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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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1:2 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← ∃enrolledIn.Course.
and T to be {StudentShape(Ben)}. In case the shapes graph (C, T ) is applied to the data
graph G = {enrolledIn(Ben,C1)}, 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 C1, and a repair would add the fact Course(C1) 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
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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 maximal 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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1:4 Repairing SHACL Constraint Violations

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 Peñaloza [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 graphs2, which are RDF graphs to be validated against shape constraints.
Assume countably infinite, mutually disjoint sets NN , NC , 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 c, d are nodes.

Syntax of SHACL

Let NS be a countably infinite set of shape names, disjoint from NN , NC , 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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1:6 Repairing SHACL Constraint Violations

A shape expression ϕ is of the form:

ϕ, ϕ′ ::= ⊤ | s | B | c | ϕ ∧ ϕ′ | ¬ϕ |≥n E.ϕ | E = p

where s ∈ NS , B ∈ NC , c ∈ NN , n is a positive integer, E is a path expression and p ∈ NP . In
what follows, we may write ϕ ∨ ϕ′ instead of ¬(¬ϕ ∧ ¬ϕ′), ∃E.ϕ instead of ≥1 E.ϕ, and ≥n E
instead of ≥n E.ϕ if ϕ is ⊤. SHACL constraints are represented in the form of (shape) constraints,
which are expressions of the form s← ϕ, with s ∈ NS and ϕ 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 NN , also called node target,
class name from NC , also called class target,
expression of the form ∃p with p ∈ NP , also called subjects-of target,
expression of the form ∃p− with p ∈ NP , also called objects-of target.

A shapes graph3 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 ∪ 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 ϕ over an assignment I is
defined in terms of an evaluation function J·KI , which maps any path expression E to a binary
relation JEKI ⊆ V (I)× V (I), and any shape expression ϕ to a set of nodes JϕKI ⊆ V (I).

J⊤KI = V (G) JsKI = {a | s(a) ∈ I}
JBKI = {a | B(a) ∈ I} JcKI = c

Jϕ1 ∧ ϕ2KI = Jϕ1KI ∩ Jϕ2KI J¬ϕKI = V (I) \ JϕKI

JpKI = {(a, b) | p(a, b) ∈ I} Jp−KI = {(a, b) | p(b, a) ∈ I}
J≥n E.ϕKI = {a | {(a, b) ∈ JEKI and b ∈ JϕKI} ≥ n} JE · E′KI = JEKI ◦ JE′KI

JE = pKI = {a | ∀b : (a, b) ∈ JpKI iff (a, b) ∈ JEKI}

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 JϕKI = sI for all s← ϕ ∈ 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) JW KI ∈ sI for every
target (W, s) ∈ T .

3 https://www.w3.org/TR/shacl/#shapes-graph
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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← ⊤ (NF2) s← B (NF3) s← c

(NF4) s← s1 ∧ · · · ∧ sn (NF5) s← ¬s′ (NF6) s←≥n 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,C1)},
C = {StudentShape← ∃enrolledIn.Course},
T = {StudentShape(Ben)}

The normalized version C ′ of C contains the constraints

StudentShape← ∃enrolledIn.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.

TGDK
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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 ⊃ NC ∪NP and Var of predicate symbols, and variables, respectively.
A term is a variable from Var or a node from NN . The notion of an atom is extended from RDF
atoms here to include expressions of the form q(t1, . . . , tn), where q ∈ Preds is an n-ary predicate
symbol and t1, . . . , tn 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 ψ ← φ, where φ
may be a conjunction of positive and negated atoms, and ψ is a (possibly empty) disjunction
of atoms. We may call ψ the head of the rule and φ the body of the rule. We may write a rule
h1, . . . , hn ← φ instead of a set of rules h1 ← φ, . . . , hn ← φ. 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, c), edge(c, a), N(a), N(b), N(c)} be a data graph storing
a triangle over the nodes a, b, and c, and let P be a program with the following rules:

R(X) ∨B(X) ∨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 ∪ {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.4 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.

4 https://potassco.org/clingo/

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 Ψ = (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 Ψ is a pair (A,D) of two sets
of RDF atoms, where D ⊆ G, such that (G \D) ∪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 ⊆ 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(C1) 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← ∃hasStudentID

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 ID1 and adding hasStudentID(Ann, ID1) 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← ∃hasStudentID∧ ≤1 hasStudentID

stating that students must have exactly one student ID. Let G = {hasStudentID(Ann, ID1)} and
assume we want to validate that Ann conforms to StudentShape. We may attempt to satisfy the
constraint by adding the atoms hasStudentID(Ann, new1) for a fresh node new1. However, then
Ann would have two main addresses, which is not allowed. The only way to fix the violation is to
reuse the node ID1.

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 E,
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 ←≥1 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, Tgr) over only node targets, where

Tgr = {(c, s) | c ∈ JW KG for each target (W, s) ∈ T}

is the grounding of T w.r.t. G. It is easy to verify, that G validates (C, T ) if and only if G validates
(C, Tgr). 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 = {B1(a), B1(b), B2(b)} and the shapes graph (C, T ),
where C has the constraint s← B2 and the target is T = {(B1, s)}. Clearly, G does not validate
(C, T ), and hence neither the corresponding shapes graph (C, Tgr), where Tgr = {(a, s), (b, s)} is
the grounding of T w.r.t. G. Consider the repair R = (∅, {B1(a)}), which removes only the fact
B1(a) from G. Clearly, R is a repair for (G,C, T ) since G′ = G \ {B1(a)} validates (C, T ), but it
is not a repair for (G,C, Tgr). Clearly, every repair for (G,C, Tgr) 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, Tgr) iff R is a repair for (G,C, T ), where Tgr 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 ℓ, where ℓ is a shape, class, or property name,
if there exists a constraint s← ϕ in C such that ℓ occurs in ϕ. We say that a shape name s uses
ℓ, if s directly uses ℓ, or if there exists a shape name s′ such that: (1) s directly uses s′ and (2) s′

uses ℓ. 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, Tgr)
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 Ψ = (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 PΨ, such that the stable
models of (G,PΨ) will provide repairs for Ψ. Following the standard notation for repairs in
databases [14], we will use special constants to annotate atoms:

(i) t∗∗ 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) t 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 PΨ consists
of four kinds of rules:
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PAnnotation is 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 is 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.

PConstraints is 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 PΨ:

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, t)

p_(Y,X, t)← p−_(X,Y, t) p−_(X,Y, t∗)← p_(Y,X, t∗)
p_(Y,X, f)← p−_(X,Y, f) p−_(X,Y, f)← p_(Y,X, f)

PRepair

For each constraint s ← ϕ 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 ϕ 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 ϕ can take, that is for each type of constraint of the form (NF1) to
(NF5) and (NF6′). We add rules for both s_(X, t∗) and s_(x, f).

If the constraint is of the form (NF1) or (NF3), then we do nothing here and treat them later
as constraints.
If ϕ 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 ϕ is of the form s1 ∧ · · · ∧ sn, that is of form (NF4), then we use fresh binary predicates si_
and add the rules:

s1_(X, t∗), . . . , sn_(X, t∗)← s_(X, t∗) s1_(X, f) ∨ · · · ∨ sn_(X, f)← s_(X, f)
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If ϕ is of the form ¬s′, that is of form (NF5), we add the rules:

s′_(X, f)← s_(X, t∗) s′_(X, t∗)← s_(X, f)

If ϕ is of the form ∃r.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′_(@new(s,X, r), t∗), r_(X,@new(s,X, r), t)← s_(X, t∗)
r_(X,Y, f) ∨ s′_(Y, f)← s_(X, f), r_(X,Y, t∗)

PInterpretation

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, t∗∗)← p_(X,Y, t∗), not p_(X,Y, f)
p−_(X,Y, t∗∗)← p−_(X,Y, t∗), 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 PΨ sets of rules that will act as constraints and filter out models that are not repairs.
(1) For each constraint of the form s← ⊤, that is of form (NF1), we add ← s_(Y, f).
(2) For each constraint of the form s← c, that is of form (NF3), we add the rules:

← s_(X, t∗), X ̸= c ← s_(c, f)

(3) For each class name B, property name p and inverse property name p− in the input, we add:

← B_(X, t), B_(x, f) ← p_(X,Y, t), p_(X,Y, f)
← p−_(X,Y, 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 t∗∗ in a stable model of PΨ form a repaired data graph that validates (C, T ).

▶ Theorem 7. Assume a repair problem Ψ = (G,C, T ). For every stable model M of (G,PΨ), 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,PΨ), 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 PΨ 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 PInterpretation
and the constraints in PConstraints (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 ∈ JφKI , where s← φ 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 Pψ. We define I = G′ ∪ 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 ∈ JφKI where
s ← φ ∈ C. We prove this claim by induction on the depth d(s) of shape s in the dependency
graph. Let s← φ ∈ 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 φ, d(s) = 1 if all shape names s′ appearing in φ have depth 0,
that is d(s′) = 0; and d(s) = i if there exists a shape names s′ in φ with d(s′) = i− 1 and for all
other shape names s′′ occurring in φ 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← ⊤ of the form (NF1). The rule
← s_(Y, f) added in PConstraints ensures no node is assigned s_(Y, f), and hence s_(a, f) /∈M .
Clearly, that s_(a, t∗) ∈ M , then a ∈ J⊤KI = V (G′) trivially. Thus, a ∈ JφKI . Next, consider
a constraint s ← B of the form (NF2). By construction the following two rules are in PΨ:
B_(X, t)← s_(X, t∗) and B_(X, f)← s_(X, f). If s(a) is true in I it means that s_(a, t∗) ∈M
and s_(a, f) /∈ M . Hence, B_(a, t) ∈ M and B_(a, f) /∈ M . The fact that B_(a, t) ∈ M

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 ∈ JBKI . Finally, assume s(a) was
added because of a constraint of type (NF3) s← c. By construction, the rules← s_(X, t∗), X ̸= c

and ← s_(c, f) are in Pψ. If s_(a, t∗) ∈M , then a = c. Thus, a = c ∈ JcKI .
Assume the hypothesis holds for all s′ with d(s′) < d(s). We show the claim for constraints

s← φ of the form (NF4), (NF5), and (NF6′). Assume a constraint of the form s← s1 ∧ · · · ∧ sn
(NF4). The repair rule s1_(X, t∗), . . . , sn_(X, t∗)← s_(X, t∗) is in Pψ. Since M is a model, then
s_(a, t∗) ∈ M , then si_(a, t∗) ∈ M for all 1 ≤ i ≤ n. By induction hypothesis (d(si) < d(s)),
it holds that a ∈ JsiKI for all i. Hence, a ∈

⋂
iJsiKI = JφKI . Next, assume the constraint is

of the form s ← ¬s′ (NF5). The program Pψ 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 /∈ Js′KI , so a ∈ J¬s′KI . Finally, we show for constraints of the form s ← ∃p.s′ (NF6′).
The repair rules s′_(@new(s,X, p), t∗), p_(X,@new(s,X, p), t) ← s_(X, t∗) where Y adds a
fresh node @new(s,X, p) is in Pψ. Let the fresh node for @new(s,X, p) be c. By hypothesis, if
s_(a, t∗) ∈M , then p_(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 ∈ J∃p.s′KI . ◀

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,5 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 t, 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 Ψ = (G,C ′, T ) from Example 2, where C ′ is the
normalized version of C. We construct the repair program PΨ 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,C1, t

∗) to
the stable model. For PRepair, 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, f) ∨ s_(Y, f)← StudentShape_(X, f), enrolledIn_(X,Y, t∗)

Course_(X, t)← s_(X, t∗)
Course_(X, f)← s_(X, f)

Intuitively, these rules together with the rules in PAnnotation will add to the stable model the
two atoms enrolledIn_(Ben, new1, t

∗) and Course_(new1, t
∗) with a fresh node new1. For

PInterpretation, we add: Course_(X, t∗∗) ← Course_(X, t∗), not Course_(X, f) for Course_
and proceed analogously for enrolledIn_. For PConstraints, 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 “t∗∗” by the rules in PInterpretation.

Thus, there is one stable model with the atoms enrolledIn_(Ben,C1, t
∗∗),

enrolledIn_(Ben, new1, t
∗∗) and Course_(new1, t

∗∗). The corresponding atoms
enrolledIn(Ben,C1), enrolledIn(Ben, new1) and Course(new1) will form the repaired data graph
G′ that validates (C ′, T ). Hence, the only repair is (A, ∅), where A contains enrolledIn(Ben, new1)
and Course(new1).

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, C1)), add(enrolledIn(Ben, new1))
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.
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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 ξ = (A,D) for Ψ, ξ is
cardinality-minimal if there is no repair ξ′ = (A′, D′) for Ψ 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← s1 ∨ s2, s1← B1, and s2← B1 ∧B2, where B1 and B2 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 B1(a), i.e., contains add(B1(a)),
and the other adds both B1(a) and, the possibly redundant fact, B2(a), i.e., contains add(B1(a))
and add(B2(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 PΨ,
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 ∧ ¬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 s1← B and s2← ¬B and
targets s1(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 Ψ = (G,C, T ) be a repair problem. A pair (A,D) of sets of atoms is called
a maximal repair for Ψ if there exists T ′ ⊆ T such that (i) (A,D) is a repair for (G,C, T ′) and
(ii) there is no T ′′ ⊆ 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

https://www.w3.org/TR/shacl/#deactivated
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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 T . We introduce two
predicates actualTarget and skipTarget, where actualTarget represents a shape atom in the target
that will be selected to repair, whereas skipTarget 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) ∨ skipTarget(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@3, X, s :
skipTarget(X, s)} optimization rule to PΨ to minimize the number of skipped targets and the
#minimize{1@2,W : add(W ); 1@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 skipTarget atoms and therefore
maximizes the actualTarget atoms based on the cardinality.

To illustrate the concept of maximal repairs, consider the following example.

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

G = {enrolledIn(Ben,C1)}
T = {StudentShape(Ben),TeacherShape(Ben)}
C = {TeacherShape← ∃teaches.Course ∧ ¬StudentShape,

StudentShape← ∃enrolledIn.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 skipTarget(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←≥n p.s′ with n = 1. We now explain the extension to support cardinality constraints
with unrestricted n, which are of form s←≥n 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← ∃p.s′, s′ ← c}, and the target T = {s(a)}. Since
the second constraint forces the selection of the constant c when generating a value for p, the only
possible repair for (G,C, T ) is to add the atom p(a, c). However, we prioritize picking a fresh node
over an existing one if picking a constant is not necessary.

More precisely, for a repair problem Ψ = (G,C, T ), where C contains constraints of the form
(NF1)-(NF5) and (NF6′′), we construct the repair program P ′

Ψ, which contains all the rules from
PΨ except for the rules for (NF6′) in PRepair, i.e., the rules for existential constraints, which will
be replaced by the rules described here.

TGDK
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Repairing cardinality constraints. If ϕ is of the form ≥n 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 c 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) ∨ · · · ∨ choose(s,X, p, n)← s_(X, t∗) (1)
p_(X,@new(s,X, p, 1..i), t)← choose(s,X, p, i), i ̸= 0 (2)

0 {p_(X,Y, t) : const(Y )} |const(Y )| ← s_(X, t∗) (3)
n {s′(Y, t∗) : p_(X,Y, t∗∗)} max(n, |const(Y )|)← s_(X, t∗) (4)

In the following, we explain the rules (1) - (4) in detail. For adding atoms over p_ to satisfy
≥n 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, i) 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
l {W : V } m intuitively allows to generate in the model a number between l 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).

ℓ {ψ1 ∨ ψ2} ℓ← s_(X, f),#count{Y : p_(X,Y, t∗)} = m,m > (n− 1) (5)

where ℓ = m − (n − 1), ψ1 is the expression p_(X,Y, f) : p(X,Y ), not s′_(Y, f) and ψ2 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
s←≥n 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 P ′

Ψ 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



S. Ahmetaj, R. David, A. Polleres, and M. Šimkus 1:19

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 P ′
Ψ will generate three repairs.

A1 = {Course(C1)}, D1 = {}
A2 = {Course(C1), enrolledIn(Ben, new1)}, D2 = {}
A3 = {enrolledIn(Ben, new1),Course(new1)}, D3 = {}

The first repair will only add Course(C1). 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_(C1, t

∗) which together with the
other rules treated in Example 8 add Course_(C1, t) and Course_(C1, t

∗∗), and hence result in
the repair adding Course(C1). The second repair will add enrolledIn(Ben, new1) in addition to
Course(C1) because of picking i = 1 in rule (1), and generating a fresh value new1 in (2), while
still picking C1 for s_. The third repair will assign new1 to s_, thus resulting in the repair (A, ∅)
from Example 8. The optimization feature will return only the minimal repair that only adds
Course(C1).

6 Extension with Property Path Repairs

The repair program P ′
Ψ 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 ←≥n 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 Ψ = (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 P compΨ whose
stable models provide repairs for Ψ. In particular, P compΨ contains all the rules from the repair
program PΨ 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(Pub1, Rev1), hasReviewer(Pub1, Rev2), hasReviewer(Pub1, Rev3),
worksFor(Rev1,WUWien),worksFor(Rev2,WUWien),worksFor(Rev3, TUWien)}

T = {ReviewedPublicationShape(Pub1)}
C = {ReviewedPublicationShape←≥3 hasReviewer · worksFor}

We assign ReviewedPublicationShape to Pub1. For the shape assignment to validate, we need
property paths to reach at least 3 different nodes starting from node Pub1. However, although
there are three different property paths to nodes via the reviewers Rev1, Rev2 and Rev3, only
two different nodes, WUWien and TUWien, are reachable. We need at least one additional node
to be reachable via the property path to make ReviewedPublicationShape validate Pub1.
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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←≥n E.s′, that is of
form (NF6), or of the form s ← E = p, that is of form (NF7), we collect all the pairs of nodes
that intuitively are the start and end of E-paths from nodes verifying s. Assume E is of the form
r1 · r2 · · · · ru and each ri is either a property name pi or an inverse property name p−

i . We use
a fresh auxiliary ternary predicate psE_ to collect such pairs and add to P compΨ for each such
constraint a rule:

psE_(X,Y, t∗)← s_(X,_), r1_(X,X1, t
∗), . . . , ru_(Xu−1, Y, t

∗) (6)

For simplicity, we call instances (a, b) of psE_ 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 ϕ is of the form ≥n E.s′, that is the constraint for s is s ←≥n E.s′, where E is of the
form r1 · r2 · · · · ru. 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 E-paths. We now present the rules for each
case, which will be added in the PRepair part of the program.

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

choose(s,X, psE , 0) ∨ · · · ∨ choose(s,X, psE , n)← s_(X, t∗) (7)
psE_(X,@new(s,X, psE , 1..i), t)← choose(s,X, psE , i), i ̸= 0 (8)
0 {psE_(X,Y, t) : const(Y )} |const(Y )| ← s_(X, t∗) (9)
n {s′_(Y, t∗) : psE_(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 psE_. 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 psE_ to
satisfy the cardinality n. Similarly, we pick a number up to the maximum number of constants for
psE_ and we pick a number of n end nodes in psE_ to satisfy s′. For constant reuse optimization,
we add the #minimize{1@1, X, Y : psE_(X,Y, t), const(Y )} optimization rule to P compΨ .

We add rules, which for each property ri at some node Xv suggest to either generate a fresh
value to be ri-connected to Xv or keep some existing ri 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, r1, 0) ∨ choose(s,X, r1, 1)← psE_(X,Y, t) (11)
r1_(X,@new(s,X, r1, 1), t)← choose(s,X, r1, 1) (12)
choose(s,Xi, ri+1, 0) ∨ choose(s,Xi, ri+1, 1) (13)

← psE_(X,Y, t), r1_(X,X1, t
∗∗), . . . , ri_(Xi−1, Xi, t

∗∗)
ri+1_(Xi,@new(s,Xi, ri+1, 1), t) (14)

← choose(s,Xi, ri+1, 1), r1_(X,X1, t
∗∗), . . . , ri_(Xi−1, Xi, t

∗∗)
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Note that in the above rules X0 stands for X and Xu stands for Y . We have generated the paths
from nodes verifying s up to ru−1. The following rule allows to generate last edges ru from Xu−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 {ru_(Xu−1, Y, t)} 1← psE_(X,Y, t), r1_(X,X1, t
∗∗), . . . , ru−1_(Xu−2, Xu−1, 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 psE_(X,Y, t∗) to either cut the E-path or falsify s′

at Y . We add the following rules:

ℓ {ψ3 ∨ ψ4} ℓ← s_(X, f),#count{Y : psE_(X,Y, t∗)} = m,m > (n− 1) (16)

where ℓ = m− (n− 1), ψ3 is the expression psE_(X,Y, f) : psE_(X,Y, t∗), not s′_(Y, f) and ψ4
is the expression s′_(Y, f) : psE_(X,Y, t∗), not psE_(X,Y, f).

r1_(X,X1, f) ∨ · · · ∨ ru_(Xu−1, Y, f) (17)
← psE_(X,Y, f), r1_(X,X1, t

∗), . . . , ru_(Xu−1, Y, t
∗)

We add rule (16) analogous to rule (5) to pick from all E-paths psE_(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 r1 · r2 · · · · ru. 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 psE_(X,Y, 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 psE_(X,Y, f) atom, by picking from all E-path atoms r1 · r2 · · · · ru (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 ϕ is of the form E = p, where E is a path of the form r1 · r2 · · · · ru 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 psE_(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.

p_(X,Y, t) ∨ psE_(X,Y, f)← s_(X, t∗), psE_(X,Y, t∗) (18)
psE_(X,Y, t) ∨ p_(X,Y, 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 psE_(X,Y, t∗) with no p_(X,Y, t∗) or one p_(X,Y, t∗) with no psE_(X,Y, t∗). Again, we
can repair this case by using a disjunctive rule to either add or delete property atoms.

notEquals(s,X, psE , p)← s_(X, f), psE_(X,Y, t∗), not p_(X,Y, t∗) (20)
notEquals(s,X, psE , p)← s_(X, f), not psE_(X,Y, t∗), p_(X,Y, t∗) (21)
1 {psE_(X,Y, f) : p_(X,Y, t∗) ∨ p_(X,Y, f) : psE_(X,Y, t∗)∨ (22)
psE_(X,@new(s,X, psE , 1), t) ∨ p_(X,@new(s,X, p, 1), t)} 1

← s_(X, f), not notEquals(s,X, psE , p)

We add two rules (20) and (21), which use a fresh notEquals predicate, to collect cases where
there is a psE_(X,Y, t∗) with no p_(X,Y, t∗) or there is a p_(X,Y, t∗) with no psE_(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 psE_(X,Y, f) where there is a p_(X,Y, t∗), suggests
p_(X,Y, f) where there is a psE_(X,Y, t∗), suggests a fresh psE_(X,@new(s,X, psE , 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).

PInterpretation

We add an interpretation rule which makes psE_ true for the repair if all property atoms on the
path r1 · r2 · · · · ru are true in the repair.

psE_(X,Y, t∗∗) (23)
← psE_(X,Y, t∗), not psE_(X,Y, f), r1_(X,X1, t

∗∗), . . . , ru_(Xu−1, Y, t
∗∗)

PConstraints

We add a constraint rule for psE_ to filter models that are not repairs.

← psE_(X,Y, t∗), psE_(X,Y, f) (24)

We also add constraints to filter models which do not repair an equality.

← s_(X, t∗), psE_(X,Y, t∗∗), not p_(X,Y, t∗∗) (25)
← s_(X, t∗), p_(X,Y, t∗∗), not psE_(X,Y, t∗∗) (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 Ψ = (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
P compΨ where, for every stable model M of P compΨ , (A,D) is a maximal repair for Ψ, 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)
in M .
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Idea. Let Ψ = (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 P comp

Ψ be the ASP program
constructed in Section 6. Let M be an arbitrary stable model of of (G,P comp

Ψ ), let (A,D) be
the repair from M obtained as above, and let G′ be the repaired data graph obtained as follows
G′ = (G ∪ A) \ D. First, that (A,D) is a maximal repair for Ψ by Definition 10 means that
there exists T ′ ⊆ T such that (i) (A,D) is a repair for (G,C, T ′) and (ii) there is no T ′′ ⊆ 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 ∗ ⊆ 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′ ∪ 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 ∈ JφKI where s← φ ∈ 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 P comp

Ψ . 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←≥n E.s′ of the form (NF6). We need to
show that a ∈ J≥n E.s′KI , that is there exist at least n distinct nodes Y such that (a, Y ) ∈ JEKI
and s′(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, psE , i) for some i ∈ {0, . . . , n}. If i > 0, then rule (8) ensures the presence
of atoms psE_(a,@new(s, a, psE , 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 Yk such that psE_(a, Yk, 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 psE_(a, Y, t∗∗) ∈M . Rule (23) guarantees that (a, Y ) ∈
JEKI : it ensures that psE_(a, Y, t∗) ∈M , psE_(a, Y, f) /∈M , and all atoms representing the path
r1_(a,X1, t

∗∗), . . . , ru_(Xu−1, Y, t
∗∗) 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 ∈ Js′KI .
The nodes Y are distinct by construction since fresh nodes are uniquely generated via @new,

and constants are inherently distinct. Finally, rule (10) ensures that there are at least n such
distinct Y satisfying both (a, Y ) ∈ JEKI and Y ∈ Js′KI . Hence, a ∈ J≥ nE.s′KI , 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 Pub1 with two different institutions WUWien and
TUWien.

G = {hasReviewer(Pub1, Rev1), hasReviewer(Pub1, Rev2),
worksFor(Rev1,WUWien),worksFor(Rev2, TUWien)}

T = {ReviewedPublicationShape(Pub1)}
C = {ReviewedPublicationShape←≥3 reviews−∧ ≥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 psE1 _ and the path for reviews− · worksFor
with an auxiliary property atom psE2 _.

We assign ReviewedPublicationShape to Pub1. However, it does not validate. There are only
two reviewers Rev1 and Rev2 with institutions WUWien and TUWien, respectively. To repair
the shape assignment, the repair program picks three psE1 _ atoms to be made true for the path
reviews− and three psE2 _ 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 psE1 _ and psE2 _ 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.

A1 = {reviews(new1, Pub1),worksFor(Rev1, new2)}, D1 ={}
A2 = {reviews(new1, Pub1),worksFor(Rev2, new2)}, D2 ={}
A3 = {reviews(new1, Pub1),worksFor(new1, new2)}, D3 ={}

The minimal repairs fix the cardinality constraints by adding a property atom reviews(new1, Pub1)
with a fresh node new1 and by adding a property atom reviews with a fresh node new2 to either
Rev1, Rev2 or new1. 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,Course1), enrolledIn(Ben,Course1), enrolledIn(Bob,Course1),
hasStudentID(Ann, 2119110), hasStudentID(Ben, 1716110), hasStudentID(Bob, 9427084),
participantID(Course1, 2119110)}

T = {CourseLimitShape(Course1)}
C = {CourseLimitShape←≤2 enrolledIn− · hasStudentID

∧ enrolledIn− · hasStudentID = participantID}

The CourseLimitShape, which indicates that a course can only have a maximum of two parti-
cipants, is assigned to course Course1. 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 Course1. However, it does not validate, because there are too many
students enrolled in Course1 (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 psE_ atom (3 existing psE_ 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 ≤2. Also, the remaining two paths need to satisfy the equality on
participantID via rules (18) and (19). We get the following minimal repairs.

A1 = {participantID(Course1, 9427084)}, D1 ={enrolledIn(Ben,Course1)}
A2 = {participantID(Course1, 9427084)}, D2 ={hasStudentID(Ben, 1716110)}
A3 = {participantID(Course1, 1716110)}, D3 ={enrolledIn(Bob,Course1)}
A4 = {participantID(Course1, 1716110)}, D4 ={hasStudentID(Bob, 9427084)}

The minimal repairs fix the cardinality constraint by either removing Ben or removing Bob from
Course1 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 Course1 participants with their student IDs also noted via
participantID for Course1, 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.6 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.7

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.

Figure 1 SHACL repair process.

6 https://potassco.org/clingo/
7 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 ") ]

)
] .

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 ∧ s2

s1 ←≥1: enrolledIn.s3 ∧ ¬ ≥1: enrolledIn.¬s3

s2 ← ¬ ≥2: enrolledIn.s4 ∧ ¬ ≥1: enrolledIn.¬s3

s3 ← s5 ∨ s6

s5 ←: Course
s6 ← ¬(¬”ID1” ∧ ¬”ID2”) ∧ ¬(¬”ID1” ∧ ∨”ID2”)

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 Example SHACL constraint Complex shape expression
component in RDF in abstract syntax

Cardinality constraint components

sh:minCount [ sh:path E ; sh:minCount 2 ] s←≥2 E.⊤

sh:maxCount [ sh:path E ; sh:maxCount 2 ] s← ¬ ≥3 E.⊤

Logical constraint components

sh:and sh:and ( :A :B ) s← A ∧B

sh:or sh:or ( :A :B ) s← A ∨B

sh:not sh:not :A s← ¬A

sh:xone sh:xone ( :A :B ) s← (A ∧ ¬B) ∨ (¬A ∧B)

Shape-based constraint components

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 E.A

sh:qualifiedValueShape :A ]

Other constraint components

sh:hasValue [ sh:path E ; sh:hasValue :c ] s← ∃E.c

sh:in [ sh:path E ; sh:in ( :c1 :c2 ) ] s← ∃E.(c1 ∨ 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.8 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/

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

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

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.

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:not

or-001 2 2/3/0 sh:or

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 sh:in

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

qualifiedValueShape-001 1 0/1/0 sh:qualifiedValueShape
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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:qualifiedValueShape, sh:qualifiedMinCount

5 :P1283_ValueRequiresStatementShapes sh:or, sequence path, sh:in,

sh:qualifiedValueShape, sh:qualifiedMinCount

Wikidata Performance Tests

Wikidata [39] is a collaborative, free and open knowledge base providing structured data from
Wikimedia projects, like Wikipedia.9 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,10 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.
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9 https://www.wikidata.org/
10 https://github.com/nicolasferranti/wikidata-constraints-formalization/tree/main/

constraints-formalization
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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.
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