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— Abstract

The Shapes Constraint Language (SHACL) is a
recent standard, a W3C recommendation, for valid-
ating RDF graphs against shape constraints to be
checked on target nodes of a data graph. The stand-
ard also describes the notion of validation reports,
which detail the results of the validation process. In
case of violation of constraints, the validation report
should explain the reasons for non-validation, offer-
ing guidance on how to identify or fix violations in
the data graph. Since the specification left it open
to SHACL processors to define such explanations,
a recent work proposed the use of explanations in
the style of database repairs, where a repair is a
set of additions to or deletions from the data graph
so that the resulting graph validates against the
constraints. In this paper, we study such repairs
for non-recursive SHACL, the largest fragment of

SHACL that is fully defined in the specification.
We propose an algorithm to compute repairs by
encoding the explanation problem — using Answer
Set Programming (ASP) — into a logic program,
where the answer sets contain (minimal) repairs.
We then study a scenario where it is not possible to
simultaneously repair all the targets, which may be
the case due to overall unsatisfiability or conflicting
constraints. We introduce a relaxed notion of valid-
ation, which allows to validate a (maximal) subset
of the targets and adapt the ASP translation to
take into account this relaxation. Finally, we add
support for repairing constraints which use property
paths and equality of paths. Our implementation
in clingo is — to the best of our knowledge — the first
implementation of a repair program for SHACL.
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Repairing SHACL Constraint Violations

1 Introduction

Semantic Web standards provide means to represent and link heterogeneous data sources in
knowledge graphs [30], thereby potentially solving common data integration problems. Indeed,
this approach became increasingly popular in enterprises as enterprise knowledge graphs (EKG),
which integrate data silos of an enterprise into one consolidated knowledge graph [27]. However,
in practice, this flexible and expressive approach to data integration requires powerful tools for
ensuring data quality, including ways to avoid creating invalid data and inconsistencies in the
consolidated knowledge graphs. Although our work is motivated by the high quality requirements
of EKGs in practice, it is by far not limited to this scenario and generally applicable to graph
data. To this end, the W3C proposed the Shapes Constraint Language SHACL, in order to enable
validation of RDF graphs against a set of shape constraints [32]. In this setting, the validation
requirements are specified in a shapes graph (C,T) that consists of a collection C of constraints
and a specification T" of nodes, called targets, to which the constraints should be applied.

The result of validating an RDF graph G against a shapes graph (C,T) is presented as a
validation report, which indicates whether the input graph has passed the validation test. In the
event of constraint violations, the report should provide details explaining the issues and violations
found during the validation process. However, the SHACL standard offers limited guidance
regarding the specific content of validation reports, except for the requirement that these reports
must include information about the violated nodes, constraints, and the affected part of the input
graph. We follow the proposal of [3] to define explanations for SHACL non-validation in the style
of database repairs [7], namely as a set of additions and deletions of facts to the input data graph
that will cause a previously invalid setting to become valid. Consider for instance a requirement,
described as a shape constraint StudentShape, stating that persons need to be enrolled in at least
one course to qualify as students and the target requires to validate StudentShape for Ben. In
the abstract syntax, we define C' to contain the constraint StudentShape <— Jenrolledin. Course.
and T to be {StudentShape(Ben)}. In case the shapes graph (C,T) is applied to the data
graph G = {enrolledIn(Ben,C)}, stating that Ben has the property enrolledIn, a violation will
be reported. An intuitive explanation for the violation is that there is no Course-fact about
node (7, and a repair would add the fact Course(Cy) to the data graph G. Indeed, in many
common scenarios for knowledge graphs (like the automated integration of heterogeneous data
sources) inconsistencies might appear frequently and can be mitigated using SHACL validation [28].
Consequently, there is a need to automatically identify repairs that can be applied to the data
graph in order to achieve consistency.

The main contributions of our work are as follows:

We propose to compute repairs of a data graph by encoding the problem into Answer Set
Programming (ASP) [25], a formalism sufficiently expressive to capture the high complexity
of the repair problem for SHACL [3]. In particular, we show how to transform a given data
graph G and a SHACL shapes graph (C,T') into an ASP program P such that the answer sets
(stable models) of P can be seen as a collection of plausible repairs of G w.r.t. the shapes
graph (C,T). Since efficient ASP solvers exist (we decided for clingo [29]), this provides a
promising way to generate data repairs in practice. The repair generation task is challenging,
because a given data graph might be repaired in many different ways. In fact, since fresh nodes
could be introduced to the data graph during the repair process, an infinite number of repairs
is possible. This needs to be handled carefully, and several design choices have to be made.

For presentation clarity, we initially present a basic encoding of the repair task into ASP,
making the core idea of our approach easily accessible. In this encoding, the repair program
tries to find a repair of the input shapes graph for a basic fragment of SHACL that excludes



S. Ahmetaj, R. David, A. Polleres, and M. Simkus

qualified number restrictions and complex paths but allows existential quantification. It also
supports target declarations for nodes, classes, and the domain and range of properties. This
encoding employs a particular strategy for introducing new nodes in the data graph: when a
value for a property needs to be added (e.g., for a violated sh:minCount constraint), a fresh
node is always introduced. We argue that this is a reasonable approach in general and closely
aligns with the standard notion of Skolemization. Furthermore, leveraging the optimization
features of ASP, our repair program ensures that among all possible repairs it can produce, only
those that are minimal in terms of cardinality are returned. This guarantees that constraint
violations are resolved with the fewest possible changes to the data graph.

There are scenarios where enforcing the repair program to always introduce fresh values for
satisfying cardinality constraints may exclude certain expected minimal repairs or even prevent
any repairs from being generated. In some cases, reusing existing nodes is not only desirable,
but also necessary. However, to maintain data quality as much as possible, our approach
prioritizes introducing fresh values whenever feasible, resorting to existing constants only when
necessary. We then present an extended version of our basic encoding that supports reusing
existing nodes while still favoring the introduction of fresh values whenever possible. Moreover,
we extend the fragment from the basic encoding to incorporate other SHACL features such
as cardinality constraints, constants, and property paths. In particular, we add support for
sequential and inverse paths, as well as equality constraints over paths and properties.

We observe that requiring a repair to resolve violations for all targets specified in the input
may be too strong. If the data graph has one inherently unsatisfiable target (e.g., because
of some conflicting or contradictory constraints), then the repair program will not have any
models and it will provide no guidance on how to proceed with fixing the data graph. To
address this issue, we introduce the notion of mazimal repairs, which aims to repair as many
targets as possible. We show how our encoding can be extended to generate repairs under this
new notion by leveraging the optimization features of clingo and incorporating disjunctive
rules that allow certain targets to be skipped when necessary.

We have implemented and tested these encodings using the clingo ASP system, which showed
that our approach is promising for managing and improving the quality of RDF graphs
in practice. More precisely, we used the Java programming language to implement the
translation of the SHACL repair programs, which can be executed using clingo. We tested the
implementation using a set of unit tests and a subset of the data shapes test suite to test the
functional correctness and performance tests for Wikidata as a real-world data set.

The repair program and the ASP implementation presented in this paper establish a foundation
for repairing RDF graphs in the presence of SHACL constraints, laying the groundwork for practical
tools that enhance data quality in real-world applications. A preliminary version of this work has
been published in [4]. This journal version builds upon [4] with the following key contributions:
(i) an expanded SHACL fragment that now supports (limited) path expressions and equality over
paths, covering a substantial portion of SHACL Core constraint components; (ii) broader support
for SHACL targets, extending beyond node targets to include class-based and property-based
targets, subject to minor syntactic restrictions that ensure the fragment remains non-recursive and
avoids cyclic dependencies between constraints and targets; (iii) proofs for the proposed rewritings;
and (iv) a real-world evaluation using Wikidata.

1.1 Related Work

There is a large body of work in the area of databases on repairing integrity constraints violations;
for an overview of this topic see [14]. The closest in spirit to our work is [35], which specifies
database repairs in the presence of integrity constraints using disjunctive logic programs with the
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answer set semantics. These repairs minimally modify a database to achieve conformance with a
set of integrity constraints. More specifically, given an inconsistent database instance D and a set
of integrity constraints, [35] proposes a repair program, whose stable models are in a one-to-one
correspondence with the repairs of D. We follow this general idea for the graph-based RDF data
model scenario in the presence of SHACL constraints. The adaptation is challenging because
SHACL includes features not present in traditional integrity constraints, such as unrestricted
negation in the rule body, which carries significant semantic consequences.

In the context of Description Logic, there is extensive research on repairing the data (called
ABox) so that certain unwanted consequences from a knowledge base are removed. Baader et al.
study optimal repairs [10, 11, 12], which repair the ABox while preserving as much as possible
from the consequences of an ontology (or TBox). The TBox is assumed to be static and cannot be
changed in the repair process. They also look at optimal repairs in the context of contractions in
belief change [8, 9, 13]. We follow a similar approach in the sense of assuming SHACL constraints
to be carefully designed and without errors, and focusing only on repairing the data graph.

Also related to our work is [20], where Calvanese et al. focus on explanations for non-entailment
of a given tuple from a knowledge base over Description Logic ontologies. Explanations in this
setting are considered as minimal sets of facts such that, if added to the input data, the query
would be entailed, while the knowledge base would remain consistent with the added information.
Similar to our work, the explanation problem is formalized as an abductive task and considers
preferences, where subset-minimal and cardinality-minimal explanations and their complexity are
studied. Analogously, [21] addresses the problem of explaining why a query is not entailed under
existential rules.

A large body of works on so-called consistent query answering has developed since the seminal
paper [7]. The idea is to exploit the repairs of an inconsistent database to provide answers to a query.
Various inconsistency-tolerant semantics based on what repairs to select for accepting query answers
have been studied in various database and knowledge representation settings [7, 14, 33, 17, 35],
including implemented systems [35, 16, 15]. A recent work [5] investigates consistent query
answering under SHACL constraints, using a core fragment of SPARQL — the standardized
language for querying RDF data — as the query language. Although our work does not yet address
queries, the repair implementation we provide represents a crucial first step toward enabling
consistent query answering in this context.

Further related but orthogonal work to ours involves axiom pinpointing, which focuses on
identifying minimal sets of axioms sufficient to entail (or not entail) a specific expression. Such
sets are called justifications and represent explanations of an entailment. An overview of axiom
pinpointing is provided by Penaloza [37] and Kalyanpur et al. [31] presents work on computing
justifications in the context of Description Logic ontologies. There are works that study provenance
for database query results, which originated in database theory and was extended to the Description
Logic setting in the context of Ontology-based Data Access (OBDA) [36, 18]. Li et al. [34] propose
to repair Description Logic ontologies using a combination of axiom weakening and completing.
This approach aims to strike a balance between minimizing the negative impacts of removing
unwanted axioms while preserving correct consequences. Work on static verification [19, 2] study
the problem of verifying if a sequence of updates (additions and deletions) applied to an input
data graph will preserve or violate a set of constraints expressed as Description Logic ontologies.

1.2 Organization of the Paper

The paper is structured as follows.
Section 2 describes SHACL validation, normalization of SHACL constraints and answer set
programming, which represent the foundations of our repair approach and the implementation.
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Section 3 introduces our notion of repairs for SHACL non-validation and the design choices we
consider for our repair program.

Section 4 provides an encoding of the repair program into an ASP program. We provide rules
for generating repairs and optimizing them to be of a small size. In additions, in case not
all targets can be repairs, we suggest a more relaxed version that repairs maximal subsets of
targets.

Section 5 extends this encoding to repair constraints with arbitrary cardinality and to allow
the reuse of existing constants in this case.

Section 6 further extends this cardinality constraint encoding by supporting the repair of
SHACL property paths and equality of paths.

Section 7 describes the ASP implementation and includes the translation of SHACL shapes
from RDF Turtle syntax into our abstract syntax.

Section 8 tests this implementation. We present our test scenarios, which are unit tests, test
cases based on the official SHACL data shapes test suite and performance tests based on a
real-world scenario over Wikidata, and report the results.

Section 9 concludes the paper by summarizing the contributions and proposing directions for
future work.

2 SHACL Validation and Answer Set Programming

In this section, we describe SHACL and the notion of validation against RDF graphs. The Shapes
Constraint Language SHACL [32] is the W3C recommendation for validating graphs against sets
of constraints. A SHACL processor can validate a data graph against constraints in a shapes graph
and in the case of violations provide details to the user as part of a validation report. For an
introduction to data validation, SHACL, and its close relative ShEx, we refer to [28, 1]. To ease
presentation, SHACL constraints will be represented using an abstract syntax and normal form,
which will also serve as a basis for implementation. We also describe answer set programming
(ASP), which we use to implement the repair program and the notation for ASP that we use in
the paper.

2.1 SHACL Validation

We use the abstract syntax from [3] for RDF and SHACL. Note that in this work we focus on the
“Core Constraint Components” of SHACL with restricted path expressions.

Data graphs

We first define data graphs®, which are RDF graphs to be validated against shape constraints.

Assume countably infinite, mutually disjoint sets Ny, N¢, and Np of nodes (or constants), class
names, and property names, respectively. A data graph G is a finite set of (ground) RDF atoms of
the form B(c) and p(c,d), where B is a class name, p is a property name, and ¢, d are nodes.

Syntax of SHACL

Let Ng be a countably infinite set of shape mames, disjoint from Ny, N¢, and Np. A path
expression E is a regular expression built from the operator -, symbols in Np, and expressions p~
for each p € Np, where p~ is the inverse property of p.

2 https://www.w3.org/TR/shacl/#data-graph
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A shape expression ¢ is of the form:
¢, =T |s|Blc|opN |=¢|2n EP|E=p

where s € Ng, B € N¢, ¢ € Ny, n is a positive integer, E is a path expression and p € Np. In
what follows, we may write ¢ V ¢’ instead of =(—=¢ A —¢’), IE.¢ instead of >; E.¢, and >, E
instead of >, E.¢ if ¢ is T. SHACL constraints are represented in the form of (shape) constraints,
which are expressions of the form s < ¢, with s € Ng and ¢ a shape expression. A shape atom is
an expression of the form s(a), with s a shape name and a a node. A target is an expression of
the form (W, s), where s is a shape name and W takes one of the following forms:

constant from Ny, also called node target,

class name from N¢, also called class target,

expression of the form dp with p € Np, also called subjects-of target,

expression of the form Jp~ with p € Np, also called objects-of target.

A shapes graph?® is a pair (C,T), where C is a set of shape constraints such that each shape
name occurs exactly once on the left-hand side of a shape constraint, and T is a set of targets.
Informally, we call a set of constraints C' recursive if there is a shape name s that directly or
indirectly refers to itself in the shapes constraints. In the present paper, we assume non-recursive
constraints.

Evaluation of shape expressions

A (shapes) assignment for a data graph G is an expansion I = G U L of G with a set L of shape
atoms such that a occurs in G for each s(a) € L. We denote with V(G) (resp. V(I)) the set of
nodes appearing in G (resp. I). The evaluation of a shape expression ¢ over an assignment I is
defined in terms of an evaluation function [-]/, which maps any path expression E to a binary
relation [E]! C V(I) x V(I), and any shape expression ¢ to a set of nodes [¢]! C V(I).

[T]" =V(G) [s]" = {a| s(a) € I}

[B)' = {a| B(a) € I} [e]) = ¢

[61 A dal” = [2]" N [pa] [-¢]" = V(D \ [¢]"

[p]" = {(a,b) | p(a,b) € I} [p1" = {(a,) | p(b,a) € I}
[>n E¢]" = {a|{(a,b) € [E]" and b € [¢]"} > n} [E-E'] = [E] o [E']

[E=p]" ={a|Vb: (a,b) € [p]" iff (a,b) € [E]"}

SHACL validation

We now present the semantics for validation of a shapes graph (C,T') by a data graph G. There
are several validation semantics for SHACL [22, 6], which coincide on non-recursive SHACL. Here,
we only present the supported model semantics [22]. In particular, we require that all the nodes
that occur in C and T appear also in G.

» Definition 1. Assume a SHACL document (C,T) and a data graph G. An assignment I for G
is a (supported) model of C if [¢p]! = s! for all s + ¢ € C. The data graph G validates (C,T) if
there exists an assignment I for G such that (i) I is a model of C, and (ii) [W]! € s! for every
target (W,s) € T.

3 https://www.w3.org/TR/shacl/#shapes-graph


https://www.w3.org/TR/shacl/#shapes-graph

S. Ahmetaj, R. David, A. Polleres, and M. Simkus

Normal Form

To ease presentation, in the rest of the paper we focus on normalized sets of SHACL constraints.

That is, each SHACL constraint is constructed using the following normal forms:

(NF1) s+ T (NF2) s+ B (NF3) s +c
(NF4) s < s1 A+ Asp (NF5) s < —s' (NF6) s <>, E.s' (NF7) s« E=p

It was shown in [6] that a set of constraints C' can be transformed in polynomial time into a set of
constraints C’ in normal form such that for every data graph G and target T, G validates (C,T)
if and only if G validates (C’,T'). Note that the normalization process recursively introduces fresh
shape names for sub-expressions until the normal form is reached. Moreover, if the input shapes
graph is non-recursive, then clearly the normalized one is also non-recursive.

» Example 2. Assume a shapes graph with shape constraints for StudentShape (left) and a data
graph (right), written in Turtle syntax.

:StudentShape a sh:NodeShape; :Ben :enrolledIn :C1
sh:targetNode :Ben;
sh:property [
sh:path :enrolledIn;
sh:qualifiedMinCount 1;
sh:qualifiedValueShape [
sh:class :Course;

]

The shapes graph states that each node conforming to StudentShape must be enrolled in at least
one course and it should be verified at node Ben. The target is represented in the Turtle syntax
by the sh:targetNode property, and the statements below sh:property define the constraints to
be verified on the node Ben. The constraints specify via sh:path to check whether there is an
enrolledIn outgoing edge from target Ben to at least 1 node (sh:qualifiedMinCount) that is an
instance of the Course class, specified with sh:class. In the abstract syntax, we write the data
graph G, set of constraints C', and targets T as follows:

G = {enrolledIn(Ben,Cy)},
C' = {StudentShape + JenrolledIn. Course},
T = {StudentShape(Ben)}

The normalized version C' of C contains the constraints

StudentShape <+ Jenrolledn.s,

s < Course

where s is a fresh shape name. Clearly, extending G by assigning the shape name StudentShape
to Ben does not satisfy the target StudentShape(Ben), since Ben is not enrolled in any (node of
class) Course. Hence, G does not validate (C,T).

We note that the translation of SHACL shapes represented in RDF syntax into the abstract syntax
is described in Section 7 as part of the ASP implementation.
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2.2 Answer Set Programming

Answer Set Programming (ASP) is a declarative problem solving paradigm based on Logic
Programming and Nonmonotonic Reasoning [25]. The idea of ASP is to describe (or model) a
problem as a nonmonotonic logic program and let an ASP solver compute the solutions to the
problem. The program consists of logic rules (with head and body), facts (head without a body)
and constraints (body without a head). ASP has extensions for negation and disjunction in rule
heads for modeling nonmonotonic programs. The ASP paradigm lets users focus on describing
the problem itself instead of coding a solution for it, which is computed by an ASP solver. The
solutions, so-called answer sets or stable models, are minimal models of a logic program. There
can be none, one, or multiple stable models for a program.

The implementation of the repair program is done by generating an ASP program from the
SHACL shapes and the data graph. By building on the minimality of ASP models, the repair
program provides minimal repairs as part of the minimal models.

We introduce here some basic notation about Answer Set Programming (ASP) used throughout
the paper and refer to [25] for more details on the language. We assume countably infinite,
mutually disjoint sets Preds D No U Np and Var of predicate symbols, and variables, respectively.
A term is a variable from Var or a node from Ny . The notion of an atom is extended from RDF
atoms here to include expressions of the form ¢(t1,...,t,), where ¢ € Preds is an n-ary predicate
symbol and t1,...,t, are terms; an atom is ground if its terms are nodes. A database is a set
of ground atoms. An answer set program consists of a set of rules of the form v < ¢, where ¢
may be a conjunction of positive and negated atoms, and ¢ is a (possibly empty) disjunction
of atoms. We may call ¢ the head of the rule and ¢ the body of the rule. We may write a rule
hi,...,hy, < ¢ instead of a set of rules hy < ¢, ..., h, < ¢. Roughly, a rule is satisfied by a
database D in case the following holds: if there is a way to ground the rule by instantiating all its
variables such that D contains the positive atoms in the body of the instantiated rule and does
not contain the negative atoms, then it contains some atom occurring in the head of the rule. The
semantics of answer set programs is given in terms of stable models. Intuitively, a stable model for
(G, P), where G is a data graph and P a program, is a database D that minimally extends G to
satisfy all rules in P. We illustrate answer set programs with an example about 3-colorability.

» Example 3. Let G = {edge(a, b), edge(b, ¢), edge(c, a), N(a), N(b), N(c)} be a data graph storing
a triangle over the nodes a, b, and ¢, and let P be a program with the following rules:

R(X) V B(X)V G(X) « N(X) + edge(X,Y), R(X), R(Y)
« edge(X,Y), B(X), B(Y) < edge(X,Y),G(X),G(Y).

P states that every node must be colored with red R, blue B, or green G, and adjacent vertices
must not be colored with the same color. Clearly, there are three possibilities to color the nodes
and hence, three answer sets for (G, P) that minimally extend G to satisfy the rules. E.g., one
stable model is M = G U {R(a), B(b), G(c)}.

To implement the repair program we selected the clingo ASP system for grounding and solving logic
programs [29], which is available online.* Clingo provides additional features, like optimization
functions, that will be present in the repair program and they will be explained when used by the
specific rules.

1 https://potassco.org/clingo/
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3 Exploring Design Choices for SHACL Repairs

In this section, we introduce the notion of repairs that we use in this work, analyze the kind of
repairs that may be desirable in practice, and describe the design choices we will consider for
the repair program we propose. For formally defining repairs, we use the notion of explanations
for non-validation in SHACL introduced in [3], where a repair is a set of facts that are added or

removed from the input data graph so that the resulting graph validates the input shapes graph.

We recall a slightly modified definition here.

» Definition 4. A repair problem is a tuple ¥ = (G, C,T), where G is a data graph, and (C,T)
is a shapes graph such that G does not validate (C,T). A repair for U is a pair (4, D) of two sets
of RDF atoms, where D C G, such that (G \ D) U A validates (C,T).

Note that the original definition of a repair problem in [3] includes a hypothesis set H given in

the input, which allows to limit the space of possible additions by imposing the inclusion A C H.

In this work, we do not consider a given input set H of hypotheses and thereby do not limit
the possible additions in such a way. Instead, we assume that H consists of all the atoms that
can be formed from the class and property names, the nodes occurring in the input, and a finite
set of fresh nodes that will be introduced by the repair rules. Since the input constraints are
non-recursive, it can be easily argued that the number of fresh nodes introduced by the repair
program is (possibly exponentially) bound by the number of constraints. Thus, in what follows,
we omit H from the input and write (G, C,T) for a repair problem. In particular, when a property
atom needs to be added in the repair, we prefer to introduce fresh nodes instead of reusing nodes
from the input.

When designing a repair program, we need to make some choices. First, as also argued in [3],
computing all possible repairs is not desirable: we naturally want the repairs to modify the data
graph in a minimal way, i.e., additions and deletions that are not relevant for fixing the constraint
violations should be excluded. For instance, the repair problem (G, C,T) in Example 2 can be
solved, among other ways, by (i) adding to G the atom Course(C1), (ii) by adding to G the
atoms Course(C2) and enrolledIn(Ben,C2), or (iii) by adding to G the atoms Course(C'1) and
Course(C2). Observe that (i) is a repair that is minimal in terms of the number of changes that
are performed, i.e., cardinality-minimal. The repair (ii) can also be considered minimal, but in
the sense of subset-minimality: observe that neither Course(C2) nor enrolledIn(Ben,C2) alone
suffice to fix the constraint violation. The repair (iii) is not minimal in either sense, because the
addition of Course(C1) alone is sufficient to perform the repair.

Another issue is how to repair cardinality constraints of the form (NF6). To satisfy them, we
can either choose to generate fresh nodes, or we may try to reuse the existing nodes of the input
data graph. There are scenarios where reusing nodes is not desired as we want to fix the violations
while minimally changing the data graph. Reusing nodes may introduce wrong information from
a real-world perspective and thus lower the quality of data. Consider the constraint

StudentShape < JhasStudentlD

specifying that students must have a student ID and let the data graph include the atom
hasStudentID(Ben, ID1). To validate the target StudentShape(Ann), a meaningful repair would
be to generate a new value __ID as placeholder value and add hasStudentID(Ann, __ID) instead of
reusing ID1. Reusing I D1 and adding hasStudentID(Ann,I1D1) would assign Ben’s student ID to
Ann, which is likely to be a problem from a real-world perspective (or, resp., might violate further
constraints in a more elaborate scenario). Indeed, constructing an entirely new value that does
not yet exist in the data graph comes without any underlying semantics beyond what the shape

constraints describe, and therefore avoids unintentional (re)use from a real-world perspective.

Such placeholders can be replaced in a later step by the user with meaningful real-world values.
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Unfortunately, in turn forcing the repair program to always introduce fresh values for cardinality
constraints may sometimes leave out expected (minimal) repairs and may even not produce any
repairs at all. Consider the constraint

StudentShape «+ JhasStudentIDA <; hasStudentID

stating that students must have exactly one student ID. Let G = {hasStudentID(Ann,1D1)} and
assume we want to validate that Ann conforms to StudentShape. We may attempt to satisfy the
constraint by adding the atoms hasStudentID(Ann,new;) for a fresh node new;. However, then
Ann would have two main addresses, which is not allowed. The only way to fix the violation is to
reuse the node I D1.

Also, for the repair problem from Example 2, mentioned above, by forcing to introduce fresh
values we would miss the intuitive minimal repair that simply adds Course(C1). In conclusion,
there are scenarios where reusing existing nodes may be desired and even necessary. However,
to preserve the quality of the data as much as possible, we want to prioritize the introduction
of fresh values whenever possible and reuse existing constants only when necessary. We study
both versions. More precisely, in Section 4, we propose a repair program that always introduces
fresh values, and in Section 5, we present the extended version that allows to reuse constants, but
introduces fresh values whenever possible.

Also, Section 6 further extends the repair program to support repairs for path expressions F,
which requires to add property atoms to generate property paths for additions and to delete
property atoms to cut property paths for deletion.

4  Generating Repairs

In this section, we present an encoding of the repair problem to ASP that captures the violations
and proposes changes to the data graph so that the violations are fixed. It is given in terms of an
answer set program whose stable models will provide repairs as a set of additions and deletions to
the input data graph. We are especially interested in cardinality-minimal repairs, that can be
generated by the program. We do not consider subset-minimal repairs here and leave it for future
work.

To ease presentation, we describe here the encoding for a restricted setting, where only
existential constraints of the form s +—>; p.s’, i.e., a special case of cardinality constraints of
form (NF6), are allowed; we label them with (NF6). In particular, rules will always introduce
fresh values to repair existential constraints. We refer to Section 5 for the extension that support
unrestricted cardinality constraints and allows the reuse of constants from the input. Note that
we also do not consider here constraints of the form (NF7). The unrestricted version of (NF6)
and constraints of the form (NF7) will be treated in Section 6.

For the ASP encoding, we focus on shapes graphs (C,T), where C' contains non-recursive
constraints and T only contains node targets of the form s(c). As for the latter, we can convert
the other types of targets into node targets by simply grounding them w.r.t. the input data graph.
More specifically, for a data graph G and an arbitrary shapes graph (C,T), we can generate an
equivalent shapes graph (C,T,,) over only node targets, where

Tyr = {(c,s) | c € [W]© for each target (W,s) € T}

is the grounding of T' w.r.t. G. Tt is easy to verify, that G validates (C,T) if and only if G validates
(C,T,). However, this equivalence may not hold when considering repairs which change the input
data graph and may update the grounding of the targets. In particular, the grounding may need
to be recomputed after a repair is applied, as illustrated in the following example.
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» Example 5. Consider a data graph G = {Bi(a), B1(b), B2(b)} and the shapes graph (C,T'),
where C' has the constraint s < By and the target is T = {(By, s)}. Clearly, G does not validate
(C,T), and hence neither the corresponding shapes graph (C, Ty, ), where Ty, = {(a, s), (b,s)} is
the grounding of T w.r.t. G. Consider the repair R = (), {B1(a)}), which removes only the fact
Bj(a) from G. Clearly, R is a repair for (G,C,T) since G’ = G\ {Bi(a)} validates (C,T), but it
is not a repair for (G, C,T,,). Clearly, every repair for (G, C,T,,) is also a repair for (G,C,T).

Intuitively, the above issues appear because the grounding of the targets may change depending
on the repair. If the repair modifies how class or property names in the targets are grounded, then
a repair that works for the grounded version of the shapes graph may not necessarily be valid for
the ungrounded version and vice versa.

» Proposition 6. Let (C,T) be a shapes graph. Then, for every data graph G and pair R = (A, D)
that does not use the class and property names appearing in T, it holds that R is a repair for
(G,C,T,) iff R is a repair for (G,C,T), where Ty, is the grounding of T w.r.t. G.

To ensure that the repairs obtained from the ASP encoding do not use the class and property
names appearing in the targets, it suffices to restrict the input shapes graphs (C,T) to not allow
the shapes names in the constraints C' to use the class and property names appearing in the
targets T. We say that a shape name s directly uses £, where { is a shape, class, or property name,
if there exists a constraint s <— ¢ in C' such that £ occurs in ¢. We say that a shape name s uses
£, if s directly uses ¢, or if there exists a shape name s’ such that: (1) s directly uses s’ and (2) s’
uses £. A shapes graph (C,T) is target-restricted if, for every shape name s occurring in T, it
is the case that s does not use in C' any of the class and property names appearing in T'. For
target-restricted shapes graphs (C,T), the ASP program guarantees that repairs of the (C,T,,)
are also repairs of (C,T).

In the following, we assume non-recursive target-restricted shapes graphs and consider the
ground versions over only node targets. For simplicity, we write node targets as shape atoms, that
is we may write T' = {s(a)} instead of T'= {(a, s)}. Note that if the input shapes graph is only
over node targets, then it is automatically target-restricted.

4.1 Encoding into ASP

Assume a repair problem ¥ = (G,C,T), where (C,T) is a non-recursive shapes graph, C' is in
normal form, and T is a set of node targets. We construct a program Py, such that the stable
models of (G, Py) will provide repairs for ¥. Following the standard notation for repairs in
databases [14], we will use special constants to annotate atoms:

(i) ¢** intuitively states that the atom is true in the repair,

(ii) t* states that the atom is true in the input data graph or becomes true by some rule,

(iii) ¢ states that the atom may need to be true, and

(iv) f states that the atom may need to be false.

Intuitively, the repair program implements a top-down target-oriented approach, and starts
by first making true all the shape atoms in the target. From this on, the rules for constraints
specified by the shapes capture violations on the targets in the rule body and propose repairs in
the rule head using the annotations described above. The rules will add annotated atoms, which
represent additions and deletions, that can be applied to the data graph to fix the violations.
Additions and deletions can interact, eventually stabilizing into a model that generates a (not
necessarily minimal) repair.

For every constraint specified by a shape in the shapes graph, the repair program Py consists
of four kinds of rules:
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Phpnnotation 18 a set of rules that collect existing atoms or atoms that are proposed to be in the
repaired data graph.

Prepair is a set of rules that capture violations of the constraints by the data graph (also by
missing data) and propose atoms to be added or deleted so that the fixed data graph satisfies
the constraints.

Pinterpretation 1S a set of rules that collect all the atoms that will be in the repaired data graph.
These are existing atoms from the data graph or atoms proposed to be added by the program.

Peconstraints 1S a set of rules that filter out models that do not provide repairs. For instance, we
add rules that prohibit the same atom to be both added and deleted by the repair program.

We are now ready to describe the repair program.

Adding the shape atoms in the target as facts

First, for each atom s(a) € T, we add the rule s_ (a,t*) +, where s__is a fresh binary relation.
We note that T is constructed in a preliminary step to the repair program, meaning the repair
additions and deletions will not change the grounding of the targets without applying the repair
and recomputing.

PAnnotation

For each class name B, property name p and inverse property name p~ occurring in G and C, we
create a new binary predicate B__ and ternary predicates p_ and p~__, respectively. We add the
following rules to Py:

B_(X,t") + B(X) p_(X,Y,t") < p(X,Y)

B (X,t*)« B_(X,t) p_ (X, Y, t") < p_(X,Y)1)

p_ (Y, X, t) «p _(X,Y)1) p (XY, ") < p_(V, X,t%)

p (Y, X, f)«<p (XY, f) P (XY, f) < p (Y, X, f)
PRepair

For each constraint s < ¢ in C, we add specific rules that consider in the body the scenarios
where s at a certain node is suggested to be true or false in the repair program, and propose in
the head ways to make ¢ true or false, respectively. We note that the presence of negation in
constraints may enforce that a shape atom is false at specific nodes. We present the repair rules
for each normal form that ¢ can take, that is for each type of constraint of the form (NF1) to
(NF5) and (NF6'). We add rules for both s (X,¢*) and s_ (z, f).

If the constraint is of the form (NF1) or (NF3), then we do nothing here and treat them later

as constraints.

If ¢ is a class name B, that is of form (NF2), then we use the fresh binary predicate B__ and

add the rules:

B_(X,t) + s_(X,t") B _(X,f)+s_(X.,f)

If ¢ is of the form s; A - -+ A sy, that is of form (NF4), then we use fresh binary predicates s;
and add the rules:

s1_ (X "), o8 (X, t7) s (X, t7) s1_ (X, )V Vs, (X,f)« s _(X,f)
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If ¢ is of the form —s’, that is of form (NF5), we add the rules:
s’ (X, f) < s_(X,t7) s _(X,t7) s (X, f)

If ¢ is of the form Jr.s’, that is of form (NF6'), then we have to consider the scenarios where r
is a property name p or an inverse property p~. For the case where s is suggested to be true
at X i.e., for s_ (X,t*), we add a new p-edge from X to a fresh node and assign the node to
s’. To this end, we use a function @new(s, X, r), which maps a shape name s, a node X and
a property name or inverse property name r to a new unique value Y. For the case where s
is suggested to be false at X, i.e., for s_ (X, f), we add disjunctive rules that, for all r-edges
from X to some Y with s’ true in Y, makes one of these atoms false.

s (@Qnew(s, X,r),t*),r_(X,@Qnew(s, X,r),t) + s_(X,t*)
r (X,Y,f)vs_ (Y, f)+ s (X, f),r_(X,Y,t")

I:)Interpretation
For every class name B, property name p and inverse property name p~ occurring in the input,
we add the following rules:
B_(X,t") + B_(X,t"),not B_(X,f) p_(X,Y, ")« p_(X,Y,t"),not p_(X,Y, [)
pT (XY 1) = pT (XY %), not p~_(X,Y, f)
Intuitively, these rules will generate the atoms that will participate in the repaired data graph,

that is the atoms that were added to the data graph, and those atoms from the data graph that
were not deleted by the rules.

PConstraints

We add to Py sets of rules that will act as constraints and filter out models that are not repairs.

(1) For each constraint of the form s «— T, that is of form (NF1), we add + s_ (Y, f).
(2) For each constraint of the form s < ¢, that is of form (NF3), we add the rules:

—s (X,t"), X #£c¢ — s (¢, f)
(3) For each class name B, property name p and inverse property name p~ in the input, we add:

«~ B_(X,t),B_(z,f) —p_(X,Y,t),p_(X,Y, f)
—p (XY t),p” _(X,Y,f)

Rules (1) and (2) ensure that models preserve constraints of type (NF1) and (NF3) that cannot
be repaired, and (3) ensures that no atom is both inserted and deleted from G. The atoms marked
with ¢** in a stable model of Py form a repaired data graph that validates (C,T).

» Theorem 7. Assume a repair problem U = (G, C,T). For every stable model M of (G, Py), the
data graph G’ validates (C,T), where G’ is the set of all atoms of the form B(a), p(a,b) such that
B_(a,t*) and p_(a,b,t**) are in M.

Proof. We need to show that for every stable model M of (G, Py), the data graph G’ validates
(C,T), and in particular that the updated graph G’ satisfies two conditions: (i) there exists an
assignment I for G’ that is a model of C, and (ii) all targets in T are satisfied under I. The proof
leverages the structure of the ASP program Py and its components. First, we note that G’ consists
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of all atoms B(a) such that B (a,t**) € M and all atoms p(a,b) such that p_ (a,b,t**) € M,
note that these atoms are confirmed to be true, that is atoms from the input data graph that were
not deleted and atoms that were added by the rules. This follows from the rules in Pipterpretation
and the constraints in Poonstraints (Rule 3), which ensure that no atom is both added and deleted.

It suffices to show that there exists an assignment I, such that for every s(a) € T' it holds that
a € [p]!, where s < ¢ is the constraint for s in C. Clearly, since the constraints are non-recursive,
such assignment I can be extended minimally to satisfy all constraints in C for all nodes in G'.

Let M be a stable model of Py. We define I = G’ U L, where L contains all the shape atoms
s(a) such that s_(a,t*) € M and s_(a,f) ¢ M. By construction, all targets T' occur in L.
We show a stronger claim: for every node a and shape s with s(a) € I, then a € [p]! where
s + ¢ € C. We prove this claim by induction on the depth d(s) of shape s in the dependency
graph. Let s <~ ¢ € C be the constraint defining s in C. Recall that there is a unique constraint
for each shape name in C. The depth d(s) is defined recursively as follows: d(s) = 0 if there
is no shape names appearing in ¢, d(s) = 1 if all shape names s’ appearing in ¢ have depth 0,
that is d(s’) = 0; and d(s) = 4 if there exists a shape names s’ in ¢ with d(s’) =i — 1 and for all
other shape names s” occurring in ¢ it holds that d(s”) < i — 1. To prove the claim, we consider
normalized constraints of form (NF1)-(NF5), (NF6').

For the base case (d(s) = 0), we consider all the types of constraints with depth 0, that is s does
not depend on other shape names. First, consider a constraint s <~ T of the form (NF1). The rule
+ s_(Y, f) added in Pgoonstraints €nsures no node is assigned s_ (Y f), and hence s_ (a, f) ¢ M.
Clearly, that s_(a,t*) € M, then a € [T]! = V(G’) trivially. Thus, a € [¢];. Next, consider
a constraint s < B of the form (NF2). By construction the following two rules are in P\p'
B_(X,t) + s_(X,t*)and B_ (X, f) < s_(X, f). If s(a) is true in T it means that s_ (a,t*) €
and s_(a,f) ¢ M. Hence, B_(a,t) € M and B_(a,f) ¢ M. The fact that B_(a,t) €
implies that B_ (a,t*) € M, which together with B_ (a, f) ¢ M imply that B_ (a,t*) € M. By
construction of M, this implies that B(a) € G’ and hence a € [B]!. Finally, assume s(a) was
added because of a constraint of type (NF3) s «— ¢. By construction, the rules <+ s (X, t*), X # ¢
and < s_(c, f) are in Py. If s_(a,t*) € M, then a = c. Thus, a = ¢ € [c]".

Assume the hypothesis holds for all s’ with d(s") < d(s). We show the claim for constraints
s < @ of the form (NF4), (NF5), and (NF6'). Assume a constraint of the form s < s1 A+ A sy,
(NF4). The repair rule s1_ (X, t*),...,s, (X, t*) = s (X,¢*) isin Py. Since M is a model, then
s_(a,t*) € M, then s;_(a,t*) € M for all 1 < i < n. By induction hypothesis (d(s;) < d(s)),
it holds that a € [s;]? for all i. Hence, a € (,[si]r = [¢]’. Next, assume the constraint is
of the form s < —=s’ (NF5). The program P, contains the repair rules s’ (X, f) « s_(X,t*)
and s’ (X,t*) « s (X, f). Since s_(a,t*) € M, then s'_(a, f) € M. By hypothesis it follows
that a ¢ [s']?, so a € [-s']?. Finally, we show for constraints of the form s « Jp.s’ (NF6').
The repair rules s’ (Qnew(s, X,p),t*), p_ (X, Qnew(s, X,p),t) « s_(X,t*) where Y adds a
fresh node @Qnew(s, X,p) is in Py. Let the fresh node for @new(s, X, p) be c¢. By hypothesis, if
s_(a,t*) € M, thenp_ (a,c,t) € M and p_(a,c,t™) € M (no deletion), so p(a,c) € G'. Moreover,
s'_(c,t*) € M implies s'(c) € I (by induction hypothesis (d(s') < d(s)). Hence, a € [3p.s']!. =

We note that this theorem carries over to all the extensions, the version with cardinality constraints
and constants and the version with property paths, we propose in this paper. It is easy to see that,
since the rules are non-recursive in essence,® the number of fresh nodes that can be introduced in
a stable model is in the worst-case exponential in the size of the input constraints. However, we
do not expect to see this behavior often in practice.

5 Technically speaking, the repair rules above may be recursive. However, if the annotation constants ¢, f, t*, t**
are seen as part of the predicate’s name (instead of being a fixed value in the last position), then the rules are
non-recursive.
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We illustrate the repair program with a representative example.

» Example 8. Consider the repair problem ¥ = (G,C’,T) from Example 2, where C’ is the
normalized version of C. We construct the repair program Py as follows.

For Pannotation We use fresh predicates enrolledIn_ and Course_. The rules for Course__ are
Course_(X,t*) < Course_(X,t), and Course_(X,t*) <— Course(X); the rules for enrolledIn__
are analogous. Intuitively, these rules will initially add the atom enrolledIn_(Ben,Cq,t*) to
the stable model. For Pgrepair, we add the following rules, where F' stands for the function
@new(StudentShape, X, enrolledIn).

enrolledIn_ (X, F,t),s_(F,t") < StudentShape_ (X, t*).
enrolledIn_ (X,Y, )V s_ (Y, f) < StudentShape_ (X, f), enrolledIn_ (X,Y,t*)
Course_ (X, t) < s_ (X, tx)
f) s (X, f)

Course_ (X,

Intuitively, these rules together with the rules in Papnotation Will add to the stable model the
two atoms enrolledIn_ (Ben,new;,t*) and Course_(newi,t*) with a fresh node new;. For
Printerpretation, we add: Course (X, t**) < Course (X,t*), not Course (X, f) for Course
and proceed analogously for enrolledIn_. For Pgonstraints, we add the (constraint) rule: <«
Course_(X,t), Course_ (X,Y, f) for Course__ and proceed analogously for enrolledIn__. Since no
atom labeled with “f” is generated by the rules, then the three atoms mentioned above will be
annotated with “¢**” by the rules in Pipterpretation-

Thus, there is one stable model with the atoms enrolledln_(Ben,Cq,t**),
enrolledIn_ (Ben,newy,t**) and  Course_(newq, t*). The corresponding atoms
enrolledIn(Ben, C1), enrolledIn(Ben, new;) and Course(new;) will form the repaired data graph
G’ that validates (C',T'). Hence, the only repair is (A, ), where A contains enrolledIn(Ben,new, )
and Course(new).

Additions and Deletions. A stable model of the repair program contains atoms annotated with
“t**” which represent all the atoms that have to be in the repaired data graph, i.e., it may include
original atoms from the input data graph and new atoms added by the repair rules. However, we
want to represent repairs as sets of atoms that are added to and deleted from the input data graph.
To achieve this, we use two fresh unary predicates add and del, and we add rules that “label” in a
stable model with the label add all the atoms annotated with “¢t**” that were not originally in the
data graph, and label with del all the atoms annotated with “f” that were originally in the data
graph. To this aim, for every class name B and property name p in the input, we introduce a
function symbol (with the same name) whose arguments are the tuples of B and p, respectively.
We show the rules for class names and property names. The rules for inverse property names are
analogous.

add(B(X)) « B_(X,t™),not B(X) del(B(X)) « B_(X, f), B(X)
add(p(X,Y)) <= p_(X,Y,t™),not p(X,Y) del(p(X,Y)) - p_(X.Y, f),p(X,Y)

Considering Example 8, the repair will label all three atoms with add and it will label no atoms with
del. The repair is represented by the additions add(enrolledin(Ben,C4)), add(enrolledIn(Ben,new:))
and add(Course(new1)). When applying this repair to the input data graph, it will restore
consistency and the resulting repaired graph will validate against the constraints.

TGDK
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4.2 Generating Minimal Repairs

We are interested to generate cardinality-minimal repairs, i.e., repairs that make the least number
of changes to the original data graph. More formally, given a repair £ = (A, D) for U, ¢ is
cardinality-minimal if there is no repair {’ = (A’, D’) for ¥ such that |A| + |D| > |A'| + |D’|.
As already noted in Section 3, repairs produced by our repair program built so far may not
be cardinality-minimal, and this holds already for constraints without existential quantification.
Consider the following example.

» Example 9. Let (G,C,T) be a repair problem, where G is empty, T' = {s(a)}, and C contains
the constraints: s < s1V s2, sl < By, and s2 < By A By, where B; and By are class names, and
s, s1, s2 are shape names. To ease presentation, the constraints are not in normal form. Clearly,
to validate the target s(a) the repair program will propose to make s1(a) or s2(a) true. Hence,
there will be two stable models: one generates a repair that adds Bj(a), i.e., contains add(Bi(a)),
and the other adds both Bj(a) and, the possibly redundant fact, Ba(a), i.e., contains add(Bi(a))
and add(Bs(a)).

To compute cardinality-minimal repairs, which minimize the number of additions and deletions,
we introduce a post-processing step for our repair program that selects the desired stable models
based on a cost function. We count the distinct atoms for additions and deletions and add a cost
to each of them. The repair program should only return stable models that minimize this cost.
More specifically, we add the #minimize{1,W : add(W);1,V : del(V)} optimization rule to Py,
which uses a cost 1 for each addition or deletion. We can also change the cost for additions and
deletions depending on different repair scenarios, where one could have a higher cost for additions
over deletions or vice versa.

4.3 Repairing Maximal Subsets of the Target Set

In this section, we discuss the situation where it is not possible to repair all of the targets, e.g.,
because of conflicting constraints in shape assignments to the target shape atoms or because of
unsatisfiable constraints. Consider for instance the constraint s < B A =B, where B is a class
name. Clearly, there is no repair for any shape atom over s in the target, since there is no way to
repair the body of the constraint. Similarly, consider the constraints sl <— B and s2 <— =B and
targets sl(a) and s2(a); in this case adding B(a) violates the second constraint and not adding it
violates the first constraint. In both scenarios, the repair program will return no stable model,
and hence, no repair. However, it still might be possible to repair a subset of the shape targets. In
practice, we want to repair as many targets as possible. To support such a scenario, we introduce
the concept of maximal repairs, which is a relaxation of the previous notion of repairs.

» Definition 10. Let ¥ = (G,C,T) be a repair problem. A pair (A, D) of sets of atoms is called
a maximal repair for U if there exists T' C T such that (i) (A, D) is a repair for (G,C,T") and
(ii) there is no T" C T with |T"| > |T’| and (G,C,T") having some repair.

To represent this in the repair program, we add rules to non-deterministically select a target for
repairing or skip a target if the repair program cannot repair it. This approach could be viewed
similar in spirit to SHACL’s sh:deactivated (https://www.w3.org/TR/shacl/#deactivated) dir-
ective that allows for deactivating certain shapes, with the difference that we “deactivate” targets
instead of whole shapes which are automatically selected by the repair program based on op-
timization criteria. To this end, for each shape atom s(a) in the input target set T, instead of
adding all s_ (a,t*) as facts, we add rules to non-deterministically select or skip repair targets. If
there are no conflicting or unsatisfiable constraints, then the stable models provide repairs for
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all the targets. However, if a repair of a target shape atom is not possible, because some shape
constraints advise t as well as f, then the repair program will skip this target shape atom and the
stable models will provide repairs only for the remaining shape atoms in 7. We introduce two
predicates actualTarget and skip Target, where actualTarget represents a shape atom in the target
that will be selected to repair, whereas skip Target represents a shape atom in the target that is
skipped and will not be repaired. For each s(a) in T we add the rules:

actualTarget(a, s) V skip Target(a, s) < s(a) s_(a,t*) < actualTarget(a, s)

We want to first repair as many target shape atoms as possible, and then minimize the number of
additions and deletions needed for these repairs. To this end, we add the #minimize{1@Q3, X, s :
skipTarget(X, s)} optimization rule to Py to minimize the number of skipped targets and the
#minimize{1Q2, W : add(W);1Q@2,V : del(V)} rule to minimize the additions and deletion. Note
that we choose a higher priority level for minimizing the number of skipped targets (1@3) than for
minimizing additions and deletions (1@2). This rule minimizes the skip Target atoms and therefore
maximizes the actualTarget atoms based on the cardinality.
To illustrate the concept of mazimal repairs, consider the following example.

» Example 11. Let (G, C,T) be a repair problem, where

G = {enrolledIn(Ben,Cy)}

T = {StudentShape(Ben), TeacherShape(Ben)}

C = {TeacherShape < Jteaches. Course A —~StudentShape,
StudentShape + JenrolledIn. Course}

Thus, Ben is a target node for both StudentShape and TeacherShape. However, the first con-
straint states that a node cannot be a TeacherShape and StudentShape at the same time, which
causes a contradiction when applied to Ben. A model of the program can only include either
the atom actualTarget(Ben, TeacherShape) or the atom actualTarget(Ben,StudentShape). The
repair program chooses skip Target(Ben, TeacherShape) to skip the shape atom TeacherShape(Ben)
and repairs the shape assignment for StudentShape(Ben). In this case, this is the maximum
possible number of repaired shape targets. Note that skipping either StudentShape(Ben) or
TeacherShape(Ben) will result in a repair, but only the choice to skip TeacherShape(Ben) will
result in a cardinality-minimal repair.

Changing the optimization cost to skip targets allows to specify a preference among targets or
shapes, thereby adapting to different repair scenarios.

5 Extension with Cardinality Constraints and Constants

In Section 4, we proposed a repair program for a restricted setting with cardinality constraints of
the form s <>, p.s’ with n = 1. We now explain the extension to support cardinality constraints
with unrestricted n, which are of form s +>, p.s’. We label such constraints with (NF6”). In
addition to supporting the generation of new values, we now also allow to reuse existing constants
from the input, which may even be necessary to generate some repair. E.g., consider an empty
data graph G, the set of constraints C' = {s + Ip.s’, s’ « ¢}, and the target T = {s(a)}. Since
the second constraint forces the selection of the constant ¢ when generating a value for p, the only
possible repair for (G, C,T) is to add the atom p(a, ¢). However, we prioritize picking a fresh node
over an existing one if picking a constant is not necessary.

More precisely, for a repair problem ¥ = (G, C,T), where C contains constraints of the form
(NF1)-(NF5) and (NF6”), we construct the repair program Py, which contains all the rules from
Py except for the rules for (NF6') in Prepair, 1-€., the rules for existential constraints, which will
be replaced by the rules described here.

1:17
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Repairing cardinality constraints. If ¢ is of the form >, p.s’, that is of form (NF6”), then for

repairing the case s_ (X,t*) we need to insert at least n p-edges to nodes verifying s’. We first

collect all nodes from C' that are part of constraints to make sure that all necessary nodes are

available to be picked for additions of property atoms. For every node ¢ in C, we add: const(c) +
For the case where s is suggested to be true at X, i.e., for s_ (X, t*), we add the following
rules.

choose(s, X,p,0) V - -V choose(s, X,p,n) + s_(X,t")
p_ (X, Qnew(s, X, p,1..9),t) < choose(s, X,p,i),i # 0
0 {p_(X,Y,t): const(Y)} |const(Y)| + s_(X,t")
n {s'(Y,t*) : p_(X,Y, ")} max(n, |const(Y)]) + s_ (X, t")

In the following, we explain the rules (1) - (4) in detail. For adding atoms over p__ to satisfy
>, p.s’, we either generate fresh nodes using the function @new or we pick from collected constants.
For generating atoms with fresh nodes, we add a disjunctive rule (1) and use a fresh choose
predicate, which is used to non-deterministically pick a number from 0 up to n for adding atoms
over p__ to fix the cardinality constraint. To add the actual atoms, we add a rule (2) that produces
this number of atoms using the @new function, which will generate a new unique value Y for
every (s, X,p,) tuple with s a shape name, p a property name, and i € {1...n}. With these two
rules, we can generate as many atoms over p__ as necessary to satisfy the cardinality constraint.
Similarly to adding atoms with fresh nodes, we can also pick constants from C. We add a rule (3)
to pick a number of 0 up to the maximum number of constants — using clingo’s choice constructs,
which allow to be parameterised with a lower and upper bound of elements from the head to be
chosen — which will only pick constants if necessary because of constraints. In addition to adding
atoms over p, we need to satisfy s’ on a number of n nodes. We add a rule (4) to pick at least n,
but might pick up to as many values as there are constants, so that we can satisfy the cardinality
as well as any constraints that require specific constants. Note that an expression of the form
1 {W : V} m intuitively allows to generate in the model a number between | and m W-atoms
whenever V-atoms are also true.

For the case where s is suggested to be false at X, i.e., for s_ (X, f), we pick from all atoms

p(X,Y) to either delete the atom or falsify s’ at Y. We add a disjunctive rule to pick one or

the other (but not both).

C{p1 Vot £+ s (X, f), #count{Y : p_(X,Y,t*)} =m,m > (n — 1) (5)

where £ = m — (n — 1), ¢; is the expression p_(X,Y,f) : p(X,Y),not '_(Y,f) and v is
s_(Y, f) :p_(X,Y,t*),not p_(X,Y, f). To make s__ false at X, we have two disjunctive options
that we can falsify. The first option is to falsify the p_ atom. This can only be selected if s’ was
not falsified at node Y. The second option is to falsify the s’ at node Y, which in return should
only be possible if the p_ atom was not falsified. By picking m — (n — 1) choices, we make sure
that only the maximum allowed cardinality will be in the repaired graph.

Constant Reuse Optimization. The rules above are allowed to pick any constants that are
needed to satisfy constraints in the current model. However, we want to pick a constant from
C only if it is necessary to satisfy a constraint. To achieve this, for every constraint of the form
§ <>, p.s', that is of the form (NF6), we add the #minimize{1@1,X,Y :p_(X,Y,t),const(Y)}
optimization rule to Py that minimizes the use of constants among the different minimal repairs.
We choose a lower priority level (1@1) for minimizing the use of constants after minimizing
additions and deletions with a priority (1@2) and after minimizing the number of skipped target
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atoms (1@3). We first want to have minimal repairs and then among them to pick the ones with
a minimal number of constants. Note that this encoding may produce different repairs from the
encoding in Section 3 on the same example as illustrated below.

» Example 12. Consider again Example 8. The repair program Pj, will generate three repairs.

Ay = {Course(Ch)}, D, ={}
As = {Course(C4), enrolledIn(Ben, new; )}, Dy ={}
As = {enrolledIn(Ben, new;), Course(news )}, Ds={}

The first repair will only add Course(Cy). Intuitively, rule (1) adds choose(s, X,p,0) to the
model, rule (2) and (3) will not add atoms, and rule (4) adds s_ (Cy,¢*) which together with the
other rules treated in Example 8 add Course_ (Cy,t) and Course_ (C1,t**), and hence result in
the repair adding Course(C7). The second repair will add enrolledIn(Ben,new,) in addition to
Course(C7) because of picking ¢ = 1 in rule (1), and generating a fresh value new; in (2), while
still picking C; for s_. The third repair will assign new; to s_, thus resulting in the repair (4, )
from Example 8. The optimization feature will return only the minimal repair that only adds
Course(Ch).

6 Extension with Property Path Repairs

The repair program Pj, from the previous section provides repairs for shape constraints without
path expressions. More precisely, it can support constraints of the form (NF1)-(NF5) and a
restriction of constraints of the form s «+>,, E.s', that is of form (NF6), where E can only be
a property name instead of a path expression. We now show the ASP rules to support path
expressions and path equality, and hence unrestricted constraints of the form (NF6) and (NF7),
respectively. This completes our encoding into ASP for the SHACL fragment considered in this
work.

For a repair problem ¥ = (G, C,T), where C' is a non-recursive set of SHACL constraints of
the form (NF1)-(NF7) and T is a set of node targets, we construct a repair program Pg’"" whose
stable models provide repairs for . In particular, Pg”™" contains all the rules from the repair
program Py from Section 4 except for the rules for (NF6) in Prepair- These rules will be replaced
with more general rules that capture the full constraints of the form (NF6). We will also add rules
that capture constraints of the form (NF7). As in Section 5, we prioritize picking a fresh node
over an existing one if picking a constant is not necessary.

» Example 13. Consider the following example. We introduce a new ReviewedPublicationShape,
which verifies that a reviewed publication must have reviewers from at least three different
institutions. We define this constraint using a property path with a sequence path as follows for a
repair problem (G,C,T).

G = {hasReviewer(Publ, Revl), hasReviewer(Publ, Rev2), hasReviewer(Publ, Rev3),

worksFor(Revl, WUWien), worksFor(Rev2, WUW ien), worksFor(Rev3, TUWien)}

T = {ReviewedPublicationShape(Publ)}

C = {ReviewedPublicationShape <—>3 hasReviewer - worksFor}
We assign ReviewedPublicationShape to Publ. For the shape assignment to validate, we need
property paths to reach at least 3 different nodes starting from node Publ. However, although
there are three different property paths to nodes via the reviewers Revl, Rev2 and Rev3, only

two different nodes, WUWien and TU Wien, are reachable. We need at least one additional node
to be reachable via the property path to make ReviewedPublicationShape validate Publ.

1:19
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To repair property paths, we will first add an auxiliary rule that will be useful in the rest of the
section. The idea is that for each constraint with a path expression occurring in the body of the
constraint, we want to collect all the pairs of nodes that the path connects and that are relevant
for the particular constraint. Specifically, for every constraint of the form s <>, E.s’, that is of
form (NF6), or of the form s +— E = p, that is of form (NFT7), we collect all the pairs of nodes
that intuitively are the start and end of E-paths from nodes verifying s. Assume F is of the form
r1 -T2+ -7y and each r; is either a property name p; or an inverse property name p; . We use
a fresh auxiliary ternary predicate p*”  to collect such pairs and add to Pg”™" for each such
constraint a rule:

PP (X, V) s (X, ), (X, X1,t%),. . ru (Xuo1, Y, 1) (6)

For simplicity, we call instances (a,b) of p*”__ pairs of source and end nodes, representing the
source node a verifying the shape name s and the end node b reachable from a through the path E.

Repairing constraints of form (NF6)

Assume ¢ is of the form >, E.s’, that is the constraint for s is s <>,, E.s’, where E is of the
form ry - 79 - - - - 1. Intuitively, for repairing the case where s is suggested to be true, that is for
s_(X,t*), we need to make sure there are E-paths to at least n nodes verifying s’. Analogously,
for repairing the case where s is suggested to be false, that is for s_ (X, f), we need to make sure
that less than n nodes are reachable from X through F-paths. We now present the rules for each
case, which will be added in the Pgepqir part of the program.

We describe the rules for the case when s_ (X,t*). We first add the following rules:

choose(s, X,p*F,0) V - - -V choose(s, X, p*F n) + s_(X,t*) (7)
p’f (X, Qnew(s, X, p*F,1..4),t) « choose(s, X, p*F,i),i #0 (8)
0 {p*F_(X,Y,t): const(Y)} |const(Y)| + s_(X,t*) 9)
n {s'_(Y,t*): p°F (X,Y,t**)} max(n, |const(Y)]) + s_(X,t*) (10)

To make sure we consider all E-paths in G and do not generate more values than needed, we make
use of the auxiliary predicate p*® . We add the rules (7)-(10) analogously to the rules (1)-(4)
from the previous section, which generate just enough fresh values Y as end nodes in p*¥_ to
satisfy the cardinality n. Similarly, we pick a number up to the maximum number of constants for
p*F_ and we pick a number of n end nodes in p*¥__ to satisfy s’. For constant reuse optimization,
we add the #minimize{1@1, X,Y : p*¥ (X,Y,t),const(Y)} optimization rule to Pg’"?.

We add rules, which for each property r; at some node X, suggest to either generate a fresh
value to be r;-connected to X, or keep some existing r; atom. We first add the case for generating

r1 separately and then for each 1 < i < u — 2, we add the following rules:

choose(s, X,71,0) V choose(s, X,r1,1) « p*F_(X,Y,1) (11)

r1_ (X, Qnew(s, X,r1,1),t) + choose(s, X,r1,1) (12)

choose(s, X;,Ti+1,0) V choose(s, X;,riy1,1) (13)
—pF (X, Y, ), (X, X0, ), (Xior, X, t7%)

riv1_(X;, Qnew(s, Xi,riv1,1),t) (14)

— ChOOSG(S7 Xz', Ti+1, 1)7 Tli(X, Xl, t**), Ce ,Tii(Xi_l, Xi7 t**)
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Note that in the above rules X, stands for X and X, stands for Y. We have generated the paths
from nodes verifying s up to r,_1. The following rule allows to generate last edges 7, from X, 1
to some Y that can either be a constant generated by rule (9), or a fresh value generated by
rule (8). This rule together with rule (10) and rule (6) will make sure there are enough E-paths
connected to enough values to satisfy the cardinality n. We add the rule:

0 {Tuf(Xufla K t)} 1+ pSEf(X7 Y7 t)a T17<X7 Xla t**)7 sy ruflf(Xuf% Xu71> t**) (15)

For the case where a property shape s is suggested to be false at X with a cardinality of n,
i.e., for s_ (X, f), we pick from all atoms p*¥_(X,Y,t*) to either cut the E-path or falsify s’
at Y. We add the following rules:

sV u} € s (X, f), #count{Y : p*P (X, Y, t)} =m,m> (n—1) (16)

where £ = m — (n — 1), 13 is the expression p*F (XY, f) : p*¥_(X,Y,t*),not s'_(Y, f) and 1
is the expression s’_ (Y, f) : p*f_(X,Y,t*),not p°F_(X,Y, f).

Tlf(X)lef)v"'vrui(XU717Y:f) (17)
—pf (XY, f),r (X, X0, 1), e (X1, Y tF)

We add rule (16) analogous to rule (5) to pick from all E-paths p*¥ _(X,Y,t*). To make s__ false
at X, we have two disjunctive options that we can falsify. The first option is to cut the E-path
by falsifying one of the atoms 71 - 73 - -+ - r,. This can only be selected if s’ was not falsified at
node Y. The second option is to falsify the s’ at node Y, which in return should only be possible
if the E-path from start node X to end node Y was not falsified via p*¥ (XY, f) atom. Again,
by picking m — (n — 1) choices, we make sure that only the maximum allowed cardinality will be
in the repaired graph. Consequently, we add rule (17) to cut paths, if an E-path was suggested
to be false via p** (XY, f) atom, by picking from all E-path atoms ry - 7o --- -, (exactly) one
atom to falsify, thereby cutting the E-path. Note that multiple (potentially overlapping) cuts for
different E-paths will be minimized regarding cardinality by the optimization rules.

Repairing constraints of form (NF7)

Finally, assume ¢ is of the form F = p, where E is a path of the form ry -75----r, and p is a
property name. Intuitively, for repairing the case where s is suggested to be true, that is for
s_(X,t*), we need to make sure there is a property atom p(X,Y") for every E-path from X to Y
and vice versa. Analogously, for repairing the case where s is suggested to be false, that is for
s_ (X, f), we need to make sure that for at least one E-path from X to Y there is no property
atom p(X,Y) or vice versa. We now present the rules for each case, which will be added in the
PRepair Part of the program.
For the case where s is suggested to be true at p*¥_(X,Y,t*) with equality to a property
p(X,Y), we add the following rules to make sure that for every E-path from X to Y there is
also a property atom p(X,Y) in the repair. We repair this case by using a disjunctive rule to
either add or delete property atoms.

(XY )V (XY f) s (X, t7),p" (XY, 1) (18)
PP (XY )V (XY, f) ¢ s (X, t"),p_(X,Y,t") (19)

The above rules will make sure to generate properties and auxiliary properties to ensure the
equality. Rule (18) suggests for every E-path from X to Y that is suggested to be true to either
make true p(X,Y) or to make false the E-path. Rule (19) does the same for every p(X,Y)
suggested to be true.
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Now the auxiliary properties together with rules (11) to (15) will propose actual paths from
the source to the end nodes generated in the auxiliary properties. Since these rules may or may
not construct the paths, we add constraints (25) and (26), which together with interpretation
rule (23) will enforce the generation of the entire path.

For the case where s is suggested to be false, we add rules which make sure that there is at least

one p*f (XY, t*) with no p_ (X, Y,t*) or one p_ (X, Y, t*) with no p*¥_(X,Y,t*). Again, we

can repair this case by using a disjunctive rule to either add or delete property atoms.

notEquals(s, X,p*¥ ,p) < s (X, f),p*¥ _(X,Y,t*),not p_(X,Y,t") (20)
notEquals(s, X,p*",p) < s_(X, f),not p*" _(X,Y,t*),p_(X,Y,t*) (21)
L{p*P (XY, f)ip (X, Y, t*)Vp (XY, f): p*P _(X,Y,t")V (22)

pSEi(X, Qnew(s, X, p°*F, 1),t) Vp_(X,Qnew(s, X,p,1),t)} 1
— s_(X, f),not notEquals(s, X, p*F p)

We add two rules (20) and (21), which use a fresh notFEquals predicate, to collect cases where
there is a p*F (X, Y,t*) with no p_ (X,Y,t*) or there is a p_ (X, Y,t*) with no p*F_(X,Y,t*).
If no such a case exists, then the repair rule (22) creates exactly one such case by choosing one of
four disjunctive options. Either it suggests p*¥_ (XY, f) where there is a p_ (X, Y, t*), suggests
p_(X,Y, f) where there is a p*F_(X,Y,t*), suggests a fresh p*F_ (X, @Qnew(s, X,p*¥,1),t) or
suggests a fresh p_ (X, @new(s, X,p,1),t). Each of these options will falsify the equality for
s (X, f).

IJI nterpretation

We add an interpretation rule which makes p*®_ true for the repair if all property atoms on the
path ry - ro--- -7, are true in the repair.

PP (X, Y, ) (23)
— pSEf(X7 K t*)7 not pSEf(Xa K f)7 Tli(X, Xla t**)a cee 7Tuf(Xu71> Ya t**)

PConstraints

We add a constraint rule for p*F_ to filter models that are not repairs.
= (XY 1), 07 (X,Y,f) (24)
We also add constraints to filter models which do not repair an equality.

s (X, ), pF_(X,Y,t"),not p_(X,Y,t™) (25)
s (X, t7),p_(X,Y,t7),not p*F_ (XY, £7) (26)

The above rules conclude our encoding into ASP of the SHACL fragment considered in this
paper. The correctness of the encoding is captured in the following theorem.

» Theorem 14. Assume a repair problem ¥ = (G,C,T), where C is a non-recursive set of SHACL
constraints of the form (NF1)-(NF7) and T is a set of node targets. We construct a repair program
Py where, for every stable model M of Py, (A, D) is a mazimal repair for U, where (A, D)
is obtained as follows:
A contains all atoms of the form B(a), p(a,b) not occurring in G such that B_ (a,t**) and
p_(a,b,t**) are in M, and
D contains all atoms of the form B(a), p(a,b) from G such that B_(a, f) and p_(a,b, f)
i M.
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Idea. Let ¥ = (G, C,T) be a repair problem where C' is a non-recursive set of SHACL constraints
in normal form (NF1)—(NF7) and T is a set of node targets. Let Pg”™" be the ASP program
constructed in Section 6. Let M be an arbitrary stable model of of (G, Pg™™"), let (A, D) be
the repair from M obtained as above, and let G’ be the repaired data graph obtained as follows
G' = (GU A)\ D. First, that (A, D) is a maximal repair for ¥ by Definition 10 means that
there exists 7" C T such that (i) (A4, D) is a repair for (G,C,T") and (ii) there is no 7" C T with
|T"| > |T’| and (G, C,T") having some repair. Intuitively, this is ensured by the soft constraints,
which allow to skip node targets if a stable model for all the node target is not found. Let
T* C T be the set of node targets s(a) from T such that s_(a,t*) € M. Then, by construction,
actualTarget(a, s) € M for each such node target s(a) € T, which together with the optimization
rule that minimizes the skipTarget atoms and M being a stable model, implies that there is no
node target s'(a’) € T\ T* that could be repaired.

Finally, we show that (A, D) is indeed a repair for (G, C,T*). Let I be a shape assignment
defined as I = G’ U L, where L = {s(a) | s_(a,t*) € M and s_ (a, f) ¢ M}. Arguing analogously
to the proof of Theorem 7, it suffices to show that for every node a and shape s with s(a) € I,
then a € [¢]! where s < ¢ € C. The shape assignment I can be naturally extended to a model
of all the constraints by simply evaluating the bodies of the constraints starting from shapes with
depth 0, updating I by adding the corresponding shape atoms, and then proceeding with depth 1
and so on until no new shape atoms are entailed. Let I’ be the new shape assignment obtained
this way. Clearly, I’ satisfies all the constraints and includes the targets.

The proof is analogous to the proof of Theorem 7, that is by induction on the depth d(s) of
each shape name s in the dependency graph of C. We show the claim (the induction step) only
for the additional constraints of the form (NF6) that are supported in Py ™P. The base case for
constraints of the form (NF7) uses similar arguments.

Suppose s(a) € I and the constraint for s in C is s <>, E.s" of the form (NF6). We need to
show that a € [>,, E.s']!, that is there exist at least n distinct nodes Y such that (a,Y) € [E];
and '(Y) € I. By construction of I, it must be that s_(a,t*) € M and s_(a, f) ¢ M.

From rule (7), the presence of s_ (a,t*) € M implies that M contains exactly one atom of
the form choose(s, a, p*F i) for some i € {0,...,n}. If i > 0, then rule (8) ensures the presence
of atoms p*F_(a, @new(s,a,p*F, j),t) in M for j =1,...,i (i.e., i fresh nodes are created). In

addition, rule (9) allows the selection of existing constants Yj such that p*® (a,Yj,t) € M.

Rule (10) then enforces that at least n such nodes Y satisfy s’ (Y,t*) € M.

Now consider each such Y for which p*¥_(a,Y,t**) € M. Rule (23) guarantees that (a,Y) €
[E]!: it ensures that p*f_(a,Y,t*) € M, p*¥_(a,Y, f) ¢ M, and all atoms representing the path
r1_(a, Xq,t*), ..., ry_ (Xy—1,Y, ") are present in M. Additionally, rules (11)—(15) construct
the actual path edges to validate this.

Since the depth of s’ is strictly less than that of s, we apply the induction hypothesis: for all
Y with s (Y,t*) € M, it follows that s'(Y) € I, that is Y € [s'] .

The nodes Y are distinct by construction since fresh nodes are uniquely generated via @Qnew,
and constants are inherently distinct. Finally, rule (10) ensures that there are at least n such
distinct Y satisfying both (a,Y) € [E]! and Y € [s']!. Hence, a € [> n E.s']!, as required. <

In the following, we illustrate the property path repair program with examples.

» Example 15. We revisit Example 13 and change the constraints for ReviewedPpublicationShape
to not only validate for three different institutions, but also to validate that at least three different
reviewers review a publication. We define these two constraints using property paths, where one
path is a sequence path. To illustrate the repair for inverse paths, we exchange the hasReviewer
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property with a reviews property, which navigates backwards from reviewer to publication. We
also change G to include two reviewers for Publ with two different institutions WU Wien and
TUW ien.

G = {hasReviewer(Publ, Revl), hasReviewer(Publ, Rev2),
worksFor(Revl, WUWien), worksFor(Rev2, TUWien)}
T = {ReviewedPublicationShape(Publ)}

C' = {ReviewedPublicationShape < >3 reviews™ A >3 reviews™ - worksFor}

The ReviewedPublicationShape contains two property constraints. The first constraint is a min-
imum cardinality of three on the (inverse) path reviews™, which indicate a reviewer for a pub-
lication. The second constraint is again a minimum cardinality of three on the (sequence) path
reviews~ - worksFor, which indicate that there have to be at least three institutions that the
reviewers work for. With these two constraints we express that there need to be at least three
reviewers from at least three different institutions for a reviewed publication. We represent the
path for reviews™ with an auxiliary property atom p;¥  and the path for reviews™ - worksFor
with an auxiliary property atom p§¥

We assign ReviewedPublicationShape to Publ. However, it does not validate. There are only
two reviewers Revl and Rev2 with institutions WU Wien and TUWien, respectively. To repair
the shape assignment, the repair program picks three p{¥  atoms to be made true for the path
reviews™ and three p5¥ atoms to be made true for the path reviews™ - worksFor via rule (10).
To satisfy this rule, it generates one fresh value for each of pi¥ and ps¥  via rules (7) and (8).
As a further consequence, the repair program adds fresh values for property atoms reviews™ and
worksFor via rules (11), (12) and (15), thereby generating the paths to satisfy both cardinality
constraints of >3. We get the following minimal repairs.

Ay = {reviews(new,, Publ), worksFor(Revl, news)}, D, ={}
As = {reviews(new,, Publ), worksFor(Rev2, news)}, Dy ={}
As = {reviews(new, Publ), worksFor(newy, news)}, Ds; ={}

The minimal repairs fix the cardinality constraints by adding a property atom reviews(new;, Publ)
with a fresh node new; and by adding a property atom reviews with a fresh node news to either
Revl, Rev2 or new;. The result is a data graph with three end nodes for supports™ and three end
nodes for supports™ - worksFor, which validates the shape assignment for ReviewedPublicationShape.

» Example 16. Consider the following example. We introduce a new CourseLimitShape to represent
a limitation of the number of participants for a course. Also, we want to keep the registered
participants in sync with the IDs of the registered students.

G = {enrolledIn(Ann, Coursel), enrolledIn(Ben, Coursel), enrolledIn(Bob, Coursel),
hasStudentID(Ann, 2119110), hasStudentID(Ben, 1716110), hasStudentID(Bob, 9427084),
participantID(Coursel, 2119110)}

T = {CourseLimitShape(Coursel)}

C = {CourseLimitShape «+—<4 enrolledIn™ - hasStudentID
A enrolledIn™ - hasStudentID = participantID}

The CourseLimitShape, which indicates that a course can only have a maximum of two parti-

cipants, is assigned to course Coursel. The constraint is checked by means of the (sequence) path
enrolledIn™ - hasStudentID, which uses an inverse property enrolledIn™ to navigate backwards
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from a course to a student. Also, a course gets the student IDs of the participants noted via the
property participantID which has to be equal to the student IDs of students enrolled in the course
via the path enrolledIn™ - hasStudentID.

We assign CourseLimitShape to C'oursel. However, it does not validate, because there are too many
students enrolled in Coursel (Ann, Ben and Bob). Also the equality constraint on participantID
is not satisfied for student ID nodes 1716110 and 9427084. To repair the shape assignment,
the repair program picks one p*F _ atom (3 existing p*F_ atoms minus a maximum cardinality
of 2) to be made false via rule (16), and as a further consequence picks from atoms on the path
enrolledIn™ - hasStudentID to be made false via rule (17), thereby cutting the path and satisfying
the cardinality constraint of <,. Also, the remaining two paths need to satisfy the equality on
participantID via rules (18) and (19). We get the following minimal repairs.

Ay = {participantID(Coursel,9427084)}, Dy ={enrolledIn(Ben, Coursel)}
Ao = {participantID(Coursel, 9427084)}, Dy ={hasStudentID(Ben,1716110)}
( )
( )

(S )

As = {participantID(Coursel, 1716110)}, D3 ={enrolledIn(Bob, Coursel)}
Ay = {participantID(Coursel, 1716110)}, Dy ={hasStudentID(Bob, 9427084)}

The minimal repairs fix the cardinality constraint by either removing Ben or removing Bob from
Coursel by cutting the path via false advise on either enrolledIn or hasStudentID, while at the

same time adding the participantID of the remaining node (9427084 or 1716110) via true advise.

The result is a data graph with two Coursel participants with their student IDs also noted via
participantID for Coursel, which validates the shape assignment for CourseLimitShape.

7 ASP Implementation

We developed a prototypical system for implementing SHACL repair programs using the Java
programming language and the ASP system clingo.® The prototype parses a SHACL shapes
graph and a data graph, both in Turtle syntax, and translates them into a repair program as a set
of clingo rules and facts. The repair program can then be executed using clingo, which returns
the stable models with (sub)sets of repaired shape target nodes and sets of addition triples and
deletion triples as repairs for the data graph. The implementation is available online on github.”

Generating SHACL repair programs

In the following, we explain the process of running SHACL repairs in detail. Figure 1 shows the
processing flow through the individual processing steps.

Data graph . Addition ;
Turtle fil [—read clingo models tripl |—write
urtie e Transform input clingo rules containing riptes Repaired data
into SHACL ~ [—wri anj facts |—execute atoms for graph
repair program addition and . Turtle file
Shapes graph o ) Deletion L

—read deletion |—write

Turtle file triples

Figure 1 SHACL repair process.

5 https://potassco.org/clingo/
" https://github.com/robert-david/shacl-repairs
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First, input data, which are Turtle files containing the data graph and the shapes graph, are
read by the Java program.

The Java program processes the input and translates it into a SHACL repair program consisting
of clingo rules and facts.

clingo then runs the repair program and returns the answer sets (stable models) containing
atoms for additions and deletions.

The Java program reads the answer sets and writes addition and deletion triples in Turtle
syntax.

The Java program uses the addition and deletion triples to change the input data graph and
create a repaired data graph, which is then written into a file in Turtle syntax.

Translating SHACL shape constraints from RDF syntax to abstract syntax

For implementing the translation, we first need to translate from SHACL shapes in RDF Turtle
syntax into our abstract syntax, which is then further translated into ASP to generate the repair
program. In the following, we show the translation of SHACL shape constraints from Turtle
syntax into our abstract syntax. For some of the constraints, like class membership using sh:class,
there is a simple translation into an equivalent shape expression in abstract syntax. For other
constraints, like minimum cardinality constraint sh:minCount, we need to translate into a complex
shape expression.

Table 1 shows the list of translations from SHACL constraint components in RDF syntax
defined in [32] to complex shape expressions in abstract syntax.

» Example 17. We present an example to illustrate how this translation is done for a SHACL
shape consisting of several constraints. The shape :StudentShape below is translated into a shape
expression as described in Section 2.
:StudentShape a sh:NodeShape;
sh:targetNode :Ben;
sh:property [
sh:path :enrolledIn;
sh:minCount 1;
sh:maxCount 1;
sh:or (
[ sh:class :Course ]
[ sh:in ("ID1" "ID2") 1]

]

The translation into a shape expression is as follows. We introduce new shape names for
conjunctions (sh:and) and disjunctions (sh:or) for better readability. Note that SHACL constraints
on the same node or property are interpreted as a conjunction as stated in [32].

: StudentShape < s1 N so

s1 <>1: enrolledIn.ss A = >1: enrolledIn.—s3

So < — >g: enrolledIn.sy A = >1: enrolledIn.—s3

S3 < S5 V Sg

s5 <—: Course

8¢ + ~(="ID1” A ="ID27) A —=(="ID1” AV’ID27)

This shape expression of StudentShape can be translated into normal form and consequently into
ASP rules as explained in Section 5.
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Table 1 SHACL Constraints Translation.

SHACL constraint

component

Example SHACL constraint
in RDF

Complex shape expression

in abstract syntax

Cardinality constraint components

sh:minCount

sh:maxCount

[ sh:path E ; sh:minCount 2 ]

[ sh:path E ; sh:maxCount 2 |

s> BT

s >3 BT

Logical constraint components

sh:and

sh:or

sh:not

sh:xone

sh:and (:A :B)
sh:or ( :A :B)
sh:not :A

sh:xone ( :A :B)

s+ AANB
s+ AV B
s+ —A

s« (AA=B)V (=AAB)

Shape-based constraint components

sh:in

[ sh:path E ; sh:in ( :cl :c2 ) ]

sh:qualifiedMinCount | [ sh:path E ; sh:qualifiedMinCount 2 ; s+>2 E.A
sh:qualifiedValueShape :A |
sh:qualifiedMaxCount | [ sh:path E ; sh:qualifiedMaxCount 2 ; s« >3 FE.A
sh:qualified ValueShape :A |
Other constraint components
sh:hasValue [ sh:path E ; sh:hasValue :c | s« JE.c

s« 3JE.(c1 V c2)
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8 Tests for SHACL repair programs

To validate our implementation of the SHACL repair program, we decided to test against the
official SHACL data shapes test suite, SHACL Test Suite and Implementation Report.® We then
consider a real-world scenario over Wikidata as a data graph and test the performance against
SHACL shapes with Wikidata constraints [26].

The test suite is intended for SHACL processors to test against the test cases and identify
how far they correctly cover the SHACL W3C recommendation with their implementation. It
also provides a list of published test results from implementations that have submitted their test
results. The tests are maintained by members of the Working Group. In our view, this is the
best candidate to test the SHACL repair program, because the test suite is officially approved
and maintained by the SHACL authors, it provides a sufficient coverage regarding the SHACL
W3C recommendation for testing validation and it is publicly available. Besides the SHACL data
shapes test suite, we also developed unit tests as part of our implementation, which are intended
to provide a sufficient coverage for the implemented SHACL repairs.

For testing performance in a real-world scenario, we use sample data from the Wikidata KG
and SHACL shapes intended to check Wikidata constraints. We select a fixed set of shapes and
scale the sample size to get insights about the performance of our approach with respect to the
size of the data graph.

In the following, we first describe the unit tests that were defined as part of the implementation.
Then, we go into the details of the SHACL data shapes test suite and describe which test cases
were repaired and which gaps are still there regarding our implementation. We then present our
test set of SHACL shapes for Wikidata constraints, describe how we create the data graph samples
and discuss the performance test results.

Unit Test Suite

To verify the repair program implementation, we created a unit test suite that covers all the
implemented shape constraints. The idea is to have minimal independent examples that the
repair implementation can test against. We grouped these examples in seven groups for class
constraints, property constraints, property path constraints, equality on property paths, value
(constant) constraints, logical constraints and constraints that will cause a conflict either within a
shape or between multiple shape assignments. The seven groups also include logical expressions
for conjunction, disjunction and negation, while the (dedicated) logical constraints tests cover the
sh:xone constraint component. The unit test suite consists of a total of 91 test cases.

Data Shapes Test Suite

The main target of our tests is the SHACL data shapes test suite. We looked into the test suite
to identify a maximal subset of test cases that is covered by our current implementation. We
identified a subset of 33 test cases from the 121 test cases in the test suite. We ran the SHACL
repair program against the selected test cases and validated the results by comparing the resulting
repairs with the validation results provided as part of the test cases. Although the validation
results do not directly show the repair options (as described in [3]), they provide insights to
determine if the resulting repairs are viable. In the following, we provide the details of the repair
test results for the selected 33 test cases of the SHACL data shapes test suite. We group them
into 3 groups, which are node, path and property, as named to indicate the purpose in the SHACL

8 https://w3c.github.io/data-shapes/data-shapes-test-suite/
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Table 2 SHACL Unit Tests.

data shapes test suite. All test cases were repaired successfully, if a repair is possible. For 30
test cases, the repairs resulted in a data graph that does not cause any violations on SHACL
validation. For 3 test cases there are skipped targets and a full repair of the data graph is not
possible regarding cardinality-minimal repairs as defined in this paper. The test scenarios showed
that our implementation works according to the defined SHACL repair program to repair the test

cases.

Unit Test Suite
Constraint Test Group | Nr of Tests
Class 8
Property 9
Property path 35
Equals 6
Value (constant) 19
Logical (sh:xone) 4
Conflict 10

Table 3 SHACL Test Results — Node constraints.

SHACL data shapes test suite — node

Test Name Nr of Ok/repaired/skip Comments
Repair Models Targets
and-001 1 1/2/0 sh:and
and-002 2 1/2/0 sh:and
class-001 1 2/2/0 sh:class
class-002 1 2/2/0 sh:class
class-003 1 2/4/0 sh:class with multiple classes,
overlapping target sets
hasValue-001 1 1/0/1 sh:hasValue
in-001 1 3/0/1 sh:in
node-001 1 1/1/0 sh:node
not-001 1 1/1/0 sh:not
not-002 1 1/1/0 sh:mot
or-001 2 2/3/0 shior
xone-001 3 2/1/0 sh:xone
xone-duplicate 1 0/0/2 validation report for
shape xone-duplicate
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Table 4 SHACL Test Results — Path constraints.

SHACL data shapes test suite — path
Test Name Nr of Ok/repaired /skip Comments
Repair Models Targets

path-complex-002 1 0/2/0 path sequence and sh:inversePath
path-inverse-001 3 1/2/0 sh:inversePath
path-sequence-001 1 2/2/0 path sequence
path-sequence-002 1 2/2/0 path sequence
path-strange-001 3 2/1/0 two valid paths together
path-strange-002 3 2/1/0 valid and invalid paths together

Table 5 SHACL Test Results — Property constraints.

SHACL data shapes test suite — property
Test Name Nr of Ok /repaired/skip Comments
Repair Models Targets
and-001 5 1/3/0 sh:and
class-001 4 2/1/0 sh:class
equals-001 1 2/4/0 sh:equals
hasValue-001 1 2/1/0 sh:hasValue
in-001 1 2/1/0 shiin
maxCount-001 2 1/1/0 sh:maxCount
maxCount-002 1 1/1/0 sh:maxCount
minCount-001 1 1/1/0 sh:minCount
minCount-002 1 1/0/0 sh:minCount
node-001 1 3/1/0 sh:node
node-002 2 1/1/0 sh:node
not-001 2 2/1/0 sh:not
or-001 3 2/1/0 sh:or
qualified ValueShape-001 1 0/1/0 sh:qualified ValueShape
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Table 6 SHACL Unit Tests.

Wikidata SHACL Shapes
Nr Shape Name Constraint Components and Paths
1 P8687__integerConstraintShape sh:datatype
2 :P26__ SymmetricShape sh:inversePath, sh:equals, sh:minCount
3 :P1083_NoBoundsShape sequence path, sh:and, sh:maxCount
4 :P1469_ ItemRequiresStatementShape sh:in, sh:qualified ValueShape, sh:qualifiedMinCount
5 :P1283_ ValueRequiresStatementShapes sh:or, sequence path, sh:in,

sh:qualified ValueShape, sh:qualifiedMinCount

Wikidata Performance Tests

Wikidata [39] is a collaborative, free and open knowledge base providing structured data from
Wikimedia projects, like Wikipedia.® Wikidata provides constraint types to validate data, which
are defined by the community to ensure data quality for collaborative editing. However, Wikidata
constraints are not enforced and violations in the data can be found.

Recent work on Wikidata constraint checking by Ferranti et al. [26] provided publicly available

SHACL shapes,'® which formalize Wikidata constraints to be validated by SHACL processors.

For testing the performance of SHACL repair programs, we selected 5 representative Wikidata
shapes to be used to repair Wikidata RDF graph samples. The shapes (1 to 5) have an increasing
number of constraints and cover the supported shape expressions. Table 6 shows the details
of the selected shapes and constraints. We then retrieved RDF graph samples from Wikidata
via SPARQL endpoint, where we specifically retrieved seven data sets, which cause violations
regarding the seven shapes. Performance tests scale up the number of shape target nodes from 1
to a maximum of 1000. We also limited the processing time of running the repair programs in
clingo to 100 minutes of time. The Wikidata performance diagrams (below) show the time to
compute repairs in relation to the number of target nodes. We also note the maximum size of
the (sample) data graph, which is the number of triples for the maximum number of target nodes
tested.

:P8687__integerConstraintShape

0.15 [ ]

g o1f 1

e

=

G107 .
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Nr. of target nodes (max. 1047 triples)

9 https://www.wikidata.org/
Ohttps://github.com/nicolasferranti/wikidata-constraints-formalization/tree/main/
constraints-formalization
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:P1283_ ValueRequiresStatementShape
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For the tests of shapes 1,2 and 3, we can see a linear behavior when scaling the number of target
nodes. Generally, the performance scales well and we are able to solve the maximum tested target
nodes within hundreds of milliseconds. However, the tests for shapes 4 and 5 show an above linear
behavior and we run into performance problems already with a low number of target nodes (9 for
shape 4 and 25 for shape 5). Closer evaluation showed that the reason for this behavior is the use
of constant constraints (using the sh:in constraint) and the constant reuse optimization.

Generally, with the exception of constants constraints, our approach shows good scalability
regarding the size of the data graph. Further tests with large scale data graphs are required to
gain further insights into the limitations.

9 Conclusion

We presented an approach to minimally repairing a data graph so that it conforms to a set
of SHACL constraints. We first analyze the types of repair that may be desirable in practice.
Specifically, we observe that to repair cardinality constraints, it may not be desirable to reuse
existing nodes from the graph, as this could introduce incorrect facts into the data. Therefore,
we consider two scenarios: one where repairs always introduce fresh values to satisfy cardinality
constraints, and another where repairs may reuse existing nodes if necessary, with a preference for
using fresh nodes.

Inspired by existing work in databases, we propose Answer Set Programming encodings of the
repair problem that account for these different repair scenarios. We first describe an encoding
for a restricted setting, which forces the program to introduce fresh values to satisfy existential
constraints. We then extend this to a setting that handles arbitrary cardinality, allowing for the
reuse of existing constants when necessary. Additionally, we provide an encoding to support the
repair of property path constraints and equality constraints.

In case not all the shape targets can be repaired, we optimize to repair as many of them as
possible. We developed a prototypical system for implementing SHACL repair programs using
the Java and the ASP system clingo. With the repair program and the ASP implementation, we
lay the foundation for bringing repairs into practical scenarios, and thus improving the quality of
RDF graphs in practice. We tested the implementation with unit tests, the data shapes test suite
and performance tests on Wikidata as a real-world data set, which show promising results, but
also some limitations, regarding the applicability in practice.
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Future work. Several tasks remain for future work. For the practical side, the next step will be
to select further use cases where we can apply the repairs and evaluate the practical feasibility
and explore repair quality and scalability. Notably, our SHACL repair approach has already been
applied in practice to resolve ambiguities in ontology RDF graphs [24]. An important next step
is to also add support for repair preferences. The notion of minimal repairs considered in this
paper does not take into account the possible user preferences regarding additions or deletions of
concrete facts. E.g., a user might prioritize deletions of facts that are older or are coming from
less reliable sources. Such setting has led, e.g., to the notions of global, Pareto and completion
optimality of repairs [38]. Adapting these and other notions to SHACL is an important task for
future work. This will help with decision making for users to select a repair and thereby improve
the usability when applying repairs in practice.

Another important direction is to support recursive SHACL constraints, and hence, also
unrestricted class-based and property-based targets. This is challenging because recursion combined
with the introduction of fresh nodes may cause non-termination of the repair process, i.e., an
infinite repair might be forced. However, it might be important to not rule out relevant practical
use cases.

— References

1 Shqgiponja Ahmetaj, Iovka Boneva, Jan Hid- Mantas Simkus. Stable model semantics for re-
ders, Katja Hose, Maxime Jakubowski, José cursive SHACL. In Proc. of The Web Conference
Emilio Labra Gayo, Wim Martens, F. Mogavero, 2020, WWW 20, pages 1570-1580. ACM, 2020.
Filip Murlak, Cem Okulmus, Axel Polleres, Ognjen doi:10.1145/3366423.3380229.
Savkovic, Mantas Simkus, and Dominik Tomaszuk. 7 Marcelo Arenas, Leopoldo E. Bertossi, and Jan
Common foundations for shacl, shex, and pg- Chomicki. Consistent query answers in inconsist-
schema. The Web Conference (WWW), 2025. To ent databases. In Proc. of PODS, pages 68-79.
appear. doi:10.48550/arXiv.2502.01295. ACM Press, 1999. doi:10.1145/303976.303983.

2 Shqgiponja Ahmetaj, Diego Calvanese, Magdalena 8 Franz Baader. Optimal Repairs in Ontology En-
Ortiz, and Mantas Simkus. Managing change gineering as Pseudo-Contractions in Belief Change.
in graph-structured data using description logics. In Proceedings of the 38th ACM/SIGAPP Sym-
In AAAI-14. AAAT Press, 2014. doi:10.48550/ posium on Applied Computing, SAC 23, pages
arXiv.1404.4274. 983990, New York, NY, USA, 2023. Association

3 Shgiponja Ahmetaj, Robert David, Magdalena for Computing Machinery. doi:10.1145/3555776.
Ortiz, Axel Polleres, Bojken Shehu, and Mantas 3577719.
Simkus. Reasoning about explanations for non- 9 Franz Baader. Relating Optimal Repairs in
validation in SHACL. In Meghyn Bienvenu, Ger- Ontology Engineering with Contraction Opera-
hard Lakemeyer, and Esra Erdem, editors, Proceed- tions in Belief Change. SIGAPP Appl. Comput.
ings of the 18th International Conference on Prin- Rewv., 23(3):5-18, September 2023. doi:10.1145/
ctples of Knowledge Representation and Reason- 3626307 .3626308.
ing, KR 2021, Online event, November 3-12, 2021, 10 Franz Baader, Patrick Koopmann, Francesco
pages 12-21, 2021. doi:10.24963/kr.2021/2. Kriegel, and Adrian Nuradiansyah. Comput-

4 Shgiponja Ahmetaj, Robert David, Axel Polleres, ing Optimal Repairs of Quantified ABoxes w.r.t.
and Mantas Simkus. Repairing SHACL con- Static EL. TBoxes. In Automated Deduction
straint violations using answer set programming. - CADE 28: 28th International Conference
In The Semantic Web - ISWC 2022 - 21st In- on Automated Deduction, Virtual Event, July
ternational Semantic Web Conference, Virtual 12-15, 2021, Proceedings, pages 309-326, Berlin,
Event, October 23-27, 2022, Proceedings, volume Heidelberg, 2021. Springer-Verlag. doi:10.1007/
13489 of Lecture Notes in Computer Science, 978-3-030-79876-5_18.
pages 375-391. Springer, 2022. doi:10.1007/ 11 Franz Baader, Patrick Koopmann, Francesco
978-3-031-19433-7_22. Kriegel, and Adrian Nuradiansyah. Optimal

5 Shqiponja Ahmetaj, Timo Camillo Merkl, and Re- ABox Repair w.r.t. Static EL TBoxes: From
inhard Pichler. Consistent query answering over Quantified ABoxes Back To ABoxes. In The
SHACL constraints. In Pierre Marquis, Magdalena Semantic Web: 19th International Conference,
Ortiz, and Maurice Pagnucco, editors, Proceedings ESWC 2022, Hersonissos, Crete, Greece, May
of the 21st International Conference on Principles 29 — June 2, 2022, Proceedings, pages 130-146,
of Knowledge Representation and Reasoning, KR Berlin, Heidelberg, 2022. Springer-Verlag. doi:
2024, Hanoi, Vietnam. November 2-8, 2024, 2024. 10.1007/978-3-031-06981-9_8.
doi:10.24963/KR.2024/1. 12 Franz Baader and Francesco Kriegel. Pushing

6 Medina Andresel, Julien Corman, Magdalena Optimal ABox Repair from EL Towards More Ex-

Ortiz, Juan L. Reutter, Ognjen Savkovic, and pressive Horn-DLs. In Proceedings of the 19th


https://doi.org/10.48550/arXiv.2502.01295
https://doi.org/10.48550/arXiv.1404.4274
https://doi.org/10.48550/arXiv.1404.4274
https://doi.org/10.24963/kr.2021/2
https://doi.org/10.1007/978-3-031-19433-7_22
https://doi.org/10.1007/978-3-031-19433-7_22
https://doi.org/10.24963/KR.2024/1
https://doi.org/10.1145/3366423.3380229
https://doi.org/10.1145/303976.303983
https://doi.org/10.1145/3555776.3577719
https://doi.org/10.1145/3555776.3577719
https://doi.org/10.1145/3626307.3626308
https://doi.org/10.1145/3626307.3626308
https://doi.org/10.1007/978-3-030-79876-5_18
https://doi.org/10.1007/978-3-030-79876-5_18
https://doi.org/10.1007/978-3-031-06981-9_8
https://doi.org/10.1007/978-3-031-06981-9_8

S. Ahmetaj, R. David, A. Polleres, and M. Simkus

13

14

15

16

17

18

19

20

21

22

23

24

International Conference on Principles of Know-
ledge Representation and Reasoning, pages 22—-32,
August 2022. doi:10.24963/kr.2022/3.

Franz Baader and Renata Wassermann. Contrac-
tions Based on Optimal Repairs. LTCS-Report

24-03, 2024.
Leopoldo E. Bertossi. Database Repair-
ing and Consistent Query Answering.  Syn-

thesis Lectures on Data Management. Morgan
& Claypool Publishers, 2011. doi:10.2200/
S00379ED1V01Y201108DTM020.

Meghyn Bienvenu, Camille Bourgaux, and
Francois Goasdoué. Querying inconsistent de-
scription logic knowledge bases under preferred
repair semantics. In AAAI AAAI Press, 2014.
doi:10.1609/aaai.v28i1.8855.

Meghyn Bienvenu, Camille Bourgaux, and
Francois Goasdoué. Explaining inconsistency-
tolerant query answering over description logic
knowledge bases. In AAAI AAAI Press, 2016.
doi:10.1609/aaai.v30i1.10092.

Meghyn Bienvenu and Riccardo Rosati. Tract-
able approximations of consistent query answer-
ing for robust ontology-based data access. In
Francesca Rossi, editor, IJCAI IJCAI/AAAI,
2013. URL: http://www.aaai.org/ocs/index.
php/IJCAI/IJCAI13/paper/view/6904.

Diego Calvanese, Davide Lanti, Ana Ozaki, Rafael
Penaloza, and Guohui Xiao. Enriching ontology-
based data access with provenance. In Proceedings
of the 28th International Joint Conference on Ar-
tificial Intelligence (IJCAI 2019). AAAI Press,
2019.

Diego Calvanese, Magdalena Ortiz, and Mantas
Simkus. Verification of Evolving Graph-structured
Data under Expressive Path Constraints. In ICDT,
2016. doi:10.4230/LIPIcs.ICDT.2016.15.

Diego Calvanese, Magdalena Ortiz, Mantas
Simkus, and Giorgio Stefanoni. Reasoning about
explanations for negative query answers in DL-
Lite. J. Artif. Intell. Res., 48:635—-669, 2013.
doi:10.1613/jair.3870.

Ismail Ilkan Ceylan, Thomas Lukasiewicz, Enrico
Malizia, Cristian Molinaro, and Andrius Vaicenavi-
cius. Explanations for negative query answers un-
der existential rules. In Proc. of KR 2020, pages
223-232, 2020. doi:10.24963/kr.2020/23.

Julien Corman, Juan L. Reutter, and Ognjen
Savkovic. Semantics and validation of recursive
SHACL. In Proc.of ISWC’18. Springer, 2018.
doi:10.1007/978-3-030-00671-6_19.

Robert David. SHACL Repair Program Im-
plementation. Software, version 1.2.1., swhld:
swh:1:dir:9de47c8b97cbal079add751f9e2a644212
38a67£3 (visited on 2025-12-08). URL: https://
github.com/robert-david/shacl-repairs, doi:
10.4230/artifacts.25261.

Robert David, Albin Ahmeti, Shqgiponja Ah-
metaj, and Axel Polleres. OWLstrict: A Con-
strained OWL Fragment to avoid Ambiguities
for Knowledge Graph Practitioners. In The Se-
mantic Web: 22nd FEuropean Semantic Web Con-
ference, ESWC 2025, Portoroz, Slovenia, June
1-5, 2025, Proceedings, Part II, pages 47-64,
Berlin, Heidelberg, 2025. Springer-Verlag. doi:
10.1007/978-3-031-94578-6_3.

25

26

27

28

29

30

31

32

33

34

35

Thomas Eiter, Giovambattista Ianni, and Thomas
Krennwallner. Answer set programming: A primer.
In Sergio Tessaris, Enrico Franconi, Thomas Eiter,
Claudio Gutiérrez, Siegfried Handschuh, Marie-
Christine Rousset, and Renate A. Schmidt, editors,
Reasoning Web. Semantic Technologies for Inform-
ation Systems, volume 5689 of Lecture Notes in
Computer Science, pages 40—-110. Springer, 2009.
doi:10.1007/978-3-642-03754-2_2.

Nicolas Ferranti, Axel Polleres, Jairo Francisco
de Souza, and Shqgiponja Ahmetaj. Formalizing
property constraints in wikidata. In Wikidata@
ISWC, 2022.

Mikhail Galkin, Séren Auer, Maria-Esther Vidal,
and Simon Scerri. Enterprise knowledge graphs:
A semantic approach for knowledge management
in the next generation of enterprise information
systems. In ICEIS (2), pages 88-98, 2017. doi:
10.5220/0006325200880098.

José Emilio Labra Gayo, Eric Prud’hommeaux,
Tovka Boneva, and Dimitris Kontokostas. Val-
idating RDF Data. Synthesis Lectures on the
Semantic Web: Theory and Technology. Mor-
gan & Claypool Publishers, 2017. doi:10.2200/
S00786ED1V01Y201707WBEO16.

Maertin Gebser, Roland Kaminski, Benjamin
Kaufmann, and Torsten Schaub. Multi-shot asp
solving with clingo. Theory and Practice of Logic
Programming, 19(1):27-82, 2019. doi:10.1017/
S1471068418000054.

Aidan Hogan, Eva Blomqvist, Michael Cochez,
Claudia d’Amato, Gerard de Melo, Claudio
Gutiérrez, Sabrina Kirrane, José Emilio Labra
Gayo, Roberto Navigli, Sebastian Neumaier, Axel-
Cyrille Ngonga Ngomo, Axel Polleres, Sabbir M.
Rashid, Anisa Rula, Lukas Schmelzeisen, Juan
Sequeda, Steffen Staab, and Antoine Zimmer-
mann. Knowledge Graphs. Synthesis Lectures
on Data, Semantics, and Knowledge. Morgan
& Claypool Publishers, 2021. doi:10.2200/
S01125ED1V01Y202109DSK022.

Aditya Kalyanpur, Bijan Parsia, Matthew Hor-
ridge, and Evren Sirin. Finding all justifications
of OWL DL entailments. In The Semantic Web:
6th International Semantic Web Conference, 2nd
Asian Semantic Web Conference, ISWC 2007+
ASWC 2007, Busan, Korea, November 11-15,
2007. Proceedings, pages 267—280. Springer, 2007.
doi:10.1007/978-3-540-76298-0_20.

Holger Knublauch and Dimitris Kontokostas.
Shapes constraint language (SHACL). Technical
report, W3C, July 2017. URL: https://www.w3.
org/TR/shacl/.

Domenico Lembo, Maurizio Lenzerini, Riccardo
Rosati, Marco Ruzzi, and Domenico Fabio
Savo. Inconsistency-tolerant semantics for de-
scription logics. In RR, Lecture Notes in Com-
puter Science. Springer, 2010. doi:10.1007/
978-3-642-15918-3_9.

Ying Li and Patrick Lambrix. Repairing
EL ontologies using weakening and complet-
ing. In FEuropean Semantic Web Conference,
pages 298-315. Springer, 2023. doi:10.1007/
978-3-031-33455-9_18.

Ménica Caniupan Marileo and Leopoldo E. Ber-
tossi. The consistency extractor system: Answer

1:35

TGDK


https://doi.org/10.24963/kr.2022/3
https://doi.org/10.2200/S00379ED1V01Y201108DTM020
https://doi.org/10.2200/S00379ED1V01Y201108DTM020
https://doi.org/10.1609/aaai.v28i1.8855
https://doi.org/10.1609/aaai.v30i1.10092
http://www.aaai.org/ocs/index.php/IJCAI/IJCAI13/paper/view/6904
http://www.aaai.org/ocs/index.php/IJCAI/IJCAI13/paper/view/6904
https://doi.org/10.4230/LIPIcs.ICDT.2016.15
https://doi.org/10.1613/jair.3870
https://doi.org/10.24963/kr.2020/23
https://doi.org/10.1007/978-3-030-00671-6_19
https://archive.softwareheritage.org/swh:1:dir:9de47c8b97cba079add751f9e2a64421238a67f3;origin=https://github.com/robert-david/shacl-repairs;visit=swh:1:snp:cd468a716f060cb122b07809c21d6e5f609d58e8;anchor=swh:1:rev:29c42ca44dba0cf69f0c6f3bb475794c5e4d5d30
https://archive.softwareheritage.org/swh:1:dir:9de47c8b97cba079add751f9e2a64421238a67f3;origin=https://github.com/robert-david/shacl-repairs;visit=swh:1:snp:cd468a716f060cb122b07809c21d6e5f609d58e8;anchor=swh:1:rev:29c42ca44dba0cf69f0c6f3bb475794c5e4d5d30
https://github.com/robert-david/shacl-repairs
https://github.com/robert-david/shacl-repairs
https://doi.org/10.4230/artifacts.25261
https://doi.org/10.4230/artifacts.25261
https://doi.org/10.1007/978-3-031-94578-6_3
https://doi.org/10.1007/978-3-031-94578-6_3
https://doi.org/10.1007/978-3-642-03754-2_2
https://doi.org/10.5220/0006325200880098
https://doi.org/10.5220/0006325200880098
https://doi.org/10.2200/S00786ED1V01Y201707WBE016
https://doi.org/10.2200/S00786ED1V01Y201707WBE016
https://doi.org/10.1017/S1471068418000054
https://doi.org/10.1017/S1471068418000054
https://doi.org/10.2200/S01125ED1V01Y202109DSK022
https://doi.org/10.2200/S01125ED1V01Y202109DSK022
https://doi.org/10.1007/978-3-540-76298-0_20
https://www.w3.org/TR/shacl/
https://www.w3.org/TR/shacl/
https://doi.org/10.1007/978-3-642-15918-3_9
https://doi.org/10.1007/978-3-642-15918-3_9
https://doi.org/10.1007/978-3-031-33455-9_18
https://doi.org/10.1007/978-3-031-33455-9_18

1:36

36

37

Repairing SHACL Constraint Violations

set programs for consistent query answering in
databases. Data Knowl. Eng., 69:545-572, 2010.
doi:10.1016/j.datak.2010.01.005.

A. Ozaki and Rafael Pefialoza. Provenance in
ontology-based data access. Description Logics,
2018. URL: https://api.semanticscholar.org/
CorpusID:53179150.

Rafael Pefialoza. Axiom pinpointing. In Applic-
ations and Practices in Ontology Design, Extrac-
tion, and Reasoning, pages 162—177. I0S Press,
2020. doi:10.3233/SSW200042.

38

39

Slawek Staworko, Jan Chomicki, and Jerzy Mar-
cinkowski. Prioritized repairing and consistent
query answering in relational databases. Ann.
Math. Artif. Intell., 64(2-3):209-246, 2012. doi:
10.1007/s10472-012-9288-8.

Denny Vrandeci¢ and Markus Krotzsch. Wikidata:
a free collaborative knowledgebase. Communic-
ations of the ACM, 57(10):78-85, 2014. doi:
10.1145/2629489.


https://doi.org/10.1016/j.datak.2010.01.005
https://api.semanticscholar.org/CorpusID:53179150
https://api.semanticscholar.org/CorpusID:53179150
https://doi.org/10.3233/SSW200042
https://doi.org/10.1007/s10472-012-9288-8
https://doi.org/10.1007/s10472-012-9288-8
https://doi.org/10.1145/2629489
https://doi.org/10.1145/2629489

Automating Invoice Validation with Knowledge
Graphs: Optimizations and Practical Lessons

Johannes Mikelburg &4
Technical University of Munich, Germany

Maribel Acosta =2 &

Technical University of Munich, Germany

— Abstract

To increase the efficiency of creating, distributing,
and processing of invoices, invoicing is handled
in the form of Electronic Data Interchange (EDI).
With EDI, invoices are handled in a standardized
electronic or digital format rather than on paper.
While EDIFACT is widely used for electronic in-
voicing, there is no standardized approach for valid-
ating its content. In this work, we tackle the prob-
lem of automatically validating electronic invoices
in the EDIFACT format by leveraging KG techno-
logies. We build on a previously developed pipeline
that transforms EDIFACT invoices into RDF know-

ledge graphs (KGs). The resulting graphs are valid-
ated using SHACL constraints defined in collabora-
tion with domain experts. In this work, we improve
the pipeline by enhancing the correctness of the in-
voice representation, reducing validation time, and
introducing error prioritization through the use of
the severity predicate in SHACL. These improve-
ments make validation results easier to interpret
and significantly reduce the manual effort required.
Our evaluation confirms that the approach is cor-
rect, efficient, and practical for real-world use.
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1 Introduction

In the current business landscape, efficient financial and administrative practices are paramount for

organizations. A key element in these operations is the invoicing process, which requires accuracy,

timeliness, and standardization. To meet these demands, organizations are increasingly adopting

Electronic Data Interchange (EDI), shifting from traditional paper-based invoices to structured

electronic formats. Within EDI, EDIFACT is a widely adopted standard for representing electronic

invoices, offering a uniform approach to their creation, distribution, and processing.

While EDIFACT has improved the efficiency of invoicing, a significant gap remains: the

validation of EDIFACT invoices is not standardized. This affects business processes that depend on

timely and accurate invoice data. One such case is the group purchasing organization Einkaufsbiiro
Deutscher Eisenhéndler (E/D/E), which operates in 30 European countries with varying document
regulations and serves as a key domain expert in the development and evaluation of our approach.
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Although EDIFACT serves as the standard for handling invoices, the lack of a formal constraint
language means that validation is often performed manually — a process that is both error-prone
and labor-intensive. For example, consider an EDIFACT invoice where the invoice number is
missing or the total amount does not match the sum of all line items. Such errors are hard to spot
in the condensed EDIFACT syntax and can completely block further processing or lead to incorrect
payments. With our KG-based approach, these inconsistencies are made explicit through SHACL
validation: the system detects that a legally required identifier is absent or that the financial totals
are inconsistent. This allows errors to be uncovered early and ensures that invoices meet both legal
and business requirements before they enter downstream processes. To address this, we propose a
knowledge graph (KG)-based solution for validating electronic invoices. The core of our approach
is to model electronic invoices as RDF graphs. Shifting to the semantic web technologies allows for
applying existing open standards and solutions for managing machine-readable data. At the core
of the solution is the EDIFACT Ontology, which captures the semantics of EDIFACT message
content in RDF. Second, we propose the tool EDIFACT-VAL to validate the content of the original
EDIFACT messages. The tool processes the invoices in the EDIFACT format and translates
them into XML. XML serves as an intermediate representation since the EDIFACT format is not
compatible with existing KG tools. From the XML files, EDIFACT-VAL creates the RDF graphs
using the EDIFACT Ontology and the RDF Mapping Language (RML) [4]. EDIFACT-VAL validates
the invoice RDF graph using constraints defined in the Shapes Constraint Language (SHACL) [15].
The constraints are created with input from domain experts based on the EDIFACT guidelines.

This manuscript builds on our previous work EDIFACT-VAL V.1 [19] and introduces EDIFACT-VAL
v.2, which includes the followoing novel contributions:

A new invoice pre-processing approach that reduces integration effort and processing time.

An error prioritization feature based on sh:severity, enabling users to systematically address

the most critical validation issues first.

Insights and lessons learned from real-world applications of EDIFACT-VAL.

We evaluate the extended approach using real-world EDIFACT invoices. The results demon-
strate multiple improvements over the previous version of the EDIFACT-VAL. First, the generated
RDF graphs offer a more accurate and semantically rich representation of invoice content, resulting
in a more reliable and expert-validated foundation for downstream processing. Second, the runtime
analysis shows that EDIFACT-VAL V.2 significantly outperforms EDIFACT-VAL V.1, primarily due to
an optimized pre-processing and RDF mapping. The RDF graph generation phase alone achieves
time savings of up to 66.56%, with the longest runtime observed being just 3.65 seconds. Third,
the integration of error prioritization through sh:severity enables users to focus on the most critical
validation issues, greatly simplifying the interpretation of validation results.

2 Preliminaries

First, we introduce the EDIFACT invoice concept, which forms the basis for the knowledge graphs.
Then, we describe the purchase-to-pay ontology, which builds the basis for an EDIFACT ontology.

EDIFACT Invoice. EDIFACT is the most commonly used and most comprehensive international
standard for electronic data interchange [13]. EDIFACT is used across almost all business sectors;
the individual sectors are delimited in EDIFACT by so-called subsets. The maintenance of the
standard is led by the United Nations and the Economic Commission for Europe.

Documents transmitted in EDIFACT are all types of messages of the business processes area.
The structure of the messages is based on segments; these, in turn, consist of data elements and
data element groups. These three components together are referred to as the EDIFACT elements.
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Listing 1 Excerpt of an EDIFACT invoice.

1 UNH+1+INVOIC:D:96A:UN:EANOO8'

2 BGM+380+4031541+43"'

3 DTM+137:20220908:102"'

4 NAD+IV+4317784000000: : 9++Einkaufsbuero DeutscherEisenhaendler:GmbH+EDE PLatz 1+Wuppertal++42389+DE'
5 LIN+1++4016671029277:EN::9"'

6 PRI+AAA:16.78:::1:PCE'

7 MOA+79:100.68"

8 MOA+124:19.13"

9 UNT+37+1"'

Listing 1 shows an excerpt of a real-world EDIFACT message. The segments are split into
three sections: header-, detail- and summary section. In all three sections, some segments are
required, meaning all three sections are always represented in an EDIFACT message. However,
there are some segments within the sections that are optional. For example, the header section
contains eight mandatory segments and six conditional segments. An example of a mandatory
segment is the NAD segment, which provides information about one of the organizations involved
in the invoice, including its role, name, unique identification number, and address. In contrast, the
PRI segment is conditional. It specifies the unit price of an item, but this information is considered
supplementary since the actual item price is already represented in the MOA segment. In the
header, general information about the invoice is displayed, e.g., the invoice number (Line 2), the
document date (Line 3), and information about the involved organizations (Line 4). Information
about the sold items, including the net price (Line 6) or the article number (Line 5), is allocated
in the detail section. The summary section contains the total amounts of the invoice, e.g., the
total item amount (Line 7) or the total tax amount (Line 8). Above the header and below the
summary section are segments allocated for the EDIFACT structure, e.g., the version and type of
message (Line 1) or the end character (Line 9). The complexity of an EDIFACT invoice arises from
several factors. A single message may include multiple invoices, each with its own header, detail,
and summary. The number of segments varies depending on the level of detail. Invoices with
many items or rich descriptions have far more segments. Finally, some segments bundle multiple
pieces of information, such as the NAD segment (Line 4), which encodes role, name, address,
and identifiers of an organization. These characteristics complicate validation, since it requires
checking both the structural completeness of the message, such as the presence of all mandatory
sections and segments, and the semantic consistency of the data, such as the correctness of totals
or the proper assignment of organizational roles. In real-world settings, this structural variability
directly impacts invoice handling, where issues have direct consequences: a missing identifier in
the header may block legal acceptance, while mismatched totals can delay payment or introduce
accounting errors.

P2P-O: Purchase to Pay Ontology. We use the Purchase-to-Pay Ontology (P2P-O) [27] as
a foundation for modeling concepts from the EDIFACT standard. P2P-O is an OWL ontology
that models semantic representation of invoices based on the core invoice model of the European
Standard EN 16931-1:2017 [6]. P2P-O provides semantic classes for item, price, documentline,

organization, document, invoice and process, making it a sound foundation for representing invoices.

3 Approach

Given an electronic invoice in the EDIFACT format, the problem tackled in this work is to validate
the correctness of the invoice by representing the invoice as an RDF knowledge graph (KG). Our
proposed solution comprises two parts: (1) an ontology to represent EDIFACT invoices (§ 3.1),
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Table 1 Competency Questions for the EDIFACT Ontology.

Name Competency Question Ontology Class
cQoO0 What invoices are all listed in an EDIFACT message? E-Invoice

CcQ1 Which organizations are involved in the invoice? Formal Organization
CQ 2.1 What role does organization S play in the invoice? AgentRole

CQ 2.2 Which organization is the buyer in the invoice? AgentRole

CQ 3.1 What information is displayed about the involved organizations? AgentRole

CQ 3.2 What is the address of the buyer? AgentRole

cQ4 What items are sold in the invoice? Item

CQ 5.1  What information is displayed about the items sold? Item

CQ 5.2  What is the net price of the items sold in the invoice? Item

CQ 6.1 What are the invoice details of the invoice? Invoice-Details

CQ 6.2  What is the invoice amount of the invoice? Invoice-Details

CQ 6.3  What is the invoice number? Invoice-Details
cQ7 What information must be provided so that the file format is valid? EDIFACT-Structure
cQ 8 To which business process can the invoice be assigned? E-Invoice

Table 2 Overview of linked ontologies and vocabularies in the EDIFACT Ontology.

Prefix Name Prefix Frequency
agentRole https://archive.org/services/purl/domain/modular_ontology_ 5
design_library/agentrole#
dc http://purl.org/dc/elements/1.1# 2
frapo http://purl.org/cerif/frapo/ 3
schema http://schema.org/ 3
org http://www.w3.org/ns/org# 1
p2p-o-doc-line  https://purl.org/p2p-o/documentline# 2
p2p-o-doc https://purl.org/p2p-o/document# 1
p2p-o-inv https://purl.org/p2p-o/invoice# 3
p2p-o-item https://purl.org/p2p-o/item# 2
p2p-o-org https://purl.org/p2p-o/organization# 4
vcard http://wuw.w3.0org/2006/vcard/ns# 2

based on the concepts presented in Sect. 2, and (2) the EDIFACT-VAL tool to perform the validation
of invoices using KG technologies (§ 3.2). In this paper, we introduce a new version of EDIFACT-VAL,
called EDIFACT-VAL V.2, which features an improved invoice pre-processing strategy and more
tailored RML mappings. These enhancements increase the efficiency of the tool and enable a more
specific validation of EDIFACT invoices.

3.1 EDIFACT Ontology

Development Process. The EDIFACT ontology was developed following best practices, like
the NeOn method [31] or the formulation of ontology requirements and competency questions
(Table 1). These steps were carried out in collaboration with Electronic Data Interchange experts
from E/D/E. The development process is detailed in our previous work [19].

Reuse of Ontology Design Patterns and Existing Vocabularies and Ontologies. Following
ontology design best practices [31, 23], we reuse existing resources to develop the EDIFACT-
Ontology. An overview of the reused resources and the number of reuses can be found in Table 2.
We apply the agent role pattern from the Modular Ontology Design Library (MODL) [28] for
modelling the participation of organizations in invoices. This is necessary as the same organization
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Figure 1 Main concepts of the EDIFACT ontology [19]. Image generated with WebVOWL [17].

can have many roles (seller, supplier, etc.) in the same or different invoices, to which different
property values can be associated depending on its role. The ontologies listed in Table 2 also
provide adequate solutions for our purpose. Most of them are reused in the class AgentRole;
other examples are the country code from the Funding, Research Administration, and Projects
Ontology [29] or the address of the vCard Ontology [21]. Also, four of the seven different main
classes we defined in our EDIFACT Ontology are linked to concepts of these vocabularies or
ontologies. For example, the class FormalOrganization is linked to the Core Organization Ontology
(org), the E-Invoice to the P2P-O module document, and Item to the P2P-O module item.

Ontology Description. The EDIFACT Ontology is tailored to represent the concepts and fields
of the EDIFACT standard. The proposed OWL ontology comprises 31 classes, 22 OWL object
properties, 261 OWL data properties, and 6 annotation properties. The ontology was developed
using WebProtégé [12]. Figure 1 illustrates the main concept of the EDIFACT ontologies by
showing the connections between the different classes. The EDIFACT Ontology can be found
under https://purl.org/edifact/ontology. Additionally, it has been integrated into the LOV
catalogue, available at https://lov.linkeddata.es/dataset/lov/vocabs/edifact-o. The
classes and some of their most relevant properties for the invoice KGs are discussed in detail in the
following. We focus on properties that are essential for representing the structural and semantic
aspects of invoices, while omitting less relevant or supplemental properties to maintain clarity and
conciseness. The relevant competency questions for each class are provided in Table 1.

E-Invoice This is the main class of the EDIFACT ontology, and its individuals or entities
represent electronic invoices. This class is connected to other classes through object properties,
including EDIFACT-Structure via the property followsStandard, Item via the property hasltem,
InvoiceDetails via the property haslnvoiceDetails, and AgentRoles via the property isProvided By
to capture the role of organizations in the invoice. The only data property of this class is
belongsToProcess, denoting the business process of the invoice.

EDIFACT-Structure This class contains all the information that ensures that the invoice file
meets the requirements of the EDIFACT file format. This information appears at the beginning
and end of a message and, therefore, does not belong to the content of the individual invoices. As
a result, this class and the class InvoiceContent are disjoint, specified with the owl:disjoint With
predicate. However, as this information is part of an invoice, this class is connected to the class
E-Invoice via the object property followsStandard. The data properties of this class include
creationDate, dataFExchangeCounter, messageReferenceNumber, and senderIndicator. Among
the datatype properties of the entities of this class, we have creationDate, dataFExchangeCounter,
messageReferenceNumber, and senderIndicator.
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Invoice Details This class contains all the information that can only occur in the header-
and summary sections of the invoices. Exemplary datatype properties of this class are the
document date (hasDocumentDate), the document number (hasDocumentNumber), the delivery
condition (deliveryCondition), and the invoice amount (hasInvoiceAmount). The connection of
the InvoiceDetails class to the E-Invoice class is done via the object property hasInvoiceDetails.
Item This class allows for representing an item listed in the invoice, which is found in the
detail section of the invoice. Examples of the datatype properties are the name of the
item (p2p-o-item:Item), the net price of the item (hasNetPriceOfltem), the net weight of
an item (hasNetWeight), the number assigned to product according to the International
Article Numbering Association (internationalArticleNumber). Examples of the datatype
properties for an item are the name of the item (p2p-o-item:Item), the net price of the
item (hasNetPriceOfItem), the net weight of an item (hasNetWeight), the number assigned
to a manufacturer’s product according to the International Article Numbering Association
(international ArticleNumber), etc. We model this relationship as a multi-valued property by
defining the object property hasltem (and its inverse isltemOf) between the Item and the
E-Invoice classes.

InvoiceContent This class allows for modelling the information that can be found in all three
sections of the invoices. As a result, the information of the InvoiceContent class is defined
as the union of the classes Item and InvoiceDetails, i.e., InvoiceContent owl:unionOf (Item
InvoiceDetails). Creating the InvoiceContent class ensures the consistency of the ontology by
defining properties that apply to all parts of the invoice.

AgentRole According to the guidelines, an organization can, or sometimes must, have many
different roles. For example, in the warehousing business, one organization needs to have
three roles: Buyer Role, Invoicee Role, and Delivery Party Role. We model these cases using
the Role ontology pattern as defined by Shimizu et. al [28] and Griininger & Fox [8]. In our
ontology, the purpose of the class AgentRole is to represent the manifold roles an organization
can have in an invoice. As a solution, several subclasses have been created, each representing
one of these roles. The connection to the E-Invoice class exists through the object property
isProvidedBy with the E-Invoice class in the range.

FormalOrganization This class represents the organizations involved in the messages, addressing
CQ 1. The properties assigned to the class FormalOrganization serve two purposes: assigning
the role an organization plays in an invoice through performsAgentRole, and providing a
globally unique identifier for organizations, i.e., globalLocationNumber. In the EDIFACT
ontology, the only connection of the class FormalOrganization to another class is the class
AgentRole via the object property performsAgentRole with the AgentRole class in the range.

3.2 The EDIFACT-VAL Tool

Now that we have modelled the terms of the EDIFACT standard in an OWL ontology (see
Sect. 3.1), the EDIFACT-VAL tool processes the electronic invoices in the EDIFACT format to
validate their content using KG technologies. Concretely, the tool carries out the following steps (cf.
Figure 2). (1) Invoice Pre-processing: Translates the invoice files into XML files. (2) RML
Mapping: Creates RDF knowledge graphs from the invoice XML files using generated RML
mappings. (3) RDF Validation: Validates the invoice RDF graphs using constraints based on
EDIFACT guidelines and reports from domain experts, which are formulated using the Shapes
Constraints Language (SHACL) [15].

Compared to the old version from our previous work [19], called EDIFACT-VAL V.1, the new
version, called EDIFACT-VAL V.2, features a different approach to Invoice Pre-Processing and RML
Mapping. The new Invoice Pre-Processing now takes the original EDI messages as input and
converts them into more tailored XML invoices. Based on these more refined XML invoices, the
RML mapping can also be written in a more efficient and targeted way.
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Listing 2 Representation of organizations using AgentRole and FormalOrganization.

1 G@prefix invoice: <http://www.ede.com/edifact/invoice#>.

2 @prefix edifact-o: <https://purl.org/edifact/ontology#> .

3 @prefix agentRole: <https://archive.org/services/purl/domain/modular_ontology_design_library/agentrole#> .
4 @prefix frapo: <http://purl.org/cerif/frapo/> .

5  Qprefix p2p-o-org: <https://purl.org/p2p-o/organization#> .
6  G@prefix vcard: <http://www.w3.org/2006/vcard/ns#> .

7

8 invoice:r999995 a edifact-o:DeliveryPartyRole;

9 frapo:hasCountryCode "DE";

10 edifact-o:hasCity "Wuppertal";

11 edifact-o:hasCountry "Deutschland";

12 vcard:hasStreetAddress "In der Fleute 153";

13 vcard:postalCode "42389";

14 agentRole:isProvidedBy invoice:i999999;

15 p2p-o-org:formalName "E/D/E-GmbH Anlieferstelle L205" .
16

17 invoice:r999996 a edifact-o:InvoiceeRole;

18 frapo:hasCountryCode "DE";

19 edifact-o:hasCity "Wuppertal";

20 edifact-o:hasCountry "Deutschland";

21 vcard:hasStreetAddress "EDE Platz 1";

22 vcard:postalCode "42389";

23 agentRole:isProvidedBy invoice:i999999;

24 p2p-o-org:formalName "Einkaufsuero Deutscher Eisenhaendler GbmH".

25

26 invoice:4317784000000 a edifact-o:FormalOrganization;

27 agentRole:performsAgentRole invoice:r999995, invoice:r999996 ;
28 p2p-o-org:globallLocationNumber 4317784000000 .

EDIFACT
Ontology

XML RML Invoice

D_EDIFACT V":,‘;m?e
i Invoice i alidation
Invoice Mapping Result

Figure 2 Overview of EDIFACT-VAL. Components in red have been updated from v1 to v2.

Invoice
Pre-Processing

3.2.1 Invoice Pre-Processing

This step aims to prepare the EDIFACT message in a way that meets the requirements for the
creation of an RDF graph. Despite that EDIFACT is an open standard, the file format is not
yet widely compatible with existing tools, especially the ones related to knowledge graphs. A
direct transformation into RDF would require custom parsers for each message variant, whereas
XML provides a standardized and flexible basis for subsequent mappings. Consequently, a
transformation into a compatible format is required. For both EDIFACT-VAL V.1 [19] and the
updated EDIFACT-VAL V.2, we adopted XML as the intermediary format because it combines
high flexibility with robust support from a broad ecosystem of processing tools. The updated
EDIFACT-VAL V.2 introduces three key improvements over EDIFACT-VAL V.1: (i): direct handling of
original EDIFACT invoices (no pre-existing XML needed), (ii): targeted creation of only required
XML elements and attributes, and (iii): a simplified saving process that avoids redundant file
versions. To demonstrate the differences between the two approach, we examine the handling of
the NAD-Segment, shown in Line 4 of Listing 1. There the NAD-segment is displayed with the
qualifier IV, representing information about the Invoicee of the invoice.
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Listing 3 Result of Pre-Processing with EDIFACT-VAL V.1.

<Interchange>
<Message>
<G_Group_2 id="8" mid="InvoiceDetaill">
<S_NAD agentRole="InvoiceeRole" details="Invoicel" id="9" mid="InvoiceDetaill" nid="ItemO"
organisation="Role2" parent="GGroup2">
<D_3035 id="9" mid="InvoiceDetaill" nid="Item0" organisation="Role2" parent="NAD">IV</D_3035>
<C_C082 id="9" mid="InvoiceDetaill" nid="Item0" organisation="Role2">
<D_3039 id="9" mid="InvoiceDetaill" nid="Item0" organisation="Role2">+43177840000</D_3039>
<D_3055>9</D_3055>
</C_C082>
<C_C080 id="9" mid="InvoiceDetaill" nid="Item0" organisation="Role2">
<D_3036 id="9" mid="InvoiceDetaill" nid="ItemO" organisation="Role2">+Einkaufsbuero
DeutscherEisenhaendler:GmbH+</D_3036>
</C_C080>
<C_C059 id="9" mid="InvoiceDetaill" nid="ItemO" organisation="Role2">
<D_3042>EDE PLatz 1</D_3042>
</C_C059>
<D_3164>Wuppertal</D_3164>
<D_3251>42389</D_3251>
<D_3207 id="9" mid="InvoiceDetaill" nid="Item0" organisation="Role2">DE</D_3207>
<D_PaFu id="9" mid="InvoiceDetaill" nid="Item0" organisation="Role2">Invoicee</D_PaFu>
<D_Country id="9" mid="InvoiceDetaill" nid="Item0" organisation="Role2">Deutschland</D_Country>
</S_NAD>
</G_Group_2>
<Invoicee Item="Iteml" Kaeufer="Rolel" Lieferanschrift="Role3" Lieferant="Role4" Invoicee="Role2"
details="Invoicel" id="1" mid="InvoiceDetaill">1234567000000</Invoicee>
</Message>
</Interchange>

Listing 4 Result of Pre-Processing with EDIFACT-VAL V.2.

<Interchange>
<Message>
<Party agentRole="InvoiceeRole" details="Invoicel" organisation="IV1">
<GLNNumber>+43177840000</GLNNumber>
<CodeListResponsibleAgency>9</CodeListResponsibleAgency>
<PartyName>Einkaufsbuero DeutscherEisenhaendler:GmbH</PartyName>
<Street>EDE PLatz 1</Street>
<PostalCode>Wuppertal</PostalCode>
<CountrySubEntity>42389</CountrySubEntity>
<SecondPostalCode>DE</SecondPostalCode>
</Party>
</Message>
</Interchange>

(i) Direct Handling of EDIFACT Invoices. A limitation of EDIFACT-VAL V.1 is its requirement for
a pre-existing XML representation of the EDIFACT invoice. In contrast, EDIFACT-VAL V.2 directly
accepts original EDIFACT invoices, eliminating this dependency and expanding its applicability.

(i) Targeted XML Creation. EDIFACT messages use qualifiers to secure file compactness by
packing several values into a single field. To handle these qualifiers, EDIFACT-VAL V.1 separated such
segments into several XML elements, creating a one-to-many correspondence between EDIFACT
elements and XML elements. As a result, the size of the XML files increased significantly due to
the additional elements and attributes needed to represent this structure.

The key improvement of EDIFACT-VAL V.2 lies in its more targeted creation of XML files: only
required XML elements and attributes are generated, reducing unnecessary overhead for further
processing. Here, required XML elements are defined as non-empty elements that contain data of
interest for the RDF graph transformation process. This includes elements that hold essential
information from the EDIFACT message (e.g., invoice details, line items) and elements that
aggregate multiple data elements from the EDIFACT structure into a single XML representation.
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This focused generation not only reduces the overall number of elements but also leads to fewer
nested structures, which in turn minimizes the need for additional attributes to map content to the
classes defined in the EDIFACT Ontology (see Section 3.1). Compared to EDIFACT-VAL V.1, we
change the numbering of the attributes into more identifiable names like Item plus an ascending
number for the attribute used to identify the item. This is also the case with organizations,
where we also incorporate the role and the invoices inside the message. By focusing only on these
required XML elements, EDIFACT-VAL V.2 minimizes overhead and ensures that the generated
XML files contain only relevant data for the graph creation process.

(iii) Simplified Saving Process. Another notable improvement of EDIFACT-VAL V.2 is that
the XML file now only needs to be saved once before reaching the final version. In contrast,
EDIFACT-VAL V.1 required saving the XML file two additional times, introducing further complexity
and redundancy. Listing 3 and Listing 4 illustrate the XML-representations of a NAD-Segment
with the qualifier IV for EDIFACT-VAL V.1 and EDIFACT-VAL V.2, respectively. The comparison
demonstrates a significant reduction (53.57%) of the XML elements with EDIFACT-VAL V.2.

3.2.2 RDF Graph Creation for Invoices

EDIFACT invoices can be transformed into RDF representations using our proposed EDIFACT
Ontology described in Sect. 3.1. To generate RDF KGs based on a (semi-structured) data source,
we define mapping rules. For this, we use the RDF Mapping Language (RML) [4], which provides
a way to transform heterogeneous data into the RDF data model. Yet, manually creating RML
mapping is a complex task [14], especially when a large number of terms are involved. To ease
the definition of the mapping rules, languages like YARRRML [32] and ShExML [7] provide a
human-friendly serialization of RML. In this work, we use YARRRML [32] as it allows users to
specify simpler mapping rules compared to RML;! these mappings are automatically transformed
into the RML mappings, later used to transform the invoice XML file into an RDF graph.

YARRRML-Mapping. Our YARRRML mapping contains six mappings, each representing one
different class of the EDIFACT ontology. Compared to the EDIFACT ontology, only six of the
seven classes are displayed, as the class InvoiceContent only has the purpose of providing a domain
or range for some resources. When creating each mapping, two types of rules must be defined:
(i) rules for defining the data sources, i.e., the XML files of the EDIFACT invoices, and (ii) rules
for generating the RDF triples. A notable advantage of EDIFACT-VAL V.2 lies in its more targeted
XML construction, as described in the pre-processing step 3.2.1. Due to the less nested structure
of the tailored XML file, significantly fewer data source rules are needed. In EDIFACT-VAL V.1,
a total of 245 different data source rules needed to be defined, as every different EDIFACT
element had a different file path. In contrast, EDIFACT-VAL V.2 requires only four data sources, as
the streamlined XML structure consolidates information more effectively. Overall, EDIFACT-VAL
V.2 significantly reduces the complexity of the mapping process by consolidating data sources
and streamlining XML structures. This improvement is also reflected in the line counts of the
mapping files, with 1,690 lines in EDIFACT-VAL V.2 compared to 2,924 lines in the EDIFACT-VAL
v.1. Depending on which information is to be displayed in the mappings, the data sources are

assigned to the mappings. The rules for generating the RDF triples are divided into two parts.

Part one defines the rule for identifying the subject of the RDF triple. In our tool, this is done by

! E.g., our YARRRML file has 1,690 lines (2,924 in EDIFACT-VAL Vv.1) versus 9,734 lines (366,709 in EDIFACT-VAL
v.1) in the generated RML file.
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Listing 5 SHACL shape for checking the existence of mandatory data and syntactical correctness of
EDIFACT invoice elements.

:InvoiceNumberShape a sh:NodeShape ;

sh:targetClass edifact-o:InvoiceDetails ;

sh:property [
sh:path edifact-o:hasDocumentNumber ;
sh:minCount 1 ;
sh:maxCount 1 ;
sh:datatype xsd:string ;
sh:maxLength 12 ;
sh:message "Invoice number must be a string with max 12 characters." ;
sh:severity sh:Violation ;

the added attributes from the preprocessing 3.2.1. This part of the mapping remains consistent
across both EDIFACT-VAL V.2 and EDIFACT-VAL V.1. The second part defines the rules for the
predicates and objects of the RDF triple. The predicate rule contains the ontology resources,
and the object rule contains the identification of the value of the predicate. In the second part
of our mapping, the primary difference between EDIFACT-VAL V.2 and EDIFACT-VAL V.1 lies in
the updated XML element names resulting from the streamlined XML structure. However, the
number of rules for the predicates and objects, as well as their association with the six different
YARRRML mappings, remains unchanged.

RML-Mapping. The RML mappings obtained with YARRRML and the invoice XML files are
then fed into the RMLMapper? tool, to obtain the invoice RDF graph. At this step, the impact of
the streamlined XML structure introduced in EDIFACT-VAL V.2 ’s pre-processing step (Sect. 3.2.1)
becomes evident: the generated RML file in EDIFACT-VAL V.2 has only 9,734 lines compared to
366,709 lines in EDIFACT-VAL V.1, meaning a 97.3% reduction in file size. This underscores how
the simplified XML structure directly reduces the complexity and overhead of the transformation
process. Exemplary transformation of the NAD segment from an EDIFACT message to an RDF
graph can be seen in Line 4 in Listing 1 to Lines 17-24 and Lines 26-28 in Listing 2.

3.2.3 Invoice Validation using SHACL

Once the invoice RDF graph has been created, the next step is to validate the knowledge graphs.
We use the Shapes Constraint Language (SHACL) [15], the W3C-recommended language, for the
validation of RDF graphs. Constraints in SHACL can be specified over specific classes of the
ontology using the sh:targetClass predicate, and over specific properties of the target class using
the sh:path predicate. The SHACL validation process itself, as well as the shape graphs used, are
the same for both EDIFACT-VAL V.1 and EDIFACT-VAL V.2. In EDIFACT-VAL V.2, we enhanced the
SHACL shapes by including the use of the sh:severity predicate to classify constraint violations
according to their impact on further invoice processing. This allows for a more differentiated
constraint validation, distinguishing between errors that could hinder subsequent invoice handling
and those that do not affect processing.

In our work, the shapes were developed based on input from domain experts, who also identified
which constraints result in crucial violations and which do not. Errors that block further processing
of an invoice, for example, when legally required information such as the invoice number or a
monetary amount is missing, are classified as sh:Violation. By contrast, information that supports
but is not essential for processing falls under sh: Warning; one case is the specification of quantities

2 https://github.com/RMLio/rmlmapper-java
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Listing 6 SHACL shape for checking the existence of mandatory data and syntactical correctness of
EDIFACT invoice elements.

:BuyerRoleCheckShape a sh:NodeShape ;
sh:targetClass edifact-o:E-Invoice ;
sh:sparql [
a sh:SPARQLConstraint ;
sh:message "Each invoice must have exactly one BuyerRole,
and the BuyerRole must be linked to a FormalOrganization." ;
sh:severity sh:Violation ;
sh:prefixes [
sh:declare [
sh:prefix "edifact-o" ;
sh:namespace "https://purl.org/edifact/ontology#" "xsd:anyURI ;
13
sh:declare [
sh:prefix "agentRole" ;
sh:namespace "https://archive.org/services/purl/domain/
modular_ontology_design_library/agentrole#" "xsd:anyURI ;
15
sh:declare [
sh:prefix "p2p-o-inv"
sh:namespace "https://purl.org/p2p-o/invoice#"”"xsd:anyURI ;
1
15
sh:select """
SELECT $this
WHERE {
{
SELECT $this (COUNT(7buyerRole) AS 7buyerCount)
WHERE {
$this p2p-o-inv:hasBuyer ?buyerRole .

GROUP BY $this

HAVING (?buyerCount != 1)
¥
UNION
{

$this p2p-o-inv:hasBuyer ?buyerRole .

FILTER NOT EXISTS { ?buyerRole a <http://example.com/BuyerRole> . }
¥
UNION
{

$this p2p-o-inv:hasBuyer ?buyerRole .

FILTER NOT EXISTS {

?org a edifact-o:FormalOrganization ;
agentRole:performsAgentRole ?buyerRole .

} ooy

and units of delivered goods. Lastly, details intended purely for internal purposes, such as assigning
the invoice to a business process, are considered sh:Info, since they do not affect the factual
correctness of the invoice.

We distinguish three types of shapes, each with a specific purpose:

(i) Existence of mandatory data. Shapes ensure that the required properties are present in
the RDF graph according to the EDIFACT invoice guidelines. Listing 5 (Lines 5 and 6) shows a
SHACL constraint for specifying that the documentNumber property is mandatory (sh:minCount 1)
and single valued (sh:mazCount 1) for entities of the class InvoiceDetails.

(ii) Syntactical correctness of data. Shapes validate the format of the EDIFACT elements,
including length, number, and permitted characters. Listing 5 (Lines 7 and 8) shows a SHACL
constraint for checking the datatype (sh:datatype) and the length (sh:maxLength) for the docu-
mentNumber property of the target class InvoiceDetails.
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Together, (i) and (ii) ensure the completeness and syntactical correctness of the document
number, directly answering Competency Question 6.3 (see Table 1).

(iii) Logical correctness of data. Shapes ensure that the data in the RDF graph is logically
consistent and reflects the business logic of an invoice. For example, this includes ensuring that
each invoice has exactly one buyer organization linked to it, verifying the logical correctness of
the data structure needed to answer Competency Question 2.2 (see Table 1). Such constraints,
which involve verifying the existence of a single buyer and ensuring it is properly linked to an
organization, can be expressed in SHACL using SPARQL queries, as shown in Listing 6.

4 Evaluation

In our previous work [19], we evaluated the completeness of invoice KG generation and validation
with EDIFACT-VAL V.1, including a built-in mechanism to display unknown elements and tests with
corrupted invoices. Building on this evaluation, this paper empirically evaluates and compares our
approach,
assessing the differences between EDIFACT-VAL V.2 and EDIFACT-VAL V.1, in terms of soundness,
performance, and applicability. Concretely, we focus on the following core questions:
Q1 Are RDF graphs created by EDIFACT-VAL V.1 and EDIFACT-VAL V.2 identical? (§4.2)
Q2 How does EDIFACT-VAL V.2 influence the runtime performance of EDIFACT invoice processing
compared to EDIFACT-VAL V.17 (§4.3)
Q3 How does EDIFACT-VAL V.2 influence the computational performance of EDIFACT invoice
processing compared to EDIFACT-VAL V.17 (§4.4)
Q4 How does EDIFACT-VAL V.2 influence error analysis by introducing error prioritization?(§4.5)
Q5 How does EDIFACT-VAL V.2 affect the applicability to real-world business processes? (§4.6)

4.1 Experimental Set Up

Tool Implementation. EDIFACT-VAL is implemented in Python 3 and available online.? For
SHACL validation, we use pySHACL [30], an open-source Python library. EDIFACT-VAL is equipped
with 394 SHACL constraints provided by the experts following the EDIFACT standard. All
experiments have been conducted on a machine with an AMD EPYC 9224 24-Core CPU, 578 GB
of RAM, and running Ubuntu 24.04.1 LTS.

Dataset. We use 44 different real-world EDIFACT messages from 12 different suppliers and 6
different business cases to evaluate the performance of the EDIFACT-VAL tool. The selection of
messages has been made together with the EDI experts from E/D/E to have a range of messages
representing the day-to-day business workflow. Since each supplier may include different segments
and data elements in the invoices, the selected messages represent a wide range of segments
and segment combinations. All 394 SHACL constraints matched at least one triple across the
44 EDIFACT messages used in the evaluation, while also all resulted in at least one validation
error. This corresponds to a relevance coverage of 100% and a violation coverage of 100%. These
constraints, however, do not cover all data represented in the invoice knowledge graphs. Rather,
they focus on the most critical aspects of invoice validation for legal compliance with e-invoice
regulations, like mandatory standardized organizational data and required financial calculations.

3 https://github.com/DE-TUM/EDIFACT-VAL
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Table 3 Comparison of RDF graph statistics for each message generated by EDIFACT-VAL V.1 and
EDIFACT-VAL V.2. Message names are omitted for privacy.

Message #Triples #Nodes #Properties
Old New Old New old New
Message 1 96 96 12 12 67 67
Message 2 401 401 27 27 71 71
Message 3 982 989 70 70 78 79
Message 4 130 132 13 13 68 70
Message 5 143 143 12 12 81 81
Message 6 393 398 31 31 63 65
Message 7 36,170 36,165 2,091 2,091 79 79
Message 8 113 113 11 11 66 67
Message 9 122 122 11 11 76 76
Message 10 | 111 111 11 11 70 71
Message 11 | 290 282 20 20 75 76
Message 12 | 3,152 3,135 209 209 91 91
Message 13 | 921 920 56 56 73 74
Message 14 | 440 440 23 23 81 82
Message 15 | 4,634 4,629 307 307 80 80
Message 16 | 531 532 29 29 72 74

4.2 Equivalence of the Invoice Generated by EDIFACT-VAL v.1 and v.2

Since the completeness and correctness of EDIFACT-VAL V.1 have already been established in [19],
it is sufficient to compare the RDF graphs generated by EDIFACT-VAL V.2 to those of EDIFACT-VAL
v.1 using a graph isomorphism check with rdf1ib [16].

First, we loaded the RDF graphs produced by both approaches and compared them directly
by checking for graph isomorphism. Rdflib’s built-in isomorphism function showed that there were
some triples present only in the EDIFACT-VAL V.2 and some only in the EDIFACT-VAL V.1. To
identify these triples, we compared key statistics of the graphs, including the number of triples,
nodes, and distinct properties, as summarized in Table 3. When comparing the key statistics of
different EDIFACT messages, we observed notable variation in the number of generated triples.
As discussed in Section 2, this variation arises from the complexity of the messages, which is
influenced by the number of contained invoices, the length and detail of their segment structures,
and the types of segments used.

After discussions with domain experts to investigate why certain triples were missing in one of
the versions, we identified the following reasons: The reasons were split into those explaining why
elements appear in the RDF graphs of EDIFACT-VAL V.1 and not in EDIFACT-VAL V.2, and vice
versa. We begin by discussing why some elements are present in EDIFACT-VAL V.1 but missing in
EDIFACT-VAL V.2.

(i) Reduced Triple Count Due to EDIFACT Syntax Errors. One issue arises from the syntax of
EDIFACT messages, where certain characters, such as + and ’, are used to indicate the start of
the next element or segment. In some of the evaluated messages, these characters were also used as
content within data elements, leading to incorrect splitting of the data elements. In EDIFACT-VAL
v.1, the input was an XML version of the invoice, and the in-house translation by E/D/E was
able to handle these errors. However, because the use of these symbols as content constitutes an
error and should be communicated to the customers, we decided to treat them as errors. This
issue frequently occurred in the NAD-Segment, which describes the involved organizations, as
some companies include the character + in their name. As a result, the syntax of the following
data elements, such as postal code or country code, was often missing. This led to a reduction
in the number of properties in the RDF graph created for Message 12 by EDIFACT-VAL V.2, as
summarized in Table 3.
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(ii) Reduced Triple Count from Filtering Empty Data Elements. As outlined in Section 3.2.1,
EDIFACT-VAL V.2 omits data elements that have no content in the RDF graph. In contrast,
EDIFACT-VAL V.1 did not apply this filtering, resulting in the presence of triples with empty
objects ("") that are no longer generated in the RDF graph by EDIFACT-VAL V.2. Consequently,
this filtering step also reduces the number of properties represented in the RDF graphs created by
EDIFACT-VAL V.2, as summarized in Table 3. It is important to note that the magnitude of this
reduction varies between messages, since the messages are sourced from different suppliers with
differing invoice practices. For instance, some suppliers — such as the supplier of Message 1 — do
not include empty data elements, while others — like the supplier of Message 15 — do include them.

(i) Increased Triple and Property Counts from Improved Segment Allocation. The simpler
creation of the XML file in EDIFACT-VAL V.2 has led to a reduction in the number of nested XML
elements. As described in Section 3.2.1, this simplification has reduced the number of attributes
needed during the pre-processing step to correctly identify and allocate the segments. This is
particularly relevant for segments that can occur in all three parts of the message, such as the
RFF-Segment and the DTM-Segment. In EDIFACT-VAL V.1, it was often difficult to correctly
allocate these segments because of the complex nested XML structure. Since certain specific
combinations of these segments (for example, the valuta date represented by DTM+209) only
occur in particular parts of the message, precise allocation is crucial and determines whether they
are represented in the RDF graph. This improvement in the XML creation process directly affects
the completeness of the RDF graph and explains why, in some cases, EDIFACT-VAL V.2 generates
more triples and properties than EDIFACT-VAL V.1. This is particularly evident in the results for
Messages 3 and 4 in Table 3, where Message 3 has one additional property and Message 4 has
two additional properties in the new version of the RDF graph, and therefore also more triples.
These findings highlight that the simpler XML creation in EDIFACT-VAL V.2 not only reduces
unnecessary data but also ensures that critical segments are correctly represented, contributing to
a more complete and accurate RDF graph.

Since the number of triples differs between the RDF graphs generated by EDIFACT-VAL V.1 and
EDIFACT-VAL V.2, we cannot claim that the RDF graphs are identical. However, our investigations
demonstrate that the RDF graph generated by EDIFACT-VAL V.2 offers an improvement in data
representation. Importantly, the number of nodes (entities) remains the same in both graphs,
ensuring that all concepts and entities of the invoices are still displayed. At the same time,
EDIFACT-VAL V.2 allows us to: (i) omit empty data elements, (ii) identify and exclude errors that
were previously undetectable, and (iii) represent information that was previously not included due
to the nested structure of the input data. These improvements collectively contribute to a more
reliable, accurate, and domain-expert-validated foundation for further processing and analysis of
EDIFACT invoices.

4.3 Runtime Performance of EDIFACT-Val

We compare the efficiency of the different versions of EDIFACT-VAL when processing the invoices,
i.e., the elapsed time between the tool receiving an EDIFACT message (KG Construction) and
producing the validation result (KG Validation). This time includes the generation of the RDF
graph and its evaluation using the SHACL constraints. To ensure representative results, we
selected one EDIFACT message per supplier, which may contain several invoices with varying
numbers of EDIFACT data items. We ran EDIFACT-VAL 10 times on each EDIFACT message
using the hyperfine [24] command-line benchmarking tool. Figure 3 shows the average runtime
per message for both EDIFACT-VAL V.1 (in blue) and EDIFACT-VAL V.2 (in red), with a darker tone
representing KG Construction and a lighter tone representing KG Validation. Since the difference
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Figure 3 Runtime Comparison: EDIFACT-VAL V.1 versus EDIFACT-VAL V.2.
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Figure 4 KG Construction Breakdown for EDIFACT-VAL.

between EDIFACT-VAL V.1 and EDIFACT-VAL V.2 lies only in the KG Construction phase, we split
the analysis into three parts: (1) general observations, (2) KG construction, and (3) KG validation.
This enables us to isolate the performance improvements achieved by EDIFACT-VAL V.2 in the
RDF graph generation step.

(1) General Observations. The runtime comparison shown in Figure 3 reveals a significant
decrease in the total runtime of EDIFACT-VAL V.2 compared to EDIFACT-VAL V.1. For smaller
EDIFACT messages, the runtime with EDIFACT-VAL v.1 was around 8 seconds and is now reduced
to about 2 seconds with EDIFACT-VAL Vv.2. For larger EDIFACT messages, the runtime drops
substantially, from 50 seconds with EDIFACT-VAL V.1 to under 4 seconds with EDIFACT-VAL
v.2. These observations show that the improvement is consistent across all tested messages and
demonstrate that EDIFACT-VAL V.2 effectively handles increasing input sizes. A closer examination
of each runtime’s composition (Figure 3) shows that this improvement results from the KG
construction phase, which is the only part where EDIFACT-VAL V.1 and EDIFACT-VAL V.2 differ.

(2) KG Construction. As noted before, the time spent on KG Construction is where EDIFACT-
VAL V.2 is significantly more efficient than EDIFACT-VAL Vv.1. Looking only at the times for KG
Construction, the average percentage of time saved with EDIFACT-VAL V.2 is 82.10%. There
are several reasons for this improvement: First, with the tailored pre-processing described in
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Figure 5 Number of data items and percent Reduction: EDIFACT-VAL V.1 versus EDIFACT-VAL V.2.

Section 3.2.1, the number of created XML elements is reduced by removing unnecessary elements
and avoiding nested structures that do not contribute to the final RDF graph. Figure 5 provides
an overview of the number of XML elements generated by EDIFACT-VAL V.2 and EDIFACT-VAL V.1
for each EDIFACT message. This figure shows that, on average, the number of XML elements
is reduced by 35.39% across all EDIFACT messages. This reduction means that there are fewer
XML elements that need to be checked and processed by the RDF mappings in the following
step. As a result, the RDF mappings can be executed more quickly and efficiently, which directly
speeds up the KG construction process, as shown in Figure 4. A second improvement of the
pre-processing that significantly speeds up the KG construction time is that the created XML files
no longer need to be parsed and saved multiple times. In EDIFACT-VAL V.1, the XML files were
repeatedly parsed, modified, and saved again, leading to redundant file handling operations. By
contrast, EDIFACT-VAL V.2 streamlines this process by parsing, modifying, and saving the XML
content in a single step within the pre-processing phase. This eliminates unnecessary operations,
reduces memory usage, and improves the overall computational efficiency. As a result, the KG
construction process becomes more streamlined and significantly faster, contributing to the overall
runtime improvement observed in Figure 4. Third, Section 3.2.2 describes the reduction of both
YARRRML-Mapping and RMIL-Mapping in EDIFACT-VAL v.2. The YARRRMIL-Mapping was
reduced by 42.2% due to fewer needed data sources, which led to a reduction of the RML-Mapping
by 97.3%. This substantial reduction directly impacts the KG construction runtime by decreasing
the parsing and processing overhead for the RML Mapper, simplifying the graph construction
phase, and reducing the number of triple patterns to be executed. Overall, the leaner and more
direct mapping instructions in EDIFACT-VAL V.2 make the RDF graph generation faster and more
efficient, as reflected in the runtime comparison shown in Figure 3.

(3) KG Validation. Since the RDF graphs created by EDIFACT-VAL V.1 and EDIFACT-VAL V.2
are almost identical, as discussed in Section 4.2, the number of RDF triples is also nearly the
same (see Table 3). Consequently, the runtime of the RDF validation with SHACL is also similar
in both approaches. Across all tested messages, the validation time ranges from as little as 0.05
seconds for smaller EDIFACT messages to a maximum of 1.2 seconds for the largest EDIFACT
messages. On average, the runtime reduction in the KG validation phase is 10.8%, which can be
attributed to the slight reduction in triples described in Section 4.2.
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Overall, the analysis of the runtime shows that EDIFACT-VAL V.2 is significantly more efficient
than EDIFACT-VAL V.1, thanks to its optimized pre-processing and RDF mapping steps. The
runtime per EDIFACT element is reduced from 28.53 milliseconds to 9.54 milliseconds, resulting
in a normalized runtime reduction of 66.56%. This substantial improvement stems from the more
efficient KG construction phase in EDIFACT-VAL V.2, which eliminates redundant processing steps
and accelerates the generation of the RDF graph.

4.4 Computational Performance of EDIFACT-Val

Since we use a large-scale machine to conduct the runtime experiments, AMD EPYC 9224 24-Core
CPU, 578 GB of RAM, we monitored the CPU and memory usage during the experiments with
both EDIFACT-VAL V.1 and EDIFACT-VAL V.2. The results of CPU usage (Figures 6 and 7) and
memory usage (Figures 8 and 9) provide insights into the efficiency of both approaches. The
average CPU usage is calculated as the mean of all monitored CPU utilization across all cores,
while the peak CPU usage corresponds to the maximum recorded value. The same definition
applies to the memory usage metric.

The CPU measurements show that EDIFACT-VAL V.1 has a lower average overall usage of
about 4.1% compared to 6.5% for EDIFACT-VAL V.2. EDIFACT-VAL V.2. However, both approaches
utilize a small fraction of the available 24-core CPU, with most cores remaining inactive during
validation. The peak overall usage is similar at around 12.6%, but the distribution across cores
differs: EDIFACT-VAL V.1 occasionally drives individual cores up to 72%, while EDIFACT-VAL V.2
remains below 50% per core , with an average maximum core utilization of 25.32% for EDIFACT-VAL
v.1 and 16.17% for EDIFACT-VAL V.2. These results indicate that in both approaches, the workload
is unevenly distributed across cores, with a few cores handling short bursts of higher load while
most remain underutilized. Detailed per-core utilization values are available in the project’s
GitHub repository. An unexpected observation in Figure 6 is that the average CPU utilization is
lower for the larger EDIFACT message. This occurs because a larger portion of the processing
time is spent in components of the approach that are less CPU-intensive, leading to a lower overall
average utilization. This behavior is shown in Figure 7. Consequently, despite the slightly higher
average load, EDIFACT-VAL V.2 makes more efficient use of the available hardware resources, as it
completes execution significantly faster. Although it utilizes the CPU more intensively at a given
moment, it holds the CPU for a much shorter time, resulting in lower total CPU time consumption
and thus higher overall efficiency.

The results in Figure 8 show a clear difference in memory consumption between the two
approaches. The old approach requires on average between 1.2-1.6 GB, with peak usage rising as
the number of EDIFACT data elements increases. In contrast, the new approach consistently stays
close to 1.0-1.1 GB for both average and peak usage, showing only minor variations even for large
messages. On average, this corresponds to roughly a 30% lower memory footprint compared to
the old approach. This means that while EDIFACT-VAL V.1 shows a growing memory demand with

message size, EDIFACT-VAL V.2 maintains a stable and minimal footprint regardless of input size.

When comparing the memory usage over time for one EDIFACT message (Figure 9), it becomes
evident that both approaches show relatively stable memory usage during the initial stages,
followed by a clear increase towards the end of processing. The main peak in both plots occurs
near the completion phase, where the message validation and result aggregation are performed.

While EDIFACT-VAL V.1 exhibits stronger fluctuations and multiple smaller peaks throughout
the execution, EDIFACT-VAL V.2 maintains a smoother progression and a lower overall peak,
indicating more consistent and efficient memory utilization. Combined with its shorter runtime,
this stability makes EDIFACT-VAL V.2 more predictable and better suited for large-scale or
resource-constrained deployments.
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Figure 6 CPU usage comparison for EDIFACT-VAL. Values show the mean utilization across all CPU
cores during processing.
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Figure 7 CPU usage timeline for message 10161.

Overall, the results show that while EDIFACT-VAL V.1 consumes slightly less CPU on average,
its longer runtimes and higher memory demand make it far less efficient, whereas EDIFACT-VAL
V.2 combines faster execution with lower memory usage, offering a more scalable solution.

4.5 Error Prioritization Evaluation

In our previous work [19], we discussed that not all errors have the same severity. Therefore,
classifying the different constraints in SHACL using the sh:severity predicate became essential.
Section 3.2.3 motivates and describes how this classification was implemented. Incorporating
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Figure 8 Memory usage comparison for EDIFACT-VAL.
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Figure 9 Memory usage timeline for message 10161.

sh:severity simplifies the analysis of validation reports by prefiltering the errors and highlighting
the errors that require the most attention. Table 4 presents the results for an exemplary Business
Process from [19]. This refinement led to a 100% reduction in the number of violations categorized
as sh:Violation. Previously, these messages were incorrectly classified as violations, even though
they did not affect further invoice processing. This made it difficult for the experts to identify the
errors on which they had to work right away, as all types of errors were handled with the same
priority. The refined classification makes it significantly easier for domain experts to identify and
address truly impactful issues. As the results from EDIFACT-VAL V.2 now show that the errors in
the messages are not crucial for the processing of the invoices, the experts can now work on the
messages with errors that are crucial for the processing, and work on other issues after resolving
the urgent errors. Importantly, prioritizing constraints in the SHACL shapes did not affect the
runtime of the validation process.
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Table 4 Comparison of RDF graph statistics with and without error prioritization.

EDIFACT-VAL V.1

EDIFACT-VAL V.2

Business Process

#Violation

#Violation

#Warning

#Info

BP1

21

15

4

2

Comparison of sh:severity options with and without prioritization for an exemplary Business Process.

EDIFACT-VAL V.1 EDIFACT-VAL V.2
Message #Violation #Violation #Warning #Info
Message 1 33 0 33 0
Message 2 6 0 6 0
Message 3 3 0 3 0
Message 4 63 0 63 0

Statistics for each message, showing sh:severity options with and without prioritization.

4.6

Since the development was motivated by the group purchasing organization E/D/E, we also

In-Use Evaluation

evaluated the applicability of our proposed solution approach to the E/D/E invoice processes. We
asked the domain experts to validate the EDIFACT messages following the usual procedure, which
is done manually. On average, it takes the experts around 30 minutes to validate one EDIFACT
message. In comparison to EDIFACT-VAL V.2 (cf. Figure 3), the longest runtime is in the order of
3.65 seconds, which results in a time saving of around 99.98%.

Beyond runtime, we also assessed applicability with E/D/E domain experts. The constraints
and validation reports have already been integrated into their internal testing workflows, where
they are used to check newly received invoices before processing. While the tool is not yet deployed
as a full production service, E/D/E experts confirmed that the validation results align with their
manual procedures and that the prioritization mechanism helps them focus on legally critical
errors. This pilot use indicates that the approach is practical and paves the way for continued
organizational adoption.

5 Related Work

Ontologies for Electronic Invoices.
Ontology (P2P-0), to represent electronic invoices. P2P-O relies on the European Standard EN
16931-1:2017, intending to provide ontology resources for all mandatory information in a purchase-

Schulze et al. [27] propose an ontology, the Purchase-To-Pay

to-pay process, which includes the invoicing process. In contrast, we aim not only to provide
mandatory information for processing an electronic invoice, we also aim to validate the completeness
and syntactical correctness of the invoices regarding their specific format. Furthermore, the terms
used in the EDIFACT messages are not captured in the P2P-O ontology. This is why the creation
of a standard-specific ontology, the EDIFACT ontology, is crucial in this case. In the literature, we
also found several ontologies and vocabularies that provide invoice-related definitions. The ones
we reuse can be found in Table 2. However, they only present small parts of invoices. For example,
schema.org [9] provides terms for the amount of money and currencies. Yet, these vocabularies
are not specific enough to model all the EDIFACT terms.

Invoice Validation.
perspectives. Emmanuel and Thakur [5] present an approach that implements an EDI invoice
validation framework; this work focuses on checking the completeness of invoices (defined as

Several works have tackled the problem of invoice validation from different
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the number of fields) by comparing actual values to expected values as given in an XML file.

The expected value is defined in a rule set. Similarly, our work validates invoices but uses KG
technologies and more expressive SHACL constraints formulated by experts and the EDIFACT
standard. Other approaches also perform invoice validation but not in the context of EDI. For
example, Sal [25] presents a tool to check whether the invoice fields are provided correctly to a
digital system w.r.t. to the original invoice in PDF. Other solutions [1, 3, 10] propose processing
and classifying invoices in PDF using Machine Learning (ML) models. Similarly, a comprehensive
survey by Saout et al. [26] reviews a wide range of extraction and structure recognition techniques
for invoice processing, including NLP and graph-based methods. Another approach by Hamri et
al. [11] explores information extraction from invoices by studying document anatomy and training
models on synthetic data to handle template variants. Additionally, works by Bisetty et al. [2]
and Milosheski et al. [22] explore how ERP systems and automated invoicing systems improve
operational efficiency through workflow-level automation. All these works check for the correctness
of the translation of the invoices into machine-readable formats, rather than the correctness of the
original invoices. These approaches greatly differ from EDIFACT-VAL, as it processes invoices that
are already in a machine-readable format and validates the correctness of the original EDIFACT
invoice. Lastly, the work by Schulze et al. [27] uses SPARQL queries to perform analytical tasks
on the invoices. Examples of these include finding items that are sold in large cities. In contrast,
EDIFACT-VAL is tailored to check the conformance of the invoices to the EDIFACT standard and
other constraints defined by experts.

6 Lessons Learned

The development and application of EDIFACT-VAL in real-world scenarios provided us valuable
insights into the use of Knowledge Graph technologies for invoice validation. In particular, we
found that a carefully designed Shapes Graph significantly improves usability, especially when
dealing with large and complex data graphs. In the following, we elaborate on these aspects.

1. Importance of a Business Graph for Cross-Checking. A lesson learned from our work is
the importance of creating a dedicated Business Graph that integrates all included companies
and the items sold. This takeaway emerged because we observed inconsistencies in supplier and
product information across different invoices, raising concerns about the overall correctness of
the data. Without a ground truth for these entities, one can only check the logical correctness
within a single invoice, but this local correctness does not necessarily guarantee global correctness
across all invoices. By linking supplier data and product details within the Business Graph,
discrepancies and missing links can be automatically identified, which significantly reduces manual
validation efforts. Furthermore, this integrated view supports robust data quality assurance, as it
provides domain experts with a reliable source of truth for verifying the correctness of invoice
data. Developing and evaluating such a comprehensive Business Graph will be a focus of our
future work.

2. Lessons for Effective Shape Design. When using SHACL to formulate Invoice Guidelines
as constraints, we identified several key takeaways. We present these insights starting from the
smallest instance (Shapes) and moving up to the largest instance (Shape Graphs).

(i) Naming Conventions for Shape Graphs A prerequisite for meaningful validation results is
the ability to trace each violation back to the shape that caused it. To achieve this, SHACL
shapes should follow a consistent naming convention. Without such conventions, the system
automatically generates blank nodes, which prevents cross-shape querying and limits the
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usefulness of the validation report. Establishing a naming convention also increases reusability,
since many shapes can be applied across slightly different business processes with minimal
adjustments. In the invoicing domain, where processes often differ only in detail, this reusability
is particularly valuable. With a well-designed convention in place, shapes can be shared across
scenarios, making the validation process both more efficient and more maintainable.

(ii)) CQ-Centric Shape Modeling Furthermore, the decision regarding which constraints to in-
clude within a single shape is of importance. Our experience has shown that it is more effective
to aggregate all constraints that collectively answer a specific competency question within a
single shape, rather than fragmenting them based solely on the structural arrangement of the
data elements. The shapes presented in Listing 5 and Listing 6 exemplify this approach, as
they incorporate all relevant constraints needed to address a particular competency question.
Modeling shapes in this manner enables a more systematic and targeted analysis of the val-
idation report, as violations associated with a shape directly indicate the root cause of the
issue.

(iii) Domain-Specific Shape Graphs In a company, different departments often have different
validation interests. For example, the financial department focuses on the correctness of
monetary amounts, while the warehouse department is primarily concerned with the quantities
of sold items. In many cases, these interests are disjoint, making it possible to split the shapes
accordingly. This separation reduces the runtime of the entire approach, as fewer constraints
need to be validated and fewer potential violations need to be processed.

7 Conclusion and Future Work

We presented an updated version of the automatic approach EDIFACT-VAL that assists EDI experts
in validating EDIFACT messages using an invoice knowledge graph. In EDIFACT-VAL, EDIFACT
messages are transformed into RDF graphs based on the proposed EDIFACT Ontology and RML
mappings. These RDF graphs are then validated using SHACL constraints that were developed
in collaboration with domain experts. The new version, EDIFACT-VAL V.2, directly processes
the original EDIFACT messages as input and employs a tailored pre-processing strategy. This
pre-processing not only simplifies the RDF mapping process but also improves the overall data
quality and ensures more precise validation of the EDIFACT messages.

Based on our experiments, we observed that the RDF graphs generated by EDIFACT-VAL V.1
and EDIFACT-VAL V.2 are not identical, as the graphs produced by EDIFACT-VAL V.2 represent
a more reliable and accurate version of the EDIFACT message. Additionally, EDIFACT-VAL V.2
achieves a runtime reduction of 66.56% compared to EDIFACT-VAL V.1, making it not only more
robust but also significantly faster. The evaluation with domain experts further demonstrated that
EDIFACT-VAL can substantially reduce manual efforts in the validation process. The collaboration
with E/D/E also shows that the approach can be applied beyond synthetic settings. The tool is
currently used in pilot workflows, with plans for integration into routine operations. A crucial
takeaway from this evaluation is that the effectiveness of automatic approaches like EDIFACT-VAL
ultimately depends on the reliability of the validation results. At present, this information is
available only in a machine-readable format, making it challenging for human users to analyze
and act upon. Future work should therefore focus on tailoring frameworks for automated analysis
and a visual presentation of validation results [20] to further support human decision-making.

Future work could extend our solution to support different business documents in various
EDIFACT formats, such as purchase order messages (ORDERS) or despatch advice messages
(DESADV). Additionally, with the mandatory implementation of electronic invoices in Germany
starting in 2025, the adoption of open standards has become increasingly important, particularly
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for organizations that find the cost or complexity of traditional EDIFACT implementations
challenging. In this context, we hope that our work contributes to the broader adoption of
electronic invoice processing based on knowledge graph and semantic web technologies.

Supplementary Material Statement

The source code for this work is publicly available on GitHub under the following link https:
//github.com/DE-TUM/EDIFACT-VAL. Due to data privacy and confidentiality obligations, the

dataset used in this study cannot be made available.
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— Abstract

Psychometrics is the field relating to the measure-
ment of concepts within psychology, particularly
the assessment of various social and psychological
dimensions in humans. The relationship between
psychometric entities is critical to finding an ap-
propriate assessment instrument, especially in the
context of clinical psychology and mental healthcare
in which providing the best care based on empir-
ical evidence is crucial. We aim to model these
entities, which include psychometric questionnaires
and their component elements, the subject and re-
spondent, and the latent variables being assessed.
The current standard for questionnaire-based as-
sessment relies on text-based distributions of instru-

ments; so, a structured representation is necessary
to capture these relationships to enhance accessibil-
ity and use of existing measures, encourage reuse of
questionnaires and their component elements, and
enable sophisticated reasoning over assessment in-
struments and results by increasing interoperability.
We present the design process and architecture of
such a domain ontology, the Psychometric Ontology
of Experiences and Measures, situating it within the
context of related ontologies, and demonstrating its
practical utility through evaluation against a series
of competency questions concerning the creation,
use, and reuse of psychometric questionnaires in
clinical, research, and development settings.
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1 Introduction

The field of psychometrics involves the design and evaluation of assessment instruments and
associated models to capture complex aspects of mental health and human functioning [20]. A
central challenge to the discipline involves the selection and construction of instruments and models
that connect unobservable, latent variables, such as mental states and processes, to observable
phenomena. While evidence-based medicine has had increasing applications in the improvement of
mental health treatment, there is still a lack of attention to what might constitute evidence-based
assessment (EBA) [25]. Mental health clinicians are expected to stay informed about accepted
standards in psychometric assessment; however, according to Hunsley et al. [26], clinical research
and implementation science have focused more on evidence-based intervention, leaving a gap in
the area of assessment. While assessment is an integral part of training in graduate psychology
programs, relevant guidelines tend to be underdeveloped relative to treatment guidelines; this
often results in researchers taking the psychometric properties of their measures for granted [27].

Psychometric instruments and their accompanying handbooks, although informative, lack a
standardized representation, hindering the querying, comparison, and reasoning over assessments
based on crucial attributes such as length, reliability, validity, and underlying constructs assessed.
The selection of appropriate and effective test instruments is pivotal to their successful application
in research and service contexts, emphasizing the need for a standardized approach. A vast number
of measures exist, but without a knowledge infrastructure to evaluate, organize, and select among
them, it is difficult to determine whether a measure is suitable for a specific purpose and context.
Many claims in psychometrics research aren’t scientifically valid or clinically relevant [45]. More
scales are defined each year, and the absence of standardized measurement makes it difficult to
combine data. The mental health field is held back by the continuous generation of an inconsistent
and underused body of knowledge [17]. So, the ability to harmonize tools for aggregation and
comparison would be a powerful tool.

Some existing resources attempt to provide a standard for assessing and distributing testing
instruments, such as the Buros Center’s Mental Measurements published every three years [§];
however, this resource is expensive to access in PDF or print format. In efforts to make evidence-
based assessment more accessible, Becker-Haimes et al. [5] and Beidas et al. [6] have published
papers evaluating empirical literature in order to compile lists of assessments that are brief, free,
and easily accessible. Although these papers are freely accessible and valuable forms of scholarship,
the instruments they review are presented as unstructured data and lack comprehensive information
about individual questions, derivations, scales, or scoring methods. Efforts to compile databases
for accessibility and comparison, like American Psychological Association (APA) PsycTests, exist,
but also fall short. APA PsychTests [42] aims to offer comprehensive information on psychological
assessments, but each instrument is primarily characterized within text descriptions lacking
standardized structure, which lacks details pertaining to individual items or scales. Clearly, there
is an abundance of psychometric resources, but there exists no coordinating infrastructure for
their selection, use, or reuse; so, it is very difficult to choose among instruments, and determine
whether a specific instrument fits the user’s context and aims.

Given the wide variety of instruments and minimal knowledge infrastructure for their use,
ontologies emerge as a promising solution to the challenges in this domain. Controlled vocabulary
systems and taxonomies for mental health are well-developed within psychiatric nosology, and
should be utilized towards this end; however, existing ontologies for assessment lack sufficient
support for connecting basic questionnaire elements to these concepts, which they are intended to
measure. We propose that ontology can be leveraged to formalize the questionnaire structure,
explicate relationships with psychological constructs, track the provenance of questionnaire
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elements, and assist in aggregating evidence for instrument selection and use. In turn, such
an ontology may assist clinical psychologists in the essential task of matching their purpose of
testing to the appropriate assessment, increasing understanding of an assessment’s construction,
administration, scoring, and interpretation.

We introduce the Psychometric Ontology of Experiences and Measures (POEM), which aims
to represent crucial aspects of psychometric assessment that may be overlooked by the traditional
text-based architecture currently supporting this field. Ontology is a natural progression from the
taxonomy and nosology already utilized in the area of mental health, but allows for data manage-
ment and sophisticated reasoning grounded in prior information. POEM integrates ontological
support for psychometric assessment, psychology and mental health domain information, and
description of associated entities including questionnaire items, scales, subjects, and respondents.
In particular, POEM supports the ability to encode the underlying constructs of measures; that
is, information about a questionnaire that is not apparent by examining a plain-text copy of the
questionnaire itself. Even more importantly, POEM supports the preservation and propagation of
knowledge about the questionnaires as asserted by questionnaire developers. Further, POEM know-
ledge can be leveraged by future users of questionnaires, specially when questionnaire developers
are, for any reason, unavailable to help others on the use of their questionnaires. For example, some
questionnaires are used in many countries, and in thousands of service contexts, making human
support a large barrier to successfully scaling the application of an otherwise excellent assessment
instrument. Similarly, POEM aims to support semantic search of psychometric questionnaires
by modeling the underlying constructs and relationships for each entity, moving beyond simple
metadata and allowing for complex reasoning.

To the best of our knowledge, POEM is currently the only ontology that tackles the particular
issue of modeling questionnaires for clinical assessment, towards the end of deep semantic search,
sharing, and reuse at the item, scale, and questionnaire levels. POEM emphasizes the tracking of
provenance, enabling and encouraging documentation of the origin and reliability of questionnaire
entities that are created from original research, derived from previous entities, or translated from
one language to another.

In the following section, we present an overview of related work in the areas of psychological
taxonomy and ontology, as well as ontologies that address questionnaires with some consideration
of underlying constructs. In Section 3, we introduce the Psychometric Ontology of Experiences
and Measures (POEM), including competency questions and the resulting ontology construction
process, followed by a description of its architecture in Section 4. In 4.5 we validate the ontology
by way of a use case scenario, and conclude with a discussion of our work so far along with plans
for future work.

2 Related Work

2.1 Ontologies

Ontologies provide a formally structured way to represent knowledge by defining a shared vocabu-
lary and the relationships between concepts within a particular domain [23] [32]. They enable both
humans and machines to consistently interpret and reason over data. Ontologies are often expressed
using standardized formats like the Web Ontology Language (OWL) [2], and are commonly used
to integrate heterogenous data sources, support interoperability, and enable automated reasoning.
Ontologies include definitions of basic concepts in the domain as a finite set of unambiguously
identifiable classes and relationships [28]. While taxonomies and ontologies should be distinguished,
a very lightweight ontology might also be classified as a taxonomy, and many ontologies contain
hierarchies of classes that are based on existing taxonomies of concepts [44].
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2.2 Neuropsychological taxonomy and ontology

A number of widely used, comprehensive ontologies and taxonomies exist to give structure to
psychological concepts such as diseases, syndromes, signs, symptoms, and assessments; some target
the domains of psychology or neuroscience specifically, while others contain neuropsychological
concepts within a wider medical context. These ontologies do not represent the internal structure of
instruments and questionnaires, but in some cases model the constructs that certain tasks measure.
The Systematized Nomenclature of Medicine (SNOMED) is the largest and most widely-used of
these; it was created in 1966 as a logic-based healthcare terminology, and has evolved into its current
form, SNOMED Clinical Terms (SNOMED CT), which is the most comprehensive healthcare
terminology internationally [11]. SNOMED CT contains many psychological concepts, including
those subsumed under clinical findings, disorders, and attributes, and acts as an interoperability
standard for healthcare information exchange in the United States. Although it is primarily a
polyhierarchical taxonomy, SNOMED CT has an ontological foundation and is freely available as
an ontology. SNOMED CT can be utilized to handle queries over medical systems in which it is
used, due to its support of a simple description logic.

The structure of psychiatric conditions has been formalized for clinical purposes, the most
prominent iterations of which are the International Classification of Diseases (ICD), currently
on its 11th revision, and the Diagnostic and Statistical Manual of Mental Disorders (DSM), 5th
revision [1]. The ICD-11 [33] is a medical taxonomy published by the World Health Organization
(WHO); its content encompasses a wide range of health conditions, with a chapter regarding
mental, behavioral, and neurodevelopmental disorders. This standard is used internationally, for
statistical comparison of morbidity as well as clinical purposes. Currently mappings from ICD-11
codes to the equivalent SNOMED CT concepts are not available, presumably because the ICD-11
is a recent revision and not completely integrated in all settings, but such a map for the ICD-10
is made available by SNOMED International [21]. The DSM-5 [1] is similar in taxonomy to the
ICD with key differences: the DSM contains psychiatric diagnoses only, and is based on mental
health data and standards from the United States only, limiting its applicability and reach, but it
is commonly used in the US for psychiatric diagnoses and treatment recommendations. Although
neither is formalized as an ontology, each is an important source of structured mental health
information to consider due to their ubiquity in clinical and research settings.

The Cognitive Atlas (CogAt) [36] is a knowledge base for cognitive neuroscience that aims to
map mental processes onto brain function, while addressing issues with ambiguous terminology in
the field. Additionally, CogAt adopts Wikipedia’s approach to collaborative knowledge building,
capturing disagreement by allowing public contributions and discussion. CogAt uses basic
ontological relations as included in the OBO Relational Ontology, as well as relations between
processes, tasks, and “descended from” relations between tasks. The basic classes subsuming all
entities in CogAt are Concepts, Tasks, Phenotypes, and specialized Collections of tasks and theories.
Although CogAt’s hierarchy of Disorders is derived from the Disease Ontology (DO) database [40]
and matches most other standard nosologies, CogAt does not aim to be as comprehensive in its
inclusion of symptoms.

2.3 Semantic assessment frameworks

There are several existing standards for data exchange in clinical settings. For example, Logical
Observation Identifiers Names and Codes (LOINC) [18] provides a common terminology for
laboratory and clinical observations for clinical care and management. It has a rich catalog of
clinical documents and standardized survey instruments, included psychometric assessments, and is
available for public use. Similarly, the Health Level 7 (HL7) clinical document architecture contains
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many different standards supporting the interoperability of medical data. One such standard
is Fast Healthcare Interoperability Resources (FHIR), which provides detailed specifications for
document structure including for questionnaires [14].

Several ontologies exist to capture the semantics of measurement instruments; here, we consider
those that are close to the goals of POEM either in domain (measurement of constructs in behavioral
science, psychology), or in the depth of semantics covered. Beginning in 2010, Batrancourt et
al. [3] [4] developed an ontology of Mental State Assessment (ONL-MSA) as an extension of

the OntoNeuroLOG ontology [43], a common semantic model of neuroimaging data and tools.

ONL-MSA’s fundamental contribution is a core ontology providing a general model of mental state
assessments alongside a taxonomy of behavioral, neuropsychological, and neuroclinical instrument
types. Instrument properties captured include decomposition into sub-instruments, definitions of
associated variables, and the domains and qualities measured by instruments. Instruments are
associated with a set of measuring actions that link resulting scores to measured variables, and
numeric scoring scales are expressed with a set of codes.

In 2012, Cox et al. developed a pair of complementary ontologies to extend the Ontology for
General Medical Sciences (OGMS): the Neurological Disease ontology (ND), which aims to be a
comprehensive representation of all facets of neuropsychology, and the NeuroPyschological Testing
ontology (NPT) [12] [13], a set of classes that represent cognitive functioning assays, including
tests, cognitive functions measured, scores, and the associated scale results. NPT and ND also
utilize the Mental Disease (MD) and Mental Function (MF) ontologies created by Hastings et
al. [24]. Primarily, NPT aims to annotate neuropsychological tests and testing data in order to
integrate results over a range of assessments in overlapping domains.

Bensmann et al. have created an ontology with the aims of facilitating data search and reuse
for social science survey items [7]. Social surveys, which comprise items usually about attitudes,
behaviors, and factual information, are currently findable based on survey-level metadata, but
question-level and variable-level searches have previously not been available. Bensmann’s ontology
tries to remedy this through annotation of question features including the nature of the problem
or task given to the respondent, the tone and complexity of language used, and the nature of
objects in question, among others.

3 Ontology Development

The initial motivation for POEM stemmed from the need for semi-automated answering of
community questions, to relieve the time spent by the administrators of POEM in addressing
recurring queries. The development of POEM followed a collaborative, bottom-up approach
undertaken by a multidisciplinary team. This team is composed of subject matter experts (SMEs)
who are researchers in psychological clinical assessment, led by two doctoral-level researchers
working with four additional doctoral-level researchers who specialize in psychological measurement
and/or psychometric theory, and four doctoral-level specialists in semantic technologies. This
collaborative model allowed for domain knowledge and technical expertise to inform the ontology’s
design in tandem, ensuring both semantic quality and clinical relevance. POEM was developed
iteratively through continuously updated terminology, use case definitions, competency question
development, and feedback between SMEs and ontology engineers through weekly meetings. As
SMEs gained familiarity with ontology engineering practices, they also contributed refinements to
ensure the ontology captured real-world clinical assessment needs.

We conducted a review of previous literature and resources in psychometric representation
to create our initial modeling, and identify ontologies that could be reused. This involved a
search of key academic databases including Google Scholar and Scopus, and established ontology
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repositories such as the EMBL-EBI Ontology Lookup Service and NCBO BioPortal. The search
strategy utilized a set of keyphrases including but not limited to “mental health ontology”,
“psychometric ontology”, and “mental health data representation”. Sources were deemed relevant if
they described a formal ontology or data model that could be applied to psychometric assessments,
or mental or behavioral health. Next, we established a set of use cases and competency questions,
which are elaborated on in Section 3.1. The development process then progressed in three
main phases: (1) modeling core questionnaire structure, (2) introducing psychometric constructs
and their relations to measurement scales, and (3) incorporating evidence modeling, including
provenance tracking to support claims about instrument quality attributes. We followed the
Ontology 101 [32] ontology engineering methodology where practical, leveraging its iterative nature
and best practices.

Throughout this process, the Revised Child Anxiety and Depression Scale (RCADS) instrument
collection served as an anchor for evaluating ontology design and ensuring full use case coverage.
Both the original 47-item (RCADS-47) and shortened 25-item (RCADS-25) versions were used.
Several contributors to this work are also authors and maintainers of instruments within the
RCADS collection, giving increased insight into use-case development and ontology construction.
The RCADS instrument family has been widely adopted in the clinical assessment of child and
adolescent mental health, and both the RCADS-25 and RCADS-47 have been evaluated in multiple
studies. The RCADS-25 is derived from the RCADS-47 using exploratory bifactor analysis to
reduce administration time, to be administered at schools or as part of longer test batteries, while
maintaining psychometric integrity [16].

Both RCADS versions estimate elevations on multiple clinical dimensions, with scales for
depression and anxiety as well as subscales for specific anxiety disorders. Additionally, they are
available in multiple versions for child self-report and caregiver report, and have been translated
into 31 languages as of the writing of this paper. These factors make the RCADS collection a
good candidate for evaluating POEM’s ability to support cross-version modeling of questionnaire
structure, constructs, and evidence.

3.1 Use Cases and Competency Questions

We have generated a set of use cases, along with competency questions that would be encountered
in a broad range of interactions with psychometric assessments, accompanied by example answers
based on the full 47-item Revised Child Anxiety and Depression Scale (RCADS-47) [10] and
the shortened 25-item version (RCADS-25) [16]. These were generated through regular working
sessions that included scenario walkthroughs and expert review, informed by the context of
pragmatically supporting RCADS user support service, beginning with questions most frequently
received as a starting point. Potential use cases identified are as follows:

Clinical service: assessment — finding the most appropriate assessment for a specific patient
and context based on conditions measured, available languages and norms, provenance, and
metrics showing primary utility and exposing strength of evidence; elucidating instrument
usage instructions, target subject and respondent, and what an instrument measures

Clinical service: monitoring — finding the most appropriate assessment for a specific patient and
context, which may include reuse of initial questionnaires and scales, or establishing confidence
in a shorter assessment for ease of repeated use; elucidating instrument usage instructions,
target subject and respondent, and what an instrument measures

Research: production — determining whether appropriate measures already exist, identifying
where reliability and validity may be improved by iterating on an assessment or creating a
new one, and supporting the semantic representation of new measures
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Table 1 Competency questions per use case.
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CQ1 What conditions does (questionnaire) measure? v v v v v
CQ2 | How do I score (questionnaire)? v v v
CQ3 | How many/what scales does (questionnaire) have? v v v
CQ4 What languages are available? v v v v
CQ5 Does (questionnaire) require norms? v v v v
CQ6 | Does (questionnaire) have relevant norms? v v v
cQ7 What do the scores actually mean? v v v
CQ8 | Where did the items in (questionnaire) come from? v v
CQY9 | Who can fill out (questionnaire)? v v v v
CQ10 | Are there shorter versions of (questionnaire) available? v
cQi1 Does the.short version of (questionnaire) relate to the v
long version?
Q13 How does (questionnaire) relate to other measures in v
research?
cQ14 What measures of reliability and validity exist for the v
RCADS47?
Q15 Wher.e ca{:l I find out more about the scale and item v
meanings?

Table 2 Competency questions at Item or Scale level.

CQ16 | What concept does (item) represent?

If (item) corresponds to a symptom, what syndrome or other corresponding concern
does the symptom correspond to?

CQ17

CQ18 | Is the symptom captured by this (item) also captured by other instruments in the world?

Research: synthesis — supporting the process of combining the results of multiple studies by
providing standardized representation of both external and internal questionnaire structure,
metadata, and variables

Development: translation and derivation — determining whether specific language translations
of questionnaires exist, as well as their reliability and validity (which may be very different
from the original language iteration), determining the minimum design elements needed
to create a valid derivative measure, and directing developers towards the provenance and
meanings of constructs measured, which should support the accurate translation or adaptation
of questionnaires in both linguistic and cultural contexts

Questionnaire-level competency questions can be seen in Table 1, with indication of the
particular use cases they are each useful to. Competency questions relevant to specific questionnaire
items and scales are relevant across use cases, and can be seen in Table 2.

Based on our competency questions and continual dialogue between the clinical psychology
researchers and semantic researchers on our team, we have established a terminology list containing
the concepts and definitions that have emerged as important, maintained concurrently with a
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Table 3 Ontology prefixes used in POEM.

prefix | ontology IRI

hasco | Human-Aware Science Ontology https://hadatac.org/description/ont/hasco
vsto | Virtual Solar Terrestrial Observatory https://hadatac.org/description/ont/vstoi
sio Semanticscience Integrated Ontology https://semanticscience.org/ontology /sio.owl
eco | Evidence and Conclusion Ontology http://purl.obolibrary.org/obo/eco.owl

stato | The Statistics Ontology http://purl.obolibrary.org/obo/stato.owl

Sco Study Cohort Ontology https://purl.org/heals/sco/

poem i/[sg::i;:;tnc Ontology of Experiences and http: //purl.org /twe/POEM

UML diagram (Figure 1) representing the structure of POEM as well as its alignment with the
foundational ontologies we have chosen to use. Additionally, we developed prototype applications
that exposed whether the entities and relationships modeled were sufficient to enable tools serviced
by user-relevant data structures, continually iterating between POEM revisions and the design of
these applications; particularly, tools associated with the RCADS website for accessing information
on the RCADS assessment instruments.

3.2 Implementation

The main goal of POEM is to provide a logical and systematic description of measures in clinical
psychology. Based on this goal, as well as terminology and use case documentation, we constructed
the POEM ontology focusing first on basic questionnaire structure, then underlying constructs,
and finally, evidence modeling, with continuous iteration based on feedback from domain experts.
Throughout this process we have used the RCADS-25 and RCADS-47 as examples with which to
evaluate our progression, while ensuring that the structure defined by the terms and relations in
POEM generalize to other measures in clinical psychology.

POEM is implemented in OWL/RDF [29], with the help of the open-source ontology editor
Protégé [30]. We maintain POEM using GitHub at https://github.com/tetherless-world/
POEM, and documentation including use case deliverables, terminology, a static demo, and publica-
tions at https://tetherless-world.github.io/POEM/.

4 POEM

The most central classes to POEM can be seen in Table 4, along with their source ontologies,
definitions, and parent classes.

4.1 Terminology Reuse

POEM utilizes several well-established ontologies at different domain levels in order to effectively
build off of previous work and provide inherent modularity in its usage. Prefixes used for modules
of the ontology are shown in Table 3.

4.1.1 Semanticscience Integrated Ontology (SI10)

The POEM ontology is built around the hierarchy provided by the Semanticscience Integrated
Ontology (SIO) [15], an upper-level ontology that supports the description of objects, processes,
and attributes needed to facilitate biomedical data discovery. SIO defines objects (sio:Object) as


https://github.com/tetherless-world/POEM
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entities that have spatial components and identifiably persistent characteristics, while processes
(sio:Process) are entities with a temporal element. Attributes (sio:Attribute) are qualities, capabil-
ities, or roles that can describe some other entity. On top of this simple structure there is a large
hierarchy with particular focus in the biomedical domain, and relations that can describe entities
in terms of spatial organization, process flow, and referential relations. SIO offers a practical
applied vocabulary that facilitates the integration of scientific data, with simple design patterns
that suit the needs of POEM for the descripion of informational and biomedical entities.

4.1.2 Human-Aware Science Ontology (HAScO)

The Human-Aware Science Ontology (HAScO) [34] is designed to describe scientific data, supporting
its related activities, such as data acquisition and scientific studies, in a way that applies to a
diverse range of domains. HAScO encompasses three particular areas: scientific activities for data
acquisition, data schema, and instruments, with reliance on VSTO-I (4.1.3). Through the use of
Semantic variables (hasco:SemanticVariable) [35], POEM aligns with the capability of semantically
describing scientific variables, enabling data annotation of datasets that contain data acquired
through the application of questionnaires.

4.1.3 Virtual Solar Terrestrial Observatory— Instruments (VSTO-I)

The Virtual Solar-Terrestrial Observatory (VSTO) [19] is a semantic data framework requiring
formal representations of physical quantities and their underlying representations. Originally
intended to support observatory projects across various physics subfields, VSTO has been ex-
panded to more generically support scientific instruments (vstoi:Instrument) with VSTO-I (the
instrumentation portion of VSTO). VSTO-I has support for questionnaires (vstoi:Questionnaire)
and items (vstoi:Item) on top of some of its most basic components:
vstoi:Detector: A device that detects measurements; items (vstoi:Item) are detectors of signals
representing constructs through the recording of human response to some prompt
vstoi:Instrument: A device that receives attribute measurements from detectors, processing
them into a useful value/s; questionnaires (vstoi:Questionnaire) are instruments that translate
a set of responses to items into one or more scores

4.1.4 Evidence and Conclusion Ontology (ECO)

The Evidence and Conclusion Ontology (ECO) [31] is intended to capture annotations and evidence
to support biomedical assertions. The main root class, Evidence (eco:evidence), is defined as
being the output of some planned evidence-gathering process, or assay, as well as producing some
conclusion based on data. ECO also defines automatic and manual assertion methods, which,
alongside evidence classes, allow complex statements about the evidence gathering process. ECO
was created by the founders of the Gene Ontology (GO) and so contains precise evidence types of
molecular, cellular, and biological natures; however, the comprehensive hierarchy of evidence types,
including computational, experimental, inferential, and similarity evidences, easily generalizes to
psychometric usage.

4.1.5 Statistics Ontology (STATO)

The Statistics Ontology (STATO) [22] is a general purpose ontology based on the Basic Formal
Ontology (BFO) [41], an upper-level ontology for scientific research. STATO covers processes
involved in statistical analysis, including statistical tests, the input and output information from
these tests, and aspects of experimental design; additionally, these statistical analysis concepts are
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related to different study designs. STATO supports the application of statistical tests, generation
of results and reports, and communication of scientific results. Most notably to its usage in POEM,
STATO defines study group populations and cohorts, as well as statistical data items that are
commonly used to assess the reliability and validity of psychometric tools.

4.1.6 Study Cohort Ontology (SCO)

The Study Cohort Ontology [9] addresses challenges faced when matching patient populations to
study cohort characteristics during the process of generating treatment recommendations within
Clinical Practice Guidelines (CPGs). The primary focus of SCO is clinical trials that have study
and control arms, but can be generalized to other types of cohort studies, including observational
studies used to evaluate psychometric assessments. Primarily, SCO encodes the vocabulary needed
to describe study populations, including study subjects, subject characteristics, and accompanying
statistical measures. SCO supports a workflow that allows practitioners to perform population
analysis, visualize cohort similarities, and derive clinically relevant inferences.

Table 4 Primary POEM concepts.

Source Class Definition Parent
Construct A hypothetical or theoretical sio:Entity
POEM entity that can not be directly
observed

Psychometric Questionnaire a questionnaire used to meas- vstoi:Questionnaire
ure an individual’s mental
capabilities, behaviors, or psy-
chological traits
Questionnaire Scale a collection of indicators de- sio:0bject
signed to be related to a
shared construct

Composite Scale a scale containing two or more  poem:QuestionnaireScale
subscales

Experience An informant’s observation or  sio:Quality
encounter in a situation or
event

Item Stem Concept The experience or construct sio:0Object

that the question or state-
ment used to prompt an in-
dividual intends to capture
Instrument Family A set of measurement instru- sio:Collection

ments that have been derived
from each other, are pub-
lished by the same organiz-
ation, or have some other
reason for close association

Semantic Variable A variable specification that owl:Thing
includes the target entities
and attributes, but not the
population property

HASCO

Detector A device which detects meas- sio:Device
VSTO-I urements
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Instrument A device or mechanism that sio:Device
is used to acquire attribute
values of entities of interest
Questionnaire An instrument used to ac- vstoi:Instrument
quire data reported from hu-
man subjects
Item An item stem and its response  vstoi:Detector
option within an assessment
Item Stem A question or statement used sio:Object
to prompt the individual to
provide information regard-
ing a latent variable
Scale A collection of indicators de- vstoi:Instrument
signed to be related to a
shared construct
Codebook A document used to outline sio:Entity
the content, format, and cod-
ing scheme of a dataset

Response Option A possible answer choice sio:0bject
provided for a question or
statement

Informant An individual or respond- sio:Person

ent who provides informa-
tion based on an observation
about themselves or someone
else

We now describe the structure of the POEM ontology, describing in more detail how elements
of the ontologies summarized in section 4.1 are utilized, with references to classes in the POEM
ontology italicized for clarity.

4.2 Questionnaire Structure

The core concept of POEM is the psychometric questionnaire, which inherits the majority of its
structural concepts from questionnaire (vstoi:Questionnaire). The psychometric questionnaire
concept inherits provenance attributes such as authorship, licensing, intended subject and respond-
ent, derivation, and structural attributes such as instructions. Additionally, the questionnaire
item (vstoi:Item) encapsulates several entities and other pieces of information included in an
assessment question: an item stem, which is the text presented in the context of prompting a
response regarding some latent construct; the item stem concept, which is the specific phenomenon
an item is intended to capture; and a codebook (vstoi:Codebook) representing a range of possible
respondent experiences. Items have instrument membership attributes inherited from HAScO
specification, giving items membership and position within any number of questionnaires.

4.3 Underlying Constructs

The primary focus of POEM lies in the representation of the underlying semantics of psychometric
questionnaires. This modeling extends from the foundational structure established in VSTO-I,
representing the constructs (poem:Construct) that questionnaires assess. A psychometric construct
is a phenomenon whose signal is meant to be detected by an item or questionnaire scale.
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An dtem is an indicator that targets a signal representing a particular construct, using the
recorded human response. More precisely, an item stem is associated with an item stem concept,
which is an expression of the specific construct or experience intended to be captured. Further,
questionnaire scales (poem:QuestionnaireScale) comprise a collection of one or more item stem
concepts designed to measure a shared construct. The set of item stem concepts in a scale that
has been shown as reliable and valid is said to accurately estimate the presence of a construct.

To support a consistent view of variables for data unification, HAScO uses the notion of a
semantic variable[35]. Formalized variable specifications support the alignment and combination
of variables in processes that occur across multiple studies. In particular, the semantic variable
includes entity and attribute properties, but no population property. Accordingly, two variables
share a common semantic variable when the only distinction between them is their population
properties. HAScO specifies that semantic variables are measured by detectors, and are also
associated with attributes such as temporal and spatial information, and measurement unit. In
POEM, the semantic variable detected by an item has, for its attribute, some symptom, and for
its entity, a human of some demographic. In this way, questionnaire data can be aligned within
and across cohorts.

POEM introduces the ezperience class. Each codebook corresponds with an ezperience related
to the subject’s personal degree to which they experience a construct measured by a questionnaire
item; for example, frequency or intensity.

We maintain that POEM should remain neutral with respect to frameworks such as the ICD
or DSM, and recognize that these and related frameworks are not uncontroversial. Further, while
POEM provides the scaffolding for linking questionnaire scales to clinical constructs, it does not
limit these constructs to those in a particular nosology. The axiom <poem:QuestionnaireScale
isAbout poem:Construct> is intentionally generalizable, allowing integration with any framework,
provided that any object of this axiom is reasonable subsumed by the construct concept. In our
evaluation, we use SNOMED entities to represent the concepts measured, because of its wide use
and coverage, and mappings to other terminologies.

4.4 Evidence Modeling

Determining if psychometric tests are adequate to assess psychological constructs is a process
that is crucial to successful clinical assessment. POEM supports these processes by modeling
population-based studies (SI0:001041) that are conducted by researchers to determine whether
features of questionnaires measure the construct they are intended to, including metrics such as
reliability and validity. The study group population that meets some criteria for inclusion in
a study is referred to as a cohort (hasco:cohort). Knowing the context in which a measure is
applied can be important to evaluating its importance. We use SCO, which connects the cohort
class to demographic information, effectively connecting studies to the context in which they were
conducted.

Observational studies involve the administration of created measures to a cohort one or more
times depending on the target metric; for example, measuring test-retest reliability requires
comparison between scores within the same cohort over time. Questionnaires such as the Caregiver
version of the RCADS-47 require the inclusion of two cohorts, since the respondent (caregiver)
and subject (youth) are different people. Each metric produced as the result of a study constitutes
a piece of evidence (ECO:Evidence), which supports some assertion about an item or scale of
the instrument in question. For example, in an initial study of the RCADS-47 [10], the value of
Cronbach’s Alpha («) calculated for the Social Phobia scale was o = 0.82. This value of « is
generally considered to be good; so, the Cronbach’s Alpha coefficient for the Social Phobia scale
is a piece of observational study evidence supporting the assertion that the Social Phobia Scale
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Figure 1 Conceptual diagram of the POEM ontology.

has good internal consistency for the cohort represented. The modeling described can be seen in
Figure 2. This formalization of studies and evidence supports the aggregation of metrics about
a questionnaire and its features, allowing clinicians to choose questionnaires that adequately fit
their use case.

We avoid making claims about what standards constitute “good evidence”; for example, while
a value of a = 0.82 is generally considered good, there is no consistent criteria for determining

assessment quality, and there are certain ways in which numerical indicators can be misleading [38].

4.5 Use Case Scenario

We demonstrate POEM’s utility in psychometrics via the competency questions posed early in
the development process (table 1, table 2), using the RCADS-47 and RCADS-25 as subjects. We
revisit the use cases outlined in Section 3.1 along with applicable competency questions, based on
knowledge graphs representing the 47- and 25-item versions of the RCADS. For each competency
question, we deploy SPARQL to query the complete knowledge graphs.

Table 5 revisits the competency questions posed in tables 1 and 2, along with specific answers
based on the RCADS-47 and RCADS-25. Table 5 also shows how the current version of POEM
can support the answering of a subset of our original competency questions through SPARQL
queries, generating results that align with SME-generated answers. The SMEs reviewed the
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Figure 2 Evidence Modeling in POEM.

ontology’s structure and its ability to provide meaningful responses, through demonstration of
queries that could sufficiently answer the generated competency questions dynamically, provided
by the ontology experts. Overall, SMEs expressed a high degree of satisfaction with the ontology’s
coverage and utility.

5 Future Work

The primary focus of our work has been to formalize assessment concepts to support measurement
of disorders in a clinical setting. Ongoing work focuses on enhancing POEM’s utility through
generalization to broader types of psychometric questionnaires. Key extensions of POEM include
the modeling of scoring instructions, and continued work on evidence modeling. This includes
the formal representation of norms, which are the sets of answers from test-takers within specific
groups. They may be used during the scoring process to determine the relative standing of a
subject within a group sharing their attributes, generating a percentile or other normative score.
The ability to integrate different norms for the same test across various demographics can support
various applications such as an automatic scoring tool that leverages ontology linkages, which
is currently at the advanced prototyping stage. We also plan to model additional details of
provenance, such as linking of questionnaires and components to publications for further details
and evidentiary support, and providing authorship details.

POEM is being used to support the Semantic Instrument Repository (SIR), a software
infrastructure for the management and distribution of knowledge graphs about data acquisition
instruments, particularly for mental health screening. SIR is an ongoing project and collaborative
effort that is open source and freely available to the public, with a Drupal module client component
and a Java API server component with access to a FUSEKI triple-store repository. The usage
of POEM enables powerful semantic search and retrieval of published instruments and elements,
as well as tracking the evolution and reuse of questionnaires. Users at the appropriate level of
authorization will be able to draft, publish, edit, and deprecate questionnaires.

Additionally, SIR uses POEM to enable instrument rendering and sharing in formats such as
XML/OWL, Turtle, and JSON, and uses POEM knowledge graphs to map from canonical descrip-
tions into rendering tools like REDCap and FHIR. SIR also utilizes semantic data dictionaries
[37], a standard for semantic representation of data, to formally represent acquired data. SIR also
supports the rendering of POEM questionnaires into human-readable formats such as PDF. SIR
is currently under development and not yet deployed, but future work is planned.

6 Conclusion

To address the lack of knowledge infrastructure currently supporting psychometric assessment,
we have designed the POEM ontology, aligning it with SIO and other high-level ontologies. We
have described how POEM formalizes the structure of questionnaires and the constructs they
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measure, aligning with terminology used in psychology and psychometrics, and shown how, given
a knowledge graph of an assessment, POEM can answer a range of queries about content and
provenance within clinical and research use cases. Following discussion of difficulties faced due to
lack of formal guidance in proper selection and usage of instruments, we see value in continued

development of POEM as research drives an increasingly diverse proliferation of assessment

instruments.
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K. Rook, H. Santos, D. L. McGuinness, M. S. Sprung, P. Pinheiro, and B. F. Chorpita

A Competency Questions and SPARQL Queries
Ontology prefixes:

PREFIX poem: <http://purl.org/poem#>

PREFIX rcads: <http://purl.org/poem/individuals#>
PREFIX rdfs: <http://www.w3.org/2000/01/rdf-schema#>
PREFIX dc: <http://purl.org/dc/terms/>

Table 5 Competency Questions and Corresponding SPARQL Queries.

# Question Answer
cQl What conditions does the RCADS-47 meas- | separation anxiety disorder, social phobia,
ure? generalized anxiety disorder, panic disorder,
obsessive compulsive disorder, major depress-
ive disorder
SELECT ?condition (STR(7lab) AS 7label) WHERE {
rcads:RCADS47Questionnaire sio:hasMember ?scale .
?scale rdf:type poem:QuestionnaireScale .
?scale sio:isAbout ?7construct .
?construct rdfs:label 7label .
}
How many/what scales does the RCADS- | 8 scales; separation anxiety disorder, social
€Q3 47 have? phobia, generalized anxiety disorder, panic
disorder, obsessive compulsive disorder, ma-
jor depressive disorder, total anxiety, total
anxiety and depression
SELECT ?subscalelLabel
WHERE {
rcads:RCADS47Questionnaire sio:hasMember 7scale .
?scale rdf:type poem:QuestionnaireScale .
}
What languages are available for the | US English, Chinese, Danish, Dutch, Finnish,
cQ4 RCADS-477? French, German, Greek, Icelandic, Japanese,
Korean, Norwegian, Persian, Polish, Slovene,
Portuguese, Spanish, Swedish, Turkish, Urdu
SELECT 7languageCode
WHERE {
rcads:RCADS47Questionnaire sio:hasMember ?7item .
7item rdf:type vstoi:Item .
?item sio:hasSource 7itemStem .
7itemStem dc:language 7languageCode .
}
Who can fill out the RCADS-477 Youth (8-18 years), caregiver of youth (8-18
©Q9 years)
SELECT 7informantLabel
WHERE {
rcads:RCADS47Questionnaire sio:hasAttribute 7informant .
?informant rdf:type poem:Informant .
?informant rdfs:label 7informantLabel .
}
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Are there shorter versions of the RCADS- | Yes; the RCADS-25

CQI10 47 available?
SELECT ?questionnairelabel 7itemCount
WHERE {
{
SELECT 7questionnaire (COUNT(?7item) AS 7itemCount)
WHERE {
?questionnaire sio:hasMember 7item .
}
GROUP BY 7?questionnaire
}
{
SELECT (COUNT(?rcads47item) AS ?rcads47itemCount)
WHERE {
rcads:RCADS47Questionnaire sio:hasMember 7rcads47item .
}
}
FILTER (7itemCount < 7rcads47itemCount)
} ORDER BY ?itemCount
Does the RCADS-25 relate to the RCADS- | Yes; the RCADS-25 is an abbreviated version
CQll 477 of the RCADS-47, and contains 25 items also
in the RCADS-47.
SELECT (COUNT(?7item) AS ?overlapCount)
WHERE {
rcads:RCADS47questionnaire sio:hasMember 7item .
rcads:RCADS25questionnaire sio:hasMember 7item .
}
cQl4 What measures of reliability and validity | Several studies have found the RCADS-47
exist for the RCADS47? to be a reliable and valid measure of chil-

dren’s anxiety and depression (for example:
Chorpita 2000, Ebesutani 2012.)

SELECT 7scale ?7reliabilityMeasure 7reliabilityValue \\
?validityMeasure 7validityValue
WHERE {
rcads:RCADS47Questionnaire sio:hasMember 7scale .
?scale a poem:questionnaireScale .

7evidence a eco:0000000 . # eco:0000000 = Evidence
7evidence sio:isAbout 7scale .

OPTIONAL {
?7evidence a poem:reliabilityFinding .
}
OPTIONAL {
7evidence a poem:validityFinding .
}
FILTER(BOUND(?reliabilityFinding) || BOUND(?7validityFinding))
}
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CQ16

What concept does Item 1 (“I worry about
things”) of the RCADS-47 represent?

worry (generalized)

SELECT 7conceptLabel
WHERE {

rcads:item/1 sio:hasSource 7itemStem .
?itemStem sio:isAbout 7itemStemConcept
?itemStemConcepts sio:isAbout 7construct

?construct a poem:construct

}

cQ17

If RCADS-47 Item 1 corresponds to a
symptom, what condition does the symp-
tom correspond to?

generalized anxiety disorder

SELECT 7condition
WHERE {

rcads:itemStemConcept/1 sio:isAbout ?symptom .

?symptom a poem:construct

?scale sio:hasMember rcads:itemStemConcept/1

?scale a poem:questionnaireScale .
?scale sio:isAbout ?condition .
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— Abstract

In Argument Mining, predicting argumentative re-
lations between texts (or spans) remains one of
the most challenging aspects, even more so in the
cross-document setting. This paper makes three
key contributions to advance research in this do-
main. We first extend an existing dataset, the
Sci-Arg corpus, by annotating it with explicit inter-
document argumentative relations, thereby allowing
arguments to be distributed over several documents
forming an Argument Web; these new annotations
are published using Semantic Web technologies
(RDF, OWL). Second, we explore and evaluate
three automated approaches for predicting these
inter-document argumentative relations, establish-
ing critical baselines on the new dataset. We find
that a simple classifier based on discourse indicators

with access to context outperforms neural methods.
Third, we conduct a comparative analysis of these
approaches for both intra- and inter-document set-
tings, identifying statistically significant differences
in results that indicate the necessity of distinguish-
ing between these two scenarios. Our findings high-
light significant challenges in this complex domain
and open crucial avenues for future research on the
Argument Web of Science, particularly for those
interested in leveraging Semantic Web technologies
and knowledge graphs to understand scholarly dis-
course. With this, we provide the first stepping
stones in the form of a benchmark dataset, three
baseline methods, and an initial analysis for a sys-
tematic exploration of this field relevant to the Web
of Data and Science.
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Mining Inter-Document Argument Structures in Scientific Papers

1 Introduction

The Argument Web [39] was postulated more than 15 years ago. Specified as a knowledge
graph describing arguments in scientific publications, the Argument Web may serve several
purposes for downstream tasks, such as fact-checking and misinformation detection [9] or text
summarization [37]. As such, the Argument Web of Science [45] could be part of the Web of Data
modeling relevant knowledge about the scientific process and its results. While there has been
significant progress in the argument mining field, we still lack the necessary tools to generate the
complete graph of linked arguments, as work on cross-document argumentative structure prediction
has been limited, evidenced by a scarcity of corpora with such annotations [3]. Specifically, related
work has largely focused on annotating intra-document content, neglecting the intricate and highly
relevant relationships between scientific publications.

This paper addresses this crucial gap, primarily by introducing a novel dataset that comprehen-
sively annotates inter-document argumentative relations in scientific publications. To construct
this dataset, we extend the state-of-the-art Sci-Arg corpus [22], which describes arguments present
in 40 computer graphics scientific publications. We identify and explicitly annotate inter-document
argumentative relations, where one argument component from a paper attacks or supports a claim
in another paper. Unlike intra-document relations, which describe argumentative links within a
single paper, inter-document relations capture how argumentative components in one scientific
publication explicitly support or attack those in another. These cross-document connections are
crucial for understanding the broader argumentative discourse across the scientific literature and
are inferred from citation data.

As a result, we produce a dataset that adds around 800 papers to the existing 40 annotated in
Sci-Arg. To represent these links, we use the simplified claim/premise model [54] that has found
widespread use [27]. These components are connected with relations such as attack or support to
form an Argument Web. We also add and distinguish the notion of inter- (i.e., across document
boundaries) and intra-document (i.e., within a single document) relationships. This dataset can
serve as the stepping stone to larger datasets necessary for advancing the state of the art.

Furthermore, to demonstrate the utility and establish initial benchmarks for the new dataset,
we investigate different methods to generate argumentative links: first, a rule-based model using
the presence of discourse indicators to predict argumentative relations; second, a state-of-the-art
argument miner [31] trained on the dataset; and third, Mistral [18], a pre-trained Large Language
Model, used in two different ways: zero-shot classification of relations and few-shot with similar
examples [28].

Then, we compare the results of the methods for two different settings: intra- and inter-document
argumentative relation prediction. The former is to identify argumentative structures within a
single document, while the latter also considers relations across document boundaries. To this
end, we split the dataset into two disjoint subsets of intra- and inter-document relations. This
allows for insights into how well the methods generalize across these two scenarios.

In this paper, we, hence, present three main contributions.

1. A novel, extended dataset of 836 papers based on the Sci-Arg corpus [22]. In addition to the
original annotated arguments, we explicitly include and annotate inter-document relations at a
document level. We publish these annotations using Semantic Web technologies (RDF, OWL),
given their foundational role in the Argument Web vision.!

2. An evaluation of three diverse approaches for predicting inter-document argumentative relations.
We find that a simple classifier based on the presence of discourse indicators outperforms
modern neural methods for the given dataset. These results serve as a critical baseline and
reference for future evaluations on the newly constructed dataset.

1 An endpoint for SPARQL queries is available at https://sciarg.ifi.uzh.ch/#/dataset/Sci-Arg/query
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3. A comparative analysis of these approaches in both inter- and intra-document settings. We
identify notable differences in accuracy across systems, indicating varying performance capabil-
ities depending on the relation scope (within vs. across documents). This analysis can serve as
a template for future comparisons.

As such, this paper can act as a stepping stone for future studies in inter-document argument
mining. Furthermore, our resulting annotations serve as a rich source of detailed, structured
knowledge that can extend other Semantic Web data sources in the scientific publications domain.
By publishing them in RDF, we facilitate a seamless integration with other Semantic Web sources.

The remainder of this paper is structured as follows. Section 2 presents the related work, and
Section 3 introduces our methodology. In the ensuing Section 4, we describe our experiments and
their results. Section 5 outlines possible use cases and applications. Then, Section 6 discusses
limitations and future work. Finally, we conclude with Section 7.

2 Related Work

In this section, we present relevant related works. First, we cover existing argument mining corpora
in the scientific domain. Then, we describe works relating to inter-document argumentative
relations. Finally, we explore approaches to using the Semantic Web to support the scientific
process.

2.1 Argument Mining Corpora in the Scientific Domain

Argument Mining for scientific papers has its roots in Argumentative Zoning [49]: classifying
the relevant sentences from scientific articles into one of four categories (Claim, Method, Result,
Conclusion). To the best of our knowledge, Sci-Arg [22] is the only dataset for Argument Mining
in the scientific domain composed of fully annotated papers in English. This is unsurprising,
given that annotating gold standard data is a resource-demanding task. The challenge is even
exacerbated in the case of scholarly texts because they demand considerable domain expertise of
the annotators [2].

For one of the few datasets [1] available, the authors annotated 60 abstracts based on a subset
of the SciDTB corpus [57]. They add an argumentation layer containing 352 argumentative
components, which are connected by 292 argumentative relations, resulting in partly annotated
papers from computational linguistics. Since abstracts generally do not contain references to other
documents, they cannot be used for inter-document relation prediction.

Another dataset consisting of 24 papers is presented in [20]. The articles from the domain of
educational research have their introduction and discussion sections argument-annotated, notably
including relations. However, this corpus has the reservation that it is comprised of publications
in German, for which Argument Mining approaches are very limited. Instead, our work focuses on
English data as it allows us to aim for a broader audience.

2.2 Inter-Document Argumentative Relations

While not intended to be purely argumentative, the Citation Typing Ontology (CiTO) [46]
allows for the classification of the nature of in-text citations as factual or rhetorical relationships.
The latter has more fine-grained types such as supports for positive and refutes for negative,
which directly correspond to their argumentative equivalents. Since CiTO assigns types to
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citations, these relationships inherently involve more than one document, making them inter-
document. However, [46] presents no method for any (automated) annotations but solely an
ontology. Furthermore, it also lacks a way to annotate intra-document relations since the entirety
of CiTO targets citations.

The authors of [11] follow the relation-based Argument Mining paradigm [10]. Its goal is
to predict the type of relations between text spans, such as attack, support, or neither. Using
LSTMs [17] and GloVe embeddings [36], their approach is explicitly capable of classifying links
between “any two texts,” which also implies inter-document settings. The results indicate that
their neural network methods improve over traditional classifiers.

The notion of “intertextual correspondence” [53] introduces another idea to connect annotated
corpora (i.e., their documents) by exploiting relations, for example, of topical or temporal nature.
This can also lead to multi-modal datasets for Argument Mining purposes. However, such links
need to be identified manually first. The effectiveness of the approach is demonstrated by fusing a
corpus of the debates in the US election of 2016 with commentary and reactions on the online
platform Reddit. Such techniques could also be applied to the Sci-Arg dataset with other media
or documents, since this inherently would result in inter-document relations.

In [35], the authors investigate the impact of content and context on analyzing argumentative
relations. They find that systems that focus too much on the text of the argument components for
relation prediction may easily be deceived and make wrong predictions. For example, they may
rely on discourse indicators contained in the two text fragments to be analyzed, even though they
are not adjacent, and, thus, the discourse indicator does not apply. Therefore, the importance of
the context of argumentative units is asserted [35]: the position in the text and the surroundings
(pre- and succeeding tokens). They show that systems only relying on the context instead of
the content (i.e., component text span) may improve accuracy. Finally, the authors argue that
systems dissecting content and context should also be more adequate for handling inter-document
relation prediction.

2.3 Semantic Web and the Scientific Process

This work builds upon the vision of the Argument Web of Science [45]. While the notion of a
scholarly knowledge graph is not novel, building one out of arguments extracted from scientific
documents is. Given the prevalent role of argumentation in scientific communication [55], arguments
are a suitable vehicle to represent scholarly information. Hence, we follow the Argument Web [39],
which is based on Semantic Web knowledge representation technologies [8, 13].

The most prominent approach to a Knowledge Graph for Science has been described in [4].
Moving from document-centrism to a knowledge-based perspective would allow for a systematic
organization of scholarly information. These efforts culminate in the Open Research Knowledge
Graph (ORKG) [48, 5]: a representation that describes scientific papers in a structured way,
facilitating question answering [33], paper comparisons, and visualizations. ORKG distinguishes
itself from other large-scale efforts to represent scientific paper content, such as Microsoft Academic
Graph (MAG) [56] (which is deprecated and succeeded by OpenAlex [38]), primarily in its
granularity and explicit focus on structured, semantic content within papers. While MAG
provided a vast bibliographic graph of papers, authors, and citations, ORKG aims to extract
and structure the specific findings, methods, and results of scientific contributions, making the
scientific content itself machine-readable and comparable. This deep semantic representation
supports fine-grained analyses and direct comparisons of research outputs, unlike the primarily
metadata-level focus of general bibliographic databases. However, ORKG uses a complex science
ontology to represent the knowledge. While we share the goal of representing scientific information
as a knowledge graph, our focus is different: we model arguments by means of their components
(claims, premises) and two relationships connecting them (attacks, supports).
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The idea behind Research Objects [6] contributes to Semantic Web efforts by defining a
framework to preserve scientific workflows. It extends traditional workflow ontologies with
metadata, annotations, provenance traces, and execution environments to improve reproducibility,
reusability, and long-term preservation. A suite of ontologies provides structured descriptions
of workflows and their evolution and aligns with other Semantic Web initiatives to structure
scientific knowledge for better discovery and reuse. However, the focus is on Research Objects
and their workflows, while this paper uses arguments as the core element of scientific knowledge
representation.

Nanopublications [15, 21] aim to represent atomic units of knowledge with structured metadata
and provenance information. This is to ensure trust, reproducibility, and interoperability. Hence,
Nanopublications contribute to the Semantic Web’s support for the scientific process by providing a
provenance-centric format for publishing scholarly assertions, enhancing machine-readable scientific
communication. However, Nanopublications focus on self-contained statements with metadata
such as provenance and publication information. Our approach, in contrast, models arguments
explicitly by capturing claims along with their attacking or supporting premises. This makes the
logical relationship between statements a central feature.

In the context of knowledge representation and the Semantic Web, the Provenance Ontology
(PROV-0) [26] primarily focuses on describing the origin, history, and derivation of entities and
activities. While argument relations certainly possess provenance aspects (e.g., who asserted a
claim, when, and based on what evidence), PROV-O’s scope is distinct from the explicit modeling
of types of argumentative connections (e.g., “supports”, “attacks”) between content units across
documents. This is where the necessity of an Argument Web arises. Unlike general knowledge
graphs that might link papers by co-authorship or topics, the Argument Web specifically aims to
map the persuasive and confrontational dynamics across research. It addresses the limitations of
single-document or citation-based views, particularly by capturing the complex inter-document
support and attack relations that define scientific discourse. Our framework could be extended
to integrate PROV-O for richer provenance tracking of the argumentative links themselves, but
its core purpose lies in explicitly mapping the argumentative structure across documents, a
functionality that goes beyond the scope of a pure provenance ontology. Our contribution lies
in establishing the argumentative structure itself, which is a specialized form of inter-resource
relationship not directly captured by general provenance models.

Lastly, SciHyp [52] introduces a fine-grained dataset representing hypotheses explicitly men-
tioned in scientific publications. It captures and structures scientific hypotheses from 479 computer
science papers, categorized into relation-finding and comparative hypotheses. The dataset was
created using a hybrid human-AI pipeline, combining experts, LLMs, and crowd refinements.
Furthermore, SciHyp also extends existing hypothesis ontologies to better model their compo-
nents. Through extensive evaluation, the authors demonstrate that LLMs can assist in hypothesis
detection and component extraction, while also showing that human intervention remains crucial
for precision. While SciHyp focuses on hypothesis-driven research, this paper aims to enhance the
scientific process with a data-centered approach based on scientific arguments.

3 Methodology

This section explains the methodology behind our contributions. First, we lay the theoretical
foundations of argumentative relations. Second, we describe the process of creating the new corpus
by extending the Sci-Arg dataset [22] and list threats to the validity of this process and how we
mitigated them. Finally, we lay out the details of the three approaches involved in generating the
baseline for the new dataset, as well as how we evaluate them.
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Table 1 Three examples of annotated relations taken from the Sci-Arg dataset [22].

Example ‘ Component A Relation Component B

Intra-Doc | they tend to appear overly smooth and at times robotic attacks—  these methods do satisfy physical laws
Inter-Doc Chadwick et al. 1989 —supports—  are computationally more expensive
Negative its ease of implementation —none— SSD is a 3D transformation

3.1 Argumentative Relation Prediction

Predicting relations between argument components is the most complex and challenging part
of the Argument Mining pipeline [27, 3]. The goal is to identify related pairs of argumentative
components and to classify the nature of this link.

We follow Opitz and Frank [35] and define argumentative relation prediction to be an irreflexive
function as follows:

f:CxC— R where ¢c; # ¢y for (¢1,c0) € C x C (1)

C is the set of argumentative components. Each component ¢ € C is associated with a specific
document doc(c) from which it originates. Components can be either a text span from within
doc(c) or a reference component to an external document. For a reference component ¢, £
doc(crey) refers to the document containing the citation. The range R of the function refers
to the directed argumentative relation between the components. In this work, R is the set
{attack, support, no-relation}, where “attacks” indicates a clash, “supports” indicates backing,
and “no relation” signifies the absence of an argumentative link between the given components.
Applying this function creates (typed) directed edges between argument component pairs, thus
allowing us to conceive an argument graph. Table 1 provides examples of component pairs with
the relation that connects them.

There are multiple ways to represent an argument, which influences the sets of C' and R. In the
context of this paper, we consider the following representation of an argument: the claim/premise
model [54] with attack and support relations. In the context of this paper, the argumentative roles
of components within C' are further categorized as claim or premise (also called data, evidence, or
reason in the literature [27]). A claim is a proposition about a point the arguer tries to make,
and a premise is a statement about the validity of a claim. In the context of f(-), ¢; is typically
the premise and ¢y the claim, especially for the support relation. However, there is no formal
restriction on the type of components, as a claim may also attack another claim. This follows the
conventions set by BAM, our Benchmark for Argument Mining [44], and is grounded in the fact
that many other (more detailed) argument representations can be simplified to this model and,
thus, allows for a unified evaluation (even if this incurs some information loss).

Building upon this general definition of argumentative relation prediction, we further categorize
relations based on the origin and nature of their components, distinguishing between intra-document
and inter-document argumentative relations. We use the following definitions:

» Definition 1. An argumentative relation f(c1,c2) € R is intra-document if both components
c1,ce € C originate from the same document (doc(c1) = doc(ce)) and neither ¢1 nor ¢z is a
component representing a reference to an external document.

» Definition 2. An argumentative relation f(c1,c2) € R is inter-document if the two components
c1,c2 € C do not originate from the same document (doc(cy) # doc(cz)) OR at least one of the
components is a component representing a reference to an external document.



F. Ruosch, C. Sarasua, and A. Bernstein

Sci-Arg New papers

2)
-~
S
=}
&

-
&>
&
S

Y

&

2

.% %S‘

supports

I

Figure 1 A visualization of the extension of the Sci-Arg corpus
represented by the directed edges.

22] with inter-document relations

With the concept described in Definition 2, we can build an Argument Web as shown in Figure 1
since arguments can now be linked across multiple documents. Furthermore, using these definitions,
we can form two (disjoint) subsets of relations for any dataset. It is important to clarify that this
disjointness applies to the classification of argumentative relations based on the defined criteria of
component origin and type (text span vs. reference to another document). This does not prevent
the possibility of shared or overlapping content existing between documents that are involved in
inter-document argumentative relations. Indeed, such shared content often provides the very basis
for one paper to support or attack another. Our definitions categorize the type of argumentative
relation established between components, rather than asserting that the underlying documents
themselves are semantically or topically distinct. This ensures a clear distinction in how different
types of argumentative interactions, within a document versus across documents, are formally
represented and evaluated. Annotation examples from the Sci-Arg dataset [22] can be seen in
Table 1 for the relation types to predict, as well as the two settings we distinguish.

3.2 Corpus Creation

We based the extended dataset on the freely available Sci-Arg corpus [22], which consists of 40
computer graphics papers fully argument annotated, including components and relations. Sci-Arg
was annotated by one expert and three non-experts in five iterations. The reported Inter Annotator
Agreement (IAA) in terms of the Fj-measure was reported with two criteria. For the strict version,
span and type have to match exactly for components, and for relations, the direction also has
to be correct. In the relaxed version, components only have to correspond in type and match
half the span. This results in a higher IAA for the relaxed criteria: 72% for the components and
49% for relations. Meanwhile, the strictly measured IAA is 60% for the components and 35% for
relations. The new annotations and the code for the automated processes are available in the
online repository.?

Figure 1 visualizes the concept behind the extension of the dataset, which is represented by the
circle, adding new documents outside of it. From the Sci-Arg annotations, we identified relations
that involved components, which are references to other documents. That is, we determined
triples consisting of an argumentative unit annotated in the dataset, a relation (type), and an

2 https://gitlab.ifi.uzh.ch/DDIS-Public/midas
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external paper acting as the respective endpoint. Crucially, for these inter-document relations,
our annotation captures a document-level relationship, indicating that the referencing document
supports or attacks the cited document as a whole, rather than specific claims or spans within
it. Hence, we did not identify or annotate specific argumentative spans within the target (cited)
papers. Instead, the argumentative relation type (supports or attacks) for these inter-document
links was directly inherited from the original intra-document annotation in Sci-Arg. Specifically,
if an argumentative component within one of the original 40 Sci-Arg papers was annotated
with a certain relation (e.g., “supports”) to another component, and that second component
was identified as a citation to an external document, then that existing “supports” label was
applied as the relation between the citing component and the cited document as a whole. Thus,
the labels for inter-document relations originate solely from the high-quality, human-derived
annotations within the original Sci-Arg corpus, ensuring their trustworthiness without requiring
fine-grained annotation of the newly added documents. This process yielded 796 unique external
document references from the initial 40 Sci-Arg papers that were part of annotated argumentative
components. These references formed the basis for expanding our network of inter-document
relations.

We assumed that if an in-text citation is annotated as an argumentative component, the
original paper the citation is in reference to is meant to be used as the component. Therefore, we
extracted all these components that contain a citation based on pattern matching (e.g., “Smith et
al., 2000” or “[1]”).3 We then manually verified that all the identified components were citations in
their context by looking through the 40 documents in the Sci-Arg corpus. This involved confirming
the presence of standard citation formats (e.g., author-year mentions or numerical indices) that
directly corresponded to entries in the papers’ bibliographies, ensuring the component’s accurate
role as a citation to an external source.

Next, we matched the citations to their reference in the bibliographies in the papers. This
was automated wherever possible. For the cases of ambiguity, occurring in approximately 10%
of the instances, we determined the references by hand. These typically arose from multiple
bibliography entries matching a single citation pattern, from unclear author-year combinations, or
special characters not handled correctly during the content extraction. The issues were resolved
by careful cross-referencing with the bibliography, the citing document’s content, and, when
necessary, external academic search engines, following a predefined set of internal guidelines to
ensure consistency.® This way, we could assign the new documents to the annotated argument
components.

Then, we resolved the references to their Digital Object Identifiers (DOI) using Crossref’s
APL5 These API calls were successful for approximately 90% of the identified references. For the
remaining cases without a direct DOI, we followed the guidelines detailed in the online repository
to derive a DOI or, when none was available, another unique, persistent identifier (e.g., arXiv
ID, official publisher URL) that ensured the consistent and unambiguous identification of the
target paper. With these, we could now obtain the content of papers as PDFs, if accessible, from
which we extracted information about their content and structure using Papermage [29]. We
successfully obtained PDF content for 649 of the 796 new papers (approximately 81.5% of the
newly added documents). From these PDFs, Papermage extracted key structural elements such
as paragraphs, sentences, and headings, making their content programmatically accessible for
potential future use, even though fine-grained annotation of these new documents was not within
the scope of this initial extension.

3 The full list of patterns is available in Appendix A.
4 https://gitlab.ifi.uzh.ch/ruosch/wp3/-/blob/main/data/guidelines.md
5 https://api.crossref.org
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It is crucial to clarify that for the current scope of this dataset extension, the detailed full-
text content extracted by Papermage from these additional 649 papers was not directly used
to determine the argumentative relation types (supports/attacks) between documents. These
relation types were derived by performing lookups in the original, human-annotated Sci-Arg data,
where the citation acted as an argumentative component. Therefore, the content acquisition
and extraction primarily served to identify and confirm the existence and structure of the cited
documents and to build a resource for future, more granular analyses. While this approach might
be considered “shallow retrieval” in terms of not using the full text for the initial relation labeling,
it was a deliberate and necessary choice for the initial, broad-scale expansion of the Argument
Web. It allowed us to efficiently establish a foundational network of document-level argumentative
links. The availability of this extracted full text for a large portion of the new documents will
be crucial for future work aimed at developing more sophisticated, content-based methods for
fine-grained inter-document argument mining and automatic relation prediction, moving beyond
simple citation-based links.

To finalize the new annotations for the intra- and inter-document argumentative relations, we
needed to complete the triples with their predicate (relation type) and assign them to either of
the two disjoint subsets. For this, we performed lookups in the original Sci-Arg data using the
two component identifiers to get the relationship label connecting the two. Then, we added these
triples to their corresponding subset based on Definitions 1 and 2: if both components were from
the same document, they were classified as intra, and inter, otherwise.

As a result, we had a new dataset with two additional aspects. First, we added the distinctive
notion of intra- and inter-document argumentative relations, producing annotations of these two
disjoint subsets. This allows us to evaluate relation prediction approaches in the two settings
independently, potentially leading to more in-depth analyses of how different methods work for
them. Second, and more importantly, we augmented the original 40 papers by including an
additional 796 new papers, extending the dataset to 836 total papers.

It is crucial to clarify that this expansion primarily involved identifying external papers cited by
the original 40 and determining document-level relationships to them. Thus, while this represents
a twentyfold increase in the number of documents, the detailed, claim-level annotations present
in the original 40 papers were not replicated for the additional 796 documents. This targeted
approach required substantially less effort per additional document, allowing us to broaden the
scope of inter-document relations efficiently. Even though we do not currently make use of the
full text of the additional papers for detailed internal annotations, their inclusion is vital. These
796 documents serve as essential nodes within the expanded inter-document argumentative graph,
providing a richer, more representative context for studying cross-document argumentation. They
enable the analysis and prediction of how arguments originating from the original 40 papers relate
to a much wider body of scientific literature, making them valuable for understanding the broader
Argument Web.

Additional statistics about the original and the extended dataset can be found in Table 2 (the
class distributions are shown in Appendix F). The number of total relations remains unchanged in
the extension because these 1996 relations represent all argumentative links identified within and
originating from the original 40 Sci-Arg papers. Our extension primarily involved: 1) identifying
which of these existing relations were inter-document (i.e., involved a reference to an external
paper), and 2) adding the external documents themselves as nodes to the Argument Web to
serve as endpoints for these newly categorized inter-document relations. We did not perform new
fine-grained argumentative annotations within the 796 newly added papers. Instead, the total
number of relations reflects the comprehensive set of argumentative links present in the original
Sci-Arg corpus, now re-categorized and contextualized within a larger network of documents.
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Table 2 The statistics of the original Sci-Arg [22] and its extension.

Number of ‘ Sci-Arg Extension

Total Relations 1996 1996
Intra-Doc Relations n/a 1428
Inter-Doc Relations n/a 568
Doc-Level Relations ‘ n/a 1109

Documents ‘ 40 836

We determined 568 relations that go across document boundaries and 1428 within documents.
If we only allow one relation per direction and type for each pair by consolidating relations where
one paper is used to support or attack at multiple locations in another, we reduce the annotations
to the document level. This way, we maintain a graph with 836 nodes and 1109 edges (i.e., the
number of doc-level relations).

We publish these document-level annotations as Resource Description Framework (RDF) data
since Semantic Web technologies provide the means to represent machine-readable data that is
easy to integrate with other data despite heterogeneity.! This is particularly useful in this context,
as there exists a variety of argument representation models with different levels of granularity [27].
To model the data, we used the CrowdAlytics ontology, which extends other ontologies and
integrates ontological components to describe scientific hypotheses and arguments present in
scientific publications [51]. Even though we produced an Argument Web, the inter-document
relations are indeed only on the document level.

This document-level granularity for inter-document relations was a deliberate design choice,
allowing us to scalably extend the dataset’s scope to hundreds of external documents. Unlike the
fine-grained, claim-level annotations within documents, identifying specific span-level argumenta-
tive connections across disparate documents proved prohibitively complex and resource-intensive
for manual annotation, so we only resolved the references to the documents and did not determine
the more fine-grained details of which exact proposition the reference is to. This is visualized in
Figure 1 by the arrows representing the relations only pointing to the documents and lacking
detail outside the circle representing the original corpus. The implication of this design is that our
dataset provides a foundational macro-level view of argumentative connections between papers,
capturing their overall support or attack roles. While this work focuses on these document-level
interactions, future research can leverage this foundation to develop automated methods for
identifying more granular, span-level inter-document argumentative links.

For consistency, we thus make this difference in the relations evident by altering their labels
slightly. Supports becomes is used as support in, and attacks turns into is used as attack in.
This emphasizes the difference between argument component pairs where both are well-specified
propositions as opposed to those consisting of one text span and one reference to a different
document. Semantic Web technologies facilitate the alignment of the two different granularities of
annotations in the same dataset.

Threats to Validity

Several threats to validity impact our corpus creation. First, manual processes were crucial
for verifying identified citation components within their context and for resolving ambiguous
references in bibliographies. However, such manual intervention inherently introduces the risk
of human error, misinterpretation, or inconsistency, which could lead to incorrect associations
between argumentative components and external papers, thereby compromising the accuracy of
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Figure 2 Overview of the three approaches for predicting the argumentative relation for two given
argumentative units.

the inter-document relations. To address this, we systematically went through all 40 documents of
the Sci-Arg corpus for manual verification and resolved ambiguities by hand, aiming for precision
in these critical steps. For consistency and reproducibility, these manual steps are detailed in the
internal annotation guidelines.*

Second, our reliance on pattern matching for extracting components containing citations, while
efficient, carries the threat of incompleteness if non-standard citation formats were missed, or
inaccuracy if text was incorrectly identified as a citation, potentially leading to an incomplete or
flawed set of inter-document relations. We sought to mitigate this by providing a comprehensive
list of patterns in the Appendix, allowing for transparency and future refinement.

Third, challenges encountered during the Digital Object Identifier (DOI) resolution process
using Crossref’s API, and the subsequent efforts to manually derive DOIs or obtain paper content,
meant that not all referenced papers were accessible or fully processable. This limitation means the
dataset may not encompass all intended inter-document relations, or the full text content crucial
for future work leveraging Papermage was not uniformly obtained across all added documents. We
addressed this by following specific guidelines detailed in our online repository for deriving DOIs
or other unique identifiers when automated methods failed. Crucially, our underlying assumption
that an in-text citation annotated as an argumentative component refers to the entire original
paper simplifies potentially more nuanced argumentative connections. This design choice directly
impacts the granularity of our inter-document relations, which are modeled only at the document
level. Consequently, while we clarified this distinction in the annotations by altering relation labels
(e.g., “supports” to “is used as support in”), the dataset does not capture the precise argumentative
unit (e.g., a specific proposition) within the external document that is being supported or attacked,
thereby limiting the depth of fine-grained argumentative analysis possible across documents. We
explicitly acknowledged this limitation by making the difference in relations evident through
altered labels and noting that Semantic Web technologies facilitate the alignment of these different
granularities within the same dataset.

3.3 Automated Relation Prediction

This subsection describes the three approaches used to create the baseline for the new dataset.
Furthermore, we also explain the evaluation methods that we apply. An overview is shown in
Figure 2: the inputs on the left-hand side, the three approaches in the middle, and the evaluation on
the right. The first two approaches only receive the two components to predict the relation, while
the bottom one also has access to the full text. They are all evaluated by the same methodology
to produce comparable results in the Fl-score.
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3.3.1 Rule-Based Approach

The first approach for predicting argumentative relations is rule-based on the presence of discourse
indicators. It is depicted as the bottom of the three gray center squares in Figure 2. Discourse
indicators have already been successfully employed as an Argument Mining technique [47] and
have been shown to be a dependable method for argument relation prediction [25]. To keep this
method simple, we take the 24 expressions from [24, p. 128] (c¢f. Appendix B) as the set of
discourse indicators.

In order to predict the relation for a given pair of argumentative components (text spans),
we first check if they occur in the same sentence in the original text. For this, we have to give
the system access to the document and, thus, the context of the argumentative units, since the
discourse indicator may occur outside of their boundaries. If we fail one of the two checks, we
assume the pair to be not related and predict no relation. Otherwise, we construct a triple of the
two argument components and derive the relation type from the nature of the discourse indicator.
Some signify support (e.g., “because” or “since”) and others attack (e.g., “but” or “despite”).

It is important to note that the annotation guidelines for Sci-Arg [23] only mention discourse
indicators as cues for annotating components but not for relations. Hence, no correlation is
expected ex-ante for the relation prediction.

3.3.2 Argument Miner

As the argument miner, we use the system described and implemented in [31]. Depicted as the top
of the three gray squares in Figure 2, it combines pre-trained transformers (variants of BERT [12])
with recurrent architectures (GRU, CRF, LSTM) for mining arguments and their structures from
natural language texts.

The prediction of argumentative relations between components (text spans) is modeled as a
sequence classification problem. For the pairs of components, one of the following three classes
is to be chosen: Support, Attack, NoRelation. Furthermore, one component can be related to
multiple other components, since each combination is classified independently. Given its top-
performing results in [31], we opted for the uncased SciBERT [7] as the transformer to compute
the embeddings. The pooled representation of the sequence to be classified is fed into a linear
layer with a softmax that produces a distribution over the target classes. These results can be
used to predict the argumentative relationship type between the two given components. The
details regarding fine-tuning, exact parameters, and data splits can be found in Appendix C.

3.3.3 Large Language Model

We use a quantized version of Mistral-7B [18] as the large language model in two different ways,
shown as the middle of the three gray squares representing the approaches in Figure 2. Our
choice of Mistral-7B was driven by the constraint of running the model on a single GPU. This
approach improves the reproducibility and generalizability of our work, as it makes the methodology
accessible to researchers with more limited computational resources. It also significantly speeds
up computation, which is essential for future large-scale experiments. While we also experimented
with several other LLMs (variants of GPT [34] and Llama [14], among others) that fit this criterion,
we ultimately selected to only include Mistral-7B as it consistently showed superior performance
on our specific task.

The first is naive zero-shot classification, whereby the model is prompted with the task phrased
as a multiple-choice problem. This involves predicting the argumentative relation from the set
attacks, supports, or none between two argumentative components, given as text spans. Mistral
is then asked to respond with a single word, i.e., the classification of the relation. The detailed
prompts can be found in Appendix D, including the class distribution of the in-context examples.
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Since argumentative relation prediction is a complex task [3], we also applied a more sophisti-
cated few-shot learning method, utilizing in-context learning based on similar examples [28]. We
use the same template as in the zero-shot classification, but enrich it with examples of triples
formed by component pairs and their connecting relation. These examples are dynamically gener-
ated by identifying the five most semantically similar components in the training set by deriving
their embeddings with Sentence-BERT [42] and applying cosine similarity. We select the five most
semantically similar examples for in-context learning because they are hypothesized to provide
the most relevant contextual cues and linguistic patterns for the LLM to learn from, facilitating
better generalization. This approach aims to maximize the effectiveness of the limited in-context
examples by ensuring their direct applicability to the target prediction, thereby improving the
model’s ability to discern complex argumentative relationships. We then retrieve the ground truth
relations for these five semantically similar pairs to create the in-context examples. The final
prompt is composed of the task description, followed by these curated examples, and finally, the
components for which the relation is to be predicted. We hypothesize that providing the LLM
with information about relations from semantically similar components will help it to predict the
relation correctly.

Finally, for a fair comparison to the other two methods, we will evaluate the LLM approach
with and without providing the context of the argumentative components. To this end, the LLM
will receive the full sentences from which the components are taken in the prompt, alongside the
argumentative component spans themselves. This allows the model to leverage a more complete
understanding of the surrounding discourse, which is known to be a crucial factor in argumentative
reasoning and provides a direct way to measure the impact of context on LLM performance for
this task.

3.3.4 Evaluation

For the evaluation of the three approaches, we employ the routines implemented by BAM [44],
our benchmark for Argument Mining. It is represented by the scale in the square on the right in
Figure 2. It splits the evaluation into the four stages (sentence classification, boundary detection,
component identification, and relation prediction) of the Argument Mining pipeline described
in [27], from which we only use the last step.

To evaluate the argumentative relation prediction, BAM treats it as a binary classification
(retrieved or missed) of triples (subject, predicate, object) and applies the Fl-score [50]. While
argumentative relations in our dataset consist of three classes (“attacks”, “supports”, and “no
relation”), BAM’s relation prediction evaluation frames the problem as identifying relevant /ir-
relevant and retrieved /missed triples. This means, for each potential (subject, object) pair, the
system’s task is to determine if a specific “attacks” or “supports” triple exists and, if so, to
correctly identify it. The “no relation” case is implicitly handled as the absence of such a positively
identified argumentative triple. The subject and object are represented by the identifiers of the
corresponding argumentative component (i.e., text span) as given in the ground truth annotations
of the Sci-Arg dataset. The predicate is the label of the argumentative relationship between the
two. By comparing the ground truth of the test set and the predictions, we get a result for the
relation prediction score represented by F1 between zero and one for each approach, where bigger
signifies better. The code involved in the evaluation is available in the online repository.?
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Table 3 The results of the experiments on the overall dataset. We report the Fl-score as measured by
BAM [44], the precision, and the recall. Also, we indicate if the method had access to the context.

Approach Context F1 Precision Recall
Rule-Based v 0.437 0.554 0.372
Argument Miner [31] 0.251 0.410 0.187
Zero-Shot LLM  [18] 0.113 0.061 0.802
Zero-Shot LLM  [1§] v 0.119 0.065 0.850
Few-Shot LLM  [1§] 0.109 0.141 0.095
Few-Shot LLM  [1§] v 0.132 0.099 0.217

4 Results

This section discusses the experiments conducted to create the baseline and their results. We first
look at the outcome of the approaches on the overall dataset. Then, we examine the differences
when they are applied in the intra- and inter-document settings.

The code of the experiments and the results are available in the online repository.? All
statistical test procedures and their results (a < 0.05) can be found in Appendix E.

4.1 Overall Dataset

Table 3 shows the results for the approaches on the overall dataset. A class-based evaluation can
be found in Appendix F. Furthermore, we show more detailed statistics on the distribution of the
misclassified samples per relation type of each system in Appendix G.

With a relation prediction score of 0.437, the naive approach, which leverages only the presence
of discourse indicators, clearly — and statistically significantly — outperforms the other more
sophisticated neural methods. This may be surprising, but it can be put into perspective with the
following three points. First, discourse indicators have been shown to work well for predicting
argument relations [25]. Second, it was the only technique that had access to not only the content
but also to the context of the argument components. This has been noted to contribute to accuracy
positively [35]. Still, the only influence the access to the context had on the approach was that
the discourse indicator could be contained in either the sentence holding the components or in the
components themselves. Finally, even though the rule-based approach achieved the highest score,
the result is nowhere near where it could be, as the 0.437 score clearly indicates significant room
for improvement.

Scoring 0.251, the transformer-based Argument Mining system [31] came in second place
and considerably ahead of the LLM approaches. This result is consistent with the outcome for
TRABAM in the original showcase of BAM [44]. Even with the training on the dataset, it appears
the system still fails to predict most of the relations for argument component pairs correctly.

The results of the LLM-based approaches are nuanced. Both the zero-shot and few-shot
methods show a statistically significant improvement in their mean F1-scores when provided with
context (p=0.008 and p=0.012, respectively). However, the effect size of this improvement is
markedly different. For the zero-shot LLM, the improvement is negligible (d=-0.173), while for
the few-shot LLM, the effect is medium (d=-0.618). This finding corrects our initial hypothesis,
as it indicates that the information from semantically similar examples is effective at improving
accuracy, but only when combined with the contextual information from the surrounding sentences.

When we examine the performance with context more closely, the few-shot LLM achieves the
best F1-score among the LLM variants (0.132). However, this improvement comes with a trade-off:
while its recall increases substantially (0.095 — 0.217), its precision decreases (0.141 — 0.099).
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Table 4 The results of the experiments on the intra- and inter-document subsets. We report the
F1-score as measured by BAM [44], the precision, and the recall.

Approach Context F1 Precision Recall
Rule-Based Intra v 0.430 0.514 0.380
Inter 0.432 0.649 0.348
Argument Miner Intra 0.238 0.360 0.184
Inter 0.345 0.502 0.276
Zero-Shot LLM Intra 0.083 0.044 0.718
Inter 0.249 0.145 0.970
Zero-Shot LLM Intra v 0.090 0.048 0.782
Inter 0.252 0.146 0.987
Few-Shot LLM Intra 0.091 0.131 0.075
Inter 0.136 0.136 0.144
Few-Shot LLM Intra v 0.113 0.085 0.182
Inter 0.165 0.118 0.294

This behavior indicates that providing context and few-shot examples enables the model to identify
more potential relations but at the cost of generating more false positives. This finding confirms
that while LLMs are sensitive to contextual information, they still struggle to accurately and
precisely discern the correct relations, particularly without extensive fine-tuning.

A key observation from our class-based results (cf. Appendix F) is the significant disparity in
performance between “supports” and “attacks” relations, where models, particularly the LLM-
based approach, consistently exhibit much higher F1-scores for “supports”. This phenomenon can
be attributed to a combination of factors. Firstly, the inherent class imbalance in our dataset, as
detailed in Subsection 3.2 (Table 2), means “supports” relations are substantially more frequent
than “attacks” This naturally biases models towards the majority class. Secondly, identifying
“attacks” relations is often an intrinsically harder task in argument mining. They frequently
involve more nuanced linguistic cues, require deeper semantic understanding of contradiction or
refutation, and may manifest in more diverse textual patterns compared to expressions of support.
The confusion matrices (Appendix G) further illuminate this, revealing instances where models
tend to conflate “attacks” with “no relation” or even incorrectly classify them as “supports”,
highlighting the challenge in accurately discerning these critical dissenting links.

4.2 Intra- Versus Inter-Document Setting

The results for the intra- and inter-document settings are shown in Table 4, revealing that all
systems achieve higher scores for the latter. We make pairwise comparisons to see whether these
numbers are statistically significantly different for F1.

This is neither the case for the rule-based nor for the few-shot LLM approach. The two
represented the two different ends of the scale of the results. The former is at the top (0.430
and 0.432), and the latter is at the bottom (0.091 and 0.136). However, they do not exhibit
statistically significantly different scores for the argumentative relation prediction in the intra-
and the inter-document settings.

Still, the results of the rule-based approach give insights. They indicate that discourse indicators
in scientific papers are a simple but reliable signal for predicting argumentative relations in the
two situations. This is shown in both settings by the higher precision than recall of the method,
confirming the findings in [24].
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Meanwhile, the transformer-based argument miner [31] achieves a distinctly higher score in the
inter-document (0.345) than in the intra-document (0.238) setting. The difference has statistical
significance, suggesting that it is better at predicting this type of argumentative relationship. The
precision and recall values, with the former being higher than the latter, also indicate that the
AM system is able to pick up on the cues in the content of the components. However, it fails to
capture most of the argumentative relations.

For the zero-shot LLM approach, the statistically significant difference in the relation prediction
scores is even larger: 0.083 and 0.249, respectively. The very high recall values stand out for
both settings, indicating that it catches many of the argumentative relations to predict, but also
produces a lot of garbage annotations, considering the very low precision. The analysis for the
few-shot LLM approach is the same as that for the overall dataset. It is inadequate for predicting
argumentative relations either way, with some of the lowest F1, precision, and recall scores across
the board. Since these systems are based on black-boxes that are the neural network architectures,
we can only speculate about the reasons for the disparities. For some LLMs, we have knowledge
about the data involved in their pre-training, while others may be completely closed off. However,
given that their training involved coherent and, most likely, academic text, we can assume that
their capabilities involve recognizing argumentative components such as claims and premises but
struggle to pick up on cues for the more complex task of argumentative relation prediction. More
investigations in this direction are clearly necessary, also when taking the difficulties of effective
prompting into account.

For both the argument miner and the LLM, the results may seem counterintuitive when
comparing the relation prediction scores to those of the naive rule-based approach. The components
in the inter-document setting tend to contain less semantic and syntactic information, as at least
one of them is a reference to another document: a citation. In most cases, that does not give any
details about the referenced document apart from possibly author names and the publication year.
Neither of which carries significant information without more semantic context. Therefore, the only
conclusion is that for the inter-document setting, the complementary component of the pair (i.e.,
not the citation) contains particularly useful information for predicting the relation. Surprisingly,
this would also imply that the cues for the inter-document argumentative relation prediction from
only one component can be leveraged more effectively than those from two components in the
intra-document setting, resulting in higher scores for the former.

The LLMs show a varied response to the addition of context. The few-shot LLM with context
shows no statistically significant difference between intra- and inter-document performance. In
contrast, the zero-shot LLM with context exhibits a large and statistically significant difference
between intra- and inter-document F1 scores. This indicates that while context helps both
approaches, the few-shot learning method, when combined with context, is better able to adapt
and apply its learned knowledge more consistently to both intra- and inter-document relationships,
reducing the performance gap between the two, as was also the case without context.

5 Use Cases for an Argument Web

The Argument Web [40] and, hence, our extended dataset and the developed approaches for
inter-document argumentative relation prediction, provide a foundational layer for a range of
applications, particularly within the scientific domain. By explicitly modeling how scientific
arguments interact across different papers, our work enables a deeper understanding and more
efficient navigation of scholarly discourse.

Firstly, our approach can significantly enhance scholarly recommendation systems. Moving
beyond traditional keyword matching or citation networks, our dataset allows for the development
of systems that suggest papers based on their argumentative relationship to a user’s current reading.
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This means a researcher could be proactively recommended not only supporting evidence but also
crucial counter-arguments or alternative perspectives, fostering a more critical and comprehensive
literature review process. Such systems could also help researchers build a better understanding
of a topic’s argumentative landscape, rather than just its content.

Secondly, these insights are crucial for the automated construction of scientific knowledge graphs.
By identifying and classifying explicit “supports” and “attacks” relations between documents, our
methods facilitate the population of knowledge graphs with argumentative links. This enriches
the semantic representation of scientific discourse, allowing for complex queries that trace the
evolution of ideas, identify the provenance of specific claims, or map the full spectrum of evidence
surrounding a hypothesis. Such structured argumentative knowledge can serve as a backbone for
advanced AT applications in scientific discovery.

In the evolving landscape of LLMs and conversational A, the explicit modeling of argumentative
structures, as enabled by our dataset extension, gains particular significance. Our annotations
provide a crucial resource for training LLMs to generate more accurate, reasoned, and evidence-
backed responses. By understanding support and attack relations across documents, LLMs can
help with:

1. Enhance Factuality: Ground their generated content in verifiable evidence by identifying
supporting arguments from established literature, thereby combating hallucinations with a
belief graph [19].

2. Improve Reasoning: Generate more coherent and logically structured arguments by mimicking
observed patterns of claims, premises, and their interconnections.

3. Synthesize Debates: Effectively summarize complex scientific discussions by identifying the
core arguments for and against specific theories or findings from multiple sources.

4. Provide Justifications: Equip chatbots and conversational agents with the ability to offer
transparent justifications for their answers, referencing supporting evidence or acknowledging
counter-arguments.

5. Detect Controversies and Bias: Recognize areas of scientific disagreement or identify potential
biases in presented arguments by mapping where attacks are concentrated or support is lacking.

Ultimately, our work contributes foundational data structured by explicit inter-document relations,

establishing a basis for future research. This data can empower LLMs to move beyond mere text

generation toward more sophisticated, critically aware, and trustworthy engagement with scientific
knowledge by providing access to the evidentiary chain of scientific claims.

Furthermore, the ability to identify cross-document argumentative relations can greatly facili-
tate automated literature review, survey generation, and summarization [37]. Researchers often
spend considerable time synthesizing arguments and counter-arguments across a vast body of
scientific literature. Our approach could help automate this process by providing an “argument
map” for a given research question, highlighting key supporting evidence, summarizing different
positions on controversial topics, or even generating preliminary argumentative outlines for review
articles, thereby drastically reducing manual effort.

Beyond general scientific discourse, Argument Mining and the Argument Web approach hold
significant promise for applications in healthcare [30]. Clinicians and researchers in medicine
constantly grapple with vast amounts of evidence for and against various therapies, diagnostic
methods, and treatment protocols. An Argument Web in the clinical space could provide
structured, machine-readable evidence for decision-making, allowing users to trace the supporting
and attacking arguments for specific medical recommendations or interventions across countless
research papers, clinical trials, and guidelines. While the current dataset is from computer graphics,
the methodology for extracting and linking inter-document arguments is potentially transferable,
suggesting a powerful tool for evidence-based medicine, systematic reviews, and even supporting
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clinical guideline development by explicitly mapping the underlying argumentative landscape of
medical knowledge. We believe this area represents a particularly impactful future direction for
the Argument Web.

Finally, by comprehensively mapping the argumentative landscape of scientific fields, our work
provides a robust framework based on explicit inter-document support and attack relations for
subsequent analysis aimed at quantitatively identifying research gaps, key disagreements, and
emergent scientific controversies across a field. The explicit identification of “attacks” relations,
particularly when concentrated on specific arguments or findings, can pinpoint areas of ongoing
debate, unresolved issues, or even fundamental assumptions that lack robust support. Conversely,
the absence of strong support relations for a new claim might indicate a research gap. This
capability can guide future research directions by highlighting critical areas for further investigation
or areas where a particular line of argument has been consistently refuted, enabling the scientific
community to focus efforts more effectively.

6 Limitations and Future Work

The main limitation of this work is that all investigations and evaluations were conducted on a
dataset that only represents a specific domain of scientific papers. Therefore, whether the insights
generalize well or at all to other natural language texts remains to be evaluated. In addition,
while we know the domain of the initial dataset is computer graphics [22], we do not have any
information about the newly added papers. Since we did not find an automated way to get the
topics for them, we leave it as future work to see if and how many new topics have been added to
the dataset.

Another constraint was already pointed out in the description of the corpus creation: the
inter-document relations are only annotated on the document level, and, therefore, there is a lack
of detail. The new annotations are valuable information for evaluating methods for predicting
argumentative relations. Still, anchoring the relations (i.e., identifying the exact location) in the
new documents is vital. This goes hand in hand with bringing these annotations to the same level
of detail as the Sci-Arg corpus. Furthermore, this would enable an iterative process by further
extending this dataset with newly identified inter-document relations for the additional papers,
and so forth.

Curating these annotations is very time-consuming, even more so for documents as specialized
as scientific papers, since they require extensive domain knowledge. Therefore, the question of how
human annotations can be reduced to facilitate the tasks for the annotators should be considered.
This exploration is left as future work.

Furthermore, we imposed some limitations on the argument model in the evaluation. They
stem from the way the evaluation is set up using BAM, because only in doing so could we produce
comparable results for the different Argument Mining approaches. This also entailed a degree of
information loss since we did not incorporate all available information from the original dataset.
For example, we did not distinguish between own or background claims, and for relations, we left
out the semantically-same and parts-of-same.

To enhance the robustness and generalizability of argumentative relation prediction, particularly
for the challenging “attacks” class, future work should prioritize targeted strategies. Given the
observed class imbalance and the inherent difficulty of the task, approaches such as cost-sensitive
learning, advanced data augmentation for minority classes, or specialized prompt engineering
for LLMs that emphasizes adversarial reasoning could prove beneficial. Furthermore, a detailed
analysis of the misclassified instances, guided by the inter-class confusion matrices, will be
instrumental. This fine-grained error analysis can help in identifying specific linguistic or structural
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patterns that currently mislead models, giving rise to the development of more discriminative
features or targeted training strategies to reduce confusion between “attacks” and other relation
types. Improving the detection of “attacks” is crucial for tasks like identifying scientific controversies
and understanding dissenting viewpoints.

Moreover, there are further approaches that could be applied to argumentative relation
prediction that we did not include in our work. The explanations for this are twofold. First, we
aim to provide a baseline on the dataset. Second, we wanted to use off-the-shelf methods, which
also facilitate the reproducibility of our results. Our main contribution remains the new dataset
that we generated and published as machine-readable data. Using it, we can improve the baseline
by putting out a shared task or a challenge and getting more methods involved.

While the groundwork has been laid in [35] with their analysis of content and context for
argument relations, a detailed study of what works and what does not remains pending. We can
only surmise why the simple, rule-based approach outperforms the more sophisticated approaches
so clearly. Examining the shortcomings of the transformer-based and the LLM methods should
shed some light on the matter.

Another aspect that we left out in this work is investigating whether the contents of the
documents alone can be used to predict the document-level argumentative relations. With the
increasing context windows of LLMs [43], they might be capable of correctly identifying the
relations between documents without relying on detailed component annotations. They could
construct Argument Graphs from document contents alone. However, as made evident in the

results of the LLM approach in our work, the relation prediction remains challenging for them.

Thus, we hypothesize that this is no trivial task and leave it for future work.

To further facilitate the adoption and application of our work by the broader research community,
future efforts can include the development of a dedicated use cases website, accompanied by
comprehensive documentation and tutorials. This resource could aim to provide practical guidance
and showcase various applications of the extended dataset and the developed argumentative
relation prediction approaches.

7 Conclusions

This work addressed the challenging task of mining inter-document arguments in scientific papers.
We focused on predicting argumentative relations, such as attacks and supports, between argument
components (claims, premises). In this context, we extended an existing dataset [22] by explicitly
annotating it with inter-document argumentative relations. Then, we explored three automated
argumentative relation prediction approaches and evaluated them on the original dataset and the
newly annotated inter-document relations.

This work aligns with the ultimate goal of constructing an Argument Web [39] of Science.
Our contributions include the creation of a new dataset with explicitly annotated inter-document
argumentative relations. We published it using Semantic Web technologies, extending its size
from the original 40 papers to over 800. This endeavor hopes to contribute to advancing the
dissemination of scholarly discourse.

Furthermore, our analysis of the baseline results indicates that a simple rule-based classifier
leveraging the presence of discourse indicators outperforms neural methods for argumentative
relation prediction. This finding emphasizes the effectiveness of exploiting the linguistic features of
the context of components in predicting argumentative relations, which has previously also been
noted in [35]. Furthermore, we observed statistically significant differences in accuracy between the
intra- and inter-document settings for the evaluated approaches. This highlights the importance
of distinguishing between these two.
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In summary, our efforts mark a step forward in understanding and harnessing the complex
web of arguments in scientific papers. By providing an extended, well-analyzed dataset for intra-
document Argument Mining, we hope to bootstrap the effort for large-scale datasets that pave
the way to the Argument Web of Science [45], which in turn could serve as a major pillar for the
Web of Data with respect to science, the scientific process and discourse, and its results.
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A  Regular Expressions for ldentifying Citations

We used the following regular expressions to identify argumentative components that contain
citations.

“\N[.*?7\1$

This matches square brackets with any content; for example, “[Smith et al., 2000]” or “[ 1 ].

“.x?\[7(18]19]120)\d{2}(alblcldle)?\]17$

This matches patterns ending in years (1800-2099) plus optionally a letter or brackets; for example,
“1992a” or “[2005].”

“\d7\d$

This matches matches one or two digits; for example, “1” or “13.”

“\d7\d-\d7\d$

This matches matches digit rangs, “1-2” or “9-11"

~.{0,10} 7(5161718]910[112)\d$

This matches abbreviations and the last two digits of a year (50-29, space optional); for example,
“EiHe92” or “RSB 23.

B Discourse Indicators for Rule-Based Argumentative Relation Prediction

The discourse indicators used for the rule-based argumentative relation prediction are shown in
Table 5. The type for the predicted relation is also indicated for each column.
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Table 5 The list of discourse indicators used for the rule-based argumentative relation prediction taken
from [24, p. 128].

Supports Attacks

because however
therefore but
after though
for except
since not
when never
assuming no

SO whereas
accordingly nonetheless
thus yet
hence despite
then

consequently

Table 6 The dataset splits for the fine-tuning of the transformer-based argument miner [31].

Set | Items

A03, A04, A05, A06, A07, A0S, A12, A13, Al4, Al5, Al7, A19,

A20, A22, A23, A24, A25, A28, A32, A33, A35, A36, A38, A39
Val | A02, All, A21, A31

Test | AO1, A09, A10, A16, A18, A26, A27, A29, A30, A34, A37, A40

Train

C Fine-Tuning of the Transformer-Based Argument Miner

We fine-tuned the transformer-based argument miner on the argumentative relation annotations
of the Sci-Arg corpus [22]. To this end, we used the uncased SciBERT [7] with the following
parameters. The maximum sequence length was set to 128, the batch size per GPU to 32, the
learning rate was 2e — 5, and we trained for three epochs. The system used an Adam optimizer
with an epsilon of 1e — 8. All other parameters used the default values, as specified in the API of
the argument miner. For the data splits, we followed [22] with only the validation set being our
own choice. The exact subsets are shown in Table 6, where AXX denotes the identifier of one of
the 40 papers in the dataset.

D Prompts for the Large Language Model

Here, we show the prompts for the two approaches using Mistral [18] for the argumentative relation
prediction.

For the zero-shot, the prompt looked as follows. z and y are replaced with the components to
be predicted.

Classify the type of argumentative relationship between two given text spans. The
relationship can be from the list [none, supports, attacks]. Reply with only one word.
COMPONENT A: z

COMPONENT B: y

RELATION:
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Table 7 The abbreviations used for the different approaches.

Approach | Abbreviation

Rule-Based | diam
TRABAM | trabam
Zero-Shot LLM | llmam_zero
Few-Shot LLM | llmam_ prompt
Zero-Shot LLM with Context | llmam_zero context
Few-Shot LLM with Context | llmam_ prompt_ context

For the few-shot, the prompt looked as follows. z and y are replaced with the components
to be predicted. a and b are replaced with the components of the example pair, and r with
their relation. Furthermore, the 5x{...} indicates that this block is repeated five times with
five different example pairs and their relations. The examples pairs are drawn from the 66, 668
relations in the test set of the data based on the semantic similarity to the components to be
classified. This similarity was computed with Sentence Transformer [41]. The class distribution of
these in-context examples was as follows:

noRel: 62,226 examples
supports: 3,644 examples
attacks: 798 examples

Classify the type of argumentative relationship between two given text spans. The
relationship can be from the list [none, supports, attacks]. Reply with only one word.
Examples:

5%

{COMPONENT A: a

COMPONENT B: b

RELATION: r}

COMPONENT A: <

COMPONENT B: y

RELATION:

E Statistical Significance Testing

Below, we report the p-values where we claim to have found significant differences for the results
shown in Table 3 and in Table 4. For the comparison of the accuracy on the overall dataset
for all systems, we show the mean rank differences in Table 8 and for the comparison of the
intra- and inter-document setting in Table 9. Bold numbers indicate statistically significant
differences (p < 0.05). The testing for the statistical significance of the results was conducted with
Autorank [16]. For brevity, the different approaches use abbreviations which are explained in
Table 7. Furthermore, the suffix indicates whether subsets (“-intra” for intra-document, “-inter”
for inter-document) or the entirety of the dataset (“-all”) was used. The detailed reports on the
conducted tests for statistical significance, including all procedures and assumptions testing, are
partially shown below, but all are available in the code repository.?
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Table 8 Pairwise absolute mean rank differences from the Nemenyi test [32]. Values in bold indicate a
significant difference (p < 0.05, based on a critical distance of 2.176).

Population Rule-Based | TRABAM | Zero-Shot LLM | Few-Shot LLM | Zero-Shot LLM (with Context) | Few-Shot LLM (with Context)
Rule-Based 1.000 4.167 4.000 3.167 2.667
TRABAM 1.000 3.167 3.000 2.167 1.667
Zero-Shot LLM 4.167 3.167 0.167 1.000 1.500
Few-Shot LLM 4.000 3.000 0.167 0.833 1.333
Zero-Shot LLM (with Context) 3.167 2.167 1.000 0.833 0.500
Few-Shot LLM (with Context) 2.667 1.667 1.500 1.333 0.500

Table 9 The p-values of the paired t-test for the comparison of the results in the intra- versus inter-
document setting.

p-Value

Rule-Based | 0.977

TRABAM | 0.003

Zero-Shot LLM | 0.000

Few-Shot LLM | 0.149

Zero-Shot LLM with Context | 0.000
Few-Shot LLM with Context | 0.131

Overall Dataset for All Systems

The statistical analysis was conducted for 6 populations with 12 paired samples. The family-wise
significance level of the tests a=0.050. We failed to reject the null hypothesis that the popu-
lation is normal for all populations (minimal observed p-value=0.139). Therefore, we assume
that all populations are normal. We applied Bartlett’s test for homogeneity and reject the
null hypothesis (p=0.039) that the data is homoscedastic. Thus, we assume that our data is
heteroscedastic. Because we have more than two populations and the populations are normal
but heteroscedastic, we use the non-parametric Friedman test as omnibus test to determine if
there are any significant differences between the mean values of the populations. We use the
post-hoc Nemenyi test to infer which differences are significant. We report the mean value
(M), the standard deviation (SD) and the mean rank (MR) among all populations over the
samples. Differences between populations are significant, if the difference of the mean rank
is greater than the critical distance CD=2.176 of the Nemenyi test. We reject the null hy-
pothesis (p=0.000) of the Friedman test that there is no difference in the central tendency of
the populations llmam_ zero-all (M=0.113+0.032, SD=0.034, MR=5.167), llmam_ prompt-all
(M=0.109+0.041, SD=0.044, MR=5.000), llmam_ zero_ context-all (M=0.1194+0.035, SD=0.037,
MR=4.167), llmam_ prompt__context-all (M=0.132+0.028, SD=0.030, MR=3.667), trabam-all
(M=0.25140.049, SD=0.052, MR=2.000), and diam-all (M=0.437+0.067, SD=0.073, MR=1.000).
Therefore, we assume that there is a statistically significant difference between the median values
of the populations. Based on the post-hoc Nemenyi test, we assume that there are no significant
differences within the following groups: llmam_ zero-all, llmam_ prompt-all, llmam_ zero_ context-
all, and llmam_ prompt_ context-all; llmam_ zero_context-all, llmam_ prompt_ context-all, and
trabam-all; trabam-all and diam-all. All other differences are significant.

Inter- Versus Intra-Document

For each of the four comparisons, we had two populations with 12 paired samples. Since BAM [44]
reports the mean of the samples, we conducted the paired t-test, the p-values of which are shown
in Table 9. As we fail to reject the null hypothesis for normal distribution for all populations,
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Table 10 The p-values of the Wilcoxon Signed-Rank Test comparison for different settings (N = 12
per population).

Comparison | M (SD1) | Mdni | M> (SDy) | Mdny | W [p
diam-intra vs. diam-inter | 0.430 (+ 0.083) | 0.421 | 0.432 (£ 0.135) | 0.424 | 39.0 | 1.000
trabam-intra vs. trabam-inter | 0.238 (£ 0.059) | 0.215 | 0.345 (4 0.100) | 0.351 1.0 | 0.001
llmam_ zero-intra vs. llmam_ zero-inter | 0.083 (£ 0.028) | 0.084 | 0.249 (£ 0.065) | 0.257 0.0 | 0.000
llmam prompt-intra vs. llmam prompt-inter | 0.091 (+ 0.052) | 0.092 | 0.136 (£ 0.079) | 0.139 | 18.0 | 0.110
llmam_ zero context-intra vs. llmam_zero context-inter | 0.090 (£ 0.031) | 0.093 | 0.252 (£ 0.069) | 0.256 | 0.0 | 0.000
llmam_ prompt_ context-intra vs. llmam_ prompt_ context-inter | 0.113 (+ 0.043) | 0.121 | 0.165 (£ 0.082) | 0.176 | 17.0 | 0.092
llmam_ prompt-all vs. llmam_ prompt_ context-all | 0.109 (£ 0.044) | 0.104 | 0.132 (+ 0.030) | 0.128 | 11.0 | 0.027
llmam_ zero-all vs. llmam_ zero_context-all | 0.113 (£ 0.034) | 0.108 | 0.119 (£ 0.037) | 0.114 | 3.0 | 0.002

we also report the p-values of the more robust Wilcoxon Signed-Rank Test in Table 10. They
yield the same results with respect to the statistical significance of the differences between the
populations.

Rule-Based: Inter- Versus Intra-Document

The statistical analysis was conducted for 2 populations with 12 paired samples. The family-wise
significance level of the tests a=0.050. No check for homogeneity was required because we only
have two populations. We use the t-test to determine differences between the mean values of the
populations and report the mean value (M) and the standard deviation (SD) for each population.
We failed to reject the null hypothesis (p=0.977) of the paired t-test that the mean values of the
populations diam-intra (M=0.430+0.062, SD=0.083) and diam-inter (M=0.4324+0.101, SD=0.135)
are equal. Therefore, we assume that there is no statistically significant difference between the
mean values of the populations.

Argument Miner: Inter- Versus Intra-Document

The statistical analysis was conducted for 2 populations with 12 paired samples. The family-wise
significance level of the tests a=0.050. No check for homogeneity was required because we only
have two populations. We use the t-test to determine differences between the mean values of the
populations and report the mean value (M) and the standard deviation (SD) for each population.
We reject the null hypothesis (p=0.003) of the paired t-test that the mean values of the populations
trabam-intra (M=0.238+0.044, SD=0.059) and trabam-inter (M=0.3454+0.075, SD=0.100) are
equal. Therefore, we assume that the mean value of trabam-inter is significantly larger than the
mean value of trabam-intra with a large effect size (d=-1.299).

Zero-Shot LLM: Inter- Versus Intra-Document

The statistical analysis was conducted for 2 populations with 12 paired samples. The family-
wise significance level of the tests «=0.050. No check for homogeneity was required because
we only have two populations. We use the t-test to determine differences between the mean
values of the populations and report the mean value (M) and the standard deviation (SD) for
each population. We reject the null hypothesis (p=0.000) of the paired t-test that the mean
values of the populations llmam_ zero-intra (M=0.0834+0.021, SD=0.028) and llmam_ zero-inter
(M=0.249+0.049, SD=0.065) are equal. Therefore, we assume that the mean value of llmam__zero-
inter is significantly larger than the mean value of llmam_ zero-intra with o large effect size
(d=-8.323).

4:29

TGDK



4:30

Mining Inter-Document Argument Structures in Scientific Papers

Prompted LLM: Inter- Versus Intra-Document

The statistical analysis was conducted for 2 populations with 12 paired samples. The family-
wise significance level of the tests a=0.050. No check for homogeneity was required because we
only have two populations. We use the t-test to determine differences between the mean values
of the populations and report the mean value (M) and the standard deviation (SD) for each
population. We failed to reject the null hypothesis (p=0.149) of the paired t-test that the mean
values of the populations llmam_ prompt-intra (M=0.09140.039, SD=0.052) and llmam_ prompt-
inter (M=0.136+0.059, SD=0.079) are equal. Therefore, we assume that there is no statistically
significant difference between the mean values of the populations.

Zero-Shot LLM with Context: Inter- Versus Intra-Document

The statistical analysis was conducted for 2 populations with 12 paired samples. The family-
wise significance level of the tests a=0.050. No check for homogeneity was required because we
only have two populations. We use the t-test to determine differences between the mean values
of the populations and report the mean value (M) and the standard deviation (SD) for each
population. We reject the null hypothesis (p=0.000) of the paired t-test that the mean values of the
populations llmam_ zero_context-intra (M=0.090+0.023, SD=0.031) and llmam_ zero_ context-
inter (M=0.252+0.052, SD=0.069) are equal. Therefore, we assume that the mean value of
llmam,__zero__context-inter is significantly larger than the mean value of llmam__zero_context-intra
with a large effect size (d=-3.022).

Few-Shot LLM with Context: Inter- Versus Intra-Document

The statistical analysis was conducted for 2 populations with 12 paired samples. The family-
wise significance level of the tests «=0.050. No check for homogeneity was required because
we only have two populations. We use the t-test to determine differences between the mean
values of the populations and report the mean value (M) and the standard deviation (SD) for
each population. We failed to reject the null hypothesis (p=0.131) of the paired t-test that the
mean values of the populations llmam_ prompt__context-intra (M=0.113+0.032, SD=0.043) and
llmam_ prompt__context-inter (M=0.165+0.061, SD=0.082) are equal. Therefore, we assume that
there is no statistically significant difference between the mean values of the populations.

Zero-Shot LLM: Context Versus No Context

The statistical analysis was conducted for 2 populations with 12 paired samples. The family-wise
significance level of the tests a=0.050. No check for homogeneity was required because we only
have two populations. We use the t-test to determine differences between the mean values of the
populations and report the mean value (M) and the standard deviation (SD) for each population.
We reject the null hypothesis (p=0.008) of the paired t-test that the mean values of the populations
llmam_ zero-all (M=0.1134+0.026, SD=0.034) and llmam_ zero_ context-all (M=0.11940.028,
SD=0.037) are equal. Therefore, we assume that the mean value of llmam__zero__context-all is
significantly larger than the mean value of llmam__zero-all with a negligible effect size (d=-0.173).

Few-Shot LLM: Context Versus No Context

The statistical analysis was conducted for 2 populations with 12 paired samples. The family-wise
significance level of the tests a=0.050. No check for homogeneity was required because we only
have two populations. We use the t-test to determine differences between the mean values of the
populations and report the mean value (M) and the standard deviation (SD) for each population.



F. Ruosch, C. Sarasua, and A. Bernstein 4:31

Table 11 The results of the experiments on the overall dataset. We report the class-based F1-score,
precision, and recall.

Approach F1 Precision Recall
Rule-Based SuPPOrts | 0.346 0.929 0.212
Attacks 0.342 0.318 0.371
Argument Miner Supports | 0.309 0.882 0.187
Attacks 0.196 0.708 0.114
Zero-Shot LLM Supports | 0.842 0.792 0.899
Attacks 0.010 1.000 0.005
t . . .
Zero-Shot LLM + Context Supports | 0.863 0790 0.950
Attacks 0.010 0.286 0.005
Few-Shot LLM Supports | 0.182 0.936 0.101
Attacks 0.020 0.667 0.010
t . . .241
Few-Shot LLM + Context Supports | 0380 0899 0
Attacks 0.010 0.400 0.005

Table 12 The results of the experiments on the intra-document subset. We report the class-based
F1-score, precision, and recall.

Approach F1 Precision Recall
Rule-Based Supports | 0.329 0.888 0.202
Attacks 0.376 0.382 0.370
3 . . 1
Argument Miner Supports | 0.308 0.865 0.187
Attacks 0.185 0.694 0.107
Zero-Shot LLM Supports | 0.770 0.700 0.855
Attacks 0.010 1.000 0.005
Zero-Shot LLM -+ Context Supports | 0.802 0.704 0.930
Attacks 0.010 0.400 0.005
Fow-Shot LLM Supports | 0.140 0.876 0.076
Attacks 0.020 0.800 0.010
t .32 . 2
Few-Shot LLM + Context Supports | 0.329 0830 0-205
Attacks 0.010 0.400 0.010

We reject the null hypothesis (p=0.012) of the paired t-test that the mean values of the populations
llmam_ prompt-all (M=0.10940.033, SD=0.044) and llmam_ prompt__context-all (M=0.13240.022,
SD=0.030) are equal. Therefore, we assume that the mean value of llmam__prompt_context-all is
significantly larger than the mean value of llmam__prompt-all with a medium effect size (d=-0.618).

F Class-Based Performance

Table 11 shows the class-based performance for the four approaches on the overall dataset.
Tables 12 and 13 show the class-based results for the intra- and inter-document subset, respectively.
The class distribution is shown in Table 14.

TGDK
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Table 13 The results of the experiments on the inter-document subset. We report the class-based
F1l-score, precision, and recall.

Approach F1 Precision Recall

Rule-Based Supports | 0.375 1.000 0.231

Attacks 0.024 0.012 1.000

Argument Miner Supports | 0.429 1.000 0.273

Attacks 0.000 0.000 0.000

Zero-Shot LLM Supports | 0.988 0.998 0.979

Attacks 0.000 0.000 0.000

t 2 1. .14

Few-Shot LLM Supports | 0.253 000 0.145

Attacks 0.000 0.000 0.000

Zero-Shot LLM - Context Supports | 0.993 0.998 0.988
Attacks 0.000 0.000 0.000

t 4 1. .

Few-Shot LLM + Context Supports | 0.470 000 0.307
Attacks 0.000 0.000 0.000

Table 14 The distribution of the classes for the overall dataset and the intra- and inter-document

subsets.
Class Overall Intra Inter
Supports 1592 1025 567
Attacks 404 403 1
Total 1996 1428 568

G Statistics of Misclassified Samples

Table 15 shows the distributions of the misclassified samples per relation type for the different
approaches. Each column indicates the real class of the samples, and each row shows the assigned
relation type by the approaches. Since the zero-shot LLM approach did not only produce valid
labels but also a variety of responses, Tables 15¢ and 15d have an additional row ( Various) where
these predictions are pooled.

H  Technical Infrastructure and Computational Budget

All experiments were performed on a machine with eight NVIDIA GeForce RTX 4090 GPUs and
one AMD EPYC 9124 3.0GHz 16-core CPU. Only a single GPU was used at a time for each
experiment run, where applicable. Any experiment not leveraging the GPU was performed on the
CPU: this only applies to the Argument Mining using the presence of discourse indicators.

The computational budget for all experiments was approximately 120 GPU hours.
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Table 15 Distribution of the misclassified samples per relation type for all six approaches evaluated.
The gold standard relation is shown in the columns, and the predicted system relation is shown in the
rows. Subfigure (a) is the rule-based approach, (b) the argument miner, (c) the zero-shot LLM, (d) the

zero-shot LLM with context, (e) the few-shot LLM, and (f) the few-shot LLM with context.

(a) Rule-based approach.

(b) Argument miner [31] approach.

Gold

Gold

System Attacks No Relation System Attacks Supports No Relation
Attacks - 0.440 Attacks - 0.015 0.134
Supports 0.102 0.560 Supports 0.112 - 0.866
No Relation 0.898 - No Relation 0.888 0.985 -

(c) Zero-shot LLM approach.

(d) Zero-shot LLM approach with context.

Gold -
m‘ Attacks Supports No Relation

Gold ;
WJ Attacks Supports No Relation

Attacks - 0.000 Attacks - 0.063 0.004
Supports 0.935 0.911 Supports 0.998 - 0.953
No Relation 0.005 - No Relation 0.000 0.051 -

Various 0.060 0.089 Various 0.002 0.886 0.043

(e) Few-shot LLM approach.

(f) Few-shot LLM approach with context.

Gold -
m‘ Attacks Supports No Relation

Gold ;
WJ Attacks Supports No Relation

Attacks - 0.034 Attacks - 0.002 0.017
Supports 0.028 0.966 Supports 0.107 - 0.983
No Relation 0.972 - No Relation 0.893 0.998 -
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— Abstract

In large manufacturing companies, such as Bosch,
that operate thousands of production lines with
each comprising up to dozens of production ma-
chines and other equipment, even simple invent-
ory questions such as of location and quantities
of a particular equipment type require non-trivial
solutions. Addressing these questions requires to
integrate multiple heterogeneous data sets which
is time consuming and error prone and demands
domain as well as knowledge experts. Knowledge
graphs (KGs) are practical for consolidating invent-
ory data by bringing it into the same format and
linking inventory items. However, the KG creation
and maintenance itself pose challenges as mappings
are needed to connect data sets and ontologies. In
this work, we address these challenges by exploring

LLM-supported and context-enhanced generation of
both YARRRML and RML mappings. Facing large
ontologies in the manufacturing domain and token
limitations in LLM prompts, we further evaluate
ontology reduction methods in our approach. We
evaluate our approach both quantitatively against
reference mappings created manually by experts
and, for YARRRML, also qualitatively with expert
feedback. This work extends the exploration of
the challenges with LLM-supported and context-
enhanced mapping generation YARRRML [18] by
comprehensive analyses on RML mappings and an
ontology reduction evaluation. We further publish
the source code of this work. Our work provides
a valuable support when creating manufacturing
mappings and supports data and schema updates.
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3 Where can | find my inventory device?

Use Case Ontology

Inventory Electric
Number \ Circuit
Inventory
o,
“I b MaproMachine Machine
p Number
Machine —
CMDBMachine Use Case Ontology
/
Stat!c —{ MachineComponent MAC Address
Location

Use Case Ontology

Figure 1 Motivational question and illustration of distributed data. Data belonging to the same
machine is stored in different, use case specific sources for an enterprise resource planning, configuration
management, and manufacturing project management.

1 Introduction

In large manufacturing companies, such as Bosch, data related to a specific machine inventory
item is stored in distributed databases, which are built and curated to serve the needs for one
or multiple functions within the company, see Figure 1. Cross-functional questions, e.g., linking
physical location and financial information, often lead to treasure hunting with laborious human
efforts, experts’ alignments, and delays when looking for the answer. While efforts increase with
growing data volumes, the pressure on fast and sound decisions in the manufacturing domain rises.

The semantic approach has proven to be successful in bringing heterogeneous data to a
common format and interlinking datasets, e.g., tables from relational databases, with the help of
ontologies and Knowledge Graphs (KGs). Indeed, it has already been adopted in various industrial
sectors such as energy [12], manufacturing [17], e-commerce [1] and others. In particular, Bosch
has been relying on ontologies and KGs in many applications ranging from analyses of discrete
manufacturing [29] to autonomous driving [22] and combinatorial optimization [5]. Moreover,
Bosch has been scaling the use of semantics in various large projects such as the European data
infrastructure project Gaia-X? and its derivative Catena-X.

In these applications the key task is to link a domain ontology to the original data with the
help of declarative mappings and then execute the mappings in order to create a domain KG.
The creation and maintenance of manufacturing mappings is non-trivial. Especially, domain-
specific vocabulary, updates in data and data structure as well as complex facts and relations
across different data silos pose challenges. As of now, it is common practice to create them
manually. For this, a domain expert and a knowledge expert are required and they align during
the mapping generation. Mappings must be conform to the ontology of the KG. The domain
expert understands which real object or concept is actually referenced by the label in the data set,
whereas the knowledge expert retrieves related ontologies, understands the ontology syntax, and
creates syntactically correct mappings.

2 https://gaia-x.eu/news-press/the-role-of-ontologies-in-gaia-x/
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YARRRML has been introduced as a human-readable representation of RDF mappings and
provides an alternative to the standard mapping languages Relational Database to RDF Mapping
Language (R2RML)? and RDF Mapping Language (RML)*. Van Assche et al. [23] assess in a
systematic literature review, eight mapping languages excluding YARRRML, noting that “it was
excluded because it is published as a demo”, yet acknowledging its widespread use in practice.
We can second the industrial use of YARRRML, e.g., at several plants at Bosch, due to its vendor
independence as well as further enhancements (see e.g. [10], [24]). Van Assche et al. [23] assess
RML which is an extension of the W3C standard language R2RML from databases only to further
structured sources such as .csv or .json. High quality mappings are of core importance for a
functional manufacturing KG, yet their creation remains, with both RML or human-friendly
YARRRML, challenging. We explore mapping generation on each of the two languages in our
work.

LLMs in a manufacturing context often work with unstructured data such as text (e.g.,
error descriptions) or images (e.g., optical inspection of parts). Research on neuro-symbolic
KG construction in manufacturing ([20]) shows that most such approaches are conducted on
unstructured data sources. Exploration of neuro-symbolic Al approaches for creating mappings
for KG construction in manufacturing is still missing. As LLMs with their well-known strength in
generating text, and also code, from unstructured text rapidly evolve, it is promising to explore
their capabilities of dealing with structured data, e.g., mapping tasks [11]. However, varying
accuracy, token size limitations and missing domain-focus of LLMs require advanced generation
workflows and configurations to realize the applicability of this approach. Retrieval-Augmented
Generation (RAG) approaches and neuro-symbolic architectures such as semantically context-
enhanced prompts can increase accuracy and domain-focus. Additionally, ontology reduction
methods show means of reducing the prompt size, while potentially improving accuracy. We
explore this in our work. Our guiding question is:

Can LLM-supported and context-enhanced mapping generation support human expert map-
ping creation for manufacturing KGs?

This work focuses on addressing this question and the contributions of this paper are summarized
as follows:

1. We provide the first exploratory approach on LLM-supported and context-enhanced mapping
generation for KGs as support for knowledge experts in a manufacturing company.

2. We propose a novel combination of context-based ontology reduction and a RAG-based approach
for automatic mapping generation to create manufacturing KGs.

3. We follow a pragmatic evaluation approach for mapping quality on manufacturing KGs and
apply our method on several configurations against gold-standard mapping references which
are created by domain and technical experts. By this, we obtain comprehensive insights on
influencing factors for high quality manufacturing mapping creation.

The further parts of this paper are structured as follows: We introduce the use case and
existing challenges in Section 2. In Section 3, we propose our approach for manufacturing
mapping generation and explain the experimental implementations. We present our results on
LLM-supported and context-enhanced mapping generation and lessons learned in Section 4 and
briefly discuss related work in Section 5. We conclude with future work in Section 6.

3 https://www.w3.org/TR/r2rml/, https://www.w3.org/2001/sw/wiki/RDB2RDF
1 https://rml.io/specs/rml/
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2 Use Case

In this section, we outline the use case and challenges in manufacturing inventory identification.
Currently in Bosch, process experts and data analysts have no common shared and accessible data
base that provides information about machines executing the same process. Data items for a single
machine are spread across different silos. If the relevant information is available and enriched
with various other influencing factors, process experts can roll out solutions easier and faster. For
instance, to be able to answer the following question: “How many winding machines are there in
a certain plant”? data from different sources needs to be integrated. To that end, a KG has been
built to semantically integrate and harmonize data to cope with such questions. Next, we list the
main competency questions (CQs) for the KG creation and maintenance. The questions are a
prioritized excerpt from a list of questions from practice. The questions were originally collected
by domain experts for the overall ontology- and graph-based approach and the selected questions
address all three manufacturing ontologies from our scenario. For validation of their currentness,
the questions have additionally been reviewed by a subject expert. The CQs are:

CQ 1: How many machines of a specific type are located in a given plant?

CQ 2: Where is the machine inventory located that is allocated on my cost center?

CQ 3: Is the insecure machine control component still used in other stations within the plant?

CQ 4: What are all financial information to a line with only the machine identifier given?

CQ 5: What is the unique identifier number to a CMDB asset?

Over time, changes are done in the current data set structure and further data sets will need
to be added, so that answers to these questions are up-to-date: the KG supports these tasks
pragmatically. For this, mapping generation and updates are needed. With growing data volumes
and ontology sizes as well as the need for more efficiency, (semi-)automated mapping generation
approaches are needed. However, multiple challenges occur in manufacturing mapping generation
in practice if mappings are generated automatically, e.g., with the support of LLMs:

Challenge 1: How to feed a manufacturing ontology into a prompt?

Challenge 2: Can context-based ontology reduction methods improve mapping generation

for manufacturing KGs?

Challenge 3: Can prompt context enhancements improve the quality of the generated

mapping?

Challenge 4: Which sample size of a data set is needed for a generated mapping of high

quality?

Next, we describe the data sources required to answer the main competency questions.

2.1 Data sources

In this part, we describe the data sources of MaPro, CMDB, and anERP in detail, which are
identified as relevant for our example.

MaPro. The Manufacturing Project Management (MaPro) is a data source of the special
machinery that covers project management details, e.g., timeline and capacity planning. It
contains information for mechanical construction, e.g., machines of a production line and the link
to the plans.

CMDB. The Configuration Management Database (CMDB) is a database for documenting and
linking hardware and software assets, i.e., configuration items, e.g., users, relationships between
assets or IP addresses used. In the context of this work it provides, e.g., the IP and MAC address
from the machines in the manufacturing environment.



W. J. Schmidt, I. Grangel-Gonzalez, A. Paschke, and E. Kharlamov

Prefixes

owl: http:/iwww.w3.0rg/2002/07 fowl#

xsd: http://www.w3.0rg/2001/XMLSchema anerp:helﬂngsTnP\ani
rdf: http://www.w3.0rg/1999/02/22-rdf-syntax-ns#

rdfs: http:/ww.w3.0rg/2000/01/rdf-schematt
cmdb: http://bosch.com/ontologies/cmdb#

mapro:  http://bosch.com/ontologies/mapro#

anerp: http://bosch.com/ontologies/anerp# anerp:belongsToline rdfs:Literal

cmdb:CMDBMachine phys:Machine
A
rdfs:Literal
rdfs:Literal / cmdb:hasComponent A
-

anerp:lineName

anerp:haslnventorylnfo

rdfs:LileraI
anerp:inventoryNumber

mapro: eIeclncClrcull mapm machlneNumber

anerp:Inventory

crr;db StaticLocatjon

— J?
rdfs:Literal /<—cmdb:macAddress —Jemdb:MachineComponent mapro:| MaproMachlne rdfs:Literal

Figure 2 Main classes and properties of the MaPro, CMDB, and anERP ontologies. Illustration of our
use case relevant classes, properties and property types, and the object properties. Prefixes are shown as
supplements.

anERP. The anFERP is an analytics platform for enterprise supply chain data. For this particular
project, the anERP source enables the collection of financial data of the assets, i.e., machines and
machine components. Furthermore, it contains inventory data of the assets.

2.2 Ontologies

In this section, we describe the structure of the ontologies used to build the KG. While the
ontologies are core for our mapping generation (cf. Figure 2), they are proprietary and we may not
share them publicly. However, we will provide quantifiable details on these ontologies in Section 3.
The three ontologies employed in this work model the domains of datasets MaPro, CMDB, and
anERP, respectively. The ontologies are based on the Core Information Model for Manufacturing
(CIMM) ontologies [8] and comparable in their structure as they describe a similar domain. The
CIMM ontologies provide a framework to reuse most important concepts from the manufacturing
domain, e.g., machines, components, plants, lines, among others®. While each of our ontologies
targets the corresponding dataset-relevant perspective from the manufacturing domain, they are
rather simple w.r.t. hierarchy, number of classes etc. as their main intention is to describe the
data from the data sources. They all share the formalization in the sublanguage Description
Logics (DL) of the Web Ontology Language (OWL)®. Our ontologies comprise entries of type
owl:Class, owl:0bjectProperty, and owl:DatatypeProperty. While classes mainly contain a
label information, both property types may contain next to label, type, and comments also domain
and range restrictions.

3 Approach for LLM-Supported and Context-based Mapping Generation

In this section, we introduce MYAM+R, a Manufacturing YARRRML Mapping generation
approach, which also support RML mappings. It comprises four input modules, an ontology
reduction module, the core mapping module which generates a mapping, an evaluation module

5 https://github.com/eclipse-esmf/esmf-manufacturing-information-model
5 https://www.w3.org/TR/owl-features/
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Figure 3 Manufacturing Mapping Generation Architecture (MYAM+R) for YARRRML and RML
mappings. Illustration of the MYAM+R modules for input (data sample, ontology, context enhancements,
and prompt instructions), ontology reduction, mapping generation, evaluation, and KG generation.

and a KG generation module. In Figure 3 we show an overview of MYAM+R. In the following,
we explain all modules and process steps. We conclude this section with implementation details of
MYAM+R.

3.1 MYAM+R Modules

First, we introduce the input modules which provide (1) a data sample, (2) an ontology, (3) prompt
context enhancements, and (4) prompt instructions.

Data Sample. This module provides data from a relational database, described in Section 2.1, in
csv format. The data size configuration, i.e., the portion of the data used for mapping generation,
is specified with a parameter in MYAM~+R. MYAM+R retrieves the full data set and then crops
it accordingly to the configured setting. An example snippet is given in Figure 7.

Ontology. This module provides an ontology file relevant for the provided data set in turtle
format. To meet prompt size restrictions, MYAM+R contains an ontology reduction module
which we introduce later in this section. An example ontology snippet is given in Figure 7.

Enhancements. This module provides a prompt context enhancement as a tzt file. The enhance-
ments can be of different type, e.g., generic mapping templates or few shot examples. We show
generic mapping templates for both YARRRML and RML, independent of data input in the
prompt, yet teaching the syntax, in the following.

We further show generic one-shot examples which cover a correct mapping fragment for a given
data input for each mapping language in Figures 5 and 6. In Section 3.2 we provide details on
our enhancement implementation. The enhancement configuration is specified with a parameter
in MYAM+R. The mapping generation module retrieves the context enhancement from this
enhancement module based on the parameter value.

Prompt Instructions. This module provides instructions for the final mapping generation prompt.
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prefixes: 1 @prefix rr: <http://www.w3.org/ns/r2rml#> .
mach: <http://example.com/MachineOntology#> 2  Q@prefix rml: <http://semweb.mmlab.be/ns/rml#> .
3  @prefix mach: <http://example.org/MachineOntology#> .
mappings: 4
machine: 5 <#MachineMapping>
sources: 6 a rr:TriplesMap ;
- [examples/data.csv] 7 rml:logicalSource [
s: mach:$(MachineID) 8 rml:source "examples/data.csv" ;
po: 9 rml:referenceFormulation ql:CSV 1 g
- [a, mach:Machine] 10 rr:subjectMap [
- [mach:machineld, $(MachineID)] 11 rr:template
- [mach:machineName, $(MachineName)] < "http://example.org/MachineOntology/
- p: mach:hasComponent < {MachineID}" ;
o: 12 rr:class ont:Machine 1 s
- mapping: component 13 rr:predicateObjectMap [
14 rr:predicate ont:machineld ;
component : 15 rr:objectMap [ rml:reference "MachineID" ] ] ;
sources: 16 rr:predicateObjectMap [
- [examples/data/machine_component.csv] 17 rr:predicate ont:machineName ;
s: mach:$(ComponentID) 18 rr:objectMap [ rml:reference "MachineName" ] ]
po: s g
- [a, mach:Component] 19 rr:predicateObjectMap [
- [mach:componentId, $(ComponentID)] 20 rr:predicate ont:hasComponent ;
- [mach:componentName, $(ComponentName)] 21 rr:objectMap [
22 rr:parentTriplesMap <#ComponentMapping> ]
— 1.
23 <#ComponentMapping>
24 a rr:TriplesMap ;
25 rml:logicalSource [
26 rml:source "examples/data.csv" ;
27 rml:referenceFormulation ql:CSV 1 5
28 rr:subjectMap [
29 rr:template
< "http://example.org/MachineOntology/
< {ComponentID}" ;
30 rr:class ont:Component 1 3
31 rr:predicateObjectMap [
32 rr:predicate ont:componentld ;
33 rr:objectMap [ rml:reference "ComponentID" ] ]
-
34 rr:predicateObjectMap [
35 rr:predicate ont:componentName ;
36 rr:objectMap [ rml:reference "ComponentName" ]

o I

Figure 4 Mapping Templates in YARRRML (left) and RML (right).

Ontology Reduction. This module takes data and ontology as an input and returns a reduced
ontology. This module is needed because the provided manufacturing ontology contains elements
which are not relevant for the mapping of the specific input data. This module supports in our
implementation three reduction approaches, one generic and two content-based ones.

Mapping Generation. This module provides the core functionalities of MYAM+R and interacts
with all other modules. MYAM+R supports different experimental settings and can be configured
with parameters for convenient execution. Based on the parameter values, MYAM+R preprocesses
the data, reduces the ontology, collects a prompt enhancement, and prompt instructions. The
mapping generation module creates a prompt template with the collected ingredients as a prompt
with input variables and sends this to an LLM. Finally, M YAM+R processes and validates the
response and sends the generated mapping to the evaluation module. We call this step mapping
generation as it is building upon the existing, reduced ontology in our previous step. The mapping
is generated on the basis of this ontology. So, an alignment and consistency with this fixed ontology
are ensured. We validate the generated mapping in an evaluation part (see next step) against a
consistent, manually created gold standard mapping.
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o L

2 {

3 "input_ontology": "@prefix owl: <http://www.w3.org/2002/07/owl#> .
4 @prefix xsd: <http://www.w3.org/2001/XMLSchema#> .

5 Oprefix rdfs: <http://www.w3.org/2000/01/rdf-schema#> .

6 @prefix rdf: <http://www.w3.org/1999/02/22-rdf-syntax-ns#> .

7 @prefix ont: <http://example.com/PlantOntology#> .

8

9 ont: rdf:type owl:Ontology ;

10 rdfs:label \"plant-ontology\" ;

11

12

13 ont:Plant

14 rdf:type owl:Class ;\

15 rdfs:label \"ONT Plant\"@en ;

16 rdfs:comment \"Describes the Plant entity in the ONT data base.\"@en .
17

18 ont:plantName

19 rdf:type owl:DatatypeProperty ;

20 rdfs:label \"plant name\" ;

21 rdfs:range xsd:string ;

22 rdfs:domain ont:Plant .",

23 "input_data": "PlantID,PlantName

24 1,Plant_A

25 2,Plant_B",

26 "result_mappings": "...(see YARRML and RML result mappings figures)..."
27 }

28 ]

Figure 5 One Shot Example Input Data and Ontology.

Evaluation. This module receives a generated mapping, a reference mapping, and an ontology
as input and returns evaluation scores for the generated mapping. The specific evaluation is
described in Section 4.

KG Generation. This module generates a KG based on the generated mapping and a data set as
input.

3.2 MYAM-+R Implementation

MYAM+R is implemented in Python 3.13. For the mapping generation execution and for the
LLM-based ontology reduction, we choose gpt-4-turbo (version:1106-Preview). Aiming at a solution
close to practice, we evaluate on a pre-trained LLM which could be available in large companies.
A typical user in such an enterprise could get API access while avoiding steps of deployment
and a potential training or fine-tuning of a base model (which would include dependencies on
involvement of data specialists). At the same time, the user’s task can become easier as he or she
benefits from high quality output as most LLMs with higher payment models come with higher
performance. Next, we describe the configurations that we explore in our experiments to address
the challenges described in Section 2.

Data Sample. We run our experiments on data samples from MaPro, CMDB, and anERP. The
metrics of these sets are given in Table 1. We set different configurations for the input: 1) only
column headers, 2) column headers and first 20 data value rows, and 3) column headers and first
200 data value rows.
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"results_mappings": 1 "result_mappings": "@prefix rr: <http://www.w3.org/ns/r2rml#> .
"prefixes: 2 @prefix rml: <http://semweb.mmlab.be/ns/rml#> .
@prefix ont: 3 @prefix ql: <http://semweb.mmlab.be/ns/ql#> .
— <http://example.com/ 4 @prefix ont: <http://example.com/PlantOntology#> .

< PlantOntology#> . 5
6 <#PlantMapping>\n a rr:TriplesMap ;
mappings: 7 rml:logicalSource [
plant: 8 rml:source \"examples/data.csv\" ;
sources: 9 rml:referenceFormulation ql:CSV 1 s

- [examples/ 10 rr:subjectMap [
— data.csv] 11 rr:template \"http://example.com/PlantOntology#{PlantID}\" ;
s: ont:$(PlantID) 12 rr:class ont:Plant 1 5
po: 13 rr:predicateObjectMap [
- [a, ont:Plant] 14 rr:predicate ont:plantName ;
- [ont:plantName, 15 rr:objectMap [
< $(PlantName)]. " 16 rml:reference \"PlantName\" ] ] o

Figure 6 One Shot Example Result Mappings in YARRRML (left) and RML (right).

PlantID,PlantName,LineID,LineName
1,Plant_A,101,Line_X1
1,Plant_A,102,Line_X2
2,Plant_B,103,Line_Y1

1 @prefix owl: <http://www.w3.org/2002/07/owl#> .

2

3

4
2,Plant_B,104,Line_Y2 5

6

7

8

9

@prefix rdfs: <http://www.w3.org/2000/01/rdf-schema#> .
@prefix xsd: <http://www.w3.org/2001/XMLSchema#> .
@prefix ont: <http://example.com/PlantOntology#> .

3,Plant_C,105,Line_Z1
3,Plant_C,106,Line_Z2
4,Plant_D,107,Line_W1
4,Plant_D,108,Line_W2

ont:PlantOntology a owl:Ontology ;
owl:versionInfo "1.0" .

ont:Plant a owl:Class ;

5,Plant_E,109,Line_V1 10 rdfs:label "Plant" ;
5,Plant_E,110,Line_V2 11 rdfs:comment "A plant is a facility where production takes place." .
12 ont:Line a owl:Class ;
13 rdfs:label "Line" ;
14 rdfs:comment "A line is a production line within a plant." .
15 ont:hasLine a owl:0ObjectProperty ;
16 rdfs:label "has line" ;
17 rdfs:comment "A plant has one or more lines." ;
18 rdfs:domain ont:Plant ;
19 rdfs:range ont:Line .
20 ont:plantID a owl:DatatypeProperty ;
21 rdfs:label "plant ID" ;
22 rdfs:comment "A unique identifier for a plant." ;
23 rdfs:domain ont:Plant ;
24 rdfs:range xsd:integer .

Figure 7 Example data source (left) and corresponding ontology snippet (right).

Ontology. The metrics of the corresponding ontologies to the sources are listed in Table 1. The
files in our approach have been selected by a knowledge expert.

Context Enhancement. We explore zero shot, with and without a generic YARRRML mapping
template, and few shot examples. The zero shot example with template contains a YARRRML
mapping independent of the data source. The few shot examples are data-source- and ontology-
specific and are manually created by domain and knowledge experts. For each data source we
use one file of examples in JSON format. We implement the few shots with a RAG approach;
MYAM+R retrieves the example file, vectorizes the examples as strings, embeds and stores them
into a vector store. We select with the preprocessed, i.e., potentially cropped input data, and
reduced ontology only the one most similar example and further process it in MYAM+R.

Prompt Instructions. Following common guidelines, we apply concise prompt instructions for
the LLM to generate a YARRRML mapping. The instructions include a role (“You are a Senior
Manufacturing Knowledge Expert...”), an input description, and specific instructions depending
on the shot variant. E.g., a zero shot prompt with a template states that the template is only

TGDK
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Table 1 Metrics of data sets and ontologies. Key: DP — Datatype Properties, OP — Object Properties.

Data Set Ontology
Data Source
Columns | Rows | Classes | DP | OP | Namespaces
MaPro 17 2,215 4 13 4 5
CMDB 16 18,082 5 15 2 5
anERP 17 15,451 3 7 2 5

relevant for syntax, whereas a few shot prompt suggests to also learn from the content of the
given mapping for the target one. The instructions are data- and ontology-independent. The
prompt instructions are included in the published repository” to support reproducibility.

Ontology Reduction Methods. Ontology summarization [27], modularization [13], and match-
ing [15] are important research topics®, yet for the sake of pragmatic mapping generation we do
not dive deeper into the current state of research. Instead, we address this in future work, and
next, describe three reduction approaches which we evaluate in our experiments.
Naive: It simplifies ontologies to specific elements associated with the input data. In our
case, only the classes with their properties rdf:type, rdfs:label, and rdfs:comment as well
as datatype and object properties remain in the ontology. In addition, we bind all prefixes
and namespaces to the reduced ontology. Finally, all potential four consecutive empty space
characters are removed from the reduced ontology.
Similarity-based: It reduces the ontology to those elements (and a neighborhood) which
have a similarity above a specified threshold with the column names from the data source.
For this, ontology and data set embeddings are needed. We embed both ontology and data
set with the transformers model distilbert-base-uncased [16]. Distilbert is a light, performant
version compared to the BERT model and a common approach. We apply cosine similarity
and bind namespaces and prefixes after identifying the most similar elements.
LLM-based: It receives input data with column headers and first 200 data value rows as
well as the ontology as prompt enhancement and returns a reduced ontology. We additionally
extract the ontology from surrounding natural language response, if needed, see 4.7, and
evaluate the syntax, see Section 4.
Next, we explain the implementation of the mapping generation module.

Mapping Generation. The embedding of the vectorized few shot examples is implemented
with the model sentence-transformers/paraphrase-multilingual-mpnet-base-v2 from an instance
of HuggingFaceEmbeddings. For the vector store we use the FAISS library for easy semantic
similarity search. To select the best shot example, we use an instance of the SemanticSimilar-
ityExampleSelector. Prior to the evaluation, the mapping module extracts the mapping from any
surrounding natural language, similar to the step in LLM-based ontology reduction. MYAM+R,
hence, only evaluates the generated mapping. Next, MYAM+R checks the LLM response against
YARRRML syntax by storing the file. If this returns an error, the syntax is considered invalid. If
the file is successfully stored, it is considered valid. If valid, MYAM+R evaluates the mapping
quality with the YARRRML evaluation module which compares the generated triples with the ref-
erence ones in relaxed mode. In addition, we conducted a qualitative M YAM+R expert evaluation.
The results and evaluation steps are presented in the next section.

" https://github.com/boschresearch/myamr_tgdk
8 See e.g., Workshop Ontology Matching (https://om.ontologymatching.org/2024/) as part of ISWC 2024:
https://iswc2024.semanticweb.org/
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prefixes: 1 prefixes:
ont: http://example.com/PlantOntology# 2 ont: http://example.com/PlantOntology#
3
mappings: 4 mappings:
plant: 5 plant:
sources: 6 sources:
- [plants.csv~csv] 7 - [examples/data_sources/csv/generic/data/
s: ont:Plant/$(PlantID) < plant_line_machine.csv]
po: 8 s: ont:plant-$(PlantID)
- [a, ont:Plant] 9 po:
- [ont:plantID, $(PlantID)] 10 - [a, ont:Plant]
- [ont:plantName, $(PlantName)] 11 - [ont:plantID, $(PlantID)]
12 - [ont:plantName, $(PlantName)]

Figure 8 Comparison of snippets of a generated mapping (left) and gold standard mapping (right) of
example class plant in YARRRML. A difference in IRI can be seen.

KG Generation. The original data set and generated mapping are input to generate an RDF
KG in turtle format. For this, each triple is populated with the corresponding data via IDs in
the triple with column names, e.g., a mapping triple subject with ID $(PlantName) in the IRI is
populated with Plant_A, Plant_B, Plant_C, Plant_D, and Plant_E from the data in Figure 7.

4 Evaluation

In this section, we show our experimental results and evaluate the outcome, both quantitatively
and qualitatively. With multiple setting configurations, we address the challenges described in
Section 2 to achieve mapping generations with high quality and reduced prompt size. We evaluate
the generated mappings against gold standards with F'1-score, precision and recall. Lastly, we
collect feedback on our approach and outcome. We first describe the gold standard mapping.

4.1 Gold Standard Mappings

Our YARRRML reference mappings are gold standard mappings and created manually by domain
and knowledge experts. They are applied in practice for mapping generation. For RML evaluation,
we manually map these YARRRML mappings to RML while preserving the mapping logic. The
reference mappings represent the standard way in which an RDF KG is generated, if data source,
ontology, and mappings are available. The reference mappings contain only the triples which are
relevant for mapping the respective input data.

4.2 Metrics

We are evaluating experiments with different configurational settings for mapping generation. We

assess the quality of each generated mapping, specifically the triples, w.r.t. the reference mapping.

The reference triples are correctly generated by experts. All triples generated with MYAM+R
are called positives, all other triples negatives. A correct triple generation is labeled with true, an
incorrect one with false. The first interesting value are the true positives, which is the number of
correct triple generations. However, errors may occur. A false positive is a generated triple which
is not in the reference set. A false negative triple is not generated by the model, although it is
in the reference set. The remaining true negatives are irrelevant and not analyzed. To evaluate
each experiment, we employ Fl-score (F1), precision (P) and recall (R). P represents the number
of true positives in relation to overall positives by the model. R represents the number of true
positives in relation to all positives. Finally, F'1 is the harmonic mean of P and R and formally

defined as: F1 = —2.
+=
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@prefix rr: <http://www.w3.org/ns/r2rml#> . 1 @prefix rr: <http://www.w3.org/mns/r2rml#> .
@prefix rml: <http://semweb.mmlab.be/ns/rml#> . 2  Qprefix rml: <http://semweb.mmlab.be/ns/rml#> .
@prefix ql: <http://semweb.mmlab.be/ns/ql#> . 3  Q@prefix ont: <http://example.com/PlantOntology#> .
@prefix rdfs: 4
— <http://www.w3.org/2000/01/rdf-schema#> . 5 <#PlantMapping>
@prefix ont: <http://example.com/PlantOntology#> . 6 a rr:TriplesMap ;
@prefix xsd: <http://www.w3.org/2001/XMLSchema#> . 7 rml:logicalSource [
8 rml:source
<#PlantMapping> a rr:TriplesMap ; — "examples/data_sources/csv/data.csv" ;
rml:logicalSource [ 9 rml:referenceFormulation ql:CSV
rml:source "data.csv" ; 10 1 s
rml:referenceFormulation ql:CSV ] ; 11 rr:subjectMap [
12 rr:template
rr:subjectMap [ < "http://example.com/PlantOntology/
rr:template "http://example.com/ — {PlantID}" ;
< PlantOntology#Plant_{PlantID}" ; 13 rr:class ont:Plant
rr:class ont:Plant ] ; 14 1
15 rr:predicateObjectMap [
rr:predicateObjectMap [ 16 rr:predicate ont:plantld ;
rr:predicate ont:plantID ; 17 rr:objectMap [ rml:reference "PlantID" ]
rr:objectMap [ 18 1 s
rml:reference "PlantID" ; 19 rr:predicateObjectMap [
rr:datatype xsd:integer ] ] ; 20 rr:predicate ont:plantName ;
21 rr:objectMap [ rml:reference "PlantName" ]
rr:predicateObjectMap [ 22 1.

rr:predicate ont:plantName ;
rr:objectMap [
rml:reference "PlantName" ;
rr:datatype xsd:string ] ] .

Figure 9 Comparison of snippets of a generated mapping (left) and gold standard mapping (right) of
example class plant in RML. Differences in prefix declaration, source and subject IRI can be seen.

4.3 Mapping Generation Evaluation

Next, we examine how far the challenges described in Section 2 are addressed and, whether specific
MYAM+R configurations can give an efficient support for experts during mapping generation. As
prework for our evaluation criteria, we discuss known quality criteria for RML mappings [11] and
YARRRML mappings [14]. Moreau et al. [14] update in their work dimensions and metrics for
RML mapping evaluations while leaning on proposed dimensions and metrics from Zaveri et al. [26]
on quality assessments for linked data. Hofer et al. [11] evaluate LLM-generated RML-mappings
and the resulting KGs. The focus of their evaluations is on “fitness for use” [11], e.g., with relaxed
triple matches, which compare predicate and object of a triple, but only the contained ID and
type of a subject instead of the exact IRI. Similar to Hofer et al., the majority of Moreau et
al.’s dimensions and metrics is not directly applicable to our requirements as (1) LLM-supported
mapping evaluation differs to the assessment of manually created mappings, (2) gold standard
mapping evaluation differs to measuring mapping quality in general, and (3) our objective of
expert support differs from fully automated generations. We focus on criteria to support experts
best (“fitness of use” [11]) instead of a comprehensive mapping quality assessment. First, we
validate the syntax of any ontology or mapping generated by an LLM. Additionally, we conduct a
comparison of (i) the subontology against a reference ontology (manually created based on input
ontology and reference mapping) and (i) of generated with reference triples. Hofer et al. realize
the generated triple evaluation on several layers with exact and relaxed scores on triples, subject,
predicate, objects, properties and more. We focus on the relaxed match of generated triples as
our sources provide no constraints on IRI construction and the data has complex assumptions on
building IRIs. Instead of evaluating a variety of mapping aspects, we focus on those which give
insights into the choice of configurational settings for MYAM+R to support experts on mapping
generation. We evaluate our approach on the following criteria: C7: Valid reduced ontology syntax
(only necessary for LLM-based reduction), Ca: Match of prefixes, classes, datatype properties,
and object properties of generated subontology against reference ontology, C3: Valid generated
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Table 2 Mapping Evaluation on All Configurations and Data Sets for YARRRML. Evaluation (precision
(P), recall (R), F1-Score (F1)) of relaxed match of generated mapping triples. Key: Config. — Configuration,
D - Data Size, O — Ontology Reduction, E — Context Enhancement, dnf — did not finish.

Configuration (C) MaPro CMDB anERP Mean
ID|DS| OR CE P R F1 P R F1 P R F1 P R F1
1 naive ZEero 0.80 | 0.53 | 0.64 | 0.35 | 0.47 | 0.40 | 0.75 [ 0.90 | 0.82 | 0.63 | 0.63 | 0.62
T naive |template | 0.86 | 0.80 | 0.83 | 0.38 | 0.40 | 0.39 | 0.67 | 0.80 | 0.73 | 0.63 | 0.67 | 0.65
3] naive few dnf | dnf | dnf | 0.53 | 0.67 | 0.59 | 0.75 | 0.30 | 0.43 | 0.64 | 0.48 | 0.55
T Z | similar Zero 0.58 | 0.73 | 0.65 | 0.50 | 0.67 | 0.57 | 0.75 [0.90| 0.82 | 0.61 | 0.77 | 0.68
5 ] § similar | template | 0.69 | 0.60 | 0.64 | 0.47 | 0.53 | 0.50 | 0.80 | 0.80 | 0.80 | 0.65 | 0.64 | 0.65
6| S [similar| few |0.80]0.80]0.80| dnf | dnf | dnf | 0.64 | 0.70 [ 0.67 | 0.72 [ 0.75 | 0.73
7] LLM ZEero 0.50 | 0.60 | 0.55 | 0.64 | 0.46 | 0.54 | 0.64 | 0.70 | 0.67 | 0.59 | 0.59 | 0.59
T LLM |template | 0.62 | 0.53 | 0.57 | 0.67 | 0.53 | 0.60 | 0.63 | 0.50 | 0.56 | 0.64 | 0.52 | 0.57
9 | LLM few 0.67 | 0.53 | 0.59 | 0.67 | 0.53 | 0.60 | 0.63 | 0.50 | 0.56 | 0.65 | 0.52 | 0.58
10 naive Zero 0.7510.80 | 0.77 | 0.40 | 0.53 | 0.46 | 0.67 | 0.80 | 0.73 | 0.61 | 0.71 | 0.65
T naive |template | 0.79 | 0.73 | 0.76 | 0.65 | 0.73 | 0.69 | 0.82 | 0.90|0.86| 0.75 | 0.79 [ 0.77
T naive few 0.63 | 0.80 | 0.71 | 1.00| 0.27 | 0.42 | 0.60 | 0.30 | 0.40 | 0.74 | 0.46 | 0.57
E = similar Zero 0.74 10.93| 0.82 | 0.40 | 0.53 | 0.46 | 0.67 | 0.80 | 0.73 | 0.60 | 0.76 | 0.67
14 ﬁ similar | template | 0.75 | 0.80 | 0.77 | 0.61 | 0.73 | 0.67 | 0.73 | 0.80 | 0.76 | 0.70 | 0.78 | 0.73
115 | = similar few 0.63 | 0.80 | 0.71 | 0.55 | 0.73 | 0.63 | 0.67 | 0.80 | 0.73 | 0.62 | 0.78 | 0.69
W LLM Zero 0.53 1 0.53 | 0.53 | 0.67 | 0.53 | 0.60 | 0.64 | 0.70 | 0.67 | 0.61 | 0.59 | 0.60
17| LLM |template | 0.73 | 0.53 | 0.62 | 0.57 | 0.53 | 0.55 | 0.88 | 0.70 | 0.78 | 0.72 | 0.59 | 0.65
F LLM few 0.67 | 0.53 ] 0.59 | 0.70 | 0.47 | 0.56 | 0.80 | 0.80 | 0.80 | 0.72 | 0.60 | 0.66
19 naive Zero 0.58 | 0.73 | 0.65 | 0.58 | 0.73 | 0.65 | 0.58 | 0.70 | 0.64 | 0.58 | 0.72 | 0.64
120 | naive |template | 0.73 | 0.73 | 0.73 | 0.73 | 0.73|0.73| 0.80 | 0.80 | 0.80 | 0.76 | 0.76 | 0.76
QT naive few 1.00| 0.20 | 0.33 {1.00 | 0.27 | 0.42 | 0.75 | 0.30 | 0.43 | 0.92 | 0.26 | 0.40
22| S | similar Zero 0.55 1 0.73 | 0.63 | 0.50 | 0.67 | 0.57 | dnf | dnf | dnf | 0.53 | 0.70 | 0.60
E % similar | template | 0.69 | 0.73 | 0.71 | 0.44 | 0.53 | 0.48 | 0.80 | 0.80 | 0.80 | 0.64 | 0.69 | 0.67
W & similar few 0.81 | 0.87 10.84|1.00| 0.27 | 0.42 | 0.75 | 0.30 | 0.43 | 0.85 | 0.48 | 0.61
E LLM Zero 0.64 | 0.60 | 0.62 | 0.64 | 0.47 | 0.54 | 0.80 | 0.80 | 0.80 | 0.69 | 0.62 | 0.66
26 | LLM |template | 0.64 | 0.47 | 0.54 | 0.70 | 0.47 | 0.56 | 0.60 | 0.60 | 0.60 | 0.65 | 0.51 | 0.57
7 LLM few 1.00| 0.20 | 0.33 |1.00 | 0.27 | 0.42 | 0.86| 0.60 | 0.71 | 0.95| 0.36 | 0.52

mapping syntax, and Cy: Relaxed match of generated mapping triples against gold standard (on
F1, P, and R). We give examples of a generated mapping class, plant, and the respective reference
mapping class for YARRML in Figure 8 and for RML in Figure 9.

4.3.1 YARRRML Results

We refer to the experimental results in 2 with Y- and ID number, e.g., Y-1 for the first experiment
(data size columns-only, naive ontology reduction, zero shot context) conducted. Our mapping
evaluation consists of two phases. First, we assess the syntax correctness of the generated mappings
as described in Subsection 3.2. This is an important step as LLMs, specifically GPT-models [6]
show difficulties on this task. The mapping syntax is valid in all 81 runs except for three
experiments, Y-8, Y-6, and Y-22, which are marked as dnf in Table 2. Each invalid run originates
from a duplicate key in the generated mapping. Hence, C5 is partially fulfilled. Next, we evaluate

the generated mapping triples relaxed against the reference and show our results in Table 2.

Configuration Y-27 achieves highest precision across all data sets (P=0.95) and also on each
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Table 3 Mapping Evaluation on All Configurations and Data Sets for RML. Evaluation (precision (P),
recall (R), F1-Score (F'1)) of relaxed match of generated mapping triples. Key: DS - Data Size, OR —
Ontology Reduction, CE — Context Enhancement.

Configuration (C) MaPro CMDB anERP Mean

ID|DS| OR CE P R F1 P R F1 P R F1 P R F1

1 naive |template | 0.65 | 0.68 | 0.67 | 0.76 | 0.62 | 0.68 | 0.75|0.75|0.75| 0.72 | 0.68 | 0.70
2] naive few 0.72 {0.68| 0.70 | 0.74 | 0.67 | 0.67 | 0.73 | 0.67 | 0.70 | 0.73 | 0.67 | 0.70
3] % similar | template | 0.48 | 0.53 | 0.50 | 0.65 | 0.62 | 0.63 | 0.75|0.75|0.75 | 0.63 | 0.63 | 0.63
4] E‘ similar few 0.61 | 0.58 | 0.59 | 0.67 | 0.67 | 0.67 | 0.73 | 0.67 | 0.70 | 0.67 | 0.64 | 0.65
|5 | LLM |template | 0.60 | 0.47 | 0.53 | 0.71 | 0.48 | 0.57 | 0.73 | 0.67 | 0.70 | 0.68 | 0.54 | 0.60
| 6 | LLM few 0.60 | 0.47 | 0.53 | 0.86 | 0.57 | 0.69 | 0.70 | 0.58 | 0.64 | 0.72 | 0.54 | 0.62

7 naive |template | 0.71 | 0.63 | 0.67 | 0.61 | 0.52 | 0.56 | 0.50 | 0.50 | 0.50 | 0.61 | 0.55 | 0.58
|8 ] naive few 0.81|0.68|0.74| 0.78 | 0.67 | 0.72 | 0.64 | 0.58 | 0.61 | 0.74 | 0.64 | 0.69
9] similar | template | 0.50 | 0.53 | 0.51 | 0.57 | 0.57 | 0.57 | 0.75|0.75 | 0.75| 0.61 | 0.62 | 0.61
10| S | similar few 0.53 | 0.53 | 0.53 | 0.83 |0.71|0.77 | 0.70 | 0.58 | 0.64 | 0.69 | 0.61 | 0.64
11 ] % LLM |template | 0.73 | 0.42 | 0.53 | 0.83 | 0.48 | 0.61 | 0.57 | 0.33 | 0.42 | 0.71 | 0.41 | 0.52
[12] & LLM few 0.55 | 0.32 | 0.40 | 0.88 | 0.33 | 0.48 | 0.75| 0.50 | 0.60 | 0.72 | 0.38 | 0.49

individually. Overall, Y-11 shows best recall (R=0.78, with even R=0.93 on data set MaPro), and
overall best F1 (0.77). We observe that all best precision values come from few shot configurations.
All configurations show most difficulties on data set CMDB.

4.3.2 RML Results

We refer to the experimental results in 3 with R- and ID number, e.g., R-1 for the first experiment
(data size first20, naive ontology reduction, template context enhancement) conducted. Following
our evaluation structure explained in the previous section, we first assess the syntax correctness
of the generated mappings as described in Subsection 3.2. The mapping syntax is valid in all
36 runs, so, Cs is fulfilled. Next, we evaluate the generated mapping triples relaxed against the
reference and show our results in Table 3. Note that we build upon our learnings from [18] on
YARRRML results with poor performance from datasize columns-only and context enhancement
zero shot. Hence, we execute RML experiments on configurations with datasize first20 or first200,
with context enhancement mapping template or few shot, and with all ontology reduction methods.
In our experiments, we encountered in four out of 36 experiments rate size limits with our gpt
model. Hence, R-12 are conducted on only 150 instead of 200 rows for the MaPro dataset and
R-8, R-10 as well as R-12 are conducted on only 100 instead of 200 rows. Configuration R-8
achieves highest precision across all data sets (P=0.74) caused mainly by the precision value from
the MaPro dataset. The highest precision on an individual dataset is achieved by R-12 which
is the LLM-based ontology reduction with few shot examples on the first200, but due to rate
limit issues only on first 100 data rows from CMDB. Overall, R-1 shows best recall (R=0.68, and,
together with R-2 overall best FI (0.70). With a slight deviation from the YARRRML results,
we observe that best precision values may come from few shot or template configurations. We see
varying result performance on an approach across datasets. E.g., R-12 shows low performance on
MaPro (e.g., P=0.55), yet achieves highest precision values compared to the other approaches on
CMDB (0.88) and on anERP (0.75, shared with C9).



W. J. Schmidt, I. Grangel-Gonzalez, A. Paschke, and E. Kharlamov

Table 4 Ontology Reduction Method Evaluation on All Configurations and Data Sets for RML.
Evaluation (F1-Score (F1)) of classes, datatype properties, and object properties against reference
ontology. Key: OR — Ontology Reduction.

OR MaPro CMDB anERP Mean Method
c-F1|d-P |d-R|d-F1|o-F1|c-F1|d-P |d-R|d-F1|o-F1|c-F1|d-P|d-R|d-F1|o-F1|c-F1|d-F1|o-F1
7] 1.01(0.83|1.0({091| 1.0 1.0|0.87/1.0]093|1.0|10|1.0{1.0| 1.0 | 1.0
_% 2| 1.0 (0.83/1.0/091| 1.0 | 1.0 |0.87/1.0(0.93| 1.0 |1.0(1.0{1.0| 1.0 | 1.0 10 loos! 1.0
=|%] 1.0 |0.83| 1.0 {0.91| 1.0 | 1.0 |0.87{1.0]0.93| 1.0 | 1.0 |1.0|1.0| 1.0 | 1.0
411.01]0.83/1.0(091| 10| 1.0|087[1.0({093|1.0|1.0|1.0{1.0| 1.0 | 1.0
~ 1]/ 1.01(0.83|1.0({091| 1.0 1.0 |0.87/1.0]093|1.0|1.0|1.0{1.0| 1.0 | 1.0
i«é? 1.0 |10.83|/ 1.0 |0.91| 1.0 | 1.0 |0.87| 1.0 |0.93| 1.0 | 1.0 |1.0| 1.0 | 1.0 | 1.0 10 lo9s| 1.0
%8| 1.0 |0.83|1.00.91| 1.0 | 1.0 |0.87| 1.0|0.93| 1.0 | 1.0 |1.0{1.0| 1.0 | 1.0
411.01]0.83/1.0(091| 1.0 | 1.0|0.87[1.0({093|1.0|1.0|1.0{1.0| 1.0 | 1.0
1(0.89]0.89| .80 [0.84|0.67| 1.0 |0.75|0.46|0.57 | 0.0 | 0.8 | 1.0|0.57|0.73 |0.67
E 210.7510.86|0.60| 0.71 {0.40 | 1.0 {0.88]0.53|0.67|0.67| 0.8 | 1.0{0.71]0.83 | 0.67 0.881 073 0.43
—13(0.75/0.86/0.60(0.71{0.40| 1.0 {0.75/0.46|0.57 | 0.0 | 1.0 | 1.0|0.86|0.92| 0.0
410.89]0.89(0.80|0.84 | 0.67|0.67|0.83|0.38/0.53 | 0.0 | 1.0 | 1.0]0.86|0.92 | 1.0

4.4 Evaluation of Ontology Reduction Methods

In the following, we analyse the three ontology reduction methods introduced in Subsection 3.2.
With the results, we address Challenge 2 raised in Section 2. We validate the ontology syntax
manually. For YARRRML, in all 27 experiments, the LLM-based reduced ontology is correct
(C1 fulfilled). For RML, in all 12 experiments, the LLM-based reduced ontology is correct (C;
fulfilled). We show the F'I-score of all three reduction methods on all datasets from the RML
runs in Table 4. Note that the mapping language has no influence on the ontology reduction as
it is not part of the input for this step. You may not map the IDs to the previous RML IDs as
we merely stress the fact of four runs per ontology method at this point. All reduction methods
perform well when retrieving relevant classes. Only in exceptions, specifically in more than half of
the LLM-based runs, not all relevant classes were retrieved, hence, a lower recall led to a slight
drop in F1-score. We analyse the datatype properties in more detail as datasets and approaches
show different results. Naive and similar reduction perform perfect on anERP. This is also the
reason for best performance of these two approaches overall (F1 of classes: 1.0, FI of datatype
properties: 0.95, F1 of object properties: 1.0). The LLM-based ontology reduction methods shows
difficulties in comparison to these two methods, especially with an overall F'I-score of only 0.43
for object properties. Hence, Cs is partially fulfilled.

4.5 Evaluation of Knowledge Graph Generation

Next, we present the KG generation results for YARRRML and RML. For YARRRML, we show
the best performing configurations (with F1 > 0.60) on mapping generation in Table 5. The
generated KGs contain tens of thousands of triples with different subjects which underlines the
necessity of mappings and supported mapping generation. Configuration Y-2 generates the most
triples across all data sets and especially outperforms for data set anERP. The most triples on
MaPro are generated by Y-19, for CMDB by Y-1, despite their average performances on mapping
generation on these data sets. The reason for this lies in a high match on the subject IRIs which
are not represented in the relaxed triple score. In nine cases, a configuration did not generate a
KG because either the mapping was not generated in the previous step or due to an error such
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Table 5 Generated KG Triples from YARRRML on Configurations with mean F1 > 0.60 in mapping
generation. Total triples (T'T), unique subjects (S), unique predicates (P), classes (C), datatype properties
(D), object properties (O). Missing configurations are marked as (—) (not generated).

ID MaPro CMDB anERP Mean
TT S P|IC/lOD| TT S P|C|O|D TT S P|IC/lOD| TT
1| 11,399| 2,708 | 11| 5| 1| 10|66,544| 9,704| 16| 4| 1| 15| 79,963| 11,869| 10| 3| 1| 9| 52,635
2 | 13,099| 2,708| 15| 5| 5| 10| 34,883| 1,994| 15| 3| 2| 13|162,232|11,951|17| 3| 3(14|70,071
4 | 15918 2,708 | 15| 5| 5| 10| 63,865| 9,704|17| 4| 1|16| 68,338 11,869|10| 3| 1 49,374
5 | 12,718 2,304| 12| 4| 3| 9| 59,323|9,824| 16| 4| 3| 13| 69,017|11,951|10| 3| 3 47,019
6 | 11,401| 2,766| 11| 5| 1|10 - e i e e - - -] -] —-| —| 11,401
10| 10,884| 2,708 | 12| 5| 1|11 - - -l -] -] —-| 80,822|11,951|11| 3| 3| 8| 45,853
11| 19,594| 4,030| 14| 5| 5| 9| 63,912| 9,704| 16| 4| 3| 13| 59,543|11,951| 9| 3| 2| 7| 47,683
13| 15,914| 2,708 | 15| 5| 4|11 - - = -] -] —| 959,572|11,951| 9| 3| 2| 7| 37,743
14| 15,284| 2,304|16| 5| 5(11| 65,754| 9,704|17| 4| 3| 14| 80,822|11,951|10| 3| 3| 7| 53,953
15| 15,862| 2,748 | 15| 5| 5| 10| 63,860| 9,704|17| 4| 1|16| 69,017|11,951|10| 3| 1| 9| 49,580
16 - - - - —| 39,178] 9,704| 9| 4| 1| 8| 56,766| 11,869 9| 3| 3| 6| 47,972
17| 6,705| 1,763| 10| 4| 3| 7| 53,253| 9,704| 13| 4| 3| 10| 47,773|11,951| 8| 3| 3| 5| 35,910
18| 8,289| 2,304| 9| 4| 1 35,659 7,867 8| 3| 2| 6| 79,668 11,869 3| 3| 6| 41,205
19 121,895(4,518| 15| 5| 5| 10| 62,169| 9,704| 16| 4| 1| 15| 60,608|11,951|10| 3| 3| 7| 48,224
20 - - —| —-| -| —| 60,388| 9,704|14| 4| 3| 11| 69,017|/11,951|10| 3| 3| 7| 64,703
22| 15,284| 2,304|16| 5| 5|11 - el i el e - —| = =] —| —| 15,284
23| 15,261 2,285| 16| 5| 5|11| 62,532| 9,704|17| 4| 3| 14| 69,017|11,951| 10| 3| 3| 7| 48,937
24| 11,4521 2,748| 12| 5| 1|11 27,651| 7,710| 4| 1| 1| 3 - - = -] —-| —| 19,552
25| 10,508 | 2,392| 10| 5| 4| 6| 18,033| 4,644| 9| 3| 1| 8| 37,329/11,951| 8| 3| 2| 6| 21,957

as non-retrievable IDs from the mapping. For RML, we show all configurations from the RML
mapping generation in Table 6. The generated KGs contain tens of thousands of triples with
different subjects which underlines the necessity of mappings and supported mapping generation.
Configuration R-/ (which corresponds to R-4 in Table 6) generates the most triples across all
data sets. Continuing our running example, we finally show a snippet of generated RDF triples in
Figure 10 with our generated RML mapping on the example data and ontology from the previous
figures.

4.6 Qualitative Evaluation

As a final step, for the YARRRML mapping, we collect feedback from two domain and two
knowledge experts on MYAM+R regarding effectiveness, overall satisfaction, and open feedback.
The feedback on the first two categories is shown in Figure 11. We see that the experts on average
agree to strongly agree that the generated mappings and the generated KG support their work.
They also agree that they are satisfied with the approach overall and are neutral to agreeing to
recommend MYAM+R to their colleagues. One main reason for a hesitance in recommendation
to colleagues is a missing user-friendly frontend, which is, in addition to improving the provided
context and MYAM+R documentation noted as areas of improvement by the experts. We will
address this in future work. As strengths of MYAM+R the experts see handling large, complex
ontologies and source tables with many columns. They further highlight the time savings and
data quality improvement with MYAM+R.
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Table 6 Generated KG Triples from all RML mapping generations. Total triples (TT) and unique
subjects (S).

ID MaPro CMDB anERP Mean
TT S TT S TT S TT S
1 | 17,739 | 4,396 | 38472 | 6,480 | 68,338 | 11,869 | 41,516 | 7,582
2 11,450 | 2,410 | 60,474 | 9,704 | 68,043 | 11,869 | 46,656 | 7,994
3 13,201 | 2,474 | 62,098 | 9,704 | 68,338 | 11,869 | 47,879 | 8,016
4 | 11,608 | 2,410 | 63,998 | 9,704 | 68,043 | 11,869 | 47,883 | 7,994
5 9,084 | 2,020 | 48,858 | 9,704 | 56,713 | 11,869 | 38,218 | 7,864
6 9,079 | 2,018 | 43,691 | 8,026 | 68,043 | 11,869 | 40,271 | 7,304
7 11,893 | 2,472 | 35,221 | 3,613 | 63,518 | 11,869 | 45,204 | 8,015
8 8,135 | 2,410 | 54,228 | 9,704 | 68,043 | 11,869 | 41,293 | 7,435
9 11,339 | 2,107 | 35,221 | 3,613 | 68,338 | 11,869 | 38,299 | 5,863
10 8,455 | 1,973 | 54,228 | 9,704 | 67,800 | 11,869 | 43,494 | 7,849
11 9,784 | 2,381 | 25,424 | 6,481 | 56,173 | 11,868 | 30,460 | 6,910
12| 9,064 | 1,970 | 35,192 | 7,711 | 57,036 | 11,950 | 33,764 | 7,210

4.7 Discussion and Lessons Learned

As data preparation is an issue, we chose csv to have a harmonization of the data set appearances.
Domain-specific vocabulary and abbreviations in data such as P_ No, which represents the project
number of a machine, can be difficult for LLMs. Further, in some ontology elements we encounter
unfinished comments and typos, e.g., rdfs:comment "Describes the Plant entitiy [...]",
which pose challenges in understanding. To directly access the relational data sources, ontology-
based data access (OBDA) is a well-known paradigm as it encompasses “a semantic paradigm for
providing a convenient and user-friendly access to data repositories” [25] including relational data
bases. Our work supports the OBDA approach by having the ontology and source data to support
users by creating mappings more rapidly and highlighting important points in the data.

In test runs, we observe multiple times a “chattiness” in LLM responses, i.e., a wrapping
in natural language around the ontology or mapping, e.g., “Certainly, here is your mapping: ”.
This happens despite explicit instructions to (%) not respond in natural language, but only return
the mapping and to (i) not include any explanations in your response. Hence, we implement a
processing step to remove any pattern surrounding the desired artefact. While the ontologies
listed in our use case are rather small, in general, they are much larger in practice since they reuse
domain and upper ontologies. We address this in future work.

When executing the experiments, we learn that with configurations with a high mean F1, we
are able to generate KGs which can answer, e.g., How many machines of a specific type are located
in a particular plant? (CQ1). In Section 2, we list the main competency questions, yet in reality,
there are many more. With our best performing mapping configurations and resulting KGs, these
questions can be answered. While the YARRRML mapping configurations with the best precision
utilize few shot prompts, we encounter two YARRRML experiments with few shots, specifically
with columns only and naive reduction, that do not finish in generating a mapping. Further, one
zero shot configuration on 200 data lines and similarity reduction leads to a non finishing run,
which motivates us to conduct more runs in future work for further insights. Best precision values
for RML mappings originate from template or few shot enhancements (we do not evaluate zero
shot for RML). All RML experiments finish in generating a mapping and also, generating triples.
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@prefix nsl: <http://example.com/PlantOntology#> .
@prefix xsd: <http://www.w3.org/2001/XMLSchema#> .

nsl:Line_101 a nsl:Line ;
nsl:hasLine nsl1:Plant_1 ;
nsl:1lineld 101 ;
nsl:lineName "Line_X1" .

I e A - SR

nsl:Line_102 a nsl:Line ;
nsl:hasLine nsl:Plant_1 ;
nsl:linelId 102 ;
nsl:lineName "Line_X2" .

I S
AW N = O

nsl:Plant_1 a nsl:Plant ;

15 nsl:hasLine nsl:Plant_2 ;
16 nsl:plantID 1 ;

17 nsl:plantName "Plant_A" .

Figure 10 Generic example snippet of generated triples from a generated RDF mapping, generic input
data and ontology with MYAM.

(a) Effectiveness (b) Overall Satisfaction

4.0

Rating (1 - Strongly Disagree to 5 - Strongly Agree)
w

Rating (1 - Strongly Disagree to 5 - Strongly Agree)
w

Figure 11 Expert Feedback on MYAM+R. Average answer on (a) effectiveness of and (b) satisfaction
with MYAM+R. Key: 1 — The mappings..., 2 — The KGs generated with MYAM+R provide support for
experts on manufacturing mapping generation, 3 — Overall, I am satisfied with the MYAM+R approach, 4
— I would recommend MYAM+R to other experts for the task of mapping and KG generation.

When analyzing the exact triples match, the results drop significantly for both mapping
languages. The reason lies in the challenges of TRI generations that match the reference mapping.
The column ID is in the mapping, yet the exact string often does not match the one in the reference
mapping. This can be corrected by a knowledge expert with low effort, so that MYAM+R overall
shows good support for mapping generation tasks. Nevertheless, improving the quality of LLM
responses and handling the prompt size are still open challenges.

Clear limitations of our work are, first, the skipped step of accessing the data directly from the
relational DB instead of a manually reviewed .csv file. The research on this task is active (see e.g.,
TEXT2SPARQL®) and it is interesting to incorporate state-of-the-art approaches in the future for

9 https://text2sparql.aksw.org/ co-located with Text2KG at ESWC 2025.
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this step. Second, an evaluation on different LLMs is missing as well as an in-depth cost analysis
which impacts a potential adoption of our approach in practice. Specifically, considering potential
future regulatory updates for industry, we will expand our work in next steps with evaluations on
other LLMs including open weight models. Further, we evaluate only on our proprietary data
set as a public in-use benchmark set for this problem is missing. We publish a generic running
example for reproducibility, however, the gap to our real industrial data remains.

Last but not least, one core motivation is the reduction of expert efforts during KG construction.

Assessing these efforts in MYAM+R, we identify via the expert feedback an effort reduction
compared to the process implemented currently in practice in our example plant. Instead of
starting mapping generation from scratch, experts can in practice start from a MYAM+R-based
mapping proposal, review the mapping and update it accordingly. However, we do not believe
that experts’ guidance or reviews will become completely obsolete in a target state due to the
dynamic complexity of industrial data landscapes.

5 Related Work

In this section, we discuss relevant work on LLM-supported mapping generation in manufacturing.

First, we review works on automatic mapping generation for KG creation and their applicability

to the manufacturing domain, as well as briefly consider schema-supported mapping generation.

Second, we discuss the current state of research on LLM-based KG construction. Our approach
of using data input, ontology and instructions is comparable to a Graph RAG architecture as
the steps of enriching an LLM prompt with schema information to generate an output, in our
case a mapping, are comparable to the components of a Graph RAG. However, there is one
major distinction: as our goal is KG construction, we must not assume existing supporting graph
instance data in our framework.

The research field of automatic KG construction has been popular for a long time with new
recent approaches. Zhong et al. [28] state in their corresponding survey (2024) that “[ljarge
pre-trained models have been leading a significant impact on multiple KG construction tasks and
their related applications”. Our focus on Mapping Generation corresponds to the step of Knowledge
Acquisition which mainly covers Entity Discovery and Relation Extraction for (semi-)structured
data sources according to [28] as they also include tables in their analysis (however, without
focus on them). The authors state that rule-based extraction methods “are the general solutions
for NER” [28], with Named Entity Recognition (NER) being the first step of identifying and
extracting entities from a data source as part of Entity Discovery. In the manufacturing domain
however, the disadvantage of this approach lies in the challenge of identifying the correct pairs of
(i) source column name and (ii) corresponding entity in the ontology as these pairs may differ
drastically on a lexicographical level. Hence, experts conduct this decision manually or, for overall
manufacturing KG construction, other “advanced deep learning methods such as BiILSTM-CRF,
BiLSTM-ALBERT, etc.” [21] are utilized. While experts’ time is rare and costly, deep learning
methods require training to prepare a model for the task at hand. Both approaches, hence, are
not optimal for the requirements of efficiency and scalability in manufacturing. Chen et al. [2]
state that for domain KGs “existing KG construction methods heavily rely on human intervention
to attain qualified KGs, which severely hinders the practical applicability in real-world scenarios”.
The authors exploit LLMs for KG construction — focussing on extraction from text — and achieve
a result surpassing precision values of existing SOTA KG construction methods.

While multiple KG construction approaches acquire knowledge from unstructured data sources,
Mapping Generation from structured sources such as relational databases differs, e.g., in the
availability of a structure (schema). Utilizing this schema during knowledge extraction can prove
helpful, as seen in e.g., Medeiros et al. [3] who introduce MIRROR, a system to generate R2RML
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mappings. One mapping type produces RDF triples homomorphic to the ones generated by a DM
approach [3]. Another results in additional mappings containing implicit knowledge from database
schemas [3]. Also, Hazber et al. [9] integrate the database schema R2RML mapping generation.

Next, we review first approaches on LLM-supported mapping generations. Hofer et al. explore
LLM-supported RML mapping generation. The authors see promising results of commercial
LLMs, such as Claude3 Opus (20240229) and GPT4 Turbo (01-25-preview) with zero-shot and
on a subset from the Internet Movie Database. Our approach differs from these works in three
aspects: (1) we not only explore RML, but further YARRRML syntax, (2) we investigate necessary
ontology reduction, and (3) we evaluate the performance on real manufacturing data from a
plant. There exist benchmark tasks [6] for LLM performance evaluation on KG engineering tasks,
e.g., parsing and creating KGs serialized in Turtle syntax. Frey et al. [7] assess the evolution in
Turtle skills of selected commercial LLMs on such tasks. While they show an improvement on
the majority of tasks of the LLMs over their predecessors, the authors observe different responses
from the models, especially on the output format, and conclude that stricter multi-shot tests are
worth evaluating. They further see an open question on the evaluation on RML related tasks.
We address both aspects for RML and YARRRML syntax. Thoroughly assessing the mapping
quality is needed from a practical manufacturing perspective, yet research shows gaps in this area.
Dimou et al. [4] introduce a quality assessment and a refinement workflow for RDF mappings.
There is further a “framework to assess the quality of RDF mappings” [14] in YARRRML syntax,
yet, the set of metrics is not validated against an existing ontology as in our use case. Some
approaches on LLM-supported and context-enhanced mapping generations have been proposed
and case-study-explored [11]. To the best of our knowledge, none of the approaches have been
applied in a real manufacturing setting and none considers the YARRRML syntax. The previous
works do not take an existing target ontology into consideration, which is a constraint in our
setting. As a result, state-of-the-art solutions are insufficient to address our use case. We address
these research gaps in our work.

6 Conclusion and Outlook

In this paper, we introduce M YAM+R, an approach for LLM-supported and context-enhanced
YARRRML and RML mapping generation, as a support for manufacturing knowledge experts.
MYAM+R comprises of eight modules: four for input, as well as one for ontology reduction,
mapping generation, evaluation and KG generation, each. The input modules focus on a data
source sample, a related ontology, context enhancements, and prompt instructions for mapping
generation. The mapping generation module can be configured with parameters for data size,
ontology reduction method, and context enhancements. This module further orchestrates the
processing steps, calls the ontology reduction module, and prepares the final prompt. Next, the
generated mapping is evaluated against gold standard mappings which are created manually
by experts. Finally, a KG generation module creates a KG based on the data and generated
mapping. We conduct experiments with different configurations of MYAM+R across three real
world data sets from Bosch. Naive ontology reduction and a mapping template as enhancement
show promising as they achieve with column headers and first twenty data rows as input the best
performance of F1=0.74 for YARRRML and F1=0.70 for RML mappings across all data sets.
We achieve our objective in supporting experts in manufacturing mapping generation with the
obtained results and feedback. Furthermore, our results present a baseline for future experiments
in the manufacturing domain. We publish the source code!® to support further research in this
direction.

Onttps://github. com/boschresearch/myamr_tgdk
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In future work, next to addressing the limitations discussed in Section 4, we enhance MYAM+R
in several aspects. We will improve the implementation with ontology learning from data and
matching with the given ontology. With this, we will evaluate MYAM+R on domain and upper
ontologies. Further, it is promising to extend the input configuration with a representative sample

from the data input. We will explore mapping quality improvements with multiple prompts and

sequential chain approaches. With the intention to increase the level of support for mapping

generation in manufacturing, we explore different research avenues, e.g., the inclusion of other

LLMs as well as fine-tuned small language models for a given domain.
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