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Abstract
Modern Property graph database query languages such as Cypher, PGQL, GSQL, and the standard
GQL draw inspiration from the formalism of regular path queries (RPQs). In order to output walks
explicitly, they depart from the classical and well-studied homomorphism semantics. However, it
then becomes difficult to present results to users because RPQs may match infinitely many walks.
The aforementioned languages use ad-hoc criteria to select a finite subset of those matches. For
instance, Cypher uses trail semantics, discarding walks with repeated edges; PGQL and GSQL use
shortest walk semantics, retaining only the walks of minimal length among all matched walks; and
GQL allows users to choose from several semantics. Even though there is academic research on
these semantics, it focuses almost exclusively on evaluation efficiency.

In an attempt to better understand, choose and design RPQ semantics, we present a framework
to categorize and compare them according to other criteria. We formalize several possible properties,
pertaining to the study of RPQ semantics seen as mathematical functions mapping a database and
a query to a finite set of walks. We show that some properties are mutually exclusive, or cannot be
met. We also give several new RPQ semantics as examples. Some of them may provide ideas for the
design of new semantics for future graph database query languages.
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1 Introduction

In the past decades, there has been increasing interest and use for graph database management
systems (DBMS). The typical task when exploiting such databases consists in navigating
the graph. To achieve this, most modern query languages contain features inspired by
Regular Path Queries (RPQs) [5]. RPQs and their generalizations were thoroughly studied in
academic literature. Essentially, an RPQ is a regular expression used to query an edge-labeled
graph. A walk (that is, an alternating sequence of vertices and edges) matches an RPQ R if
its label (that is, the concatenation of its edge labels) conforms to R.

In industry, RPQs were added to the standard language SPARQL [25] for RDF. They
were also the basis of the MATCH clause in Cypher [22, 9], the language introduced with the
successful property graph DBMS Neo4j. RPQs were an inspiration for other query languages
for graph DBMS [24, 23]. Due in part to the success of Cypher and Neo4j, a standard query
language for property graphs was designed [14]. Its navigational part is heavily influenced by
RPQs, and was made compatible with SQL [13].

RPQs are usually evaluated under homomorphism semantics [2]. In this setting, the
answer to a query R is the set of all pairs (s, t) such that there exists a walk matching R

from s to t. In other words, the answer consists of the set of endpoints of all matching walks.
However, endpoint semantics turns out to be inadequate in some practical scenarios: users
sometimes need to have access to whole matched walks, and not only to their endpoints.
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6:2 Designing and Comparing RPQ Semantics

RPQs typically match infinitely many walks, hence if queries are to return whole walks
then their presentation to the user in full is problematic. To address this issue, many real-life
query languages for property graphs choose to return only a finite subset of matching walks
to the user, selected in various ways. Cypher uses trail semantics: a matching walk is only
returned if it contains no edge repetition. Other languages like GSQL or PGQL use shortest
semantics: a matching walk is returned only if there is no shorter match with the same
source and target. Another well-known example is acyclic semantics: a matching walk is
returned only if it contains no vertex repetition. GQL allows the user to choose one of these
semantics, among others. We follow this modern approach in the current article: what we
call an RPQ semantics is any specification of a way to select, among a potentially infinite set
of matching walks, a finite subset of walks to return to the user.

Recent work on RPQs under various semantics focus on the evaluation process. Com-
putational problems related to evaluation are untractable under acyclic [4] or trail [18]
semantics. On the other hand, there exist efficient algorithms for evaluation under shortest
semantics [21, 7]. One of the challenges of query evaluation is the sheer number of results,
and there has been work on better, more succinct representations of the set of results [19, 20].
This draws a very one-sided picture: shortest semantics always yields algorithms that are
much more efficient. However, the most popular system as of today (Neo4j) uses trail
semantics, and our hypothesis is that this can be ascribed to other desirable properties.

Contributions. To start this investigation, we propose a formal framework to define and
categorize RPQ semantics. We call semantics like trail or acyclic filter-based, because they
act as post-filters: each walk is individually considered good (e.g., with no repetition) or
bad (e.g. with repetitions), independently of other matches. We call semantics like shortest
order-based, because they select the best matched walks according to some global criterion.
More precisely, such semantics are defined using (partial) ordering relations on walks, and
return all walks that are minimal (among matches) with respect to this ordering.

We then define many properties that RPQ semantics may or may not possess, and discuss
why these properties may be desirable. To state a few, we introduce properties related to
monotonicity, continuity, composability using rational operators, and coverage. Since we
define RPQ semantics in the abstract, one may easily come up with unpractical or even
nonsensical semantics. Hence, we propose a list of properties that any reasonable semantics
should possess. We also show several impossibility theorems, in the form of sets of mutually
exclusive properties. The goal of these results is to facilitate the design of new and interesting
RPQ semantics. We often illustrate our definitions and statements with examples of new
RPQ semantics (which are compiled in the index, page 19). Some of them appear to be
reasonable candidates for possible practical use.

Outline. Section 2 contains preliminary vocabulary and definitions, in particular the models
we use for data (labeled graph) and queries (regular expressions). Then, Section 3 presents
our framework: what RPQ semantics are, how to define one, and which ones we are interested
in. Section 4 introduces several properties that RPQ semantics might possess. We summarize
the properties of several usual semantics, and provide a few general statement (e.g., which
properties are mutually exclusive). We also discuss the desirability of those properties.

In this article, we introduce many new semantics, each with an acronym. An index is
provided on page 19. Due to space constraints, all proofs are omitted.
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Related work. As far as we know, few RPQ semantics were studied in academic work other
than the endpoint, acyclic, trail and shortest semantics. The fragment of the RDF query
language SPARQL which is related to RPQs is called property paths [25], and in the process
leading to their definition, one of the candidate semantics indeed computed sets of walks.
In order to only present a finite number of results, it was decided that in this semantics
the same walk could not be iterated using a Kleene star. This candidate semantics was
discarded due to the fact that it was returning too many results [3], a phenomenon sometimes
referred to as the Yotabyte problem. It was finally decided that property paths in SPARQL
would be evaluated under endpoint semantics, with a variation best explained in terms of
rewriting: property paths are automatically rewritten using other SPARQL constructs in
order to obtain a query in which all property paths have a Kleene star as outermost operator
(see Section 9.3, Property Paths and Equivalent Patterns, of [25]). This seemingly strange
decision stems from the will to handle multiplicity consistently.

In GQL[14] and SQL/GPQ[13], the keyword SIMPLE switches on a variant of acyclic
semantics that returns not only simple walks but also simple cycles. It is usually not
considered in theoretical articles, since it is computationally equivalent to acyclic semantics.

In [6], the authors present two new semantics (simple run and binding trail) that filter
walks based on the underlying matching process and not only on their topology. Such
semantics are outside the scope of this article (section 3.4), but the introduction of [6] is
particularly relevant to our work. Indeed, their semantics are computationally better-behaved
than trail, but worse than shortest. In order to explain that shortest is not always the best
semantics, they use informal criteria that are not based on theoretical algorithmic efficiency.
Our aim in the current text is to provide a more systematic argument.

2 Preliminaries

We assume the existence of V, E, L, three disjoint countably infinite sets of vertex identifiers,
edge identifiers and labels/letters, respectively. We will later define all databases and regular
expressions over these sets. This will allow us to define several notions independently of the
underlying database. We call identifier any element in V ∪ E, renaming any permutation ν

of V ∪ E such that ν(V) = V and ν(E) = E. We call relabeling any permutation of L.

2.1 Words, languages, expressions

An alphabet is a finite subset Σ of L. A word over Σ is a finite sequence of elements of Σ;
the empty word is denoted by ε. The set of all words over Σ is denoted by Σ∗. Subsets
of Σ∗ are called languages over Σ. A word u = (a1, . . . , ak) is usually written a1 · · · ak, and
k is called the length of u. The concatenation of two words u = a1 · · · ak and v = b1 · · · bℓ

is u · v = a1 · · · akb1 · · · bℓ, usually written simply uv. Concatenation is lifted to languages as
follows: L1 · L2 = {w1 · w2 | w1 ∈ L1, w2 ∈ L2}.

A regular expression R over Σ is any formula over the set of letters, the unary function ∗

and the binary functions + and · consistent with the following grammar.

R : = ε | a | R∗ | R · R | R + R with a ∈ Σ (1)

Any such R denotes a language L(R) over Σ, defined inductively as usual. Any word in L(R)
is said to conform to R.

ICDT 2026



6:4 Designing and Comparing RPQ Semantics

2.2 Walks and databases
A walk is a finite nonempty alternating sequence of vertices in V and edges in E that
starts and ends with a vertex. We usually write such a walk w = (v0, e1, v1, . . . , ek, vk) as
v0 −→

e1
v1 −→

e2
· · · −→

ek

vk . We call k the length of w and denote it by Len(w); we respectively
call v0 and vk the source and target of w and denote them by Src(w) and Tgt(w). The pair
(v0, vk) is the pair of endpoints of w, written EndP(w). Walks of length 0 are called trivial
and consist of a single vertex. We denote by w[i] the edge ei, with i ∈ {1, . . . , k} and by w⟨i⟩
the vertex vi, with i ∈ {0, . . . , k}. Note that walks have no particular topology. Thus, it is
possible for a walk w to be inconsistent with a database D or even inconsistent in itself (see
below).

We let Walks denote the set of all walks (independently of any database). Two walks w

and w′ concatenate if Tgt(w) = Src(w′), and their concatenation, written w · w′, is the walk

w · w′ = Src(w) −−→
w[1]

· · · −−−→
w[k]

Tgt(w) −−−→
w′[1]

· · · −−−−→
w′[k′]

Tgt(w′)

where k = Len(w) and k′ = Len(w′). Note that w · w′ is of length k + k′: it has k + k′ edges
and k + k′ + 1 vertices (vertex Tgt(w) = Src(w′) is not repeated). We lift · to sets of walks
as usual: W · W ′ contains all walks w · w′ with w ∈ W and w ∈ W ′ such that w and w′

concatenate. We lift the ∗ operator similarly: W ∗ contains all walks w1 · w2 · · · wk where
every wi belongs to W and every pair wi, wi+1 of consecutive walks concatenate.

In this document, we model graph databases as directed, labeled, multi-edge graphs, and
simply refer to them as databases. A database D is a tuple (LD, VD, ED, SrcD, TgtD, LblD)
where LD ⊂fin L, VD ⊂fin V, ED ⊂fin E and SrcD, TgtD and LblD are functions respectively
mapping each edge in ED to its source, target and label.

A walk w is consistent with D if all elements in w are in VD ∪ ED and for every 0 <

i ≤ Len(w), SrcD(w[i]) = w⟨i − 1⟩ and TgtD(w[i]) = w⟨i⟩. The set of all walks consistent
with D, or for short the set of walks in D, is denoted by Walks(D). We say that n walks
w1, . . . , wn are consistent if there is a database D such that {w1, . . . , wn} ⊆ Walks(D).
Whenever n = 1, we say w1 is self-consistent. We extend LblD to Walks(D) as expected:
LblD(w) is the concatenation of successive edge labels in w. When the database D is
clear from the context, we abuse terminology and notation by using each edge e ∈ ED as
the walk (SrcD(e), e, TgtD(e)). In particular we can ask whether a walk w and an edge e

concatenate, and when they do, use the notation w · e.
Any renaming function ν is extended to walks by applying ν to all identifiers in it. It can

also be extended to whole databases as follows: ν(D) =
(
LD, ν(VD), ν(ED), Src′

D, Tgt′
D, Lbl′D

)
,

where Src′
D(x) = ν(SrcD(ν−1(x)), Tgt′

D = ν(TgtD(ν−1(x)) and Lbl′D(x) = LblD(ν−1(x)).
Similarly, any relabeling function λ : L → L is extended to regular expressions by applying λ

to all atoms, and to databases as follows: λ(D) =
(
λ(LD), VD, ED, SrcD, TgtD, (λ ◦ LblD)

)
.

3 Regular Path Queries (RPQ) and their semantics

The concept of Regular Path Query (RPQ) consists in querying the contents of a graph
database D thanks to regular expressions over its edge labels.

▶ Definition 1 (Matches). Given a regular expression R and a database D, we denote by
Matches(D, R) the set of matches of R in D, which is the set of all walks in D whose label
conforms to R: Matches(D, R) = { w ∈ Walks(D) | LblD(w) ∈ L(R) }. Given v, v′ ∈ VD, we
will also use the notation Matches(D, R, v, v′) for the set of the walks w in Matches(D, R)
such that EndP(w) = (v, v′).



V. Marsault and A. Meyer 6:5

3.1 Arbitrary semantics
▶ Definition 2. A semantics S is a function mapping a database D and a query R to a finite
subset S(D, R) of Matches(D, R).

Aside from homomorphism semantics, which does not fit our framework because it does
not return walks, the two most popular RPQ semantics are shortest-walk semantics and trail
semantics. We define them below.

▶ Example 3 (Trail semantics Tr). Trail semantics is the semantics of Cypher [10] and may
be used in GQL [8, 14] thanks to the keyword TRAIL. It is defined as follows. A walk w is a
trail if it has no duplicate edge, i.e. for all i ̸= j, w[i] ̸= w[j]. Trail semantics is defined by:
Tr(D, R) = { w ∈ Matches(D, R) | w is a trail }.

▶ Example 4 (Shortest-walk semantics Sh). Shortest semantics is the semantics of GSQL [24]
and PGQL [23]; it may be used in GQL [8, 14] thanks to the keyword SHORTEST. Let D
be a database and R a query. For every s, t ∈ VD, we write ℓ(s,t) for the length of the
shortest walk in Matches(D, R, s, t). Then, shortest semantics is defined by: Sh(D, R) =⋃

s,t∈VD

{
w ∈ Matches(D, R, s, t)

∣∣ Len(w) = ℓ(s,t)
}

.

We focus on semantics that are walk-based, as defined below. Intuitively, such semantics
act as post-filters on matches: they have no access to the database, the regular expression, or
on the why and how some walk was matched by the query, but only to the walks themselves.

▶ Definition 5. A semantics S is walk-based if there is a function rS : 2Walks → 2Walks such
that S(D, R) = rS(Matches(D, R)).

Even though the previous definition seems very general, walk-based semantics still have to
output walks which match the query due to Definition 2. Instances of walk-based semantics
are Tr and Sh given above, as well as shortest-trail semantics defined below. On the other
hand, we will give in Section 3.4 a few examples of semantics that are not walk-based, such
as binding-trail semantics and cheapest-walk semantics.

▶ Example 6 (Shortest-trail semantics ShT). Shortest-trail semantics may be used in GQL [8,
14] thanks to the keyphrase SHORTEST TRAIL. For every W ⊆ 2Walks, and every vertices s, t ∈ V,
we let ℓ(s,t)(W ) denote the length of the shortest trail w in W such that EndP(w) = (s, t),
if it exists. Then, shortest-trail semantics is defined by: ShT(D, R) = rShT(Matches(D, R)),
where rShT(M) contains all trails w in M such that Len(w) = ℓEndP(w)(M).

For every D and R, ShT(D, R) is clearly a subset of Tr(D, R), since it only returns trails
matching R in D. However, it may not be a subset of Sh(D, R) since the shortest walk
matching R between two vertices of D may or may not be a trail.

3.2 Filter-based semantics
▶ Definition 7. A semantics S is called filter-based if there exists a function fS : Walks →
{⊤, ⊥} such that S(D, R) = { w ∈ Matches(D, R) | fS(w) = ⊤ }.

Note that every filter-based semantics is also walk-based. Trail semantics (Ex. 3) is the
paramount example of a filter-based semantics. It is defined by the function fTr, that maps a
walk w to ⊥ if there are i < j such that w[i] = w[j], or to ⊤ otherwise. However, it is quite
easy to see that neither shortest-walk semantics (Ex. 4) nor shortest-trail semantics (Ex. 6)
are filter-based. We give below three examples of filter-based semantics.

ICDT 2026



6:6 Designing and Comparing RPQ Semantics

▶ Example 8 (Acyclic semantics Ac). Acyclic semantics (corresponding to the ACYCLIC
keyword in GQL) is the semantics defined by the filter fAc that maps a walk w to ⊥ if there
are i < j such that w⟨i⟩ = w⟨j⟩, and to ⊤ otherwise.

▶ Example 9 (Simple-cycle-or-walk semantics SWC). Simple-cycle-or-walk semantics is a
variant of Ac that corresponds to keyword SIMPLE in GQL. The difference is that simple
cycles are also returned. It is defined by the filter fSWC that maps a walk w to ⊥ if there are
i < j such that(i, j) ̸= (0, Len(w)) and w⟨i⟩ = w⟨j⟩, and to ⊤ otherwise.

▶ Example 10 (Two-acyclic-sem 2Ac). Two-acyclic semantics is a variant of Ac where each
vertex is allowed to appear once or twice, but not more. It is defined by the filter below.

f2Ac : w 7→

{
⊥ if there are i < j < k such that w⟨i⟩ = w⟨j⟩ = w⟨k⟩
⊤ otherwise

3.3 Order-based semantics
First, let us recall a few definitions about partial orders. A partial order is a binary,
transitive, antisymmetric and reflexive relation. For any partial order ⪯ we will denote
by ≺ the associated strict partial order. A well-partial-order on a set X, or wpo, is a partial
order ⪯ such that in every infinite sequence x1, x2, . . . , xk, . . . of elements from X there
are two positions i < j such that xi ⪯ xj . In other words, there exists no infinite strictly
decreasing sequence nor any infinite sequence in which all elements are incomparable w.r.t. ⪯.
It is well-known that any subset of X admits finitely many minimal elements w.r.t. a wpo
over X, and that the restriction of any wpo over X to a subset of X is also a wpo.

▶ Definition 11 (Order-based semantics). Let ⪯ be a partial order on Walks such that for
every database D, ⪯ is a wpo on Walks(D). Such an order is said to be suitable. The
semantics based on ⪯, denoted by S⪯ is defined as follows for every database D and regular
expression R : S⪯(D, R) =

⋃
s,t∈VD

min⪯(Matches(D, R, s, t))

Note that a suitable order ⪯ is a wpo on Matches(D, R, s, t), since Matches(D, R, s, t) is
a subset of Walks(D). It follows that S⪯(D, R) is always finite. Note also that the ordering
of two walks w, w′ w.r.t. ⪯ is irrelevant whenever w and w′ have different endpoints. The
same is true for walks w and w′ that are inconsistent. It is sometimes useful to trim such
irrelevant pairs from the orders we consider.

▶ Definition 12. For every suitable order ⪯ we let ⪯t denote the order defined by: w⪯tw
′

iff w and w′ are consistent walks with the same endpoints such that w ⪯ w′. We say that ⪯
is trimmed if it is equal to ⪯t

▶ Lemma 13. Each order-based semantics S⪯ is identical to S⪯t
.

A simple example of order-based semantics is the shortest-walk semantics Sh (Ex. 4). It
is based on the partial order ⪯Sh, the reflexive closure of the strict partial order defined by
w ≺Sh w′ if Len(w) < Len(w′). It is not a wpo on Walks, since there are infinitely many
walks of a given length, which are all incomparable w.r.t. ≺Sh. However, one may verify that
it is indeed a wpo on Walks(D) for every database D, and that it is therefore suitable. Let
us now define another order-based semantics.

▶ Definition 14 (Subwalk order). Let F be the following factor-inserting binary relation:
w F w′ if there are three walks w1, w2, w3 such that w = w1 · w3 and w′ = w1 · w2 · w3. We
define the subwalk order ⊑ as the reflexive and transitive closure of F .
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It is straightforward to check that ⊑ is a partial order on Walks. Moreover, one may
show that ⊑ is a suitable order using Higman’s Lemma [11] (see also [15, Sect. 2.2]). We call
subwalk-minimal and denote by SM the semantics based on ⊑.

▶ Lemma 15. For every database D, ⊑ is a wpo on Walks(D)

The reason for considering the subwalk order ⊑ and the associated semantics SM stems
from the property of subwalk coverage guarantee, which we define later. Preliminary results
about the complexity of query evaluation under SM can be found in [16]. To conclude this
section, let us mention another interesting order-based semantics.

▶ Example 16 (Shortlex Semantics ShL). Let ⪯lex be the lexicographic ordering of walks based
on some arbitrary order over V∪E. Let ⪯shortlex be the the corresponding length-lexicographic
order: w ⪯shortlex w′ if either |w| < |w′| or (|w| = |w′| and w ⪯lex w′). Even though ⪯lex
is not suitable, it may be verified that ⪯shortlex is. The corresponding shortlex-minimal
semantics ShL is a possible implementation of the ANY SHORTEST keyphrase in GQL [8, 14].

3.4 Examples of some out-of-scope semantics

This document focuses on semantics that output walks (Def. 3) and are walk-based (Def. 5),
but it is of course not the only possible approach to defining meaningful RPQ semantics.
The most studied semantics for RPQs in scientific literature is homomorphism semantics [2],
which outputs the endpoints of matches only, hence does not fit our notion of semantics. On
the other hand, [6] propose run-based semantics, i.e. semantics S which require information
on the way a walk was matched by the query in order to decide whether it belongs to S(D, R).
We present one such run-based semantics below. Afterwards, we define another semantics
that is not walk-based. It is loosely inspired by the keyword CHEAPEST, discussed during the
elaboration of GQL in internal documents, but was not retained for version 1 (see language
opportunity 052 in [13, 14]).

▶ Example 17 (Binding-trail semantics BT [6]). Let D be a database, R a query, and k is
the number of atoms in R. A binding walk (in D matching R) is a walk w ∈ Matches(D, R)
together with a function {1, . . . , Len(w)} → {1, . . . , k} that maps each edge-position in w to
the position of the atom in R that matched that edge. A binding trail (in D matching R) is a
binding-walk (w, α) such that there are no distinct i, j such that α(i) = α(j) and w[i] = w[j].
Binding-trail semantics, denoted by BT, is defined as follows.

BT : (D, R) 7→ { w | ∃α s.t. (w, f) is a binding trail in D matching R } (2)

See [6] for a more formal definition. A similar semantics called simple-run semantics, based
on the states of a finite automaton representing the query, is defined in the same paper.

▶ Example 18 (Cheapest-Walk Semantics ChWc). Let c : L → (N − {0}) be a fixed cost
function, which we lift to words by: c(a1 · · · ak) =

∑k
i=1 c(ai). Then, the cost of a walk in a

database D and query R is the cost of its label in D. Cheapest-walk semantics, ChWc, is
defined like shortest-walk semantics, using the cost of matches instead of their length.

Note that ChWc is not walk-based (unless the cost function c is constant), because a walk
provides no information about the label its edges bear.

ICDT 2026
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4 Properties

In this section we define and investigate several possible properties of RPQ semantics, in
order to help compare and classify them. After listing a few basic properties, we distinguish
properties relative to some forms of monotonicity, continuity, compatibility with rational
operators, and coverage. Then, we systematically investigate the inclusions between sets of
result for the same query according to various semantics. We conclude this section with a
general discussion regarding the set of properties any “reasonable” semantics should possess.

4.1 Basics

We first list a few basic properties, which are almost always required for a semantics to be
considered useful in our model.

▶ Definition 19. A semantics S is called identifier-independent if ν(S(D, R)) = S(ν(D), R),
for every renaming ν, database D and regular expression R. Similarly, it is label-independent
if S(D, R) = S(λ(D), λ(R)) for every relabeling λ, database D and regular expression R.

For instance, a semantics selecting results based on some arbitrary ordering on vertex and
edge identifiers (e.g., ShL in Ex. 16), or based on the presence of similar arbitrary criteria,
would not be identifier-independent. Identifier-independence is related to genericity in the
classical database setting (see [1] for instance). Indeed, if we consider a query q consisting of
a regular expression and a semantics S to interpret it, then S is identifier-independent if and
only if q is ∅-generic.

Similarly, label-dependent semantics select their results based on arbitrary information
regarding labels. Moreover, no label-dependent semantics is walk-based, as stated below.

▶ Lemma 20. Every walk-based semantics is label-independent.

In this work, we will always be considering identifier- and label-independent semantics,
unless explicitly stated otherwise.

▶ Definition 21. A semantics S is expression-independent if, for every database D and
every expressions R1, R2 such that L(R1) = L(R2), S(D, R1) = S(D, R2).

Expression-independent semantics select their results on the sole basis of the language of
the regular expression constituting the RPQ. In some settings, it may make sense to instead
let the selection of results depend on the structure of the expression itself. Binding-trail
semantics (Ex. 17) is one such example. However, this is out of the scope of this work, since
all walk-based semantics are expression-independent, as stated below.

▶ Lemma 22. Every walk-based semantics is expression-independent.

▶ Definition 23. A semantics S is called unbounded if, for every integer n, there is a
database D and a regular expression R such that S(D, R) contains a walk of length n or
more. Otherwise S is called bounded.

Of course, we expect any reasonable semantics to be unbounded since a bounded semantics
never returns a walk longer than some constant.
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4.2 Monotony
▶ Definition 24 (Monotony, co-monotony and restrictibility). A semantics S is said to be
monotonous if S(D, R) ⊆ S(D′, R), for every regular expression R and databases D, D′ such
that D ⊆ D′. It is co-monotonous if S(D, R) ⊇

(
S(D′, R) ∩ Walks(D)

)
, for every regular

expression R and databases D, D′ such that D ⊆ D′. It is restrictible if both hold.

These notions are about the behavior of the semantics when a database is enriched with
new vertices and edges. A monotonous semantics does not remove results when the database
is enriched. A co-monotonous semantics does not add results that are unrelated to the new
elements. Finally, a restrictible semantics means that one is able to compute part of the
result, given part of the database. A simple verification shows that all semantics defined
above are co-monotonous. This is in fact true of all filter-based and order-based semantics.
Additionally, filter-based semantics are also monotonous, and therefore restrictible.

▶ Lemma 25. Every filter-based semantics is restrictible, and every order-based semantics is
co-monotonous.

We expect all “reasonable” semantics to be co-monotonous. In fact, semantics that are
not co-monotonous are usually quite strange, as illustrated below.

▶ Example 26 (Log-length semantics). The log-length semantics LL returns all matches that
are shorter than log2(|D|). This semantics has the property that the size of LL(D, R) is
always polynomial in the size of D. It is not co-monotonous since doubling the size of D (for
instance by adding enough isolated vertices) may return longer walks which do not necessarily
use the new isolated vertices. Note however that LL is monotonous, since no previous result
may disappear when enriching the database.

Although LL is not walk-based, one could consider a variant that is. Indeed, it could
return the walks shorter than log2(|X(D, R)|), where X(D, R) is the set of all edges appearing
in some walk in Matches(D, R).

As for monotony, the landscape is more interesting. We already saw that all filter-based
semantics are monotonous (Lemma 25). However, it is notable that shortest semantics is not.

▶ Lemma 27. Sh is not monotonous.

At first glance, it may seem that all order-based semantics S⪯ are bound to be non-
monotonous, since it is enough to make a shortcut (w.r.t ⪯) using new vertices and edges.
However, a simple verification shows that the (order-based) subwalk-minimal semantics SM
(Def. 14) is indeed monotonous.

We now characterize monotonous order-based semantics using a notion of element-inclusion
(Proposition 28). In the following, we denote by VertSet(w) (resp. EdgeSet(w)) the set of
vertices (resp. of edges) occurring in w. We also use ElemSet(w) (resp. ElemBag(w)) to
denote the set (resp. the bag) of vertices and edges appearing in w. We say that an order ⪯
on Walks respects element inclusion if w ⪯ w′ implies ElemSet(w) ⊆ ElemSet(w′).

▶ Proposition 28. Let S⪯ be a semantics based on a trimmed order ⪯. Then ⪯ respects
element inclusion iff S⪯ is monotonous.

The proof of the forward direction of Proposition 28 is straightforward. The backward
direction requires some extra machinery, namely the characteristic database and characteristic
expression of sets of walks, which are also useful in the proofs of several subsequent results.
Even though all proofs are omitted due to space constraints, we include these particular
notions in the appendix, page 18, to help interested readers to reconstructs proofs.
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Consider the relation ⪯1 defined as: w ⪯1 w′ if ElemSet(w) ⊆ ElemSet(w′). It is not
antisymmetric, hence not a partial order. Now consider the relation ⪯2 defined as: w ≺2 w′

if ElemSet(w) ⊊ ElemSet(w′). Although ⪯2 is a partial order, it is not a well partial order
on Walks(D) whenever D contains a cycle. We give below two examples of semantics based
on an order that preserves element-inclusion. Example 29 takes multiplicity into account.
Example 30 refines ⪯2 by adding a tiebreaker for walks with identical element sets.

▶ Example 29 (Minimal-multiset semantics MM). Let MM be the semantics based on the
order ⪯ defined by: w ≺ w′ if ElemBag(w) ⊊ ElemBag(w′). Recall that ⊑ denotes the
subwalk order on walks (Def. 14). A simple verification yields that w ⊑ w′ =⇒ w ⪯ w′.
Then, ⪯ is a wpo on Walks(D) for each database D, because so is ⊑ (Lemma 15). Indeed,
let (w1, w2, . . .) be an infinite sequence of walks in D. Since ⊑ is a wpo on D, there are i < j

such that wi ⊑ wj , which implies that wi ⪯ wj .

▶ Example 30 (Shortest-minimal-set semantics ShMS). Let ShMS be the semantics based on
the order ⪯ defined by:

w ≺ w′ ⇐⇒

{
either ElemSet(w) ⊊ ElemSet(w′)
or ElemSet(w) = ElemSet(w′) and Len(w) < Len(w′)

The semantics MM and ShMS are finite, identifier-independent and restrictible. The com-
plexity of query evaluation under them is explored in [17].

4.3 Continuity
In this section, we attempt to capture the property for a semantics S to behave “reasonably”
at the limit. Essentially, the sequence

(
S(D, a + a2 + · · · + ak)

)
k∈N should to tend to S(D, a∗)

when k tends to ∞. More precisely, results of non-decreasing sequences of RPQs (with respect
to language inclusion) should eventually stabilize to some fixed set W , and furthermore
whenever the whole sequence is captured by a single RPQ, then the set of results over that
RPQ should be W itself. These conditions prevent S to change gears and arbitrarily alter the
set of results when moving to the limit. As we show below, it turns out that all filter-based
or order-based semantics have these properties.

▶ Definition 31. A semantics S is said to be stabilizing if, for every database D and every
sequence of regular expressions

(
Ri

)
i∈N such that

(
L(Ri)

)
i∈N is non-decreasing,

(
S(D, Ri)

)
i∈N

is ultimately equal to some set W , and we say that
(
S(D, Ri)

)
i∈N stabilizes to W .

Moreover, when S is stabilizing, it is said to be continuous if, whenever there exists
a sequence of regular expressions

(
Ri

)
i∈N as above and a regular expression R∞ such

that L(R∞) =
⋃

i∈N L(Ri), it holds that W = S(D, R∞).

▶ Proposition 32. All order-based and filter-based semantics are continuous.

We expect any “reasonable” (walk-based) semantics to be continuous. Indeed, a non-
continuous walk-based semantics must treat finite sets and infinite sets differently. To give the
reader a flavor of what non-continuous semantics might look like, we give below toy examples
of non-stabilizing semantics (Ex. 33) and of stabilizing but non-continuous semantics (Ex. 34).

▶ Example 33 (Giving-Up Semantics). Let GU(D, R) be the semantics which returns the
whole set Matches(D, R) if this set is finite, and the empty set of walks otherwise. This
implies that GU(D, R) is always a finite set.
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Given expressions
(
Ri = a≤i

)
i∈N (each matching all walks labeled by some word aj with

j ≤ i), if D contains an a-labeled loop e from some vertex v to itself, then each GU(D, Ri)
contains the new walk (ve)iv. Hence GU is clearly not stabilizing (and thus not continuous:
note that in the above case GU(D, a∗) = ∅).

Semantics that are stabilizing but non-continuous are even stranger. The typical example
is a semantics that changes behaviour in the presence of an infinite set.

▶ Example 34 (Stabilizing non-continuous semantics). Let S be the semantics defined by:

S(D, R) =
{

Sh(D, R) if Matches(D, R) is finite,

Tr(D, R) if Matches(D, R) is infinite.
(3)

It is stabilizing because, for every sequence of regular expressions
(
Ri

)
i∈N such that(

L(Ri)
)

i∈N is non-decreasing, the sequence (Matches(D, Ri))i∈N either contains only fi-
nite sets, or there is a bound b such that Matches(D, Ri) is finite only if i ≤ b. In either
cases, (S(D, Ri))i∈N stabilizes because Sh and Tr do. It is not continuous, as can be seen by
considering the sequence (a≤i)i∈N and the limit expression a∗.

Note that a semantics that is not expression-independent, such as binding-trail semantics
(Ex. 17), may be discontinuous but still be considered meaningful.

4.4 Compatibility with rational operators
In this section we study interactions between the structure of an RPQ as a regular expression
and the set of results. We define in particular the notions of composability and decomposability
of a semantics with respect to a given RPQ operator. The intuition behind composability,
stated in the case of concatenation, is as follows. A semantics is ·-decomposable if any result
for R · R′, that is a walk w in S(D, R · R′), can be decomposed into a result for R and a result
for R′. This means that there exist w′ ∈ S(D, R) and w′′ ∈ S(D, R′) such that w = w′ · w′′.
Conversely, a semantics S is ·-composable if the result sets for R and R′ can be composed
into (a subset of) results for R · R′. These notions are defined in more details below.

▶ Definition 35. We say that S is ·-composable (resp. ·-decomposable) if Equation (4)
(resp. Equation (5)), below, holds for every database D and RPQs R, R′.

S(D, R · R′) ⊇ S(D, R) · S(D, R′) (4)
S(D, R · R′) ⊆ S(D, R) · S(D, R′) (5)

If both (4) and (5) hold, we say that S is compatible with ·, or ·-compatible for short.
Similarly, we define +-composability, +-decomposability, +-compatibility from (6), below.

S(D, R + R′) ⊇ S(D, R) ∪ S(D, R′) and/or S(D, R + R′) ⊆ S(D, R) ∪ S(D, R′) (6)

and ∗-composability, ∗-decomposability, ∗-compatibility from (7) below.

S(D, R∗) ⊇ (S(D, R))∗ and/or S(D, R∗) ⊆ (S(D, R))∗ (7)

Finally, we say that a semantics is decomposable if it is decomposable w.r.t. ·, + and ∗.

▶ Definition 36. We say that a semantics S is compatible with atoms, or a-compatible,
if S(D, a) = Matches(D, a), for every a ∈ L and database D.
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6:12 Designing and Comparing RPQ Semantics

We give below several statements regarding compatibility with rational operators. First,
Lemma 37 states that all filter-based and order-based semantics are +-decomposable, and
that +-composability is essentially equivalent to being filter-based.

▶ Lemma 37 (Compatibility with +).
1. Every filter-based semantics is +-compatible.
2. Every order-based semantics is +-decomposable but not +-composable.
3. For every +-compatible semantics S, there exists a filter-based semantics S′ such that for

every database D, regular expression R and walk w of positive length: w ∈ S(D, R) iff
w ∈ S′(D, R).

▶ Remark 38. The equivalence in the statement of Item 3 is not true for walks of length 0.
Indeed, consider a semantics S defined as follows. We denote by Walks0(D) the walks
in Walks0(D) of length 0. Then, we define S(D, R) = Walks0(D) if ε ∈ L(R) and D has an
even number of vertices; or S(D, R) = ∅ otherwise. It may be checked that S is walk-based
and +-compatible, although it is clearly not filter-based.

As hinted previously, the two families of filter-based and order-based semantics are disjoint.
It is indeed a corollary of Lemma 37.

▶ Corollary 39. There is no semantics S that is both order-based and filter-based.

Next, we state in Lemmas 40 and 41 that no order-based or filter-based semantics is
·-composable or ∗-composable, under very weak requirements.

▶ Lemma 40 (Composability with ·).
1. No order-based semantics is ·-composable.
2. No identifier-independent, unbounded, filter-based semantics is ·-composable.

▶ Lemma 41 (Composability with ∗).
1. No order-based semantics is ∗-composable.
2. No identifier-independent, unbounded, filter-based semantics is ∗-composable.

We conjecture that no “reasonable” semantics is composable w.r.t. · nor ∗. However, it is
not easy to define the minimal set of “reasonable” properties that implies ∗-non-composability
or ·-non-composability.

To conclude this section, Proposition 42 below summarizes properties regarding the
compatibilities of some of the semantics defined in the previous sections.

▶ Proposition 42. Among the different composability and decomposability properties, only
the following hold for the mentioned semantics:
1. Ac is only +-compatible and (·, ∗)-decomposable.
2. Tr and SWC are only (a, +)-compatible and (·, ∗)-decomposable.
3. Sh, SM, MM are only a-compatible and (·, +, ∗)-decomposable.
4. BT is only (a, ·, +)-compatible and ∗-decomposable.

Recall that BT is not walk-based (Ex. 17), hence although it is ·-composable (item 4),
it is not a counterexample to our conjecture that any “reasonable” walk-based semantics
cannot be ·-composable.
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Figure 1 Inclusions of interesting semantics.

4.5 Inclusion of semantics
▶ Definition 43. Given two semantics S1, S2, we say that S1 is included in S2, and denote
by S1 ⊆ S2, if it holds S1(D, R) ⊆ S2(D, R) for every database D and query R. We say
that S1 and S2 are incomparable if neither S1 ⊆ S2 nor S1 ⊇ S2 hold.

Figure 1 shows the inclusions of the main semantics defined in this document. All
inclusions are strict and the absence of a path means that semantics are incomparable. Due
to space constraints we do not include proofs of these claims. All of them are easy, and some
may be found in [6] and [16].

Note that it is not easy to interpret the fact that two semantics S1, S2 satisfy S1 ⊆ S2. It
is not always clear whether the results in the difference are mostly meaningful or redundant.
Moreover, there are cases where the difference seems very small while query evaluation
complexity differ (e.g., MM [17] and SM[16]).

4.6 Coverage
Recall that a semantics S returns a finite subset of results (S(D, R)) among the possibly
infinite set of matches (Matches(D, R)). Some information is bound to be lost in the process.
Then, an interesting question is to characterize the coverage of a given semantics S, by
which we mean how well S(D, R) represents Matches(D, R). In this section, we present a few
possible definitions in an attempt to capture this intuition. On the one hand, coverage can
be expressed in terms of vertices (resp. edges) of the database: all vertices (resp. edges) in
some match must also appear in some result. On the other hand, coverage may be expressed
in terms of subwalks: for every walk w in Matches(D, R), the set S(D, R) must contain at
least one subwalk of w. Finally, one may be interested in covering the expression instead: if
some atom of R is useful to match any walk, then some walk using it must be in S(D, R).
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4.6.1 Vertex and edge coverage
▶ Definition 44. A walk w covers a vertex v if v occurs in w. A set of walks W covers v if
some walk in W covers v. We say that a semantics S is vertex-covering if for every D, R all
vertices covered by Matches(D, R) are also covered by S(D, R).

It can be shown that no filter-based semantics is vertex-covering, and any order-based
semantics can be made vertex-covering, at the price of an exponential blow-up in the size of
the set of results.

▶ Lemma 45. No filter-based semantics is vertex-covering.

▶ Lemma 46. For any order-based semantics S based on order ⪯, there exists a vertex-
covering order-based semantics S′ based on some order ⪯′ that is a refinement of ⪯.

The idea behind Lemma 46 is to define ⪯′ as: w ⪯′ w′ if both w ⪯ w′ and the sets of
vertices appearing in w and w′ are equal. This construction induces an exponential blow-up
in the size of the result set on some databases, since all subsets of vertices over which there
exists a match have to be considered. For instance, over the a-labeled n-clique with query
a∗, where the order-based semantics Sh returns a single result per pair of endpoints, the
semantics obtained via this construction would return at least one result per non-empty set
of vertices.

We now define a vertex-covering semantics which is neither filter-based nor (strictly
speaking) order-based, while avoiding the previous blow-up in the size of results.

▶ Example 47 (Shortest-vertex-cover Semantics). Let ⪯Sh be the order used to define Sh.

ShVC(D, R) =
⋃

(s,t,v)∈(VD)3

min
⪯Sh

{w ∈ Matches(D, R) | w starts in s, ends in t and covers v}

Note that for each vertex, this ShVC returns all minimal-length matches covering this
vertex. The complexity of query evaluation under ShVC is studied in [16]. The following
lemma summarizes some of its other properties.

▶ Lemma 48. ShVC is
1. identifier-independent and unbounded;
2. neither filter-based nor order-based;
3. co-monotonous, but not monotonous;
4. continuous;
5. θ-decomposable and not θ-composable for all θ ∈ {·, +, ∗}.

Note that one may replace ⪯Sh by any suitable order in Example 47. This opens up a
whole new way of defining semantics that we leave for future work.

The situation with respect to edge coverage is much like the one for vertex coverage.
It may be defined similarly, and no semantics defined in this document is edge-covering.
A shortest covering semantics, the shortest-edge-cover semantics ShEC, may be defined by
adapting Example 47.

4.6.2 Subwalk guarantee
▶ Definition 49. A semantics S possesses the subwalk guarantee if for every database D,
query R, and walk w such that w ∈ Matches(D, R) there exists a subwalk of w that belongs
to S(D, R).
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This property was introduced in Lemma 13 of [6], which states that BT possesses it. This
led to the definition of SM, which possesses it by definition. Other semantics discussed in
this document do not possess it.

▶ Lemma 50.
1. SM and BT possess the subwalk coverage guarantee.
2. ShVC, ShMS, MM and Sh do not possess the subwalk coverage guarantee.
3. No filter-based semantics possesses the subwalk guarantee.

4.6.3 Atom coverage

Another, orthogonal type of coverage is worth mentioning. It covers the regular expression
instead of the match set. Intuitively, we say a semantics S is atom-covering if for every D
and R, and for every letter occurrence in R, S(D, R) contains at least one walk matched
using this letter occurrence if any such walk exists. We give below a formal definition.

▶ Definition 51. Let R be a regular expression over Σ. We denote by k the number of atoms
in R, and by ai the i-th atom of R, for i ∈ {1, . . . , k}.
1. A linearisation of R is a copy R′ of R in which each atom occurrence in Σ is re-

placed by a different symbol in a new alphabet Γ. We denote by α the corresponding
bijection {1, . . . , k} → Γ and by β the function Γ → Σ defined by: ∀i ∈ {1, . . . , k}
β(α(i)) = ai.

2. A word u covers the i-th atom of R if there exists some word u′ ∈ L(R′) in which the
letter α(i) occurs, and such that u = β(u′), for some linearisation R′ of R. A walk w

in D covers the i-th atom of R if its label does.
Note that this notion is independent of the chosen linearisation.

3. A semantics S is atom covering if for every database D, regular expression R and position i

in {1, . . . , k}, if there is a walk covering the i-th atom of R in Matches(D, R), there is a
walk covering the i-th atom of R in S(D, R).

This definition expresses the idea that when designing a query with multiple alternatives,
each alternative which yields at least a match should be reflected in the result set. It may
be verified that no walk-based semantics can be atom-covering. As was the case for vertex
and edge coverage, it is quite easy to define atom-covering semantics (although they are not
walk-based in this case), such as the one given next.

▶ Example 52 (Shortest atom-cover ShAC). Let D be a database and R be a regular expression.
Let {1, . . . , k} be the set of positions of atoms in R. Let ⪯Sh be the shorter than order (on
which Sh is based). Then:

ShAC(D, R) =
⋃

s,t∈VD

k⋃
i=1

min
⪯Sh

{
w ∈ Matches(D, R)

∣∣∣∣ w starts in s and ends in t

w covers the i-th atom of R

}

It is routine to check that the definition of ShAC implies that it is atom-covering. Since
BT includes ShAC semantics (See Section 4.5), it is also atom-covering.

▶ Proposition 53. ShAC and BT are atom-covering.
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4.7 Summary: what is a reasonable semantics?
Many of the properties described in this section are desirable. However, we saw that some of
them are incompatible. We list below the properties that we think any reasonable semantics
should satisfy. As we will see, there are caveats in a lot of cases.

Identifier independence (Def. 19) In database systems, identifiers are not always accessible
to the user, nor guaranteed to remain constant over time. Therefore, it seems strange to
have a semantics rely on identifiers. Note however that identifier-dependent semantics
might still be useful to model cases where the database engine is allowed to make arbitrary
choices, like the keyphrase ANY SHORTEST in GQL.

Label-independence (Def. 19) Semantics are defined before (hence independently of) data-
base schemas. Since labels are abstractions of relation names in schema, it seems strange
to attach a meaning to them. Label-dependence could still be useful to model semantics
with a dynamical aspect, like the keyphrase proposal ANY CHEAPEST in GQL.

Unboundedness (Def. 23) Bounded semantics only yield walks whose length is bounded by
some constant regardless of the query or the database, which seems to defeat the whole
purpose of using RPQs. Note that we are referring here to a property of the semantics
itself, not to possible extensions of the query language allowing users to limit the length
of returned walks (which could be useful in certain scenarios).

Co-monotony (Def. 24) A co-monotonous semantics ensures that, for a fixed query, whenever
extending a database graph with new vertices or edges, the new results should always use
some of the new vertices or edges.

Decomposability (Def. 35) Similarly to co-monotony, semantics that are not decomposable
sometimes have new results that materialize out of thin air. In particular, for such
semantics, results cannot be computed bottom up from the expression.

Compatibility with atoms (Def. 36) Using a semantics that is not compatible with atoms
means that some edges might be missing from replies to atomic queries. If the semantics
is moreover decomposable, these missing edges will never appear in the results of any
query. Note that Ac, one of the semantics available in GQL, is in fact not compatible
with atoms, due to possible self-loops in the graph. This probably means that Ac assumes
the graph to have no self-loops.

Continuity (Def. 31) A (walk-based) semantics that is not continuous means that the se-
mantics behaves differently for finite match sets and infinite match sets. However, for
semantics that are not walk-based, noncontinuous semantics might still be useful.

5 Conclusion and future work

Only a few RPQ semantics have been considered in industry, and their principled study was
generally performed a posteriori. In this work, we took the opposite approach: first define the
properties a RPQ semantics could have, in order to design better RPQ semantics in the future.
We distinguished two simple classes of semantics: filter-based semantics which select results
using a per-walk criterion, and order-based semantics which only retain minimal matches
with respect to some ordering relation. We proposed a list of possible properties, some of
which may be considered requirements for all RPQ semantics, while others turned out to be
incompatible. This process yielded several promising semantics, such as subwalk-minimal
and shortest-vertex-cover semantics, which probably deserve further investigations.

Our work is by no means exhaustive. It has several limitations, which constitute interesting
leads for future work. First, some of our definitions may be too restrictive. For instance, the
class of filter-based semantics is tailored to capture several semantics used in practice, but our
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definition appears to leave little room for novel designs. Another example is compatibility
with rational operators. Most of them are verified by very few reasonable semantics, and
weaker notions of compatibility might be worth considering. For instance, a weaker version
of ∗-composability could be that S(D, R) is always included in S(D, R∗).

Second, we limited the scope of our study to walk-based semantics. A semantics is a way
to restrict the potentially infinite set of matches to a finite and hopefully representative set
of results for the user. From this perspective, walk-based semantics must make this selection
using a very limited amount of information. This prevents us from considering semantics
whose results depend on the actual syntax of the regular expression, such as the ones in [3, 6].
Future work could investigate semantics that make use of more information, such as walk
labels, the entire database, the syntax of the query, or how walks are matched by the query.

Third, both our data model and query language we consider are rather simplistic. Adding
features such as data or node labels should not affect our observations regarding walk-based
semantics. However, these changes increase the design space when considering semantics that
are not walk-based (as discussed above). Note that the GQL data model [8, 14] allows edges
(and nodes) to bear multiple labels. This raises the question of walk multiplicity in the result,
a dimension we ignored entirely. It would also be interesting to study dynamical semantics:
enrich the syntax to give users some control over the semantics, similar to CHEAPEST in GQL.
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1. Let w1, . . . , wk be consistent walks. Let D be any database such that {w1, . . . , wk} ⊆

Walks(D), and
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E = EdgeSet(w1) ∪ · · · ∪ EdgeSet(wk)
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Note that V ⊆ VD and E ⊆ ED. The characteristic database of {w1, . . . , wk} is the
database

Cw1,...,wk
= (L, V, E, Src, Tgt, Lbl)

where L = E, Lbl is the identity function, and Src (resp. Tgt) is the restriction of SrcD
(resp. TgtD) to E.
(One may verify that Cw1,...,wk

is independent of the database D chosen.)
2. Let w be a walk of positive length k. Then we denote by Pw the characteristic regular

expression of w, defined as Pw = w[1] · · · w[k].

Intuitively, the characteristic database of a finite set of compatible walks is just the
smallest database containing them all, i.e. {w1, . . . , wk} ⊆ Walks(Cw1,...,wk

), and in which
edges are simply labeled with their own identifier. The characteristic expression of a walk is
just the sequence of its edge identifiers.

These definitions are chosen in such a way that the characteristic expression of each wi

of positive length is matched exactly once (Matches(Cw1,...,wk
, Pwi) = {wi}) and that the

characteristic expression of any other walk of positive length is matched either once or not
at all: Matches(Cw1,...,wk

, Pw is either empty or equal to {w}).

B Index & Acronyms

#
2Ac, stands for Two-acyclic semantics, 6
Ac, stands for Acyclic semantics, 6
BT, stands for Binding-trail semantics, 7
ChW, stands for Cheapest semantics, 7
GU, stands for Giving-up semantics, 10
LL, stands for Log-length semantics, 9
MM, stands for Minimal-multiset semantics,

10
SM, stands for Subwalk-minimal semantics, 6
SR, stands for Simple-run semantics, 7
SWC, stands for Simple-walk-or-cycle

semantics, 6
ShAC, stands for Shortest-atom-cover

semantics, 15
ShL, stands for Shortlex semantics, 7
ShMS, stands for Shortest-minimal-set

semantics, 10
ShT, stands for Shortest-trail semantics, 5
ShVC, stands for Shortest–vertex-cover

Semantics, 14
Sh, stands for Shortest semantics, 5
Tr, stands for Trail semantics, 5

A
Acyclic semantics, 6
Arbitrary semantics, 5

B
Binding-trail semantics, 7

C
Characteristic database, 18
Cheapest semantics, 7
Compatibility with atoms, 11
Composability with operators, 11

D
Decomposability with operators, 11

F
Filter-based, 5

G
Giving-up semantics, 10

I
Identifier-independent, 8

L
Label-independent, 8
Log-length semantics, 9

M
Match, 4
Minimal-multiset semantics, 10
Monotonous, 9

O
Order-based Semantics, 6

R
Restrictible, 9
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S
Shortest semantics, 5
Shortest–vertex-cover Semantics, 14
Shortest-atom-cover semantics, 15
Shortest-minimal-set semantics, 10
Shortest-trail semantics, 5
Shortlex semantics, 7
Simple-run semantics, 7

Simple-walk-or-cycle semantics, 6
Subwalk-minimal semantics, 6

T
Trail semantics, 5
Two-acyclic semantics, 6

W
Walk-based semantics, 5
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