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Abstract

The Shapes Constraint Language SHACL allows to define recursive shapes, i.e., a shape may refer to itself, either
directly or via other shape references. However, SHACL does not define a semantics for such recursions and the
W3C recommendation leaves the interpretation to implementers to decide. A similar problem is encountered
when repairing SHACL constraint violations. Changing a data graph to conform to given SHACL constraints
might change the shape targets. For example, by fixing a class constraint by adding a class (membership) to a
node on the graph, one changes the target nodes of shapes defining the same class as target class. This potentially
introduces recursion into repairs and might lead to infinite generation of new nodes. Implementers are left to
decide how to cope with such a situation. In this paper, which discusses the SHACL repair recursion problem
in the context of recent work on SHACL repairs, we look at strategies for repair implementations to identify
and mitigate infinite node generation via target recursion. We propose a combination of (existing) approaches
to provide a practical two-layer strategy. With this work, SHACL users can take advantage of target-recursive
repairs while avoiding infinite recursion and thereby support important real-world scenarios.
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1. Introduction

The Shapes Constraint Language (SHACL)' [1] is the W3C recommendation to validate RDF data in
a data graph against constraints, which are grouped into so-called shapes. Shapes can refer to other
shapes in constraints, and therefore SHACL allows to define recursive shapes. Although this is possible
at the syntactic level, the semantics of validating such recursive shapes is not defined in the W3C
recommendation. Implementers are left with making their own choices. A similar problem can be
observed when repairing, i.e., modifying a data graph to conform to given SHACL constraints, because
even when not considering recursive shapes, a recursive cycle can be introduced via shape targets if
the repair is allowed to change target class membership of nodes and property use in the data graph.
This can result in infinite new nodes (triples) being generated, which is a problem for implementations
which compute such repairs and which need to find some way to handle this situation.

This work builds upon SHACL repairs as described in [2], which computes repairs as sets of additions
and deletions to modify a data graph to conform to SHACL constraints. SHACL allows different options
to determine target nodes for shapes. Class and property targets implicitly select nodes that are class
members or that are subjects or objects of property triples. When class membership or property use
changes in the data graph because of a data change to repair a constraint violation, the set of shape target
nodes changes as well if the specific class or property was used for shape targeting. As a consequence,
a recursive cycle is introduced via shape targets, which might result in further repair changes, further
target nodes, and potentially produces infinite new triples. The following example illustrates the
situation of changing shape target nodes.
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Example 1. Assume a shapes graph with shape constraints for StudentShape and CourseShape

:StudentShape a sh:NodeShape; :CourseShape a sh:NodeShape;
sh:targetNode :Ben; sh:targetClass :Course;
sh:property [ sh:property [

sh:path :enrolledIn; sh:path :courselD;

sh: minCount 1; sh: minCount 1;

sh:class :Course; | . sh: maxCount 1; ]
and a data graph

:Ben :enrolledln :C1

The shapes graph states that each node conforming to StudentShape must be enrolled in at least one
course. It also states that each node conforming to CourseShape must have exactly one courselD. While
StudentShape is verified at node Ben, CourseShape determines the shape targets via class membership
with Course. The data graph graph states that Ben is enrolled in C'1.

Validation checks whether there is at least one (sh:minCount) outgoing edge enrolledIn from target
node Ben to a node and that the node is an instance of the Course class. It does not check any nodes
for CourseShape, because there are not any members of Course in the data graph. Validation fails,
because C'1 is not a class member of Course.

Repairing the data graph would add C'1 to Course so that it validates. However, by doing so, C'1
becomes an implicit target node for CourseShape.

In the publication defining the SHACL repair program [2], this scenario is explicitly excluded
and the target nodes are grounded before running the actual repair process. However, in practice this
might rule out important use cases.

In this paper, we add support for target recursion and discuss different ways to avoid infinite target
recursion when repairing SHACL constraint violations by introducing guards. We i) define cases where
infinite recursion can actually happen to identify them prior to repair program execution, and, if
identified, ii) introduce guards into the repair program to prevent non-termination. This strategy aims
to allow for a maximum of use case coverage, i.e., we only stop execution if an actual infinite recursion
would occur.

This paper is structured as follows. In Section 2, we discuss related work and background work that
this paper builds upon. In Section 3, we describe the repair target recursion problem in detail and identify
the problematic repair scenarios where infinite recursion happens. We then propose a two-layered
approach to identify and handle these scenarios to avoid non-termination. In Section 4, we describe how
repair target recursion and guards against infinite target recursion can be implemented as an extension
of the SHACL repair program. Finally, we close with conclusions and next steps in Section 5.

2. Background and Related Work

2.1. SHACL Validation

In this paper, we use the abstract syntax defined in [2] for RDF and SHACL in a restricted form.

Data graphs We first define data graphs’, which are RDF graphs to be validated against shape
constraints. Assume countably infinite, mutually disjoint sets Ny, N¢, and Np of nodes (or constants),
class names, and property names, respectively. A data graph G is a finite set of (ground) RDF atoms of
the form B(c) and p(c, d), where B is a class name, p is a property name, and ¢, d are nodes.

Syntax of SHACL Let Ng be a countably infinite set of shape names, disjoint from Ny, N¢, and Np.
A shape expression ¢ is of the form:

¢,¢' =T |s|B|c|znpo

*https://www.w3.org/TR/shacl/#data-graph
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where s € Ng, B € Ng, ¢ € Ny, n is a positive integer and p € Np. SHACL constraints are
represented in the form of (shape) constraints, which are expressions of the form s < ¢, with s € Ng
and ¢ a shape expression. A shape atom is an expression of the form s(a), with s a shape name and a a
node. A target is an expression of the form (W, s), where s is a shape name and W takes one of the
following forms:

« constant from Ny, also called node target,

« class name from N, also called class target,

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

A shapes graph® is a pair (S, T), where S is a set of shape constraints such that each shape name
occurs exactly once on the left-hand side of a shape constraint, and 7" is a set of targets. Informally, we
call a set of constraints .S recursive if there is a shape name s that directly or indirectly refers to itself in
the shapes constraints. In this paper, we assume non-recursive constraints.

2.2. Recursive Inference

Recursion is a basic method to solve computational problems by using functions that call themselves.
Important to recursion is to understand how to define a base case for the function, which acts as a
stopping condition to terminate the execution eventually. If such a case is not well defined, infinite
recursion and non-termination of the program occurs. Properly understanding and handling of recursion
in programs is therefore of major interest [3].

2.3. SHACL recursion

Recursion in SHACL is mainly discussed for the case of mutual cyclic dependencies of shapes. The
SHACL W3C recommendation allows recursion structurally but does not define a semantics. This has
lead to research being done in this regard and several publications address this challenge [4, 5, 6, 7].
Recursion is introduced because of the graph-based structure of shapes, which define graph patterns to
evaluate via constraints, which also can refer to further shapes.

2.4. SHACL repairs

Recent work introduced a novel approach to repair SHACL constraint violations by modifying the data
to conform to the defined constraints [2]. SHACL repairs is implemented as a repair program that,
given SHACL constraints, can compute repairs as cardinality-minimal changes to the data graph to
achieve conformance. The repairs are represented as sets of additions and deletions [8] of triples, which
are computed by the repair program for a set of SHACL shapes and an input data graph. Adding the
additions to the data and removing the deletions from the data will result in a new data graph that is
consistent with the shape constraints. The implementation of the repair program is a combination of a
Java program, which reads the SHACL shapes and the data graph and generates an answer set program
(ASP) [9], and the clingo [10] solver, which processes the program to determine the repairs. ASP is a
declarative problem-solving paradigm based on logic programming and nonmonotonic reasoning. It
allows us to represent a problem as a nonmonotonic logic program and use an ASP solver to compute its
solutions. The solutions, so-called answer sets or stable models, are minimal models of a logic program.
With answer set programming, we can even resolve potentially conflicting constraints, and programs
will eventually stabilize into minimal models providing repairs. SHACL repairs optimizes to return
minimal models that i) fix a maximum of violations and ii) do a cardinality-minimal number of changes
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(additions and deletions). SHACL repairs took a design decision for fixing minimum cardinality con-
straints by adding new triples always with fresh values and not reuse existing values from the data graph.

Example 2. Consider again Example 1 with StudentShape and CourseShape. We update the data
graph to add some incorrect data as follows:

:Ben :enrolledln :C1
:C2 a :Course
:courselD "1", "2"

The SHACL repair program will propose two different minimal models to repair the data graph to
satisfy the shape constraints. These models contain the repair tuples (additions, deletions) (A1, D) and
(Ag, Do), respectively.

Ay = {Course(C1)} D, = {courseID(C2,71”)}
Ag = {Course(C1)} Dy = {courseID(C2,72”)}

Applying either repair to the data graph will result in conformance of the initial target nodes Ben
and C2 with the constraints of StudentShape and CourseShape, respectively. Note that without target
recursion, the repair program will not assign CourseShape to C'1, which results in non-conformance of
the repaired data graph with the constraints.

3. Methodology

In Example 1, we showed how new target nodes might be introduced when repairing graph data to
conform to SHACL constraints. This example is not problematic regarding changing target nodes,
because there is no recursive cycle via shape targets. In the following, we first define repair target
recursion, i.e., shape definitions where a recursive cycle is introduced via targets and constraints. We
then define basic scenarios for SHACL shapes, where infinite repair target recursion occurs. We follow
with a discussion how these cases can avoid infinite recursion and propose a two-layered approach to
guard against it.

3.1. Repair target recursion

Proposition 1. A shapes graph (S, T') is repair target recursive if the shapes names in the constraints S
use one or more of the class and property names appearing in the targets T

Changes done to the data graph to satisfy constraints involving class and property names appearing
in T will modify the set of target nodes. If validation fails on one or more of these class and property
constraints for a data graph G, then the set of target nodes 7' = {s(a)} is changed via a repair (A, D)
being applied to G.

Note that repair target recursion was excluded in [2]. Targets were grounded according to (W, s) to
determine target nodes before repairing the data graph, i.e., repair additions or deletions to the data
graph were not considered to change the set of target nodes. A recomputing of the grounding after the
repair is required to consider changed target nodes.

3.2. Basic scenarios for infinite recursion

Repair target recursion may lead to a change of target nodes. However, it does not necessarily lead to
infinite recursion. A repair tuple (A, D) modifies the shape target nodes if a class used for class target
is added or removed from a node in the data graph or if a property atom used for subjects-of target or
objects-of target is added or removed from the data graph. Clearly, removing target nodes does not
create a scenario for infinite recursion, because the repair is limited by the (structure of) the data graph,
i.e, a finite number of initial target nodes, and the recursion ends at latest with an empty set of target
nodes.



Adding target nodes, however, might result in an infinite recursion. This happens either as a result of
repairing a minimum cardinality constraint or via a constant constraint requiring some specific value.
Note that the SHACL repair program, as defined in [2], generates fresh values when adding property
atoms to satisfy cardinality constraints. It does not reuse existing values from the data graph.

In the following, we define basic scenarios where infinite recursion can occur. We then discuss
how these scenarios can be identified to differentiate them from other recursion scenarios and thereby
still allow repairs to normally compute cases without infinite recursion. Finally, we show how we
can mitigate infinite recursion by introducing guard options to prevent non-termination and still get
meaningful repair results.

Identifying basic scenarios for infinite recursion The following basic scenarios result in an
infinite recursion.

« If there is a repair target recursion via a class target and there is a property constraint with a
minimum cardinality of at least 1 (via sh:minCount or sh:qualifiedMinCount) or there is a constant
constraint (via sh:hasValue or sh:in) with the target class being a constraint on the value node,
then there is an infinite target recursion.

Definition 1. Let (W, s) be a target with W a class target for class B and either s is a shape
expression of the form s <—>; p.B,i > 1 or s is a shape expression of the form s <—>; p.(cAB),i >
0. (W, s) is a class target recursion R¢.

« If there is a recursive cycle via a subjects-of target or objects-of target, meaning there is a SHACL
minimum cardinality property constraint (via sh:minCount or sh:qualifiedMinCount) or there is a
constant constraint (via sh:hasValue or sh:in), then there is an infinite target recursion.

Definition 2. Let (W, s) be a target with W a subjects-of target for property p and either s is
a shape expression of the form s <>; p.s',i > 1 or s is a shape expression of the form s <>;
p.c,i > 0. (W, s) is a subjects-of target recursion Rpg. Likewise for objects-of target and (W, s)
is a objects-of target recursion Rpo.

Note that these scenarios depend on the data graph as well. For example, if there are no target nodes
involved in recursive cycles in the first place, then infinite recursion does not occur in this specific
scenario.

Besides these basic scenarios, there are extended scenarios to be considered. Property paths with
cardinality constraints might as well lead to infinite recursion. Disjunction of constraints, on the other
hand, might avoid infinite recursion with at least one finite alternative. In this paper, however, we limit
the scenarios to the two basic ones defined above and leave investigation of further scenarios to future
work.

3.3. Guarding against infinite recursion

Based on the basic scenarios, we introduce a two-layered approach to guard against infinite recursion
while still allowing for non-infinite recursive cases. Generally, there are different approaches discussed
in the literature for preventing non-termination because of infinite cycles. Some, but not all of them,
apply to our scenarios. We distinguish prevention based on an analysis of the shapes graph structure
(static cycle detection) from guard approaches which are introduced into the computation (repair
program guards). The two-layered approach is intended to work automatically as an extension of the
SHACL repair implementation.

3.3.1. Layer 1: static cycle detection

Cycle detection statically checks the RDF shapes graph if it contains some recursive cycles that match
the two basic scenarios defined above. It can be easily done by creating a dependency graph for the
target classes and properties and their usage in constraints across all shapes in the shapes graph. The



basic scenarios can then be checked via the RDF triples. If such a scenario is identified in the shapes
graph, and there are (initial) target nodes from the data graph involved in a recursive cycle, then
the layer 2 measures will be automatically introduced into the repair program to ensure termination.
Otherwise, the repair computation can proceed safely as normal.

In this paper, we only consider the basic scenarios. However, static cycle detection can be straightfor-
wardly expanded to also consider further SHACL constraints.

3.3.2. Layer 2: repair program guards

Layer 2 introduces guards into the repair program, if layer 1 identified a potential infinite cycle. Guards
against non-termination because of infinite cycles can take several forms. However, they are dependent
on the underlying implementation. For example, if the implementation does not allow for lazy evaluation
(e.g., as in the Haskell programming language), the infinite structure will always be fully evaluated. In
the following, we present some general approaches to avoid infinite recursion.

« Value fixpoint: a measured value is increased or decreased towards a base case fixpoint. Recursion
stops when this fixpoint is reached.

« Graph structure: recursion processes on increasingly smaller parts of the graph and stops when a
minimum base case is reached.

« Explicit depth limit: recursion is counted and stops when a predefined count is reached.

« Explicit resource limit: the underlying processor running the program measures some resource
and hard-stops the computation when a predefined limit is reached. For example, stopping the
computation after 1 minute of processing.

Given our specific repair problem and the implementation (and limitations of) using ASP, we decided
to restrict recursion to process on increasingly smaller parts of the facts. Specifically, we restrict fresh
values for added property atoms to be (exclusively) picked from a predefined set of facts (finite domain).
Recursion will stop when no values are left to pick from. The implementation details are discussed in
the next section.

4. Implementation

In the following, we first add support for repair target recursion to the repair program. We then
discuss how the two-layered approach can be implemented for ASP. The layer 1 static cycle detection is
independent of the repair implementation and can be done in a preliminary step prior to the actual
repair program execution. The layer 2 is dependent on the repair implementation and we discuss how
guards can be implemented in ASP to avoid non-termination because of infinite target recursion.

4.1. Implementing target recursion

The implementation of the SHACL repair program is based on ASP. In the following, we provide a
simplified version of the repair rules used by the program to discuss how the set of target nodes can be
changed by repairs. For each atom s(a) € T, we add repair rules depending on the constraint ¢. The
body captures the shape targets and the head proposes repairs, i.e., changes to the data graph to satisfy

a given constraint. For simplicity, we only show the rule for Jp.5’, i.e., > p.s’.
- If ¢ is a class name B, then we add the rule:

B(X) «+ s(X)

-If ¢ is of the form Jp.s’, then we add a new p-edge from X to a fresh node (generated unique value
via function @new()) and assign the node to s'.

s'(@Qnew()), p(X, @new()) + s(X)



Changing the shape targeting The original version of the repair program grounds the target nodes
first and then runs the repair. We replace these rules with new rules to, instead of grounding, allow for
a rule-based target selection:

Re : s(X) + B(X)
Rps : s(X) + p(X,Y)
Rpo :s(Y) «+ p(X,Y)

Example 3. Assume a shapes graph with shape constraints for StudentShape and a (modified)
CourseShape

:StudentShape a sh:NodeShape; :CourseShape a sh:NodeShape
sh:targetNode :Ben; sh:targetClass :Course;
sh:targetClass :Student; sh:property [
sh:property [ sh:path :enrolledStudent;

sh:path :enrolledIn; sh: minCount 1;
sh: minCount 1; sh:class :Student; ]

sh:class :Course; ]
and a data graph

:Ben :enrolledIn :C1

The modified StudentShape adds Student as a target class. The modified CourseShape states that there
must be at least one (sh:minCount) outgoing edge enrolledStudent and the value node must be an
instance of Student.

This example introduces an infinite target recursion via the classes Student and Course. Both classes
are used for targeting and the sh:class constraint occurs in both shapes mutually.

Repairing the data graph would add Course to C1 so that it validates. C'1 then becomes an implicit
target node for CourseShape, which in turn adds a new edge for enrolledStudent with a fresh value.
This value is required to be an instance of Student and requires another enrolledIn edge to be added.
This recursive cycle continues infinitely.

In our example, based on the data graph, the repair includes the following additions:

A = {Course(C1), enrolledStudent(C1, newy ), Student(new ),

enrolledIn(new, news), Course(news), ...}

The set of additions is infinite, which in practice can only be represented in a lazy fashion. However, to
repair the data graph, the actual complete set must be applied. This means it is not possible to apply
the repair in practice. Next, we discuss a solution for the ASP implementation to guard against such a
scenario, preventing infinite target recursion and thereby non-termination.

4.2. Implementing a target recursion guard

In ASP, guards are arithmetic comparison conditions to restrict variable values and are placed inside
rule bodies. The comparison eventually prevents the rule body from being satisfied and thereby the
rule head from being concluded.

In the repair target recursion case, the rules of the repair program allow for an unbounded term
growth for new property atoms, because the strategy is to always generate a fresh value. We want to
limit this generation by introducing a guard comparing the value count or by some counter providing
a depth limit. In ASP, aggregates can be used to represent a count of an increasing number of fresh
values that are generated. However, aggregates are applied only in the solving step after the grounding
step. In our case, the infinite generation of fresh values prevents the program from being grounded.

A solution approach is to restrict the fresh values used for added property atoms to a finite domain,
represented as facts of the program, and not dynamically generate them as part of the solving. This
ensures the grounding step terminates. In the following, we show the modified rules which implement
a finite domain for fresh values. The size of the domain can be user-configured.



- To introduce a finite domain for fresh values, we add to the repair program a number of facts n
according to the (user) configuration of the domain size. We add the following facts.

new(k),1 <k <n

This adds n new atoms to the program to be used as fresh values in property atom generation.
- We modify the rule for Ip.s’ as defined above. If ¢ is of the form Jp.s’, then we add a new p-edge from
X to a new node and assign the node to s'.

0{s'(YV),p(X,Y)} 1+ s(X),new(Y)

The rule uses clingo’s choice construct { . ..} to pick a subset of 0 or 1 of the listed atoms to be true in
order to satisfy the existential constraint 3p.s’. For Example 3, we would generate the following rules.

0 {Course(Y),enrolledIn(X,Y)} 1 < s(X),new(Y)
0 {Student(Y), enrolledStudent(X,Y)} 1 + s(X), new(Y)

Furthermore, we need to ensure that values are not reused (as intended in the original implementation
by fresh values). To achieve this, we add constraints for each pair of properties involved in the identified
basic scenarios. In our case, these are the properties enrolledIn and enrolledStudent.

+ enrolledIn(X,Y), enrolledStudent(Z,Y), new(Y)
— enrolledIn(X,Y), enrolledIn(Z,Y ), new(Y), X # Z
« enrolledStudent(X,Y), enrolledStudent(Z,Y ), new(Y), X # Z

Example 4. Revisiting Example 3, we do not get a repair anymore, but a termination of the repair
program reporting a skipped target for C'1. The shape assignment CourseShape(C'1) would validate
by using a new value, but eventually the recursion uses up all (unused) values from the finite domain
and the constraints prevent the repair. Therefore this shape assignment is not repaired and reported as
skipped as described in [2].

We note that the modified rules for this case only need to be used, i.e., the repair program to be
modified, in the case of layer 1 reporting an actual infinite recursion basic scenario. However, the shapes
and data graph may include infinite and finite cases, where some might be repaired (e.g., Example 1)
while others are not, as long as the finite domain provides a sufficient number of fresh values to be
used for adding property atoms.

A prototypical implementation for the target recursion guard for class targets, including the 3
examples, is available on github.*

5. Conclusions

In this paper, we present an approach for SHACL repairs to implement repair target recursion for class-
and property-based shape targets. We discuss a two-layered approach to prevent infinite recursion
from happening for two basic scenarios. Furthermore, we show how guards can be implemented for
ASP repair programs.

Future work will address the following open questions. This initial work can be expanded from
the two basic scenarios to the full SHACL definition of [2], and specifically address property paths
and disjunction. Although the presented approach can also be applied similarly to these scenarios,
there might be more optimal solutions to be investigated. Also, further guards can be determined
to prevent non-termination for the ASP implementation. A limitation of the presented approach is
the predetermined domain size, which might be difficult to decide for in practice. Adding further
configuration options (e.g., different domain sizes for each property) can help to better adjust to different
use cases. Finally, future work applies the two-layered approach to real-world use cases to determine
the practical value. Previously identified use cases, such as time series data [11], benefit from infinite
target recursion guards when performing data repairs.

*https://github.com/robert-david/shacl-repairs/tree/target-recursion-guard
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