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—— Abstract

Enumeration problems aim at outputting, without repetition, the set of solutions to a given problem
instance. However, outputting the entire solution set may be prohibitively expensive if it is too big.
In this case, outputting a small, sufficiently diverse subset of the solutions would be preferable. This
leads to the Diverse-version of the original enumeration problem, where the goal is to achieve a
certain level d of diversity by selecting k solutions. In this paper, we look at the Diverse-version of
the query answering problem for Conjunctive Queries and extensions thereof. That is, we study the
problem if it is possible to achieve a certain level d of diversity by selecting k answers to the given
query and, in the positive case, to actually compute such k answers.
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1 Introduction

The notion of solutions is ubiquitous in Computer Science and there are many ways of defining
computational problems to deal with them. Decision problems, for instance, may ask if the
set of solutions is non-empty or test for a given candidate if it indeed is a solution. Search
problems aim at finding a concrete solution and counting problems aim at determining the
number of solutions. In recent time, enumeration problems, which aim at outputting, without
repetition, the set of solutions to a given problem instance have gained a lot of interest, which
is, for instance, witnessed by two recent Dagstuhl seminars on this topic [8, 16]. Also in the
Database Theory community, enumeration problems have played a prominent role on the
research agenda recently, see e.g., [3, 24, 27]. Here, the natural problem to consider is query
answering with the answers to a given query constituting the “solutions” to this problem.
It is well known that even seemingly simple problems, such as answering an acyclic
Conjunctive Query, can have a huge number of solutions. Consequently, specific notions of
tractability were introduced right from the beginning of research on enumeration problems [22]
to separate the computational intricacy of a problem from the mere size of the solution
space. However, even with these refined notions of tractability, the usefulness of flooding
the user with tons of solutions (many of them possibly differing only minimally) may be
questionable. If the solution space gets too big, it would be more useful to provide an
overview by outputting a “meaningful” subset of the solutions. One way of pursuing this
goal is to randomly select solutions (also known as “sampling”) as was, for instance, done
in [4, 9]. In fact, research on sampling has a long tradition in the Database community [11] —
above all with the goal of supporting more accurate cardinality estimations [25, 26, 36].

© Timo Camillo Merkl, Reinhard Pichler, and Sebastian Skritek;
37 licensed under Creative Commons License CC-BY 4.0

26th International Conference on Database Theory (ICDT 2023).

Editors: Floris Geerts and Brecht Vandevoort; Article No. 10; pp. 10:1-10:19

\\v Leibniz International Proceedings in Informatics
LIPICS Schloss Dagstuhl — Leibniz-Zentrum fiir Informatik, Dagstuhl Publishing, Germany


mailto:timo.merkl@tuwien.ac.at
mailto:pichler@dbai.tuwien.ac.at
mailto:Sebastian.Skritek@tuwien.ac.at
https://doi.org/10.4230/LIPIcs.ICDT.2023.10
https://arxiv.org/abs/2301.08848
https://creativecommons.org/licenses/by/4.0/
https://www.dagstuhl.de/lipics/
https://www.dagstuhl.de

10:2

Diversity of Answers to Conjunctive Queries

A different approach to providing a “meaningful” subset of the solution space aims at
outputting a small diverse subset of the solutions. This approach has enjoyed considerable
popularity in the Artificial Intelligence community [5, 15, 29] — especially when dealing with
Constraint Satisfaction Problems (CSPs) [20, 21, 30]. For instance, consider a variation of
the car dealership example from [20]. Suppose that I models the preferences of a customer
and S(I) are all cars that match these restrictions. Now, in a large dealership, presenting
all cars in S(I) to the customer would be infeasible. Instead, it would be better to go
through a rather small list of cars that are significantly different from each other. With
this, the customer can point at those cars which the further discussion with the clerk should
concentrate on.

Due to the inherent hardness of achieving the maximal possible diversity [20], the Database
community — apart from limited exceptions [13] — focused on heuristic and approximation
methods to find diverse solutions (see [37] for an extensive survey). Also, in contrast to the
present work, there diversification is usually treated as a post-processing task that is applied
to a set of solutions after materializing it.

The goal of our work is therefore to broaden the understanding of the theoretical
boundaries of diverse query answering and develop complementary exact algorithms. More
specifically, we want to analyze diversity problems related to answering Conjunctive Queries
(CQs) and extensions thereof. As pointed out in [21], to formalize the problems we are thus
studying, we, first of all, have to fix a notion of distance between any two solutions and an
aggregator to combine pairwise distances to a diversity measure for a set of solutions. For the
distance between two answer tuples, we will use the Hamming distance throughout this paper,
that is, counting the number of positions on which two tuples differ. As far as the choice of
an aggregator f is concerned, we impose the general restriction that it must be computable in
polynomial time. As will be detailed below, we will sometimes also consider more restricted
cases of f. Formally, for a class Q of queries and diversity measure § that maps k answer
tuples to an aggregated distance, we will study the following problem Diverse-Q:

Diverse-Q
Input: A database instance I, query Q € Q, and integers k and d.

Question: Do there exist pairwise distinct answers 71,...,vx € Q(I) such that
S(y1y-eesk) = d?

That is, we ask if a certain level d of diversity can be achieved by choosing k pairwise distinct
answers to a given query @ over the database instance I. We refer to {7y1,...,7,} as the
desired diversity set. As far as the notation is concerned, we will denote the Hamming
distance between two answers 7, 7' by A(v,~"). With diversity measure §, we denote the
aggregated Hamming distances of all pairs of k answer tuples for an arbitrary, polynomial-time
computable aggregate function f. That is, let f: U, N5 5 R and let dij = A(vi,yy)
for 1 <i < j < k. Then we define (1, ...,7) := f((zli,j)lgi<j§k). Moreover, we write dsym,
Omin, and dmon if the aggregator f is the minimum, the sum, or an arbitrary (polynomial-time
computable) monotone function, i.e., f(d1,...,dn) < f(d},...,dy) whenever d; < dj holds
for every ¢ € {1,..., N} with N = @ The corresponding diversity problems are denoted
by Diversegum-Q, Diversenin-Q, and Diversenon-Q, respectively.

When we prove upper bounds on the complexity of several variations of the Diverse-Q
problem (in the form of membership in some favorable complexity class), we aim at the most
general setting, i.e., the Diverse-Q problem for an arbitrary, polynomial-time computable
aggregation function. However, in some cases, the restriction to sum, min, or mon will be
needed in order to achieve the desired upper bound on the complexity. In contrast, to prove
lower bounds (in the form of hardness results), we aim at restricted cases (in particular,
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Diversesum-Q and Diversenn-Q). These hardness results, of course, carry over to the more
general cases. Somehow surprisingly, our analyses will reveal differences in the complexity
between the seemingly similar cases Diverseg,m-Q and Diversenin-Q.

We will analyze several variations of the Diverse-Q problem: as mentioned above, we
study various aggregator functions. Moreover, we consider several query classes Q — starting
with the class CQ of Conjunctive Queries and then extending our studies to the classes UCQ
and CQ™ of unions of CQs and CQs with negation. In one case, we will also look at the class
FO of all first-order queries. Recall that, for combined complexity and query complexity,
even the question if an answer tuple exists at all is NP-complete for CQs [10]. We therefore
mostly restrict our study to acyclic CQs (ACQs, for short) with the corresponding query
classes ACQ and UACQ), allowing only ACQs and unions of ACQs, respectively. For CQs with
negation, query answering remains NP-complete even if we only allow ACQs [32]. Hence,
for CQ™ we have to impose a different restriction. We thus restrict ourselves to CQs with
bounded treewidth. Finally note that, even if we have formulated Diverse-Q as a decision
problem, we also care about actually computing k solutions in case of a yes-answer.

We aim at a thorough complexity analysis of the Diverse-Q problem from various angles.
We thus mainly consider the problem parameterized by the size k of the diversity set. In the
non-parameterized case (i.e., if k is simply part of the input) we assume k to be given in unary
representation. This assumption is motivated by the fact that for binary representation of k,
the size k of the diversity set can be exponentially larger than the input: this contradicts
the spirit of the diversity approach which aims at outputting a small (not an exponentially
big) number of diverse solutions. As is customary in the Database world, we will distinguish
combined, query, and data complexity.

Summary of results.
We start our analysis of the Diverse-Q problem with the class of ACQs and study data
complexity, query complexity, and combined complexity. With the size k of the diversity
set as the parameter, we establish XP-membership for combined complexity, which is
strengthened to FPT-membership for data complexity. The XP-membership of combined
complexity is complemented by a W[1]-lower bound of the Diverseg,m-ACQ and Diversem;n-
ACQ problems. For the non-parameterized case, we show that even the data complexity
is NP-hard.
The FPT-result of data complexity is easily extended to unions of ACQs. Actually, it even
holds for arbitrary FO-queries. However, rather surprisingly, we show that the combined
complexity and even query complexity of the Diverses,,-UACQ and Diversem;,-UACQ
problems are NP-complete. The hardness still holds, if the size k of the diversity set is 2
and the UACQs are restricted to unions of 2 ACQs.
Finally, we study the Diverse-Q problem for the class CQ . As was mentioned above, the
restriction to ACQs is not even enough to make the query answering problem tractable.
We, therefore, study the Diverse-CQ™ problem by allowing only classes of CQs of bounded
treewidth. The picture is then quite similar to the Diverse-ACQ problem, featuring
analogous XP-membership, FPT-membership, W[1]-hardness, and NP-hardness results.

Structure. We present some basic definitions and results in Section 2. In particular, we will
formally introduce all concepts of parameterized complexity (complexity classes, reductions)
relevant to our study. We then analyze various variants of the Diverse-Q problem, where Q
is the class of CQs in Section 3, the class of unions of CQs in Section 4, and the class of CQs
with negation in Section 5, respectively. Some conclusions and directions for future work are
given in Section 6. Due to the space limit, most proofs are only sketched. Full details are
provided in [28].
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2 Preliminaries

Basics. We assume familiarity with relational databases. For basic notions such as schema,
(arity of) relation symbols, relations, (active) domain, etc., the reader is referred to any
database textbook, e.g., [1]. A CQ is a first-order formula of the form Q(X) :=3Y /\f:1 A;
with free variables X = (x1,...,2,,) and bound variables Y = (y1,...,y,) such that each
A; is an atom with variables from x1,...,Zm,41,...,Ys. An answer to such a CQ Q(X)
over a database instance (or simply “database”, for short) I is a mapping v: X — dom(I)
which can be extended to a mapping 7: (X UY) — dom(I) such that instantiating each
variable z € (X UY') to 4(z) sends each atom A; into the database I. We write dom(I) to
denote the (finite, active) domain of I. By slight abuse of notation, we also refer to the
tuple (v(X) =v(z1),...,7(rm)) as an answer (or an answer tuple). A UCQ is a disjunction
\/fil Qi(X), where all Q;’s are CQs with the same free variables. The set of answers of a
UCQ is the union of the answers of its CQs. In a CQ with negation, we allow the A;’s to
be either (positive) atoms or literals (i.e., negated atoms) satisfying a safety condition, i.e.,
every variable has to occur in some positive atom. An answer to a CQ with negation Q(X)
over a database I has to satisfy the condition that each positive atom is sent to an atom
in the database while each negated atom is not. The set of answers to a query @ over a
database I is denoted by Q(I).

For two mappings « and o’ defined on variable sets Z and Z’, respectively, we write
a = o/ to denote that the two mappings coincide on all variables in Z N Z’. If this is the case,
we write a N’ and a U o’ to denote the mapping obtained by restricting @ and o’ to their
common domain or by combining them to the union of their domains, respectively. That
is, (e Na)(z) = a(z) for every z € ZNZ" and (o U a’)(z) is either a(z) if z € Z or o/(2)
otherwise. For X C Z and z € Z, we write | x and «, for the mapping resulting from the
restriction of a to the set X or the singleton {z}, respectively. Also, the Hamming distance
between two mappings can be restricted to a subset of the positions (or, equivalently, of the
variables): by Ax(a,a’) we denote the number of variables in X on which « and ' differ.

Acyclicity and widths. In a landmark paper [34], Yannakakis showed that query evaluation
is tractable (combined complexity) if restricted to acyclic CQs. A CQ is acyclic if it has a
join tree. Given a CQ Q(X) :=3Y /\f:1 A; with At(Q(X)) = {A; : 1 < i < {}, a join tree
of Q(X) is a triple (T, A\, r) such that T = (V(T), E(T)) is a rooted tree with root r and
A: V(T) — At(Q(X)) is a node labeling function that satisfies the following properties:

1. The labeling A is a bijection.

2. For every v € X UY, the set T, = {t € V(T') : v occurs in A(t)} induces a subtree T'[T,].
Testing if a given CQ is acyclic and, in case of a yes-answer, constructing a join tree is feasible
in polynomial time by the GYO-algorithm, named after the authors of [19, 35].

Another approach to making CQ answering tractable is by restricting the treewidth (tw),
which is defined via tree decompositions [31]. Treewidth does not generalize acyclicity, i.e., a
class of acyclic CQs can have unbounded tw. We consider tw here only for CQs with negation.
Let Q(X) :=3Y /\f=1 L;, be a CQ with negation, i.e., each L; is a (positive or negative)
literal. Moreover, let var(L;) denote the variables occurring in L;. A tree decomposition
of Q(X) is a triple (T, x,r) such that T' = (V(T), E(T)) is a rooted tree with root r and
x: V(T) — 2%XYY is a node labeling function with the following properties:

1. For every L;, there exists a node ¢t € V(T') with var(L;) C x(¢).
2. For every v € X UY, theset T, = {t € V(T') : v € x(t)} induces a subtree T'[T,,].
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The sets x(t) of variables are referred to as “bags” of the tree decomposition 7. The width
of a tree decomposition is defined as max;cy (7y(|x(t)| — 1). The treewidth of a CQ with
negation @ is the minimum width of all tree decompositions of Q). For fixed w, it is feasible
in linear time w.r.t. the size of the query @ to decide if tw(Q) < w holds and, in case of a
yes-answer, to actually compute a tree decomposition of width < w [6].

Complexity. We follow the categorization of the complexity of database tasks introduced
in [33] and distinguish combined/query/data complexity of the Diverse-Q problem. That is,
for data complexity, we consider the query @ as arbitrarily chosen but fixed, while for query
complexity, the database instance I is considered fixed. In case of combined complexity, both
the query and the database are considered as variable parts of the input.

We assume familiarity with the fundamental complexity classes P (polynomial time) and
NP (non-deterministic polynomial time). We study the Diverse-Q problem primarily from
a parameterized complexity perspective [14]. An instance of a parameterized problem is
given as a pair (x, k), where x is the actual problem instance and k is a parameter — usually
a non-negative integer. The effort for solving a parameterized problem is measured by a
function that depends on both, the size |z| of the instance and the value k of the parameter.
The asymptotic worst-case time complexity is thus specified as O(f(n, k)) with n = |x|.

The parameterized analogue of tractability captured by the class P is fized-parameter
tractability captured by the class FPT of fixed-parameter tractable problems. A problem is in
FPT, if it can be solved in time O(f(k) - n°) for some computable function f and constant c.
In other words, the run time only depends polynomially on the size of the instance, while a
possibly exponential explosion is confined to the parameter. In particular, if for a class of
instances, the parameter k is bounded by a constant, then FPT-membership means that the
problem can be solved in polynomial time. This also applies to problems in the slightly less
favorable complexity class XP, which contains the problems solvable in time O(nf (k)).

Parameterized complexity theory also comes with its own version of reductions (namely
“FPT-reductions”) and hardness theory based on classes of fixed-parameter intractable
problems. An FPT-reduction from a parameterized problem P to another parameterized
problem P’ maps every instance (x,k) of P to an equivalent instance (z’, k) of P’, such
that &’ only depends on k (i.e., independent of x) and the computation of 2’ is in FPT
(i.e., in time O(f(k) - |z|°) for some computable function f and constant ¢). For fized-
parameter intractability, the most prominent class is W[1]. It has several equivalent
definitions, for instance, W[1] is the class of problems that allow for an FPT-reduction
to the INDEPENDENT SET problem parameterized by the desired size k of an independent
set. We have FPT C W[1] C XP. It is a generally accepted assumption in parameterized
complexity theory that FPT # W([1] holds — similar but slightly stronger than the famous
P # NP assumption in classical complexity theory, i.e., FPT # W[1] implies P # NP, but not
vice versa.

3 Diversity of Conjunctive Queries

3.1 Combined and Query Complexity

We start our study of the Diverse-ACQ problem by considering the combined complexity and
then, more specifically, the query complexity. We will thus present our basic algorithm in
Section 3.1.1, which allows us to establish the XP-membership of this problem. We will then
prove W[1]-hardness in Section 3.1.2 and present some further improvements of the basic
algorithm in Section 3.1.3.

10:5

ICDT 2023



10:6

Diversity of Answers to Conjunctive Queries

3.1.1 Basic Algorithm

Our algorithm for solving Diverse-ACQ is based on a dynamic programming idea analogous
to the Yannakakis algorithm. Given a join tree (T, A,r) and database I, the Yannakakis
algorithm decides in a bottom-up traversal of T' at each node ¢ € V(T') and for each answer «
to the single-atom query A(t) if it can be extended to an answer to the CQ consisting of
all atoms labeling the nodes in the complete subtree T” rooted at t. It then stores this
(binary) information by either keeping or dismissing a. Our algorithm for Diverse-ACQ
implements a similar idea. At its core, it stores k-tuples (a1, ..., o) of answers to the single-
atom query A(t), each k-tuple describing a set of (partial) diversity sets. We extend this
information by the various vectors (d;, j)1§i< j<k of Hamming distances that are attainable by
possible extensions (71, ...,v) to the CQ consisting of the atoms labeling the nodes in 7".

In the following, we consider an ACQ Q(X) := 3V /\f:1 A; where each atom is of the form
A; = R;(Z;) for some relation symbol R; and variables Z; C X UY. For an atom A = R(Z)
and a database instance I, define A(I) as the set of mappings {a: Z — dom(I) : a(Z) € R'}.
We extend the definition to sets (or conjunctions) 1(Z) of atoms A;(Z;) with Z; C Z. Then
Y(I) is the set of mappings {a: Z — dom(I) : a(Z;) € R! for all R;(Z;) € ¥(Z)}. Let
(T, A\, r) be a join tree. For a subtree 7" of T we define A(T") = {A(¢) : t € V(T")} and,
by slight abuse of notation, we write ¢(I) and T"(I) instead of A(¢)(I) and A(T")(I). Now
consider T” to be a subtree of T' with root ¢. For tuples e € {(a1,..., o, (dij)1<icj<k) :
ar,...,op €t(I),d;j €{0,...,|X]|} for 1 <i < j <k}, we define extr:(e) = {(71,...,%) :
Vi €ET(I) 8t 0y 2y for 1 < i< kand Ax(v;,y;) =d;; for 1 <i<j <k}

Intuitively, our algorithm checks for each such tuple e whether there exist extensions ~;
of a; that (a) are solutions to the subquery induced by 7" and (b) exhibit d; ; as their
pairwise Hamming distances. If this is the case, the tuple e is kept, otherwise, e is dismissed.
In doing so, the goal of the algorithm is to compute sets Dy that contain exactly those e
with ezt (e) # 0. Having computed Dr (i.e., for the whole join tree), Diverse-ACQ can now
be decided by computing for each e € Dy the diversity measure from the values d; ;.

To do so, in a first phase, at every node ¢t € V(T'), we need to compute and store the
set Dy (for T” being the complete subtree rooted in t). We compute this set by starting
with some set D; and updating it until eventually, it is equal to D . In addition, to every
entry e in every set D;, we maintain a set pp,(e) containing provenance information on
e. Afterwards, in the recombination phase, the sets D7 and pp,(-) are used to compute a
diversity set with the desired diversity — if such a set exists.

Algorithm 1. Given Q(X), I, (T, \,r), k, d, and a diversity measure ¢ defined via some
aggregate function f, the first phase proceeds in three main steps:

Initialization: In this step, for every node ¢t € V(T), initialize the set D, as
D, = {(041, vy Oy (di,j)1§i<j§k) oy € t([), diyj = AX(ai,aj)}.

That is, D; contains one entry for every combination «y,...,ax € t(I), and each value
d; ; (1 <i<j<k)is the Hamming distance of the mappings a;|x and «a;|x.

For every e € Dy, initialize pp, (e) as the empty set.

Bottom-Up Traversal: Set the status of all non-leaf nodes in T to “not-ready” and the

status of all leaf nodes to “ready”. Then repeat the following action until no “not-ready”
node is left: Pick any “not-ready” node ¢ that has at least one “ready” child node t'.
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Update D; to D; as

Di ={(a1,...,ag, (dij)i<i<j<k) :(@1,...,ar, (d; j)1<i<j<k) € Dy,
(04/1, cee 7a;{)? (d;’j)1§i<j§k) S Dy,
a; 2 al for 1 <i <k,

di,j = di,j + d;j — Ax(ai N oz;,aj N Ot;)
for 1 <i<j <k}

Expressed in a more procedural style: Take every entry e € D; and compare it to every
entry €' € Dy. If the corresponding mappings «; € D; and o) € Dy agree on the shared
variables, the new set Dj contains an entry € with the mappings a; from e and the
Hamming distances computed from e and e’ as described above.

Set pp;(€) = pp,(e) U{(t',€)}. If the same entry € is created from different pairs (e, e’),
choose an arbitrary one of them for the definition of pp (€).

Finally, change the status of ¢’ from “ready” to “processed”. The status of ¢ becomes

“ready” if the status of all its child nodes is “processed” and remains “not-ready” otherwise.

Finalization: Once the status of root r is “ready”, remove all (a1, ..., o, (di j)1<i<j<k)
€ D, where f((d;;)1<i<j<k) < d. To ensure that all answers in the diversity set are

pairwise distinct, also remove all entries where d; ; = 0 for some (4, j) with 1 <i < j <k.

If, after the deletions, D, is empty, then there exists no diversity set of size k with a
diversity of at least d. Otherwise, at least one such diversity set exists.

Clearly, the algorithm is well-defined and terminates. The following theorem states that
the algorithm decides Diverse-ACQ and gives an upper bound on the run time.

» Theorem 1. The Diverse-ACQ problem is in XP (combined complexity) when parameterized
by the size k of the diversity set. More specifically, for an ACQ Q(X), a database I, and
integers k and d, Algorithm 1 decides the Diverse-ACQ problem in time O (| R |**-(| X|+1)k(F=1
~p0l(\Q|,k)) where R! is the relation from I with the most tuples and pol(|Q|,k) is a
polynomial in |Q| and k.

For any node t in the join tree, D; denotes the data structure manipulated by Algorithm 1.

On the other hand, for the complete subtree T” rooted at ¢, Dy denotes the goal of our
computation, namely the set of tuples e = (a1, ..., ax, (d; j)1<i<j<k) With extr/(e) # 0. The
key to the correctness of Algorithm 1 is to show that, on termination of the bottom-up
traversal, D; = Dp indeed holds for every node t in the join tree.

We briefly discuss the run time of the algorithm. |RT|?* - (| X| 4 1)¥(*=1 represents |D,|?,
where | Dy| is the maximal number of entries e in any D; during an execution of the algorithm:
|RT| restricts the number of mappings «; in any t(I), each d; ; can take at most |X| + 1
different values (being the Hamming distance of mappings with at most | X| variables), giving
(IX]+1) S5 different tuples (d; j)1<i<j<k- |D¢|* is because the bottom-up traversal can be
implemented via a nested loop, dominating the run time of the initialization and finalization
steps. The polynomial factor pol(|Q|, k) represents the computation of @ Hamming
distances between at most |var(A)| variables (i.e., k? - [var(A)| where A is the atom in @ with
the most variables), the number of nodes (i.e., |Q|), and the computation of the aggregate
function f (i.e., some polynomial pol;(|X|, k) depending on [X| and k).

Theorem 1 shows that the first phase of the algorithm decides in XP the existence of a
diversity set with a given diversity. Computing a witness diversity set now means computing

one element (y1,...,7%) € extr(e) for some e € Dp with f((d; j)1<i<j<k) > dand d; ; # 0

10:7

ICDT 2023



10:8

Diversity of Answers to Conjunctive Queries

for all 4, 7. Similarly to the construction of an answer tuple by the Yannakakis algorithm for
CQs, we can compute an arbitrary element from extr(e) by making use of the information
stored in the final sets pp,(e). By construction, for every node ¢t € V(T') and every entry
e € Dy, the final set pp,(e) contains exactly one pair (¢',¢e’) for every child node ¢’ of ¢.
Moreover, for the mappings a1,...,ax from e and of,...,a) from ¢, o; = o holds for
all 1 < i < k, hence «o; U o are again mappings. Thus, to compute the desired witness
(Y1,-.-,7) € extr(e) for the chosen e € Dr, start with (aq,...,ar) from e, take all (', ¢€’)
from pp, (e), extend each a; with o from €', and repeat this step recursively.

3.1.2 WI[1]-Hardness

Having proved XP-membership combined complexity of the Diverse-ACQ problem in
Theorem 1, we now show that, for two important aggregators sum and min, a stronger
result in the form of FPT-membership is very unlikely to exist. More specifically, we prove
W][1]-hardness for query complexity and, hence, also for combined complexity in these cases.

» Theorem 2. The problems Diversegym-ACQ and Diversenin-ACQ, parameterized by the size k
of the diversity set, are W[1]-hard. They remain W/[1]-hard even if all relation symbols are
of arity at most two and Q(X) contains no existential variables.

Proof sketch. The proof is by simultaneously reducing INDEPENDENT SET parameterized
by the size of the independent set to both Diverses,n-ACQ and Diversenin-ACQ. The only
difference between the two reductions will be in how we define the diversity threshold d.

Let (G, s) be an arbitrary instance of INDEPENDENT SET with V(G) = {vy,...,v,} and
E(G) ={e1,...,em}. We define an instance (I, Q, k,d) of Diverses,n-ACQ and Diversemin-
ACQ), respectively, as follows. The schema consists of a relation symbol R of arity one and m
relation symbols Ry, ..., R, of arity two. The CQ Q(X) is defined as

Q,x1,...,&m) = R) AR (v,21) A+ A Ry (v, 20,)
and the database instance I with dom(I) = {0,1,...,n} is

R" ={(i) : v; € V(@)} and
R§ ={(4,1%) : v; is not incident to e;} U {(,0) : v; is incident to e;} for all j € {1,...,m}.

Finally, set k = s and d = (’2“) -(m +1) for Diverses,m-ACQ and d = m + 1 for Diverseni,-ACQ,
respectively. Clearly, this reduction is feasible in polynomial time, and the resulting problem
instances satisfy all the restrictions stated in the theorem.

The correctness of this reduction depends on two main observations. First, for each
i € {1,...,n}, independently of G, there exists exactly one solution v; € Q(I) with v;(v) = i,
and these are in fact the only solutions in Q(I). Thus, there is a natural one-to-one association
between vertices v; € V(G) and solutions 7; € Q(I). And, second, the desired diversities
d= (’;) -(m+1) in case of sum and d = m + 1 in case of min, respectively, can only be
achieved by k solutions that pairwisely differ on all variables. |

3.1.3 Speeding up the Basic Algorithm

Algorithm 1 works for any polynomial-time computable diversity measures 6. To compute
the diversity at the root node, we needed to distinguish between all the possible values
for d; ; (1 <i < j < k), which heavily increases the size of the sets D,. However, specific
diversity measures may require less information as will now be exemplified for dgym.
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» Theorem 3. The Diverses,m-ACQ problem is in FPT query complexity when parameterized
by the size k of the diversity set. More specifically, Diverses,m-ACQ for an ACQ Q(X), a
database instance I, and integers k and d, can be solved in time O(|R!|?*-2FE=1) . pol(|Q|, k)),
where R! is the relation from I with the most tuples and pol(|Q|, k) is a polynomial in |Q)|
and k.

Proof sketch. Note that pol(|Q], k) is the same as in Theorem 1. For query complexity,
the size |R!| of a relation in I is considered as constant. Hence, the above-stated upper
bound on the asymptotic complexity indeed entails FPT-membership. To prove this upper
bound, the crucial property is that for a collection of mappings 71, ...,7v; over variables
Z, the equality dsum(71,---»7%) = Y .ez Osum(1lz, - -+, Vk|2) holds. The reason we had to
explicitly distinguish all possible values (au, ..., o, (dij)i1<i<j<k) in the basic algorithm is
that, in general, given two collections (1, ...,7%) and (v{,...,~;,) of mappings that agree on
the shared variables, we cannot derive d(71,...,4x) for 4; = v; U~} from 6(7y1,...,v) and
(715 --+7)- In contrast, for dsym, this is possible. Hence, in principle, it suffices to store
in Dy for each collection (a, ..., o) with «; € ¢(I) (t being the root of T”) such that there
exists v; € T'(I) with v; = a; (for all 1 < i < k) the value

dT/(Oél,...,O(k): max/ 5sum(71|Xa-~-7’Yk|X)-
Y15 YR €T (I)
s.t. vi=a; for all ¢
Le., each entry in D7 now is of the form (ayq,...,ax,v) with v = dp(aq,...,ar). In the
bottom-up traversal step of the algorithm, when updating some D; to D} by merging Dy,
for every entry (au,...,ar,v) € D, there exists an entry (aq,...,ax,0) € Dj if and only if
there exists at least one (o, ..., a},v") € Dy such that o; = af for 1 <4 < k. Then v is

v= max (v +v" = dsum((1 N )| xs- - (e Naf)|x))-
(afseay, v )ED
s.t. oz,;%ag for all 4

In order to make sure that the answer tuples in the final diversity set are pairwise distinct,
the following additional information must be maintained at each Dp/: from the partial
solutions aq, ..., a it is not possible to determine whether the set of extensions vy, ..., vk
contains duplicates or not. Thus, similar to the original values d; ; describing the pairwise
diversity of partial solutions, we now include binary values b; ; for 1 <14 < j < k that indicate
whether extensions 7; and 7; of «; and «; to var(1") differ on at least one variable of X
(bi,; = 1) or not in order to be part of exty/(e). This increases the maximal size of Dy
to |RT|?F. 2k(k=1) " The bottom-up traversal step can be easily adapted to consider in the
computation of ¥ for an entry in D) only those entries from D; and Dy that are consistent
with the values of b; ;, giving the stated run time. |

Actually, if we drop the condition that the answer tuples in the final diversity set must be
pairwise distinct, the query complexity of Diverseg,m-ACQ can be further reduced. Clearly,
in this case, we can drop the binary values b; ; for 1 <7 < j < k from the entries in D7,
which results in a reduction of the asymptotic complexity to O(|RL|?* - pol(|Q|, k)). At first
glance, this does not seem to strengthen the FPT-membership result. However, a further,
generally applicable improvement (not restricted to a particular aggregate function and
not restricted to query complexity) is possible via the observation that the basic algorithm
computes (and manages) redundant information: for an arbitrary node ¢ € V(T') and set Dy,
if Dy contains an entry of the form (aq, ..., ax,...), then D, also contains entries of the form
(Qr(1)s -+ Qn(k), - - - ) for all permutations 7 of (1,...,k). But we are ultimately interested
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in sets of answer tuples and do not distinguish between permutations of the members inside
a set. Keeping these redundant entries made the algorithm conceptually simpler and had no
significant impact on the run times (especially since we assume k to be small compared to
the size of the relations in I). However, given the improvements for Diverses,m-ACQ from
Theorem 3 and dropping the binary values b; ; for 1 <7 < j < k from the entries in Dy, we
can get a significantly better complexity classification:

» Theorem 4. The problem Diverseg,m-ACQ is in P (query complexity) when the diversity
set may contain duplicates and k is given in unary.

Proof sketch. To remove redundant rows from the sets D;, we introduce some order < on
partial solutions « € ¢(I) for each t € V(T) (e.g. based on some order on the tuples in A(¢)7),
and only consider such collections aq, ..., ax € t(I) where a; < -+ <, together with the
value dp (a1, ..., ar). Applying some basic combinatorics and assuming the size of I (and
thus of #(I)) to be constant, we get that the number of entries in any D; is in O(k/*(DI=1).
Using this upper bound for the size of | D;| instead of |R’|* we get a polynomial run time. <

3.2 Data Complexity

We now inspect the data complexity of Diverse-ACQ both from the parameterized and non-
parameterized point of view. For the parameterized case, we will improve the XP-membership
result from Theorem 1 (for combined complexity) to FPT-membership for arbitrary monotone
aggregate functions. Actually, by considering the query as fixed, we now allow arbitrary FO-
queries, whose evaluation is well-known to be feasible in polynomial time (data complexity)
[33]. Thus, as a preprocessing step, we can evaluate () and store the result in a table Rf. We
may therefore assume w.l.o.g. that the query is of the form Q(x1,...,2m) := R(z1,...,Tm)
and the database I consists of a single relation R’.

To show FPT-membership, we apply a problem reduction that allows us to iteratively
reduce the size of the database instance until it is bounded by a function of m and k, i.e.,
the query and the parameter. Let X = {z1,...,z,,} and define ()S() ={ZCX:|Z|=s}
for s € {0,...,m}. Moreover, for every assignment a: Z — dom(I) with Z C X let
Qo :={y€QU): v = a}, ie., the set of answer tuples that coincide with o on Z. The
key to our problem reduction is applying the following reduction rule Red; for t € {1,...,m}
exhaustively in order Red; through Red,,:

(Red,) If for some a: Z — dom(I) with Z € (, X ), the set Q(I), has at least t!2-k! elements,
then do the following: select (arbitrarily) ¢ - k solutions I' C Q(I), that pairwisely differ
on all variables in X \ Z. Then remove the tuples corresponding to assignments Q(I), \ T’

from RY.

The intuition of the reduction rule is best seen by looking at Red;. Our ultimate goal is
to achieve maximum diversity by selecting k answer tuples. Now suppose that we fix m — 1
positions in the answer relation R’. In this case, if there are at least & different values in the
m-th component, the maximum is actually achieved by selecting k such tuples. But then
there is no need to retain further tuples with the same values in the m — 1 fixed positions.
This can be generalized to fixing fewer positions but the intuition stays the same. When
fixing m — t positions, there is also no need to retain all different value combinations in the
remaining ¢ positions. Concretely, if there exists at least #!? - k! different value combinations,
there also exist ¢ - k tuples with pairwise maximum Hamming distance on the remaining
positions and it is sufficient to only keep those.
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With the reduction rule Red; at our disposal, we can design an FPT-algorithm (data
complexity) for Diversemon-ACQ and, more generally, for the Diversemon-FO problem:

» Theorem 5. The problem Diversemon-FO is in FPT data complezity when parameterized
by the size k of the diversity set. More specifically, an instance (I,Q,k,d) of Diversemon-FO
with m-ary FO-query Q can be reduced in polynomial time (data complexity) to an equivalent
instance (I',Q', k,d) of Diversemon-FO of size O(m!? - k™).

Proof sketch. As mentioned above, we can transform in polynomial time any (fixed) FO-
query into the form Q(x1, ..., ) = R(x1,...,T,) over a database I with a single relation R'.
The reduction to an equivalent problem instance of size O(m!? - k™) is then achieved by
applying Red; through Red,, to I in this order exhaustively. The crucial property of the
reduction rule Red; with ¢ € {1,...,m} is as follows:

Claim A.  Lett € {1,...,m} and suppose that all sets Q(I)q with o': Z' — dom(I) and
ARS (mfﬁfl)) have cardinality at most (t — 1)!12 - k*=1. Then the reduction rule Red; is
well-defined and safe. That is:
“well-defined”. If for some «: Z — dom(I) with Z € (m{t), the set Q(I), has at least
t12 . k' elements, then there exist at least t - k solutions T' C Q(I), that pairwisely differ
on all variables in X \ Z.
“safe”. Let I,q4 denote the database instance before an application of Red; and let I, e,
denote its state after applying Redy. Let 1, ...,k be pairwise distinct solutions in Q(Ioq).
Then there exist pairwise distinct solutions vi,..., 7. i QInew) with §(V,....V) =
0(v1,---,k), i-e., the diversity achievable before deleting tuples from the database can
still be achieved after the deletion.

Note that a naive greedy algorithm always finds a witnessing I" and the existence of this
greedy algorithm implies the well-definedness. The safety follows from the fact that each ~;
that is removed, i.e., v; € Q(I)a \ T, can be replaced by a «/ € I' that is kept. Concretely,
we can pick v/ € T such that 6(...,7/,...) > (..., %,...). <

We now study the data complexity of the Diverse-ACQ problem in the non-parameterized
case, i.e., the size k of the diversity set is part of the input and no longer considered as the
parameter. It will turn out that this problem is NP-hard for the two important aggregator
functions sum and min. Our NP-hardness proof will be by reduction from the INDEPENDENT
SET problem, where we restrict the instances to graphs of degree at most 3. It was shown
in [2] that this restricted problem remains NP-complete.

» Theorem 6. The problems Diverses,,-ACQ and Diversemin-ACQ are NP-hard data
complexity. They are NP-complete if the size k of the diversity set is given in unary.

Proof sketch. The NP-membership is immediate: compute Q(I) (which is feasible in
polynomial time when considering the query as fixed), then guess a subset S C Q(I)
of size k and check in polynomial time that S has the desired diversity.

For the NP-hardness, we define the query @ independently of the instance of the
INDEPENDENT SET problem as Q(z1, %2, z3,24,%5) := R(z1,22,x3,24,25), i.e., the only
relation symbol R has arity 5. Now let (G, s) be an instance of INDEPENDENT SET where
each vertex of G has degree at most 3.

Let V(G) = {v1,...,v,} and E(G) = {e1,...,en}. Then the database I consists of a
single relation R! with n tuples (= number of vertices in G) over the domain dom(I) =

{freey, ..., free,, taken,..., taken,,}. The i-th tuple in R’ will be denoted (e; 1,...,e€i5).

For each v; € V(G), the values e, 1,...,€;5 € dom(I) are defined by an iterative process:
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1. The iterative process starts by initializing all ; 1,...,€; 5 to free; for each v; € V(G).
2. We then iterate through all edges e; € F(G) and do the following: Let v; and vy be the
two incident vertices to e; and let t € {1,...,5} be an index such that e;; and e, ; both
still have the values free; and free; , respectively. Then set both e;; and ey ; to taken;.
In the second step above when processing an edge e;, such an index ¢ must always exist. This
is due to the fact that, at the moment of considering e;, the vertex v; has been considered
at most twice (the degree of v; is at most 3) and thus, for at least three different values of

t € {1,...,5}, the value ¢, is still set to free;. Analogous considerations apply to vertex
vy and thus, for at least 3 values of ¢t € {1,...,5}, we have e;, = free;. Hence, by the
pigeonhole principle, there exists ¢ € {1,...,5} with e, ; = free; and e;;, = free; .

After the iterative process, the database I is defined by R = {(e; 1,€i2,€i3,€i4,€i5) :
i =1,...,n}. Moreover, the size of the desired diversity set is set to k = s and the target
diversity is set to dgym = 5 - w and dmin = 5 in the case of the Diverseg,n-ACQ and
Diversemin-ACQ problems, respectively. The resulting problem instances of Diverseg,m-ACQ
and Diversemin-ACQ are thus of the form (I, Q, k, dsym) and (I, Q, k, dmin), respectively.

The reduction is clearly feasible in polynomial time. Its correctness hinges on the
observation that the desired diversities dsym = 5 - w and dpmi, = 5 can only be reached
by k answer tuples that pairwisely differ in all 5 positions. |

4 Diversity of Unions of Conjunctive Queries

We now turn our attention to UCQs. Of course, all hardness results proved for CQs and ACQs
in Section 3 carry over to UCQs and UACQs, respectively. Moreover, the FPT-membership
result from Theorem 5 for general FO-formulas of course also includes UCQs. It remains to
study the query complexity and combined complexity of UACQs. It turns out that the union
makes the problem significantly harder than for ACQs. We show next that Diverse-UACQ is
NP-hard (for the aggregators sum and min) even in a very restricted setting, namely a union
of two ACQs and with desired size k = 2 of the diversity set.

The proof will be by reduction from a variant of the LisST COLORING problem, which
we introduce next: A list assignment C assigns each vertex v of a graph G a list of colors
C(v) € {1,...,1},1 € N. Then a coloring is a function c¢: V(G) — {1,...,1} and it is called
C'—admissible if each vertex v € V(G) is colored in a color of its list, i.e., ¢(v) € C(v), and
adjacent vertices u,v € E(G) are colored with different colors, i.e., c(u) # c¢(v). Formally,
the problem is defined as follows:

LisT COLORING
Input: A graph G, an integer [ € N, and a list assignment C' : V(G) — 2{1t},
Question: Does there exist a C-admissible coloring ¢: V(G) — {1,...,1}?

Clearly, LisT COLORING is a generalization of 3-COLORABILITY and, hence, NP-complete.
It was shown in [12], that the L1ST COLORING problem remains NP-hard even when assuming
that each vertex of G has degree 3, G is bipartite, and [ = 3. This restriction will be used in
the proof of the following theorem.

» Theorem 7. The problems Diverseg,m-UACQ and Diversem;,-UACQ are NP-hard query
complexity (and hence, also combined complexity). They remain NP-hard even if the desired
size of the diversity set is bounded by 2 and the UACQs are restricted to containing at most
two conjuncts and no existential variables. The problems are NP-complete if the size k of the
diversity set is given in unary.
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Proof sketch. The NP-membership in case of k£ given in unary is immediate: guess k
assignments to the free variables of query @, check in polynomial time that they are solutions,
and verify in polynomial time that their diversity is above the desired threshold.

For the NP-hardness, first observe that dsym and dmin coincide if we only allow two
solutions. Hence, we may use a single diversity function § to prove the NP-hardness for both
Diversesum-UACQ and Diversenin-UACQ.

For our problem reduction, we consider a fixed database I over a fixed schema, which
consists of 9 relation symbols

R{1y, Rioy, Risy, Ri1,2y, Rp1 3y, Ryoay Rpa 2,31, 5, 5.

The relations of the database are defined as follows:

Ré} ={(1,1,1)} R€1,2} ={(1,1,1),(2,2,2)}

ng} ={(2,2,2)} Rf1,3} ={(1,1,1),(3,3,3)}

sz&} =1{(3,3,3)} Rf2,3} =1{(2,2,2).(3,3,3)}
Ri12s ={(1,1,1),(2,2.2),(3,3,3)} ST ={(0)} ST ={)}

Now let (G,1,C) be an arbitrary instance of LiST COLORING, where each vertex of G has
degree 3, G is bipartite, and [ = 3. That is, G is of the form G = (V UV’ E) for vertex sets
V,V’ and edge set E with V = {vy,...,v,}, V' ={v],...,v/,}, and E = {ey,...,e3,}. Note
that |[V| = |V'| and |E| = 3 - |V] as each vertex in G has degree three and G is bipartite.

From this we construct a UACQ @ as follows: we use the 3n + 1 variables z1,...,23,,y
in our query. For each i € {1,...,n}, we write e;, ,¢;,,,¢e;, , to denote the three edges
incident to the vertex v;. Analogously, we write €1 1 €51 50 €l to denote the three edges
incident to the vertex v}.

The UACQ @ is then defined as Q(z1,...,T3,,y) = @ V ¢ with

¥ = /\ RC(Ui)(:L.j’L',l7:I:ji,27xji,3) A S(y)>

i=1

n
o=/ Rewy (@ 2,25 ) NS ().
i=1
Moreover, we set the target diversity to d = 3n + 1 and we are looking for & = 2 solutions to
reach this diversity. Observe that each variable appears exactly once in ¢ and once in 9,
which makes both formulas trivially acyclic. Furthermore, ) contains no existential variables.
The intuition of the big conjunction in ¢ (resp. 1) is to “encode” for each vertex v; (resp.
v}) the 3 edges incident to this vertex in the form of the 3 z-variables with the corresponding
indices. The relation symbol chosen for each vertex v; or v} depends on the color list for this
vertex. For instance, if C(v1) = {2, 3} and if v; is incident to the edges eq4, eg, €7, then the
first conjunct in the definition of ¢ is of the form Ry 33 (x4, %6, z7). Note that the order of
the variables in this atom is irrelevant since the R-relations contain only tuples with identical
values in all 3 positions. Intuitively, this ensures that a vertex (in this case v1) gets the same
color (in this case color 2 or 3) in all its incident edges (in this case ey, e, €7). <

5 Diversity of Conjunctive Queries with Negation

Lastly, we consider CQs™. As was recalled in Section 1, the restriction to acyclicity is not
sufficient to ensure tractable answering of CQs™ [32]. In the following, we thus restrict
ourselves to queries of bounded treewidth when analyzing the Diverse-CQ™ problem.
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The data complexity case has already been settled for arbitrary FO-formulas in Theorem 5.
Hence, of course, also Diverse-CQ™ is in FPT data complexity and NP-hard in the non-
parameterized case. Moreover, we observe that the query used in the proof of Theorem 2 has
a treewidth of one. Hence, it is clear that also Diverse-CQ™ is W[1]-hard combined complexity
for queries with bounded treewidth. It remains to study the combined complexity, for which
we describe an XP-algorithm next.

Our algorithm is based on so-called nice tree decompositions — a normal form introduced

n [23]. A nice tree decomposition only allows leaf nodes plus three types of inner nodes:
introduce nodes, forget nodes, and join nodes. An introduce node t has a single child ¢’ with
x(t) = x(t') U {z} for a single variable z. Similarly, a forget node t has a single child ¢’ with
X (") = x(t)U{z} for a single variable z. Finally, a join node t has two child nodes t1, t2 with
Xx(t) = x(t1) = x(t2). It was shown in [23] that every tree decomposition can be transformed
in linear time into a nice tree decomposition without increasing the width.

The intuition of the present algorithm is very similar to the intuition of Algorithm 1
presented in Section 3.1.1. That is, both algorithms maintain information on tuples of k partial
solutions in a set D;. Concretely, these tuples are again of the form (a1, ..., ax, (d; j)1<i<j<k)-
This time, however, partial solutions «; are not assignments that satisfy concrete atoms but
arbitrary assignments defined on x(t). Nevertheless, a tuple gets added to D; if and only
if it is possible to extend the partial solutions to mappings 71, ...,y that (a) satisfy the
query associated to the subtree rooted in ¢ and (b) for 1 < i < j < k the distance between ~;
and v, is exactly d; ;.

Formally, for a CQ™ Q(X) := 3V A, L;(X,Y) and nice tree decomposition (T, x,)
of @ we define for ¢t € V(T') the subquery

Q= /\ L;,

=1,..., n
var(L;)Cx(t)

i.e., Q; contains those literals of @ whose variables are covered by x(t).

Algorithm 2. Given Q(X), I, k, d, a nice tree decomposition (T, x,r) of minimum width,
and a diversity measure § defined via some aggregate function f, the algorithm proceeds in
two main steps: First, the sets D, are computed bottom-up for each ¢t € V(T'), and then, it
is determined from D, whether the diversity threshold d can be met. For the bottom-up
step, the type of ¢t determines how D, is computed:

Leaf Node: For a leaf node ¢t € V(T') we create D, as

Dy ={(o,. .. o, (dij)i<icj<k) t a1, ap: () — dom([),
at, - .., o satisfy Qy,
di,j = Ax(ai,aj),l <73 <] < k}
Hence, we exhaustively go through all possible variable assignments aq, ..., ax: x(t) —

dom(I), keep those which satisfy the query @, and record their pairwise diversities.

Introduce Node: For an introduce node t € V(T') with child ¢ € V/(T') which introduces
the variable z € x(t) \ x(c), we create D, as

Dy = {(a1 UB1,..., 06 U Bk, (d] j)1<icj<k) : (a1, .-, o, (dij)1<i<j<ik) € De,
Bi, .-y Br: {z} — dom(1),
ap U By, ..., a U By satisfy Qy,
di ;= dij+Ax(Bi,85),1 <i<j <k}



T. C. Merkl, R. Pichler, and S. Skritek

Thus, we extend the domain of the local variable assignments in D, by z. We do this by
exhaustively going through all e € D, in combination with all 8y,...,Bk: {z} = dom(I),
check if the extensions aq U fq, ..., ax U B satisfy all literals for which all variables are
covered, and, if this is the case, add the diversity achieved on the z-variable.

Forget Node: For a forget node ¢t € V(T') with child ¢ € V(T') we create D; as

Dy = {(a1ly@)s - @kl (dig)i<ici<k) : (@, ..., an, (dij)i1<icj<k) € De}

Join Node: For a join node t € V(T') with children ¢;,co € V(T') we create D; as

Dy ={(a1,. .. ax, (dijh<i<j<r) : (@1, an, (& j)1<icj<k) € Dy,
(a1, .., o, (d;ij)1§i<j§k) € D,,,

d@j = d;d +d;,7] — Ax(ai,a]’),l <i<j< k}

In this step, we match rows of D., with rows of D., that agree on the local variable
assignments and simply combine the diversities achieved in the two child nodes while
subtracting the diversity counted twice.

For the second step, the algorithm goes through all (a1, ..., ax, (d; j)1<i<j<k) € Dy and
removes those tuples where d; ; = 0 for at least one 1 <i < j <k or f((di;)i<icj<i) < d.
Then, the algorithm returns “yes” if the resulting set is non-empty and otherwise “no”.

Clearly, the algorithm is well-defined and terminates. The next theorem states that the
algorithm decides Diverse-CQ™, and discusses its run time.

» Theorem 8. For a class of CQs™ of bounded treewidth, the problem Diverse-CQ™ is in XP
when parameterized by the size k of the diversity set. More specifically, let Q(X) be from a
class of CQs™ which have treewidth < w. Then, for a database instance I and integers k., d,
Algorithm 2 solves Diverse-CQ™ in time O(dom(I)?* @+ . (|1 X|+1)kF=1 . pol(|Q|, k)), where
pol(|Q|, k) is a polynomial in |Q| and k.

Proof sketch. We briefly sketch how to arrive at the given run time. Note that the core ideas
are similar to the ones of Algorithm 1. Firstly, for the bottom-up traversal, dom(I )z'k'(wﬂ) .
(|X] + 1)**=1 is a bound for |D,|?. Thus, for each node #, we can simply use (nested) loops
for the exhaustive searches and, as the checks only require polynomial time, compute each D;
in the required time bound. Then, evaluating f also only requires polynomial time and has
to be applied at most |D,.| many times. Lastly, computing an appropriate tree decomposition
in the required time bound is possible due to [6] and [23]. <

We conclude this section by again stressing the analogy with Algorithm 1 for ACQs: First,
we have omitted from our description of Algorithm 2 how to compute a concrete witnessing
diversity set in the case of a yes-answer. This can be done exactly as in Algorithm 1 by
maintaining the same kind of provenance information. And second, it is possible to speed up
the present algorithm by applying the same kind of considerations as in Section 3.1.3. It is
thus possible to reduce the query complexity to FPT for the diversity measure gy, and even
further to P if we allow duplicates in the diversity set.

6 Conclusion and Future Work

In this work, we have had a fresh look at the Diversity problem of query answering. For
CQs and extensions thereof, we have proved a collection of complexity results, both for the
parameterized and the non-parameterized case. To get a chance of reaching tractability or
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at least fixed-parameter tractability (when considering the size k of the diversity set as the
parameter), we have restricted ourselves to acyclic CQs and CQs with bounded treewidth,
respectively. It should be noted that the restriction to acyclic CQs is less restrictive than it may
seem at first glance. Indeed, our upper bounds (in particular, the XP- and FPT-membership
results in Section 3) are easily generalized to CQs of bounded hypertree-width [18]. Moreover,
recent empirical studies of millions of queries from query logs [7] and thousands of queries
from benchmarks [17] have shown that CQs typically have hypertree-width at most 3.

For the chosen settings, our complexity results are fairly complete. The most obvious
gaps left for future work are concerned with the query complexity of ACQs and CQs with
negation of bounded treewidth. For the parameterized case, we have XP-membership but
no fixed-parameter intractability result in the form of W[l]-hardness. And for the non-
parameterized case, it is open if the problems are also NP-hard as we have shown for the
data complexity. Moreover, for future work, different settings could be studied. We mention
several modifications below.

First, different parameterizations might be of interest. We have only considered the
parameterization by the size k of the diversity set. Adding the hypertree-width (for Diverse-
ACQ) and the treewidth (for Diverse-CQ™) to the parameter would leave our XP-membership
results unchanged. On the other hand, different parameterizations such as the threshold d
on the diversity are left for future work.

Another direction for future work is motivated by a closer look at our FPT- and XP-
membership results: even though such parameterized complexity results are generally
considered as favorable (in particular, FPT), the run times are exponential in the parameter
k. As we allow larger values of k, these run times may not be acceptable anymore. It would
therefore be interesting to study the diversity problem also from an approximation point of
view — in particular, contenting oneself with an approximation of the desired diversity.

A further modification of our settings is related to the choice of a different distance
measure between two answer tuples and different aggregators. As far as the distance measure
is concerned, we have so far considered data values as untyped and have therefore studied
only the Hamming distance between tuples. For numerical values, one might of course take
the difference between values into account. More generally, one could consider a metric on
the domain, which then induces a metric on tuples that can be used as a distance measure.
As far as the aggregator is concerned, we note that most of our upper bounds apply to
arbitrary (polynomial-time computable) aggregate functions. As concrete aggregators, we
have studied sum and min. This seems quite a natural choice since, for a fixed number k
of answer tuples, avg behaves the same as sum and count makes no sense. Moreover, max
is unintuitive if we want to achieve diversity above some threshold. However, a problem
strongly related to Diversity is Similarity [15], where one is interested in finding solutions close
to each other. In this case, max (and again sum) seems to be the natural aggregator. We
leave the study of Similarity for future work.
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