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add no power, mirroring the classical transitive-closure collapse and underscoring the central role of view
construction in property graph querying.
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1 Introduction

Property graphs are now widely used in industry, supporting key applications in analytics, fraud
detection, and recommendation systems [18, 21]. Property graphs have evolved from simpler
graph data models such as edge-labeled graphs and RDF triples, offering a richer and more flexible
structure [14]. In a property graph, both nodes and edges can be annotated with labels that can be
thought of as types, and can carry arbitrary sets of key-value pairs as properties [2]. This design
allows property graphs to model heterogeneous and complex domains naturally. Driven by the
wide adoption of property graphs in real-world applications, the International Organization for
Standardization (ISO), together with partners from academia and industry, is developing a new
standard: GQL [13]. The standard has two components: a standalone graph query language GQL,
and SQL/PGQ, which integrates graph querying into relational databases. As these standards take
shape, there is a growing need for solid theoretical foundations to guide their development and
support the design of robust, graph-aware relational engines.
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In a similar spirit to [22], we observe that recent developments in graph data management
follow a familiar historical trajectory: instead of replacing the relational model, new paradigms
like property graphs are being integrated into it. SQL continues to evolve by incorporating core
ideas from alternative models, now through extensions like SQL/PGQ, supporting property graph
querying natively within the relational framework.

Motivated by this ongoing convergence of graph and relational models, we take a step towards a
deeper understanding of SQL/PGQ by formally analyzing its expressive power and identifying the
key factors that influence it.

SQL/PGQ and Property Graph Views. SQL/PGQ is an extension of SQL for querying property
graphs defined as relational views. The language operates across three conceptual layers: (i) a
pattern matching layer, where graph patterns are matched against the view-defined graph resulting
in relations; (ii) a relational algebra layer, which manipulates the results of pattern matching using
standard SQL constructs; and (iii) a view creation layer, where the actual graph structure, that is,
nodes, edges, labels, and properties, is constructed. While layers (i) and (ii) have received attention
in previous works, the view creation step (iii) has remained under-explored.

The role of view creation in the read-write fragment of SQL/PGQ is significant. Intermedi-
ate relational results may themselves be used to generate new graphs, enabling recursive-like
compositions that entangle all three layers. Our key observation is that the expressive power
of SQL/PGQ is ultimately governed by the flexibility given in layer (iii), that is, its graph view
definitions. Understanding and formally capturing this mechanism is essential for characterizing
the expressiveness.

Example 1.1 (Graph View: Transfers Between Bank Accounts). Consider a relational schema that
consists of the relations

® Account(iban) that lists all bank accounts by their unique IBAN, and
e Transfer(t_id, src_iban, tgt_iban, ts, amount) that records transfers identified uniquely
by t_id from src_iban to tgt_iban at time ts, with amount amount.

To analyze suspicious sequences of transfers, we can define the following SQL/PGQ graph view:

CREATE PROPERTY GRAPH Transfers (
NODES TABLE
Account KEY (iban) LABEL Account,
EDGES TABLE
Transfer KEY (t_id)
SOURCE KEY src_iban REFERENCES Account
TARGET KEY tgt_iban REFERENCES Account
LABELS Transfer PROPERTIES (ts, amount) );

This creates a (directed) property graph in which nodes are accounts (identified by iban), and
edges represent transfers (identified by t_id) from sender to recipient. Edges are labeled and store
ts and amount as properties. On this property graph SQL/PGQ applies pattern matching.

Problem Statement. In this work, we take a step toward understanding the expressive power of
SQL/PGQ by focusing on the role of graph view definitions. Prior abstractions of SQL/PGQ were
proposed [9, 10], with the most recent effort [12] extracting the core of the read-only fragment but
overlooking the graph view construction layer. Our first goal is to provide a precise formalization
of the read-only fragment, PGQ®°, consistent with the standard [16], and to fill this gap in layer (iii)
by making explicit how graphs are derived from relational data. Building on this formalization,
we compare the expressive power of the read-only PGQ*° and the read-write PGQ*¥ fragments.
We show that while the read-write variant PGQ™ allows for graph views to be constructed and
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queried dynamically, enabling more expressive compositions, it still does not capture all queries in
NL, a natural benchmark for expressive power and complexity for graph query languages.

To explain this gap, we identify key features that remain missing from SQL/PGQ’s current design,
most notably the lack of tuple-based identifiers and richer view constructs. By addressing these
limitations, we define an extended read-write fragment, PGQ®*", that supports more powerful
graph constructions. This leads to a refined classification of the expressive capabilities of SQL/PGQ
as we formally characterize the boundaries between PGQ®°, PGQ™Y, and PGQ"™*".

Our Contributions. This work provides a precise characterization of the expressive power of
SQL/PGQ by isolating the role of graph view definitions. Specifically:

(1) Semantics of SQL/PGQ fragments. We define the formal syntax and semantics of three
fragments: the read-only fragment PGQ"°, the read-write fragment PGQ™, and the extended
fragment PGQ®*", which supports graph views with arbitrary n-ary node and edge identifiers.

(2) Capturing NL with view-based recursion. We show that PGQ™” captures exactly the
expressive power of FO[TC] (first-order logic with transitive closure), and thus all of NL on
ordered structures. In contrast, PGQ™W remains strictly below this bound, establishing the
separation PGQ®° ¢ PGQ™ ¢ PGQ™" = FO[TC] = NL.

(3) Arity-based expressiveness. We identify a hierarchy within PGQ"™*™ based on the maximum
arity n of node and edge identifiers. Each level PGQ" corresponds exactly to FO[TC"], the
fragment of first-order logic with n-ary transitive closure. The hierarchy is strict up to arity
2, where it collapses (on ordered structures): higher arities add no expressive power. Thus,
arity-2 identifiers suffice to capture the full power of PGQ®*".

(4) Descriptive complexity. We establish tight data complexity bounds for all fragments,
situating SQL/PGQ’s expressive power within standard complexity classes and connecting it
to descriptive complexity theory.

Technical Preview. We link SQL/PGQ to first-order logic with transitive closure (FO[TC]) through
constructive, bidirectional translations in the spirit of [8]. This lets us transfer results both ways
and isolate what each fragment can express. Using these translations, we exhibit concrete separator
queries: each lies in the stronger fragment but is provably absent from the weaker, pinpointing the
impact of view creation and n-ary identifiers on recursion.

Related Work. Early foundational work on graph querying centered on regular path queries
(RPQs) and their conjunctive and two-way extensions [3, 4, 7]. Nested regular expressions further
enrich RPQs with controlled nesting and synchronization [5], and regular queries offer a non-
recursive Datalog layer and capture NL [20]. These formalisms assume edge-labeled graphs without
node or edge properties, unlike the property graph model adopted by, e.g., Cypher, G-CORE, and
PGOL [1, 19, 23].

Beyond these classical foundations, recent efforts have sought to better align theoretical for-
malisms with the richer features of practical languages. In particular, dl-CRPQs extend conjunctive
regular path queries with node and edge treatment, list variables, path modes, and data filters,
thereby mirroring key design choices in Cypher, SQL/PGQ, and GQL [17]. This work situates modern
languages within automata-theoretic foundations and highlights opportunities for optimization.

Our work closes a complementary key gap by isolating two features missing from earlier formal
models, view creation and n-ary identifiers, and showing that their addition lifts SQL/PGQ to the
full power of FO[TC]. This means PGQ"*" captures exactly the NL queries, positioning it firmly
within a well-studied expressiveness class. Importantly, this is achieved without relying on general
fixed-point logic, keeping evaluation complexity strictly below P. In contrast to earlier results
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focused on edge-labeled graphs, our analysis establishes NL expressiveness in the richer settings of
property graphs.

Paper Organization. Section 2 covers background on property graphs and pattern matching.
Section 3 defines the read-only fragment PGQ®°, and Section 4 introduces the read-write fragment
PGQ™ and compares its expressiveness to PGQ®°. Section 5 defines the extended fragment PGQ™*",
and Section 6 characterizes its expressive power. Section 7 discusses deviations of our formalization
from the standard, and Section 8 concludes with open research directions. Full proofs and additional
details are in the Appendix of the full version of the paper.

2 Preliminaries

We review the basic definitions of property graphs and relational structures, and describe the
pattern matching layer that extracts relations from property graphs.

2.1 Property Graphs and Relational Structures

Property Graphs. We use the standard definition of property graphs [9]. Assume pairwise disjoint
countable sets L of labels, K of keys,  of properties, N of node IDs, and & of edge IDs.

Definition 2.1 (Property Graphs). A property graph is a tuple G = (N, E, src, tgt, lab, prop) where
e N C N is a finite set of node IDs used in G;
e E C & is afinite set of directed edge IDs used in G;
o src,tgt : E — N define source and target of an edge;
e lab : NUE — 2£ is a labeling function that associates with every node or edge ID a (possibly
empty) finite set of labels from £;
prop : (N UE) x K — P is a finite partial function that associates a property value with a
node/edge id and a key.

Relational Structures. We assume two infinite sets: the set R of relation names R, and the set C of
domain elements. We follow the unnamed perspective, and associate each relation name R € R with
a positive integer arity(R). A (database) schema S C R is a finite set of relation names. A relation R
over a relation name R is a finite set of tuples in C**Y(®)_ A database (instance) D over a schema S
assigns to each relation name R € S a relation R? over R. The active domain of adom(D) of D
consists of all constants that appear in D.

Remark 2.1. Throughout the paper, we assume our structures are ordered, reflecting systems where
order is implicit and aligning with standard practice in database theory.

Relations as (partial) functions. A relation Ry is said to encode a function f : X — Y if arity(Ry) =
arity (X) +arity(Y), and for every x € X, there exists a unique y € Y such that (x,y) € Ry. Similarly,
Ry encodes a partial function f : X — Y if the same condition on the arities holds, and for every
x € X, there exists at most one y € Y such that (x,y) € Ry.

2.2 Pattern Matching: From Property Graphs to Relations

Pattern matching is the key component of graph query languages as it extracts relations from
property graphs. We use the refined definitions of core PGQ from [12]. We fix an infinite set Vars
of variables and define patterns y and output patterns g in Figure 1.

2.3 Pattern Matching Semantics

In Figure 2, we present core PGQ pattern matching semantics as originally introduced in [12], and
later further simplified in [8].
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Patterns:
Uonte = () IS 1] gag [ 9™ | 900) | g+ if fv (Y1) = v (42)
where x € Vars is optional, and 0 < n < m < co.

Conditions:

0,0 = xk=xk |tx)|0ved |OAO | =0 wherex,x' € Vars, k,k' € K.
Free Variables:
M) =0 (D) =0 (&) =k M) = ) UR G
fv (™™ = 0; fv(y(0)) = fv(@); v +¢2) = fv(ih).

Output Patterns:
Yo; v (o) ={o1,...,0n}

where Q :=(w1,...,0,),n 20, w; # wjfori # j, w; € VarsU {x.k | x € Vars, k € K}.

Fig. 1. Syntax of Patterns and Output Patterns.

2.3.1 Patterns. The semantics [/ ]; of a pattern ¢ on G is defined as a set of triples (s, ¢, 1), where
s and t are the source and target nodes of a path matching ¢, and p is a variable mapping assigning
matched graph elements (that is, nodes and edges) to the pattern’s free variables.'

The semantics uses the following definitions:

Operations on variable mappings. We use standard operations on mappings in the semantics.
Given a mapping p and a subset X € dom(y), the restriction p | X is the mapping with domain
X such that (g I X)(x) := pu(x) for all x € X. We write pip to denote the mapping with an empty
domain.

Two mappings p; and pp are compatible, written py ~ po, if they agree on all common variables.
Their union, written pi; >< p, is the mapping defined over dom(p) U dom(p,), with values taken
from p; and p, accordingly.

Condition Satisfaction. A mapping u satisfies a condition 6, written u |= 0, as follows:

o i |=x.k =x".k" if both prop(u(x), k) and prop(u(x’), k’) are defined and equal;
o ul=t(x)if £ € lab(u(x)).

Satisfaction extends to Boolean combinations of conditions with the standard semantics of A, V, —.
2.3.2  Output Patterns. The semantics [{q ] ; of output patterns ¢ on G is a set of tuples:
(Ha(@1), ..., po(wn)),

where each o (w;) is either a node identifier, an edge identifier, or a property value. This set is
finite because pq ranges over mappings with finite domain and finite codomain.

To ensure compatibility with the relational model introduced in Section 2, we assume without
loss of generality that N U & U P C C. That is, all output values belong to the relational domain C,
so that the result of evaluating an output pattern can be interpreted as a relation. This aligns with
the relational layer of PGQ, which allows further use of relational algebra on the output of pattern
matching.

10ur simplification is based on the fact that the semantics avoids storing the full path, and instead it preserves the key
information needed for composing patterns, that is, its source and target.
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Patterns:
[0]g ={(nn{x—n})|neN}
[2]. ={onn o eh e ek see) =m, tgt(e) =)

[<), ={am x> eh) e € B sre(e) = m. tgt(e) = na}

[¥1 + 2l =[¥1lcVl¥ale
[v1 216 1={ (1, to, p11 > fip) | (s,mp) € [Vallg, (nta, p2) € [Yalgopm ~ llz}
vOle ={(stwelvlcinl6}

R ::U I[‘”]Cl; where [w]]g = { (n,n,pup) | ne N}, and forn > 0

[v1é :={(sl,t,,,/1@) | oo pin s (sinti ) € [Y]g and ¢ = si4q forall i < n},
Output Patterns:

[Valg :={ (Ha(@1), ... pa(wn)) | 3s,t: (s,tp) € [¥]g, Q= (a)l,..‘,a)n)}

Fig. 2. Semantics of Patterns and Output Patterns.

Example 2.1 (Pattern Matching on Transfers Graph). Consider the property graph defined in
Example 1.1. Suppose we want to find pairs of account IBANs (x, y) such that there exists a non-
empty sequence of transfers from x to y where each transfer in this sequence has an amount greater
than 100. To this end, we use the following output pattern:

1,00
((x) 5 (y)(@)) where 0 :=Transfer(t) A t.amount > 100

x.iban,y.iban

which is written in SQL/PGQ as follows:

SELECT =*

FROM GRAPH_TABLE (Transfers MATCH (x) -[t:Transfer]-> +(y)
WHERE t.amount > 100
RETURN (x.iban,y.iban) );

2.4 Expressiveness and Evaluation Complexity

Query Evaluation Problem. For a query language L, the evaluation problem asks: given a query
Q € L, a database D, and a candidate tuple a, decide whether a is in the result of evaluating Q on
D. We focus on the data complexity of this problem, that is, the query Q is fixed, and the complexity
is measured with respect to the size of the input database D.

Complexity Class NL. We use NL to denote the class of decision problems that can be solved by a
nondeterministic Turing machine using O(log n) work tape, where n is the size of the input.

Language Expressiveness. We say that a query language £, is at least as expressive as L if for
every query Q € L; there exists a query Q' € L, such that [Q] ,, = [Q’] ,, on all databases D.
If, in addition, there exists a query in £, not expressible in £y, then £, is strictly more expressive,
written £; € L,.

3 Read-Only PGQ

Building on the formalization of core PGQ presented in [12], we further develop the read-only
fragment of the language and revisit certain aspects that were only briefly addressed in that work.
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In particular, we focus on the foundational question: what property graph does the query operate
on? While this issue was understandably not a central focus of GQL, which operates directly on
property graphs, a more precise formalization is essential for PGQ, which is defined over relational
databases and constructs property graph views dynamically.

3.1 Property Graph Views
We now describe the mechanism for constructing a property graph view, or tabular property graph,

following the Standard’s terminology, from a relational database. This view is only defined when
the input database satisfies specific structural constraints, formalized below.

Definition 3.1. A property graph view is a relational database 9 over a schema consisting of six
relation symbols, unary Ry, Rz, binary Rs, Ry, R5, and a ternary Rg, for which the following hold:
(1) RID and RZD are disjoint relations (representing node and edge identifiers, respectively).
(2) R3D ,Rf) encode functions RZD - RID (representing the source and target of each edge,
respectively).
(3) RSD c (RID U RZD ) X C (representing the labeling of nodes and edges).
(4) RGD encodes a partial function (RID U RZD ) X C — C (representing properties).
Intuitively, Rlz’ and RZD identify nodes and edges, R3D

node, and RSD and RGD capture labels and key-value properties of nodes and edges, respectively.

and Rf) assign each edge a source and target

Note that R? and Rg) may be empty, reflecting a scenario in which there are no labels or properties.
The previous definition specifies when a relational database can be interpreted as a property graph.
We now define the partial function pgView, which formalizes this interpretation.

Definition 3.2. We define pgView as the partial function that, given a sequence of rela-
tions (Ry,...,Re) that satisfies the property graph view conditions, returns the property graph
(N, E, src, tgt, lab, prop), denoted pgView(Ry, ..., Rs), where:

N:=R;, E:=R,, src:=R;, tgt: =Ry, lab:=Rs, prop:=Rs.

In PGQ, one applies pattern matching on such property graph views.

3.2 Read-Only PGQ: The Language

Output patterns return relations (finite sets of tuples), which in PGQ can be further manipulated
using standard relational algebra. Since pattern matching operates over property graphs, we must
interpret certain parts of the input relational database as defining such a graph. To formalize this,
we define read-only PGQ queries namely PGQ®°. A query Q € PGQ"° over a relational schema S is
defined in Figure 3, in the PGQ" part.

Here, R = (R, ..., R¢) is a tuple of relation names from S, defining the property graph view on
which the output pattern /g is evaluated. The semantics of the relational algebra operators follow
their standard definitions; the novel aspect lies in the evaluation of the output pattern on the graph
view. We define the semantics of a query Q over a database D as a relation [ @] ), given in Figure 4
in the PGQ®° part.

Given a tuple f = (#1, ..., t,), we write f |= 6 to indicate that f satisfies the condition 60, with the
following standard semantics:

fl=$i=%$i" iff 1<ii' <nandt;=t;.

This is extended to Boolean connectives A, V, = in the usual way. The function pgView is defined
as in Definition 3.2.
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PGQ™:

Q = YoR) | R| msiy,..5:,(Q) | 00(Q) QX Q' QUQ [Q-Q
0 = $i,=$i,| ~0|0VO|OAO whereiy,... i €N

PGQ™V:

Q = c|¥(@

PGQ™™:

Q = y24(Q)

Fig. 3. Syntax of PGQ®°, PGQ®, and PGQ™": Each part shows the additions to the previous fragment:
PGQ™ extends PGQ"° with constants and pattern matching on query results, and PGQ™ further extends
PGQ™ with pattern matching on more elaborate query results.

PGQ®°semantics:
[Va®1p = [vals. whereG=pgView([Ri]p.....[Re]p)
[R]p = R?
[7si,...80 (@) g := {(tiys . ty) | (t1,o . tn) € [QL . 1<, ..o ik < 1}
[oo( @1 p ={ulnelQly. nk06}
[@xQp={E)|Te[Qlp. T e[Q]p}
[Qe@yp:=[QlpelQ1y, foroe{u\}

PGQ""semantics:

[c]lp:=c whereceadom(D)

[Vo(Qi....Q) ] p =[¥alls whereG :=pgView([Qi]p.---.[Qs] p)

PGQ®*"semantics:

[ve(@Qu.....Qs)],, :=¥alg where G := pgView™ ([Qi] .- - -. [ Q6] »)

Fig. 4. Semantics of core PGQ queries.

The semantics of /g (Ry, ..., Rg) on a database D are
[Ya(Ri,....R) ] p = [¥alg where G :=pgView ([Rilyp,-...[Rs]op)-

That is, to evaluate the query 1o (R), we first evaluate each of the six relational subqueries R,
through R¢ on the current database instance 9. These results define the graph G via the pgView
operator. Then we evaluate the pattern g over G to produce the result.

4 Read-Write PGQ

In the read-only fragment, pattern matching is restricted to relations that are explicitly stored in
the database. In contrast, the read-write fragment extends this by allowing pattern matching to
be applied to property graph views constructed dynamically from queries. These queries can be
defined recursively, enabling the application of pattern matching not only on the original relations,
but also on the results of previous pattern matchings, relational algebra operations, or combinations
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thereof. This recursive composition supports a powerful form of query nesting and reuse, central
to the expressive power of the read-write fragment.

The syntax and semantics additions for read-write PGQ queries can be found in PGQ*Y sections
in Figures 3 and 4, respectively.

In particular, the semantics of a query Yo (Q;, . .., Qs) on a database D is

[Vo(Q1....Q0) ] p = [¥allg where G :=pgView ([Qi]p.....[Qs]p)-

That is, we first evaluate each of the six relational subqueries Q; through Qs on the current
database instance D. These results define the graph G via the pgView operator, and the pattern g
is then evaluated over G.

This generalizes the simpler case 1o (R) of PGQR°, where each R; is a base relation rather than a
query.

We now turn to compare the expressive power of the read-only and read-write fragments.

4.1 Expressiveness of PGQ®W Vs. PGQ®°

Core PGQ [12] is effectively relational algebra over pattern matching outputs. Since relational
algebra is equivalent to relational calculus, it follows that FO € PGQ*°. Quite expectedly, read-write
PGQ queries add expressiveness to the read-only fragment.

THEOREM 4.1. PGQ™Y is strictly more expressive than PGQ".

The proof relies on the following separating example. Consider a graph whose vertices are
partitioned into RedNodes and BlueNodes, and whose Edges always connect nodes of opposite
colors. Detecting a path of arbitrary length whose colors alternate red-blue at every step separates
the two fragments. In this example, any PGQ"° query can be rewritten into one that does not apply
pattern matching, and therefore in relational algebra. Using Gaifman locality theorem [11], this
query can inspect paths only up to a fixed radius determined by its size, so it cannot recognize all
unbounded alternating paths. In contrast, PGQ®™" can first materialize a view whose node set is
RedNodes U BlueNodes and whose edge set is Edges, and then apply the reachability pattern

(((x) = (y) = (z)(RedNodes(x) A BlueNodes(y) A RedNodes(z)))*), -

This query returns true exactly when an alternating-color path with at least two edges exists, which
concludes the proof.

Although PGQ™ is more expressive than its read-only counterpart, its Boolean queries still do
not capture all the problems in NL. This complexity class, NL, is a widely accepted benchmark
for graph query languages because it balances expressive power and efficiency. It includes many
path-based queries and corresponds to Datalog’s capabilities on CRPQs [6], as well as SQL’s
WITH RECURSIVE, which supports linear recursion.

THEOREM 4.2. NL is strictly more expressive than Boolean PGQ™.

This highlights an expressiveness gap between PGQ™ and the full range of tractable graph
queries. Bridging this gap motivates the extended fragment PGQ™” studied next.

5 Extensions of Read-Write PGQ

In the extended read-write fragment PGQ™”, whose concrete syntax and formal semantics are
set out in Figures 3 and 4, we lift the restriction that node and edge identifiers are single values:
they may now be n-ary tuples for any fixed n > 1. With this single generalization, each clause of
Definition 3.2 carries over (1)-(4) with the relation arities scaled accordingly.
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Definition 5.1. An n-ary property graph view is a relational database D over a schema consisting
of six relation symbols-n-ary Ry, R,, 2n-ary Rs, Ry, an (n+1)-ary Rs, and an (n+2)-ary Re-for which
conditions (1)-(4) from Definition 3.2 hold. That is,

(1) RID and RZD are disjoint relations (representing node and edge identifiers, respectively).

(2) RSD ,Rf) encode functions RZD - RID (representing the source and target of each edge,

respectively).
(3) RSD c (RID U RZD ) X C (representing the labeling of nodes and edges).
(4) RGD encodes a partial function (Rlz) U RZD ) X C — C (representing properties).

Indeed, this is a generalization of Definition 3.2, since for n = 1 the two definitions coincide.

Remark 5.1. In our definition of n-ary property graphs, node and edge identifiers share the same
arity to simplify the model: a single pair of relations Rs, Rs suffices for labels and properties. This
choice reduces complications without loss of generality. Allowing different arities for nodes and
edges requires duplicating these relations, but all definitions and results extend naturally to that
case.

Definition 5.2. For every integer n > 1, we define pgView™ as the partial function that, given a
sequence of relations (R, . . ., R¢) that satisfy the n-ary property graph view (Definition 5.1), returns
the corresponding property graph (N, E, src, tgt, lab, prop), denoted by pgView™(Ry, ..., R¢) where

N:=R;, E:=R; src:=R;, tgt: =Ry, lab:=Rs, prop:=Rq.

Definition 5.3. For every integer n > 1, we set pgView” to be the union of pgView™ up to i = n,
that is,

n
pgView" := Ungiew:i,
i=1

and pgView®™" as the union of all i’s:

pgView™ := pgView™.
That is, pgView®! is the partial function whose domain is the union of the domains of all pgView”.
Concretely, for every sequence of relations (R, . .., Rs) that satisfies the k-ary property graph view
conditions for some k > 1, we set

pgView™ (Ry,...,R¢) := pgView (Ry, ..., R¢).

Notice that pgView! = pgView, hence pgView* extends pgView. Note also that pgView™! is well
defined.

We define the extended read-write PGQ, namely PGQ™” by adding y/& (Q) to the syntax grammar.
A query Q € PGQ™T is defined by the additional syntax in the PGQ®™T section in Figure 3:

Q =y (Qu.. .. Q).

The semantics is defined using pgView®! as follows:

lvet (.. ..,Qé)]]o = [¢alg, where G = pgView™ ([Qi] p ... [Qs] p).

and can be found in PGQ®*" section in Figure 4. PGQ®*" preserves the two-phase evaluation proce-
dure of PGQ® but replaces the operator pgView with its composite-identifier variant pgView®*,
and substitutes the core pattern 1/q with the extended pattern 2!, whose semantics supports
identifiers of arity k. In particular, in Figure 2, each output triple (s, t, u) has s and t as k-tuples
(rather than arity-1), valuations p map variables to k-tuples, and all equalities in the n-fold repetition

are over k-tuples.
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Expressiveness. Since every PGQ™W query is also an PGQ™" query, we have the immediate
containment PGQ™ € PGQ®™*". The strictness of this containment is not evident from the syntax
alone, but will follow from the capture result proved in the next section and from Theorem 4.2.

Example 5.1 (Extended Graph View with Composite Identifiers). Building on Examples 1.1 and 2.1,
assume now that accounts in our database are no longer identified by a single IBAN column. Instead,
an account is uniquely identified by the triple (bank, branch, acct). Thus, the relational schema is
adapted, replacing the IBAN field by three separate columns:

e Account(bank, branch, acct) identifies accounts by triples.
e Transfer(t_id, bankSrc, branchSrc, acctSrc, bankTgt, branchTgt, acctTgt, ts, amount)
stores transfers between accounts identified by triples.

To capture this structure, we define the following property graph view with composite n-ary
identifiers for nodes and edges:

Ry is the table Account(bank,branch,acct); R; is the projection of Transfer onto t_id; Rs links
every edge in R; to its source account (bankSrc, branchSrc,acctSrc); Ry links every edge in R; to
its target account (bankTgt, branchTgt, acctTgt); Rs assigns the label Transfer to each edge in
Ry; finally, Rs is empty in this example, i.e. Ry = @.

Using composite identifiers significantly simplifies pattern matching queries. For instance, one
can succinctly write:

((x) 4 (y)<e>) where 6 := Transfer(t)

x.bank,x.branch,y.bank,y.branch

The output of this query includes the identifiers of banks and branches of source and target accounts,
which we can subsequently filter on without additional joins. By contrast, in Example 2.1 the output
would have contained only the long IBAN strings for the endpoints, preventing such post filtering.

THEOREM 5.2. PGQ™T is strictly more expressive than PGQ™.

The PGQ**" fragment closes a gap in the expressiveness identified in [12]. We discuss it in the
following example:

Example 5.3 (Increasing Values on Edges). Consider again the graph view defined in Example 5.1.
Suppose we want to find all pairs of accounts connected by paths of transfers such that the
transferred amounts strictly increase along the path edges. This was shown to be inexpressible by
output patterns in [12]. We construct a new property graph in the PGQ™" fragment as follows:
For each account node (bank,branch,acct), we create multiple copies, for each incoming amount 1
transferred to it. So now the identifier is (bank,branch,acct,1).

Edges in the new graph connect node copies in a strictly increasing manner: an edge connects
node (bank,branch,acct,1) to node (bank,branch,acct, j) only if j>1. See Figure 5 for illustration.

Now, querying such paths is straightforward using standard path pattern matching.

We do not need to add a filter enforcing increasing amounts, the composite identifiers already
encode this information at every node copy, so any path produced by the query is guaranteed to
follow strictly increasing transfer amounts.

This demonstrates the expressive capability of the PGQ®™*" fragment: by enriching the natural
identifier we can materialize multiple copies of the same account, each copy representing the node
in a different state, determined by the incoming transfer amount.

We now turn to a more fine-grained analysis of the language PGQ®*".
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(b, br, acc, 1)
(12, 543, 26986, -1)

(b, br, acc)
(12, 543, 26986) (a,t, tx)
(2008, 7-6-2025, 55)

(at, tx)
(1008, 2-6-2025, 42)

(b, br, acc, I) (b, br, acc, 1)
(08, 911, 67853, 100) (08, 468, 77896, 200)

(b, br, acc) (a,t, tx) (b, br, acc)
(08, 911, 67853) (3008, 2-5-2025, 92) (08, 468, 77896)

A

(b, br, acc, 1)

(@t ) (@t t) (08, 468, 77896, 300)
(2008, 14-5-2025, 80) (400$, 19-5-2025, 15)

(b, br, acc, 1)
(03, 019, 93740, 200)

(b, br, acc, 1)
(03, 019, 93740, 400)

(b, br, acc)
(03, 019, 93740)

(a) Input property graph G (b) Constructed property graph G’

Fig. 5. llustration of the view-construction step in Example 5.3.

6 Expressiveness Results

To characterize the expressive power of PGQ™”, we relate it to FO[TC]. This connection establishes
PGQ®™T as a robust graph query language and positions it precisely within the classical complexity
class NL.

6.1 Equivalence of PGQ™" and FO[TC]

Our goal now is to establish a precise correspondence between the expressive power of the extended
read-write fragment PGQ™" and first-order logic with transitive closure, FO[TC]. We proceed by
formally recalling the semantics of FO[TC], and then prove the equivalence.

FO[TC] overview. First-order (FO) formulas over a relational schema S are constructed from
atomic formulas of the form R(xj,...,x;,) where R € S has arity n, and from equalities x = y.
Composite formulas are then built using the standard Boolean connectives —, A, V, along with the
quantifiers 3 and V.

Given a database instance D over S, and a tuple of values a corresponding to a tuple of variables x,
we write D |= ¢[a/x] to indicate that the formula ¢(x) is satisfied in O when each free variable
in X is replaced by the corresponding value in a.

A tuple g satisfies ¢(x) in a database instance D (written D |= ¢[a/x]) when replacing the free
variables x by the concrete values a makes the sentence true.

FO[TC] extends FO with the transitive-closure operator

TCan|y¥ (@0, p)|(%,9),  lal =la| = x| =gl

The formula holds in a database O under assignment [4, b, ¢/, a, p] if there exists a finite sequence
of tuples @ = @y, @, . . ., a, = b such that for each i < n, D |= [a;, di1, ¢/, 3, p|. That is, i relates
each consecutive pair in the sequence, using the same parameter tuple ¢, and the overall formula
expresses reachability under the binary relation defined by .

For any FO[TC] formula ¢(x) we write

[e()]p = {alDkFela/x]}
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that is, the result relation consisting of all tuples that make ¢ true in D.
With these definitions, we can now show the equivalence PGQ**" = FO[TC] by proving that
each language subsumes the other.

THEOREM 6.1 (PGQ®™*" C FO[TC]). For every schema S and for every query Q € PGQ™" over S
with arity(Q) = n, there exists an FO[TC] formula ¢ (x1, ..., x,) over the same schema S such that

Q15 = [eotes - x)]

for every relational database D over S.

In the proof, we decompose the translation from PGQ™" to FO[TC] into two steps. (i) Algebraic
core: union, difference, Cartesian product, projection, and selection are mapped naturally to first-
order connectives, laying the base of the induction. (ii) Pattern matching: we take a path pattern ¢
and produce an FO[TC] formula ¢y (7, Xsrc, Xigt) that incorporates two variables X, Xig¢ for the
source and target, respectively, of the matched paths, and whose other free variables 7 explicitly
track every binding in the semantics of ¢. This translation coincides with the one in [8] up to minor
notational differences.

The induction stitches these two parts (i) and (ii) together to prove the semantics equivalence.
As an illustration of step (ii), consider the Kleene-star pattern /*. Assume we have the translation
() (J’c, i, 5) of  with free variables are %, @, 3. Due to the semantics of path patterns (Figure 2),
the translation T(l//*) has free variables X, Xig; and is defined recursively as follows:

AY")(Rore Kegt) = Ix: (TCM r(lp)(;z,a,a))(xsrc,xtgt),

This concrete instance demonstrates how a recursive graph pattern is captured in FO[TC] by
wrapping the translation of the base pattern  inside an appropriate transitive closure.
The other direction also holds as the next theorem shows.

THEOREM 6.2 (FO[TC] € PGQ™). For every schema S, and every FO[TC] formula ¢(x1, ..., x,)
over S, there exists a query Q, € PGQ™" over S with arity(Q,) = n such that

[o(x1,. --,xn)]]Z) = |[Q<p]]@

for every relational database D over S.

The proof is based on a full translation T from FO[TC] to PGQ®*". First-order connectives and
quantifiers are translated inductively in a straightforward manner. The key step is the translation
of transitive closure subformulas:

¥ = TCauale@ap|(xy,  Ixl=1gl=lal=]al.

Note that the parameters p remain fixed across all iterations of the transitive closure. By the
inductive hypothesis, we obtain the translation T(¢) of ¢, and define C := 75 (T (¢)), the projection
onto the parameter values.

Then, for each concrete parameter tuple ¢ € C, we isolate the corresponding @, ¢ pairs and use
the extended graph constructor from Section 5, namely pgView®™!, to define the new graph G;.

We then apply the reachability pattern: Yyeeen == ((X) = (3)) 1,5 to Ge. This returns all (X, §)
pairs connected by a path in G;. We define the overall query:

Ql// = U(¢reach(G5) X {E}): fv (Ql//) = (f» g)
ceC
Note that this union is realized by an ordinary join e (Gz) ™ 05=c(C). By construction,

[[Qlﬁ]lz) = [¢] p for every database D, so Qy can be treated as an atomic subquery by outer
Boolean connectives and quantifiers.
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Combining Theorems 6.1 and 6.2, we obtain

COROLLARY 6.3 (EXPRESSIVE EQUIVALENCE). In terms of expressiveness, PGQ™" = FO[TC].
This leads to the following straightforward observation.

COROLLARY 6.4 (NL CAPTURE). The evaluation problem for PGQ™" is NL complete.

We now dive deeper into the language PGQ™" to better understand what it is that enables it to
capture every query definable in FO[TC].

6.2 Inside PGQ®*T

What makes PGQ**" more expressive than PGQ*V? To answer this, we adopt a more fine-grained
analysis of the language’s capabilities. Recall from Definition 5.1 the function

pgView®™ U pgView™,
n>1

which allows node and edge identifiers of any arity. Higher arities enable richer view definitions,
which in turn unlock additional expressive power not available in the unary-identifier setting of
PGQ®Y.

For every fixed integer n > 1, we define PGQ" as the language obtained from PGQ™ by replacing
Y24 (Q) with ¢(") (Q), and set the semantics to be

[[w(") (é)]‘@ =[yYalg, where G =pgView" ([Qi]p.--..[Qs] p)

and Q = (Q1, Qz, Qs, Qu, Qs, Qs).
On the FO[TC] side, we write FO[TC"] to denote the fragment of first-order logic with transitive
closure in which all transitive closure operators
TCasly (.0, p)] (%, 7)
use tuples #, 7, X, § of fixed arity n.

With this notation, we can show that PGQ" translates to FO[TC"].

THEOREM 6.5 (PGQ" C FO[TC"]). Let n > 1. For every schema S and every query Q € PGQ"
over S with arity(Q) =k, there exists an FO[TC"] formula o (x1,...,xx) such that
|[Q]]z) = I[@Q(xl, .. ~,xk)]]z)

for every relational database D over S.
The converse translation also exists.

THEOREM 6.6 (FO[TC"] € PGQ"). Letn > 1. For every schema S and every FO[TC"] formula
@(x1,...,xx) over S, there exists a query Q, € PGQ" over S with arity(Q,) = k such that

[eCxr,...x)lp = [[Qf/’]]Z)

for every relational database D over S.

Both Theorems 6.5 and 6.6 are obtained by inductive syntax-directed translations.

These are refined versions of the unary translations already given in Theorems 6.1 and 6.2 to the
n-ary case. For PGQ" C FO[TC"], we generalize the translation from Theorem 6.1 to ensure the
resulting formula is in TC". For FO[TC"] € PGQ", we generalize the translation from Theorem 6.2
to ensure the resulting query is in PGQ". This gives desired equivalence PGQ" = FO[TC"].

Combining Theorems 6.5 and 6.6, we obtain the following.
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COROLLARY 6.7 (EXPRESSIVE EQUIVALENCE FOR FIXED ARITY). In terms of expressiveness,
PGQ" = FO[TC"] foreveryn > 1.
We can derive the following expressiveness chain on fragments within PGQ™".
THEOREM 6.8 (EXPRESSIVENESS CHAIN).
PGQO™ = PGQ' = FO[TC!] ¢ FO[TC?] = FO[TC"] = PGQ™".

Proor. The chain begins with the observation that the read-write fragment is, by definition, the
same as the arity-1 extension; hence PGQ®™ = PGQ!. Corollary 6.7 then equates this fragment
with unary transitive-closure logic, giving PGQ! = FO[TC!]. By Immerman’s collapse theorem for
ordered structures, unary TC is strictly weaker than binary TC, and every higher arity collapses to
the binary case, formally, FO[TC!] ¢ FO[TC?] = FO[TC"] for all n > 2 [15]. The same corollary
yields FO[TC?] = PGQ?, so every construct definable in any higher-arity fragment PGQ" can
already be written in PGQ?. Because PGQ®*" allows identifiers of arity n, we have PGQ" = PGQ™.
Combining these equalities gives the desired chain. O

7 Comparison with the SQL/PGQ Standard
We now clarify how our theoretical framework relates to the SQL/PGQ standard.

Property Graph Views. The ISO draft [16] distinguishes a pure property graph (PPG) from its
underlying tabular property graph (TPG). In our framework, PPG coincides with the property graph
of Definition 2.1, whereas TPG with property graph view of Definition 3.2. We represent property
graph views by the canonical relations (Ry, ..., Rs) that form the inputs to the pgView family
(Definitions 3.2-5.3). This choice differs from the Standard’s vertex-table/edge-table notation:

(1) Normalization: The six-relation encoding we use is highly normalized: each elementary
fact, that is, vertex or edge identifier, source, target, label, or property, occurs only once.
By comparison, a single vertex table can repeat the same label and property values across
many rows, and an edge table can replicate source or target keys. Strictly adopting the
vertex-edge-table layout of the ISO draft may affect our results.

(2) Identifiers: The standard requires each vertex and edge row to carry a primary key. This is
reflected by Ry (vertex identifiers) and R, (edge identifiers) in our model, ensuring that query
results can always return the graph elements, that is, its node and edge IDs.

(3) Arity of Identifiers: Our core read-write fragment PGQ™" assumes unary identifiers, matching
the simplest TPGs whose keys are single columns. Our extended fragment PGQ™” generalizes
this to n-ary identifiers, covering n-ary keys allowed by the standard but keeping them outside
the core language. This separation reflects the usual treatment of relational algebra: formal
models of core SQL deal only with single, atomic attributes, whereas the full SQL standard
goes further and also allows composite (multi-attribute) types.

(4) Labels: Unlike the standard, our model does not require every edge to have a label. Under
our definitions, an edge may be unlabeled, that is, it can appear in the graph without any
associated label entry in Rs. To align fully with the ISO draft, one may simply insert a
distinguished default label for such edges.

Updates. We omit update operations on TPGs to keep a clean theoretical core. This causes no
loss of generality: any change can be simulated by rebuilding the six base relations and reapply-
ing pgView (or its extensions), so all results in this paper still hold.
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8 Conclusion and Future Work

We have characterized the expressive power of SQL/PGQ, showing how its graph view mechanism
fundamentally shapes the language’s capabilities. Our analysis identifies three fragments, PGQ®°,
PGQ®, and PGQ"™", and places them in a strict expressiveness hierarchy culminating in NL,
captured precisely by the extended fragment PGQ™”. While PGQ™*" matches this foundational
benchmark, it is not yet clear how naturally its expressiveness translates into usable query syntax.
For example, the “increasing values on edges” query provably inexpressible in the pattern matching
layer [12], can be expressed in PGQ®™” using composite identifiers and dynamic graph construction
as described in Example 5.3. However, the required encoding is nontrivial. To express that query, we
simulate value tracking by creating node copies, each annotated with the amount of the incoming
edge. Edges connect only copies where the target amount is greater than the amount of the source.
This is expressible in PGQ™" and demonstrates its ability to capture complex value-based recursion
but also highlights that the encoding is intricate and unlikely to be intuitive for users. Whether
such queries can be formulated more naturally within PGQ®*", or whether new syntax is needed
to express them cleanly, remains an open question. Finally, our formalization opens the door to
compositional graph-query languages: pgView constructs full property graphs that can be queried
or outputted. In addition to compositionality, our model offers a natural foundation for unified
languages that query both relations and graph databases, and can move naturally and seamlessly
from one model to the other.
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