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Abstract

Semantic Web technologies have transformed the processing and representation of data. Initially used for
linking publicly available knowledge, it is now widely adopted in enterprise contexts. Enterprise knowledge
graphs (KGs) often use the Shape Constraint Language (SHACL) to validate data structure and
completeness. SHACL constraints validate whether newly ingested data conforms to business and data
rules, ensuring that data conforms to self-set standards and is interoperable in the long term. However,
these constraints can be complex and demanding to manage, as they continue to develop to cater with the
variety and complexity of the data they validate. Therefore, it is crucial to ensure the quality of such
restrictions. One way of measuring the quality of SHACL shapes is through ontology metrics that translate
the qualitative nature of ontologies into objective quantitative measurements. Over the past few years,
various ontology metric frameworks have been published. However, they are often targeted for inference
languages like OWL and fail to address the validation specifics of SHACL. This paper fills this gap by
presenting SHACLEval, an evaluation framework for SHACL. SHACLEval proposes measures that assess
the specific SHACL-language constructs. The novel metrics link the data strategy with relevant KPIs,
enabling the detection of potential discrepancies between the KG strategy and development execution. The
case is motivated by a Bosch Use-Case and demonstrated on a public SHACL repository.
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1. Introduction

With their ability to connect heterogeneous knowledge, Knowledge Graphs (KGs) are at the forefront
of transforming data silos into shareable knowledge. In the past, they have been primarily driven by
academia. However, the increasing variety and velocity of enterprise data motivates an increasing
use in the industry as well [1].

However, the open-world assumption of the prevalent ontology standards OWL or RDFS was
deemed counterintuitive for people primarily interested in data modeling. While they allow the
definition of complex inference rules, they do not allow the modeling of business rules to be entered
into schema-like data models that define structure. This lack led to the creation of SHACL with a
focus on data validation [2].

Regardless of the tasks, the ontologies must be of high quality to deliver value. There is already
an extensive body of literature regarding the quantitative assessment of ontologies, primarily
focusing on inference tasks. They consider, for example, graph attributes, annotations, or inheritance
patterns. However, the SHACL validation perspective brings some specific challenges beyond
today’s frameworks’ capabilities.
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To name a few, RDFS and OWL structure properties and classes along an inheritance hierarchy.
Every instance of a class deeper in the hierarchy is also a member of the higher-level class. SHACL,
in contrast, does not describe inheritances but is meant to be used in conjunction with RDFS and
OWL. Depending on the engines’ capabilities and setup, the shapes can be attached to classes using
an RDFS or OWL entailment regime. However, shapes can also target single individuals or instances
that are the subject or object of a given property. Also, SHACL has further capabilities for restricting
potential values on literals, e.g., using REGEX or value ranges, and allows setting cardinality
restrictions on properties.

The specifics of SHACL are beyond the scope of today's frameworks. Nevertheless, with the
growing adoption of the language, there is a need to evaluate the developed constraints to ensure
their quality and fitness for use. In this paper, we target the gap by proposing SHACLEval, an
evaluation framework for SHACL constraints. SHACLEval proposes 25 measures for assessing the
inner fabrics of these constraints. Using these measurements, enterprises can connect their data
strategy for KGs to meaningful Key Performance Indicators (KPIs). This connection ensures that self-
set goals are met, leading to higher KG quality and subsequent applications.

The rest of the paper is structured as follows. In Section 2, we recapitulate the related work on
ontology evaluation. Afterward, we introduce the SHACLEval framework in Section 3, with the
symbols and the underlying measurements, followed by an overview of how to derive meaningful
KPIs from the measurements in Section 4. The practical application is motivated by two Bosch Use-
Cases and an exemplary analysis of a public repository in Section 5 and 6 respectively. Finally, we
conclude and outline future work in Section 7.

2. Related Work

In this section, a review and critical discussion of the current approaches related to SHACL
evaluations is carried out. Raad and Cruz [3] categorize the existing evaluation efforts into four
categories: Gold Standard, Application/Task-Based, Data-Driven, and Criteria-Based. The first
approach compares the current ontology to a perfect one. Application/Task-based measures how
well an ontology performs in each context. Data-driven uses a (e.g., textual) corpus to assess the
ontology coverage. Criteria-based methods describe methods that evaluate the fit of an ontology to
desirable structural or metaphysical attributes.

In this categorization, SHACLEval is a criteria-based structural assessment. It uses the number of
occurrences of certain SHACL constructs to derive conclusions on its development. The rest of the
section introduces further structure-based evaluation frameworks and the evaluation specifics of
SHACL.

2.1.  Existing Ontology Evaluation Frameworks

While there has been little activity regarding SHACL-specific evaluations, evaluating computational
ontologies is a more mature research field. Various research methods have been proposed to assess
the graph structure or OWL-specific vocabulary.

Over time, various surveys gathered state-of-the-art information. In 2016, Porn et al. published a
systematic literature review on OWL evaluation approaches. The authors extracted eleven ontology
quality criteria and assessment techniques and then used these criteria to categorize the papers [4].
In 2021, Wilson et al. reviewed existing quality criteria and measurements and categorized them into
five categories: syntactic, structural, semantic, pragmatic, and social [5]. This review is until spring
2024, the most recent review on ontology quality metrics.

Tartir et al. proposed the OntoQA framework [6,7]. OntoQA proposed metrics based on the
classes, their relationships, inheritances, instantiations, and connected attributes. A unique feature
of this framework is the definition of measurements not only for the ontology as a whole but also
for actual classes and relations.

Gangemii et al. built the oQual O ontology evaluation design pattern [8,9]. Part of it is various
measurements that assess the graph structure (here: structural dimension) and the inheritance path



structures. Besides the structural evaluations, the authors describe the functional and usability
profiling dimension, similar to the metric categorization in [3].

The OQuaRE framework by Duque-Ramos et al. translated the ISO 25000/SQuaRE software
quality measurement methodology for ontologies [10]. The authors propose measurements and
desirable metric values and associate these measurements with quality characteristics. However,
further independent studies identified heterogeneity in the framework and raised doubts about the
claimed statements and the framework’s real-world applicability [11].

Fernandez-Izquierdo et al. proposed a framework that not only regards the structural attributes
of an ontology but also attributes from the design phase, coming from an ontology requirement
specification document or ontology requirement testing suite [12]. Examples of these metrics are the
number of requirements or test cases. While the authors regard tests as SPARQL-based evaluations,
it could be argued that SHACL can also perform these SPARQL-based validations. Thus, their
framework is a potential connection point to the SHACL evaluation, as it can be implemented using
SHACL shapes.

Several authors were concerned with the cohesion and modularity of an ontology. Yao et al.
developed a cohesion measurement framework, assessing the interconnections within an ontology
[13]. Ma et al. proposed cohesion measurements focusing on detecting inconsistencies [14]. Oh et al.
built an ontology module evaluation based on software evaluation research [15].

2.2. SHACL-Evaluation

SHACL became a W3C standard in 2017 [16]. That makes it, comparatively to OWL and RDFS, a
recent development. Current research on SHACL is mainly concerned with decision problems and
semantics on recursive constraint declarations and corresponding validation implementations [17].

There was only limited activity regarding the evaluation of the shapes themselves. As part of the
SHACTOR shape extraction tool, Rabbani et al. provide basic quantitative measures for node and
property shapes [18]. However, these metrics are not intended for a general SHACL evaluation but
to fine-tune the shape retrieval attributes.

Lieber et al. collected the statistics on the usage of SHACL axioms in publicly available data on
GitHub. The authors intended to find SHACL constructs that are not commonly used and argue that
these shapes need further attention in the corresponding modeling software [19]. However, there is
currently no quantitative evaluation framework available.

Some approaches aim to generate SHACL from existing knowledge graphs. For example, Spahiu
et al. created a knowledge base profiler that aims at creating SHACL heuristically from instance data
[20]. ASTREA is an endeavor to automatically create SHACL shapes based on an existing ontology.
As part of their evaluation process, the authors quantitatively assess the automatically created shapes
of eight existing knowledge graphs [21].

2.3.  Research Gaps

Today’s ontology measurement frameworks primarily focus on graph traits and generalizable
characteristics, like annotations, classes, or attributes. Some frameworks, like [6,7,22] also regard
instances (thus going beyond mere ontology). That allows these frameworks to cover a wide range
of potential ontology languages, making them a good fit for hierarchical graphs, like RDF(S) based
ontologies or the various OWL profiles.

However, SHACL has some specifics that are not covered by a graph or class-based evaluation
perspective. The data validation of SHACL is focused on constraints for cardinalities, attribute values,
and potential paths. SHACL shapes are not instantiated but are applied to individuals directly or to
classes, which are instantiated by rdf:type axioms. This lack of measures covering the structural
validation attributes motivated the creation of the SHACL-specific SHACLEval framework.



3. The SHACLEval Framework

Motivated by the need to evaluate the developed constraints to ensure their quality and fitness for
use, we proposed the SHACLEval framework. The framework assesses various characteristics of
SHACL constraints using pre-determined metrics. In total, we identified 25 different metric elements.
It quantifies, among others, the use of various constraint types and their application to classes or
individuals. It also evaluates how the shapes integrate with existing ontologies and data. We will
provide more details about these elements in Section 3.1.

Built upon these elements, we developed a set of evaluation metrics for SHACL constraints, which
can be used directly for evaluating SHACL constraints in specific use cases and contexts. These
metrics categorized into several categories, such as type constraints (e.g., the total number of
comparative property-pair constraints) and property constraint metrics (e.g., The ratio of how much
of all cardinality constraints are min-cardinality constraints). Details about these constraints are
provided in Section 3.2.

To use the proposed metrics in the real-world context, we proposed to adapt an existing process:
Requirements-Oriented Methodology for Evaluation Ontologies (ROMEO) [23], consisting of three
steps: (a) identification of evaluation requirements, (b) development of evaluation questions , and (c)
identification of relevant SHACLEval metrics for each evaluation questions. The details of this
adaptation is provided in Section 0.

3.1. The SHACLEval Measurement Elements

At the core of the SHACLEval framework are measurements of the W3C-defined, standardized
SHACL, OWL, and RDFS vocabularies. The evaluation considers the ontology with the SHACL-
graph, the subclass structuring, and the data graph containing the instances.

Table 1 displays the elements that are being considered by the framework and represents
quantitative measures. The capital letters represent the unrestricted number of elements, e.g., S, Cls.
Function declarations f(x) are used to describe restrictions of f on x. E.g., Ns(Cls) stands for the
number of classes restricted by node shapes. Finally, subscripts Xy, qition indicates a condition. Here,
only the shape X that has the attribute condition are evaluated. E.g., NS, yonva: describes SHACL-
NodeShapes that have non-validation elements, like sh:message or sh:group.

Table 1
Measured Elements in the SHACLEval Framework.

Vocabulary Symbol Meaning
SHACL S The sum of explicitly declared shapes (node and property
shapes).
SHACL Ns The sum of explicitly declared (not nested) node-shapes.
SHACL Ps The sum of explicitly declared (not nested) property-
shapes.
An element that has non-validational elements:
SHACL XwNonval sh:severity, sh:message, sh:name, sh:description, sh:order,
sh:group, sh:defaultValue
The number of defined classes. E.g., implicitly by
RDFS, OWL Cls rdfs:subClassOf statements or explicitly by owl:Class
statements.
SHACL Ns(Cls) The sum of all classes constrained by node shapes.

The sum of all classes that are only directly constrained
SHACL NSgirect (Cls)  (thus, not via sub-class relationship) by a node shape. Also
possible with NSingirect and NSgirectgindirect



RDF, OWL Ind The number of owl:Individuals

SHACL S(Ind) The number of individuals constrained by SHACL-shapes.

SHACL Sestma) The number of shapes that constrain Individuals
Property shapes with only a minimum cardinality. There

SHACL Pspin also exists PSpq, for only maximum cardinality

constraints and PS,,jngmax for both.

SHACL PS, i Proper’Fy shape with a minim}lm value constraine?d. There
also exists PSyqxvqr for maximum value constraints.

OWL Dp The total number of datatype properties.

The number of datatype properties constrained by

SHACL Ps(Dp) SHACL-shapes.
OWL Op The total number of object properties.
SHACL Ps(0p) The number of object properties constrained by SHACL-
shapes.
Pairwise property constraints: sh:disjoint, sh:equals,
SHACL Pp sh:lessThan, sh:lessThanOrEquals
SHACL PSvattype The number of constraints that restrlct'the value of a
property: sh:class, sh:datatypes, sh:nodeKind
The number of constraints that restrict the value range of
SHACL PSyairange a numerical value: sh:minlnclusive, sh:minExclusive,

sh:maxInclusive, sh:maxExclusive

Constraints that limit the potential value of an attached
SHACL PSstring textual (string) value: sh:minLength, sh:maxLenth,

sh:pattern, sh:uniqueLang

The SHACL standard allows some degree of flexibility regarding entailment and reasoning
behavior. While it is possible to require a specific entailment regime with sh:entailment,
declaring a regime is optional. Thus, the actual validation results differ in correspondence to the
validation software, and the proposed measures in Section 3.2 shall be interpreted in light of the
entailment regime used by the validation engine and the underlying validation use case.

The measurements of Table 1, which serve as the base for the SHACLEval framework, can be
collected with SPARQL queries. We have developed the SPARQL queries to retrieve these basic
measurements, which are available in our evaluation repository?

3.2. SHACLEval Evaluation Metrics

The measurements of elements in Table 1 is the basis for composing the SHACLEval framework.
Building on these, we propose a set of 25 evaluation metrics, grouped in five categories that assess
various constraint types, e.g., for types, (object and data) properties, usage ratio on individuals or
classes, and the existence of non-validational SHACL axioms.

Type Constraints. The first evaluation metrics category is the type constraints (cf. Table 2),
measuring the restrictions for typed individuals. Thus, this category measures the number of
restrictions that limit the use of typing (a or rdf : type) statements.

The measures allow for identifying how many data types are encoded in the shapes and whether
the number of constraint types gets larger or smaller. For example, the data strategy might set the
goal that the numerical attributes have value ranges corresponding to the domain, e.g., age minimum
and maximum. The fulfillment level can be tracked using the measure PSyqirange-

% https://github.com/achiminator/SHACLEval_Data - will be uploaded to Zenodo on Acceptance
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Table 2
SHACLEval - Type and Value Constraints

Calculation Meaning
PSypairype The total number of value type constraints
PSyairange The total number of value range constraints
Pp The total number of comparative property pair constraints.

Property Constraints. The property constraints metrics in Table 3 measure restrictions on data
and object properties. They assess the number and kind of cardinality constraints (thus, how many
relationships or attributes are allowed of a given type), how many of all properties are constrained,
and how many of the constraint properties are literals (Data Properties Dp) or relationships to other
elements (Object Properties Op).

The metrics give an overview of whether the SHACL validations cover the property elements of
the ontology. Thus, these metrics are at the core of translating business to data rules and can identify
potential imbalances between the existing data and the rules. For example, the data strategy aims to
constrain all existing data properties with SHACL constraints. However, the Ps(Op)Ratio measure
decreases, indicating a potential mismatch between data strategy and execution.

Table 3
SHACLEval - Property Constraint Metrics

Calculation

Meaning

PSpminmaxTotal = PSpin + PSpmax
+ P Smin&max
Psmin + Psmin&max
PSmin + PSmax + Psmin&max
Psmax + Psmin&max

PspinRatio =

PspaxRatio =
PSmin + Psmax + Psmin&max

PSyaiconst = PSminval + PSmaxval

Ps(0p)Ratio — Ps(Op)
s(Op)Ratio = Ps(Op) + Ps(Dp)
Ps(Du)Ratio — Ps(Dp)
s(Dp)Ratio = Ps(0p) + Ps(Dp)
Ps(Op)
Ps(Op)ToOp = 0p
Ps(Dp)ToDp = PSlgip)
NS(Cls)

The total number of cardinality constraints.

The ratio of how much of all cardinality
constraints are min-cardinality constraints.
The ratio of how much of all cardinality
constraints are max-cardinality constraints.
The total number of value constraints.

The ratio of how much of the total constrained
properties are object properties

The ratio of how much of the total constrained
properties are data properties

The ratio of how much of the total data
properties are constrained.

The ratio of how much of the total data
properties are constrained.

The total number of constrained classes.

Class Constraints. The class constraints metrics of

Table 4 identify the number of class definitions constrained by SHACL shapes. The measures are
distinct between classes targeted by shapes directly (e.g., by sh:class axioms) or indirectly (through
RDES entailments).

The metrics indicate how precise the classes are constrained. For example, for top-level shapes, it
might be desirable to target a high NS;y, girect (cIs)Ratio, indicating that the top-level constraints are
efficiently propagated down to the domain-specific classes. Furthermore, one may also create highly
domain-specific shapes not meant to be used outside a given scope. This measurement is highly
dependent on the validation engine and its entailment regime.



Table 4.
SHACLEval - Class Constraints

Calculation Meaning
NS(Cls) The ratio of how many of the total classes is
NS(Cls)ToCls = T Cls constrained by SHACL-shapes.
] NSgirect (CLS) The ratio of how many of all constrained classes
Nsairece (Cls)Ratio = W are only constrained directly, without
inheritance.
) NSingirect (Cls) The ratio of how many of all constrained classes
NSinairect (Cls)Ratio = T Ns(Cls) are only constrained indirectly through
inheritance.
NSgirect & indgirect (ClS)Ratio The ratio of how many classes are constrained
NSgirectgindirect (ClS) either directly and indirectly through
= inheritance.

Ns(Cls)
Ns(Cls)

The total number of constrained classes.

Individual Constraints. The individual constraints metrics (Table 5) measure how many
individuals are restricted by SHACL shapes and the average number of restricted individuals per
shape. Thus, the measures assess the connection of the schema (TBox) and the data (ABox).

They indicate how fine the SHACL shapes constrain the data and how much of the instance data
is constrained by shapes. For example, if an organization has a goal that possibly all individuals have
corresponding data rules, the fulfillment of this goal can be traced using the S(Ind)Tolnd metric.

Table 5.
SHACLEval - Individual Constraints
Calculation Meaning
S(Ind\Tolnd — S(Ind) The ratio of how much of the total individuals
(Ind)Tolnd = Ind are constrained by SHACL-shapes.
ShapeEf fiency = S{nd) The average of individuals of each shape that
Sestna) constrain individuals.

Non-validation. These measures (cf. Table 6) assess the usage of human-targeted descriptions, like
custom error messages, or information to build forms, like grouping or ordering.

Table 6.
SHACLEval — Non-Validational elements
Calculation Meaning
Nsynonval The sum of node shapes with non-validational
elements.
PSynonval The sum of property shapes with non-
validational elements.
NsynonvaiRatio = NSwnonval The node shapes in relation to all shapes with

NSwNonVal + PSwNonVal
p SwNonval

Ps Ratio =
wNonVal P
NSwNonVal I SwNonval

non-validational elements.
The property shapes in relation to all shapes
with non-validational elements.

NSynonvai The ratio of how many of all node shapes have
NsynonvaiTONs = — T . . .
Ns non-validational information attached.
Ps The ratio of h f all node sh h
PSynonyaiTOPS = wNonval e ratio of how many of all node shapes have

Ps

non-validational information attached.




While validation is at the core of the SHACL standard, the validation results should be meaningful
to developers, e.g., through human-readable descriptions. For example, an organization might set the
goal that every node shape should be described with human-targeted information. Then, the
Nsy,nonvarRatio should be close to 1.

3.3.  Using Metrics for Quality Control

While metrics allow for empirically and objectively assessing the created SHACL shapes, they alone
do not guarantee a practical evaluation. These measures must be carefully selected and interpreted
to use them as meaningful KPIs. At the core of the interpretation is an alignment of the data strategy
with appropriate measurement instruments (thus, metrics).

To achieve this alignment, Yu et al. proposed the “Requirements oriented methodology for
evaluating ontologies (ROMEO)” [23]. Romeo is a top-down instrument used to find relevant
evaluation KPIs. It builds on Basili et al.’s Goal Question Metric (GQM) approach [24] and makes
some extensions that address the specifics of ontology engineering, mainly by providing templates
for data gathering.

In the ROMEO method, the first step is to identify structural requirements from existing
functional ontology requirements, corresponding application requirements, or based on a newly
performed requirement analysis. Afterward, each requirement is assigned one or more questions,
which are then aligned with measurements. In the templates, every decision is explicitly argued and

discussed.
Requirement \ I\
Artefact Question Ve
Purpose Discussion / etric f (x)
Role Motivation za:ge &’Tendency
etric f'(x
Context [
Motivation : ange & Tendency
Question >
Metri
Discussion / etric f(x)
Motivation Range & Tendency
Metric f'(x)

Range & Tendency

Figure 1. The process for requirement elicitation in the ROMEO framework.

ROMEQO enables us to reach an agreement on what constitutes good quality between the various
stakeholders. Its templates guide a KPI selection process that considers the various roles of the
development process.

Table 7 - Table 9 provides a fictive example for assessing top-level SHACL shapes. For the sake
of simplicity, we laid out only one requirement and connected it to one example question, which was
assessed using two metrics. However, real-world evaluation scenarios like those depicted in the
section 4 will have more complex assessment documentation.



Table 7.
ROMEQO: Example Requirement Specification for SHACLEval.

Requirement SH_Top1: Adherence of data to top-level ontologies

Analyze Artifact: Reference Data Rules

For the purpose of: Evaluating adherence to data standards

With respect to: Sufficient Usage in Domain Ontologies to facilitate reusability
From the viewpoint of: Data Manager

In the context of (role): Providing top-level guidance on how data is structured
Motivation:

At company X, data rules are divided between top-level (also: reference) ontologies and domain-level
ontologies. The top-level ontologies provide general building blocks to structure data and layout rules
to which all or most instances must comply.

Table 8.
ROMEO: Example Question for SHACLEval.

Questions for SH_Top1: Usage Level of top-level ontologies.

SH_Top1_0Q1 Are the top-level ontologies adequately used to constrain the data?
Discussion:

Top-level ontologies are meant to be used organization-wide. If they are applied only to a small subset
of data, that is a potential problem, as most data does not adhere to self-set structures, which can
hinder reusability.

Table 9.
ROMEQ: Example Metrics for SHACLEval

Measurements for SH_Referencel: Usage Level of top-level ontologies.
SH_Top1_Q1_M1: Metric: ShapeEf ficiency

Desirable Value Range: > 150

Tendency: Must increase
SH_Top1_Q1_M2: Metric: NSipgirect (CLS)Ratio

Tendency: Should Increase

Discussion:

The ShapeEf ficiency indicates how many shapes are constrained by a set of shapes. As our goal is
a high usage level of our top-level ontologies, the usage level of these shapes should increase
monotonously, and every top-level ontology should be applied to at least 150 instances.

The NSinairect (cls)Ratio tells us how much of the data is applied to classes by inheritance. An

increase in this metric indicates that the hierarchical, thus, the distinction of domain- and top-level
ontologies to order data is actively used.

4. The Bosch Perspective on SHACL and its Evaluation

The SHACLEval development was motivated primarily by the industrial need to understand how the
developed SHACL validations evolve. Bosch increasingly builds KGs to interlink the internal data.
With the increase in size and use cases, the demands to validate that the data is developing according
to the given needs were also raised.



4.1. The Motivation for Bosch to Use SHACL in Practice

Whereas OWL used to be the language of choice for expressing axioms and constraints, this has
fundamentally changed with the occurrence of SHACL over the past years. At Bosch, we have
experienced a shift from using OWL ontologies and their foundations in description logic towards
ontologies more and more relying on SHACL instead. There are several reasons. First, OWL and its
open world assumption (OWA) does not fit well with industrial use cases in general. The information
in industrial KGs must be complete to ensure the proper functioning of the related use cases,
applications, or products.

The OWA assumes an open world, where some facts are available and accessible, while others
are stored at some other place(s) and might currently not be available. This worldview conveys that
it is impossible to conclude something from the absence of a fact, such as the fact does not exist and
is not valid. In general, the OWA leads to several complications when trying to validate KGs with
OWL reasoning. Although OWL has means for defining minimum and maximum cardinalities of
properties (owl:minCardinality, owl:maxCardinality), OWL reasoning is unsuitable for detecting
cardinality violations.

First, violated minimum cardinality constraints do not lead to any error, as due to the OWA, the
respective instance might have some value(s) for the respective property, but the facts are not
available right now. Second, OWL behaves much differently for maximum cardinality constraints.
An individual having two values for a property with a defined maximum cardinality of 1 does not
cause an error either but instead results in the inference that the two individuals must be the same
(owl:sameAs inference). A reasoner would report an error only by defining disjointness axioms
between (all) classes of an ontology (owl:disjointWith), which causes a combinatorial complexity.
Such an error reports a contradiction of the owl:sameAs inference with the disjointness of the two
individuals’ classes, but not the maximum cardinality constraint violation, which initially caused it.
This behavior is unintuitive for users, who need to understand the root cause quickly to fix and
resolve it.

Another vital reason at Bosch is the extensive requirements for ontology creation. Few semantic
experts are available to perform such a vast task while ensuring high quality. With more than 500
ontologies developed, a SHACL-based framework like the one proposed in this paper is of core
relevance to maintaining the quality of the ontologies. Furthermore, these ontologies are developed
following three levels of ontology specifications. The three levels are Top, Domain, and Application
ontologies. The aim here is to enable reusability across different divisions and foster standardization.
To that end, it is also required to enable the automatic checking of the process of reusing ontologies
properly.

SHACL is a better fit for the characteristics of industrial use cases that we see at Bosch. Its closed
world assumption (CWA) allows for checking minimum and maximum cardinality constraints
(sh:minCount, sh:maxCount), amongst many other things. Detected violations are well described by
a SHACL engine, comprising an explanation and links to the particular ontology entities. This
intuitive behavior helps users to understand and resolve the issues quickly.

In addition, SHACL constraints also play a crucial role in the creation of KGs at Bosch. Typically,
the data that are utilized to create KGs come from different silos, like, relational databases, JSON, or
CSV. The required transformation from these silos to the KGs by using the available ontologies
typically suffers from inconsistencies due to the required transformations to create the KGs. For
instance, the number of manufacturing lines may differ between the source data that was used to
build the KG and the KG itself after the typical ETL process. To that end, SHACL constraints ensure
that the data in the KG presented to final users remains aligned with the one available in the sources.

4.2. A Case for Analyzing SHACL in Practice.

We have started the application of the SHACLEval evaluation on actual use cases, e.g., the Line
Information System (LIS) [25]. LIS is a KG-based solution that semantically harmonizes and
integrates manufacturing data. LIS enables different use cases in the manufacturing context while



resolving semantic conflicts from different data sources, e.g., Enterprise Resource Planning (ERP)
systems, Manufacturing Execution Systems (MES), and Master Data Systems (MD). Due to the
constant improvement of requirements, it is paramount to check that the ontologies that LIS utilizes
and the KG generated are of adequate quality to be used in the real world. In this context, validating
these artifacts with SHACL is core to the approach.

Another use case is the Home Comfort KG. The KG contains data from Bosch Home Comfort, in
particular semantic models of residential heating systems and heat pumps, including their
components, hardware, firmware, and more. As shown in

Table 10, the KG has a size of 511K triples, comprising 209 classes, 315 properties, 189 SHACL
node shapes, 534 SHACL property shapes, and 39,569 instances stored in an Apache Jena Fuseki
triple store. The maintenance of the data, i.e., instances, relationships, and literal values, was handled
by the Knowledge Graph Explorer, which is a user interface for KGs developed by Bosch [26]. The
KG Explorer allows users to conveniently view, browse, search, and edit data in a KG. For the Home
Comfort KG, a GIT version history over the past two years exists at Bosch, which was collected by
an automatic GIT versioning service. With a frequency of one hour, any new changes (if any) were
automatically committed to the GIT repository. Overall, 10,809 changes were saved in the GIT
repository, with over 5 million updated triples in total.

Table 10.
Characteristics of the Bosch Home Comfort knowledge graph

KG Cls OP Ns Ps Ind Triples
Home Comfort 209 315 189 534 39,569 511K

These connections are possible by applying the SHACLEval measurement framework as part of
the NEOntometrics application. SHACLEval was developed in close coordination with the named
use cases and allows the detection of commonly occurring pitfalls and their improvements over time.
Common pitfalls include:

e Top-Level-Domain Reuse: The example is similar to the challenge described in section 0:
Top-level shapes are only helpful if they are regularly used in the underlying domains. The
level of indirect applications to classes with the measure Ns;y,4irect (CLs)Ratio indicates how
much of a concept defined by the knowledge engineering department is being picked up in
the domain.

e Missing Non-Validation-Information: While the shapes’ primary function is the
structural validation of incoming data, they still need to deliver human-centered information
on their function and usage context. The change of values like Ns,,nyonvaiTONs allows us to
understand whether the ontology is improving in this regard or not.

e Cardinality Disbalances: Cardinality restrictions for properties define the number of
outbound edges and are at the forefront of shaping the graph. The Ps(Op)ToOp ratio shows
how many of the measures do have cardinality restrictions. A decrease indicates that more
object properties are introduced that are not restricted by SHACL. An increase in the
PspinRatio measure indicates that more property shapes are introduced that have minimum
cardinality restrictions but not a defined maximum, which indicates potentially missing
value ranges.

5. Exemplary Analysis with SHACLEval on DCAT-AP

In our research, we faced restrictions on using enterprise data due to its proprietary nature and
confidentiality concerns. We decided to leverage an open-source and publicly available dataset. This
approach ensures compliance with data privacy regulations and promotes transparency and



reproducibility in our findings, enabling the broader research community to validate and build upon
our work.

The Data Catalog Vocabulary (DCAT) is a W3C standard’ that facilitates interoperability between
web-based data catalogs. It builds on established vocabularies, like prov, foaf, or skos. The initiative
has been picked up especially by states to facilitate interoperability of public data. In the EU, the
member states use DCAT-AP (Application Profile)?, a subset of DCAT with stricter requirements
that aim to make public sector data more accessible and reusable.

The sample analysis builds on an analysis of the validation tool for the Norwegian adoption of
the DCAT-AP data catalog. It uses a customized, commercial variant of the Neontometrics
application’. For the analysis, the distributed files were merged into one KG. The data and the
corresponding analysis are available online®. The built tool allows using an API based on a SHACL
validation engine and corresponding shapes. The corresponding graphs and the code are open
source. The authors of this paper are not affiliated with the initiative. In that sense, the given analyses
are illustrative.
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Figure 2. An Exemplary Analysis of the DCAT-AP SHACL shapes for the Norwegian validation
engine.

Figure 2 shows the evolution of the measure NS, yonvaiTONS, PSynonvaiRatio an the inverse
value NSy,nonvarRatio. It indicates that around half of the declared Ns do not have Non-validational
messages attached. There was a previous period where all Ns had human-centered information, but
with an increase in NodeShapes, not all new shapes do not have non-validational information.
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Figure 3. The number of explicitly defined Node- and Property shapes. Most of the Property Shapes
are implicitly definied as part of a NodeShape.

* https://www.w3.org/TR/vocab-dcat-3/

* https://github.com/Informasjonsforvaltning/dcat-ap-no-validator-service

* http://neontometrics.com

¢ https://github.com/achiminator/SHACLEval_Data - Will be uploaded to Zenodo upon acceptance


https://www.w3.org/TR/vocab-dcat-3/
https://www.w3.org/TR/vocab-dcat-3/
https://github.com/achiminator/SHACLEval_Data

Figure 3 further indicates that a majority of that kind of information is stored into property
shapes. The combination of the first two diagrams tells a story of a growing graph, where not all of
the newly created constraints have human-centered information attached.

Finally, Figure 4 evaluates the constraints on actual classes. The classes are primarily used in the
given repository to build test cases. It reveals that (A) the number of class constraints by SHACL-
shapes increases over time. However, the number of restricted classes is relatively modest compared
to the number of declared node shapes (cf. Figure 3). Thus, it might indicate that there are gaps in
the performed tests. (B) further indicates that the validation rarely uses the RDFS entailment regime,
as most constrained classes are targeted directly.
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Figure 4. A: Ns(Cls), the number of constrained classes, B: NSg;rect (Cls)Ratio, The ratio of directly
constrained classes

6. Conclusion

SHACL quickly became an indispensable tool for validating graph data through structural
constraints and is now often at the core of building practice-oriented knowledge graphs. Its focus on
validation brings new challenges regarding quality management. In this work, we presented
SHACLEval, a framework for evaluating SHACL-based ontologies and their usage on actual data or
data structures.

SHACLEval addresses the validation specifics of SHACL. It proposes measures that allow
knowledge engineers to quickly grasp the inner structure of the validation graph and its impact on
the rest of the ontology and the data. An evolutional analysis using SHACLEval can identify a
potential drift of the data strategy and the actual knowledge graph developments.

The quality of SHACL shapes depends on the individual use cases and the goals of an artifact. A
top-level shape has a different structure than shapes made for the domain. To establish a quality
measurement with metrics, one must first identify the KPIs that measure the aspects necessary for
the desirable attributes of a given graph. In that sense, the proposed measures are potentially reusable
metrics, but the list is non-exhaustive. For example, the measurements in Table 1 can be reused and
combined, creating the measurements that best capture quality for the use case.

We believe there is a solid need to measure graph constraints. The use cases of Bosch indicate
that, on the one hand, SHACL is already being used extensively and increasingly replaces OWL. On
the other hand, the rise in size, usage scenarios, and complexity emphasizes the necessity of
understanding how the graph is evolving and whether self-set modeling goals are met.

Objective measures, like the ones proposed in the SHACLEval framework, allow graph structure
breakdown into a simple number. This number can strengthen the quality by providing a bird's-eye
perspective on the developments, showing potential improvements, and ensuring that the
developments adhere to self-given standards.

In the future, we are planning to investigate existing methods on using LLMs for ontology
engineering (e.g., [27,28] and evaluation (e.g., [29,30]), as a basis to develop LLM-enabled
methodologies and tool support for SHACLEval framework adoption. Furthermore, we plan to scale
the evaluation of SHACLEval through various research and industrial use cases.
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