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Abstract—Consistent query answering is a principled ap-
proach to query answering on inconsistent databases: when
an inconsistent database has more than one plausible repair,
queries are answered by returning the intersection of the query
answers over all repairs. In this paper, we study consistent
query answering over temporal databases relative to atemporal
integrity constraints. A temporal database is conceptually
viewed as a sequence of atemporal snapshot databases indexed
by time. Two approaches to repairing are presented. In the first
approach, each snapshot database is repaired individually and
independently of earlier or later snapshots. This independence
between snapshots facilitates the computation of consistent
query answers. A second approach, which is seemingly more
realistic, favors the persistence of attribute values in repairs.
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I. MOTIVATION

A database may be inconsistent with respect to a set of
integrity constraints for several reason. For example, when
two corporate databases are integrated in the event of a
business combination, the result may be inconsistent because
the databases stored contradictory information. Database
cleaning (or repairing) refers to the process of removing
inconsistencies from an inconsistent database. A difficulty
in this process is that there may not be a single best way
to clean a database. Consistent query answering (CQA) [1]
provides an elegant way for dealing with this difficulty. In
CQA, the consistent answer to a query is the intersection of
the answers to the query on all repairs. For a Boolean query,
the consistent answer is true if the query evaluates to true
on every repair. The rationale behind CQA is that if several
repairs are plausible, then only the answers that are valid in
each repair should be returned.

CQA is attractive but comes at a price in computational
complexity. For example, it is known for many years [2] that
there exists a Boolean conjunctive query q whose consistent
answer with respect to primary key constraints cannot be
computed in polynomial time in the size of the database
(unless P = NP). Intuitively, the source of this intractability
is the exponential number of repairs. An area of active
research has been to identify queries and constraints that
allow CQA in polynomial time [3]. For example, for primary
key constraints and conjunctive queries without self-joins,
the (in)tractability of CQA is by now well understood [4].

So far, CQA has mainly focused on atemporal databases.
The first part of this paper explores a simple setting that
allows “temporalizing” known CQA results. A temporal
database can be conceptually viewed as a sequence of
atemporal databases (called snapshots) indexed by time. If
all integrity constraints are atemporal, then such temporal
database can be repaired by repairing each snapshot indi-
vidually. Next, a class of atemporal Boolean queries can be
“temporalized” in a straightforward manner by closing the
class under temporal modal operators (like �, ♦, �) and
their Boolean combinations. We will study consistent query
answering in such simple temporal setting. In particular, we
introduce a condition, called Closeness Under Crossover,
which captures that every snapshot is repaired individually
and independently of past or future snapshots. We will show
that this condition admits some nice equivalent rewritings of
temporal queries under CQA semantics.

Although Closeness Under Crossover is theoretically el-
egant and attractive, this assumption may not be generally
plausible. In the second part of the paper, we therefore revisit
the assumption that a temporal database can be repaired by
repairing each snapshot individually. For example, consider
the temporal information encoded in Fig. 1. The first tuple
of S encodes that Ed’s salary was 10K from time 1 on.
The second tuple of S encodes that Ed’s salary was 12K
during that same time period. Assume a constraint saying
that at any one time, no employee can have two distinct
salaries. The relation S represents a sequence of snapshots
indexed by time, where for each integer i ∈ [1,+∞], the
ith snapshot contains both S(Ed, 10K) and S(Ed, 12K). Each
snapshot contains two conflicting tuples and can be repaired
by deleting either of both tuples. If each snapshot is repaired
individually, then for each non-negative integer n, there
exists a repair where Ed’s salary changed n times. Such
repairs are unrealistic for large n. In fact, it seems more
likely to assume that either Ed earned 10K throughout the
interval [1,+∞], or Ed earned 12K throughout that interval.

This article reflects on ways of extending CQA to tempo-
ral databases, starting with the most obvious case where all
integrity constraints are atemporal. It is organized as follows.
Section II defines (abstract) temporal databases as well as
a very generic notion of repairing. Section III introduces



S Ename Sal Time
Ed 10K [1,+∞]
Ed 12K [1,+∞]

Figure 1. Concrete temporal database instance db.

CQA for a temporal query language. Section IV shows a
theoretical result concerning query rewriting for CQA under
the Closeness Under Crossover condition, which captures
that all snapshots are repaired independently. Section V
revisits the latter condition and introduces a novel repair
construct. Section VI discusses related work and Section VII
concludes the paper.

II. TEMPORAL DATA MODEL

We assume a fixed database schema. An atemporal
database instance is a relational database instance (over
the fixed schema) defined in a standard way. To simplify
the technical treatment, we will assume that an atemporal
database is a finite set of facts, where a fact is an expression
of the form R(a1, . . . , an) where R is an n-ary relation name
and a1, . . . , an are constants.

A temporal database instance is an infinite sequence
〈I0, I1, I2, . . .〉 where

1) for every � ∈ N0, we have that I� is an atemporal
database instance (over the fixed schema), called snap-
shot; and

2) Finite Change Condition: there exists m ∈ N0 such
that Im = Im+1 = Im+2 = · · · .

Intuitively, the second condition means that from some time
point on, the recorded information remains unchanged. This
condition is plausible in most temporal database applica-
tions, where updates are typically not known before they
occur, and current data is assumed to remain true as long as
it is not deleted or modified. A practical consequence is that
every temporal database instance can be finitely presented
by a technique known as tuple-timestamping where every
timestamp is either +∞ or a non-negative integer. This
representation is common in temporal database systems and
will be discussed in Section V.

For example, let I and J be two atemporal database
instances and let I = 〈I, J, I, J, I, J, . . .〉. Then I is a tem-
poral database instance if and only if I = J . If I = J , then
the temporal database instance I can be finitely represented
by timestamping each fact R(�a) of I with R(�a, [0,+∞]),
expressing that R(�a) was valid at any time from time 0
on. If I �= J , then the sequence I violates the Finite
Change Condition and hence is not a legal temporal database
instance.

In practice, if a temporal database instance is inconsistent
with respect to some set of integrity constraints, it can be
cleaned or repaired to make it consistent. In general, the
same temporal database instance can be repaired in multiple
ways. To formally capture this, we assume a function ρ

(called repair function) from the set of temporal database
instances to the powerset of the set of temporal database
instances. Intuitively, if I is a temporal database instance,
then ρ(I) is the nonempty set of repairs of I. If R belongs
to ρ(I), then we say that R is a repair of I. Typically, if
R is a repair of I, then ρ(R) = {R}, because a repair is
consistent.

In most works on database repairing, the function ρ is
defined in an implicit way by fixing a set Σ of integrity
constraints and a repair construct. For example, we could
define a repair of I as any temporal database instance R
that satisfies Σ and that preserves a maximal number of
facts from I. We will postpone such implicit definitions
until Section V. It suffices to say here that we have in mind
integrity constraints that are atemporal, i.e., that apply to
atemporal database instances. That is, given an atemporal
database instance I , we can tell whether or not I is con-
sistent. Such notion of consistency naturally carries over to
temporal database instances: a temporal database instance
I = 〈I0, I1, . . .〉 is consistent if Ij is consistent for every
j ∈ N0. An atemporal integrity constraint is, for example,
that no employee can have two distinct salaries at any one
time.

Although our notion of temporal repair may be little
surprising, it has some consequences that merit particular
attention. First, since every repair 〈R0, R1, . . .〉 is a temporal
database instance, there must exist m such that Rm =
Rm+1 = Rm+2 = · · · . Second, if 〈R0, R1, . . .〉 is a repair
of some temporal database instance I = 〈I0, I1, . . .〉, then
I� = I�+1 does not imply R� = R�+1 (for any � ∈ N0).
Intuitively, two consecutive atemporal databases instances I�
and I�+1 may be identical and yet be “repaired” in different
ways.

For example, let I = 〈I, I, I, . . .〉 be an inconsistent
temporal database instance with the same atemporal database
instance I at any time. Assume that R1 and R2 are two
distinct consistent atemporal database instances that are
“reasonable” ways of repairing I . Then, ρ(I) may contain
〈R1, R1, R1, . . .〉 and 〈R2, R2, R2, . . .〉, but also

〈R1, R2, R1, R2, · · · , R1, R2, R1, R1, R1, . . .〉.
This repair first switches finitely many times between R1

and R2, and then R1 holds at all future times. On the
other hand 〈R1, R2, R1, R2, R1, R2, . . .〉 is not a temporal
database instance (and hence not a repair) because it falsifies
the Finite Change Condition.

III. TEMPORALIZING AN EXISTING QUERY LANGUAGE

In this section, we will first temporalize an existing query
language, and then add a modal operator for consistent query
answering.

A. Standard Temporal Semantics
Let C be a class of (atemporal) Boolean queries. We define

TL(C) as the following family of temporal queries:



• every query in C belongs to TL(C);
• if ϕ1 and ϕ2 belong to TL(C), then ϕ1 ∧ ϕ2 belongs

to TL(C);
• if ϕ belongs to TL(C), then ♦ϕ and �ϕ belong to

TL(C).
The modal operator ♦ represents “Eventually,” and � rep-
resents “Always.”

Example 1. In our running example, we assume a rela-
tion schema E(Ename, LivesIn,WorksFor). A fact E(e, �, w)
means that employee e lives in the city � and works
for company w. We assume that employees are uniquely
identified by their name, that no employee lives in two
distinct cities, and that no employee works for two distinct
companies.

The question “Is it true that Ed lived in Paris and then
in London, in which town he remained?” can be expressed
as follows in TL(C):

♦ (∃z1E(‘Ed’, ‘Paris’, z1)∧
♦�∀y∀z2 (E(‘Ed’, y, z2) → y = ‘London’)) .

In this temporal query, ∃z1E(‘Ed’, ‘Paris’, z1) (henceforth
denoted by q1) and ∀y∀z2 (E(‘Ed’, y, z2) → y = ‘London’)
(henceforth denoted by q2) are understood to be queries in C.

Let I = 〈I0, I1, I2, . . .〉 be a temporal database instance
and � ∈ N0. The notion |= is defined as usual:

• for q ∈ C, we have I, � |= q if I� |= q;
• I, � |= ϕ1 ∧ ϕ2 if I, � |= ϕ1 and I, � |= ϕ2;
• I, � |= ♦ϕ if for some m ∈ N0 such that m ≥ �, we

have I,m |= ϕ;
• I, � |= �ϕ if for all m ∈ N0 such that m ≥ �, we have

I,m |= ϕ.
Finally,
• I |= ϕ if I, 0 |= ϕ.

Two queries ϕ1 and ϕ2 in TL(C) are equivalent, denoted
ϕ1 ≡ ϕ2, if for every temporal database instance I, we
have I |= ϕ1 if and only if I |= ϕ2.

The following result will be used later on.

Lemma 1. Every temporal query in TL(C) can be formu-
lated equivalently as a conjunction

∧n
i=1 ϕi where each ϕi

is of one of the following forms:
• ϕi ≡ q with q ∈ C;
• ϕi ≡ ♦ψ with ψ ∈ TL(C);
• ϕi ≡ �q with q ∈ C; or
• ϕi ≡ �♦ψ with ψ ∈ TL(C).

Proof: Exhaustively apply the following equivalences:

� (ϕ1 ∧ ϕ2) ≡ �ϕ1 ∧�ϕ2

� (�ψ) ≡ �ψ

The query so obtained will obviously be in one of the desired
forms.

B. Temporal Consistent Query Answering

We now add a modal operator � to our language, giving
a new language TL�(C). This modal operator � captures
the paradigm of consistent query answering: the intended
meaning of �ϕ is that ϕ is true in all repairs.

• If ϕ belongs to TL(C), then �ϕ belong to TL�(C);
• if ϕ1 and ϕ2 belong to TL�(C), then ϕ1 ∧ϕ2 belongs

to TL�(C); and
• if ϕ belongs to TL�(C), then ♦ϕ and �ϕ belong to

TL�(C).
According to this syntax, every query in TL�(C) contains
at least one occurrence of the modal operator �, and this
operator cannot be nested.

The semantics of ∧, ♦ and � is defined in the usual
way (not repeated here); the semantics of � is defined next.
Intuitively, �ϕ says that ϕ holds in every repair. That is,� acts as a universal quantification over all repairs (in the
same way as � acts as a universal quantification over all
time instants). The semantics is defined relative to a repair
function ρ (introduced in Section II).

• For every � ∈ N0, we have I, � |=ρ �ϕ if for every
repair R in ρ(I), we have R, � |= ϕ; and

• I |=ρ �ϕ if I, 0 |=ρ �ϕ.

Since every repair is its own repair, it should be clear why
nesting of � is not useful (and hence has been disallowed
in our language).

For a fixed repair function ρ (represented in some finite
way), the problem TEMP CERTAINTY(ϕ) takes as input
a temporal database instance I (represented as a concrete
temporal database instance, introduced in Section V), and
asks whether I |= �ϕ. Clearly, the above problem remains
underspecified as long as we have not specified finite repre-
sentations for ρ. However, The focus of this paper is not on
the computational complexity of TEMP CERTAINTY(ϕ)
for particular choices of ρ, but rather on general properties
that hold for any ρ. We start with two easy lemmas, stating
that ��ϕ and ��ϕ are equivalent, and that � distributes
over ∧.

Lemma 2. Let ϕ be a temporal query in TL(C). Let ρ be a
repair function. Let I be a temporal database instance and
� ∈ N0. Then, I, � |=ρ ��ϕ if and only if I, � |=ρ ��ϕ.

Lemma 3. Let ϕ1, ϕ2 be temporal queries in TL(C). Let ρ
be a repair function. Let I be a temporal database instance
and � ∈ N0. Then, I, � |=ρ � (ϕ1 ∧ ϕ2) if and only if
I, � |=ρ �ϕ1 and I, � |=ρ �ϕ2.

Finally, we have the following.

Lemma 4. Let ϕ be a temporal query in TL(C). Let ρ be a
repair function. Let I be a temporal database instance and
� ∈ N0. If I, � |=ρ ♦�ϕ, then I, � |=ρ �♦ϕ.



IV. PUSH-DOWN THEOREM

The converse of Lemma 4 does not generally hold: there
exists a temporal database instance that satisfies �♦ϕ, but
falsifies ♦�ϕ. Intuitively, in every repair, ϕ becomes even-
tually true, but there is no time at which ϕ is simultaneously
true in all repairs.

We will now introduce a sufficient condition on the repair
function ρ under which �♦ϕ and ♦�ϕ are equivalent. We
say that the repair function ρ is closed under crossover if for
every temporal database instance I = 〈I0, I1, . . .〉, if R =
〈R0, R1, . . .〉 and S = 〈S0, S1, . . .〉 belong to ρ(I), then for
every � ∈ N0, 〈R0, R1, . . . , R�, S�+1, S�+2, . . .〉 belongs to
ρ(I).

For atemporal integrity constraints, repair functions that
are closed under crossover emerge when one repairs a
temporal database instance in a “time by time” manner,
where for every time instant �, the snapshot I� is repaired
independently of previous or later times. In Section V, we
will discuss some alternate repair assumptions.

Closeness under crossover would make little sense for
temporal integrity constraints that span multiple time in-
stants, like “The city of birth of an employee cannot change.”
If R and S would store different cities of birth for the same
employee, their crossover would be inconsistent. Recall,
however, that this paper focuses on atemporal integrity
constraints (on temporal databases).

Notice that if ρ(I) contains both 〈R1, R1, R1, . . .〉 and
〈R2, R2, R2, . . .〉, then ρ cannot be closed under crossover.
Indeed, to be closed under crossover, ρ(I) would have to
contain 〈R1, R2, R1, R2, R1, R2, · · ·〉 as well, but the latter
sequence is not a legal repair because it violates the Finite
Change Condition.

Lemma 5 (Synchronization). Let ϕ be a temporal query
in TL(C). Let ρ be a repair function that is closed under
crossover. Let I be a temporal database instance and � ∈
N0. If I, � |=ρ �♦ϕ, then I, � |=ρ ♦�ϕ.

Proof: Assume I, � |=ρ �♦ϕ. That is, for every repair
R ∈ ρ(I), we have R, � |= ♦ϕ.

We need to show that for some m ∈ N0 such that m ≥ �,
we have I,m |=ρ �ϕ.

Since the Finite Change Condition applies on repairs, for
every repair R of I (i.e., for every R ∈ ρ(I)), either

1) there exists n ∈ N0 such that for all k ≥ n, we have
R, k |= ϕ; or

2) there exists n ∈ N0 such that for all k ≥ n, we have
R, k |= ¬ϕ.

If a repair R satisfies the first condition, then we say that
its ϕ-number is +∞; otherwise its ϕ-number is the greatest
integer s such that R, s |= ϕ (such integer exists since
R, � |= ♦ϕ). If the ϕ-number of every repair is equal to
+∞, then the desired result holds vacuously. Assume next
that the ϕ-number of some repair is distinct from +∞. Let s

be the smallest number that is the ϕ-number of some repair,
and let S be a repair whose ϕ-number is equal to s. From
S, � |= ♦ϕ, it follows s ≥ �. We show in the next paragraph
that for every repair R of I, we have R, s |= ϕ, which
concludes the proof.

Assume towards a contradiction that there exists a repair
R of I such that R, s �|= ϕ. Since the ϕ-number of R is
at least s, we can assume a smallest integer r ∈ N0 such
that r > s and R, r |= ϕ. The situation can be depicted as
follows:

s r
S · · · ϕ ¬ϕ ¬ϕ · · · ¬ϕ ¬ϕ · · ·
R · · · ¬ϕ ¬ϕ ¬ϕ · · · ¬ϕ ϕ · · ·

Let S = 〈S0, S1, . . .〉 and R = 〈R0, R1, . . .〉. Since ρ is
closed under crossover, the sequence T defined next belongs
to ρ(I):

T := 〈R0, R1, . . . , Rr−1, Sr, Sr+1, Sr+2, · · ·〉.

We show that for all j ≥ s, we have T , j �|= ϕ. First, for all
j ≥ r, we can infer T , j �|= ϕ from S, j �|= ϕ, because all
our queries are future formulas.

Next, let j ∈ {s, s+ 1, . . . , r− 1}. By Lemma 1, we can
assume without loss of generality that ϕ ≡

∧n
i=1 ϕi where

each ϕi is of the form q, ♦ψ, �q, or �♦ψ with q ∈ C.
Since R, j �|= ϕ, we can assume i ∈ {1, . . . , n} such that

R, j �|= ϕi. Then ϕi must be of the form q or �q. Indeed, if
ϕi ≡ ♦ψ or ϕi ≡ �♦ψ, then from R, r |= ϕi with r ≥ j,
it is correct to conclude R, j |= ϕi, a contradiction. So two
cases can occur:

1) Case ϕi ≡ q with q ∈ C. Since R, j �|= ϕi, it follows
T , j �|= ϕi.

2) Case ϕi ≡ �q with q ∈ C. Since R, j �|= ϕi and
R, r |= ϕi with r ≥ j, it must be the case that for
some k ∈ {j, j + 1, . . . , r − 1}, we have R, k �|= q. It
follows T , j �|= ϕi.

It follows T , j �|= ϕ in all cases.
Since T is a repair of R, we have T , � |= ♦ϕ. It

follows that the ϕ-number of T is strictly smaller than s, a
contradiction.

The main result of this section can now be stated.

Theorem 1 (Push-Down). Let ϕ be a temporal query in
TL(C). Let ρ be a repair function that is closed under
crossover. Let ϕ′ be the formula obtained from ϕ by re-
placing each atom q (i.e., q ∈ C) with �q. Then, for every
temporal database instance I, we have I |=ρ �ϕ if and
only if I |=ρ ϕ

′.

Proof: Immediate from Lemmas 2, 3, and 5. Intuitively,
the query �ϕ can be formulated equivalently by “pushing
down” the � operators until all � operators are in front of
queries in C.



Example 2. Continuation of Example 1. If we denote the
two queries of C by q1 and q2 respectively, then the temporal
query of Example 1 is ♦ (q1 ∧ ♦�q2). From Theorem 1,
it follows that the latter query is true in every repair of
some temporal database instance I if and only if I satisfies
♦ ((�q1) ∧ ♦��q2), provided that the repair function ρ is
closed under crossover.

We now discuss the practical interest of Theorem 1. In
the past, CQA has mainly focused on atemporal Boolean
queries q ∈ C (for some query class C) and atemporal
integrity constraints: Given an atemporal database I , what
is the complexity of determining whether q evaluates to true
on all repairs of I? The latter question is tantamount to
determining I, � |=ρ �q under the assumption that temporal
repairs are obtained by repairing snapshots individually. So
pushing temporal operators outside the scope of � allows
us to reuse tractability results for CQA obtained in the
atemporal case.

Unfortunately, Theorem 1 is no longer valid if we consider
temporal operators � or until, as illustrated next. Assume
a binary relation name R whose first position is a key,
i.e., Σ = {∀x∀y∀z (R(x, y) ∧R(x, z) → y = z)}. Consider
I = 〈I0, I1, I2, . . .〉 where

I0 = {R(a, 1)}
I1 = {R(a, 1), R(a, 2)}
I2 = {R(a, 2)}
Ij = I2 for all j > 2

Obviously, I has two repairs, because one fact has
to be deleted from I1. Significantly, the set contain-
ing these two repairs is closed under crossover. Since
both repairs satisfy R(a, 1) until R(a, 2), it is correct to
write I |= � (R(a, 1) until R(a, 2)). However, I �|=
(�R(a, 1)) until �R(a, 2), because I, 1 �|= �R(a, 1) and
I, 1 �|= �R(a, 2).

Likewise, we have that I |= � (♦ (R(a, 1) ∧ �R(a, 2))),
but I �|= ♦ (�R(a, 1)) ∧ ��R(a, 2).

V. REPAIRING IN PRACTICE

In this section we first introduce concrete temporal
database instances. We then argue that it may be unnatural
to repair snapshots individually, and provide a new repair
notion that seems more natural.

A. Repairing Snapshots Individually

In the following, we assume that all integrity constraints
are denial constraints, which are first-order sentences of the
form:

¬∃�y (R1(�x1) ∧ · · · ∧Rn(�xn) ∧ ϕ) ,

where n ≥ 1 and ϕ is a conjunction of built-in predicates
such that every variable that occurs in ϕ occurs in some �xi.

The empty conjunction is understood to be true. Denial
constraints may be more customarily expressed in the form:

∀�y (R1(�x1) ∧ · · · ∧Rn(�xn) → ¬ϕ) .
For example, the following denial constraints express that
no employee can have two distinct domiciles or work for
two distinct companies:

∀x∀y∀z∀u∀v (E(x, y, u) ∧ E(x, z, v) → y = z)
∀x∀y∀z∀u∀v (E(x, y, u) ∧ E(x, z, v) → u = v)

We write key(Ename) for the set that contains these two
denial constraints.

The following definitions are relative to a set Σ of denial
constraints. A repair of an atemporal database instance I is
a maximal (with respect to set inclusion) subset of I that
satisfies every denial constraint of Σ. This repair construct
is thus by deletion only [2]. Since the empty atemporal
database instance satisfies every denial constraint, every
atemporal database instance has at least one repair.

The foregoing notion of repair extends to temporal
database instances in a straightforward way. A repair of a
temporal database instance I = 〈I0, I1, . . .〉 is any temporal
database instance R = 〈R0, R1, . . .〉 such that for each
� ∈ N0, we have that R� is a repair of I�. However,
as already exemplified in Section I, the aforementioned
temporal extension may result in repairs that are implausible.

B. Finite Representation of Temporal Database Instances

This section introduces concrete temporal database in-
stances in which facts are timestamped with time intervals.

An interval is a pair [i, j] where i ∈ N0 and j ∈ N0 ∪
{+∞} such that i ≤ j. Two intervals [i1, j1] and [i2, j2] are
disjoint if there exists no � ∈ N0 ∪ {+∞} such that both
i1 ≤ � ≤ j1 and i2 ≤ � ≤ j2.

Let R be a relation name of arity n. A temporal fact is
an expression R(�a, [i, j]) where �a is a sequence of constants
(of length n) and [i, j] is an interval. A concrete temporal
database instance is a finite set db of temporal facts such
that for all R(�a1, [i1, j1]), R(�a2, [i2, j2]) in db, if �a1 = �a2,
then the intervals [i1, j1] and [i2, j2] are disjoint.

If db is a concrete temporal database instance, then �db�
denotes the sequence 〈I0, I1, I2, . . .〉 such that for all � ∈ N0,

I� = {R(�a) | ∃i∃j : R(�a, [i, j]) ∈ db and i ≤ � ≤ j}.
Corollary 1. If db is concrete temporal database instance,
then �db� is a temporal database instance.

Proof: Since db is a finite set, there must exist m ∈ N0

such that Im = Im+1 = Im+2 = · · · .
A concrete temporal database instance db is said to be

coalesced if there exists no temporal database db′ such
that

∣
∣db′∣∣ < |db| and �db′� = �db�. Intuitively, the

coalesced representation minimizes the number of temporal
facts. Figure 2 (left) shows a concrete temporal database
instance that is coalesced.



E Ename LivesIn WorksFor Time
Ed Paris Google [0,+∞]
Ed London Google [5,+∞]
An London Google [9,+∞]

R′ Ename LivesIn WorksFor Time
Ed Paris Google [0, 13]
Ed London Google [14, 17]
Ed Paris Google [18,+∞]
An London Google [9,+∞]

Figure 2. Concrete temporal database instance db0 (left) and a finite representation of a repair of �db0� (right).

Consistency carries over from temporal database instances
to concrete temporal database instances in the natural way:
a concrete temporal database instance db is consistent
(with respect to a set Σ of integrity constraints) if �db�
is consistent.

C. Repairing at the Concrete Level

The repair notion of Section V-A is theoretically clean
and elegant, but may lead to undesirable repairs, as already
illustrated in Section I. A more detailed example is given
next.

Example 3. Let db0 be the concrete temporal database
instance of Fig. 2, and let I0 = �db0�. Assume constraint
key(Ename).

For any non-negative integer n, there exists a repair
of I0 recording that Ed made n moves between Paris
and London. One such repair is shown in Fig. 2 (right).
One may criticize this repair for being ill-founded, because
the original database provides no evidence that something
happened between times 13 and 14, or between 17 and 18.

Note incidentally that by the Finite Change Condition,
there is no repair where Ed made infinitely many moves
between Paris and London.

We now formalize the idea that some repairs are more
plausible than others. Let db be a concrete temporal
database instance. A conflict set of db with respect to Σ
is a minimal (with respect to set inclusion) subset cs of db
that is inconsistent with respect to Σ. We say that db is
factorized with respect to Σ if for every conflict set cs of
db, all temporal facts of cs have identical time intervals.

For example, the concrete temporal database instance of
Fig. 2 is not factorized, because the two temporal facts about
Ed form a conflict set but have unequal time intervals. The
temporal database instance of Fig. 3 is factorized.

It can be easily seen that for every temporal database
instance I, there exists a concrete temporal database instance
db that is factorized with respect to Σ such that �db� = I.
Moreover, the following holds.

Theorem 2. Let Σ be a set of denial constraints, and let I be
a temporal database instance. There exists a unique minimal
(with respect to cardinality) concrete temporal database
instance db such that �db� = I and db is factorized with
respect to Σ.

Proof: Let db1 and db2 be two minimal (with respect

to cardinality) concrete temporal databases, both factorized
with respect to Σ, such that �db1� = �db2� = I. We show
db1 ⊆ db2 (the opposite inclusion is proved in the same
way). Assume db1 contains R(�a, [i, j]) (possibly j = +∞).
Since �db1� = �db2�, there exists a (unique) temporal fact
R(�a, [g, h]) in db2 such that g ≤ i ≤ h. We show i = g
(the equality j = h is proved in the same way). Assume
towards a contradiction g < i. Then, g ≤ i− 1 < i ≤ h.

From �db1� = �db2�, it follows that for some k ∈ N0,
db1 contains R(�a, [k, i− 1]).

Let ∼ be the subset of db1 × db1 that is the reflexive
transitive closure of:

F ∼ G if F and G belong to a same conflict set
of db1 with respect to Σ.

Let A be the subset of db1 that contains each fact
S(�b, [k, i− 1]) ∈ db1 such that S(�b, [k, i− 1]) ∼
R(�a, [k, i− 1]). Let B be the subset of db1 that con-
tains each fact S(�b, [i, j]) ∈ db1 such that S(�b, [i, j]) ∼
R(�a, [i, j]). Notably, A contains R(�a, [k, i− 1]) and B con-
tains R(�a, [i, j]). Since R(�a, [k, i− 1]) and R(�a, [i, j]) are
not coalesced in db1 and since db1 is minimal, one of the
following must occur:

1) there exists S(�b, [k, i− 1]) ∈ A such that S(�b, [i, j]) �∈
B; or

2) there exists S(�b, [i, j]) ∈ B such that S(�b, [k, i− 1]) �∈
A.

Now it is not hard to see that this contradicts with
R(�a, [g, h]) ∈ db2 where g ≤ i− 1 < i ≤ h.

If I is a temporal database instance, then we denote by
facΣ(I) the minimal (with respect to cardinality) concrete
temporal database instance db such that �db� = I and db
is factorized with respect to Σ.

The following lemma has an easy proof.

Lemma 6. Let Σ be a set of denial constraints, and let I
be a temporal database instance. If r is a maximal (with
respect to set inclusion) consistent subset of facΣ(I), then
�r� is a repair of I.

If r is a maximal consistent subset of facΣ(I), then �r�
will be called a persistent repair of I with respect to Σ.
Intuitively, in a persistent repair, values of attributes persist if
no new conflict emerges. Thus, Lemma 6 tells us that (finite
representations of) persistent repairs are maximal (with
respect to cardinality) consistent subsets of the minimal
factorized concrete temporal database instance.



E Ename LivesIn WorksFor Time
Ed Paris Google [0, 4]
Ed Paris Google [5,+∞]
Ed London Google [5,+∞]
An London Google [9,+∞]

Figure 3. Concrete temporal database instance db1 such that �db1� =
�db0�. db1 is a minimal concrete temporal database that is factorized with
respect to key(Ename).

R1 Ename LivesIn WorksFor Time
Ed Paris Google [0,+∞]
An London Google [9,+∞]

R2 Ename LivesIn WorksFor Time
Ed Paris Google [0, 4]
Ed London Google [5,+∞]
An London Google [9,+∞]

Figure 4. Finite representation of the two persistent repairs of �db0�.

Figure 4 shows the two persistent repairs for our running
example: in R1, Ed stayed forever in Paris; in R2, Ed moved
once from Paris to London.

D. CQA with Respect to Persistent Repairs

Let Σ be a set of denial constraints. It is natural to
define the repair function ρ such that for every temporal
database instance I, we let ρ(I) be equal to the set of
persistent repairs of I with respect to Σ. In this way, we
have arrived at a realistic setting for studying the complexity
of TEMP CERTAINTY(ϕ) for queries ϕ ∈ TL(C). While
this study is left for future work, we point out here that,
unfortunately, Theorem 1 fails under such repair function,
as illustrated next.

Let q0 be the query

q0 : ∃s (S(‘Ed’, s) ∧ S(‘An’, s)) ,

asking whether Ed and An earn the same salary. The
temporal database instance of Fig. 5 (left) has two persistent
repairs R1 and R2, whose finite representation is shown in
Fig. 5 (right). Both persistent repairs satisfy ♦q0. However,
there exists no time instant � such that q0 is true at � in both
R1 and R2. Note also that ρ is not closed under crossover.

VI. RELATED WORK

The paradigm of consistent query answering (CQA) under
integrity constraints has gained an increasing research inter-
est ever since its introduction [1]. A monograph on the topic
is [3]. A significant line of research is to compute consistent
query answers by query rewriting: Given a query q in some
“source” language, find a query q′ in some fixed “target”
language such that for every database I , the consistent
answer to q on I (i.e., the intersection of the answers to
q on all repairs) is equal to the (standard) answer to q′

on I . In several studies (e.g., [4], [5]), the source language
is restricted to conjunctive queries, and the target language
is first-order logic. Theorem 1 in the current paper falls in
this line of research: for queries ϕ ∈ TL(C), the theorem
provides a rewriting for �ϕ, provided that rewritings of �q
are known for q ∈ C. Some studies have focused on CQA
in the spatio-temporal domain [6], [7], albeit in settings that
are quite different from the current paper.

The foundations of temporal database systems are given
in [8]. Important is the distinction between (abstract) tem-
poral databases and their concrete representations. It is
common to define semantics of integrity constraints and
queries on the abstract level. In this respect, it is worth
noticing that our notion of persistent repair relies on the
concrete representation. Temporal integrity constraints have
been an active research topic for several decades; see [9]
and the references therein.

Persistent repairs are reminiscent of temporal granular-
ity [10], [11] in the following way. Attribute values are
often constrained to not change within some time granule
(e.g., salaries do not change within a calendar month); in the
same vein, persistent repairs avoid attribute values to change
at arbitrary time instants.

VII. CONCLUSION AND FUTURE WORK

This article reflected on ways of extending consistent
query answering (CQA) to temporal databases, starting with
the most obvious case where all integrity constraints are
atemporal. At first we assumed that repairing at any one
time instant does not depend on past or future times. We
showed that this assumption, formalized by the Closeness
Under Crossover condition, results in some nice rewriting
properties for a particular class of temporal queries. We
then introduced a novel repair construct which captures the
intuition that repairs must not add spurious changes at ar-
bitrarily picked time instants. Unfortunately, this seemingly
more realistic repair notion does not satisfy all rewriting
properties that apply if Closeness Under Crossover holds.

This work can be extended in multiple ways. We
showed that the Push-Down Theorem (Theorem 1) does
not hold if � or until are allowed in temporal queries.
It would be interesting to explore alternate rewriting tech-
niques in the presence of these temporal operators. For
example, it seems that �♦ (q1 ∧ �q2) is equivalent to
♦ (�q1 ∧ � (q1 ∨ q2) until �q2). Notice that the latter
query uses disjunction, which is currently not in TL(C). In
general, given a source language with a choice of temporal
operators (♦, �, �, until) and Boolean connectives (∧, ∨,
¬), determine a minimal target language such that for every
query ϕ in the source language, �ϕ can be expressed in the
target language (extended with �q for every q ∈ C). These
questions merit to be studied for generic repair functions
ρ, but also for the specific repair functions that map each
temporal database instance to its set of persistent repairs.



S Ename Sal Time
Ed 10K [1, 61]
Ed 12K [1, 61]
An 10K [1, 30]
An 12K [31, 61]

R1 Ename Sal Time
Ed 10K [1, 61]
An 10K [1, 30]
An 12K [31, 61]

R2 Ename Sal Time
Ed 12K [1, 61]
An 10K [1, 30]
An 12K [31, 61]

Figure 5. Concrete temporal database instance (left) and its two persistent repairs (right).

Our notion of persistent repair was defined for atemporal
integrity constraints; it remains an open question how to
extend this notion to constraints that are truly temporal, i.e.,
that refer to more than one time instant.
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