proceedings

O

Dynamic Conjunctive Queries

Thomas Zeume
TU Dortmund University
thomas.zeume@cs.tu-dortmund.de

ABSTRACT

The paper investigates classes of queries maintainable by
conjunctive queries (CQs) and their extensions and restric-
tions in the dynamic complexity framework of Patnaik and
Immerman. It studies the impact of union, atomic negation
and quantification on the dynamic expressiveness of CQ, for
the standard semantics as well as for A-semantics.

It turns out that, although there are many different combi-
nations of these features, there exist basically five important
fragments for the standard semantics, characterized by the
addition of the following features to the possibility to build
conjunctions over positive atoms: (1) arbitrary quantifica-
tion and atomic negation, (2) existential quantification and
atomic negation, (3) existential quantification, (4) atomic
negation (but no quantification), and (5) conjunction only
(and no quantification). Whether all these fragments are
actually different remains mostly open, however, it is shown
that (4) strictly subsumes (5). The fragments arising from
A-semantics are also subsumed by the standard fragments
(1), (2) and (4).

As a further result, all (statically) FO-definable queries
are captured by fragment (2) and a complete characteri-
zation of these queries in terms of non-recursive dynamic
CQ ™ -programs is given.

1. INTRODUCTION

The re-evaluation of a fixed query after an update to a
huge database can be a time-consuming process; in particu-
lar when it is performed from scratch. For this reason pre-
viously computed information such as the old query result
and (possibly) other auxiliary information is often reused in
order to speed up the process.

This maintenance of query results has attracted lots of
attention over the last decades of database related research.
For relational databases an algorithmic approach (see e.g.
[17, 11]) and a declarative approach (see e.g. [7, 16]) have
been studied. Here, we continue the study of the declarative
approach where query results are updated by queries from
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some query language.

One possible formalization of this approach is the descrip-
tive dynamic complexity framework (short: dynamic com-
plexity) introduced by Patnaik and Immerman [16]. For a
relational database subject to change, auxiliary relations are
maintained with the intention to help answering a query Q.
When an update to the database, an insertion or deletion of
a tuple, occurs, every auxiliary relation is updated through
a first-order query that can refer to both, the database and
the auxiliary relations. A particular auxiliary relation shall
always represent the answer to Q. The class of all queries
maintainable in this way, and thus also in the core of SQL,
is called DYNFO.

The class DYNFO is quite powerful. Many queries in-
expressible in (static) first-order logic, such as the transi-
tive closure query on undirected graphs [16] and the word
problem for context-free languages [9], can be maintained
in DYNFO. In [8] a query inexpressible in first-order logic
extended by a transitive closure operator and counting has
been shown to be contained in DYNFO. There are no general
inexpressibility results for DYNFO at all'.

Towards a deeper understanding of the dynamic setting,
two main restrictions of DYNFO have been explored in the
literature. Dong and Su started the study of restricted
auxiliary relations [6]. They restricted the arity of auxil-
iary relations and obtained inexpressibility results for unary
auxiliary relations. On the other hand, Hesse started the
exploration of syntactic fragments of DYNFO, such as the
one obtained by disallowing quantification in update formu-
las [14]. Inexpressibility results for this particular fragment
have been obtained in [9].

In this work we investigate classes of queries maintainable
by conjunctive queries and extensions thereof, thus we are
following the approach of Hesse.

Conjunctive queries (CQs), that is, in terms of logic,
existential first-order queries whose quantifier-free part is
a conjunction of atoms, are one of the most investigated
query languages. Starting with Chandra and Merlin [2],
who analyzed conjunctive queries for relational databases,
those queries have been studied for almost every emerging
new database model. Usually also the extension by unions
(UCQs), by negations (CQ™'s) as well as by both unions
and negations (UCQ™s or, equivalently, 3*FO) have been
studied. It is folklore that all those classes are distinct for
relational databases.

In this work we aim at the following goals.

'Except for the trivial ones due to the fact that queries main-
tainable in DYNFO can be computed in polynomial time.
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GOAL 1. Understand the relationship between different
classes of dynamic conjunctive queries as well as their re-
lationship to static query classes.

Our focus for relating variants of dynamic conjunctive
queries is on the classes listed above. Some preliminary re-
sults have been obtained in [19] for the quantifier-free vari-
ants of conjunctive queries.

As for the relationship to static classes, it is interesting to
understand whether larger static classes C can be captured
by a dynamic class DYNC’, for some weaker C’. Up to now
only two such results are known, namely, that MSO can
be characterized by quantifier-free DYNFO on strings and
that 3*FO is captured by quantifier-free DYNFO extended
by auxiliary functions on general structures [9].

In the framework of Patnaik and Immerman auxiliary re-
lations are always re-defined as a whole after an update.
However, in the context of query re-evaluation, it is often
convenient to express the new state of an auxiliary relation
R in terms of the current relation and some “Delta”, that
is, by specifying tuples R' to be inserted into R and tuples
R~ to be removed from R. We refer to the former seman-
tics as absolute semantics and to the latter as A-semantics.
Obviously, the choice of the semantics does not affect the
expressiveness of an update language that is closed under
Boolean operations. However, most of the update languages
in this paper lack some Boolean closure properties.

GOAL 2. Understand the relationship between absolute
semantics and A-semantics for conjunctive queries and their
variants.

In this work we contribute to achieve those two goals as
follows.

Contributions. For an overview of the relationship of
the various dynamic classes of conjunctive queries we refer
to Figure 1.

The distinctness of those classes in static relational
databases does not translate into the dynamic setting:?

e We show that, in many cases, the addition of
the union-operator does not yield additional expres-
sive power in the dynamic setting, for example,
DyNUCQ™ = DYNCQ, DYNUCQ = DyYNCQ, and
DyNPrROPUCQ™ = DYNPROPCQ ™, where PROP indi-
cates classes without quantifiers.

e In other cases, negation does not increase the
expressive power of an update language, e.g.,
we have DyNPrROPUCQ™ = DYNPrROPUCQ and
A-DYNCQ™ = A-DYNCQ.

e Further, often quantifiers can be replaced by their
dual quantifiers, e.g., DYNI*FO(= DyYNUCQ") =
DyNV*FO.

Whether DYNCQ™ = DYNCQ remains open. However, a
first-step is taken towards the separation of the remaining
fragments:

e We show that dynamic conjunctive queries without
negations and quantifiers are strictly weaker than the
quantifier-free fragment of DYNFO.

2The notation for classes will be formally introduced in Sec-
tions 2 and 4. In general, A indicates A-semantics, the
absence of A indicates absolute semantics.
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Furthermore, we show that dynamic conjunctive queries
extended by negations capture all first-order queries:

e We characterize the class of first-order queries as
the class maintainable by non-recursive dynamic
DYNF*FO-programs with a single existential quanti-
fier per update formula. This implies that dynamic
conjunctive queries extended by negations can main-
tain all first-order queries.

For the second goal, the main finding is that the difference
between absolute and A-semantics is much smaller than we
had expected.

e The dynamic classes corresponding to FO, CQ™ and
PROP yield the same expressive power with respect to
absolute and A-semantics.

e It turns out that conjunctive queries and conjunc-
tive queries with negation coincide with respect to
A-semantics, that is, in particular, A-DYNCQ =
A-DYNCQ™ and thus, also A-DYNCQ = DyNUCQ™

Choice of setting. The concrete settings under
which dynamic complexity has been studied in the litera-
ture slightly differ in several aspects. We shortly discuss the
most important aspects, what choice we took for this work
and why we made this choice.

An important aspect is whether to use a finite and fixed
domain, an active domain or an infinite domain. In this
work, we follow the framework of Patnaik and Immerman
in which the domain is finite and fixed [16]. To maintain a
query, a dynamic program has to work uniformly for every
domain. This fixed domain framework for a dynamic set-
ting might appear counterintuitive at first sight. However,
it allows to study the underlying dynamic mechanisms of
dynamic programs, in particular when one is interested to
develop lower bound methods. Fixed domains also offer a
strong connection to logics and circuit complexity. In incre-
mental evaluation systems (IES), a framework proposed by
Dong and Topor [7], active domains are used. This setting
is a little closer to real database systems but most results in
dynamic complexity hold equally in both frameworks.

Another parameter to choose is how the auxiliary data is
initialized. In the setting of Patnaik and Immerman, dy-
namic programs start from empty databases and the auxil-
iary data is either initialized by a polynomial time compu-
tation or by a formula from the same class as the update
formulas. Later this was generalized by Weber and the sec-
ond author by proposing that dynamic programs start from
an arbitrary initial database and auxiliary data initialized by
a mapping computable in some given complexity class [18].

In this work we allow for arbitrary initialization map-
pings. This is motivated by our long term goal to develop
lower bound techniques for dynamic programs. While lower
bounds in settings with restricted initialization might de-
pend on this restriction, an inexpressibility result in the
setting with arbitrary initialization, on the other hand, re-
ally shows that a query cannot be maintained. A result like
DyNUCQ = DyNCQ is helpful for the development of lower
bound techniques, as it shows that for proving lower bounds
for DyNUCQ it is sufficient to consider DYNC(Q programs
— but also that one has to be aware that lower bounds for
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Figure 1: Hierarchy of fragments of DynFO. Solid lines are strict separations.

DyNCQ are as hard as lower bounds for DyYNUCQ. How-
ever, though all our results are stated for arbitrary initial-
ization mappings, they also hold in the setting with empty
initial database and first-order initialization for the auxil-
iary data. The proofs do not carry over to the strict setting
of Patnaik and Immerman where, in a dynamic class DYNC,
only C initializations are allowed.

Related work.  We next discuss some further related
work, beyond what we already mentioned above. The ex-
pressivity of first-order logic in the dynamic complexity
frameworks discussed above has been studied a lot (see e.g.
[16, 6, 8, 13, 14, 18, 10, 9]). Most results focus on showing
that a problem from some static complexity class can be dy-
namically maintained by programs of a weaker query class.
Some lower bounds have been achieved as well (see e.g. [3,

, 6, 9, 10, 19]). Many other aspects such as the arity of
auxiliary relations (see e.g. [0, 14]), whether the auxiliary
relations are determined by the current structure (see e.g.
[16, 5, 10]), and the presence of an order (see e.g. [10]) have
been studied.

An algebraic perspective of incremental view maintenance
under A-semantics has been studied in [15]. Parts of this
work have also been implemented, see, e.g., [1].

Outline. In Section 2 we define our dynamic setting
more precisely. In Section 3 the results for absolute seman-
tics are presented. The alternative A-semantics is intro-
duced and studied in Section 4. In Section 5 we give the
dynamic characterization of first-order logic. We conclude
with a discussion and a first step towards separations in Sec-
tion 6.
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2. DYNAMIC SETTING

In this section, we introduce the basic concepts and fix our
notation. We mainly borrow it from our previous work [19].

A dynamic instance of a query Q is a pair (D, «), where
D is a database over a finite domain D and « is a sequence
of updates to D, i.e. a sequence of insertions and deletions
of tuples over D. The dynamic query DYN(Q) yields as
result the relation that is obtained by first applying the up-
dates from a to D and then evaluating the query Q on the
resulting database.

The database resulting from applying an update § to a
database D is denoted by §(D). The result a(D) of apply-
ing a sequence of updates a = 1 ..., to a database D is
defined by (D) & 6,(... (51(D))...).

Dynamic programs, to be defined next, consist of an ini-
tialization mechanism and an update program. The former
yields, for every (input) database D, an initial state with
initial auxiliary data. The latter defines the new state of
the dynamic program for each possible update 4.

A dynamic schema is a tuple® (7in, Taux) where 7, and
Taux are the schemas of the input database and the auxiliary

3In [19] a dynamic schema had an additional schema for
an extra database with built-in relations. As in this paper,
we do not restrict auxiliary relations in any way and allow
arbitrary initialization, we do not need built-in relations.



database, respectively. In this work all schemata are purely
relational, although all results also hold for input schemas
with constants. We always let 7 = i U Taux.

Definition 1. (Update program) An wupdate program P
over dynamic schema (Tin, Taux) is a set of first-order formu-
las (called update formulas in the following) that contains,
for every R € Taux and every § € {INSg, DELg } with S € 7in,
an update formula ¢ (Z; %) over the schema 7 where & and
¥ have the same arity as S and R, respectively.

A program state S over dynamic schema (Tin, Taux) i
a structure (D,Z, A) where D is a finite domain, Z is a
database over the input schema (the current database) and
A is a database over the auxiliary schema (the auxiliary
database).

The semantics of update programs is as follows. For an
update §(a@), where @ is a tuple over D, and program state
S = (D,I,A) we denote by Ps(S) the state (D,d8(Z), A),
where A’ consists of relations R’ < {b | S = ¢&(a@; b)}. The
effect P,(S) of an update sequence oo = 91 ...0m to a state
8§ is the state Ps,, (... (Ps, (S))...).

Definition 2. (Dynamic program) A dynamic program is
a triple (P, INIT, Q), where
e P is an update program over some dynamic schema
(Tin, Taux),
e INIT is a mapping that maps Tin-databases to Taux-
databases, and
® () € Taux is a designated query symbol.

A dynamic program P = (P,INIT,Q) maintains a dy-
namic query DYN(Q) if, for every dynamic instance (D, ),
the relation Q(a(D)) coincides with the query relation Q°
in the state S = P, g_SIerv(D)), where Sivr(D) is the initial
state, i.e. Spr(D) = (D, D, INITaux (D).

Several dynamic settings and restrictions of dynamic pro-
grams have been studied in the literature (see e.g. [16, 8,

, 9]). Possible parameters are, for instance

e the logic in which update formulas are expressed;
e whether, in dynamic instances (D, «), the initial data-
base D is always empty; and
e whether the initialization mapping INITaux is permu-
tation-invariant (short: invariant), that is, whether
7 (INITaux (D)) = INITaux(7w(D)) holds, for every data-
base D and permutation 7 of the domain.
We refer to the introduction for a discussion of the choices
made in the following definition.

Definition 8. (DYNC) For a class C of formulas, let DYNC
be the class of all dynamic queries that can be maintained
by dynamic programs with formulas from C and arbitrary
initialization mapping.

In particular DYNFO is the class of all dynamic queries
that can be maintained by first-order update formulas.
DyYNPROP is the subclass of DYNFO, where update formulas
are not allowed to use quantifiers.

We note that arbitrary, (possibly) non-uniform initializa-
tion mappings permit to maintain undecidable queries, even
when the logic for expressing update formulas is very weak.

Allowing arbitrary initialization mappings in Definition 5
helps us to concentrate on the maintenance aspect of dy-
namic complexity and it helps keeping proofs short. All our
results also hold for FO-definable initialization mappings on
ordered domains.
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3. FRAGMENTS OF Dy~FO

In this section we study the relationship between the vari-
ants of dynamic conjunctive queries. This continues the
study of fragments of first-order logic that has been started
in [19].

We first give formal definitions of the classes of queries we
are interested in:

e CQ: the class of conjunctive queries, that is, queries
expressible by first-order formulas of the form ¢(Z) =
dijyp, where 1) is a conjunction of atomic formulas.

e UCQ: the class of all unions of conjunctive queries,
that is, queries expressible by formulas of the form
V, 3%, where 1 is a conjunction of atomic formulas.

We note that safety of queries is not an issue in this paper:
we use queries as update formulas only and we can always
assume that, for each required arity, there is an auxiliary
“universal” relation containing all tuples of this arity over
the active domain which could be used to make queries syn-
tactically safe.

The classes CQ and UCQ can be extended by addition-
ally allowing negated atoms, resulting in CQ™ and UCQ,
or they can be restricted by disallowing quantification. It
is well known that UCQ™ and 3*FO, the class of queries
expressible by existential first-order formulas, coincide, but
otherwise, all these classes are distinct. Furthermore, other
quantification patterns than 3* can be considered, like V* or
arbitrary quantification.

The main goal of this section is to show that the relation-
ship of these classes in the dynamic setting is much simpler
than in the static setting. We prove that dynamic classes
collapse as indicated in the left part of Figure 1. More pre-
cisely, we show the following two theorems regarding the
second and the third fragment in the left part of Figure 1.

THEOREM 3.1. Let Q be a query.
statements are equivalent:

Then the following

(a) Q can be maintained in DYNUCQ ™.
(b) Q can be maintained in DYNCQ™.

(c) Q can be maintained in DYNT*FO.
(d) Q can be maintained in DYNV*FO.

THEOREM 3.2. Let Q be a query.
statements are equivalent:

Then the following

(a) Q can be maintained in DYNUCQ.
(b) Q can be maintained in DYNCQ.

Using the same technique as is used for removing unions
from dynamic unions of conjunctive queries, a normal form
for DYNFO can be obtained. The class DYNFO” contains all
queries maintainable by a program whose update formulas
are in prenex normal form where the quantifier-free part is
a conjunction of atoms. The following theorem improves
Theorem 15 from [19].

THEOREM 3.3. Let Q be a query.
statements are equivalent:

Then the following

(a) Q can be maintained in DYNFO.



(b) Q can be maintained in DYNFO”.

Before we turn to the proofs of these theorems, we discuss
the proof techniques that will be used.

For showing that a class DYNC of queries is contained in a
class DYNC', it is sufficient to construct, for every dynamic
program with update queries from class C, an equivalent
dynamic program with update queries from class C’. In cases
where C’ C C this can also be seen as constructing a C’-
normal form for C-programs.

Most of the proofs for the collapse of two dynamic classes
in this paper are not very deep. Indeed, most of them use
one or more of the following (easy) techniques.

The replacement technique ([19]) is used to remove subfor-
mulas of a certain kind from update formulas and to replace
their “meaning” by additional auxiliary relations. In this
way, we often can remove negations (choose negative literals
as subformulas, see the proof of Theorem 3.5) and disjunc-
tions (see proof of Lemma 3.7) from update formulas.

The preprocessing technique is used to convert (more)
complicated update formulas into easier update formulas by
splitting the computation performed by the complicated up-
date formula into two parts; one of them performed by the
initialization mapping and stored in an additional auxiliary
relation, the other one performed by the easier update for-
mula using the pre-computed auxiliary relation. Applica-
tions of this technique are the removal of unions from dy-
namic unions of conjunctive queries (see example below) as
well as proving the equivalence of semantics for dynamic
conjunctive queries with negations (see Lemma 4.6).

FEzample 1. We consider the update formula

o5 (wsz) = Jy(U(z,y) vV V(z,u))

for a unary relational symbol R. We aim at an equivalent
update formula o (u; ) without disjunction. The idea is
to store a ‘disjunction blue print’ in a precomputed auxil-
iary relation 7" and to use existential quantification to guess
which disjunct becomes true.

In this example, we assume that in every state of the dy-
namic program on every database, both the interpretations
of U and V are always non-empty sets.” Then, ¢ (u; x) can
be replaced by

E|y3215|225|23§|24(U(21, 22) ANV (23, 24)
A T(Z17 22, 23,24,T,Y, u))

where T is an additional auxiliary relation symbol which
is interpreted, in every state S, by a 7-ary relation T con-
taining all tuples (a1,...,a7) with (a1,a2) = (as,as) or
(as,a4) = (as,ar). Thus T ensures that either the val-
ues chosen for z1, z2 coincide with the values of z,y or the
values of z3, z4 coincide with x, u.

Therefore, the initialization mapping initializes T with the
result of the query

def
QT(2’1722723724,"L’,y,U) =

((21,22) = (2,9) (z,u))

Observe that this approach fails when U or V are inter-
preted by empty relations. In order to cover empty rela-
tions as well, some extra work needs to be done (see proof
of Lemma 3.7).

V (23,21) =

4This assumption will eventually be removed in the proof.

42

The squirrel technique maintains additional auxiliary re-
lations that reflect the state of some auxiliary relation after
every possible single update (or short update sequence).5
For example, if a dynamic program contains a relation sym-
bol R then a fresh relation symbol Rs can be used, such
that the interpretation of Riys contains the content of R after
update INs (for every possible insertion tuple). Of course,
Rixs has higher arity than R, as it takes the actual inserted
tuple into account. Sample applications of this technique are
the removal of quantifiers from some update formulas (see
the following example and Lemma 3.4) and the maintenance
of first-order queries in DYNCQ™ (see Theorem 5.1).

Ezample 2. Consider the update formula

PRs(ursz) = Jy(Qx) v =S (u1,))

for the query symbol @ of some dynamic program P. In
order to obtain a quantifier-free update formula for @ af-
ter insertion of an arbitrary tuple we maintain the relation
Qus(-, ) that contains a tuple (a,b) if and only if b would
be in @ in the next state, after insertion of a. Similarly for
S and deletions.

Then the update formula quINb can be replaced by the
quantifier-free formula ¢@(u1;2) & Qus(u1,z). The re-
lation Qs can be updated via

fﬁéﬁ(“m U1, T) = Jy (me(uo, z)V
def

?ﬁfs(uo;uh r) = 3y(QDFI (uo, ) V

and similarly, for the other new auxiliary relations.

_|S[Ns(u07 uy, y))
_'SDEL(U07 ui, y))

We note that, in this example, the application of the tech-
nique does not eliminate all quantifiers in the program (in
fact, it removes one and introduces two new formulas with
quantifiers), but it removes quantification from the update
formula for a particular relation. Removing quantification
from the update formulas of the query relation will turn out
to be useful in the proofs of Lemmata 3.7, 3.9 and 4.6.

The proof of the following technical lemma is based on
this example. For an arbitrary quantifier prefix Q € {3,V}*
let QFO be the class of queries expressible by formulas with
quantifier prefix Q. If Q is a substring of Q" and a query Q
is in QFO then trivially Q is in Q'FO as well.

LEMMA 3.4. Let Q be an arbitrary quantifier pre-
fix.  For every DYNQFO-program there is an equivalent
DYNQFO-program P such that the update formulas for the
designated query symbol of P consist of a single atom.

Before we turn to dynamic conjunctive queries, we recall
some results from [19]. We denote by PROoPCQ, PROPUCQ,
ProrCQ™ and PROPUCQ™ the classes of queries definable
by conjunctive queries (and their extensions) but without
quantification.

The first two results from [19] that we recall, are negation-
free normal forms for DYNFO and for DYNPROP, the class of
queries maintainable by quantifier-free first-order formulas.

THEOREM 3.5 ([19]). (a) Every  DYNFO-program
has an equivalent negation-free DYNFO-program.

(b) Every DYNPROP-program
DyNPrOPUCQ-program.

has an  equivalent

®Squirrels usually make provisions for every possible future.



PrROOF IDEA. This theorem is a generalization of Theorem
6.6 from [14]. Given a dynamic program P, the simple
idea is to maintain, for every auxiliary relation R of P,
an additional auxiliary relation R for the complement of

R. O

Furthermore, there is a disjunction-free normal form for
DyNPRroP.

THEOREM 3.6  ([19]). Every DYNPROP-program has an
equivalent DYNPROPCQ ™ -program.

PrROOF IDEA. The update formulas of a given DYNPROP-
program P can be assumed to be in conjunctive normal form.
An equivalent DYNPROPC(Q "-program is obtained by main-
taining an additional relation R-¢, for every (disjunctive)
clause C occurring in any update formula of P.

With these additional relations, every update formula

¢ =Ci(Z1) N ...\ Cr(Zy)

with clauses C1(Z1), ..., Ck(Zk) can be replaced by the con-
junctive formula

“R-c, (Z1) A ... A= Rocy, (Tk)

The new auxiliary relations R-c themselves can be main-
tained by viewing —C' as a conjunction of atoms and taking
the conjunction of all the conjunctive update formulas for
the literals® in -C. O

The two normal forms for DynProp can be seen
as collapse results for quantifier-free conjunctive
queries. Together they state that the dynamic classes
DyNPrOPUCQ, DyNPROPCQ™ and DyYNPrRoOPUCQ™
coincide with DYNPROP.

Now we present new collapse results for dynamic con-
junctive queries. First, we prove that in the dy-
namic setting disjunctions can be simulated by existen-
tial quantifiers, that is DYNUCQ and DYNCQ as well as
DyNUCQ™ and DYNCQ™ coincide. However, we can not
apply the idea of the proof of Theorem 3.6 directly for this
result, since UCQ and UCQ™ are not closed under nega-
tions.

LEMMA 3.7. (a) For every DYNUCQ ™ -program there is
an equivalent DYNCQ ™ -program.

(b) For every DYNUCQ-program there is an equivalent
DyNCQ-program.

(c) For every DYNFO-program there is an equivalent
DYNFO” -program.

PrOOF. We first prove the statements for domains with
at least two elements and show how to drop this restriction
afterwards. The construction uses the idea from Example 1.
We give it for (a) but, as it does not introduce any negation
operators it works for (b) as well. For (c) one starts from a
negation-free DYNFO-program and uses the same construc-
tion used for (a)”.

SFor this step it is needed that P contains, for every aux-

iliary relation R, an additional auxiliary relation R for the
complement of R. This can be ensured by the technique
from Theorem 3.5.

"More precisely, replace the quantifier prefix 37 used
throughout the construction of (a) by a general quantifier-
prefix IF1Vys .. ..
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Let P = (P, INIT,Q) be a DYNUCQ -program over
schema 7. Without loss of generality, we assume that
the quantifier-free parts of all update formulas of P are
in disjunctive normal form. We convert P into an equiv-
alent DYNCQ™-program P’ whose update formulas are in
prenex normalform with quantifier-free parts of the form
N, Li(Z:) A T(), where L; are arbitrary literals over the
modified schema 7 and the symbols T are fresh auxiliary
relation symbols.

The program P’ = (P’,INIT', Q) is over schema 7" = 7 U
7 U 7r, where 7 contains a (k + 1)-ary relation symbol R
for every k-ary relation symbol R € 7; and 7r contains a
relation symbol Tg s for every relation symbol S € TU7T and
every update operation 4.

The intention for relation symbols from 7’ is as follows.
The relation symbols R € 7 shall always be interpreted as
in P. The intention of R € 7 is, on one hand, to contain a
“copy of R” (in tuples with first component ¢, for some fixed
element ¢) and on the other hand, to have a guarantee that
Ris non-empty. The latter is strongly ensured by enforcing
all tuples that do not have c as first component to be in 1:2,
and by |D| > 2:

RS Y {(¢,a)|de R°}U{(d,@) |d+#cand d@e D"} (1)

The relations T's,s will be used as in Example 1.
Now we construct the update formulas for program P’.
Let R € 7 and § be an update. Further let

be the update formula of R with respect to § in P, where
every C} is a conjunction of literals. For

Cii, &,7) = L1 (%) A ... A L (%)
we define
Ci(v, i, 2,9 L Li(v,51) A ... A L (v, @)
where L; = Rif L; = Rand L; = -R if L; = -R.
The update formula 2 (@;2', &) for R € 7 in P’ is
vR (@, ®) 373437, ... 335
(él(z;,zl) Ao A Ci(zh, 5)
NTp 5 (F, 240 20, s 2 2, m’,f))
The update formula £ (i; 2, ) for R € 7 in P’ is
V(@ @) ¥37 32132 ... 32,3,
(él(z;, Z)A . ACu(zh, Z)

—

S S /- i
/\TR»(S(yVZthw e 7Zka,U7$))

To ensure equivalence of this program with the original
program, the relations Ts,s are defined as follows.

e Tr s contains all tuples® (7,21, 21, - -+ 21,2%, U, T), for
which, for some i, 2 = ¢ and z; = (4, %, ).

e T's ; contains all tuples (¢,21,21,..., 2k, 2k, U, @', T)),

for which

— a2’ #e¢, or

8For simplicity, we reuse variable names as element names.



— for some i, 2, = c and z; = (4, T, J).

These are initialized as intended by simple quantifier-free
formulas (but with disjunction). Their interpretation is
never changed, that is, for every Ts 5, both update formulas
reproduce the current value of Ts s.

The initialization for relation symbols from 7 and 7 is
straightforward. Auxiliary relation symbols R € 7 are ini-
tialized as in P; and auxiliary relation symbols Revx
are initialized by INIT’ analogously to INIT but respecting
Equation (1).

This concludes the proof of (a), (b) and (c) for domains
with at least two elements. The restriction on the size of the
domains can be dropped as follows. In all three cases the
idea is to make a case distinction on the size of the domain
in the update formulas of the designated query symbol.

To this end, we first construct a DYNPROPCQ-program
P’ = (P",Ini7”,Q") over schema 7”7 with 7/ N 7" = §
which is equivalent to P over databases with domains of
size one. Then we construct a program P’ equivalent to P
by combining P” and the program P’ for domains of size at
least two.

For the construction of P” we observe that every relation
of a database over a single element domain D = {a} contains
either exactly one tuple, namely (a, ..., a), or no tuple at all.
Thus every such relation R corresponds to a 0O-ary relation
Ro where Ry is true if and only if (a,...,a) € R. Hence, by
Lemma 3.8, there is a DYNPROPCQ-program equivalent to
‘P for databases with domains of size one.

To combine P’ and P” we use two different approaches,
one for (a) and one for (b) and (c).

First we consider (a). To this end, we can assume, by
Lemma 3.4, that the update formulas for the query relations
Q" and Q" of P" and P consist of single atoms, respectively.
We construct an intermediate program P = (}57 INIT,Q)
over schema 7 = {Q,U} U7’ U 7" where U is a fresh 0-
ary relation symbol. The intention is that interpretations of
symbols in 7’ and 7" are as in P’ and P”, respectively, and
that U is interpreted by true if and only if the domain is of
size one. The initializations are accordingly.

Thus all update formulas of P for relation symbols from
7/ and 7" are as in P’ and P” (and thus disjunction-free).
The update formula for U is ¢§ U and

¢7

def

@3 A-U)V (63" AT)
= (¢ VoZ YA (U VL) A (8 VU)

1"

The program P” is obtained from P by removing dis-

junctions from (b? using the method’ from the proof of
Theorem 3.6. For example, the first clause is replaced by
—~R_(g'vory where R (g/vqry is a fresh auxiliary relation
symbol intended to be always interpreted by the result of
the query —|(¢5Q/ \/(b?”). The update formula for R-(grvqr
after an update ¢ is —|¢5Q/ /\—|¢5QN; it is disjunction-free since,
by our assumption, gzﬁéQ’ and d)?u both consist of a single
atom. This concludes the proof of (a).

The program P’ for (b) and (c) is over schema 7"
{Q""}ur'UT”. Again all update formulas of P for relation
symbols from 7’ and 7" are as in P’ and P and

65 = Nof
9This method cannot be used for DYNCQ and DYNFO”.

/

"
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The case distinction is delegated to the initialization map-
ping. Recall that the size of the domain is fixed when the
auxiliary relations are initialized. The initialization map-
ping INIT"” is as follows. If |D| =1 then

INIT"(Q") for R=Q",
Init”’(R) = { D* for R € 7/,
Init”’(R") for Re 7"
If |D| > 2 then
Init’(Q')  for R= Q"
IntT”(R) = { IntT'(R')  for Re 7/,
D* for Re "

Thus INIT" selects either qzﬁéQ’ or d)?”, depending on the
size of the domain. If |D| = 1 then ¢$ always evaluates to

true whereas d)?” yields the same value as in P”, and vice
versa for |D| > 2. As update formulas do not use negation,
all relations in the program, that is initialized to “true” (P’
or P") remain “full” throughout.'® This concludes the proof

of (b). [

O-ary relations can either be true (containing the empty
tuple) or false (not containing the empty tuple and thus
being empty), thus O-ary atoms are basically propositional
variables. Queries on O-ary databases are therefore basi-
cally families of Boolean functions, one for each domain size.
Such queries are not very interesting from the perspective of
databases, but we need to show the following lemma as we
used it in the previous proof. As quantification in queries on
0-ary databases is useless, every FO query can be expressed
by a quantifier-free formula and therefore can be maintained
in DYNPrROP. Yet, even more general, all queries on a 0-
ary database can be maintained by even more restricted dy-
namic programs. Let DYNPROPCQ be the class of dynamic
queries definable by update programs whose update formu-
las are solely conjunctions of atoms (i.e. no negations, no
disjunctions and no quantifiers are allowed).

LEMMA 3.8. Every query on a 0-ary database can be
maintained by a DYNPROPCQ-program.

PROOF. Let 7in be an input schema with 0-ary relation
symbols A1, ..., Ag. Further let Q1,..., @, be an enumer-

ation of all m = 22" many queries on Tin. We actually show
that all of them can be maintained by one DYNPROPCQ-
program P with auxiliary schema Taux {R1,...,Rm}
maintaining Q; in R;, for every i € {1,...,m}.

To this end, let @1, ..., @m be propositional formulas over
Tin such that (; expresses Q; and each ; is in conjunctive
normal form. Without loss of generality, no clause contains
A; and —A; for any A; € 7in and any ;. AS Taux con-
tains a relation symbol, for every propositional formula over
Ai,..., Ak, it contains, in particular, an auxiliary relation
symbol Rc, for every disjunctive clause over A, ..., A.

The update formulas for R; after changing input relation
A; can be constructed as follows. Let C be the set of clauses
of pj, ie. 9; = Npee C. We denote by C} , C;, and Ca,
the subsets of C whose clauses contain A;, —=A; and neither
A; nor —A;, respectively.

1°This cannot be guaranteed for DYNUCQ™.



If A; becomes true by an update then ¢; evaluates to
true if all clauses in Ca, and all clauses C' \ {—A;} with
C € C}, evaluated to true before the update (clauses in Cj;l
will evaluate to true after enabling A;).

If A; becomes false by an update then ¢; evaluates to
true if all clauses in C4, and all clauses C'\ {A;} with C €
Cj"l evaluated to true before the update (clauses in C,, will
evaluate to true after disabling A;).

Therefore the update formulas for R; after updating A;
can be defined as follows:

N\ Ren N Rovi-ap

Cecay cecy,

Ry def
¢II\'SAl -

R; def
$oies, = /N Ben \ Revay

Cecy, cech,

The initialization is straightforward. The correctness of
this construction can be proved by induction over the length
of update sequences. [

Finally we prove that DYN3*FO = DYNV*FO, and there-
fore that unions of conjunctive queries with negation coin-
cide with DYNV*FO in the dynamic setting. The proof uses
the replacement technique to maintain the complements of
the auxiliary relations used in the DYN3*FO-program via
DYNV*FO-formulas. A small complication arises from the
fact, that the query relation (and not its complement) has to
be maintained. This is solved by ensuring that the update
formulas of the query relation are atomic.

A slightly more general result can be shown.

LEMMA 3.9. Let Q be an arbitrary quantifier prefiz. A
query can be maintained in DYNQFO if and only if it can
be maintained in DYNQFO.

Now Theorems 3.1 and 3.2 follow immediately from
Lemma 3.7 and Lemma 3.9.

4. A-SEMANTICS

So far we considered a semantics where the new version of
the auxiliary relations is redefined, after each update, from
scratch by formulas that are evaluated on the structure with
the current auxiliary relations. We refer to this as absolute
semantics in the following.

However, in the context of view maintenance, one usually
expects only few auxiliary tuples to change after an update.
Therefore it is common to express the new version of the
auxiliary relations in terms of the current relations and some
“Delta”, that is, a (small) relation R™ of tuples to be inserted
into R and a (small) relation R~ of tuples to be removed
from R (with R" MR~ = ()). The updated auxiliary relation
R’ is then defined by

R € (RURM)\ R™

We refer to this semantics as A-semantics. This is the se-
mantics usually considered in view maintenance. As already
stated in the introduction, absolute and A-semantics can
only be different if the underlying update language is not
closed under Boolean operations.

Next we formalize A-semantics via A-update programs
which provide formulas defining the relations R™ and R™,
for every auxiliary relation R.
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Definition 4. (A-Update program) A A-update program
‘P over dynamic schema (Tin, Taux) is a set of first-order for-
mulas (called A-update formulas in the following) that con-
tains, for every R € Taux and every § € {INSg, DELs} with
S € Tin, two formulas qbf;# (@;Z) and ¢f (@;Z) over the
schema 7 where # and S have the same arity, © and R have
the same arity, and d)?+ A ¢F is unsatisfiable.

The semantics of A-update programs is as follows. For an
update § = §(d@) and program state S = (D, Z,.A) we denote
by Ps(S) the state (D,d(Z), A’), where the relations R’ of
A’ are defined by

(RU{BIS Eof @B} \{B] Sk of @h)}.

The effect of an update sequence on a state, dynamic A-
programs and so on are defined like their counterparts in
absolute semantics except that A-update programs are used
instead of update programs.

s def

R =

Definition 5. (A-DYNC) For a class C of formulas, let
A-DYNC be the class of all dynamic queries that can be
maintained by dynamic A-programs with formulas from C
and arbitrary initialization mapping.

We note that the definitions above do not require that
R™NR =0or R~ C R, that is, R™ might contain tuples that
are already in R, and R~ might contain tuples that are not in
R. However, in all proofs below, we construct only A-update
formulas that guarantee these additional properties. As a
consequence, for the considered fragments, the expressive
power is independent of this difference.

The goal of this section is to prove the remaining results
of Figure 1, that is, the collapse results depicted in the right
part of the figure and the correspondences between absolute
semantics and A-semantics.

THEOREM 4.1. Let Q be a query.
statements are equivalent:

(a) Q can be
(b) Q can be
(c) Q can be
(d) Q can be
(e) Q can be
(f) Q can be

THEOREM 4.2. Let Q be a query.
statements are equivalent:

(a) Q can be maintained in DYNUCQ™.

Then the following

maintained in A-DYNUCQ™.
maintained in A-DYNUCQ.
maintained in A-DYNCQ™.
maintained in A-DYNCQ.
maintained in A-DYNTF*FO.
maintained in A-DYNV*FO.

Then the following

(b) Q can be maintained in A-DYNUCQ™.

The technique used for removing unions from dynamic
unions of conjunctive queries under A-semantics can be
used to obtain a A-DYNFO” normal form for A-DyNFO-
programs.

THEOREM 4.3. Let Q be a query.
statements are equivalent:

(a) Q can be maintained in A-DYNFO.

Then the following



(b) Q can be maintained in A-DYNFO™.

We state some basic facts about dynamic programs with
A-semantics before proving those theorems. The following
lemma establishes the obvious fact that the absolute seman-
tics and A-semantics coincide in expressive power for dy-
namic classes closed under boolean operations. We observe
that the proof does not work for (extensions of) conjunc-
tive queries. Later we will see how to extend the result to
conjunctive queries.

LEMMA 4.4. Let C be some fragment of first-order logic
closed under the boolean operations {V,\,—}. Then for ev-
ery query Q the following are equivalent:

(a) There is a DYNC-program that maintains Q.

(b) There is a A-DYNC-program that maintains Q.

PROOF. From an DyNC-update formula ¢, the
A-DYNC-update formulas are defined as

oF (i, @) < R (i, &) A -R(Z)
o5 (@F) = —¢5 (@ T) A R(T)

From a A-DyNC-update formulas ¢§+ and ¢§+, an DYNC-
update formula is obtained via

o () < (R(@@) V o (67)) A—¢F (i)
O

Removing negations in dynamic programs with A-
semantics is straightforward using the replacement tech-
nique, since the complement R of an auxiliary relation R can
be maintained by exchanging the formulas ¢F and ¢F .
Observe that in contrast to absolute semantics this works
for arbitrary query classes, even if they are not closed un-
der complementation, and in particular for (extensions of)
conjunctive queries.

LEMMA 4.5. Let C be some fragment of first-order logic.
If a query Q can be maintained in A-DYNC then Q can be
maintained in negation-free A-DYNC.

PrOOF. The idea is again to maintain the complements
for auxiliary relations. For the sake of completeness we give
a full proof.

Given a dynamic A-program P over schema 7 we con-
struct a dynamic A-program P’ over schema T U 7 where
T contains, for every k-ary relation symbol R € 7, a fresh
k-ary relation symbol R with the intention that R always
stores the complement of R.

The update formulas for R € 7 are as in P. For a relation
symbol R € 7 let ¢§+ (@; Z) and ¢F  (&; &) be the update for-
mulas of R. Then the update formulas for R can be defined
as follows:

Rt - T o
¢5 (iE) =5 ()
R™ /. Rt o o
b5 (6F) =¢5 (U;7)

From P’, a negation-free dynamic A-program P” can be
constructed by replacing, for all R € 7, all occurrences of
—R(Z) in update formulas of P’ by R(Z). We omit the ob-
vious proof of correctness. [

We now turn towards proving the main results of this sec-
tion. We first prove Theorem 4.2. Afterwards we use the
connection between absolute and A-semantics that it estab-
lishes as well as the adaption of Lemma 3.7 to A-semantics
to prove the characterization of conjunctive queries with A-
semantics.

The only-if-direction of Theorem 4.2 can be generalized
to arbitrary quantifier prefixes. It is open whether the if-
direction generalizes as well.

LEMMA 4.6. Let Q be an arbitrary quantifier prefiz. If a
query can be maintained in DYNQFO then it can be main-
tained in A-DYNQFO as well.

PrOOF. Let P = (P,INIT,Q) be a DYNQFO-program
with schema 7. By Lemma 3.4 we can assume, with-
out loss of generality, that the update formulas of @ are
atomic. We construct a dynamic A-DYNQFO-program
P = (P, IniT, Q).

The main challenge is to design update formulas of the
kind ¢ without being able to complement the given up-
date formulas because this would lead to QFO-formulas (ad-

ditionally, the disjointness requirement for formulas ¢>?+
needs to be ensured).

The basic idea is to use two copies of the auxiliary re-
lations, both alternating between empty and useful states,
such that one copy is useful for even steps and the other one
for odd steps. More precisely, for every auxiliary relation
R used by P, the program P’ uses two auxiliary relations
Reven and Roqq with the intention that after an even se-
quence of updates Reven stores the content of R after the
same sequence of updates while Roqq is empty. After an
odd sequence of updates Reven is empty while Roqq stores
the content of R.

Then, for an even update, the relation Rd., can be simply
expressed as in absolute semantics (using “odd” relations)
and Ry, is empty. For an odd update Rg.e, can be simply
chosen as Reven and R, is empty. Similarly for Roqd.

In the following we give a precise construction of P’ over
schema Teven U Toaa U {ODD, Q’'} where ODD is a boolean
relation symbol, and Teven and 7044 contain, for every k-ary
relation symbol R € 7, a k-ary relation symbol Reven and
Rodd, respectively. The relation ODD is used to store the
parity of the number of updates performed so far.

Let ¢F be the update formula of R € 7 for an update &
in the dynamic program P. Denote by ¢f[T — Teven] the
formula obtained from ¢ by replacing every atom S(&) with
S € T by Seven(¥). Analogously for OF [T — Toaa]- Now, the
update formulas for Roqqa and Reven are as follows:

= ODD A Rodd(f)

= ODD A qﬁ?‘[r — Toad)(U; )

def

= =0DD A Reven ()

Observe that all those formulas can be easily converted
into QFO-formulas. The boolean auxiliary relation ODD
can be updated straightforwardly.

Now, since the update formulas of @) in P are quantifier-
free, the relation @’ can be updated with the following



quantifier-free update formulas:
'+, de oL
¢F (@;7) = o3 (@ DA
ﬂ((ODD A Qoaa(F)) V (ODD A Qeven(f)))
(@; %) = —¢$ (@; F)A

((ODD A Qoaa(F)) V (-ODD A Qeven(z)))

o3

The initialization mapping of P’ is straightforward. Every
Reven € Teven is initialized with INIT(R). All Roda € Todd
are initialized with the empty relation. The relation ODD is
initialized with 1, and Q’ is initialized with INIT(Q). O

LEMMA 4.7. (a) If a query can be maintained in
A-DYNUCQ™ then it can be maintained in DYNUCQ™
as well.

(b) If a query can be maintained in A-DYNV*FO then it
can be maintained in DYNV*FO as well.

We note that the first statement could equally be expressed
in terms of A-DYN3*FO and DyN3*FO.

PROOF. We only prove (a), the proof of (b) is analogous.
Let P = (P,INIT, Q) be a dynamic A-DYNUCQ "-program
over schema 7. By Lemma 4.5 we can assume, without loss
of generality, that the update formulas of P are negation-
free. For ease of presentation we assume that the input
schema contains a single binary relation symbol E.

We construct an equivalent DYNUCQ™-program P’ us-
ing the following idea. Consider some update formulas
¢§+ (@; @) and ¢F (@; &) of a relation R € 7 for an update &
in P. The naive translation into a DYNFO-update formula
¢ (@; Z) yields the formula,

S (1) = (R(T) V o (7)) Aol (if; Z)

which is possibly non-UCQ™ due to ~¢§ (&; &). Therefore,
P’ maintains a relation R; that contains all tuples (&, b)
such that @ would be removed from R after applying the up-
date §(b). Those relations are maintained using the squirrel
technique.

The dynamic program P’ is over schema 7 U Ta where 7a
contains a (k + 2)-ary relation symbol Ry € 7 for every k-
ary relation symbol R € 7 and every update § € {INS, DEL}
of the input relation F.

The update formula for a relation symbol R € 7 is

o (1, 7) = (R(®) v ¢ (@ 7)) A ~R; (@, T)

This formula can be translated into an existential formula
in a straightforward manner.
For updating a relation Ry, after an update do, the update

formula qﬁ?{ for R™ is used. However, since R; shall store
tuples that have to be deleted after applying 61, the formula
¢§; has to be adapted to use the content of relation symbols
S € 7 after update do (instead, as usual, the content from
before the update). For this purpose relation symbols S € 7
in ¢§; need to be replaced by their update formulas as
defined above.
The update formula for R; is

Rs o o o\ det Bs) T > o =
¢50 (uo;’LthL'):QbéO [T*)qb](u();ul?m)
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R; _
where qb(;;l [t — ¢7|(4o; @1, %) is obtained from ¢ (; %)
by replacing every atom S(Z) by qbggo (to; Z), as constructed

above. Since by our initial assumption, qzﬁf{?; itself is an
existential formula without negation and all update formulas

R
d)?o for S € 7 are existential, the formula ¢6051 can be easily

converted into an existential formula as well. [

Lemmas 4.6 and 4.7 together yield Theorem 4.2. We now
finally prove Theorem 4.1. For this we need the following
adaption of Lemma 3.7 to A-semantics.

LEMMA 4.8. (a) For every A-DYNUCQ ™ -program
there is an equivalent A-DYNCQ ™ -program.

(b) For every A-DYNFO-program there is an equivalent
A-DYNFO" -program.

Now, Theorem 4.1 follows from the Lemmata 4.5, 4.8, 4.6
and 4.7 as well as from Theorem 3.1.

5. ADYNAMIC CHARACTERIZATION OF
FIRST-ORDER LOGIC

In this section we characterize first-order queries as
the class of queries maintainable by non-recursive UCQ -
programs and, equivalently, by non-recursive DYN3'FO-pro-
grams. Here 3'FO is the class of queries expressible by
first-order formulas in prenex normal form with at most one
existential quantifier and no universal quantifiers, and “non-
recursive” is explained next. This characterization in combi-
nation with Theorem 3.1 yields that first-order queries can
be dynamically maintained by CQ™-programs.

The dependency graph of a dynamic program P with aux-
iliary schema 7 has vertex set V = 7 and an edge (R, R') if
the relation symbol R’ occurs in one of the update formu-
las for R. A dynamic program is non-recursive if it has an
acyclic dependency graph (as a directed graph). For every
class C, non-recursive DYNC refers to the set of queries that
can be maintained by non-recursive DYNC-programs.

The objective of this section is to prove the following the-
orem.

THEOREM 5.1. For every query Q the following state-
ments are equivalent

(a) Q can be expressed in FO.

(b) Q can be maintained in non-recursive DYNFO.
(c) Q can be maintained in non-recursive DYN3'FO.
(d) Q can be maintained in non-recursive DYNV'FO.

With respect to the number of quantifiers in update formulas
this result is optimal because the first-order definable alter-
nating reachability query on graphs of bounded diameter
cannot be maintained with quantifier-free update formulas
[9]. Theorem 5.1 should be compared with the result of [9]
that all 3*FO queries can be maintained with quantifier-free
update programs extended by auxiliary functions.

Combining Theorem 5.1 with Theorem 3.1 immediately
yields the following corollary.

COROLLARY 5.2. Every first-order query can be main-
tained in DYNCQ™.



The rest of this section is devoted to the proof of Theorem
5.1, more precisely to the equivalence of statements (a)-(c).
The equivalence with (d) follows from Theorem 3.1 and the
fact that its proof does not introduce recursion when applied
to a non-recursive program.'! It is obvious that (c) implies
(b). For ease of presentation, we prove the remaining direc-
tions (a)=(c) and (b)=-(a) for the input schema 7, = {E}
where E is a binary relation symbol. The proofs can be
easily adapted to general (relational) signatures.

The following example outlines the idea of the construc-
tion for the proof of (a)=(c).

Example 3. Consider the query Q defined by
¢ = FaVy(E(z,x) = E(z,y))
= Jz-Iy—(E(x,z) = E(z,y))

We construct a non-recursive dynamic DyN3'FO-program
P that maintains Q under deletions only (for simplicity).
The construction of P uses the squirrel technique. It uses
a separate auxiliary relation R, for each subformula ¢ ob-
tained from ¢ by stripping off a “quantifier prefix” from the
existential prefix form of . The relation Ry reflects the pos-
sible states after a sequence of changes whose length equals
the number of stripped off —- and 3-symbols.

In order to update the query relation after the dele-
tion of an edge, we maintain an auxiliary ternary
relation12 R, that contains the result of the query
1 & =Fy- (E(x, z) = E(x, y)) for every choice a1 for x and
every (possibly deleted) edge €1, that is (a1,€1) € Ry if and
only if

(V.E\{é&} {z— ar}) F Vy(E(w,2) = E(z,y)))

Then we can define ¢$, (71) & xRy (x, 1) and it only re-

mains to find a way to update the relation R;. To this end,
we maintain a further relation Ry that contains the result of
Yo & Fy— (E(z,z) — E(z,y)) for every choice a1 for z and
all (possibly deleted) edges €1, &2, that is (a1, €1, €2) € Ra if
and only if

(V,E\{é1, e}, {z— a1}) Hy—‘(E(xvx) — E(xvy)))

Then quII):‘f;lL(ﬁl; x, U2) < Ry (z,71,72) and it remains to up-
date the relation R2. Therefore we maintain a relation Rj3
that contains the result of ¢3 = —(E(z,x) — E(w,y)) for
every choice a1, a2 for x,y and all (possibly deleted) edges
€1, €2, €3. Then

Ro /= . N def -5 5 o
¢DEL(U17x7’U27’U3) = 3yR3($7y7U17U27U3)
and it remains to update relation R3 via

Ra /o Lo def
¢DF§A(U1;$,y,Ug,’l}3,U4) =

ﬁ(E'(x,x,ﬁ’l,...,ﬁll) — B'(x,y, 1, . ..

,Us))

where E’ is the edge relation obtained from E by deleting
¥1, U2, U3 and ¥4, that is E'(z,y, 1, ..., T1) can be replaced
by

E(z,y) A (z,y) T A ... AN(x,y) # s

This completes the description of the program P for ¢ which
is easily seen to be non-recursive.

' Alternatively, the proof of (a)=>(c) can be easily adapted
to show (a)=-(d)
L2For simplicity we write Ry instead of Ry, .
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The proof of the implication (b)=-(a) of Theorem 5.1 is
based on the squirrel technique with the following idea.
Given a non-recursive dynamic DYNFO-program P =
(P,INIT, Q), we construct (again), for every update pattern
0 = 61...6; and every auxiliary relation R, a first-order
formula g@? that “precomputes” the state of R for every pos-
sible update sequence with the pattern §. Thanks to non-
recursiveness, the formula @£ can only use relations from
the input schema, once § is longer than the number of aux-
iliary relations, that is, it is just a first-order formula over
Tin. To obtain a first-order formula for () it thus suffices to
pick such a formula with an update sequence 6 that does not
change the structure. We now turn to the formal statement
and proof of the result.

A topological sorting of a graph (V,E) is a sequence
v1,...,Un such that every vertex from V occurs exactly once
and i > j for all edges (vi,v;) € E. Every acyclic graph has
a topological sorting. In particular, if Ri,..., R, is a topo-
logical sorting of the dependency graph of a non-recursive
dynamic program P = (P, INIT, Q) then update formulas for
R1 do only contain relation symbols from 7i,. Further we
can assume, without loss of generality, that R, = Q.

The following definition will be useful in the proof of
Lemma 5.3. For every first-order formula ¢ with k free
variables and every sequence § = d;...d; over {INS,DEL}
let @ﬁ_,_(;j be a (k + 2j)-ary formula such that for every
graph G = (V,E), every @ € V* and every instantiation
o = 51((?1) e 52((?]) of § with tuples 51, ey é}' (S V2:

a(G) F ¢ if and only if G = @s,...5;(d, €1,...,€;).
It is straightforward to construct gofl_,_(;j.

LEMMA 5.3. If a query can be maintained in mnon-
recursive DYNFO, then it can be expressed in FO.

PROOF. Let Q be a query which can be maintained by
a non-recursive DYNFO-program P = (P,INIT,Q) over
schema 7 = 7in U Taux. We assume for simplicity that
7in = {E}, for a binary symbol E. We let Ry & E and
assume that the auxiliary relations Ry, ..., R, are enumer-
ated with respect to a topological sorting of the dependency
graph of P with R,, = Q.

We define inductively, by 4, for every sequence 6 ...J;
with j > 4, first-order formulas S"fs?...aj (¥, Z1,...,%;) over
schema 7in = {E} such that @ﬁ"'_'(;j defines R; after updates
01(Z1) . ..05(&;). More precisely (Pf;li---éj will be defined such

that for every state S = (V, ES, AS) of P and every sequence
0 = 61(d1)...0;(d;) of updates the following holds:

Po®) [ Ri={B| (V.B) E ol , Bar....@)}  (2)

For Ry = E the formula SDJEI_'_aj can be defined just as
in the previous lemma. For R, with ¢ > 1 the formula
w(ﬁi_'_(gj (¢, Z1,...,%;) is obtained from the update formula

¢?j"'(fj; ) of R; by substituting all occurrences of R;/ (Z) by
wii.l..éj,l (Z1,...,Zj-1,2) for all i’ < i. Using induction over
i, one can prove that the formulas 90?5?...61 satisfy Equation
2. As P is non-recursive, each formula @ﬁi_'_ 5 with j > i is
over schema {E}.

The first-order formula ¢ for Q over schema 7in = {E}
can be constructed as follows. The formula “guesses” a tuple



a € F, deletes and inserts it m times and applies gog]& INs)™
to the result (which is identical to the current graph), or (for
the case that E is empty) it guesses a tuple @ ¢ E, inserts
and deletes it m times and applies 4,0;?1;: pprym O the result.

More precisely, ¢ for Q is defined by

def

— - — Rm - 5 o —
()O(y) = EIZ’((E(.Z‘) /\ QO(DEL []\‘s)m (y7 x7 x7 cey x))

2m—times

(o 73_':)))

V (=E(@) Aol ppym (U, F, T
————
2m—times

O
6. DISCUSSION AND FUTURE WORK

In this work, we studied dynamic conjunctive queries. We
have shown that, contrary to the static setting, many frag-
ments collapse in the dynamic world. Furthermore, a close
connection between absolute semantics and A-semantics for
conjunctive queries has been established. These results were
summarized in Figure 1. Finally, it has been shown that
dynamic conjunctive queries with negations capture (static)
first-order logic.

All results are for arbitrary initialization mappings. How-
ever, they also hold in the setting with first-order definable
initialization mappings. They do not carry over when the
initialization mapping and updates have to be definable in
the same class.

Some first steps towards separation of the remaining
classes have been taken. We only state the results; the proofs
will appear in the full version of this work.

THEOREM 6.1. The class DYNPROPCQ is a strict sub-
class of DYNPROP.

THEOREM 6.2. The class DYNPROP is a strict subclass of
DyNCQ.

The first result requires some work. The second result
relies on the observation that DYNCQ captures the dy-
namic class DYNQF, that is, the extension of DYNPROP
by auxiliary functions; and the separation of DYNQF
and DyYNProp [9]. The even weaker dynamic class
DYNPROJECTIONS (where update formulas are restricted
to be projections) was separated from DYNPROP already
in [12].
Whether the remaining classes DYNCQ, DYNCQ™ and
DYNFO can be separated or collapsed remains open.

In addition to untangling the remaining variations of con-
junctive queries, the dynamic quantifier hierarchy and quan-
tifier alternation hierarchy, respectively, deserve a closer
look. Lemma 3.9 shows that in the dynamic setting the
3;- and II;-fragment of first-order logic coincide. Whether
there is a strict ¥;-hierarchy remains open. Furthermore,
the equivalence of 3*FO with absolute and A-semantics does
not immediately translate to fragments of FO with alter-
nating quantifiers (although one of the direction does, see
Lemma 4.6).

Capturing first-order logic by dynamic conjunctive queries
with negations does not immediately yield performance
gains (since a first-order queries with k quantifiers is trans-
lated to a dynamic DYNCQ -program of arity at least k).
In future work we plan to study whether the work that has
been started here can be used to improve the performance
of query maintenance.
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