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Abstract

This paper presents virtual properties for ontologies and knowledge graphs (KGs). Virtual
properties are virtually computed shortcuts on a KG connecting information at distant places
of a KG, reachable via object property paths, directly to a given class. Virtual properties are a
valuable Ul concept, which can make a KG much better viewable, readable and searchable. In
a Ul that provides a frame-based view on a KG, virtual properties can be shown additionally
to the “normal”, direct properties of a class. This can significantly improve the content and
value of the Ul by enriching the scope of a class with other information beyond its direct neigh-
borhood.

Virtual properties can be defined as enhanced, repurposed SHACL property shapes, as part of
the ontology schema. The values of virtual properties can be computed on-demand with dedi-
cated SPARQL queries, or alternatively rules, which resolve their defined object property path
in the KG at runtime. Virtual properties can be realized as integral functionality of generic,
frame-based Uls, which can automatically generate views and masks for viewing and searching
a KG, comprising both virtual and non-virtual properties of a class. They can be included in
the definition of search queries, which enables an advanced KG search far beyond the direct
scope of a class. Virtual properties support multilinguality in their names, paths and values (in
case of string datatype properties) by using language-tagged string values.

The virtual property approach has been implemented at Bosch and is being used by currently
100 engineers in a productive setting of a frame-based Ul. It has successfully demonstrated the
feasibility and significant value that virtual properties can provide.
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1. Introduction

Knowledge graphs (KGs) are on the rise and are spreading into more and more industrial use cases.
Their strength of representing heterogeneous, highly connected information, of making it accessible via
semantic search, and of inferring new facts via reasoning is superior to other existing data
representations and data storage solutions.

A crucial, still limiting factor, are adequate means for easily viewing, browsing and searching the
contents of KGs. Software tools need to ensure a high user experience and efficiency for increasing the
acceptance and success of KGs. Also, non-experts, with limited background in KGs and ontologies
need to be able to use such tools intuitively and efficiently, which is rarely the case. A particular
challenge of KGs consists in their much more distributed, heterogeneous structure, with many nodes
and relations, which is generally more difficult to visualize. Basic table views like in relational
databases or spreadsheets that most users are used to, are not suitable for KGs. Instead, frame-based
Uls and graph visualizations have become the main concepts for viewing and browsing KGs. But both
have limiting shortcomings, that will be discussed in Section 2.
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As a main contribution of this paper, the concept of virtual properties is introduced in this paper.
Virtual properties can improve the viewing, browsing and searching of KGs, and can contribute to a
better user experience and acceptance of KGs.

The paper is structured as follows: Section 2 describes the available means for viewing and browsing
KGs, and their shortcomings. Section 3 is the main part of the paper and introduces virtual properties
in detail. Section 4 discusses the differences between virtual properties and OWL 2 property chains. An
evaluation is given in Section 5, followed by the conclusion in Section 6.

2. Related work

There are mainly two approaches for viewing and browsing KGs: Frame-based views and graph
visualizations.

Frame-based views on KGs are predominant in many ontology IDEs, such as Protégé [1], WebPro-
tégé [2] or TopBraid Composer [3]. For a comparison, the Kennedys ontology of TopQuadrant [4] is
shown in Protégé in Figure 1, and in TopBraid Composer in Figure 2. Both tools provide an instance-
centric view on the KG, in which a single instance with all its defined properties and values is shown.
The advantage of frame-based views is that they offer a good overview of all properties of an instance
at a glance, and they are intuitive to use by most of the users. Also, they are well suited for expanding
and changing ontologies and KGs. Such instance-centric views however can only show a very limited
subset of the KG at a time, namely one instance and its direct properties. Seeing additional information
requires the user to navigate along the object properties to other connected instances to see and under-
stand that part of the KG.

Graph visualizations try to show subsets of a KG as graph, using different layouts and designs.
Examples are VOWL [5], OWLViz?, OntoGraf? and Stardog Explorer [6]. As one representative ex-
ample, the visualization of Stardog Explorer is shown in Figure 3. The nodes in the graph represent
either classes or instances, and the edges properties. Such graphs are not limited to showing only one
instance with its properties, but they can show multiple instances and their properties at a time. They
are good means for creating aha effects, when showing them to people. Their clear disadvantage is that
they are only readable with a quite low number of nodes and edges. Very quickly they get overcrowded,
difficult to view and browse. Additionally, achieving a good layout is difficult and usually the graph
views are nondeterministic, meaning that visualizing the same subset of a KG the next time, will result
in a totally different layout. Expanding KGs with graphical visualizations is possible with some tools,
but often difficult, due to the afore mentioned problems.

As a conclusion, neither frame-based views nor graph visualizations are optimal for viewing, brows-
ing or searching KGs. A solution that can overcome the limitations of frame-based views are virtual
properties. The core concept of virtual properties has first been introduced in [7]. The concept of virtual
properties has been widely enhanced and will be explained in detail in the following.

! https://github.com/protegeproject/owlviz
2 https://github.com/protegeproject/ontograf
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Figure 1: Frame-based instance view in Protégé on the example of the Kennedys ontology

€ TopBeaid workspace - estkemedys il - TopBeaid Compuses ME 1
Fle ESt Mavigste Model Sytem Serpts Inference Ressurce Window Help
=l Ol B S | 4 kennedysiohnkennedy A =1
# | & cusses| O shapes| LY L BT = 0| % Propenies CE- RN
& v @ isResouwce 132 | Grouped by Hamespace
2| v® ewtThing 130 - kenmedys
@ kennedys:College (18) UL hitp://topbraid.org/examples/kennedys®lchnKennedy I
® kennedysender (2)
kennedysPerson (78]
ety Matriasch (1) = Other Froperties
kennedyPatiarch (1 kennedysaimatater
kennedysPecfesion (35 #ennedysHarvans .
owthemedingidusl # ety Pinceton -

X

e

Resource Form

= Annotations

kennedyshirthVear

® rdStatement s

® odfsClass (32
kemnedychidd

4 kennedyr Caroinekannedy .
® enedysohnKenedylr -
@ kennedys PatickKennedy -
kennedys desthVest
kennedysfirsthlame <
1 John -

EXT SRS | FE YRR KX K

[r——
ennedys male =

[RE—

 Kennedy -

kennedysmiddicintil

kernedysemiddielame =
B Faagenaid |
kennedyzname
B lohn Kennedly
Rennedy
# kennedyslosephKennedy B
# vennedyy Rosef tigerald i
kennedyeghoto

=z G F. Kennedy, Winite, House,criar_ phote,portroit o
kennedysprofession
® ennedyscongressman _
% enedynovy .
4 kennedys president -
# kennedysisenator .

[ —
* cenndyscqusineEae -
e

aftype
® bennedysPerson -
& w " || Form| Bromser] Graph Souce Cose o

Figure 2: Frame-based instance view in TopBraid Composer on the example of the Kennedys ontology
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Figure 3: Graph visualization example in Stardog Explorer on the example of the Kennedys ontology

3. Virtual properties

Virtual properties are a concept that allows to display information of other parts of a KG directly for
instances of a given class, as if it was a direct property of the instance. Virtual properties can help to
improve the limitations of frame-based views (see Section 2) by adding additional distant information
to the instance view. This makes the shown information richer and reliefs the need for navigating via
paths in the graph to other instances to see their property values, in order to collect all the pieces of
information required. Virtual properties cannot only improve the viewing of information of a KG, but
also establish an improved instance search with advanced filtering capabilities.

The next sections explain virtual properties in detail, starting with a detailed concept, their syntacti-
cal definition in RDF, the computation of their values, and their utilization for an advanced instance
search.

3.1. Concept of virtual properties

Virtual properties are a concept that allows to retrieve and show distant information, i.e. property
values, connected with a given instance in the KG via a property path virtually. Virtual properties can
be shown as if they were direct properties of an instance, together with the instance’s other direct prop-
erties. They are “virtual” in the sense that these properties do not really exist in the KG, as OWL
datatype and object properties do, but are instead automatically computed on demand at run time. As
their values are virtually computed, they are read-only and cannot be changed by any user.

Virtual properties are defined as a path of properties. The path starts at a defined class (the “domain
class”), traverses one or more object properties to neighbored nodes, and ends with the final property.
If the final property is a datatype property, we speak of a Virtual Datatype Property. Otherwise, if it is
an object property, it is a Virtual Object Property.

For better visualizing the concept of virtual properties, a KG is shown in Figure 4. The upper part
shows an extract of the ontology TBox with some of its classes. The lower part comprises the instance
graph (ABox), consisting of instances of the classes and their object property relations and datatype
property values (literals). In this graph, the instance d: ST350 CTR of class s:SystemControl-
ler has overall four “direct” properties: the datatype properties rdfs:label, s:isReleased,
s:typeNumber, and the object property s:hasSoftware. All other information related to this
system controller instance is defined in a subgraph that continues from the s : SoftwareComponent
instance d: SW_CTR 124 to the right hand side of the figure.



In order to show additional valuable information together with the instance d: ST350 CTR of class
s:SystemController, four virtual properties have been introduced and are shown in the instance
graph: the two virtual datatype properties Software Release Date and Software Version,
and the two virtual object properties Functions and Datatypes. The virtual properties create
shortcuts on the KG, as they turn multiple hops on the KG into a single hop that can appear as direct
property of the domain class.
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Figure 4: Knowledge Graph example of a system controller model with four virtual properties, high-

lighted in orange

When visualizing the instance d: ST350 CTR as frame-based view in a generic frontend, which
fetches and shows the values of all properties (defined for the class) of the instance, it would normally
be shown with its four direct properties only. This can be seen in Figure 5. Properties are therein shown
with their name that is defined via the rdfs: 1abel property in the ontology TBox, followed by their
IRI in parentheses.

Enhanced by the concept of virtual properties as shown in Figure 6, the instance d: ST350 CTR
has suddenly eight properties that appear as direct properties, but four of them are indeed the virtual
properties. This view on the same instance provides much more details, which would normally only be
accessible when further navigating through the graph along the connected instances d: SW CTR 124
of class s:SoftwareComponent, d:CTR 3 5 of class s:Function and d:DT128 of class
s:Datatype. The virtual properties make this navigation and inspection of the other three instances
(in many cases) unnecessary, and provide an enriched, condensed view on the instance d: ST350 CTR
at a glance.

A specific mechanism that is applied to the frontend is to show the values of object properties, i.e.
the instances in the object position of the property, not via their IRIs, but via their label property values.
A label property can be rdfs: 1abel, or any other string datatype property, if declared as label prop-
erty in the KG. That is why the value of the “Software” property, for example, is not the instance IRI
d:SW _CTR 124, butits rdfs:label value “SW CTR 124”. The label property of a class can be
defined via a specific annotation on the SHACL node shape of the class (TBox).
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3.2. Definition of virtual properties

Virtual properties are defined by paths on a KG that they span. They turn these paths virtually into
a direct property of the domain class, but they do not exist as materialized triples in the KG. Virtual
datatype properties can appear like “normal”, direct datatype properties in a UL, and virtual object prop-
erties like “normal” object properties. But virtual properties are not represented by explicitly defined
OWL datatype or object properties. Instead, we decided to use SHACL as suitable language for defining
virtual properties [8], a choice we also made for the definition of Property Assertion Constraints [9].
SHACL can define the expected structure of a KG via SHACL node and property shapes, as additional
layer to the TBox. By the support of property chains, SHACL property shapes can also be repurposed
for defining virtual properties. This approach is explained in the following using an example.

Figure 7 shows the definition of two virtual properties with SHACL - one virtual datatype property
“Software Version” in the upper part, and a virtual object property “Datatypes” below. At the top of the
RDF code, s:SystemController is defined therein as OWL class and SHACL node shape. The
SHACL property sh:property is then used for attaching two SHACL property shape definitions to
the SHACL node shape, one for each of the two virtual properties.

The SHACL property sh:path is typically used for defining the property of a property shape. But
by its capability to also express SHACL property chains, it can be utilized for defining the paths of
virtual properties also. For the virtual datatype property “Software Version”, the path is defined as a
chain of the object property s:hasSoftware and the datatype property s:versionNumber (see
also Figure 4).

In addition to the standard SHACL properties (prefix “sh”), three new OWL annotation properties
are introduced and used for defining virtual properties:

1. vp:isVirtualProperty: A boolean annotation property, used to explicitly declare a

SHACL property shape to represent a virtual property definition.

2. vp:pathLabel: A string annotation property for attaching a human-readable path represen-

tation of the virtual property. This path label can be shown to a user in a frontend, such as in Figure

6. The value can be auto-generated from the concatenated rdfs: 1abel values of all the properties

in the path, separated via “->” strings, by using dedicated SPARQL/Update queries, for example.

Whenever the labels of the properties exist in multiple languages, the path labels can be provided in

these languages as language-tagged string values, with explicit language-tags, as shown in Figure 7.

3. vp:sparglPath: A string annotation property for attaching the SPARQL property path rep-

resentation of the SHACL property chain. This SPARQL path can be inserted into SPARQL queries

to resolve the virtual property values by querying the KG. As the syntax of a SHACL property chain
and a SPARQL property path are different (compare sh:path and vp: sparglPath strings in

Figure 7), a transformation from the one representation into the other is required. The transformation

can be automated by using dedicated SPARQL/Update queries, for example.

Besides the three new annotation properties, a few other standard SHACL properties are used for
completing the virtual property definitions: the SHACL property sh: name is used for defining a hu-
man-readable name of a virtual property, if required in multiple languages via language-tagged string
values; sh:nodeKind distinguishes (non)virtual datatype properties (value “sh:Literal”) from
(non)virtual object properties (value “sh: IRI”); and sh: datatype is used for defining the datatype
of virtual datatype properties, and sh: class defines the range class of virtual object properties.

It has to be noted that the only things to be defined by a user, e.g. an ontologist, are the sh:path,
vp:isVirtualProperty and sh:name fields. All other fields can be auto-generated from the
path (i.e. vp:pathLabel, vp:sparglPath), and from the final property of the path, in particular
its SHACL shape (i.e. sh:nodeKind, sh:datatype, sh:class). An option for the automatic
generation, amongst others, are dedicated SPARQL/Update queries.

The property paths of virtual properties may also include and use inverse paths, meaning that the
path points into the inverse direction of the object property. In SHACL this is denoted via sh: inver-
sePath within sh:path, and in the corresponding SPARQL pattern via a leading “~” character in
front of the object property IRI. Inverse paths allow to define virtual properties that navigate the KG



along the incoming relationships of instances. Virtual property paths containing only inverse paths rep-
resent incoming relationships of length one or more. As an example of such an incoming virtual rela-
tionship, consider a virtual property starting from class s:Datatype in Figure 4, going backwards
along the property s:usesDatatype to class s:Function, and further along s:imple-
mentsFunction backtoclass s:SoftwareComponent. This inverse virtual property would pro-
vide all the software components as values, in which a given datatype is used.

s:SystemController
a owl:Class ;
a sh:NodeShape ;
sh:property [
a sh:PropertyShape ;
sh:path (
s:hasSoftware
s:versionNumber

:isVirtualProperty true ;
:pathLabel "->Software->Version Number'"@en ;
:pathLabel "->Software->Versionsnummer'"@de ;
:sparglPath "s:hasSoftware/s:versionNumber”
sh:name "Software Version"@en ;
sh:name "Softwareversion"@de ;
sh:nodeKind sh:Literal ;
sh:datatype xsd:float ;
1
sh:property [
a sh:PropertyShape ;
sh:path (
s:hasSoftware
s:implementsFunction
s:usesDatatype

vp:isVirtualProperty true ;
vp:pathLabel "->Software->Function->Datatype'"@en ;
vp:pathLabel "->Software->Funktion->Datentyp"@de ;
vp:sparglPath
"s:hasSoftware/s:implementsFunction/s:usesDatatype”

sh:name "Datatypes"@en ;
sh:name "Datentypen'"(@de ;
sh:nodeKind sh:IRI ;
sh:class s:Datatype ;

1

Figure 7: Definition of virtual properties as SHACL property shapes, using RDF turtle syntax

This shown approach of repurposing SHACL property shapes makes virtual properties ontology-
defined entities inside the TBox. Such virtual property definitions state the type of property
(sh:nodeKind), its name (sh: name), domain (the SHACL node shape to which the property shape
is attached to) and range (sh:datatype / sh:class) explicitly, as it is the case for any other prop-
erty. Virtual properties hence have everything that “normal” properties also have, which allows to in-
clude and visualize them in a similar way in a Ul. Additionally, the path label can be shown in a Ul.
But as mentioned before, the values of virtual properties are to be computed virtually on demand, but
not to be materialized (see next Section).



3.3. Computing the values of virtual properties

It has been mentioned already that virtual properties should not exist in a materialized form in a KG.
This is for mainly two reasons: 1) it would be against the principle idea of being “virtual”; 2) it could
cause inconsistencies when not properly kept in synch with updates of the KG. Instead, the values of
virtual properties are to be computed on demand, whenever they are requested, e.g. by a Ul that renders
virtual properties.

There are at least two different options of how to compute the values of virtual properties: 1) via
SPARQL queries; 2) via rules. OWL 2 property chains might also seem to be an option, but a detailed
rationale of what speaks against them is discussed in Section 4.

The first option is to use the SPARQL path of virtual properties to generate dedicated SPARQL
queries that can fetch the values. An exemplary SPARQL query pattern for that approach is shown in
Figure 8. For any given instance and any of its virtual properties, the query can retrieve all values of
the virtual property, by customizing it in the following way: the IRI of the instance needs to be inserted
for the %%instanceIRI%% placeholder, and the SPARQL path of the virtual property
(vp:sparglPath) forthe $$sparglPath%% placeholder. The customization forthe s : System-
Controller instance d: ST350 CTR from Figure 4 and its virtual property “Datatypes”, for exam-
ple, can be seen in Figure 9. For the given KG from Figure 4 the SPARQL query would return the
instance d: DT128 of class s: Datatype.

01 SELECT DISTINCT ?virtualPropertyValue
02 WHERE {

03 BIND (%%instanceIRI%% AS ?instancelIRI).
04 ?instanceIRI %%sparqglPath%% ?virtualPropertyValue.
05 }

Figure 8: General SPARQL query pattern for fetching the values of a virtual property for a given in-
stance.

01 SELECT DISTINCT ?virtualPropertyValue

02 WHERE {

03 BIND (d:ST350 CTR AS ?instanceIRI).

04 ?instanceIRI s:hasSoftware/s:implementsFunction/
s:usesDatatype ?virtualPropertyValue.

05 }

Figure 9: SPARQL query for fetching the values of the virtual property “Datatypes” of the instance
d:ST350 CTRofclass s:SystemController

For programmatically using this SPARQL-based approach, the functionality needs to be provided
by an API. Such an API can be called by any client application that requires virtual property values,
such as a Ul (e.g. Figure 6). The API requires two input parameters from the client: the IRI of the
instance, and the SPARQL path (sh: spargl Path) of the virtual property. As its response, it provides
a list of all values, to be further used (e.g. shown) by the client application.

The SPARQL query pattern from Figure 8 can of course easily be extended to comprise multiple
virtual properties in a single query, so that multiple virtual properties of an instance can be retrieved at
once. Likewise, the before mentioned API can be enhanced to return all property values of a given
instance at once, including non-virtual ones. Such an enhanced API eliminates the need for repeatedly
calling the API for each property individually.

The second option for computing the values of virtual properties are rules. Rule languages, such as
SWRL [13] or Stardog rules [14], are suitable candidates. Both can infer the logical consequences of a
rule on demand, when required. Stardog, for example, uses a query rewriting technique to include log-
ical consequences of OWL or rules into the queries. When using rules instead of SPARQL, the
SPARQL path (vp: sparglPath) becomes obsolete. Instead of that, a rule needs to be generated for



each virtual property from the SHACL paths. The equivalent SWRL rule for the SPARQL path
“s:hasSoftware/s:implementsFunction/s:usesDatatype” from Figure 7 is displayed
in Figure 10. Within this SWRL rule, the property IRl s:virtPropDatatypes is introduced arti-
ficially, without the need of defining it in the ontology TBox. When enabling the rules for the rule
engine, the rule engine can take care of computing the values of virtual properties. Then, instead of
using the SPARQL path of a virtual property, the virtual property IRl (e.g. s: virtPropDatatypes)
can be used inside SPARQL queries directly. The utilization of the SPARQL paths is not required in
this case for accessing the property values.

s:hasSoftware (?x1, ?x2) A s:implementsFunction(?x2, ?x3) A

s:usesDatatype (?x3, ?x4) = s:virtPropDatatypes (?xl, ?x4)

Figure 10: SWRL rule for the virtual property “Datatypes” of class s: SystemController

3.4. Advanced Search Capabilities

Besides showing additional information for a given instance, additionally to the direct properties of
an instance, virtual properties can provide another important benefit, namely advanced search capabil-
ities. When searching for instances of a given class satisfying certain criteria, then filters on the direct
properties of the class can be defined quite easily. An example for the KG from Figure 4 could be a
search for all s:SystemController instances, which have been released (datatype property
s:isReleased and value true) and which have the substring “CTR” in their name (datatype prop-
erty rdfs: label). This soley can be done using the direct properties of the class, in a simple Ul, with
a simple underlying SPARQL query.

But whenever information not directly accessible from an instance, but located at some other neigh-
bored, neighbored, ... instances is required within a search query, a bigger problem arises. Defining
such search queries that could possibly span a large subgraph of a KG in a convenient and intuitive way
via a user-friendly, fully generic Ul is a very complicated problem, and good solutions seem to be still
missing. Also, the query generation is much more complex then.

A suitable, user-friendly compromise for advanced filtering consists in the utilization of virtual prop-
erties, besides the direct properties. Generic search masks, which can be auto-generated for each class
of a KG by using the TBox and SHACL shape definitions, can comprise both, the direct properties and
virtual properties of a class. This is shown on the example of the system controller class in Figure 11.
The Ul shows an advanced search page, where the user can select a class of the KG via a dropdown.
Immediately, a list of all direct and virtual properties of the class appear in the center of the Ul. This
search mask can be completely auto-generated from the KG on demand, and there is no need of imple-
menting dedicated search masks for each class.

For each property inside the mask, the user can define a filter on the values of the property. For both,
non-virtual and virtual properties, the same filtering options are provided, i.e. the characteristics and
user experience is identical for the user. Depending on the type of property (for virtual properties, the
type of the final property), different filter operators are available, such as:

e  String datatype properties: equals, notEquals, contains, notContains

e Boolean datatype properties: equals

e Numerical (int, float etc.) and date/time properties: equal, notEqual, lessThan,

lessThanOrEqual, greaterThan, greaterThanOrEqual

o  Object properties: the filter operators of string datatype properties apply here, since the human-

readable label values of instances are shown, and not the instance IRIs
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Figure 11: Generic, auto-generated advanced search mask for the class system controller, offering all
direct and virtual properties defined for the class

The advanced search Ul needs to be comprehended by a suitable backend API, which takes the class
IRI and the defined filters as input, and which generates a customized SPARQL query. Similar as the
computation of virtual property values (see Section 3.3), the SPARQL paths of the virtual properties
are inserted into the overall SPARQL query, comprehended by a corresponding FILTER statement,
specific for the applied filter operator.

Such a SPARQL example query can be seen in Figure 12, showing a “contains” filter on the
virtual property “Datatypes”. This query returns all instances of class s : SystemController, which
support a datatype (via a function implemented by its software) with the substring “DT 1 in their name.
Of course, also multiple filters on different properties, e.g. the ones shown in Figure 11, can be com-
bined into a single, complex SPARQL query, which returns all instances matching all the filters.

01 SELECT ?instanceIRI
02 WHERE {

03 ?instanceIRI a s:SystemController.

04 ?instanceIRI s:hasSoftware/s:implementsFunction/
s:usesDatatype ?virtualPropertyValue.

05 ?virtualPropertyValue rdfs:label ?label.

06 FILTER (CONTAINS(?label, “DT 17))

07 1}

Figure 12: Principle of defining search filters on virtual properties, on the example of the virtual object
property “Datatype” and filter operator “contains”

4. Differentiation from property chains in OWL, SHACL and SPARQL

The introduced virtual property approach is based on SHACL and applies SHACL property chains
for defining the paths of virtual properties. The SHACL property sh:path is used for attaching the
property chains to the property shapes, as can be seen in Figure 7. SHACL property chains are not
meant for inferring facts, but they define the paths in a graph to which a SHACL constraint applies to.



Their original purpose is the validation of KGs. In the virtual property approach, however, they are used
for defining the virtual paths in the KG. In order to compute them, the SHACL property chains are
(automatically) transformed into SPARQL property paths (see Section 3.2). Two examples of such
SPARQL property paths can be seen in Figure 7 as values of the property vp:sparglPath. The
SPARQL property paths are then inserted into a SPARQL query, which can compute the values of
virtual properties dynamically on request (see Section 3.3).

It must be noted here that SHACL and SPARQL both support the definition of paths in a KG via
SHACL property chains and SPARQL property paths respectively, but they are different languages
with different syntaxes, and different objectives.

Yet another possibility to define paths in a KG are OWL 2 property chains [10]. The virtual object
property “Datatypes” shown in Figure 7, for example, could be defined with OWL, instead of using
SHACL. This can be seen in Figure 13, where the defined object property s : supportedDatatypes
is the equivalent to the virtual property. Instead of SHACL properties, RDFS and OWL properties are
used herein for defining the property’s domain (rdfs:domain), range (rdfs: range), (multilin-
gual) label (rdfs:1label) and path (owl:propertyChainAxiom). OWL 2 property chains can
be interpreted by a reasoner, which can infer the object properties in a KG.

s:supportedDatatypes
a owl:0ObjectProperty ;
rdfs:domain s:SystemController ;
rdfs:range s:Datatype ;
rdfs:label "Datatypes"@en ;
rdfs:label "Datentypen"@de ;
owl:propertyChainAxiom (
s:hasSoftware
s:implementsFunction
s:usesDatatype
) i

Figure 13: Alternative definition of the virtual property “Datatypes” as OWL 2 property chain

At a first glance one could argue that OWL 2 property chains already cover the functionality of
virtual properties. But there are two fundamental reasons, why OWL 2 property chains are not a suitable
solution. First of all, OWL 2 property chains per definition can only consist of object properties. This
decision has been made for reasons of decidability, although some reasoners might support it beyond
the OWL 2 standard. Virtual datatype properties however contain a datatype property as the last prop-
erty in their path. OWL 2 property chains may hence only be used for virtual object properties, but not
for virtual datatype properties. The virtual datatype properties “Software Version” and “Software Re-
lease Date” introduced earlier in this paper cannot be realized with OWL 2 property chains.

Secondly, it is a choice to make between the two fundamentally different but overlapping paradigms
of OWL and SHACL. When using OWL, an application depends on description logic reasoning under
the open world assumption (OWA), which basically means that it is not possible to assume that a state-
ment is false, just because it is not declared in the ontology. Secondly, OWL does not adopt the unique
name assumption (UNA), which means that individuals with different identifiers are in principle con-
sidered to be the same in OWL, unless explicitly stated differently. Reasoning under the OWA and
UNA does not fit well to most of the real-world problems that we find in industrial use cases. Incomplete
KGs cannot be properly detected under the OWA with OWL, more complex constraints cannot be ex-
pressed, and inferences are often not truly helpful, but rather misleading and disturbing [11].

Instead, many KGs nowadays use SHACL and not OWL for the definition of ontology axioms and
constraints, e.g. the domains and ranges of properties (SHACL value type constraints); the expected
minimum and maximum number of values per property (SHACL cardinality constraints); the lower and
upper bounds of (comparable) literal values (SHACL value range constraints); the minimum and max-
imum length, the pattern and the language of string literal values (SHACL String-based constraints)
and many more [8]. SHACL overcomes most of the complications and limitations of OWL and is be-
coming the industrial standard for KGs. It is well supported by the leading triple stores, allows for an



extensive checking of completeness, is more expressive and supports far more complex constraints and
rules than what can be formulated with OWL. Furthermore, SHACL purely relies on queries on a KG
and does not require the computational overhead of a reasoning engine. Given all these points and the
growing dominance of SHACL over OWL, the realization of virtual properties with SHACL, as intro-
duced in this paper, makes most sense to us.

5. Evaluation

The virtual property approach has been implemented at Bosch and is being used currently by about
100 engineers in a productive setting at Bosch Thermotechnology for almost a year now. It is imple-
mented as generic frame-based Ul, which was first introduced in [12] for a semantic data lake. The
frame-based Ul is similar to the one shown in Figure 6 and Figure 11, and allows the users to view,
browse and search the data in a KG, in a way as it has been explained in the previous sections. The
virtual property approach is a central part of this overall architecture, that besides the browser-based Ul
also comprises a backend and KG storage layer. The KG is persistently stored in an RDF triple store.
Currently, the solution supports the open-source triple store Apache Jena Fuseki [15] and the commer-
cial triple store Stardog [16] as alternatives. In between the triple store and frame-based Ul is a node.js
based backend with dedicated REST APIs, which can fetch property values of instances (see Section
3.3) and which can realize the advanced search (both including virtual properties, see Section 3.4). Both
types of APIs, and the browser-based Ul have proven to be fast and responsive, even for large numbers
of virtual or non-virtual properties and for large KGs. This has ensured a good user experience and user
acceptance. From the productive usage we could gain many insights and positive feedback about virtual
properties and the role that they play in improving the daily work of our engineers. In the following,
these points will be briefly summarized.

The overall finding and feedback is that virtual properties can make a KG much better viewable,
readable and searchable. Frame-based views are generally an intuitive, user-friendly way of showing
information, and most of the users are used to them. Virtual properties can significantly improve the
content and value of frame-based views on a KG, by enriching the scope of a class with other infor-
mation beyond its direct neighborhood. These enhanced views on the KG allow users to more easily
access, see and consume information, because they can see properties of other related instances in the
graph within the same frame. It removes the necessity of navigating from one instance to others in many
cases, which saves time and effort. In this way, virtual properties can considerably improve the limita-
tions of conventional frame-based Uls.

Besides the improved readability, virtual properties can significantly improve the search functional-
ity, without complicating the search definition. By additionally offering virtual properties in a search
mask, besides the direct properties of a class, a search is no longer limited to the direct neighborhood,
but can potentially span all parts of a KG, without the need of seeing or knowing the KG in its entirety.
Even unexperienced users are able to use the advanced search functionality intuitively and define com-
plex search queries far beyond the direct scope of a given class.

6. Conclusion

This paper presents virtual properties for ontologies and KGs. Virtual properties are virtually com-
puted shortcuts on a KG connecting information at distant places of a KG, reachable via object property
paths, directly to a given class. In a Ul, virtual properties can appear just like direct, “normal” properties
of a class, despite they do not exist in a materialized form.

An approach has been shown how SHACL property shapes can be enhanced and repurposed for
defining virtual properties as ontology-defined entities. The on-demand computation of virtual property
values is possible with SPARQL, or alternatively rules. A software architecture of a generic, self-adap-
tive, frame-based Ul has been outlined, which can automatically generate views and masks for viewing
and searching a KG, by just using the structural information defined in the TBox and SHACL shapes.
The views and mask can automatically include virtual properties of the respective class, which has
multiple benefits. Virtual properties can significantly improve the content and value of frame-based
views, by enriching the shown information of a given instance with information from other, distant



parts of a KG. Virtual properties can be included in the definition of search queries, which enables an
advanced KG search far beyond the direct scope of a class.

Virtual properties support multilinguality, i.e. their names, paths and values (in case of string
datatype properties) can be defined in multiple languages by using language-tagged string values.

The virtual property approach has been implemented at Bosch and is being used currently by about
100 engineers at Bosch Thermotechnology in a productive setting of a frame-based Ul. This has suc-
cessfully demonstrated the feasibility and significant value that virtual properties can provide.
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