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Abstract

Motivated by both established and new applications, we study navigational query languages for graphs (binary relations).
The simplest language has only the two operators union and composition, together with the identity relation. We make more
powerful languages by adding any of the following operators: intersection; set difference; projection; coprojection; converse;
transitive closure; and the diversity relation. All these operators map binary relations to binary relations. We compare the
expressive power of all resulting languages, both for binary-relation queries as well as for boolean queries. In the absence
of transitive closure, a complete Hasse diagram of relative expressiveness has already been established [8]. Moreover, it has
already been shown that for boolean queries over a single edge label, transitive closure does not add any expressive power
when only projection and diversity may be present [11]. In the present article, we now complete the Hasse diagram in the
presence of transitive closure, both for the case of a single edge label, as well as for the case of at least two edge labels. The
main technical results are the following:

(1) In contrast to the above-stated result [11] transitive closure does add expressive power when coprojection is present.
(2) Transitive closure also adds expressive power as soon as converse is present.

(3) Conversely, converse adds expressive power in the presence of transitive closure. In particular, the converse elimination
result from [8] no longer works in the presence of transitive closure.

(4) As a corollary, we show that the converse elimination result from [8] necessitates an exponential blow-up in the degree
of the expressions.

Keywords: Databases, relational algebra, query languages.

1 Introduction

Graph databases, and the design and analysis of query languages appropriate for graph data, have a
rich history in database systems and theory research [4]. Originally investigated from the perspective
of object-oriented databases, interest in graph databases research has been continually renewed,
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2 Navigational querying using transitive closure

motivated by data on the Web [1, 12] and new applications such as dataspaces [13], Linked Data
[6] and RDF [22].

Typical of access to graph-structured data is its navigational nature. Indeed, in restriction to trees,
there is a standard navigational query language, called XPath, whose expressive power has been
intensively studied [5, 17]. XPath has been formalized in terms of a number of basic operators on
binary relations [18]. Hence a natural approach [3, 15, 20] is to take this same set of operators but
now evaluate them over graphs instead of over trees.

In a project that has been going on over the past few years, our goal has been to understand
the relative importance of the different operators in this setting. The main results were already
summarized in a conference paper in 2011 [10]. The present article is the final one in a series
[8, 9, 11] of journal articles providing full details and proofs for that conference paper.

Concretely, we consider a number of natural operators on binary relations (graphs): union; com-
position; intersection; set difference; projection; coprojection; converse; transitive closure and the
identity and diversity relations. The largest language that we consider has all operators, while the
smallest language has only union, composition and the identity relation. Expressions are built up
from input relation names using these operators. Since each operator maps binary relations to binary
relations, these query languages express queries from binary relations to binary relations: we call
such queries path queries. By identifying non-emptiness with the boolean value ‘true’ and emptiness
with ‘false’, we can also express yes/no queries within this framework. To distinguish them from
general path queries, we shall refer to the latter as boolean queries.

In our previous paper [8], we established a complete comparison of the expressiveness of all
resulting languages not containing transitive closure, and this for both general path queries and
boolean queries. The contribution of the present article is to complete the picture by adding transitive
closure. At the level of path queries, transitive closure obviously adds expressive power, since the
languages without transitive closure are contained in first-order logic, whereas the transitive closure
of a binary relation is not expressible in first-order logic [14]. When both languages L, and L,
have transitive closure, however, we will show here that L; <P 1, meaning that every path query
expressible in L; is also expressible in L, holds precisely when L} <path L), where L; denotes L; with
transitive closure removed again. To establish this characterization we will make use of the ‘strong’
separations shown in our previous paper.

For boolean queries, the situation is more complicated. On the one hand, in the absence of
transitive closure, we already know [8] that adding converse to a language containing projection but
not containing intersection does not add boolean expressive power. We will show here, however,
that this no longer holds in the presence of transitive closure: adding converse then always adds
boolean expressive power. Using the same intermediary results, we establish that the aforementioned
converse elimination in the absence of transitive closure has an inherent exponential character.

We then again consider the question whether adding the transitive closure operator strictly
increases the expressive power of a language not yet containing transitive closure, but now for
boolean queries. Over structures with at least two binary relations (equivalently, graphs with mul-
tiple edge labels), this question has an obvious affirmative answer. The question is more difficult,
however, for boolean queries over structures consisting of a single binary relation (equivalently,
graphs with a single edge label). Indeed, in a companion article [11], we have already shown that
for boolean queries over a single edge label, transitive closure does not add any expressive power
when only projection and diversity may be present. In the present article, we show that these are
essentially the only exceptions. Concretely, we show that, even over a single edge label, transitive
closure adds expressive power for boolean queries as soon as either intersection, coprojection, or
converse is present.
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Let us briefly discuss some of the methods we use. The main technical result of the article, in
which we show that the collapse in expressive power involving the converse operator disappears
in the presence of transitive closure, is proven using invariance under bisimulation from arrow
logics [7]. The main technical challenge in such arguments is to establish bisimulations for increasing
quantifier rank among pairs of graphs of increasing size. Our bisimulation argument also implies the
exponential blowup inherent to converse elimination. To prove the cases where transitive closure
does add expressive power at the level of boolean queries over a single edge label, we employ
standard techniques from finite model theory such as Hanf-locality and first-order reductions [14].

For further motivational material on why we think our results are interesting, as well as extensive
comparisons to the literature, we refer to our companion papers [8, 9, 11].

This article is further organized as follows. In Section 2, we define the class of languages studied in
the article. In Section 3, we state the complete relative expressiveness theorems including transitive
closure, this at the level of path queries as well as at the level of boolean queries. We prove these
theorems in Sections 4—7. In Section 4 we do this for path queries and in Section 5 for boolean
queries. Section 6 details the proofs of the bisimulation and exponential blowup results. Finally,
Section 7 looks at the specific case of graphs with a single edge label.

2 Preliminaries

In this article, we are interested in navigating over graphs whose edges are labelled by symbols from
a finite, non-empty set of labels A. We can regard these edge labels as binary relation names and
thus regard A as a relational database schema. For our purposes, then, a graph G is an instance of
this database schema A. That is, assuming an infinite universe ¥ of data elements called nodes, G
assigns to every Re A arelation G(R) C V' x V. Each pair in G(R) is called an edge with label R. In
what follows, G(R) may be infinite, unless explicitly stated otherwise. All inexpressibility results in
this paper already hold when restricting to finite graphs, however.

The most basic language for navigating over graphs we consider is the algebra A/ whose expres-
sions are built recursively from the edge labels, the primitive @, and the primitive id, using com-
position (e; oe,) and union (e; Ue,). Semantically, each expression e € N defines a path query. A
path query is a function ¢ taking any graph G as input and returning a binary relation ¢(G)C
adom(G) x adom(G). Here, adom(G) denotes the active domain of G, which is the set of all entries
occurring in one of the relations of G. Formally,

adom(G)={m|3In, IR € A :(m,n) € G(R)V (n,m) € G(R)}.
In detail, the semantics of NV is inductively defined as follows:

R(G)=G(R);

WG)=0;

id(G)={(m,m)|m e adom(G)};
eroex(G)={(m,n)|Ip((m,p) € e1(G) & (p,n) € e2(G))};
e1Uer(G)=e(G)Ue(G).

The basic algebra N can be extended by adding some of the following features: diversity (di),
converse (e!), intersection (e; Ne,), difference (e; \ e,), projections (7, (e) and 7, (e)), coprojections
(771(e) and T,(e)), and transitive closure (e™). We refer to the operators in the basic algebra N as
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4 Navigational querying using transitive closure

basic features; we refer to the extensions as non-basic features. The semantics of the extensions is
as follows:

di(G)={(m,n)|m,neadom(G) & m#n};
e {(G)={(m,n)|(n,m)€e(G)};

e1Ney(G)=e(G)Nex(G);

er\ex(G)=e1(G)\ex(G);

m1(e)(G)={(m,m)|m e adom(G) & In(m,n) €e(G)};
m(e)(G)={(m,m)|meadom(G) & In(n,m)ce(G)};
71(e)(G)={(m,m)|meadom(G) & —In(m,n) €e(G)};
7,(e)(G)={(m,m)|meadom(G) & —3In(n,m)ce(G)};

e (G)=[_J(0).

k>1

Here, ¥ denotes eo---oe (k times).

If F is a set of non-basic features, we denote by N'(F) the language obtained by adding all features
in FtoN.

We will actually compare language expressiveness at the level of both path queries and boolean
queries. Path queries were defined above; a boolean query is a function from graphs to {true, false}.

DeriniTION 2.1

A path query g is expressible in a language N(F) if there exists an expression e € N'(F') such that,
for every graph G, we have e(G)=¢(G). Similarly, a boolean query g is expressible in N'(F) if there
exists an expression e € N'(F) such that, for every graph G, we have that e(G) is non-empty if, and
only if, ¢(G) is true. In both cases, we say that g is expressed by e.

For the given set of edge labels A, we write N'(F}) §€\ath/\/ (F,) if every path query expressible
in NV(F)) on graphs over A is also expressible in N'(F;). Similarly, we write N'(F;) <% N(F,) if
every boolean query expressible in N (F}) on graphs over A is also expressible in N (F;). We write

‘,’\ath and £%°! for the negation of ff\ath and <%,

When discussing <% and <bl 'in a context that is valid for any A, however, we will omit the
subscript A and simply write <P*" and <®°°!. We already use this convention in the next definition,
which introduces stronger variants of <P and <b°°!,

Note that N'(F}) <P A/(F,) implies N'(F;) <*°' N/(F,), but not necessarily the other way around.

It will also be interesting to consider stronger variants of £P and #£b°°!,

DEFiNiTION 2.2

The language N(F)) is strongly separable from the language N (F,) at the level of path queries if
there exists a path query ¢ expressible in A'(F}) and a finite graph G, such that, for every expression
ec N(F,), we have ¢(G)#e(G). We write N(Fy) ﬁsgglngN(Fz) in this case. Similarly, NV (F)) is
strongly separable from N(F,) at the level of boolean queries if there exists a boolean query ¢
expressible in N/ (F) and two finite graphs G, and G,, with ¢(G)) true and ¢(G,) false, such that,
for every expression ec N (F3), e(G1) and e(G,) are both empty, or both non-empty. We write
N(F) £ N(F5) in this case.

strong

path
strong

: : path bool
implies <P*" and £7.,

implies <!, Intuitively, strong separation already establishes the separation by exhibiting just a

Notice that strong separation indeed implies normal separation, i.e. £
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single counterexample graph (for path queries), or just two counterexample graphs (for boolean
queries). When strong separation can be established, it is very useful. However, this is not always
possible. For a simple example, if 7 does not contain transitive closure then A/ (FU{*}) £P*™ N (F),
but N(FU{T}) ;gffrﬁ‘ng/\f (F) is impossible. Indeed, on a given finite graph G, every expression in
N(FU{"}) can be ‘unrolled’ into an expression without transitive closure that yields the same result
on G (see the proof of Proposition 4.1).

3 Results

We recall the following notation [8]. If F is a set of non-basic features, then F is the set obtained
by augmenting F with all non-basic features that can be expressed in N (F) through a repeated
application of the following equalities:

m(e)=(ece " )Nid =(eo(id Udi))Nid =7 (T, (e));
m(e)=(e"' oe)Nid =((id Udi)oe)Nid =T»(»(e));
Ti(e)=id\m(e);
Ta(e)=id \m(e);
eiNey=e;\(e\e2).

The relative expressive power at the level of path queries for languages not containing transitive
closure is captured by the following theorem [8]:

Tueorem 3.1 ([8])
Let A be an arbitrary finite non-empty set of edge labels, and let /', and F, be sets of non-basic
features such that * ¢ F; and * € F,. Then, N(F;) <t*" N(F) if and only if F; C F,.

In this article we extend this theorem to include transitive closure:

THEOREM 3.2
Let A be an arbitrary finite non-empty set of edge labels. Let F'; and F, be sets of non-basic features.

Then N'(Fy) <3 N'(F,) if and only if Fy CF,.

We discuss and prove Theorem 3.2 in Section 4.

The above theorem settles the relative expressive power at the level of path queries. Let us now
turn our attention to boolean queries. To state what is already known we introduce the following
additional notation. For a set of non-basic features F', we define

)

_J\DULr), if TTeF.NgF, T ¢F

F, otherwise.

This notation extends notation introduced earlier [8] to include transitive closure. Indeed, for lan-
guages without transitive closure, the following is already known [8]:

THeOREM 3.3 ([8])

Let A be an arbitrary finite non-empty set of edge labels, and let F; and F, be sets of non-basic
features such that * ¢ Fy and © ¢F,. Then, N(F;) <! N(F;) if and only if F; CF, or F) CF,.

By the above Theorem, when F contains neither intersection nor transitive closure, boolean queries

expressed in NV (F) can be translated to expressions in A/ (ﬁ ), thus effectively eliminating converse
(at the expense of adding projection). We will refer to this phenomenon as converse elimination.
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6 Navigational querying using transitive closure

In this article we will extend the analysis to include transitive closure. It turns out that we will
need to consider the case where there are at least two edge labels separately from the case where
there is only one edge label. For the first case, we can again generalize the above theorem verbatim.

THEOREM 3.4
Assume that A contains at least two edge labels, and let F; and F, be sets of non-basic features.
Then, N (F)) <8 N(F;) if and only if F; CF, or F CF,.

We discuss and prove Theorem 3.4 in Sections 5 and 6.
In the case of a single edge label, all edges have the same label. Hence, the edge label carries no
information which is why we refer to this case as the ‘unlabelled’ case. We will use the notation

<Pool to denote this case. The theorem is now as follows:

THEOREM 3.5
Let F; and F, be sets of non-basic features. Then N(F;) <*°! N/(F,) if and only if at least one of
the following conditions hold:

(1) FiCF;
(2) FiCFy; B
(3) +€F1, JF¢F'2,F'1 g{ﬂ,di,+} andFl\{+}§F2.

We thus see that in the unlabelled case, transitive closure does not always add expressive power for
boolean queries. We discuss and prove Theorem 3.5 in Section 7.

4 Path queries

The goal of this section is to show that Theorem 3.2 holds. Thereto, we need the following result:
if there is a separation at the level of path queries for languages not containing transitive closure,
then the separation still stands when we include transitive closure.

ProposiTION 4.1
Let F; and F, be sets of non-basic features such that + ¢ F; and + &F,. If N(F)) £P*" N/(F,) then
N(F)) £ N (FU(H).

Proor. In our previous work [8] we have proven that if N'(F}) £P*" A/(F,), then either N (F;) £
N(F,) or N(F)) f?ﬁ?ng/\/ (Fy). If N(F)) £%°°' N(F,), the result will follow directly from Proposi-

tion 5.3 (which clearly does not rely on the present proposition). Now suppose N (F) f‘sﬁ?ng N(F»).
Then there exists a path query ¢ expressible in A/(F}), and a finite graph G such that g(G) #e(G)
for every expression e € N(F,). We will show that g is not expressible in N (F,U{*}). To this
end let & e N(F,U{*"}). Note that, for any graph H with at most 7 nodes, and any expression
feN(Fy), we have f*(H)=(J"_,/")(H). Hence if we remove transitive closure applications in
¢’ using this equality, we obtain an expression ¢’ € N (F3) such that ¢’(G)=¢e'(G). Therefore,
q(G) #¢€"(G) since q(G)#¢€'(G). Thus we can conclude that ¢ is not expressible in N (FZU{+}%

whence N (F)) f’;ﬁ?ng N(F,U{*}) as desired.
We are now ready to prove Theorem 3.2.

PrROOF OF THEOREM 3.2. We first take care of the ‘if’ direction. Every expression e € N(F}) can
be transformed into an equivalent expression e’ € A/(F,) by using the appropriate interdependencies
introduced at the beginning of Section 3.
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For the ‘only if* direction we split our proof into three cases.

« If " ¢F; and * ¢ F,, then our theorem coincides with Theorem 3.1.

 If € F and ™ ¢ F, then any query expressible in N/ (F>) is also expressible in first-order logic.
It is well known, however, that the transitive closure of a binary relation is not expressible in
first-order logic [14].

o If t €F,, then F, =F,\{*}U{"}. Hence F, CF, iff F|\{t*}CF>\ {*}.

We now show the contrapositive of the ‘only if> direction. To this end, suppose that 7 \ {*} ¢

F>\{*}. Then Theorem 3.1 implies that N'(F; \ {*}) £P N (F,\ {}). The result now follows
directly from Proposition 4.1. i

5 Boolean queries

The goal of this section is to show that Theorem 3.4 holds. Thereto, we first need a few preliminary
results. At the level of boolean queries, transitive closure adds expressive power if A contains at
least two edge labels.

ProrosiTiON 5.1
Assume that A contains at least two edge labels, and let F'; and F, be sets of non-basic features. If
+eF) and * ¢F, then N(F;) % N (F>).

Proor. Let S and R be two different edge labels in A. If the boolean query expressed by SoRt oS €
N (F1) would be expressible in N'(F), it would also be expressible in first-order logic. It is well
known, however, that such a reachability query is not expressible in first-order logic [2]. Hence it
is not expressible in N'(F,) either.

In Section 7, we explore whether transitive closure adds expressive power in the unlabelled case.
It has been shown that if 7w € F| and F, C{~',di} then N (F) £"°' N (F,) [8]. We extend this
result to include transitive closure:

ProrosiTiON 5.2 .
Let F; and F, be sets of non-basic features. If w € F; and F> C{~!,di, T}, then N (F}) £ N(F>).

Proor. It is sufficient to show that N'(7r) £*' N (7!, di, *) since N (1) <P N(F}) and N (F,) <>
N(',di,*). We adapt the proof of Proposition 4.1 in our previous work [8] with some minor changes
so that it provides a proof for Proposition 5.2. Let Bz, be the graph displayed in Figure 1, and let
O be the boolean query

(R oma(mi (R o R)) o1 (R’ o m2(m1 (RP) o R)) 0 1 (R 0 705 (711 (R®) 0 R)) # 1)

clearly expressible in (7). This query accepts Bz, i.e. O(Bzz;) # . Since every transitive closure
application /T can be written as an infinite union | J;-,/" and unions in N(~!,di) can be brought
outside, every expression e € (7!, di, ™) can be written as an infinite union of union-free expressions
in ("1, di). Therefore, we can write the expression Q € N'(~!,di, "), which supposedly expresses
Qz27, as Q=|J;, e; where e; is a union-free expression in N(~!,di) for every natural number i.
Since Q(Bzzz)#¥, there exists an expression e € {e¢; |i €N} such that e(Bzz;) #@. The proof now
proceeds exactly as in the proof of Proposition 4.1 in our previous work [8].

If there is a separation at the level of boolean queries for languages not containing transitive
closure, the separation still stands when we include transitive closure.
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O s S S e
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./_\./_\./_\./_\L.
./\./\./\./_\./\./\.
N e e R |

Fic. 1. The graph Bzzz; used to prove Proposition 5.2. All edges are assumed to have the same
label R.

ProposITION 5.3
Let F; and F, be sets of non-basic features such that ¥ ¢ F; and * ¢ F,. If N (F;) £°°°' NV (F,) then
N(F) £ N (FU{T).

ProoF. In our previous work [8], we have proven that if N'(F}) £°°°' N'(F;) then either 7 € F; and

Fy C{7,di}, or N(Fy) %0, N(Fo). If m € Fy and F, C{~',di}, then FU{T} S {"",di, ™}, whence

N(F) 2% N (F,U{*}) due to Proposition 5.2.
So from here we may assume that N'(F) f's’{;ghg N (F,). In this case, there exists an expression g €

N (F,) and two graphs G| and G, with ¢(G,) =true and g(G,) =false, such that for every expression

ec N(F,), e(Gy) and e(G,) are both empty or both non-empty. Now, let #=max(adom(G, ), adom(G,)).

We show that g is not expressible in N (F,U{*}). To this end let &’ € N (F,U{"}). Note that, for
any graph H with at most n nodes, and any expression f/ € N'(F,), we have f*(H)=(U"_ ./ (H).
Hence if we remove transitive closure applications in ¢’ using this equality, we obtain an expression
e’ e N(F,) such that ¢”(G,)=¢'(G)) and ¢"(G,)=¢'(G,). Since €"(G,) and e"(G,) are both empty
or both non-empty, ¢'(G) and €'(G,) are both empty or both non-empty. Thus we can conclude that
q is not expressible in NV (F>U{*}), whence N (F}) £%° N(F,U{*}) as desired. [ |

strong

In Section 6 we will prove the following proposition, showing that converse elimination, discussed
in Section 3, no longer occurs in the presence of transitive closure. Specifically, we will show that
the boolean query R>o(RoR™")T o R? # ) is not expressible in the largest language without converse.

ProrosiTiON 5.4 _ _ _
Let F, and F be sets of non-basic features. If ' € F|, T € F,, and ~! €F,, then N'(F}) £*° N'(F>).

For later purposes, we first examine a selection of languages for which the requirement for multiple
edge labels of Theorem 3.4 can be removed.

ProposITION 5.5
Let A be an arbitrary finite non-empty set of edge labels, and let F; and F, be sets of non-basic
features such that + € F| implies * € F,. Then, N (F;) <" N(F,) if and only if F; CF, or F; CF,.

Proor. We split our proof into three cases.

e If " ¢F, and * ¢ F,, then our theorem coincides with Theorem 3.3.

« If t¢F, and * €F,, then F, =F,\{tJU{"}. Let us first consider the ‘if* direction. By the
argument above, F; C F, \ {T}. Therefore N'(F}) < N (F,\ {*}) by Theorem 3.3 since * ¢ F},
whence N(F)) <" N(F,).

GT0Z ‘¢ 3snSny uo isang £q /310°speurnolproyxo redsily/:dny woiy papeofumo


http://jigpal.oxfordjournals.org/

Navigational querying using transitive closure 9

For the ‘only if” direction, we consider its contrapositive. In this case F, QE\ {FY=F\{}
and F; CF,\ {t}=F,\{*}. Theorem 3.3 can now be applied, which tells us that N (F;) £
N(F\{"}). The result now directly follows from Proposition 5.3.

e If " €F, and T €F,, then

FICF,VF CF&F CRe R\ CR\{T ) =R\{7].

First we take care of the ‘if” direction. By the first equivalence above, we may assume that
F) CF,. By Theorem 3.2 we have N (F;) <P A/(F;,), whence also N'(F;) < N (F).

For the ‘only if” direction, we consider its contrapositive. By the second equivalence above,
we may assume that 7\ {7} € F,\ {+}. If 7! gFl,thenFl/\{\ﬂ =F\{T}Z F>\{*} by definition.
Hence we can apply Theorem 3.3. The result now follows from Proposition 5.3.

Conversely, suppose that ! € F|. Additionally, if ! ¢ F», then the result follows directly from
Proposition 5.4. On the other hand, if ' € F, then F; \ {*} z F>\ {*} implies that another feature

xeF\{T} not equal to ~! is not present in F,\ {T}, whence fﬁ{\ﬂ ¢ F>\{*} by definition.
Hence, N(F;\{*}) £ N (F,\{*}) by Theorem 3.3. The result now follows directly from
Proposition 5.3. -

We are now ready for the proof of Theorem 3.4.

PROOF OF THEOREM 3.4. If *€F, and * &€F,, then clearly F, ¢ F, and F) ¢ F,. Furthermore,
N(Fy) 25 N(F,) by Proposition 5.1, which we can apply since A contains at least two edge
labels. This concludes our proof in this case. [ |

In the remaining cases our theorem follows directly from Proposition 5.5.

6 Converse cannot be eliminated in the presence of transitive closure

The goal of this section is to prove Proposition 5.4. To do so we will prove in Section 6.2 that
R?0(RoR™")* oR? £ is not expressible in the largest language without converse.

To show this inexpressibility result, we will employ invariance results under the notion of bisimu-
lation below. In essence, this notion is based on the notion of bisimulation known from arrow logics
[19]. Below, we adapt this notion to the current setting.

Let G=(G,a,b) denote a marked graph, i.e. a graph G with a,bcadom(G). The degree of an
expression e is the maximum depth of nested applications of composition, projection and coprojection
in e. For example, the degree of RoR is 1, while the degree of both Ro(RoR) and 7;(RoR) is 2.
Intuitively, the degree of e corresponds to the quantifier rank of the standard translation of e into
FO?®. For a set of features ', N'(F); denotes the set of expressions in N (F) of degree at most k.

In what follows, we are only concerned with bisimulation results regarding N'(\, di). The following
is an appropriate notion of bisimulation for this language.

DEerINITION 6.1 (Bisimilarity)
Let & be a natural number and let G, =(Gy,a,,b,) and G, =(G,,az,b;) be marked graphs. We say
that G, is bisimilar to G, up to depth &, denoted G| =~ G,, if the following conditions are satisfied:

Atoms a;=b, if and only if a, =b,; and (a;,b1) € G1(R) if and only if (a;,b,) € G2(R), for every
ReA;
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10  Navigational querying using transitive closure

Forth if k > 0, then, for every ¢, in adom(G)), there exists some ¢, in adom(G;) such that
(Gr,a1,¢1) =41 (G, a2,02)  and (G, c1,b1) =4—1(G2,02,b2);

Back if k£ >0, then, for every ¢, in adom(Gy,), there exists some ¢; in adom(Gy) such that
(Gy,a1,¢1)=5-1(Gy,az,¢c2) and  (Gy,c1,b1) ~5—1(Ga,c2,b7).

We also say that there is a bisimulation of depth k& between G, and G, if G| ~; G,.
Recall the following adequacy theorem for bisimulations.

THEOREM 6.2 ([9])
Let k be a natural number; and let G; =(Gy,a;,b;) and G, =(G, a,, by) be marked graphs. We have,
G|~ G, iff (a1, b)) €e(G) & (az,by) € e(G,) for every ee N(\, di);.

Intuitively, this proposition tells us that marked graphs are indistinguishable by k-degree path queries
iff these graphs are bisimilar up to depth k.

In Section 6.1, we will establish bisimulations between the classes of graphs G}* and G4 displayed
in Figure 2. This is then used in Section 6.2 to prove Proposition 5.4. Moreover, in Section 6.3 we
use the bisimulations to show an exponential blowup for converse elimination (cf. the discussion
following Theorem 3.3). Specifically, we will prove:

THEOREM 6.3 _
Let F be a set of non-basic features such that ~' € F, N¢F and * ¢F. Furthermore, let # be a

function that translates expressions e in N'(F) to &’ € N (ﬁ ) such that e’ is equivalent to e at the level
of boolean queries (such a function /4 exists by Theorem 3.3). If f : N— N is a function such that for
every e e N'(F) we have degree(h(e)) <f(degree(e)), then f #o(2").

6.1 A bisimulation result

In this section, we will establish the required bisimulations to prove Proposition 5.4. For the remain-
der of this section let m >4 be an integer multiple of four, let G{" be the graph at the top and G’

L
Y :zclf\A O N gl e g R o het et /\./‘o"\./* '/ﬂ.
T2y oy Ymigq Ym Ym1 22
w o teX e /re e e e e e teC e
wyp w2 Wz 41 W, Wm41
T o to“ e /e e e et e e e e
tl t2 t%Jrl t7n thrl
L
2 o TN e e e e et e e e e
TH ur ug Umit Um um+1./—*.
1% e TN e e e e e e e e e
V1 U2 CEES Um Um+1 2 4
w! o TRt e e ReF o Rer e ne e e
wll w/2 w/ﬂ+1 w;n w;n—&-l

2

Fi1G. 2. Graphs G7' (top) and G5 (bottom) used to establish boolean separation in the proof of
Proposition 5.4.
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be the graph at the bottom in Figure 2. It is important to note that these graphs have the displayed
form only when m is a multiple of four.
The goal is to establish the following theorem:

THEOREM 6.4
For every pair (aj,b;)€adom(G?)? there exists another pair (as,b;)€adom(Gy)* such that
(G, a1,b1) -1 (GY a2, b).

Before we can do so, we introduce some terminology. We say that a pair (x,y)€adom(G{") x
adom(G?') is valid if the following conditions hold:

o ifxe{y;,w;, 1} then y e {u;, v;, wi};
* if x=x; then y=ux{;
* if x=x, then y=x);
» if x=z, then y=2z};
* if x=z, then y=2z).

Intuitively, the pair (x,y) is valid if x and y are displayed in the same column in Figure 2, so formally,
instead of saying that (x,y) is valid, we also say that x and y are in the same column. Moreover,
we will extend this terminology for nodes x and y belonging to the same graph, with the obvious
meaning.

DEFINITION 6.5
A 4-tuple (ay,b1,ay,by) €adom(GT)* x adom(GY)? is valid if the following conditions hold:

(a) (ay,ay) and (by, b,) are valid,

(b) (ai,b,)e G} if and only if (az,b,) € GY'; and a; =b, if and only if a, =b,. Note that this is the
Atoms condition for bisimilarity;

(C) if a)=Xxp, bl = and a) =Xé, then b2 =Uj,

(d) ifa1 =X3, Ay =x§ and b2 =Uj, then b] =)2.

Intuitively, a valid quadruple is a potential starting point for a bisimulation between G{" and G7'.
For any node x € adom(GY") we introduce the following terminology.

 If x equals x; or x,, or y;, w; or t; with 0 <i<m/241, we call x a left element.

 If x is not a left element, i.e. x equals z; or z,, or y;, w; or t; with m/2+1 <i<m+41, we call x
a right element.

» If x equals y; for any i, we call x a ¥ element. Analogously, if x equals w;, #;, x;, or z; for any i,
we callxa W, T, X or Z element, respectively.

Clearly we can combine these adjectives and thus speak about a Y left element, for example.
For any node y eadom(G%') we can use the analogous terminology of left, right, U, V, W', X’
and Z’ elements with analogous meaning.
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12 Navigational querying using transitive closure

Let us now define a function f mapping valid pairs to natural numbers:

m/2
i—1
m+1—i
m/2
i—1
m/2
m/2
m+1—i
i—1
m/2
m/2
m—+1—i
m/2
m/2

fld.e)=

Intuitively, f(d,e)=m/2 only when d and e are in the middle column or d and e are on the side
of chains with similar endings in Figure 2, i.e. d is Y left iff e is U left, and d is Y right iff e is
V' right. In all other cases f(d,e) <m/2. For example, let us examine the values for the valid pairs
(x,»), (w,z), (a1,a) and (b1, b,) in the graphs G and G5 displayed in Figure 3. In this case m=38,

ifd=y; left and e=u;

if d=y; left and (e=v; or e=w))

if d =y, right and (e=u; or e=wy})

if d =y; right and e=v;

if (d=w; ord=t,) left and e=u;

if (d=w; or d=t;) left and (e=v; or e=w?)
if (d=w; or d =t;) right and (e=u; or e=w})
if (d=w; or d=t;) right and e=v;

ifd=t leftand e=u;

if d=t; left and (e=v; or e=w))

if d =1; right and (e=u; or e=w))

if d =1, right and e=v;

ifd=x; and e=x]

ifd=z; and e=z]

thus f'(x,y)=2, f(w,z)=m+1—-7=2, f(a;,a;)=m/2=4 and f (b, b,) =3.

Our key idea to establish Theorem 6.4 is to show that min(f(a;,a,),f (b1, b,)) is a lower bound
on the bisimulation depth between (G{",a;,b;) and (G, a,,b,); this will be our key Lemma 6.22.

Before proving this in detail, we intuitively describe the overall strategy.

o °
Y O g i e Tlet e et e et e «
by
o o e e o e e e e
x w
T o ‘¢ e ‘e e ‘e e e e
ay
o
U M W T R S sl e el
Yy o« ®
174 o TReF e Ret o e e et e
by z
w! o ‘o e ¢ o e e ‘¢ e

FiG. 3. The graphs G? at the top, and G5 at the bottom. Notice here that (x,y), (w,z), (a1,a,) and
(b1,b,) are valid pairs. Since m=38 in this case, we have that f(x,y)=2, f(w,z)=m+1-7=2,

f(ar,by)=m/2=4 and f(b;, by) =3

as
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To establish a bisimulation of depth d between (G{",a;,b;) and (G5',a,,b,), we need that
(ay,b1,a,, b,) satisfies the Atoms condition, and we need that the Forth and Back conditions hold. A
first characteristic of our strategy is that we take care to maintain not just the Atoms condition, but
the stronger property of validity from Definition 6.5. Viewing a bisimulation argument as a game,
the validity property provides tighter control on the possible game situations that can arise.

For the Forth condition we need to find a node ¢, € adom(G?%') for every node ¢; € adom(GY") such
that there is a bisimulation of depth d — 1 between (G{',a;,c;) and (G4, ¢1,az), and (G}, c1,b;) and
(G, c2,b,). For the Back condition we need to do the same thing except that the roles of ¢; and ¢,
are switched.

Actually, instead of directly working with bisimulations with a certain depth, we will show
that we can pick a ¢, € adom(GY') for every c¢; € adom(G}") (and vice versa) that ensures validity of
(ay,c1,a3,c7) and (cy, by, c2, by) while providing a lower bound on f(cy, ¢;). This will provide enough
information to prove Lemma 6.22 by induction.

So let us now have an intuitive look at the strategy used in the technical lemmas to pick such a
¢, €adom(GY') for every c¢; €adom(GY"). First, remember that we only work with valid quadruples,
S0 ¢, has to be in the same column as ¢;. This leaves us with three candidate nodes (or just one in
case c; is an X or Z element). We pick one of these nodes according to the following strategy:

(1) First, we check whether a; =c;, c; =by, (a;,c;) is an edge, or (c;,b;) is an edge. If this is indeed
the case, we say that ¢ is related to a; or b;. Here we pick ¢; so that it is related in the same
way as ¢ is related to a; or by. The relation of ¢; and to a; of b, ensures that ¢, is in the column
next to, or in the same column as a; or b;. This implies that f(c;,c,) is at most one lower than
Sf(ar,az) or f (b1, D).

For example, if (¢, b)) is an edge, we pick ¢, in the same column as ¢; such that (c;,b,) is an
edge (see Figure 4).

[y e
Y ./\./—\.A/\./-\.k\“/-\.k\./-\.r\./_* o
C1 bl
(N.K\./N.W\O/N.W\.A.k_\.
ai
T P R ek e X e
O
U .’_\./ﬂ.k—\./ﬂ.k—\“/—i.k—\./ﬂ.k—\.
e
v ./—\L.r\./—&.r\”/—\.r\./—\.h./_* ¢
C2 b 9
1774 / o o e e o e e ‘e e
a2

Fi1G. 4. An example of the first step in our strategy on the graphs G}’ and G’ with m=8. Here c; is
related to by, i.e. (c1, by) is an edge. The node ¢, is thus picked such that (¢;, b,) is an edge. The validity
of (a1,by,as,b,) then ensures that a; is not related to ¢,. Notice also that f(cy,c;)=f(by,b;)—1 by
definition.
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Y .,\.,\o/\*o"\co/\*o‘(_\o/ﬂo‘f\o/ﬂo‘(—\o/ﬁ o«
o/\*‘o“/_\aol/\*‘o‘(\o/\*‘o et e
T o/“‘o‘(_\ol/“o‘(\u/“‘o‘(_\o/_‘o‘(_\o
by
U ./_\./_\*o o e et Yo ¢t e ef e
Vv o’"‘o"\cf/_‘o"\o/_‘o‘f\o/_‘o‘(\o/d o«
a
w' o/“*o"\oz/“;)o"\u/“o"\o/ﬂo"\o
2

FiG. 5. An example of the second step in our strategy on G} and G5’ with m=38. Hence c) is not
related a; and b, (a; #c1, ¢1 # b1, (a1, c1) is not an edge, and (¢, by ) is not an edge), and it is possible
to pick ¢, such that f(c;,c,)=m/2 without violating validity. Notice that ¢, has to be picked on U
in this example since only then f(cy,c;)=m/2 by definition.

(2) If ¢y is not related to a; or by, i.e. if a; #cy, ¢; #by, (a1,c;) is not an edge, and (c;,b;) is not
an edge, we check whether it is possible to pick ¢, such that f(c,c;) =m/2 without breaking
validity. Since m/2 is the maximum output of f, we can be sure that f(c,c;) is sufficiently
large. For an example of this scenario see Figure 5.

(3) If we cannot pick ¢, such that f(cy,c,)=m/2 without breaking validity, we just pick ¢, such
that validity is ensured. It turns out that even then f(c;, ;) is sufficiently large, i.e. at most one
lower than f'(a;,a,) or f(by,b,). For an example of this scenario see Figure 6.

The strategy by itself may seem quite arbitrary. Why do we not provide a single ¢, for each ¢,
without the trial and error in the second step of the strategy? The reason why we introduced the trial
and error step, is because a failure in that step tells us something about the location of a; and a,
and b; and b,. Indeed, if the validity of (a;,c;,az,c,) is broken, e.g., we know that a, =c¢;, or that
(az,cy) 1s an edge, which implies that a; and a, are in the same column as, or in the column next
to ¢; and ¢;. Using these facts, we will be able to determine the values of f(a;,a,) and f(by,b,),
which will appear to be sufficiently low by itself so that we can pick ¢, without having to worry
about f(c1, ;).

We will now start the technical proof with several lemmas. Lemmas 6.6 and 6.7 take care of first
step of the strategy outlined above. Lemmas 6.8 and 6.17 take care of the second and third step. To
establish these last two steps, we use several sublemmas for clarity (Lemmas 6.9-6.16).

LeEMMA 6.6

Suppose that (a;,by,a,,b,) is valid, f(a;,a2)>0, f(by,b,)>1 and ¢; eadom(G") such that a; =
c1, bi=cy, (aj,c;) is an edge, or (c;,b;) is an edge. Then there exists ¢, €adom(G%') such that
(ay,c1,a3,¢3) and (c1,by,¢3,b;) are valid, and f(cy, c) > min(f (a;,az),f (b1,b2))— 1.

Proor. First suppose that a; =c;. Then we pick ¢, =a,. Clearly (a1,c1,az,¢2) and (cy,by,¢2,b7)
are valid by construction. Furthermore, f(c;,c2)=f(a;,a2)>min((fa;, az)),f (b1,b2))— 1. The case
where c; =b, is analogous.
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F1G. 6. An example of the third step in our strategy on G{" and G’ with m=8. Hence ¢, is not related
to a; and b, (a; #c1, c1 #b1, (a1,c;) is not an edge, and (¢, b;) is not an edge), and it is not possible
to pick ¢, such that f(cy,c;)=m/2. Indeed, here f(cy,c;)=m/2 only if ¢, is on U. Thus ¢, has to
be picked on the chain not containing a, and b,. Clearly f(c;,c;)=f(by,b;)— 1 by definition.

Now suppose that (a;,c;) is an edge. Then we pick ¢, in the same column as ¢ (thus (¢, c;) is
valid) such that (a;, c;) is an edge. This is clearly possible if @; #y,,11, since in that case any node in
the same column of a; has a forward or backward outgoing edge in the same way as a,. On the other
hand, if a; =y,.41, then a, =v,,1; since f(a;,a) > 0. Again y,,1; in G and v,,4; in G} have similar
outgoing edges. Clearly (aj,c;,az,c;) is valid by construction. The validity of (¢y, by, ¢z, b,) is not
so evident. Note, however, that by =y, iff b, =u, since f(b;,b;)> 1. Thus conditions (c) and (d)
for the validity of (cy, b1, ¢, by) are trivially satisfied. Thus we only have to show that (¢, b1, c2,b,)
satisfies the Atoms condition.

by =c; <= (a;,b) is an edge (since (ay,cy) is an edge)
<= (a,b,) is an edge (since (ay,by,as,b,) is valid)
= by=c, (since (cy1,¢y) is valid and (az, ¢;) is an edge)

Suppose (c1, by) is also an edge, then ¢; € {x;, 1,2, } because these are the only nodes with incoming
as well as outgoing edges. If ¢; =x,, then ¢, =x), and by =y;, whence b, =u; since f(b;,b2)>0. On
the other hand, if ¢; =y, then a; =x,, c; =u;, by =y», and a, =x),. Now by conditions (c) and (d)
from the validity of (a;,b1,a2,b,) we have that b, =u,. Finally, if ¢; =z, then ¢, =z and b, =z,
whence b, =z] since (a;,b1,a,,b,) is valid. In either case, (c,,b,) is an edge as desired.

On the other hand suppose that (c,,b,) is an edge, then ¢, € {x},u;,2}} because these are the only
nodes with incoming as well as outgoing edges. If ¢, =x), then ¢; =x,, and b, =u,, whence b, =y,
since f' (b, b,)> 0. On the other hand, if ¢, =u;, then ¢; =y, a, =x}, and b, =u,. Now by conditions
(c) and (d) from the validity of (a,,b,,a,,b,) we have that b, =y,. Finally, if c¢; =z}, then ¢, =z,
and b, =z, whence b, =z, since (a;,b1,a,,b) is valid. In either case, (c;,b;) is an edge as desired.

So it remains to be shown that f(c1,c;) >min(f (a;,a,),f (by,b;))—1. Since (a;,c;) is an edge,
it is clear that ¢ is in the column to the left or right of a;. Thus if f(a;,a;) <m/2, we must have
that f'(c1,c;)>f(a1,a;)— 1 >min(f(a;,a,),f (b1,b;))— 1. On the other hand, suppose that f(a;,a;)=
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m/2. Let us list the possibilities for f(a;,a,) to equal m/2: the column of a; is m/2+1; a; is ¥ left
and a, is U left; a; is W left and a, is W' left; a; is W left and a, is V left; a; is T left and a,
is W’ left; ay is T left and a, is V left; a; is Y right and a, is V right; a; is W right and a; is W’
right; a; is W right and a, is U right; a; is T right and a, is W' right; or a; is T right and a, is U
right. Therefore, unless a; € {y%ﬂ,t%’ﬂ,w%ﬂ}, ¢ is on the same side of the chain as a;, and ¢; is
on the same side (left or right) of the chain as a, since (a1, c¢;) and (a, ¢;) are edges. The definition
of / implies that f(ci,c2)=m/2. If a1 €{yn 1.tz 11, Wz}, then the column of ¢; and ¢, is m/2
or m/2+2 since (aj,c;) and (ay,c;) are edges. Therefore f(cy,c2)>m+1—(m/2+2)=m/2—1 as
desired.

The case where (c;,b;) is an edge is analogous to the case where (a;,c;) is an edge. [ |

Notice that three consecutive columns in G{' are isomorphic to the three corresponding columns
in G%' displayed in Figure 2. Hence, we can exchange the roles of ¢; and ¢, in the proof of the
previous lemma without violating the Atoms condition since the Atoms condition can only fail if
there is a problem on the columns directly surrounding ¢; and ¢,. Furthermore, notice that the value
of f(ay,a,) only depends on how a; and a, relate to one another on one side of the graph (the left
or right-hand side). Hence, the condition on f(c;,c;) also remains intact, since GJ' and G5 look
completely the same on the left-hand (right-hand) side. Thus, the proof of the following lemma is
analogous to the proof of Lemma 6.6.

LemmMma 6.7

Suppose that (a;,by,a,,b,) is valid, f(a;,a2)>0, f(by,b,)>1 and ¢, eadom(GY') such that a, =
¢, by=c3, (az,cy) is an edge, or (cz,b,) is an edge. Then there exists ¢; eadom(GY") such that
(ay,c1,a3,¢3) and (c1,by,¢3,b;) are valid, and f(cy, c) > min(f (a;,az),f (b1,b2))— 1.

Let us now take care of steps two and three in the intuitive strategy outlined before Lemma 6.6,
i.e. when ¢ is not related to a; or b;.

LeEmmA 6.8

Suppose that (a;,b;,az,b,) is valid, f(a1,a2) >0, f(b1,b2)> 1 and ¢; eadom(GY") such that a; #c;,
c1#b1, (ay,¢1) and (¢, b;) are not edges. Then there exists ¢, eadom(GY') such that (a;,¢1,a2,¢2)
and (c1,by,¢;3,b,) are valid, and f(cy, ;) > min(f (a;,az),f (b1, b)) — 1.

Proor. The goal is to follow the following strategy, unless it breaks the Atoms condition for
(ay,cy,a3,c3) or (cy,by,az,c;). Henceforth we will refer to this strategy as the Greedy Strategy.

C1=Z,'/\1§l'§2:>0222;

a=xA1<i<2 = c;=x;
=yiN0<i=m/24+1 = =y
co=yiAm/2+1<i<m+1= c,=v;
=W = =W,
a=tA0<i<m/24+1 = c,=V;
c=tAm/24+1<i<m+1 = c;=u;.

The reason why we use this strategy is because in this case f(c1,c;)=m/2, in which case it is trivial
that f(c1,c2) > min{f (a1,a2)./ (b1,b2)} — 1.

First, we establish that the Atoms conditions cannot be broken in the following situations: ¢; =y1;
C1=Ymi1; c1=2z; With i=1,2; ¢y =x; with i=1,2; or (a;,c1)=(x2,)2). To prove this, suppose first
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that ¢; =yy; then by the strategy outlined above c; =u;.

* If (a2, cy) is an edge then a, =x}, whence a; =x;, since (a;,b;,a,,b,) is valid. Thus (a;,c) is
also an edge, which is a contradiction.

* If ay =c; then a, =u;, whence a; =y, since f(a;,a;) > 0. Thus a; =¢; which is a contradiction.

*x If (cp,b;) is an edge then b, =u,, whence by =y, since f(by,b;) > 1. Thus (c1,b;) is also an
edge, which is a contradiction. (This item is specially marked with x for later reference in the
proof of Lemma 6.20.)

o If b, =c; then b, =u;, whence b, =y, since f(b,,b,)> 0. Thus ¢; =b; which is a contradiction.

So, when ¢; =y, the chosen ¢, does not break the Atoms conditions.
Next suppose that ¢; =y,,+1; then by the Greedy Strategy ¢; =vy+1.

* (ay,cy) cannot be an edge since v,,.; has no incoming edges.

* If a, =c; then ay =v,,41, whence a; =y,,+, since f(a;,a;) > 0. Thus a; =c, which is a contra-
diction.

* If (¢cp,b7) is an edge then b, =z, whence b, =z, since (a;,b;,a2,b,) is valid. Thus (¢, b)) is
also an edge, which is a contradiction.

* If ¢;=b, then b, =v,, 4, whence b, =y, since f(b,b;)>0. Thus b; =c; which contradicts
the given.

Next suppose that c; =x;,; then by the Greedy Strategy c, =x}.

* If (a3,c) is an edge, then a, =x{, whence a; =x; since (a,,b,,a,b;). Thus (a;,c) is also an
edge, which is a contradiction.

* If a, =c;, then a, =x), whence a; =x,. Thus a; =c¢; which is a contradiction.

o If (¢p,b7) is an edge then b, =u;, whence by =y, since f(by,b;)>0. Thus (c1,b;) is an edge
which is a contradiction.

* If b, =c;, then b, =x}, whence b, =x; since (a;,b;,a,,b,) is valid. Thus b; =c, which contra-
dicts the given.

The situations where ¢; =x; or ¢; =z; with i=1,2 are similar to the previous case.

Finally, suppose that (a;,c;)=(x2,)2); then by the Greedy Strategy (az,c,)=(x},uz). Now, for
the Atoms condition to be broken, we must have that ¢, = b, since u, only has outgoing edges. Thus
(ar,b1,az,b2)=(x2,b;,x5,u,), whence b; =y, by condition (d) for the validity of (a;,b1,az, b;). But
then ¢; = b, which contradicts the given.

At this point, we may assume that the Atoms condition is broken if ¢, is picked according to
the Greedy Strategy. By the arguments before, then, ¢; is not yy, y,,41 or z;, x; for i=1,2, and
(a1, 1) #(x2,2).

Furthermore, we do not have to consider cases where c; is in the middle column, or the two columns
directly adjacent to it, i.e. the column directly to the left and right of the middle one. Indeed, since
there are three chains in G, we can always pick another node ¢ on the chain that does not contain
ay and b,. Thus (ay, ¢, a2,¢5?) and (¢, by, c5°", by) are certainly valid. Since ¢; and ¢5°" is located on
either of the three middle columns, we have that f(c;,c5")>m/2—1>min(f(a;,a,).f (b1,b;))—1
since f'(x,y) is at most m/2 for any pair of nodes (x,y) € adom(G{") x adom(G%').

From here we will write 5 for the ¢, chosen by the Greedy Strategy.

We will split the proof into several sublemmas (Lemmas 6.9 to 6.16). First, in Lemmas 6.9 to 6.14
we show, for each case where the Atoms condition is broken, that we can pick a ¢5* e adom(G?')
such that conditions (a) and (b) for the validity of both (a;,c,a2,c5?) and (¢, by, 5", by) are

GT0Z ‘¢ 3snSny uo isang £q /310°speurnolproyxo redsily/:dny woiy papeofumo


http://jigpal.oxfordjournals.org/

18  Navigational querying using transitive closure

satisfied, and f'(¢y, ¢5*") > min(f (a1, a2),f (b1, b2))— 1. Then, in Lemmas 6.15 and 6.16 we show that
(ar,ci,az,¢5") and (c1, by, 5", by) also satisfy conditions (c) and (d) for validity.

Lemma 6.9

If ay=c5" or (ay,c5) is an edge, and c; is on Y then there exists ¢4 €adom(GY') such that
(ar,ci,az,¢5°") and (c1, by, 5", by) both satisfy conditions (a) and (b) for validity, and f(c;, c5") >
min(f(ar,az).f (b1, b2))— 1.

Proor. If ¢y is Y left (respectively Y right), 5 is U left (respectively V' right). Since c; is not in
the middle three columns, ¢; & {x,X2,1}, and a; =5 or (az,¢5'?) is an edge, we have that a; is also
U left (respectively V right), whence f(a;,a,) <m/2 by definition. We now pick ¢ on the chain
that does not contain a, or b, in the same column as ¢;, whence (a;,c;,az,c5?") and (¢, b1, 5%, by)
both satisfy conditions (a) and (b) for validity. This is indeed possible since there are three chains.
Thus we may conclude that ¢4 is not U left (respectively V' right), and hence f(ci,c2) <m/2.
Therefore, if a, =5, clearly f(c1,c3")=f(a1,a,) <m/2 by definition, since then ¢; is in the same
column as a; and a,. On the other hand, if (a,,¢5") is an edge, then f(c1,c4")>f(a1,a2)—1 by
definition, since then c; is in one of the columns next to a; and a,. Thus we may conclude that

F(er,ciy>min(f(ar, a),f(br,by))— 1. [

The proof of the following lemma is similar to the proof of Lemma 6.9 where the roles of @; and
a, are replaced by b; and b,, and (a,, c;) being an edge is replaced by (¢, b,) being an edge.

Lemma 6.10
If by=c5" or (¢5,b,) is an edge, and ¢; is on Y then there exists c3** €adom(GY) such that
(ar,ci,az,c5°") and (c1, b1, 5", by) both satisfy conditions (a) and (b) for validity, and f(c;, c5*") >

min(f(ay,as),f(b1,b2))—1.

Lemmas 6.9 and 6.10 have considered the scenarios where the Atoms condition was broken when
¢y is located on Y. The scenarios when ¢ is located on W are handled by Lemmas 6.11 and 6.12,
and the scenarios when c; is located on 7' are handled by Lemmas 6.13 and 6.14. We now have a
look at the scenarios where ¢; is located on .

LEmMMmA 6.11
If ay=c5" or (ay,c5) is an edge, and c; is on W then there exists ¢} € adom(G}') such that
conditions (a) and (b) for the validity of both (a;,c;,a2,c5®") and (¢, b1,c5°", b,y) are satisfied, and

Sfer,e5")=min(f (a1, a2),f (b1, b2))— 1.

Proor. In this case ¢5 is on W', whence a, is also on W' since a, =5, or (a3, ¢5) is an edge. Since

a) #c; and (ay,c;) is not an edge, we have thata; ison Y oron 7. If a; ison Y, then f(a,ay) <m/2
since ¢; is not in the three middle columns. Hence whatever new ¢ we pick such that (¢, c;) is
valid, we have f(c,c5")>f(a1,a,)—1 since c; and ¢5°" are either located in the same column as,
or in the column next to ¢; and a,. Thus, if we pick ¢5*" on the chain that does not contain a, and b,,
in the same column as c¢;, we have that (a;,c;,a,¢5") and (c;,by,c5¢", by) both satisfy conditions
(a) and (b) for validity, and f(c;,c5") > min(f (a;,a2).f (b1, by))— 1.

On the other hand, suppose that a; is on T then f(a;,a;)=m/2. This could be problematic if a,
is T left (respectively T right) and if we cannot put ¢ on the left side of V' (respectively the right
side of U), in the same column as ¢;, simultaneously. That is, if putting ¢} on the left side of V,
in the same column as ¢, (respectively right side of U) makes by =c5*" or (¢4, b,) an edge. If
this is not the case, then we simply put ¢4 on V, in the same column as ¢; (respectively U). Then
by construction (a;,cy,az,¢5") and (c;1,b1,c5", by) satisty conditions (a) and (b) for validity and

flcr,c2)=m/2.
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FiG. 7. An example of a problem scenario in Lemma 6.11. Clearly ¢3¢ breaks the Atoms condition.
Furthermore, if we would have picked ¢4 on V, (c5¢", b,) would have been an edge, which is not
allowed. Thus we are forced to pick ¢5°* on U. This, however, is no problem since in this scenario
b, and b, are on sides of chains with different endings.

In the problematic case we will show that f'(b;, b,) is sufficiently low. So in this case putting c5*"
in the same column as ¢; on the left side of V' (respectively right side of U) violates the Atoms
condition for (c1,by,c5°",b,). Then b, is V' left (respectively U right), in the same column as, or in
the column next to ¢; and c‘z”d . Since c‘z”d =a, or (as, cgl") is an edge, a, must be on W' as well. This
implies that a, # b, and that (a, b,) is not an edge, since b, is on V (respectively U) as mentioned
before. Therefore, by the validity of (a1, by, a,, b,), we can also conclude that a; # b, and that (a;, b;)
is not an edge. Thus b, is certainly not on 7 since then a; = b, or (a;, b;) would be an edge. It cannot
be on W either because then ¢; = b, or (¢, b;) would be an edge, which contradicts the given. Thus
we may conclude that in this case b, is on Y, whence f(b;,b,) <m/2 since b, is V' left (respectively
U right). If we now put ¢ on the chain that does not contain a, or b,, in the same column as c;,
then (ay,cy,az,c5") and (¢, b;,c5°", by) certainly satisfy conditions (a) and (b) for validity, and we
have that f(c;,c5")>f(b1,b2)—1>min(f (a1, a2).f(b1,b2))—1 since ¢; and c5°" are either in the
column next to, or in the same column as b; or b,. For an example of this scenario see Figure 7. [ |

The proof of the following lemma is similar to the proof of Lemma 6.11 where the roles of a,
and a, are replaced by b, and b,, and (a,, c;) being an edge is replaced by (c;, b,) being an edge.

LeEmmA 6.12
If ¢§"=b, or (c§,b,) is an edge, and c; is on W then there exists ¢4 € adom(GY) such that
(ar,c1,a2,¢5°") and (cy, by, c5?", by) both satisfy conditions (a) and (b) for validity, and f(c;,c5*") >

min(f(a1 s az),f(bl s bz)) —1.

As announced we now look at the scenarios when ¢ is located on 7. The reasoning used to prove
the following lemma is again analogous to the proof of Lemma 6.11, but since the Greedy Strategy
deviates in this scenario compared to the scenario of Lemma 6.11, we need to address some detailed
differences.
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LEmMMA 6.13
If ay=c5" or (az,c5) is an edge, and ¢; is on T then there exists c2*” €adom(GY') such that
(ar,c1,az,¢5°") and (c1, b1, 5", by) both satisfy conditions (a) and (b) for validity, and f(c;, c5") >

min(f'(a1,az),f (b1,b2))—1.

Proor. If ¢y is T left, then c‘z”d is V left, while if ¢; is T right, then cgld is U right. Furthermore, if
¢ is V left, then a; is also V' left, and if ¢ is U right, a, is also U right. This is because a, = 5"
or (az,c‘z”d) is an edge, and ¢, is not located in the middle three columns. Since a; #¢; and (a;,c)
is not an edge, we have that a; ison ¥ or on W. If a; is on Y then f(a;,a;) <m/2 since ¢, is not
in the three middle columns. Hence whatever new ¢5*” we pick in the same column as c¢; we have
f(e1,c5")y=>f(a1,a,)—1. Thus, if we pick ¢4 on the chain that does not contain a, and b,, in the
same column as c;, we have that (a;,c;,az,c5") and (¢, by, 5", by) both satisfy conditions (a) and
(b) for validity, and f(cy,c5®") > min(f (a;,a2).f (b1, b)) — 1.

On the other hand, suppose that a; is on W, then f(a;,a;)=m/2. This could be problematic if
ay is W left (respectively W right) and if we cannot put ¢ on W', in the same column as ¢,
simultaneously, i.e. if putting ¢4 on W', in the same column as c;, makes b, =c5*" or (c5", b,)
an edge. If this is not the case we simply put ¢4 on W, in the same column as ¢;. Then by
construction (ay,cy,az,c5”) and (¢, by, 5", by) both satisfy conditions (a) and (b) for validity, and
f(c1,c0)=m/2.

In the problematic case we will show that f'(b;, b,) is sufficiently low. So in this case putting 5"
on W', in the same column as ¢, violates the Atoms condition for (c;,by,c5*",b,). Then b, is on
located on W, in the same column as, or in the column next to ¢; and ¢5". Since 5 =aj or (ay,c5)
is an edge, and ¢ is not in the middle three columns, a, must be on V' if ¢; is T left, or on U if ¢; is
U right. In either case, this implies that a, # b, and that (ay, b,) is not an edge, since b, is on W’ as
mentioned before. Therefore, by the validity of (a;, by, as, b;), we can also conclude that a; #b; and
that (a;,b,) is not an edge. Thus b, is certainly not on W since then a; =b; or (a;,b;) would be an
edge. It cannot be on T either because then ¢, =b; or (¢;,b;) would be an edge, which contradicts
the given. Thus we may conclude that in this case b; is on Y, whence f(b;,b;) <m/2 since b, is
W', If we now put ¢;°” on the chain that does not contain a, or by, in the same column as ¢, then
(ar,ci,az,¢5°") and (¢, b1, 59", by) certainly satisfy conditions (a) and (b) for validity, and we have
that f'(c1,c5") > f(b1,b,)— 1 >min(f (a;,a,).f (b1, b;))— 1 since ¢; and 5" are either in the column
next to, or in the same column as b; or b,. For an example of this scenario see Figure 8. | |

The proof of the following lemma is similar to the proof of Lemma 6.13 where the roles of a;
and a, are replaced by b, and b,, and (a,, c;) being an edge is replaced by (c,, b,) being an edge.

LeEmma 6.14
If ¢§“=b, or (¢5',b,) is an edge, and c; is on T then there exists ¢ € adom(GY) such that
(ar,c1,a2,5°") and (cy, by, 5", by) both satisfy conditions (a) and (b) for validity, and f(c;,c5*") >

min(f(m s az),f(bl s bz)) —1.

Together Lemmas 6.9 to 6.14 cover all scenarios for ¢; where one of the Atoms conditions
was broken. Thus, all that remains to establish Lemma 6.8 is to show that (a;,c;,a2,c5”") and
(c1,b1,c5°", by) satisfy conditions (c) and (d) for validity. Let us first take care of (a;,c;,az,c5™).

Lemma 6.15
Let ¢4 e adom(GY%') be the node chosen in Lemmas 6.9 to 6.14. Then (a;, ¢, a,,c5?") also satisfies
conditions (c) and (d) for validity.
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Fic. 8. An example of a problem scenario in Lemma 6.13. Clearly ¢35 breaks the Atoms condition.
Furthermore, if we would have picked ¢4 on W, (c5°", b,) would have been an edge, which is not

allowed. Thus we are forced to pick ¢ on V. This, however, is no problem since in this scenario
b, and b, are on sides of chains with different endings.

Proor. Condition (c) is only involved when (a;,c;)=(x;,),), a case we have already excluded at
the start of the proof.

Condition (d) is only involved when (a,,c5")=(x},u,). Since (a1, b1,a,b;) is valid, we must
have that a; =x,, whence f(a;,a;)=m/2. We now show that ¢;=y,. Suppose for the sake of
contradiction that ¢; #y,. Then by definition f(c;, c**)= 1. Furthermore, ¢’ =v, or ¢/ =w), by the
Greedy Strategy. Since f(c1, ;) >min(f(a;,az),f (b1,by))— 1 =min(m/2,f (b1, b)) — 1 =f(b1,b;)—
1 by assumption, we have /'(b;,b,) <2. Remember that the Atoms condition for either (a1, c1, a2, c5)
or (c1,b1,c5M, by) was broken. Notice that in this case the Atoms condition for (ay,c1,a,,c5?) was

not broken, since ¢; and c‘z”d are two columns to the right of @; and a,. Thus the Atoms condition for

(c1,b1,¢5",by) was broken. Hence ¢§=b, or (c3,b,) is an edge (because by assumption c; is not

related to b;). It is not possible for (¢35, b, ) to be an edge since v, and w), have no outgoing edges. Thus

we may conclude that ¢’/ =b, =v; or ¢5 =b, =w}. Hence b; =y, in both cases since (b, b;) <2.
Therefore (a;,b1,az,b,)=(x2,y2,X5, by) where b, =v, or w), which contradicts condition (c) for the

Validity of ((11 , b] ,ay, bz)
Finally, we take care of (¢, by, 5™, by).

Lemma 6.16
Let 5" € adom(G?') be the node chosen in Lemmas 6.9 to 6.14. Then (c;,b;, 5", by) also satisfies
conditions (c) and (d) for validity.

Proor. Condition (¢) is only involved when b, =y,. Then b, =u; since f(b;,b,;) > 1, as desired.
Condition (d) is only involved when b, =u,. Then b, =y, since f(b;,b,) > 1, as desired. [ |

Together Lemmas 6.15 and 6.16 establish that both (a;,ci,az,¢5") and (¢, b1,65,b,) also
satisfy conditions (c) and (d) for validity. Since we already established that (a;,c;,a,,c5?") and
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(c1,b1,c5°", by) satisty conditions (a) and (b) for validity, we may conclude that (a;,ci,a,,c5*") and

(c1,b1,¢5°", by) are both valid, which concludes the proof of Lemma 6.8.

The proof of the following lemma is analogous to the proof of Lemma 6.8, this is because of the
same reasons why the proof of Lemma 6.7 was analogous to the proof of Lemma 6.6.

LeEmma 6.17

Suppose that (a;,b;,a,,b,) is valid, f(a1,a2) >0, f(b1,b2)> 1 and ¢, eadom(G%') such that a; #c;,
c1 #b1, (ay,c1) and (¢1,b;) are not edges. Then there exists ¢; eadom(GY") such that (a;,c,a,¢2)
and (c1, by, ¢3,b;) are valid, and f(cy, ;) > min(f (a;,az),f (b1,b2))— 1.

Combining Lemmas 6.6 and 6.8 we get the following corollary.

COROLLARY 6.18
If (a1,b1,a2,b,) is valid, f(a1,a,) >0 and f(by,b,)> 1, then for every ¢; eadom(GY") there exists
¢, €adom(G%') such that (aj,c,a2,¢2) and (ci,by,¢2,b7) are valid, and f(c;,cz) > min(f (a;,az),

f(b1,by))—1.

We will see later that this corollary is crucial to show that the duplicator has a winning strategy
starting in (ay, by, az, by).
On the other hand, combining Lemmas 6.7 and 6.17 yields the following corollary.

COROLLARY 6.19
If (a1,b1,a2,b,) is valid, f(a1,a,) >0 and f(by,b,) > 1, then for every ¢, €eadom(GY') there exists
c; €adom(GY") such that (ai,c1,a2,¢2) and (c1,b1,¢2,b2) are valid, and f(c,c2) > min(f (a1, az),

f(b1,by))—1.

Before we can finally start the bisimulations needed for the proof of Proposition 5.4, notice that
until now we have always required that f(b,,b,) > 1. The cases where f(b;,b,)=1 are handled
separately. Indeed, when f'(b;,b,)=1, we cannot necessarily guarantee that (c;,b,c;,b;) is valid
(see Figure 9). We can only guarantee the Atoms condition as shown Lemmas 6.20 and 6.21. This
will turn out to be sufficient.

LEmMMA 6.20
Suppose that (a;,b1,a,,b,) is valid, f(a;,a,) >0, f(b1,b2)=1. Then, for every c¢; €adom(G}") there
exists ¢, eadom(GY') such that (ay,ci,az,¢2) and (c1, b1, ¢z, by) satisfy the Atoms condition.

Proor. Careful inspection of the proofs of Lemmas 6.6 and 6.8 reveals that f(b;,b,) > 1 is only used
for showing conditions (c¢) and (d) for the validity of (a;,c1,az,¢,) and (cy, by, c2,b5), except in the
case where c; =y; and b, =u;, (item marked with  in the proof of Lemma 6.8). If we are not in this
case, we can simply pick the same c; as in these proofs.

Now suppose we are in this exceptional case. Since f (b, b,)=1, b; isnot on Y. Notice that (a;,c)
cannot be an edge, since then a; =x,, and hence also a, =X since (a;,b;,a2,b,) is valid. Thus we
have (a;,b1,az,b:)=(x2,b1,x5,u,). Condition (d) for the validity of (a;,b1,a,b>) then implies that
b) =y,, which contradicts the fact that b, is not on Y.

If a; = ¢y, then we pick a, =c,. Notice that in this case b, # c;. Indeed, if b, =c; =a,, then a; = b,
by the validity of (a;,b1,a,b;). Thus ¢; = b, which is a contradiction.

On the other hand, if a; # ¢, we simply pick ¢, on the chain not containing a, or b,, in the same
column as c¢;. This is possible since there are three chains. [ |

The proof of the following lemma is analogous to the proof of the previous lemma. This is because
of the same reasons why the proof of Lemma 6.7 was analogous to the proof of Lemma 6.6.
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Fi6. 9. An example of a problem scenario where we are forced to pick a ¢, such that (¢, by, ¢z, b,)
does not satisfy condition (c) for validity. It turns out that it is sufficient to only satisfy the Atoms
condition because this scenario only occurs when f(b;,b;)=1.

LeEmma 6.21
Suppose that (a1,b1,a2,b,) is valid, f (a;,a,) >0, (b1, b2)=1. Then, for every ¢, € adom(G}') there
exists ¢; eadom(GY") such that (a;,cy,az,¢z) and (c1,b1, ¢z, by) satisfy the Atoms condition.

We are now ready to show our key Lemma.

LeEmma 6.22
Let s be a natural number and let m >4 be a natural number divisible by four. If (a;,b;,a,,b,) €
adom(G"")? x adom(G4")? is valid and s <min(f (a1, a2).f (b1, b2)), then (G, a1, b))~ (GY,az, b).

Proor. We prove this lemma by induction on s. If s=0 then, (G{",a;,b,) >~ (G5, a,,b;) since the
Atoms condition is implied by the validity of (a;, b1,az, b2).

Now let s >0, so both f(a;,a;)>0 and f(by,b,)>0. If f(b,b;)=1 then Lemma 6.20 implies
that for every c¢; € adom(GY'), there exists ¢, € adom(G5') such that (a;,c;,a,,¢;) and (c1,b;,¢2,b7)
satisfy the Atoms condition. This, however, is equivalent to

(GYa1,c1)=0(Gy a2,¢2) and  (GY',c¢1,b1)~9 (67, ¢2,b2).

Hence the Forth condition holds. Furthermore, Lemma 6.21 implies that for every ¢, € adom(G5),
there exists ¢; € adom(GY") such that (a;,c;,a,,c;) and (¢, by, ¢z, by) both satisfy the Atoms condition.
Again this is equivalent to (G, a1, ¢1) >0 (G}, a2, ¢;) and (GV', ¢1,b1) =0 (G5, ¢2, b,). Hence the Back
condition holds. Thus (G{',a;,b1) = (GY, a2, b»).

Now suppose that f(a1,a,) >0 and f (b, ;) > 1. We will first show that the Forth condition holds.
Suppose that ¢; €adom(GY{"). Then by Corollary 6.18 there exists ¢, € adom(G5') such that both
(ay,c1,a3,¢7) and (cy,by,cz,b;) are valid and f(cy,c;) >min(f (a1,a,),f (by1,by))— 1. Furthermore,

f(c1,c2)=s—1 since s—1 <min(f(a;,a,),f (b1,b))—1. Hence s— 1 <min(f(cy,c3),f(a1,az)) and
s—1<min(f(c1,c2),f (b1,b,)). Therefore we can apply our induction hypothesis, which tells us that
(Gin, a, 01)2371 (Gg’, a, Cz) and (Gin, Cy, bl)’_\‘571 (GE", Cy, bz) as desired.

The Back condition is verified similarly using Corollary 6.19. [ |
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Theorem 6.4 finally follows:

PrROOF OF THEOREM 6.4. First, if (ai,b1)=m/2+1,Vm2+2), then we pick the pair (az,by)=
(um/z_H s u,,,/2+2). In this case (Cl] 5 b] ,ady, b2) is valid, f(a1 ,az) =m/2 and f(b] s b2)=m+ 1— (m/2+
2)=m/2—1 and thus (Gy,a1,b1) /21 (G2, a2, b>) due to Lemma 6.22.

If (a1,b1) # (Vmj2+1,Ym/2+2) then we use the following strategy:

a1=y;N0<i<m/24+1 = ay=u;
ai=yiAnm/2+1<i<m+1 = ay=v;
a=w; = a,=w;
a =t = a,=w,
We use the same strategy to determine b, from b,. Clearly in this case (a;,b;,a,b;) is valid, and
f(ai,ax)=f(b1,b)=m/2, whence (G|, a1,b1) >y 2-1(G2,a2,b,) due to Lemma 6.22. [ |

The bisimulations that we use always require that (a;,b;,a,,b;) is valid. There might be a a
bisimulation of a larger depth when we remove this restriction. It turns out that we can find an upper
bound on the depth.

ProrosiTION 6.23
There is no bisimulation between (G',yz 11,yz +1) and (G7', a,b) for any (a,b) € adom(G"")? of depth
3m/4+2.

Proor. By Theorem 6.2 it suffices to show that there exists an expression e € N'(\,di) of degree
3m/4+2 such that (yz41,y241) €e(GY') and (a,b) ¢ e(Gy'). To this end, define the following family
of expressions:

ey :=1,(R?)

ey:=m(R?)

e;:=m(Roep)
enr1:=m(RN((Rodi)o(e,oR))) (forn>1)
e, .1 :=m1(RN((Rodi)o (e, oR))). (for n>0)

For n=1,...,m/2, we have (y2,+1,Y2n+1) €€,(GT") and (Vus1-205Ymt1-24) €€,(G)). Thus we may
also conclude that (yz11,y2+1) €emaNe,, 4(GY).

On the other hand, e,(G5') only contains pairs of nodes on U, while e, (G%') only contains nodes
on V forany n=1...m/2. Hence e, Ne, (GY') is empty for n=1,...,m/2. Thus we may conclude that
em/aNe, 4(GY') is empty, and thus does not contain (a, b) either.

Since e, and e, have degree 3n+2, the degree of e,,4Ne,, , is 3m/4+2 as desired.

6.2 Inexpressibility of the query R*o(RoR™ )T oR? £

Using the established bisimulation in Theorem 6.4 and the characterization in Theorem 6.2 we can
finally show that R>o(RoR~")T o R? # is not expressible in e N'(\,di, *)

ProrosiTION 6.24
The boolean query R2o(RoR ™)t oR? 0 is not expressible in N (\,di, ).
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Proor. Suppose that ¢ denotes the boolean query R*o(RoR™")T oR?#¢. Assume for the sake of
contradiction that g is expressible by an expression e N'(\,di, ™). Define G, as the class of graphs
with an active domain of size at most n and define e, as the expression e where every subexpression of
the form /™ in e is replaced with U”_, /7. Remember that expressions of the form /* are equivalent to
the expression U7_, /" when we only consider graphs in G,,. Therefore e, is equivalent to e on G,.. Now,
notice that if we carefully arrange the compositions inf?, we obtain that degree(U"_ /") = degree(f )+
[log,n]. Furthermore, note that in the worst case scenario every operation which contributes to the
degree of e is a transitive closure application. Hence if we carefully arrange the compositions in e,
we obtain that degree(e,) <d[log,n] where d is the degree of e.

Observe that [adom(GY")| =|adom(G5')| =3m+7 for every natural number m. By the argument
above, we know that e3,,, 7 has degree at most d [log,(3m+7)] for any natural number m. Moreover,
there has to exist a natural number m such that d[log,(3m+7)] <(3m+7)/6 —3 <m/2—1. The first
inequality holds since there clearly exists a natural number /” such that for every / >1": d[log,/] <
//6—3, and the second inequality holds since (3m+7)/6—-3=m/2—11/6<m/2—1. Hence the
degree of e3,,47 is less than m/2—1, i.e. e3, 7 €N (dI, \m/2—1. Since |adom(G}")| =|adom(G5')| =
3m+7, we know that e;3,,17 agrees with e on G{" and GJ'. Since e # ¥ is supposed to express g, and
since q(GY') is clearly true, we have es,7(G}") #9. Thus let (a;,b,) € e3,,+7(G}"). By Theorem 6.4
there exists (ay,b;) such that (G{",a1,b1) 221 (G5, az,b,). Then by Theorem 6.2 also (ay,b,) €
esm17(GY). However, since g(GY') is clearly false, e3,,17(G5') should be empty. We have thus obtained
a contradiction. [ |

We are now ready to prove Proposition 5.4.

Proor. First observe that A/(~!,+) <P A/(F)). Hence it suffices to prove that N'(7!, T) 2> N'(F,).
Furthermore, since F» C {\,di, }, it follows from Theorem 3.1 that A/(F,) <P*" A/(\,di, 7) and there-
fore also N (Fy) <" N'(\,di,*). Thus it is sufficient to show that N'(7!,*) 2> N'(\,di, ™).

The boolean query R?o(RoR™ ")t oR?#( is clearly expressible in N (7!, ™). It is, however, not
expressible in N'(\,di,™) by Proposition 6.24, which concludes our proof. [ |

6.3 Exponential blow-up on eliminating converse

In this section we will show that Theorem 6.3 holds. We will do so by employing the bisimulation
result in Section 6.1.

Let a function f: N— N be given as in the statement of Theorem 6.3. Now suppose for the sake
of contradiction that f(n)=0(2"). Let O be the path query R2o(RoR™ ')t oR?. Define G, as the
class of graphs with an active domain of size at most » and define Q, as the expression Q where
every subexpression of the form /* in Q is replaced with U”_,f?. Remember that expressions of
the form /™ are equivalent to the expression U7,/ when we only consider graphs in G,. Therefore
0O, is equivalent to Q on G,=. As in the proof of Proposition 6.24, by carefully arranging the
compositions in f7, we obtain that degree(U",f")=degree(f)+ [log,n]. Hence we can conclude
that degree(Q,)= [log,n] +3.

We now show that f(degree(Q,))=o(n). Since f(n)=o0(2"), we have by definition that
lim,_, o f(n)/2" =0. Notice that degree(Q,) goes to infinity as n goes to infinity. Therefore, we
have that lim,,_, . f (degree(Q,))/2%€@) =0 as well. We now show that this last limit implies that

f(degree(Q,))=o(n):

0 i [ egred @) _ L f(Togym +3) - f(Tlogon] +3) _

n—oo  Qdegree(On) n—oo  llogynl+3 T n—oo 16n -
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Notice that O, is an expression in N'(~!), whence by assumption 4(Q,,) is an expression in N (7).
We now show that there exists a natural number & such that for every m >k, h(Q3,,17) is an expression
in N(T[)m/z_l.

Since  f(degree(Q,))=o0(n), also f(degree(Qsmi7))=0(3m~+7). Furthermore, since
o(Bm+7)=0(m/2—1), we may conclude that f(degree(Qs,+7))=o0(m/2—1). Thus by definition,
lim,,—, oo f (degree(Q,))/(m/2—1)=0. Hence

Vs>0,3k€N,VmeN:mzk=>jM <e
m/2—1

Hence if we set ¢ = 1, we can find a & such that for every m >k we have f(degree(Qs,,17))/(m/2 —
1) <1, or equivalently f(degree(Qs,,+7)) <m/2 — 1. This implies that degree(h(Qs;+7)) <m/2 —1 for
any m > k since it is given that degree(h(Q,)) <f (degree(Q,)) for any n. Thus we may conclude that
h(Q3m+7) is an expression in N (1),,/—1 for any m> k.

Now let m be a multiple of four, greater then k, and let G{" be the top and G4’ be the bottom graph in
Figure 2. Since |adom(G")| =|adom(G}')| =3m+7, we know that 05,7 agrees with O on G} and
Gy'. Thus Qs,47(G") #0 since Q(GY') is non-empty. Furthermore, because #(Q3,,47) is equivalent
to Q47 at the level of boolean queries, it must also be that 4(Qs,47)(GY") #¥. Thus let (a;,b)) €
h(Q3my7)(GY'). By Theorem 6.4 there exists (az,b,) such that (G, a;,b1) 2,21 (G5, a2,b,). Then
by Theorem 6.2 also (az,b,) € l(Q3m17)(G5'). However, since O(GY') is clearly empty, O3,47(G5)
as well as /(Qs,+7)(GY') should be empty. We have thus obtained a contradiction. Thus we may
conclude that f #0(2").

7 Boolean queries in the unlabelled case

In this section, we will prove Theorem 3.5. Here, the set A of edge labels is a singleton. In other
words, a graph G is then a relational structure consisting of a set of nodes V" and a simple relation
E(G)CV xV, the set of edges of G. As said before, we use the notation <?%' to compare the
expressiveness of languages in this unlabelled case. It has been shown that at the level of boolean
queries, a counterpart of Proposition 5.1 does not exist in this unlabelled case. That is, transitive
closure does not always add expressive power in the unlabelled case [11].

TueEoREM 7.1 ([11])
At the level of boolean queries in the unlabelled case, we have:

N(Jr) Ebool./\[7

unl

N(TL’, +) <bOOlN(JT),

—unl

N(di, ) <> N(di), and

—unl

N(di, 7, ") <P N (di, 7).

—unl

We will now show that in all other cases, transitive closure does add expressive power. We start
by showing that it does in the presence of intersection or converse.

ProrosiTION 7.2
Let F, and F, be sets of non-basic features.

(1) If+EF1, QEFI, and © ¢F2, then N(Fl)beOIN(Fz).

unl
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(2) If+€F1, -1 Gfl, and © ¢F2, then N(Fl)beOIN(Fz).

unl

Before we prove this proposition we will first recall some basic terminology and notions concern-
ing Hanf-locality [14]. Let G be an unlabelled graph, a € adom(G) and r a natural number. The ball
with radius » around « is the set

BY(a)={x eadom(G) | dg(x,a) <7},

where dg(x,a) is defined as the length of the shortest undirected path between x and a. (An undirected
path does not need to respect the direction of edges.) If no such path exists then dg(x, @) is defined as
+00. The r-neighbourhood of @ in adom(G), denoted by N(a), is the pair (G’,a) where the graph
G’ is defined as follows:

« Its nodes are precisely B%(a);
« Its edge relation is E(G)N(BY(a) x B (a)).

For a node a in graph G, and a node b in graph G,, we say that N°'(a)=(Gjs,a) is isomorphic to
N (b)=(G4,b), denoted by N¢(a)=NF(b) if there is a graph isomorphism f from G to G4 such
that f'(a)=5.

Let G, and G, be graphs, and let d be a natural number. We write G| S, G, if there exists a
bijection f :adom(G;) — adom(G,) such that for every c € adom(G,): N f "(¢)=EN, dG *(f ().

A boolean query g is Hanf-local if there exists a natural number d such that G, =, G, implies
q(G1)=true & q(Gy) =true.

THEOREM 7.3 ([14])
Every boolean query expressible in first-order logic is Hanf-local.

We are now ready to prove Proposition 7.2.

PROOF OF PROPOSITION 7.2. For (7.2), it is well known that the query that checks whether a graph
contains a cycle cannot be expressed in first-order logic (see, e.g. [2]). The query, however, is
expressed by RT Nid # 0.

For (7.2), we will show that R*o(RoR~')* o R* () is not expressible in N(F,). Let G be the
graph at the top and G} be the graph at the bottom of Figure 10 for any natural number n greater
than 1. Define f/: adom(G})— adom(G?) as follows:

v; ifc=x; wheren<i<2n-—1;
u; ifc=y; where n<i<2n—1,

u; if c=x; where 1 <j<n;

c =
f(e) v; if c=y; where 1 <j<n;
a ifc=x;
b ifc=y.

Intuitively, f mirrors the right-hand nodes in G} along the dotted line. We observe that
N2 (@©=NZ (f(c)) for all ceadom(G") since N ()N {(y.X2-1),(Van_1.¥)} #D implies
NG E)N{(@ ), (v, @)} =0, and N7 ()N {(x31), (v1,%)} 0 implies N, (£ ()N {(1e2,-1,),
(b,van—1)} =9. Therefore G| =,_; G4 since f is a bijection. Now, suppose that the boolean query ¢
expressed by R2o(RoR™ )t oR? 0 is expressible in A/ (F,). Then certainly, it is also expressible
in first-order logic. Hence ¢ is Hanf-local by Theorem 7.3 and thus by definition, there has to exist
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T Lan—2 Toan—1

./\.L/—\./\ N /\_./\.L/_\./\ AWAS ./_\*.‘/_\.

B )
Q/\.‘/_\.’\ /N /\-./\.‘/_\./\ NN ./_\A./_\)

Y1 Y2 Yn Yoan—2 Y2n—1

U2n—2  U2p—1

(\.‘/_\./\ N /\_./\.‘/_\./\ /N /\../\.‘/_\.

)

Q/\"/_\./\ N /\../\.‘/_\./\ A /\../\.‘/_\.

U1 V2 Un, Van—2 U2n-—1

Fic. 10. The only difference between the top graph and the bottom graph is that the edges incident
to b in the bottom graph have the converse direction to the edges incident to y in the top graph.

a natural number d such that for every finite graphs 4 and B, 4, B implies that ¢ agrees on 4
and B. However, we established that G¢*' =, G¢*!, but ¢(G¢*") is true and ¢(G4™") is false, which
contradicts that ¢ is Hanf-local.

The two languages not covered by Theorem 7.1 and Proposition 7.2 are N (7, ") and N'(di, 7, ).
These languages happen to be non-monotone.! We show that transitive closure does add expressive
power for these non-monotone languages at the level of boolean queries in the unlabelled case.

ProrosiTiON 7.4
Let F; and F, be sets of non-basic features. If ¥ € F|, T € F| and * ¢ F,, then N (F;) £ NV (F,).

unl

Proor. The boolean query Q: ‘there is a non-sink node from which no sink node? can be reached’
is expressible in AV (7, ™) by the boolean query 71((RTo71(R)) UR)# . If this query would be
expressible in N/ (F3), it would also be expressible in first-order logic, which we show is impossible.

Suppose for the sake of contradiction that the first-order sentence v expresses the boolean query
0. We now show that this contradicts that the parity query is not expressible on linear chains in
first-order logic [14]. Let C, ={{x1,...,x,}, {E(x;,x;11)| | <i <mn}} be a linear chain with » nodes and
define the graph G, as follows:

e (G, contains » nodes, x|, ...,X,;
* Add an edge from x; to x;;, for every ie{l,...,n—2};
* Add an edge from x, to x;.

Let us now define a first-order formula ¢(x, y), such that (a,b) € G, if and only if C, = ¢[a, b]. Clearly
o(x,y):=a:E(x,a)NE(a,y))V(—Ta:E(x,a)AN—Ja:E(a,y))

fulfils this property. Notice that G, has a disjoint component in the form of a cycle if  is odd and
that G,=C, if n is even. Now, notice that if a graph has such a cycle component, it also has a

! An expression e is monotone if e(G) g_ e(G") for every two graphs G and G’ such that G C G’. A language is non-monotone
when it contains an expression that is not monotone.
2A sink node in a graph is a node in that graph with outdegree zero.
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non-sink node from which no sink node can be reached since there simply are no sink nodes on
such a cycle. On the other hand, if a graph is isomorphic to C,, every non-sink node can reach a
sink node. Hence G, |=— if and only if # is even.

Now let x be the sentence formed by replacing each atomic sub-formula of the form R(x,y) by
¢(x,y) in ¢. Then, C, =—y if and only if # is even, which contradicts that the parity query on linear
chains is not expressible in first-order logic.

The reduction in the proof of the proposition above is based on the reduction of parity to connec-
tivity [14].
We are now ready to prove Theorem 3.5.

PROOF OF THEOREM 3.5. We first take care of the case where © € Fy and T € F,. For the ‘if” direction
we may then suppose that the third condition holds since conditions one and two cannot hold. Since
Fy C{di,, "}, we have N'(F) <P! NV'(F; \ {*}) by Theorem 7.1. Additionally, because we assumed
that Fy\{T} CF,, we have N (F;\{*}) <P N'(F,) due to Theorem 3.2, whence N (F;\{*}) <2
N(F»). Therefore N (F;) <P N(F,) by transitivity.

For the ‘only if* direction we consider its contrapositive. Since we are in the case where * € F)
and T ¢F,, we may then clearly assume that F, & {r,di, *} or F;\{"} QITQ is true. First, suppose
that F; g {m,di,*}. Then F;N{\,N,~ !, 7} #£@. If \ or N is present in F}, the result follows directly
from Proposition 7.2(7.2). On the other hand, if ~! € F, it follows from Proposition 7.2(7.2). In the
remaining scenario where 7 € F, it follows from Proposition 7.4.

To finish the ‘only if* direction in this case suppose that F; C{m,di,*} and F;\{"} ,@1?2 Then,
F\ T =F\{*} ¢ F, since™! is not present in Fy. Therefore N'(F;\ {*}) 22! N(F,) by Proposi-
tion 5.5, whence N (F) 2290 N (F>).

In the remaining cases, our theorem coincides with Proposition 5.5. Indeed condition three is
never true, and the presence of transitive closure in F; implies its presence in F. [ |

8 Conclusion

The main results of this article have shown that, even in a setting where one focuses on expressing
boolean queries on unlabelled graphs in rather weak fragments of the calculus of relations, the
transitive closure operator can still add expressiveness. These results provide a counterpart to the cited
Theorem 7.1 where, for other fragments, transitive closure was shown not to add expressiveness.
In the direction of further research it would be interesting to consider the interplay between
transitive closure and the residuals [21]. Residuation is a derived operator of the calculus of relations,
and interesting to consider separately, as we have done for projection and coprojection. Residuation
is interesting from a database perspective because it corresponds to the set containment join [16].
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