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Abstract. We present an approach for dealing with provenance informa-
tion in an ontology-based data access (OBDA) setting. Our approach is
based on provenance semirings, which were studied in database theory as
an abstract tool to relate the result of a query with the possible matches
of the query in the data. We investigate the problems of (i) deciding
whether an ontology annotated with provenance information entails a
conjunctive query associated with a provenance polynomial, and (ii) com-
puting a polynomial representing the provenance of a query entailed by
a provenance annotated ontology. We show that these polynomials may
be infinite in general. We then study a special case where the semiring
is idempotent and hence the polynomial is guaranteed to be finite. We
instantiate these problems to DL-Litegx and provide some complexity
results.

1 Introduction

Description logics (DLs) [3] have been sucessfully applied to integrate data
coming from multiple and heterogeneous sources. In this setting, commonly
known as ontology-based data access (OBDA), an ontology enriches the data
with background knowledge, providing the user with a high-level conceptual view
of the data, among other beneficial properties [9,13]. Data integration can be
useful to support users with a convenient vocabulary for queries, and help them
to obtain accurate results.

Querying over multiple data sources also increases the challenge of establishing
the authorship and of determining the reliability of the data. More importantly,
this challenge transfers to all the (implicit) consequences that can be derived
from the data and the ontology. In this scenario, one may not just be interested
in knowing the result of a query, but also how it was produced, how likely or
reliable the result may be, how many different ways are there to derive it, or how
dependent it is to certain parts of the data, among many other questions [18§].

To address all these issues, provenance semirings were introduced in database
theory [8] as an abstract tool to record and track provenance information; that is,
to keep track of the specific database tuples that are responsible for a derivation,
and additional information associated to them. In this work, we present an
approach based on provenance semirings for dealing with provenance information
in an OBDA setting. Following the approach from database theory, we assume
that facts are annotated with a label and we want to know which combinations
of these labels lead to the entailment of a query. Such information is expressed in
the form of a provenance polynomial, as we illustrate in the following example.



Ezample 1. Consider the DL assertions
headGov(Renier, Venice), headGov(Brugnaro, Venice), City(Venice)

being annotated with the sources p, ¢, and r respectively. Based on these assertions,
the answer to the query Jxy.(headGov(z,y) A City(y)) can be derived by using
any of the first two assertions (the role assertions) together with the last assertion.
Based on the source annotations, this information can be expressed through the
provenance polynomial (p @ q) ® 7.

In our approach for an OBDA setting, we do not only label the facts in the
ABox, but also the concept inclusions from the TBox. These labels are interpreted
and propagated according to a semiring semantics, as we illustrate in the next
example.

Ezxample 2. Consider the inclusion JheadGov.T C Mayor annotated with the
source s. Based on this inclusion and the annotated assertions from Example
the answer to Jz.(Mayor(z)) can be derived by using any of the first two assertions
together with the inclusion. Based on the source annotations, this information
can be expressed through the provenance polynomial (p ® q) ® s.

We investigate (i) the complexity of deciding whether an ontology annotated
with provenance information entails a conjunctive query associated with a prove-
nance polynomial, and (ii) the problem of computing polynomials representing the
provenance of a query entailed by a provenance annotated ontology. We instanti-
ate these problems to DL-Liteg, the logic underpinning the OWL 2 QL profile [1],
and show that, for the first problem, the complexity remains NP-complete in
combined complexity, and in LOGSPACE in data complexity (as in the classical
query answering problem in DL-Liteg ). Regarding problem (ii), we show that
the set of polynomials representing provenance may be infinite in general. So
we study a special case where the semiring is multiplicatively-idempotent and
the set of polynomials is guaranteed to be finite. We show that computing the
provenance polynomials can be hard, i.e., there is a DL-Liteg ontology and a
query such that the set of provenance polynomials cannot be represented with
polynomial space.

2 Basic Definitions

Following the original ideas from provenance semirings in databases [8], we repre-
sent the provenance information through a so-called positive algebra provenance
semiring (or provenance semiring for short). Formally, given a set X of variables,
the provenance semiring is the algebra S = (N[X],®, ®,0, 1), where the product
® and the addition & are two commutative, and associative binary operators,
and the product distributes over the addition. These operators are defined as
usual over the space N[ X] of finite polynomials with integer coefficients on the
variables X. We denote by Np the set of all (finite) polynomials over the variables
X that are of expanded form; that is Np contains only polynomials of the form



> i<i<n Ili<j<m @i, with a;; € X, and n,m > 0. In words, a polynomial in
expanded form is a finite set of monomials, each formed by a finite product of
variables in X. Notice that distributivity of product over additions entails that
every polynomial can be equivalently rewritten in expanded form; however, the
expanded form of a polynomial may become exponentially larger. For instance,
the polynomial (p @ ¢) ® r from Example [1|is equivalent to (p @) & (¢ ® r).

2.1 Provenance Annotated Ontologies

The provenance information for each axiom in an ontology is stored in the form
of an annotation. For the scope of this paper, we focus on ontologies written in
the description logic DL-Liteg [2]. Consider three mutually disjoint countable
sets of concept names N¢, role names Ng, and individual names Ny. A DL-Litegr
concept (resp. role) assertion is an expression of the form A(a) (resp. R(a,b)),
with A € N¢ (resp. R € Ng) and a,b € N|. DL-Liteg role and concept inclusions
are expressions of the form S C T and B C C, respectively, where S, T are role
expressions and B, C' are concepts built according to the grammar rules

S:=R|R™ T:=5]|-S B:=A|3S C :=B| B,

with R € Ng and A € N¢. A DL-Liteg aziom is either a DL-Liter assertion,
role inclusion, or concept inclusion. A provenance annotated DL-Liter ontology
is a set of annotated azioms of the form (a,p) where « is a DL-Liteg axiom
and p € X C Np is a variable of a provenance semiring, such that each variable
appears in at most one axiom. We call DL—Lite7P2 this annotated extension of
DL-Liteg.

The semantics of DL—Lite7P2 is given by interpretations, which extend the
classical interpretations of DL-Liteg to track provenance, when relevant. Formally,
a DL-Lite, interpretation is a triple Z = (A7, Ag ,-T) where AT is a non-empty
set (called the domain of T), A% is a non-empty set (called the domain of
polynomials of ), and - is the interpretation function mapping

— every p,q € Np to some p?, g% in the set Ag with the condition that p* = ¢*
iff the polynomials p and ¢ are mathematically equal (e.g., (p®q)T = (¢q@p)T);

— every A € Nc¢ to some AT C AT x Ag; and

— every R € Ng to some RT C AT x AT x A%.

We extend the mapping -Z to further DL-Liter expressions in the natural way:

(R)F ={(e;d,p") | (d,e,pT) € BT}, (=8)F = (AT x AT x A7)\ 57,
(39T ={(d.p") | Je € AT : (d,e,p") € S*} and (=B)* = (AT x Al)\ B~

The DL-Lite%, interpretation Z satisfies: (A(a),p) (respectively (R(a,b),p)) if
(a,pt) € AT (resp. (a,b,p?) € RY); (C C D,p) if, for all ¢ € Np, (d,q%) € C*
implies that (d, (¢ ® p)%) € D%; and (S T T,p) if (d,e,q?) € ST implies that
(d,e,(q®p)T) € TT. T satisfies an annotated ontology O, in symbols Z = O, if
it satisfies all annotated axioms in O.



Ezample 3. Consider the ontology O with the assertions of Example [1| and
the inclusion of Example [2| Let Z be a DL-Litef, interpretation with domain
AT = {Renier, Venice, Brugnaro} and A% containing {p,q,r,s,(p ® s), (¢ ® s)},
which interprets individual names and polynomials in O by themselves, and

— headGov? = {(Renier, Venice, p), (Brugnaro, Venice, q) },
— Mayor” = {(Renier,p ® s), (Brugnaro, q ® s)},
— City* = {(Venice,)}.

7 is a model of O.

2.2 Provenance Annotated Queries

We extend the notion of conjunctive queries in DLs by allowing binary and
ternary predicates, where the last term of the tuple can either be a variable or
a monomial in Np (by definition of the semantics of DL—Lite%, tuples can only
contain monomials, not sums). More specifically, a Boolean conjunctive query
(BCQ) q is a sentence 3Z.p(Z, d, p), where ¢ is a conjunction of atoms of the
form A(t1,t), R(t1,t2,t), and ¢; is either an individual name from @, or a variable
from &, and ¢ (the last term of each tuple) is either an element of Np in the list
7 or a variable from #. We often write P(f) to refer to an atom which can be
cither A(ty,t) or R(t1,t2,t) and write P(t) € ¢ if P() is an atom occurring in g.

A match of the BCQ ¢ = 37.¢(Z, @, p) in the DL-Lite?, interpretation Z is a
function 7 mapping £ UadU j to AT U A%, such that, for all b € @U p, 7(b) = b*
and, for every atom P(f) € ¢, 7(t) € PT. The interpretation Z satisfies the BCQ
q, written Z [= g, if there is a match of ¢ in Z. A BCQ is entailed by O if it is
satisfied by every model of O. For a BCQ ¢ and an interpretation Z, we denote
by vz(q) the set of all matches of ¢ in Z. The provenance of ¢ on Z, denoted
provz(q), is the (potentially infinite) expression:

> 11 prove(P(r(®))

mevz(q) P(t)€q

where prov(P(7(t))) is the last element of the tuple n(f) € PZ. For p € Np,
we write p C provz(q) if p is a sum of monomials and for each occurrence of a
monomial in p we find an occurrence of it in provz(g). We say that Z satisfies g
with provenance p € Np, in symbols Z = (q,p), if Z = ¢ and p C provz(q). We
say that a DL-Litel, ontology O entails g, in symbols O = g if for all DL—Lite%
interpretations Z, if Z = O then Z |= ¢; and O = (¢,p) if O = ¢ and for all
DL-Lite%, interpretations Z satisfying O we have that p C provz(q).

We often write |Y| to denote the size of a DL-Litel, ontology, a polynomial
or a BCQ Y, defined as the length of the string that represents Y, where role
and concept names are considered to be of length one.

2.3 Reasoning Problems

We consider the problem of query entailment w.r.t. a provenance polynomial,
defined as follows: given an ontology O in an ontology language £, a query ¢ and



a polynomial p € Np we want to decide whether O = (g, p). Another important
and related question is how to compute the provenance of a query. We define the
problem of computing the provenance of a query as follows: given an ontology O
in an ontology language £ and a query ¢, we want to compute the set of all p € Np
such that O = (g,p). In our formalism, this second problem depends on whether
there is a finite set of polynomials which we can compute. The following example
shows that in DL-Litef, the set of provenance polynomials can be infinite.

Ezample 4. Consider a DL-Litely ontology O with the annotated assertions of
Example [I} the annotated inclusion of Example 2l and (Mayor C JheadGov. T, t).
Then, for all n € N, it holds that O = (Mayor(Renier),p ® s"T! ® t"). Indeed, any
model Z of O satisfies the mentioned axioms, so (Renier, (p®s)%) € Mayor” implies
(a,(p®s®t)T) € (3headGov.T)Z, which implies (Renier, (p ® 52 ®t)%) € Mayor”,
and so on.

In Sections [3] and [4] we consider the problem of query entailment w.r.t. a
provenance polynomial. Notice that in Example [ if the semiring is multiplica-
tively idempotent (i.e., s ® s = ), then the set of provenance polynomials is
finite; indeed, the only polynomial will be p ® s ® t. This is not a coincidence;
in fact, under multiplicative-idempotency, the set of provenance polynomials is
always finite. The following proposition states that multiplicative-idempotency is
not only necessary (as shown in Example [4) but also sufficient to guarantee that
the set of polynomials is finite.

Proposition 5. Under multiplicative-idempotency, for any satisfiable DL-LiteR,
ontology O and BCQ q, the set of p € Np such that O = (q,p) is finite.

Sketch. Under multiplicative-idempotency, for any DL-Litef, ontology O and
BCQ ¢, the number of possible monomials occurring p € Np such that O = (¢, p) is
finite. Thus, the only possibility for the set to be infinite is if these monomials can
repeat an unlimited number of times. To entail such polynomials, the arbitrarily
large number of repetitions should happen in all models of O. However, under
multiplicative-idempotency, DL-Litef, enjoys the finite domain property. That is,
if a DL-Lite%, ontology has a model then it has a model Z with AZ finite. O

In Section [5] we study the properties gained under idempotent semirings. In
particular, we consider the problem of computing the provenance of a query.

3 Characterization

In this section, we show how to reduce the problem of query entailment w.r.t.
a provenance polynomial to the query entailment problem in standard DLs for
a particular class of provenance annotated DL—Lite7Pz ontologies which we call
marked. We use our results for marked ontologies, in Section[4] to solve the query
answering problem for provenance annotated DL—Li‘ce?2 ontologies in general. We
say that a DL—Lite7P2 ontology O,, is marked if there is a DL—Lite7P3 ontology O
such that O,, is the result of:



— replacing each (R(a,b),p) by (Ra.(a,b),p), where R, is a fresh role name;

— for all a,b € Ny and all R € Ng occurring in O, adding a concept inclusion
(EIRE;,) C C,v) for each (AR C C,u) € O, where v is fresh;

— for all a,b € Ny and all R, S € Ngr occurring in O, adding a role inclusion
(Ré})) C Sé;)),v) for each (R(™) C S(7) u) € O, where v is fresh.

Intuitively, we want to ensure that there is a model of O, in which elements
in the anonymous part (i.e., not in the image of N;) connected (via roles) to the
image of an individual are associated with monomials containing at least one
variable of the semiring which is not shared by anonymous elements connected
to the image of another individual. In other words, we want to ‘mark’ monomials
associated to elements derived from assertions of named individuals.

We now show that given a marked ontology O, a BCQ ¢ and a polynomial
p € Np, we can translate the query g and the polynomial p into a set of queries
such that O entails (g, p) iff it entails at least one of the queries from this set. We
first show how to translate a BCQ where all terms are variables (no individual
names and no polynomials). For a BCQ ¢ = 3% ¢(Z) with m atoms and p € Np
with n monomials, we define Tr(g,p) as the set of all BCQs:

3 N\ ei@), 1)

1<i<n

where ¢ = 47, . .., and each ¢; = 37; ;(#;) is a ‘copy’ of ¢ in which we replace
each variable x € & by a fresh variable x; € ;. It remains to check whether
we can find the monomials of the polynomial in these matches. We do this by
replacing the last variable in each j-th atom of g; by a monomial p; ; built from
symbols in X C Np occurring in p such that H1<j<m pi,; = pi for some p; € Np,
with 1 <i<n;and Y ..., pi =D T

The translation of a BCQ with individual names is done in a similar manner,
except that we also have to add such individual names in each copy of the query,
that is, we would replace the corresponding variable in the translation with the
individual name occurring in the query. Theorem [§] formalises the correctness of
our translation. In the following, we write O |= Tr(q,p) (resp. Z = Tr(q, p)) to
express that there is ¢’ € Tr(q, p) such that O = ¢’ (resp. Z = ¢').

Ezample 6. Consider the query ¢ = Jzyzw.(headGov(z,y, z) A City(y, w)) and
the polynomial p = (s ® t) ® (s @ r). Then,

Jz1y122y2.(headGov(z1, y1, s) A City(y1,t) A headGov(xa, o, 5) A City(y2, 7))

is in Tr(q, p).

To show Theorem [§ we use the following technical lemma. whose proof uses
the construction of the canonical model and the assumption that the DL—Lite7Pa
ontology is in marked form.

Lemma 7. Let O be a satisfiable DL—Lit&',Da marked ontology, ¢ a BCQ and p a
polynomial in Np. If O |= (q,p) then for any two monomials p1,ps appearing in
p, it holds that p; and py are mathematically distinct.



With the help of this lemma, we can state the main result of this section;
namely, that the translation for marked ontologies is correct.

Theorem 8. Let O be a DL—Lite% ontology, ¢ a BCQ and p € Np a polynomial
formed of mathematically distinct monomials. Then,

O k= (q,p) if, and only if, O = Tr(q,p).

In the next section, we use our characterization for marked ontologies to
present a query rewriting method for answering provenance queries.

4 Query Rewriting

We now show how to adapt the classical query rewriting algorithm PerfectRef [7]
to deal with provenance annotated ontologies and queries in DL—Lite%. We use
our characterization in Section [3| for marked ontologies and restrict to the case
where BCQs ¢ are such that, for all P(f} € ¢, the last element of 7 is a monomial in
Np (i.e., variables do not occur in the last parameter of an atom). In Theorem
we explain how we solve the problem of query entailment w.r.t. a provenance
polynomial for arbitrary DL—Lite7Pz ontologies and annotated queries. Whenever
possible, we use the same definitions and terminology in |7, Section 5.1], adapting
some of them to our setting, when necessary.

In the following, the symbol “_” represents non-distinguished non-shared
variables. A positive inclusion [ is a provenance annotated role or concept
inclusion without negations. We say that I is applicable to an atom A(z,p) if I
is annotated with v occurring in p and it has A in its right-hand side. A positive
inclusion [ is applicable to an atom R(z,y,p) if (i) x =_, I is annotated with
v occurring in p, and the right-hand side of I is 3R, or (ii) I is a role inclusion
annotated with v occurring in p and its right-hand side is either R or R™.

To simplify the presentation, for each role R~ occurring in a marked DL-
Lite% ontology O, we add to O the annotated role inclusions (R~ C R, pr) and
(RC R™,p}), where R is a fresh role name and pg,pj; are fresh variables of a
provenance semiring. We can then assume w.l.o.g. that inverse roles only occur
in such role inclusions by replacing any other occurrence of R~ with R. Given a
monomial p € Np and a variable v € X C Np of the semiring occurring in p, we
denote by pj, the result of removing one occurrence of v from p.

Definition 9. Let g be an atom and I be a positive inclusion that is applicable
to g. Then, the atom obtained from g by applying I, denoted by gr(g,I), is:

- gT’(g,I) = Al(xap|v)7 ng = A(l’7p) and I = (Al C A,’U),’

= gr(g,1) = R(z,— ,pjy), if g = A(x,p) and I = (3R E A,v);

= gr(g.1) = Az, pv), if g = R(z,— ,p) and I = (AC IR, v);

- gr(gv‘[) = Rl(xv— 7p|v); ng = R(.T,_ 7p) and I = (ElRl E EIRa ’U);

= gr(g.1) = RBi(z,y,py0), if g = R(x,y,p) and I = (R, E R,v);

- g?‘(g,f) = Rl(?J,x,ph}), Z'fg = R(xay,p) and either I = (Rl C Riav) or
I =(R] CR,v)



Algorithm 1 Algorithm PerfectRef

Input: a BCQ g, a set of positive inclusions O1
Output: a union of BCQs PR

1: PR:={q}

2: repeat

3: PR := PR

4: for all ¢ € PR’ do

5: for all g € ¢ do

6: for all I € Or do

7 if I is applicable to g then

8: PR :=PRU{qlg/gr(g, )]}
9: for all g1,92 € ¢ do

10: if g1 and g2 unify then

11: PR := PRU {r(reduce(q, g1, 92)) }

12: until PR’ = PR
13: return PR

We use the same algorithm PerfectRef (Algorithm (1)) originally presented
in [7], except that the notion of applicability of a positive inclusion I to an atom
g is as previously described and gr(g,I) is as in Definition @ Let g[g/g'] denote
the BCQ obtained from ¢ by replacing the atom g with a new atom ¢'. Let 7
be a function that takes as input a BCQ ¢ and returns a new BCQ obtained by
replacing each occurrence of an unbound variable in ¢ with the symbol ‘_’; and
let reduce be a function that takes as input a BCQ ¢ and two atoms ¢, g» and
returns a BCQ obtained by applying to ¢ the most general unifier between ¢,
and go. We denote by PerfectRef(q, O1) the output of the algorithm PerfectRef
with a BCQ ¢ (with a monomial in Np in the last parameter of each atom) and
a set O of positive inclusions of a marked DL-Lite%, ontology O as input.

Ezample 10. Consider a DL-Lite%, ontology O containing the annotated asser-
tions of Example [I] and the annotated inclusion I of Example 2] Assume that
Algorithmreceives O7 and ¢ = Jz.Mayor(z, p®s) as input. Since [ is applicable
to g = Mayor(z,p ® s), in Line 8] Algorithm [Ifadds to PR the result of replacing
g by gr(g,I) = headGov(z,_ ,p) in gq. Hence we get that

¢" = 3z, y headGov(z,y, p) € PerfectRef(q, Or).
Indeed ¢ is a rewriting of q.

Termination of our modified version of PerfectRef follows the same lines
as [7, Lemma 34], except that now the number of terms is exponential in the
size of monomials occurring in the query, and thus, in the size of the query. This
is due to Definition [0} where we ‘break’ the monomial into a smaller one. Our
modification does not change the upper bounds obtained with the algorithm,
since in data complexity only the data is considered as part of the input (so the
query is fixed) and the upper bound for combined complexity, which we establish
in Theorem is obtained by a non-deterministic version of the algorithm.



Theorem 11. In DL-Lite%, answering provenance annotated queries is NP-com-
plete (combined complexity).

The following theorem states the complexity of answering provenance anno-
tated queries in DL-Lite7P3 when (i) only provenance annotated role and concept
inclusions are considered as the input, and (ii) only the assertions are the input.

Theorem 12. In DL—Lz'te%, answering provenance annotated queries is (i) in
PTIME in the size of the role and concept inclusions, and (i) in LOGSPACE in
the size of the assertions (data complezity).

Proof. These complexity results follow from the fact that: (1) satisfiability of
DL-Lite%, is in LOGSPACE, as in DL-Liter [2]; (2) the query rewriting can be
computed in time polynomial in the number of positive inclusions in a DL—Lite?2
ontology O and in constant time in the number of assertions in O; (3) (our
modified version of) PerfectRef is correct [7] (see Theorem [LT]); and (4) evaluation
of a query over a database can be computed in LOGSPACE w.r.t. the size of the
database (follows from the fact that queries are a fragment of first-order logic
and their size is fixed for the complexity results in this theorem). O

5 Idempotency

We now turn our attention to a special case, where the semiring describing the
provenance of knowledge is multiplicatively-idempotent; that is, the operation ®
is such that for every polynomial p € Np, p ® p = p. Such would be the case, for
example, if the provenance refers to the name of the source of the knowledge;
then, having several times the same name does not affect the result. Alternatively,
one can consider access rights to observe certain pieces of knowledge from the
ontology. For the scope of this section, we remove the assumption that the labels
of each of the axioms are unique. That is, while every axiom is still labelled with
one variable from the provenance space, several axioms may share the same label.
This is consistent, again, with the idea of the labels representing the source or
the accessibility level of a piece of knowledge.

Consider first the problem of computing the provenance of a query, as described
in Section Notice, however, that whenever the semiring is fully idempotent (that
is, p@®p = p also holds), the task can be simplified to the computation of relevant
monomials. More precisely, in this special case we are interested in computing
the set of all monomials p such that O |= (g, p). Clearly, the polynomial of the
query is the result of adding all these monomials. This definition is equivalent to
the general one since the semiring is idempotent: repetitions of the monomials
do not affect the result, and repetitions of a variable in a given monomial can
be removed. If the semiring is only multiplicatively idempotent, then computing
monomials does not suffice, since some of them may need to appear several times.
However, the problem is still simplified to find the (finite) number of repeated
monomials to be observed.



The first thing that we notice is that, in general, we cannot avoid an exponen-
tial runtime of any method computing this polynomial, since it may require the
addition of exponentially many monomials, as shown in the following example.

Ezxample 13. Consider the DL—Lite7Pz ontology O containing the axioms:

(AEBlax)7 (A;017m)7 (Bn ED7$), (C’nng7~r)> (A(a/)7p)>
(Bi C Bit1,%i), (BiCCit1,y:), (Ci CE Bit1,x:), (Ci CCit1,y:), 1<i<mn,

and the simple query ¢ = D(a). Notice that every monomial p = z ® [[_, z;,
where each z; € {z;,y;} is such that O = (¢,p) (and none other). Hence, the
polynomial of the query ¢ is formed by the sum of 2™ different monomials; that
is, it is exponential on the size of the ontology.

Perhaps more interesting, though, is that the provenance of some queries can-
not be expressed through a provenance polynomial whose length is polynomial on
the size of the ontology, even if we allow the expression to not be in expanded form.
This is, in fact, a direct consequence of the results by Karchmer and Wigderson
on monotone complexity [11,/12]. In a nutshell, Karchmer and Wigderson show
that there is no monotone Boolean formula of polynomial length that can express
all the paths between two nodes in a graphE In fact, the result holds already for
the special case of a complete graph. As hinted in Example graphs can be
described in DL-Liteg (and in even simpler logics) using basic inclusion axioms.
Moreover, monotone Boolean formulas can be seen as a provenance polynomial
over an idempotent semiring; indeed, the conjunction A serves as product and V
as the addition in this algebra, and both operators are idempotent. Hence we
have the following result (see also [14]).

Proposition 14. There exists a DL-Liteg ontology O and a query q such that
the provenance polynomial of ¢ w.r.t. O cannot be represented in polynomial
space. The result holds even if the semiring is idempotent, and every axiom in O
has a unique label.

Proof. Let N be a set with n concept names such that A, B € N. Define the

ontology
O={(CED,zcp) | C,De N}U{A(a),za},

and the query ¢ = B(a). Notice that O simulates a complete graph over the
nodes in N. Every derivation of B(a) represents a path from A to B in this graph.
Hence, if the provenance of ¢ could be expressed with polynomial space, there
would be a monotone Boolean formula representing all the paths from A to B in
the complete graph with n nodes, contradicting the results from [11}[12]. O

If in addition we assume as in the previous sections that every axiom has
a unique variable as a provenance label, then it is possible to show that the
provenance polynomial for instance queries can be computed efficiently, whenever

L' A monotone Boolean formula is a propositional formula built using only the connec-
tives A and V (without negations).



its length does not increase greatly; that is, it can be computed in polynomial
time on the size of the input and the output. The proof of the following lemma
follows the same ideas presented in |15]/16], based on the fact that all the relevant
monomials that form the provenance can be enumerated with polynomial delay.

Lemma 15. The provenance p for an instance query w.r.t. the ontology O can
be computed in polynomial time on the size of O and the polynomial p.

All the results presented in this section refer to the complexity obtained from
considering the whole ontology as an input. In fact, more precise complexity
analyses based on fixing some of the parameters are left for future work. Moreover,
most of the queries used were simple instance or Boolean queries. In particular,
this means that all the hardness results can be transferred directly to more
complex (conjunctive) queries. On the other hand, it is worth noting that the
upper bounds developed in the previous section for the general case, obviously
apply also in the restricted setting of idempotency.

6 Conclusions

In this paper, we have studied the problem of provenance in an OBDA scenario
where the data and the ontological axioms are annotated with provenance infor-
mation. In particular, we have shown that query rewriting techniques developed
for the classical OBDA setting can be adapted to handle provenance as well. Using
this argument, we were able to study the complexity of finding the provenance of
a query. We also studied special cases in which the operators from the provenance
semiring are idempotent.

It is important to emphasise that, despite some apparent similarities, the
problem of provenance is very different from that of axiom pinpointing [6}/10L17].
Although both in problems we are interested in tracing the causes of a consequence,
axiom pinpointing focuses on those that use minimal sets of axioms. In contrast,
all possible derivations are relevant for provenance, independently of whether
a subset of axioms might already suffice. Hence, although the set of monotone
Boolean formulas is a semiring, the provenance polynomial over this semiring
does not necessarily coincide with the pinpointing formula [4}5]. The main reason
for this difference is that the provenance label represents a key which can be
used to encode other information or values, such as trust or probability; hence
each derivation contributes to the final value represented by the polynomial.

As future work, we plan to study the properties of provenance-based OBDA
in more detail. In particular, we are interested in understanding how the choice of
the semiring affects the computational complexity of answering different problems,
and obtain a more fine-grained analysis of the complexity results. We also plan
to investigate our approach for dealing with provenance information in more
expressive logics.
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