of AGM(Q) for every query @ appearing in L. The size of (L) can now
be upper bounded by |L| x |D[AME) | Using a worst-case optimal join algorithm such as
Triejoin [Vell4] to compute [Q]P in time O(|D[AM(Q)) we conclude that one can compute
opt({L)P) in time O((|L||D|ACME))E) | where £ is the best known constant to compute the
optimal value of a linear program. Currently, the best known value for ¢ is smaller than
2.37286 by combining a result relating the complexity of solving linear programs with the
complexity of multiplying matrices [CLS21] with the best known algorithm for multiplying
matrices [AW21].

Theorem 3.3. Given a relational signature 2, L € LP,,s(CQy;) and a database D, one
can compute opt({L)P) in time O(|LI*|D|*ACML)) with ¢ < 2.37286.

3.3. Replacement Rewriting. In this paper, we will often introduce alternate ways of
interpreting linear program of LP,,s(CQsy;) over a database. We will say that such alternate
interpretation is sound if for any database D, when interpreting the linear program using this
alternate interpretation over D, we obtain a linear program having the same optimal value
as (L>]D> , the natural interpretation of L over D. It will allow us for example to construct
smaller linear programs and hence speed up the computation of opt((L)). Formally proving
the soundness of an alternate interpretation is usually tedious as it involves transforming
solutions from one interpretation to the other while proving by induction that the constraints
in L are all satisfied. However, every interpretation that we will consider in this paper is
based on interpreting weight expressions differently with some extra equality constraints.
Hence, most of the time, the reasoning may be reduced to very simple linear programs
involving only equality constraints. Our goal in this section is to provide formal tools to
simplify soundness proofs.

One can always construct a function v mapping every possible weight expression W into
a fresh linear program variable v(W) such that if W # W', then v(W) # v(W'). We will
often denote v(weight,-.(Q)) by Z/Z‘f‘:. From now on, we assume such function v has been
fixed. For a set of weight expressions W, we define the weight constraints of W, denoted by
wc’ (W) as the following set of linear constraints:

N\ v(w)=w.
Wew

For for any linear sum S € LS.,s(CQy;), let (S)” € LS be defined by replacing any
weight expression W in S by v(W) and for C' € LC,5(CQy), let (C)” € LP be the linear
constraint obtained by applying the substitution to every linear sum appearing in C.

Consider a linear program L = maximize S subject to C' with some linear sum
S € LS0s(CQy,) and some linear constraint C' € LC ,s(CQy;). We denote by W (L) the
set of weight expressions that appear in L. The replacement rewriting of L is the following
linear program repl”(L) € LP(CQy,):

repl” (L) = maximize (S)” subject to (C)” A wc”(W(L)).

Observe that in repl” (L), the only place where weight, - .(Q) constructors appear is in
the we”(W (L)) part. Hence, we can naturally lift the interpretation of L over a database D
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to repl”(L) as follows:
(repl”(L))® = maximize (S)” subject to (C) A (wc” (W (L)))P.
The main feature of repl” (L) is that it allows to formally separate the linear programming
part from the part that is interpreted over a database, which will be helpful whenever we
need to reason only on weight expressions.

Example. In the example of Section 3.1, the rewriting repl” (L) of L is:

maximize 1o

subject to 15 < 1A
1Z1 S 1A
vy = weight,—o(Q) A
v1 = weight, - (Q) A

vy = weight(Q)
which is then interpreted as (repl” (L)) as:

maximize 1y

subject to vy < 1A
141 S 1A
vo = 609 460V
= 05"+ 650 A
- p(0,0) (0,1) (1,0) (1,1)
Vg = QQ +9Q +9Q +9Q

Note that the linear program’s variables %9 do not occur in the objective function,
so they are implicitly existentially quantified. Up to existential quantification, the above
constraint is equivalent to:

vy =1+ 11
So we obtain a linear program with much fewer variables:

maximize vy subject to vy < 1AV <1Avy=1y+1;

The optimal value of this new linear program is achieved with the solution vy = v; = 1 and
vy = 2. We can see that it directly corresponds to the optimal solution of the original linear
program where 98’0) = Hg)’l) = 98’0) = 98’1) = % How to derive such factorized rewritings
of constraints and how to reconstruct an optimal solution from the optimal solution of the
rewritten program from a given LP(CQ)y,) program in a systematic manner is studied in
the remainder of this article.

It is easy to see that for every database D over signature Y, the optimal value of
(repl”(L))P is the same as the optimal value of (L)P which is formalized as follows:

Proposition 3.4 (Soundness of replacement rewriting). Given a database D with signature
Y and a linear program L € LP.,s(CQy), we have:

opt((L)®) = opt((repl” (L))").
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Proof. For every weight expression weight, - .(Q) of L and w: @g — R, we extend w to
I/éic by defining

wy €)= Y w(bp).
ac[Q]”

a(x)=c

Clearly, by definition, this extension of w satisfies the weight constraint

o= Y 0
ac[Q]”
a(x)=c
that appears in (repl”(L))P. Moreover, for any sum expression S of L, eval,, ({S)P) will give
the same value as evaly, ({repl”(S))P) as every weight expression W of S has been replaced in
repl” (S) by v(W) and that from what precedes w(v(W)) has the same value as eval,, ({(W)P).
Hence, any solution of (L)P can be extended to a solution of (repl”(L))P that evaluates to
the same objective value.
On the other hand, with the same reasoning, any solution w of (repl” (L))P directly gives
a solution of (L)P that evaluates to the same objective value since the weight constraints
ensure that eval, ((W)P) = w(v(W)). ]

3.4. Interpretations of linear programs. In this section, we formalize the notion of
interpretation of linear programs in LP,,s(CQy) and give necessary conditions for an
alternate interpretation to be sound. In the following, we denote by Queries,, (L) the set of
conjunctive queries that appear in L, that is, the set of () such that there is an expression
of the form weight, - .(Q) in L.
An interpretation I = (Iyw, Ic) of LP.,s(CQy) is a pair of functions such that, given a
database D over signature X:
e [y maps every weight expression W := weight, - .(Q) and database D to a linear sum
I.(W) over linear program variables XPQ,
e [o maps every conjunctive query () over signature ¥ and database DD to a set of constraints
IZ(Q) on variables X?Q,
e and for every two conjunctive queries @, Q’, if Q # Q' then X?Q N X?Q, = (.

Given an interpretation I, a conjunctive query ) and a set of weight constraints W
over (), we denote by:

QW) :=T3(@Q) A [\ v(W)=Ip(W)
Wew

where v is a fixed function as constructed in Section 3.3. Observe that when Q' # @, then
I 8 (W) and I, g,(W’ ) have disjoint variables.

Given a linear program L = maximize S subject to C' with some linear sum S €
LS 15s(CQyx;) and some linear constraint C' € LC5(CQy;), we denote by W(L) the set of
weight expressions of L over Q). The I-interpretation of L is the following linear program
I°(L):

I°(L) = maximize (S)¥
subject to  (C)” A
/\QEQueriesW(L) 18 (WQ(L))
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For example, the replacement rewriting of a linear program in L can be defined by the
interpretation N = (Ny, N¢) such that N2(Q) := true and

NW(Weightxic(Q))D = Z 082
a€lQ]”
a(x)=c
It is readily verified that NP (L) corresponds to repl”(L).
Since, for Q # @', the variables of Ig(L) and of Ig,(L) are disjoint, it allows us to prove
the following sufficient condition for an interpretation to be sound, that only depends on the
value of the interpretation on weight expressions over one conjunctive query @:

Proposition 3.5. Let I = (Iw, I¢) be an interpretation of LP.,s(CQy) such that for every

conjunctive query @ and set W of weight expressions over @ we have that [[IB(W)H‘V(W) =

[[(wc”(W))Dﬂ‘y(w). Then I is sound, that is, for every L € LP.,s(CQy) and database D,
opt((L)P) = opt(I°(L)).
Proof. Let L = maximize S subject to C. By Proposition 3.4,

opt((L)) = opt((repl” (L))").

Hence it is sufficient to show that opt({repl” (L))®) = opt(I®(L)).

Now recall that (repl”(L))® and I®(L) have the same objective function (S)” and the
same constraint (C')” on variables v(W). Only the last part of the program is different.

IP(L) contains additional constraints NQequeriesn(L) IB(WQ(L)) and (repl”(L))® con-
tains (we” (W (L)))P.

However, the assumption from the statement applied to every @ € Queries,, (L) shows
that

[ WD lwewy =1 A\ 16(WoL)]ww)
Q€EQueriesy (L)

since every IB<WQ (L)) contains disjoint variables.

It thus means that for any solution w of constraints (wc”(W (L)))?, one can construct
a solution w’ of constraints Agecqueries, (1) Ig(WQ(L)) that assign variables ¥(W) to the
same values. Hence, we have eval,, ({S)") = eval,((S)”). Moreover, since eval,,({C)") is
true by definition, and since w and w’ coincide on v variables and that (C')” only contains
v(W) variables, eval,, ({(C)?) is also true. Hence w' is a solution of I®(L) and the values of
both linear programs on w and w’ respectively coincide. Taking w so that it is optimal for
(repl” (L))P yields that opt((repl”(L))P) < opt(IP(L)).

On the other hand, we also have that given a solution w’ of constraints

N I3(We(L),

QEQueriesy (L)

one can construct a solution w of constraints (wc” (W (L)))® that assign variables v(W) to
the same value. By the same reasoning, it implies that opt({repl”(L))®) > opt(I°(L)), and
the equality follows. []
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Example. To illustrate the notion of interpretations, we will consider a toy alternative
interpretation I = (Iyy, I¢) defined as follows: the linear program variables XPQ are defined

as {zg) | a € [Q]°} and Iy is defined as:

Iy (weight,.(Q)) = > 3x1j

We also define [ éD as

> @20
aelQ]”
The interpretation I®(L) of the example given in Section 3.1 is thus:

maximize 1y
subject to 1y
41

1A

<
< 1A

= g /00/0] | g [2/0u/1]

Vo
vy = 3a /OO 4 3 lE/OUI g leMl0l y gyle /vl

22OV [2/Ou) L la/Lufo] \TleLu] 5

The last constraint corresponds to Ig(@). It is clear that this program has the same
optimal value as the original one because it is obtained by substituting (9% by 3x() and by
adding a constraint that is always true since z¢) > 0. Actually, Proposition 3.5 tells us that

for every LPCQ L and database D, I”(L) has the same optimal value as (L)P. Indeed,
given a solution w of (wc”(W))P, we can transform it into a solution w’ of Ig(W) defined

as w'(zd) = w(gg) and w'(v(W)) = w(v(W)). It is readily verified that w’ respects every

constraint of I2(W) and that w' has the same values as w on variables v(W). Similarly,
a solution w’ of Ig(W) can be transformed into a solution w of (we”(W))P by defining w

as w(0g) = 3w'(2g) and w(v(W)) = w'(v(W)). Hence [[IB(W)]]MW) = [[(wc”(W)>D]]|V(W)
and Proposition 3.5 can be applied.

4. SOLVING LP,,s(CQy) LINEAR PROGRAMS EFFICIENTLY

In this section, we propose an algorithm for solving linear programs in LP.,s(CQy) that
is better than the one given in Theorem 3.3. The proof of Theorem 3.2 suggests that the
main source of intractability stem from the complexity of answering conjunctive queries,
which is reflected in the upper bound given in Theorem 3.3 where the complexity here
depends on the worst-case size of the answer sets of queries. However, for many problems
on conjunctive queries such as computing the number of answers, one can get better
upper bounds by exploiting the fact that they have small fractional hypertree width. By
leveraging the notion of fractional hypertree width from conjunctive queries to linear
programs of LP.,,(CQy), we are able to lower the complexity from O(|L|¢|D|ACML))
given by Theorem 3.3 to O(|L||D[*"*(L)) where fhtw(L) denotes the (leveraged notion of)
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fractional hypertree width of L, when an optimal tree decomposition of L is provided in the
input.

To achieve this, we avoid the expensive step of computing (L)P by exploiting tree
decompositions T of the queries of L to generate a smaller linear program pT’D(L) having
only O(|D|"*(7)) variables and show that the optimal value for p7P(L) is the same as the
optimal value of (L)P.

4.1. Tree decomposition of LP,,(CQy). We start by lifting the concept of hypertree
decompositions from conjunctive queries to linear programs in LP,,s(CQy;). Given a linear
program L € LP.,,(CQy), recall that we denote by Queries,, (L) the set of conjunctive
queries that appear in L.

Intuitively, our notion of hypertree decomposition for LP.,s(CQy,) will consist in a
collection of hypertree decomposition for every Jy.Q € Queries,,(L). However, we will need
a stronger condition on the decomposition than the usual one:

Definition 4.1. Let L € LP,,s(CQy;), Jy.Q € Queries,, (L), with @ the quantifier free part
of Jy.Q and weight, - (Jy.Q) a weight expression of L.

A tree decomposition T'= (V, &, B) of Jy.Q compatible with weight, - .(Jy.Q) is a tree
decomposition of @ such that there exists u € V with set(x) = B(u).

T is said to be compatible with L if it is a tree decomposition of ) compatible with
every weight, - .(Jy.Q) of L.

Observe that the requirement that a tree decomposition has to be compatible with the
linear program may increase the optimal width of the decomposition. For example, consider
the conjunctive query @ = R(z,y) A S(y,z). If a linear program L contains an expression
of the form weight, - .-,(Q), then every tree decomposition of () compatible with L has
width at least 3/2 whereas optimal tree decomposition for ) have width 1 (a decomposition
of @ is given in Section 2.4).

Definition 4.2. Let L be an LP.,s(CQy;) program. A tree decomposition of L is defined to
be a collection 71, = (T)geQueries, (1) Such that Tg, is a tree decomposition of ) € Queriesy, (L)
that is compatible with L.

The width of T, is defined to be the maximal width of the decomposition trees in 7y.
The size of Ty, is defined to be [TL| = > ¢ gyerI V-

4.2. Factorized Interpretation of quantifier free LP.,;(CQy). In this section, we
present a more succinct way of interpreting weight constraints in linear programs in
LP,,s(CQy,), called the factorized interpretation, that exploits a tree decomposition of
the queries. In this section, we assume that the linear program only contains quantifier
free queries. We will explain in Section 4.3 how one can reduce the case with existentially
quantified queries to the case of quantifier free queries.

From now on, we fix a linear language L € LP,,s(CQy) and T a tree decomposition of
L. We will describe an interpretation p7 = (p7m-,, pg) of L exploiting tree decompositions.
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Interpreting weight constraints. Given a conjunctive query ) € Queries,, (L) and T' = T
the tree decomposition of () compatible with L given by 7T, we define an interpretation of
weight expressions on the following set of variables:

=D D
=Qr = {fg,u lueV, BelQ] puwl
Computing the set Eg’T can be done efficiently with respect to the width of the
decomposition:

Lemma 4.3. Let k be the width of T. The size of Eg’T is at most |V| - |D|* and one can
compute Eg’T in time O(|T| - |D|*log(|D])).

Proof. Tt follows directly by Lemma 2.4 in Section 2.4. L]

We define the factorized interpretation of the weight expressions weight, - (Q) as
follows:

pi” (weight,-.(Q)) = { géé,u if § = [x/c] € [QF 5)
else

where u € V is the vertex such that set(x) = B(u) that is the closest to the root of T3. If no
such u exists then pjv;}D(weightxic(Q)) is undefined. However, for every weight expression
of L, the existence of u is implied by the fact that T" is compatible with L, see Definition 4.1.

For @ € Queriesy (L), we define p%D(weightxic(Q)) = p;ﬁz’m(weightxic(Q)). It gives
a function to interpret weight expressions in the sense given in Section 3.4 since if @ and
Q' are distinct conjunctive queries, then p;r[}D(weightxic(Q)) and p;r[}D(weightxic(Q’ )) will
contain disjoint linear program variables.

Local soundness constraints. If one simply defines the factorized interpretation as
(p%, true), it will not give a sound interpretation. We illustrate this phenomenon on the
example from Section 3.1 using the tree decomposition having three nodes r, u, v rooted at r
with 7 connected to v and v and with B(r) = 0, B(u) = {z} and B(v) = {y}. Interpreting
only the weights without additional constraints would yield the following;:

maximize 1y

subject to 19 < 1A

rn < 1A
o= €19
Vg = EN.

One strange aspect of this program is that is does not depends on the variables 58/;]

and hence on the value of y, because the program does not contain weight expression on
variable y. It can be easily checked that the optimal value of this program is not the same
as the on from Section 3.1. Indeed, in the above linear program, the values of vy, 1 and s

3Actually, any vertex u such that set(x;) = B(u) would work but we choose it to be the closest to the root
to have a deterministic definition of the factorized interpretation. It is well-defined by connectedness of tree
decompositions. Indeed, if two bags B, B’ contain a set S, then their least common ancestor also contains S.
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are now completely independent. Hence, the optimal value of the above linear program is
actually unbounded.
To make the factorized interpretation equivalent to the natural interpretation, one has to

restore somehow the forgotten dependencies. One way of resolving it in the above program

would be to add a new constraint §%7Ti§gﬁ)} + 55@1]. To achieve this, we add so-called local

soundness constraints. For every edge e = (u,v) € £ of T and « € [[Q]]D|B(u)08(v)7 we define
the equality constraint ES(Q) as follows:

B - !
Z gQ,U_ Z éhQ,v'
ﬁEHQﬂDm(u) ﬁ/GHQHD\B(U)
Y=B|B(u) v=B|B(v)

Intuitively, this constraint encodes the following: for expressions weight, - .(Q) and
weight, - ./ (Q), if the assignments 8 = [x/c] and 3’ = [y/c] are compatible with one another,
in the sense that they agree on the common variables they assign, then (weight, -.(Q))”
and (weightin,(Q»D will contain common variables from @g and hence, will not produce
independent linear sums. On the other hand, in the factorized interpretation without
additional constraint, they will be interpreted as independent variables §gyu and fg/,u for
some u, v in V. If e = (u, v) is an edge of T', then E;’D(Q) accounts for the missed dependency
in the factorized interpretation. It turns out that these constraints are enough to make the

factorized interpretation equivalent to the natural interpretation (in the sense that they
have the same optimal value).

Hence, we define pTD(Q), the local soundness constraints of Q w.r.t T, as follows:

N AN )

e=(u,v)€E ~E [[Q}]D‘B(u)ms(v)

Local soundness constraints can be efficiently computed with respect to the width of
the decomposition:

Lemma 4.4. Let k be the width of T. The size of pg’D(Q) is at most |T| - |D|¥ and one can
compute p5P(Q) in time O(Q| - IT| - [DI¥ log(DI)).

Proof. There is one constraint Eﬁ’D(Q) in pg’D(Q) for every edge e of T and «y € HQHDW(u)OB(v)'
Since B(u) N B(v) C B(u), [[Q]]D|B(u)m8(v) is smaller than [[Q]]D‘B(u) which is itself smaller
than |D|* by Lemma 2.4. Hence there are at most |T| - [D|* constraints in pg’D(Q).

Now, to compute pg’D(Q), we start by computing ([[Q]]D\B(u))uEV using Lemma 2.4. Now

for each edge e = (u,v) of T', we construct Eﬁ’D(Q) as follows: we start by enumerating
the tuples B8 € [[Q]}D| B(w) and let v = B|p(,). If it is not yet constructed, we create an empty

linear sum S, and add Egu in it. If S has already been created, we append +§g , toit. We
do the same by enumerating 3’ € [[Q]]Dl B(v) and let v = B\~ If it is not yet constructed,
we create an empty linear sum S, and add §Q in it. If S already exists, we just append

+§Q7U to it. Finally, we let ES”(Q) be SJ=S] for each v € [Q]P B(u)nB(v) that have been
found.



22 F. CAPELLI, N. CROSETTI, J. NIEHREN, AND J. RAMON

To construct it, observe that each [[Q]]Dl B(w) is listed at most once for each edges of T'
and that the projection v can be constructed in time O(|Q|). Hence, the total time required
to construct pe(Q) is O(|Q| - [T - |D|* log(|D))). O

Factorized interpretation. Taking local soundness constraints into account, we can now
define the 7-factorized interpretation p’ of a linear program L as the pair (pVTV, pg) where

PG Q) = Pl
interpretation”.

The soundness of factorized interpretation follows from Proposition 3.5 and from results
on weighting answer sets of conjunctive queries that can be of independent interest and that
we give in Section 6.1:

. When 7T is clear from context, we will simply say “the factorized
ply say

Theorem 4.5. Let L be a LP.,s(CQy) program such that every conjunctive query in
Queriesy (L) is quantifier free, T a decomposition of L and D a database. The factorized

interpretation pTP (L) then has the same optimal value as (L)P:

opt(p”P (L)) = opt({L)")

Moreover, given an optimal solution W of pT’D(L), there exists a canonical optimal solution
w of ()P such that given W and a variable 6 of (L)P, one can compute w(6) in polynomial
time.

The first part of Theorem 4.5 is proven by providing two explicit transformations: one to
go from a solution of p7"P(L) to a solution of (L)® having the same value and another one to
go from a solution of (L)P to a solution of p7"P(L) having the same value. The preservation
of the values by these transformations is enough to establish that both linear programs have
the same optimal value. More interestingly, it also allows us to prove the second part of the
theorem, that is, that one can recover an optimal solution of (L) from an optimal solution
of p7'P(L). This transformation is described in the proof of Theorem 6.13.

Example. Going back to the example from Section 3.1, and the tree decomposition previously
mentioned, p7P(L) is the following program:

maximize 1o

subject to 1y < 1A

rn < 1A
Vo = 65%0] A
v =50 A
vy = fgﬂn/\

- ~lx/0 z/1
€0r=Eu +EGu N
- cly/0 1
o6 + €.
The two last lines contain the local soundness constraint pg’D(Q). The last constraint

mentions variables fg/vo] and 55’ /Ul] that are not used elsewhere in the program and can safely
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be ignored when looking for the optimal value. The other soundness constraint directly
implies that 1o = 1y 4+ 11 and hence, the optimal value for this program is 2.

Computing the factorized interpretation. The factorized interpretation pT’D(L) is
interesting because it is smaller than the natural interpretation (L)?. Indeed, while (L)P
has O(|D[ASM©)) variables and O(|L|) constraints (see Section 3.2), one can show that if k
is the width of 7, then the size of p7P(L) is O(|D|¥) in the data complexity model (where L
is considered constant). It follows from the following, more precise, combined complexity
analysis:

Theorem 4.6. Given a relational signature ¥, L € LP.,s(CQy,) such that every query in
Queriesy (L) is quantifier free, a tree decomposition T of L and a database D, we let k be
the width of T, t be the sum of the sizes of the tree decompositions in T and q be the sum
of the sizes of the queries in Queries, (L). Then p”P(L) has at most O(t - |D|¥) variables,
O(|L| +t - |D|*) constraints and can be computed in time O(|L| + qt - |D|¥log |D|). Moreover,
pTP(L) has size O(|L||D[¥).

Proof. This is a direct consequence of applying Lemma 4.3 and Lemma 4.4 to each query
in Queries,,(L). Concerning the size of p7P(L), it comes from the fact that each weight
construct has been replaced by at most one variables resulting in a program of size at most
|L| and then we add O(t|D|*) = O(|L||D|*) soundness constraints. []

Theorem 4.6 together with Theorem 4.5 implies that the data complexity of computing
the optimal value of a linear program L € LP,;,s(CQy) having only quantifier free queries is
below O(|D|“hw(L)) with ¢ < 2.37286 which improves the complexity stated in Theorem 3.3.

We observe however that the factorized interpretation may be small in practice than
the worst-case theoretical bound given by the fractional hypertree width of L. Indeed, the
number of variables in the factorized interpretation is the sum of the sizes of [[Q]]Dl B(u) for

each u. In particular, each one of them contains less elements than [Q]P. Hence, even when
[[Q]]D is small with respect to the worst case, the factorized interpretation will also be smaller
than the worst case.

We summarize this discussion in the following theorem, which mirrors Theorem 3.3:

Theorem 4.7. Given a relational signature X2, L € LP,,s(CQy;), a database D and op-
timal tree decompositions T of L of width fhtw(L), one can compute opt((L)P) in time
O(|L||D[Ew(L)) with £ < 2.37286.

4.3. Linear Programs with Existentially Quantified Conjunctive Queries. One
drawback of Theorem 4.5 is that it only works for a linear program L in LP.,s(CQsy)
containing only quantifier free conjunctive queries. This restriction can actually be lifted
since replacing existentially quantified queries of L with their quantifier free part yield a
linear program that has the same optimal value under the natural interpretation for any
database ID. We formalize this approach and prove its correctness in this section.

Given a quantified conjunctive query Q' = Jy.Q with Q a quantifier free conjunctive
query, we denote by ¢f (Q’) the conjunctive query Q A y=y. Clearly, for any database D,
the answer set [Q]P is the same as [¢f (Q")]” and ¢f (Q’) and @ have the same hypertree
decompositions and hence the same width. However, in the following, we will need to be able
to syntactically distinguish two queries having the same quantifier free part but different
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quantifier prefix and ¢f (Q') allows us to do so. Indeed,qf (Q’) is syntactically different from
Q" = Jy’.Q for different y and y’.

We lift the definition of ¢f (@) to a linear program in L € LP.,;(CQy): we denote by
qf (L) the LP.,s(CQy) language obtained by replacing every expression weight, - .(Q’) in
L by weight, - .(qf (Q")). It is clear that ¢f (L) now only contains quantifier free conjunctive
query.

Example. We adapt the example from Section 3.1 by considering the conjunctive query
Q' = Jy.R1(z) A Ra(y) and the following program L' € LP.,s(CQx):

maximize weighty(Q’)
subject to weight_-,(Q') <1
A weight,(Q) < 1

Over the database given in Section 3.1, we have (L')?:

maximize 90 + GQ/
subject to 90
A HQ, < 1

It has optimal value 2.
On the other hand, we have ¢f (Q") = Ri1(z) A Ra(y) A y=y and ¢f (L) is

maximize weight(qf(Q’))

subject to weight,_,(¢f(Q’)) <
A weight, - (¢f (Q)) <

which is clearly equivalent from the linear program L from Section 3.1 which itself has
optimal value 2 when interpreted on the database given in the same section.

Soundness of quantifier elimination. It turns out that it is equivalent to L in the
following sense:

Proposition 4.8. For every L € LP.,s(CQy,) and D on signature ¥, we have

opt({af (L))P) = opt({L)").
Proof. By Proposition 3.4, it is sufficient to show

opt({repl” (¢f (L)))") = opt({repl” (L))?).

We start by observing that W¢ (L) is in one to one correspondence with W ¢y (qf (L))
by definition since we replaced every occurrence of @ in L by ¢f(Q) in ¢f (L). Moreover
observe that if @ and @’ are distinct queries of Queries, (L), then ¢f (Q) and ¢f (Q’) are also
distinct. Indeed, either ) and @’ have distinct quantifier free part and it is obvious, or they
have distinct quantifier prefix y and y’ respectively, in which case ¢f (Q) and ¢f (Q’) will be
distinct since ¢f (@) contains y=y and ¢f (Q’) contains y’'=y’.

Hence, exploiting this one to one correspondence, for

L = maximize S subject to C

with some linear sum S € LS ,s(CQy) and some linear constraint C' € LC y,s(CQy), we
can see (repl” (qf (L)))? as:
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maximize (S)” subject to (C)” A /\ (W) = MP(W)
WeW (L)

where MP maps weight expressions of L to a sum expression. In other words, one can
see that (repl”(qf (L)) as I°(L) where I = (M, true) is the alternate interpretation in the
sense given in Section 3.4 defined as follows: for a weight expression W = weight, - .(Q")
where ' = Jy.Q and Q is quantifier free, MB(W) is defined over variables

Xo = {x& lae[QI}

by the following sum expression:

> X
aclQ]”
a(x)=c
By Proposition 3.5, it is thus sufficient to show that for a set W of weight expressions
over a conjunctive query @' = Jy.Q with Q a quantifier free conjunctive query, we have
113, (W)]]|V = [[(wc”(W))D]]|V. We let V' be the free variables of @'

So let w € [[Ig,(W)ﬂ. It maps variables x¢) to a positive real number, where « is in

[Q]P. For B € [Q']", we define w’(ﬁg,) = g[[Q]]%: ﬂw(x%,). For a weight constraint W,
o CM‘V:

we set w'(v(W)) = w(v(W)). Clearly, w and w’ coincide on v variables. It remains to show

that w' € [{we”(W))P], that is, for a weight expression W € W of the form weight, - .(Q’),

w (v(W)) = w'((W)HP), that is:

w' (W)= Y w'(6g)).

BelQ'TP

a(x)=c

By definition of w’, the right-hand side of this equation rewrites to:

Z ZZ wixg)

pelQ]” BelQ]” aclQ]”
a(x)=c B(x)=c ov=p
= Z w(xgy) since set(x) CV
ac[Q]”
a(x)=c

= w(W) since w € [[Ig,(W)]].

Hence, w’ € [{wc”(W))P].
For the other Way around, let w’ € [(we”(W))P]. For a € [Q]”, we let 3 = oy and
define w(xgy) = (Gﬁ ), where Ng is the number of y € [Q]” such that v, = 3. For

every weight expressmn W e W, we let w(w(W)) :=w'(v(W)). Clearly w and w’ coincide
on v variables. Now, it remains to show that w € [I5,(W)] that is for a weight expression
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W € W of the form weight,-.(Q"), w(v(W)) = w(MéD(W)) By definition, we have:

wMgW)) = Y wx)

T, 5

=D > n, W )

BE[Q']” a€[Q]I”

B(x):c a|11:B
= Z w’(@é,) by definition of Ng

BelQ'T”

B(x)=c
= w/'(v(W)) since w’ € [(we” (W))P]
= w(v(W)) by definition of w.

[

Recall that by definition, a hypertree decomposition 7 of width k of a linear program L
in LP.,s(CQy) consists of a collection of tree decompositions for the quantifier free part
of each query in Queries, (L) of width at most k. For @) € Queriesy (L), Tg is then also a
decomposition of ¢f (@) with width at most k. Hence, T is a hypertree decomposition of
qf (L) of width k. The fractional hypertree width of ¢f (L) is thus the same as the fractional
hypertree width of L. Hence, one can compute the optimal value of L in O(|D|*ftw(L))
with ¢ < 2.37286 in data complexity by computing the optimal value of the factorized
interpretation of ¢f (L) using Theorem 4.5 and Theorem 4.6, even when the program contains
existentially quantified conjunctive queries.

This is wrapped up in the following theorem which is an improvement over Theorem 3.3:

Theorem 4.9. Given a relational signature 3, L € LP,,s(CQy,), a tree decomposition T of
L of width k and a database D, there exists some £ < 2.37286 such that one can compute
opt((L)P) in time O((|L| + tq|D[¥)*) where t is the sum of the sizes of tree decompositions
in T and q the sum of the sizes of the conjunctive queries in Queries,, (L).

5. LINEAR PROGRAMS WITH OPEN WEIGHT EXPRESSIONS

While we have shown that LP.,s(CQy;) programs can be solved efficiently by exploiting tree
decompositions of the input conjunctive queries, it is not yet powerful enough to express
interesting linear program such as the one presented in Section 1.1. The missing feature
in LP.,s(CQy) for is their inability to quantify over values in the database to create new
constraints. This is especially useful in the example of Section 1.1. The last quantified
constraint states that the storing limit of every warehouse in the database will not be
exceeded in the solution of the linear program. This expressivity is enabled by the fact that
one can universally quantify over warehouses given the table store, which will be interpreted
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as generating one constraint for each. Moreover, observe that this constraint also draws a
numerical value num(l) from the database.

In this section, we introduce the language LP(CQy;) allowing to universally quantify
and sum over answers set of database queries. The syntax of the language is presented in
Figure 7. It includes definitions for linear sums, linear constraints and linear programs. The
semantics of programs in LP(CQy) will be given in Section 5.1 via a closure operation,
transforming an LP(CQy) into a program in LP,,s(CQx).

Domain expressions E € Ezp(CQy) n= xlc

Constant numbers N € Num(CQy;) r | num(E)

Linear sums S,S" e LS(CQyy) weight, .- (Q)

where set(x) C fo(Q) C set(z),
set(y) contains variables and constants
and set(y) N set(z) =0

ZX:Q S

NS|S+S|N
S<S|S=S"|CAC true
vx:Q.C

maximize S subject to C

where fu(S) = fo(C) = 0.

Linear constraints  C,C’" € LC(CQy,)

Linear programs L e LP(CQy)

Figure 7: Linear sum, constraints, and programs with open weight expressions over conjunc-
tive queries @, Q" € CQy,, with variables = € X, sequences of variables x € X*,
constants ¢ € C, and reals r € R.

Apart from the addition of an operator num(E) which will intuitively allow to get
numerical constants from the database, universal quantifiers and sums ranging over a
conjunctive query, the main difference with LP.,s(CQy,) programs is that non-constant
values are allowed in Weightzzxiy(Q) expressions. We will call such weight expression open
weight expressions, as opposed to closed weight expressions where y only contains constants.
Intuitively, variables in set(y) will be replaced by database constants in the closure of an
LP(CQy).

A valid LP(CQy;) program L does not have free variables, that is, every variable has to
be bound by one of the new operator: either a linear sum ZX:Q S or a universal quantifiers
Vx:Q).C. To formalize this notion, we give in Figure 8 the definition of the free variables of
an LP(CQsy,) program.

Observe in particular that for weight, - (Q), only variables in set(y) are considered
free since fu(Q) C set(z). The free variables of the conjunctive queries (and hence in
set(x) since set(x) C fv(Q)) are not considered free variables. In other words, variables
bounded through universal quantifiers and sums over conjunctive queries in LP(CQy,) will
not introduce constants in conjunctive queries appearing in weight expressions.* If one follows
Barendregt’s variable convention, it means that the variables appearing in the conjunctive
queries of L € LP(CQy;) may be considered disjoint from the variables used in the linear
program part.

AThis restriction was not present in the conference version of this paper [CCNR22] which may lead to
counter intuitive behaviors.
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fo(e) =10 fo(num(E)) = fo(E)
(Welghtzx v(Q)) = (fo(Q) Usset(y)) \ set(z) fo(3ox.0S) = fu(S) U fu(Q) \ set(x)
fo(NS) = ( ) U fo(S) fo(S < 8") = fu(S) U fu(S")
fo(S+8") = fu(S)U fo(S) fo(S=8") = fu(S) U fu(S")

fo(vx:Q. C) = fo(Q) U fo(C) \ {x} f(CAC) = f(C)U fu(C")
fv(maximize S subject to C) =) fo(true) =0

Figure 8: Free variables of expressions, constraints, and programs, where var(y) denotes
the elements of set(y) that are not constants.

5.1. Closure and semantics. We define the semantics of linear programs with open weight
expressions over a database ID by mapping it to a linear program with closed weight expression.
Intuitively, the queries in ZX:Q S and a universal quantifiers Vx:Q).C get interpreted over D
and it maps x to some possible values that passed into a context. The details are given in
Figure 9.
close(r)P =

close(num(d ))D"Y =d
close(num(z))?7 = numP®(v(x))

(

(

(
close(weight, - (Q))”7 = weight,, 5y (@)
close(S1 + 52)D7 = close(S1)P7 + close(Sg)D Y
close(NS)P = close(N)D Yclose(S)PY
01056(2 S) Z'y’e[[eztx(subs:y(Q))]]D dose(s)DﬁU’}/
close(Vx: Q )P =N\, E[[e:(:tx(subs:y(Q))]]D close(C)PANY
close(S1 < S2)P7 = close(S1)P < close(S9)P
close(C1 N CQ)D 7 = close(C1)P7 A close(Cy)P
close(true)?" = true

close(maximize S subject to C)P

— maximize close(S)P? subject to close(C)P?

Figure 9: Closure close(F)®7 of linear programs F with relational descriptors L € LP(CQy,)
to linear programs with set descriptors close(L)? € LP.,s(CQy;). Furthermore,
7 :Y — D a variable assignment with fo(F) CY C X, and 7 = 9}y set(x)- Recall
that subs is the substitution operator and exty is the extension operator as defined
in Section 2.2

The closure is defined in a somewhat classical way: one inductively evaluates a linear
program L over a database D and an environment v mapping free variables of L to values
in the domain. We illustrate this on by detailing the closure of (Vx:Q. C) over a database D
given an environment 7. The closure of ), - S and of weight,.,-, (Q) being very similar.

The closure of (Vx:Q. C') generates one set of constraint for each answer of @) over D
(over variables x). It intuitively means that for every answer of @), we want the constraints
of the closure of C to be satisfied. However, when evaluated the closure inductively, @) may
contain free variables. These variables must have a value set by 7. We start by mapping the
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variables of @) that are free to their value in the environment using subs;(Q), where 7 is
the restriction of v to the free variables of (). Indeed, it may be that v assigns a variable
x that appears in x. In this case, we consider that x is not bounded by ~ since it is not
free in (x : Q). For example, Vz : Q1.Vz : Q2.C has the same closure as Vz : Q1.Vy : Q2.C
since the value of v over x when computing the closure of Vx : (Q2.C' is not used in 7. To
summarize, the closure of (Vx:Q). C') over a database D in an environment ~ generates a set
of constraints close(C)P 7YY for every 4/ that is a solution of @ over variables x where each
variable of () that are not in x have been replaced by their value under v, which is formally
written as 7/ € [extx(subsz(Q))]P.

Observe that the closure is always well-defined due to the syntactic restrictions on linear
programs. Also observe that one needs to be able to interpret some database constants as
numerical values because of the num operation. Hence, one needs to use databases that can
contain real numbers. This is formalized in the following definition: a (relational) database
with real numbers is a tuple D = (X, dom(D), -®, num®) such that D = (X, dom(D),-P) is a
relational Y-structure and num® a partial function from dom(D) to R.

Since a linear programs L € LP(CQy) do not have free variables, the closure of L
indeed produces a linear program in LP,;,s(CQy), as stated below:

Proposition 5.1. For any linear programs L € LP(CQy,) with open weight expressions
and database with numerical values D = (X, D, [-]°, num®) such that D C C, the closure
close(L)P is a linear program in LPpus(CQy).

The natural interpretation (L)® of an LP(CQy) L over a database D is defined to be
the natural interpretation of its closure, that is, (L)P is defined to be (close(L)P)P.

Example. As an example, we reconsider the conjunctive query @ = R;(x) A Ra(y) from
Section 3.1. Assume we also have a unary relation S and a binary relation 7" in D with
SP = {0,1} and TP = {(0,0.4), (0,0.6), (1,0.3)}. We then consider the following LP(CQ )
program L:

maximize  weight, .. (Q)
subject to  V(2):5(2). weight(, y.,-.(Q) < 3_, .1, num(y)

To compute the closure over D of this program, we start by unfolding the universal quantifier.
Hence close(L)P! is equal to:

maximize  weight, ). ...(Q)
subject to close(weight(%y):ziz(Q))D“HO < close(}_y.1(0,y) num(y) )P0
A close(weight ., (Q))"* < close(S.1(q) mum(y))>=!

By evaluating the closure of the weights and sum we then have:

maximize  weight, ). ..(Q)
subject to weight,-,(Q) < close(num(y))P*?0¥=04 4 close(num(y))P#—0y—=0-6
A weight, -, (Q) < close(num(y))P=—1v=03
And finally:
maximize weight (z,y):true (Q)
subject to weight - ,(Q) < 0.4+ 0.6
A weight, - (Q) < 0.3
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5.2. Complexity of solving LP(CQy;) programs. In this section, we are interested in
the complexity of solving LP(CQy,) programs.

Hardness. Universal quantifiers make the complexity of solving programs in LP(CQy,)
much harder than for LP.,s(CQy,):

Theorem 5.2. The problem of computing (L)® for an LP(CQs) L and a database D with
real values given in the input is #P-hard.

Proof. Given a conjunctive query () on variables x, we define Lg to be the following
LP(CQy;) program:

maximize weight,. . (Q)
subject to  Vy:Q(y). weight, .. (Q) < 1.

We claim that given a database D, the optimal value of (L) is the size of [Q]”. Indeed,
close(L)” contains one constraint weight, -, (Q) < 1 for each a € [Q]P. Hence, it

is translated as a constraint ¢y < 1 in (L)P while the objective function is ZCMG[[Q]]D 05

X

Assigning every 0¢) yields a solution of (L) whose value is the size of [Q]”. Moreover, since

every constraint in (L)? is saturated, it is also optimal.
The problem of computing the size of [Q]® when both @ and D are given in the input
is #P-complete [PS13], hence, computing opt({L)®) is #P-hard. ]

Data complexity. When considering the input linear program size to be constant, that is,
in the data complexity model, it turns out that one can compute the optimal value of the
natural interpretation of an LP(CQy;) program L over D in time polynomial in the size of
the database D). To analyze the precise complexity of solving programs in LP(CQy;), we
start by defining a normal form for LP(CQy,) programs that will be helpful.

An atomic linear constraint is a linear constraint of the form Vx:Q. S < 5/, Vx:Q. S = 5/,
S <S8 or S =S5 where S and S’ are linear sums. We insist on the fact that an atomic
linear constraint has at most one conjunctive query on which the universal quantifier applies.
An atomic linear sum is a linear sum of the form N, N 3°, o 1, >, o weight, .- (Q) or
N>, o weight, - (Q) with N a constant number (of the form r € R or num(E)).

A linear sum is said to be in normal form if it is written as a sum of atomic linear
sum. A linear constraint is in normal form if it is written as a conjunction of atomic linear
constraints on linear sum in normal form. Finally, an LP(CQy) is in normal form if its
objective is a linear sum in normal form and if its constraint is in normal form.

It turns out that every LP(CQ)y;) program can be written as an equivalent linear program
in normal form of polynomial size.

Theorem 5.3. Let L be an LP(CQy,). There exists a normal form LP(CQy,) L' such that
L' is of size at most |L|> and such that for every database D, close(L)® and close(L')P have
the same constraints (up to permutations).

Proof. We first assume that L is written using Barendregt’s variable convention [Bar12] to
avoid variables capture. First we observe that a linear constraint can always be written as a
conjunction of constraints of the form

Vx1 Q... VX Q. B
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where B is of the form S = 5" or S < 5’ (we consider that k = 0 corresponds to the case
without quantifier). It comes from the fact that the closure of Vx : Q.(Cy A C3) will generate
the same constraints as (Vx : Q.C1) A (Vx : Q.C2)). One can hence apply this transformation
until all constraints are of the desired form. The transformation applied to L results in an
LP(CQy,) Ly of size at most dy|L| where dy is the depth of universal quantifiers of L, that is,
the maximal number of universal quantifiers that are enclosed in one another. Indeed, one
can see that L; will contain a conjunction of constraints of the form vVxy : Q1...Vxy : Qr.B
where B is of the form S = S" or S < §" and appears in L enclosed in several quantifiers
VXl . Ql, e ,VXk . Qk
Similarly, one can rewrite each linear sum S as a sum of expressions of the form

ZZB

x1:Q1 xk:Qk

where B is of the form N, weight, .- (Q) or Nweight,.,- (Q) (again, the case k = 0
corresponds to the case without ) ). Indeed, we proceed similarly by observing that the
closure of (37, o(S1 + S2)) produces the same terms as (3_,.o S1) + (X_x.o S2). Like above,
the transformation applied to L results in an LP(CQsy,) Lo of size at most ds|L1| < dsdy|L|
where dy is the maximal number of enclosed ) expressions of L.

It remains to observe that a constraint of the form Vx; : Q1 ...Vxy : Qr.B where B is
of the form S = S’ or S < S’ can be rewritten as

V(x1,. oy Xg) s (Q1 A+ AQg).B.

This is only true when set(x1), ..., set(xy) are pairwise disjoint, which is ensured by the fact
that we adopted Barendregt’s variables convention. Indeed, we can always rename variables
that are bounded by a quantifier so that they have different names. We show it for the case
k = 2, the general case being a straightforward induction from there.

Let D be a database and let

e FF=Vx1:Q1VXx2: (2.8 and
o I'=VY(x1,%x2): (Q1 A Q2).B,

By definition, for o mapping every free variables of E and F' (they have the same free
variables by definition), we have:

close(E)P = /\ /\ close(B)P-a-n\z
1 E[QIIP v2E€subsy, ([Q3])

close(F)P = /\ close(B)PaY7
7€[QIAQY]P

where Q) = exly, (subsa(Q1)) and QY = extx,(subsa(Q2))
Hence, the proof follows from the fact that [Q] A Q5]P are the same as the set of v such

that:

® Viset(x1) — V1 is in [[Qll]]]]])’

® Vset(xo) = Y2 is such that 41 U~z is in [Q4]P

which is clear from the definition of conjunctive queries and the fact that set(x;) N set(x2).
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Similarly, the closure of linear sums of the form >, .o -3, o S will generate the

same terms as
> S.
(X150%p): (QLAAQp)
The size of L' is then at most dsdy|L| < |L|>.
[

Linear programs in LP(CQ@sy) in normal form allows us to upper bound the size of
the closure more precisely. For an LP(CQy,) L in normal form, we denote by Queriesy(L)
the set of conjunctive query ) that appear in L in an expression of the form Vx : () and
by Queriesy; (L) the set of conjunctive query @ that appear in L in an expression of the
form ZX:Q. As for LP,,s(CQy;), we let Queriesy (L) be the set of conjunctive query Q
that appear in L in an expression of the form weight,....(Q). We let AGMy(L) to be
MaxXgeQueries, (£) AGM(Q) and similarly, AGMyx (L) is maxequeriesy; (1) AGM(Q) and AGM,, (L)
is mMaxXgeQueriesy (L) AGM(Q).

Observe that, given a database D, an atomic linear constraint of the form Vx:Q. B will
generate at most [D|ACM(Q) constraints in the closure close(L)P. Similarly, an atomic linear
sum of the form o B will generate at most IDACM(Q) terms in close(L)P. Hence, we
have the following:

Proposition 5.4. Let L be an LP(CQy) in normal form and D be a database. close(L)P
has at most |L| - [D|AMY(E) constraints, of size at most |L| - |D|ACM=(L) " In particular, (L)®
has at most |L| - |D|ASMY(L) constraints, |L| - |D|ASM(E) wariables and can be computed in
time O(|L| - |D|ACM=(L)+HACMY(L)FACMW(L)) - Hence, there emists £ < 2.37286 such that one
can compute opt((L)?) in time O(|L|* - [D|{ACMs(L)+AGMy(L)+AGMw(L)))

Proposition 5.4 directly implies that LP(CQy) can be solved in polynomial time in the
data complexity.

Factorized interpretation of LP(C(Q)y;). One can get a better time complexity than the
one stated in Proposition 5.4 by exploiting the factorized interpretation presented in Section 4.
Indeed, one can directly lift Definition 4.2 of hypertree decomposition and fractional hypertree
width of LP.,s(CQy) to LP(CQy,). Now, observe that for every LP(CQy,) programs for
L and every database D, we have Queries,, (L) = Queries,(close(L)P). Hence we have the
following:

Lemma 5.5. Let L be an LP(CQy;) program and let T be a tree decomposition of L. Then
for every D, T is a tree decomposition of close(L)P.

Hence, let L be an LP(CQ ) in normal form and 7 a tree decomposition of L of width
k. Given a database D and an LP(CQ ;) L in normal form, one can compute L' = close(L)P
in time O(|L| - |D|ACMv(L)+AGMs(L)) " Then using Theorem 4.9, one can compute opt(L’) in
time O((|L'| + qt|D|*)*) where ¢ and t respectively denotes the sum of sizes of the queries
in Queries,, (L) and of the tree decompositions in 7. Hence, in the data complexity model,
there exists ¢ < 2.37286 such that one can compute opt({L)?) in time O(|D|*?) where
p = max(k, AGMy(L) + AGMyx(L))5.

5In the conference version of this paper [CCNR22], we were restricting LP(CQy) to only use queries
with one atom in Queriesy (L) and Queriess(L) to get a tractable fragment of LP(CQy). Our assumption
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While it is not clear to us how one could avoid unfolding every universal quantifiers
when constructing the factorized interpretation of an LP(CQ s ), we explain how one could
possibly get a complexity that sometimes may be smaller than [D|AM=(2) when computing
the closure of a linear expression. Observe that when computing the closure over a database
D of an expression of the form ZX:Q 1, it will evaluate to the size of [Q]P. Now, if Q
has fractional hypertree width k, one can reduce the data complexity of this task from
O(|D|ACM@)) to O(|D|*) using [PS13]. Similarly, when evaluating expression of the form
> g weighty. -, (Q'), we can first exploit a tree decomposition of Q' of width & to

compute [Q']” iset(y) Which will be of size at most ID|*. Now observe that the closure
of ° ..o weight,.,-,(Q") over D will be of the form ZQGHQ’HD\set(y) K, - weighty ) (Q")

where K, is the number of v € [Q]” such that v(z) = a(y). Again, if Q has bounded
fractional hypertree width &, one can compute K, efficiently since the condition v(z) = a(y)
corresponds into some condition of the values of that some variables in x have to take. Hence,
since computing the list of possible o being doable in time O(|D|*') and since computing
K, for each o can be done in time O(|D[¥), we can compute the closure in time O(|D|***")
if we have the relevant tree decomposition.

5.3. Case study. The practical performances of our idea heavily depends on how linear
solvers perform on factorized interpretation. We compared the performances of GLPK on
both the natural interpretation and the factorized interpretation of the resource delivery
problem from Section 1.1 using some synthetic data.

For each run we fixed an input size m as well as a domain D of size n = f(m). We then
generated each input table of arity & by uniformly sampling m tuples from the n* possible
tuples on D. The value of k was defined so that the ratio of selected tuples % was constant
throughout the runs. We used Python and the Pulp library to build the linear programs as
well as a hard-coded tree-decomposition of the dlr query (see Section 1.1). The tests were
run on an office laptop by progressively increasing the size of the generated input tables. A
summary of our experiments is displayed on Figure 10.
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Figure 10: Number of variables and performances of GLPK for natural (blue) and factorized
(red) interpretation of the resource delivery problem with respect to table size.

allowed us to born the size of the closure, which is now implicitly done by observing that in this case,
AGMy (L) + AGMsx (L) < 2. This new formulation allows us to be more precise and provides better bounds.
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Interestingly, in this example, the theoretical guarantees given by the factorized inter-
pretation should not be much better than the theoretical guarantees given by the natural
interpretation. Indeed, recall that the query considered in this example is the following one:

dir(f,w,b,0) = 3q.3q2.3c3ca. prod(f,o,q) A order(b,o,q2) A route(f,w,c) A route(w, b, c2)

Observe that the existentially quantified variables functionally depends on the free variables
of dlr. For example, in the table prod, q represents the quantity of objects o that factory
f can produce, ¢ is hence functionally dependent on f, 0. Hence, the AGM bound for dir
implies that for every database I, [dlr]P is of size at most |D|?>. Now, observe that the
fractional hypertree width of dir is also 2. Hence, both the factorized interpretation and
the natural interpretation may have up to O(|D|?) variables. Observe however, that, in
the light of Lemma 2.4, the number of variables in the factorized interpretation will never
exceed the number of variables in the natural interpretation multiply by a factor depending
only on the size of the tree decomposition. But, even if the decomposition has width 2, the
factorized interpretation may still be smaller in practice than the natural interpretation
and that is what our experiments show. The decomposition we used for the experiments
consist in a normalized version of the tree decomposition having two connected vertices
uy, ug with B(u1) = {f,0,q,w,b,co} and B(uz) = {b,0,q2, f, w, c}. Hence, the variables in
the factorized interpretation will be the projection of [dir]® over B(u;) and B(uz). It turns
out that in the syntactical data we have experimented on, these projections are much smaller
than the total size of [dir]®, leading to a factorized interpretation that is more succinct
than the natural one.

As expected when comparing both linear programs we observed a larger number of
constraints (due to the soundness constraints) in the factorized interpretation. We observe
that the factorized interpretation has less variables, as explained in the previous paragraph.
While building the natural interpretation quickly became slower than building the factorized
interpretation, we did not analyze this aspect further since we are not using a database engine
to build the natural interpretation and solve it directly from the tree decomposition, which
may not be the fastest method without further optimizations. Most interestingly solving
the factorized interpretation was faster than solving the natural interpretation in spite of
the increased number of constraints thanks to the decrease in the number of variables. In
particular for an instance with an input size of 2000 lines per table, the natural interpretation
had roughly 1.5 million variables while the factorized interpretation had only roughly 150000.
The solving time was also noticeably improved at 22s for the factorized case against 106s for
the natural one.

6. WEIGHTINGS ON TREE DECOMPOSITIONS

This section is dedicated to the proof of Theorem 4.5 stating the soundness of the factorized
interpretation. The soundness of the factorized interpretation boils down to a purely algebraic
result concerning conjunctive queries that we now explain. Let () be a conjunctive query,
D a database, T' = (V, &, B) a tree decomposition of Q. We are interested in weightings
of [Q]P, that is, mappings w: [Q]® — R*. Such a mapping naturally defines a mapping
mr(w) from {a,) | a € [Q]”,u € V} to RT as follows: for # = ap(,) for some u € V, we
define the projection of w on T" as follows: mr(w)(8) = >_,cop- 5 =B w(7y). That is, the
weight of § is obtained by summing the weight of every answer of ) compatible with 5.
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We show in Section 6.1 that the soundness of the factorized interpretation boils down to
inverting this projection. Namely, if we are given a weighting W of {ap(,) | o € [Q]®, u € V},
can we construct a weighting IT1(W) of [Q]P such that 77 (II(W)) = W? While this is not
always possible, we show in Section 6.2 that it is always possible as long as W is sound, a
property that roughly says that W (8) and W (~) could not be independent if 5 and v are
compatible tuples (that is, they assign the same value to their common variables). The proof
structure is as follows: Proposition 6.6 established that 77 (w) is sound. Then Theorem 6.13
explains the constructions of II(W) from a sound W. The proof of this theorem relies on a
good understanding on how projections of the form [Q]” B(u) A€ related to one another,
which is done via several intermediate lemmas presented in Section 6.2.

6.1. Factorized interpretation and weightings. By Proposition 3.5, to prove Theo-
rem 4.5, it is sufficient to show that for every quantifier free conjunctive query ) with tree
decomposition T'= (V, &, B) and for any set W over weight expressions over @), we have
[[PT’D(W)]]MW) = [[<WCV(W)>D]]|V(W)-

In other words, we have to prove the following;:

Lemma 6.1. e Given wy € [{wc”(W))P], there exists wy € [pTP(W)] such that for every
W e W, wi(v(W)) = wy(v(W)).

e Given wy € [pTP(W)], there exists wy € [(wc”(W))P] such that for every W € W,
w1 (v(W)) = wa(v(W)).

Now recall that (we”(W))P is a set of equality constraints of the form:

v(weight, . (Q)= > 05
ac[Q]”
a(x)=c
In other words, wy € [(wc’(W))P] is a function that maps every 0¢ to a value in R*

and maps v(weight,-.(Q)) to > w2(03). We thus have a one-to-one correspondence
ac[Q]”

a(x)=c
between [(we”(W))P] and weightings of [Q]P by associating ws € [(we”(W))P] to the
weighting w of [Q]® such that for every a € [Q]P, w(a) := wa(03)-
Similarly, recall that p7P(W) is a set of equality constraints of the form:

v(weight, - (Q)) = 5g,u

and a conjunction of local soundness constraints, for every edge e = (u,v) € £ of T and
v e [[Q]]Dl Bu)nB(v): W€ define the equality constraint Eff’D(Q) as follows:

8 - /
Z ngu_ Z §Q7v'
BElQI () B'elQ1” (v
Y=B\5(u) 7=B"|B(v)

Hence, one can naturally associate [p7"®(W)] to a family of weightings (W, ),e)y where
W, is a weighting of [[Q]]Dug(u)' We do so by associating w; € [p7®(W)] to the family of

weightings W, such that for every 8 € [[Q]]D|B(u), Wu(B) = w1 (§gu)
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Observe however that every family of (W,),cy cannot always be mapped back to
[p7P(W)] since it may not satisfy the local soundness constraints. One needs also (W, )yuey
to be sound, that is, for every edge (u,v) € £ and v € HQ]]DWU)OB(W), we have:

Yo W)= Y W)
6EHQHD‘B(U) B,EHQ]]D\B(U)
Y=B)8(w) 7=B8"|8(v)

Observe that, when interchanging §g7u and W, (B) in the equality, it exactly corresponds
to the local soundness constraints of () over ID. Hence, we have a one-to-one correspondence
between [p7"P(W)] and sound family of weightings (W, )uey-

Hence, proving Lemma 6.1 boils down to the following. For a query @, a set of weight
expressions W, a tree decomposition of T'= (V, &, B) of @ compatible with W, we have:

e Given a weighting w of [Q]P, there exists a sound family of weightings (W,,),cy such that
for every weight, -.(Q) € W, we have:

Wu(lx/e) = ) wla),
ae[Q]”
a(x)=c
where u is the vertex of T closest to the root such that B(u) = set(x).
e Given a sound family of weightings (W, )ucy, there exists a weighting w of [Q]® such that
for every weight, -.(Q) € W, we have:

Y wla) =Wau(lx/c)),
a€[Q]”
a(x)=c
where u is the vertex of T' closest to the root such that B(u) = set(x).

The existence of such weightings will be proven in Theorem 6.13. Proving the first item
is actually relatively straightforward as it is sufficient to define Wy, ([x/c]) as > w(«)
aelQ]”

a(x)=c
and prove that it yields a sound weighting. The second item requires a bottom up inductive
construction from 7. Section 6.2 is dedicated to proving this correspondence between
weightings.

6.2. Constructing Weightings. To make notations lighter, we fix in this section a relation
AC DX ={a|a:X — D} on a finite set of variables X. In this work, A can be thought
as the answer set of a conjunctive query @ with fv(Q) = X on database with domain D
but the results presented in this section could apply to any relation that is conjunctive with
respect to a tree decomposition (see Definition 6.7 for more details).

We also fix T'= (V, £, B) a decomposition tree for X and define a few useful notations.
Given two nodes u,v € V we denote the intersection of their bags by B*Y = B(u) N B(v). We
denote by lu the set of vertices v such that v is in the subtree rooted in w (u included) and
by Tu the set of vertices containing v and every vertex v not in Ju. We extend the notation:
B(lu) (resp. B(Tu)) is the union of B(v) for v in |u (resp. Tu).
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6.2.1. Projections and FExtensions. We start by introducing a few notations to formally
restrict relations and manipulate weightings on relations that will be necessary to write
down the proofs. Let X’ C X C X. For any o/ : X’ — D we define the set of its extensions
into A by:
Al ={a € A |ax =}
For a weighting w of A and subset of variables X’ C X, the projection of w on X’
denoted as mx/(w) : A x» = R* is defined for all o’ € Ay as:

mx()(e)= > w().
acAla/]
We make a few useful observations on how extensions and projections interact with one
another. Formal proofs of these statements may be found in the appendix.
Lemma 6.2. For any two a1, a3 € Ajxs, if a1 # az then Alag] N Alag] = 0.
X . _
Lemma 6.3. For AC D, X" CX'C X, o" € Axn: Ald"] = L*'Ja’eA‘X/[a"] Ald/].

Lemma 6.4. For A€ DX, w: AR, X" C X' C X: mxn(w) = mxr(mx(w)).

6.2.2. Weighting Collections.

Definition 6.5. A family = (€,), ey is a weighting collection on T for A if it satisfies
the following conditions for any two nodes u,v € V:

- Q, is a weighting of Az ie., Q,: Ay — RT.

-, is sound for T at {u,v}: ie., Tpuw () = TRuv ().

Intuitively, the soundness of a weighting collection on 7" is a minimal requirement for
the existence of a weighting w of A such that €, is the projection of w on the bag B(u) of
T, that is Q, = mp(,)(w) since we have the following:

Proposition 6.6. For any weighting w : A — R, the family (mB(w) (W))vey is a weighting
collection on T for A.

Proof. For any u € V let W, = mpg(,)(w). The first condition on weighting projections holds
trivially so we only have to show that the soundness constraint holds. By definition of W,,,
mgue (W) = Tpw (mp(u)(w)). Observe that B* C B(u) so by Lemma 6.4 75u0 (W,,) = mgue (w).
Similarly mguw (W,) = mgue (w). []

What is more interesting is the other way around. For any weighting w : A — R™ with
A C DX and decomposition tree T = (V, &, B) of X, let:

HT(w) = (WB(U) (W))uev

So the question is then given = (Q,),cy a weighting collection on T" whether we can find
a weighting w of A such that Q = IIp(w). It turns out that soundness is not enough to
ensure the existence of such a weighting.
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6.2.3. Conjunctive Decompositions. However it becomes possible when A is conjunctively
decomposed, as we define next. For this, given a decomposition tree T'= (V, &, B) and a
subsets V' C V we define B(V) = |,y B( )

Definition 6.7. Let T'= (V, &, B) be a decomposition tree of X C X'. We call a subset of
variable assignments A C DX conjunctively decomposed by T if for all w € V and B € AiB(u):

{arUag | an € A Bl a2 € Ajpu)[B]} C AlS]
Note that the inverse inclusion does hold in general in any case.

Proposition 6.8. For any tree decomposition T of a quantifier free conjunctive query
Q € CQy, and database D € dbx,, the answer set [Q]” is conjunctively decomposed by T.

Proof. Let u be a node of T. Let R(x) be an atom of @) such that x € B(u). Then we
either have x C B({u) or x C B(1u). Indeed, by definition, there exists v in T" such that
x C B(v). Since it is not u, v is either in B({u) or B(Tu) and the result follows. Hence @
can be written as a conjunction Q1 A Q2 where the variables of @1 are included in B(Ju)
and the variables of @3 are included in B(fu) by defining () as the set of atom R(x) of @
such that x C B(lu) and Q2 to be the other atoms (observe that if x C B(u), R(x) will
appear in )1 by definition).

Moreover, recall that B(u) = B(lu) N B(Tu) by the connectedness of tree decompositions.
Let 5 € [[Q]]D|B(u)and let a; € [[Q]]DIB(W) (8] and a9 € [[QHDIB(TU) [B]. We have to show that
a = a;Uay € [Q]P[B]. Clearly, ) = B by construction. It remains to show that
a € [Q]P. To do so, it is sufficient to observe that oy € [Q1]” and ayg € [Q2] which is true
since o (and symmetrically as) is a projection of some o € [Q]® to B({u) and that the

variables of Q; are included in B(lu). It shows that [Q]P is conjunctively decomposed by T
[]

Proposition 6.8 does not hold when @ is not quantifier free. It is the reason why this
technique only works when every query in the linear program are quantifier free.

Conjunctive decomposition is necessary to get clean relations between the projections of
the form Az, for a vertex u and projections of A p(,) for v a child of u. We express these
relations depending on the type of u in Lemma 6.9, 6.10, 6.11 and 6.12. These relations will
be necessary to prove the correctness of our construction.

Lemma 6.9 (Extend nodes). Let T be a decomposition tree of X, u an extend node of T
with child v, and A C DX a subset of variable assignments. If A is conjunctively decomposed
by T' then any assignment 3 € Ajp(,) satisfies:

A BliBe) = A0 [BB(w)]

Proof. For the inclusion from the left to the right let o € Aj(1.)[8]|8(1w)- Since a € Ajp(y)
and Q|B(w) = ﬁ|3(v) it follows that o € A|B(¢v) [B|B(U)]

For the inclusion from the right to the left let o € A|B(¢v) [5\8(1})]~ Let v € A\B(Tv) [8] be
arbitrary and 7 =y U a.

Note that (T|B(¢u))|6(¢v) a, so it is sufficient to show 751,y € A5, 018l

Since u is an extend node with child v it follows that B(tu) = B(1v), and thus
v € AjpvylB]- By conjunctive decomposition of A by T" it follows that 7 € A[3]. Hence,
TB(w) € AB(Lw (6] as required. ]



LINEAR PROGRAMS WITH CONJUNCTIVE QUERIES 39

Lemma 6.10 (Join nodes). Let T' be a decomposition tree of X, u a join node of T with
children vq,...,v, where k > 1, and A C DX a subset of variable assignments. If A is
conjunctively decomposed by T' then any B € A|p(,) salisfies:

A [B] = Ao [B] 0 > A1, [6]

Proof. The inclusion from the left to the right is obvious by projecting an element of
A|B(¢u) [,8} to B(Jvy) ... B(J,Uk)

For the inclusion from the right to the left let a1 € A [B];- - - ar € Ao, 6]. We
show by induction that Vp € [1,k], 7, = a1 > ... > oy € Ay, [6] where Y, = Uj_; B(Jvi).
Base case: p = 1: Obvious.

Inductive case:: Recall that by induction 7, € A}y, [3] and observe that Y}, C B(Tvp11) so
there exists v € B(tvp41)[8] such that vy, = 7.
By conjunctive decomposition on vpy1, @ = v < apy1 € A. Finally we have

Oypr = (V41 1y, B () = MYe P4 Wt iB(a,.y) = Tp D Qptl = Tp+l SO
Tp+1 € Ay, Thus 741 € Y, (8] because To+1|Bu) = 8

[

Lemma 6.11. Let T be a decomposition tree of X and u a join of T with children vy, ..., vg.
If A C DX is conjunctively decomposed by T then for any o € AB(lvy) and B = ap(y) -

Auwlal = {a} > A1) 8] 2. .. > Ay, 8]

Proof. Clearly Ajpula] = {7 € ApquwlBl | 18yw) = o} since 8 = a(,). Thus by
Lemma 6.10, A|B(¢u)[a] = {7‘ S A|B(¢v1)[ﬁ] X ... X A\B(ivk)[/B] | TB(u) = a} = {a} >
AlB(2) [B] 2. > Ay [B]- a

Lemma 6.12 (Extend node). Let v be the child of an extend node u. It the holds for all
a € A|B(J,v) with B = Q|B(v) that:

Al= | Alug]

B'€A|Bw) ]

Proof. For the inclusion from the left to the right, let 7 € Ala] and ' = T|B(u)- Observe

that 8" € Ay [B]. Moreover B(lu) = B(lv) U B(u) so g = aU B so 7 € AlaU f'].
For the inclusion from the right to the left, let 7 € Lﬂﬁ’EA\B@) 151 AlaU B']. By definition

7€ A and T)g(j,) = a so T € Ala]. ]

6.2.4. Correspondence Theorem. We can now establish the correspondence.

Theorem 6.13 (Correspondence). Let T'= (V, &, B) be a normalized decomposition tree of
X C X and A C DX be a set of variable assignments that is conjunctively decomposed by T .

e For every weighting w of A, Ilp(w) is a weighting collection on T for A.
e For any weighting collection 2 on T for A there exists a weighting w of A such that
Q =TIlr(w).
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Proof. The first property was shown in Proposition 6.6. So it remains to prove the second
property. Let Q = (Q,)ucy be a weighting collection on T for A C DX. We start with the
construction of w from (£2,),ey. For this we inductively construct for any node u € V, a
weighting wy, + Ajgu) — R*, always assuming that w, is defined for all children u’ of w.
For any a € Ajp(y,) and 8 = () we define w, () as follows:

Case u is a leaf of T.: We define w, (o) = Qy,(a).

Case u is an extend node of 7' with a single child v.: We define:

w (a) _ %wv(aw(w)) if Qv(a|3(v)) >0
“ 0 otherwise

Case u is a project node of 7' with a single child v.: We define w,(a) = wy(5(j2))-
Case u is a join node of 7" with children v, ..., v;.: Then we define:

iy wv (@0))
o) = | Do) it(5) >0
0 otherwise
Finally, we define w = w;, where r is the root of T". The proof that Vu : Q, = 7p(,)(w) is done
via two inductions. The first one is a bottom-up induction to prove that 2, = mg(,)(wy)

for every node w in the tree decomposition, see Lemma 6.14 below. Then, by top-down
induction, one can prove that w, = mg(},)(w;). See Lemma 6.15 below. Thus:

Qu = () (Wu) = TB) (TB(w) (Wr)) = TB@) (Wr) = Ta) (W)
In other words, 2 = Il (w) as stated by the proposition. ]
Lemma 6.14. For all u € V: Q, = 7, (wy)-

Proof. We show by bottom-up induction on the nodes of T" that for all u € V and 8 € Ap(y),
The base case is clearly true by the definition of w, when u is a leaf.

Case 1: u is an extend node with v its only child.
Let 8 € A|B(u) and ﬂ/ = B|B(v)
Case 1.1: Q,(8') =0.
By definition Vo € A|g(yu) 6], wu(a) = 0.
Recall that by soundness ZB”EA\B(U)[B’} Q.(8") = Q,(8") = 0. Observe that

B € Apw)[B'] so Qu(8) =0 = ZaeA‘B(w) 18] wy ().
Case 1.2: Q,(8') > 0.

ZaeAwuu) E wy(a)

Qu "
= ZaeAlB(w)[g] 790((56/))60@(01%(@)) by definition
Qu (B

= (@) 2eacA s 8 o (AUB()

O Qu(B) , conj. decomp. Lemma 6.9
T Q) ZQ’GAIBM)W} wy(@) for extend nodes
Q:((g,)) 0,(8") by induction

Q
2(8)
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Case 2: u is a project node with only child v.

ZQEA\B(W)W wa(a)

ZQGA\BM) 5] Wu () by definition
ZB,GA\B(U)[B] ZaleAlB(Lu)[ﬁ/] wv(a) by Lemma 6.4 and B(U) g B(\LU)
2 BreA A Q.(8) by induction and B(lu) = B(lv)
Q.(8) by soundness at (u,v)
Case 3: u is a join node with children vy, ..., vg.
Let g € A|B(u)
Case 3.1:
Wu(8) = 0.

By definition Voo € A1 [8], wu(a) = 0.
Case 3.2: Q,(8) > 0.

ZaeA\s(w) (6] “u (@) X
[Tz wo; (B(10;))

= ZaeA‘B(w) (8] Qu(B)F1 by definition

. S 1%, wv,(a;)  conj. decomp. Lemma 6.10

T €A 8l ak€AB() (Bl Qu(B)FT for join nodes

B I, ZaieAls(wi)[a] wy, (o)

- x Qu(ﬁ)k71

= 71_[6:2 ;Z"_(lﬂ ) by induction

= QQ‘(‘ﬁ(@: by soundness at (u,v;)
Qu(B)

Lemma 6.15. For all u € V: wy, = 7y (Wr)-

Proof. We show by top-down induction on the nodes of T' that for all v € V and o € Ajg(.),

ZTEA[&] wr(T) = wy().
The base case is clearly true when v is the root r of T'.
In the following we consider a given o € Ajp(j,). and we let 8 = oz,

Case 1: v is the only child of an extend node w.
By Lemma 6.12, 3 41 wr(T) = ZIBIGA\B(u) 18] 2oreajaug) wr(7). By induction this

is equal to ZIBIGA\B(u) 9] wu(a b B8).

Case 1.1: Q,(5) = 0.
By definition of w,, ZB’GA\B@)W} wu(aa ) = 0.
Observe that by Proposition 6.14, Za’GA\Buu) 15 wo (') = Qy(8) = 0. However
wy is non-negative so wy(ar) =0 =3 ¢ 414 wr(7)-

Case 1.2: Q,(8) > 0.
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Zﬁ'EA\B( (8] wala > ﬁ/)

Qu (s’ .
Eﬁ/eAIB w8l Qv((%)) wy (> f! )‘B iv)) by definition
_ Zoeapen P
B am @)
= w(a) by soundness at (u,v)

Case 2: v is the only child of a project node u.

Observe that B(Ju) = B(lv) because u is a project node so by induction:

Z wr(7T) = wy(a) = wy(a).

TEA[q]

Case 3: v is the child of a join node w.

Let vy,...,v, be the children of u, we assume wlog that v is v;.
By Lemma 6.4, >° ¢ 4jq) wr(7) = Za’eA‘B(iu)[a] > reaja wr(T).
By induction we obtain Za’GAm(w)[a] wy(a').

Case 3.1: Q,(8) =0.

By definition of wy, Y, €A (o] Wu (@@ N =
Recall that because u is a join node, €2 (ﬁ) Q,(B) = 0 so similarly to Case 1.2,
WU( ) =0= ZTEA[a] Wr (T)

Case 3.2: Q,(8) > 0.

o TTiy wo, (@ jB(10p)
By definition of wy, Za’eA‘B(w)[a} wy(a!) = Za’eAmuu)[a] 1Qu(,8)’“‘—81(i )2, More-

over by Lemma 6.11 we can split o/ into o X ag X -+ X ay, and the sum into

[Tis wv, (@ 1510y :
ZO@EA|B(,L'02)[5} T Zak€A|B(~LUk)[B] lﬂu(ﬁ)kfl . Observe that eaCh term 1n

the product only depends on «; (or « for i = 1) and that the denominator

only depends on the fixed 5 so we can rewrite the formula into the following
H']L‘C: za- "Jvi(ai) k

wy (@) - : Z;A‘(ggfﬁi[m which is equal to wy(a) - %

tion 6.14. Finally observe that by soundness, H?:Q 0, (B) = Qu(B)F L.

Thus >~ ¢ gfo) wr(7) = wo().

by Proposi-

7. APPLICATIONS

In this section, we provide two applications of our results for existing optimization problems
in different areas of computer science.

7.1. Minimizing Noise for e-Differential Privacy. The strategy of differential privacy is
to add noise to the relational data before publication. Roughly speaking, the general objective
of e-differential privacy [DR14] is to add as little noise as possible, without disclosing more
than an € amount of information. We illustrate this with the example of a set of hospitals
which publish medical studies aggregating results of tests on patients, which are to be kept
confidential. We consider the problem of how to compute the optimal amount of noise to
be added to each separate piece of sensitive information (in terms of total utility of the
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studies) while guaranteeing e-differential privacy. We show that this question can be solved
(approximately) by computing the optimal solution of a projecting program in LP(CQ )
with a single conjunctive query that is acyclic, i.e., of hypertree with 1. While the natural
interpretation yields a linear program with a quadratic number of variables in the size of
the database, the factorized interpretation requires only a linear number.

We consider a database D with signature ¥ = {H, Test, St, Priv, Sens} whose domain
provides patients, hospitals, studies, and positive real numbers. The relations of D are the
following;:

e (pat, hosp) € HP: the patient pat is in the hospital hosp.

(pat, st) € Test”: the patient pat participates in the study st.

(test, st) € StP: the test test is used in the study st.

(obj,e) € Priv®: the object obj is either a patient or a hospital. The positive real number
¢ indicates the privacy budget for obj.

(st,test,val) € Sens: the value (in terms of study results) of a patient participating in a
study and contributing a unit of information on their result on test test.

The following query defines the sensitive information that will be revealed to the
researchers performing the medical studies. It selects all pairs of patients pat and tests test,
such pat did the test which was then used by some study st.

InStudy(pat, test) = Ist. Test(pat,test) A St(test, st)

More precisely, the sensitive information is the answer set of this query over the database D.
We want to assign a weight to all the pairs in the answer set. The weight of a sensitive pair
states the amount of information that may be disclosed about the pair after the addition
of the noise. The needed amount of noise for the pair is then inversely proportional to the
amount of information that may be disclosed, i.e, the weight of the pair, which is also called
its privacy budget. The weight of a patient pat and a test test is specified by the weight
expression:
Weight (pat’ test’):test' =test Apat' =pat (InStU’dy (pa’t/) teSt/))

In an environment - for the global variables pat and test this weight expression is interpreted
as the linear program variable:

[pat! /~(pat) test! (test))
InStudy(pat’ test’)

The overall weight of all sensitive tests of the same patient pat is described by the weight
expression:
InStudy(pat’, test'))

In an environment v for the global variable pat this weight expression is interpreted as the
following sum of linear program variables:

Z 9[pat’/'y(pat),test//a(test’)]
InStudy(pat’ test’)

weight (pat’ test’):pat’ =pat (

a€solP (InStudy(pat’ test') Apat'=~(pat))

This sum may be represented more compactly in factorized interpretation avoiding the
enumeration of the answer set for the database D.

The LP(CQy) program for this example is given in Figure 11.

The linear privacy constraints that are to be satisfied are Cpyr and Cyogp. Constraint
Cpar states that for all patients pat with privacy requirement ¢, i.e., V(pat, ) : Priv(pat,¢),
the sum of all weights of all sensitive pairs (pat, test’) in InStudy must be bounded by e.
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Queries
InStudy(pat, test) = Ist. Test(pat,test) A St(st, test)

Constraints
Cpar = V(pat,e):Priv(pat, €).
weight .1 1es):pat/=pat (InStudy (pat’, test’)) < num(e)
Chiosp = V(hosp, €):Priv(hosp, ). 3= (pat):H(pat, hosp)
weight 411 1est):pat/=pat (INStudy (pat’, test’)) < num(e)

Program

maximize Z(st,test,val):Sens(st,test,val)
num (val) weight .y esp)iest=test (INStudy(pat’, test'))
subject to Cpyr A Crosp

Figure 11: An LPP™ (CQy) program for differential privacy when publishing medical
studies aggregating patient tests in hospitals.

This constraint is motivated by the composition rule of differential privacy (DP). Suppose
we have sensitive pairs p; = (pat;, test;). If p; is £;-DP for 1 < i < n, then {p1...pn} is
(22iz &)-DP.

Similarly, constraint Cegp states that for all hospitals hosp with privacy requirement
g, i.e., Y(hosp,e) : Priv(hosp,¢), the sum of all weights of all sensitive pairs (pat, test) in
InStudy where pat is a patient of hosp must be bounded by . Finally, the objective function
is to maximize the sum over all triples (st, test,val) in Sens of the weights of pairs (pat’, test)
in InStudy but multiplied with num(val), the utility of the information for the study.

This program is projecting, so it is a member of LP?™ (CQy,) . Furthermore, a hypertree
decomposition of width 1 is available. While the natural interpretation over a database
yields a linear program with a quadratic number of variables (in the size of the database),
the factorized interpretation yields a linear program with a linear number of variables.

Please note that the approach presented above is only approximate. For example,
summing over noise variance in the objective function would be more accurate but would
only lead to a convex program, which motivates us to extend beyond linear programs
in future work. Also, the composition rule for DP is only approximate, more advanced
composition rules have been studied but they are more complex and still approximate.

7.2. Computing the s-Measure for Graph Pattern Matching. A matching of a
subgraph pattern in a graph is a graph homomorphism from the pattern to the graph.
The s-measure of Wang et al. [WRF13] is used in data mining to measure the frequency
of matchings of subgraph patterns, while accounting for overlaps of different matchings.
The idea is to find a maximal weighting for the set of matchings, such that for any node
of the subgraph pattern, the set of matchings mapping it on the same graph node must
have an overall weight less than 1. This optimization problem can be expressed by a
projecting LP(CQ 5x) program over a database storing the graph. The conjunctive query of
this program expresses the matching of the subgraph pattern. The hypertree width of this
conjunctive query is bounded by the hypertree width of the subgraph pattern. Our factorized
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interpretation therefore reduces the size of the linear program for subgraph patterns with
small hypertree width.

The s-measure has been introduced by Wang et al. [WRF13] to evaluate the frequency
of matchings of a subgraph pattern in a larger graph. Here, we consider pattern matches as
graph homomorphism, but we could also restrict them to graph isomorphisms.

A naive way of evaluating this frequency is to use the number of pattern matches as the
frequency measure. Using this value as a frequency measure is problematic since different
pattern matches may overlap, and as such they share some kind of dependencies that is
relevant from a statistical point of view. More importantly, due to the overlaps, this measure
fails to be anti-monotone, meaning that a subpattern may be counter-intuitively matched
less frequently than the pattern itself. Therefore, the finding of better anti-monotonic
frequency measures — also known as support measures — has received a lot of attention in
the data mining community [BN08, CRVD11, FB07|. A first idea is to count the maximal
number of non-overlapping patterns [VGS02]. However, finding such a maximal subset of
patterns essentially boils down to finding a maximal independent set in a graph, a notorious
NP-complete problem [GJ79].

The s-measure is a relaxation of this idea where the frequency of pattern matches is
computed as the maximum of the sum of the weights that can be assigned to each pattern
match, under the constraint that for any node v of the graph and node v’ in the subgraph
pattern that the sum of the weights of the matchings mapping v’ to v is at most 1. More
formally, given two digraphs G = (V, Eg) and P = (Vp, Ep), we define a matching of
the pattern P in graph G as a graph homomorphism A : Vp — V. Recall that a graph
homomorphism requires for all (v,v’) € E, that (h(v), h(v')) € Eg. We denote by hom (P, G)
the set of matchings of P in G. The s-measure of P in G is then defines as the optimal
value of the following linear program with variables in {6, | h € hom(P, G)} for positive real
numbers:

maximize 3, cpom(pq) Oh
subject to Vv € Vo.Vv' € Vp. 3 hehom(p) O < 1
h(v")=v

We can consider each graph G as a database D) with signature 3 = {node, edge}, domain
D(D¢) = Vi and relations node® = Vg and edgeP = Eg. Since the names of the nodes
of the pattern do not care for pattern matching, we can assume without loss of generality
that Vp = {1,...,¢} for some ¢ € N. We can then define a matching of a pattern P by a
conjunctive query matchp(x1,...,xp):

matchp(xy,...,x0) = /\ edge(xz;, z;)
(ivj)EEP

It is clear that a € sol®(matchp(zy,. .., ) if and only if avo [1/x1,...,£0/x] is a pattern
matching in hom(P, Q). One can thus rewrite the previous linear program as LP(CQ )

program as follows:
maximize ). o0c(r) Weight,, matchp(xi,...,2y))

matchp(x1,...,x,)) < 1.

,xn):xlix(

subject to  V(z) : node(z): Ai_, weight,

I )T =T (

Moreover, the hypertree width of the conjunctive query matchp(zx1,...,xp) is at most
the (hyper)tree width of the pattern graph P. By our main Theorem 4.5, the factorized
interpretation yields a linear program with at most (|Vg| + |Eg])* variables, where k is
the (hyper)tree width of pattern P. The original linear program could have been of size
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L
(hyper)tree width k of the pattern is considerably smaller than the number ¢ of its nodes.

( Vel > which is bounded by |Vg|¢. So the factorized interpretation will pay off if the

8. CONCLUSION AND FUTURE WORK

In this paper we studied linear programs whose variables are the answers to conjunctive
queries. While in general it is possible to construct in this way large and hard to solve
programs, we defined a tractable fragment which can benefit from factorization. Our
experiments suggest the efficiency of factorized interpretation, in accordance with our
complexity results.

Several directions for future work exist. One direction is to explore how to better integrate
our approach into a database engine, in the way it is done by SolveDB for example. Also,
other optimization problems may benefit from this approach such as convex optimization
or integer linear programming. It would be interesting to define languages analogous to
LP(CQy) for these optimization problems and study how conjunctive query decompositions
could help to improve the efficiency.
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APPENDIX A. PROOFS OF SECTION 6.2

In this section, we provide missing proofs of some easy lemmas stated in Section 6.2.

A.l. Proof of Lemma 6.2. If a1 # az € Ajx/, then there exists 2/ € X' such that
ag(z’) # ag(a'), so if v1 € Ala] and vy € Alag] then 1 (2') = aq(2') # az(2’) = v (2').

A.2. Proof of Lemma 6.3. First note that the union on the right is disjoint by Lemma 6.2.
For the inclusion from the left to the right, let a € A[a”] and o/ = a|x/. By definition,
o € Ajxs so a € Ale]. Furthermore, o/ € Ajx/[a"] so o € Lﬂd’eA‘X/[a“] Ald].
For the inclusion from the right to the left, let o € Lﬂa'eAlxl[a”} Ala'] and let o/ € Ajx/[a]
be such that a € A[a/]. By definition, o|x» = o/ and o/|x» = o”. Since X" C X',
CMlX// = O/lX// = O{”. Thus a € A[Oé”}.

A.3. Proof of Lemma 6.4. Let o” € Ajx». We have:
mxr(w)(a") = Z w(a) by definition

= Z Z w(a) by Lemma 6.3

a’'€A x/[a"] acAld]

= Z mx(w)(a) by definition of 7x/(w)
a’'€A xr[a’]

= mxn(mx (w))(a”) by definition of mwx» (7w x:(w)).

The last equality is well defined since o’ € Ajx» = (4, X/)| o
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