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Abstract. Recently, there has been a growing interest in using ontology as a fundamental methodology to represent domain-
specific conceptual models in order to improve the semantics, accuracy and relevancy of the domain user query results. However,
the volume of data has grown steadily over the past decade. Therefore, managing, answering user’s queries and retrieving data
from multiple data sources could be a significant challenge for any enterprise. Thus, in this paper, we describe the foundational
queries benchmark using the unified foundational ontology (UFO) and discuss how foundational queries help in optimizing the
query answering results. For evaluation, we tested the foundational benchmark in different data sets — generated and real world

— and on different triple stores.
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1. Introduction

Recently, there has been a growing interest in us-
ing Ontology as a fundamental methodology to rep-
resent domain-specific conceptual models in order to
improve the semantics, accuracy and relevancy of the
domain users queries results. However, the volume of
data has grown steadily over the past decade; therefore,
managing, answering user’s queries and retrieving data
from multiple data sources could be a significant chal-
lenge for any enterprise. Therefore, for describing real-
world phenomena and retrieving user queries in com-
puter science, the aspect of conceptual modeling has
became widespread in the context of cognitive science
[23, 56]. Conceptual modeling is defined as the activ-
ity of formally describing some aspects of the physi-
cal and social world around us for the purposes of un-
derstanding and communication [56]. The descriptions
that arise from conceptual modeling activities are in-
tended to be used by humans, not machines. While the
aim of a conceptual model is to express the meaning of
terms and concepts used in a specific domain to discuss
the problem and to find the correct relationships among
different concepts, the simple conceptual schema that
is represented by ontologies that are specified in for-

*Corresponding author. E-mail: jana.ahmad @fel.cvut.cz.

malized knowledge representation languages such as
the Web Ontology Language (OWL 2) [67] causes
modeling problems which hinder interoperability and
lead to wrong relations so that cause not relevant an-
swers. For example, common concepts and relation-
ships such as events, objects, features and roles are
modeled in each domain ontology differently and/or.
Foundational ontologies aim to tackle this problem by
extending the basic conceptual schema (i.e. the con-
ceptual model that doesn’t have foundational concepts
that we can use with any domain) with additional con-
structs. Previous points and problems motivate us to
defend how using foundational patterns in semantic
systems and tools lead to more relevant and efficient
query answering results for domain users.

The goal of this work is to optimize ontological
queries by using commonsense knowledge, i.e., foun-
dational Ontology which can analyze their query re-
quests and intentions by semantics. For this work, we
selected Unified Foundational Ontology (UFO) among
other foundational ontologies because of, (i) our expe-
rience with using UFO in various conceptual model-
based domains [47, 50], (ii) UFO is addressing many
essential aspects of conceptual modeling, which have
not received sufficiently detailed attention in other
foundational ontologies [23], (iii) the availability of
its formal translation to OWL [67] and (iv) the avail-
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ability of OntoUML, an ontology modeling language
that could be used to create ontology-driven concep-
tual models and domain ontologies in a variety of ex-
isting UML tools. OntoUML aims to design a lan-
guage for structural conceptual modeling [23].

This paper is an extended version of a previous
work [3] which described a new Resource Descrip-
tion Framework (RDF)! indexing approach based on
UFO. For this version, we present as our main con-
tribution the benchmark of foundational Patterns that
are generated based on the UFO [24], and evaluate
these foundational Patterns on UFO-based indexed big
data sets generated by our UFO-based-model data gen-
erator, i.e., build foundational-based domain models,
generate big data as instances from this foundational
model, store the generated data in triple stores, index
the stored data with foundational index and evaluate
these data on generated fondational query patterns, see
figure 1.

The paper is organized as follows. The motivation
scenario section 2. Section 3 reviews the necessary
background on RDF and querying. In Section 3.2 we
briefly define the notion of the Unified Foundational
Ontology. Section 4 presents related work. Data gen-
erator is explained in section 5 including the UFO
model and UFO index technique. Foundational pat-
terns benchmark is presented in section 6. The evalua-
tion of benchmark query results is given in Section 7,
with the description of our use-case. The discussion
of the experiments results is on section 8. Finally, we
conclude our paper in Section 9.

2. Motivation

In recent years, human-ontology interaction has
become an increasingly important subject for com-
putational and information systems developers. Hu-
man information consumers and web agents need to
use and query ontologies using their web applica-
tions, that could understand common sense knowl-
edge. Thus the need for developing ontological foun-
dations for conceptual modeling arises. Despite the
improvements in query answering systems technology
in recent decades, currently there are many problems,
such as searching, extracting, maintaining, uncovering
and viewing information [4]. Also, query answering
systems suffer from: inconsistencies in terminology,

"https://www.w3.org/RDF/

keywords do not provide user with the results he wants
or understands, weakly structured collections of docu-
ments and slow retrieval of the results. The aim of the
semantic web is to allow much more advanced knowl-
edge management system, thus information needs to
be organized in conceptual models according to its
meaning, and have conceptual models based answer-
ing system.

The aforementioned points motivate us to create a
foundational conceptual benchmark and index the data
by using our UFO-based index [3]. This benchmark
can be reused not only for our foundational generated
data but also for all data sets compliant with the unified
foundational ontology.

3. Background

First, we introduce a fragment of OWL 2-DL [67]
in a simplified manner, as a knowledge-representation
language together with simple conjunctive queries
over this fragment. Next, we overview UFO, as one of
the foundational ontologies. Then, we show an exam-
ple of RDF representation of OWL-based UFO frag-
ment and queries. Last, we introduce the JOPA library
that we use to access our UFO-based domain ontolo-
gies.

3.1. OWL 2-DL
An OWL 2-DL ontology O = {a;},i € {1,...,No},
where «; is an axiom is either

— a class assertion A(a), saying that “a is an in-
stance of A”, e.g. Person(Frank).
— a object property assertion P(a, b), saying that “a

is related to b through P”, e.g. hasFriend(Frank, John).

— aterminological axiom of the form C; C Ca,

where A is an OWL atomic class, C are OWL class
expressions (discussed later), a is an OWL individual
and P is an OWL object property. Typical OWL class
expressions could be constructed from atomic classes
as follows

— each atomic class A is a class expression,

— boolean operators (C1 MCs), (C1 UC3), or (—C>),
for class intersection/union and complement. For
example, (Person M Male) denotes the concept of
men.

— existential restriction (3P - C), denoting a class,
elements of which are related through P to at
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Fig. 1. UFO-Based Data Generator Model

least one instance of C. For example, (3hasChild-
Man) denotes the class of all individuals having
at least one son.

— universal restriction (VP - C), denoting a class, el-
ements of which are related through P only to in-
stances of C. For example, (VhasChild - Man) de-
notes the class of all individuals having only sons
as children, if any,

- qualified cardinality restrictions (< nP - C), or
(= nP-C), (= nP-C), denoting a class, ele-
ments of which are related through P to at least-
/at most/exactly n individuals through P. For ex-
ample, (> 4 hasChild - Man) denotes a class, el-
ements of which have at least four sons (and pos-
sibly some daughters).

Full OWL 2-DL syntax as well as its formal semantics
can be found in [67].

Having an OWL 2-DL ontology O, we define a
distinguished conjunctive query as Q(7x1,...,7x,) =
U1, ..,y Where 7x; is a variable occurring in some

Wi, i is an atom of the form A(y) or P(y,z), where A
is an atomic OWL class, P is an OWL object property
and y, resp. z is either a variable 7x;, or a an OWL indi-
vidual. Intuitively, queries match the class/property as-
sertion axioms, possibly extended by inferencing from
other axioms. Full query syntax and semantics of dis-
tinguished conjunctive queries can be found in [48].
Let’s show the notions on an example.

Example: Having an OWL 2-DL ontology O =
{Agent C Object, Agent(a), performs(a, b) }, the query
O(?x1, 7x2) = Object(?x1), performs(?x1,7xz) asks
for all object and actions they perform. In our case,
the query returns a single result binding { (?x1, 7x2) —
(a,b)}, because a is inferred to be an agent (Agent T
Object).

3.2. Unified Foundational Ontology

UFO is a top-level ontology that has been devel-
oped based on a number of theories from Formal On-
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tology, Philosophical Logic, Philosophy of Language,
Linguistics and Cognitive Psychology [24]. Its main
concepts fundamental for this work are sketched in
the UML class diagram in Fig. 2. UFO describes en-
durants that are static objects (UFO-A) [23], perdu-
rants/events (UFO-B) [31] and social agents (UFO-C)
built on top of UFO-A and UFO-B [27]. UFO splits
entities into endurants and perdurants which are both
individuals, i.e. entities that exist in reality and pos-
sess an identity that is unique (Endurant C Individual),
(Perdurant C Individual)?. Endurants can be observed
as complete concepts in a given time snapshot, and
they can be any object (e.g. an agent, aircraft) (Object
C Endurant), or its tropes or moments (e.g. speed, lo-
cation, colors, etc.) (Moment = Endurant), that exist
as long as an object they inhere in exists (Moment C
(= 1 inheresIn-Object)), and situations (Situation C En-
durant).

Perdurants only partially exist in a given time snap-
shot. They involve events (Event C Perdurant) and ob-
ject snapshots (ObjectSnapshot C Perdurant).

Events happen in time and cannot undergo non-
relational changes, e.g., death can’t die. They can be ei-
ther atomic or complex (Event C (AtomicEvent LI Com-
plexEvent)). complex events have temporal branch-
ings, occurring over incomparable TimePoints, and
have participants ( Event C (> 1 hasParticipant - Ob-
ject)) and complex events have parts (3 hasEventPart -
T C ComplexEvent) [31]. An event occurs in a certain
situation at a certain point in time, and transforms it to
another situation, they may change reality by chang-
ing the state of affairs from one (pre-state) situation to
a (post-state) situation [29]. ObjectSnapshot is an im-
mutable state description of an object within a situa-
tion. Situation is a snapshot of object states valid in the
given temporal range.

Moreover, UFO defines Dispositions which are In-
trinsic Moments (IntrinsicMoments = Moment), i.e.
existentially dependent entities that are realizable
through the occurrence of an Event (Dispositions T
Moment). This occurrence brings about a Situation
[28]. In other words, UFO considers dispositions as
properties that are only manifested in particular situa-
tions or the occurrence of certain triggering events, and
that can also fail to be manifested (Dispositions C (= 1
isManifestedBy-Event)). Dispositions inhere in partic-
ular objects (Dispositions C (= 1 inheresIn-Object)).

For example, security flaw in an information system
is manifested by event of stealing sensitive data that
brings about non-safe situation.

Additionally, UFO introduces the notion of agents
(Agent C Substational), i.e. proactive objects with an
intention, the propositional content of intention is a
Goal. Intentions cause the agent to perform actions (3
performs - T C Object) [25]. Finally, UFO also de-
fines services [20], and powertypes, i.e. universal types
whose instances are individuals in the subject domain
[11,32].

Representation language: UFO-A is expressed in a
quantified modal logic (QML) that allows the expres-
sion of the alethic modalities of truth (viz., necessity
and contingency), and UFO-B is defined in first-order
logic (FOL) with the Method of Temporal Arguments
(MTA) [62], But [6] defines a method for rewriting
UFO-A in FOL, with no loss of content, and consis-
tently with a revisited UFO-B. Also, to represent UFO
using Description Logic (DL), authors in [5] pro-
posed a number of alternative translations from UFO-
B’s original axiomatization in first-order logic to the
description logic SROIQ, which is the formal under-
pinning of OWL 2 DL. UFO is used in domains such
Geology, Biodiversity Management, Petroleum Reser-
voir Modeling, Disaster Management, Datawarehous-
ing, Telecommunications, Petroleum and Gas, Logis-
tics, among many others [33].

3.3. RDF representation of UFO models

To use a wide-spread technology for UFO index rep-
resentation, we will consider RDF triple stores. Index-
ing techniques over RDF are discussed in section 4. At
this point, we show how to represent common OWL
axioms, representing an OWL ontology in RDF and
a distinguished conjunctive query over the ontology
as basic graph patterns of SPARQL [38], a query lan-
guage for RDF.

Consider a triple pattern, an ordered tuple ' =
(s* p” o), where s" is its subject term, p’ is its
predicate term and 0" is its object term. Each subject
is either a variable V, or a constant® C.

Having an OWL ontology O, its RDF serializa-
tion is given directly by OWL specification [67]. For
distinguished conjunctive queries, we translate each
atom of the form A(y) into an RDF triple pattern

2We reuse Description Logic formalization of basic UFO con-
cepts introduced in [5]

3For the purpose of this paper, we consider constant to be URIs
only.
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Fig. 2. Main concepts of UFO

(v rdftype A)* and each atom of the form P(y,z)
into an RDF triple pattern (y P z). Note that all
constants (A, P and possibly y, z) are represented by
the corresponding IRIs.

Example: Having an OWL 2-DL ontology O from
example 3.1, its RDF serialization would be’

:Agent rdfs:subClassOf :0Object.
:a :performs :b.

and the SPARQL representation of the query Q would
be a SPARQL basic graph pattern

?x1l :performs ?x2
?x1l rdf:type ?x2

4. Related Work

Recently, different benchmarks have been pro-
posed to compare query execution performance for
triple stores. FEASIBLE [58] which is a cluster-based
SPARQL benchmark generator, which is able to syn-
thesize customizable benchmarks from the query logs
of SPARQL endpoints. It generates customized bench-
marks from a set of queries for given use cases or
needs of an application. The Berlin SPARQL Bench-
mark (BSBM) [8] is designed to compare query per-

“rdf:type is a special predicate of RDF denoting instantiation.

SWe use the prefix "' to denote the namespace
<http://example.org/>, thus a translation of Agent into its RDF
representation would be an IRI <http://example.org/Agent>.

formance of native RDF stores with the performance
of SPARQL-to-SQL rewriters across architectures. It
is applied to various triple stores, such as Sesame
(now RDF4J), Virtuoso, and Jena-TDB. The BSBM
benchmark is settled in an e-commerce use case in
which a set of products is offered by different ven-
dors and consumers have posted reviews about these
products on various review sites. The Lehigh Univer-
sity Benchmark (LUBM) [35] is a widely used bench-
mark for comparing the performance, completeness
and soundness of OWL reasoning engines. It is based
on a customizable and deterministic generator of syn-
thetic data. In the LUBM, the Univ-Bench ontology
models the university domain that include universi-
ties, their departments, their professors, employees,
courses, publications and their relations in the OWL
language and offers necessary features for evaluation
purposes. The OWL datasets are synthetically created
over the ontology. The data generated are random and
repeatable and can scale to an arbitrary size, and it
uses plain SPARQL queries. The University Ontology
Benchmark (UOBM)° is a more expressive new ver-
sion of LUBM with a more complex ontology, which
also contains disjunctive axioms and negation. The
DBpedia SPARQL Benchmark DBPSB [54] is a bench-
mark for evaluating the performance of triple stores
based on non-artificial data and queries, it is settled in
the DBLP bibliographic database. It generates bench-

Shttps://www.cs.ox.ac.uk/isg/tools/UOBMGenerator/
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mark queries from DBpedia dataset and tests them
with 4 different triple stores, namely Virtuoso, Sesame,
Jena-TDB, and BigOWLIM (now it is GraphDB). A
SPARQL Performance Benchmark (SP2Bench) [59]
is a benchmark to assess SPARQL performance. It
proposes a methodical approach for testing the per-
formance of SPARQL engines w.r.t. different oper-
ator constellations, RDF access paths, typical RDF
constructs, and a variety of possible optimization ap-
proaches.

Relation to our approach. Although each of afore-
mentioned benchmarks has its own proposal and cri-
teria to compare SPARQL query execution and per-
formance for triples stores, none of them propose a
foundational query benchmark, i.e., a benchmark that
can be used for all datasets compliant with the foun-
dational ontology. Thus, in this paper, we propose a
benchmark of foundational patterns that are generated
using Unified foundational ontology (UFO) [24] to op-
timize SPARQL queries execution of triples stores.

5. Data Generator

UFO-based Data Generator (UDG) is a RDF triples
generator. It generates data based on a foundational on-
tology model, the generated data is stored in a triple
store and is indexed using UFO index [3], we can ac-
cess this data by JOPA. Thus, in this section, we, first,
describe the UFO Model. Next, we show the JOPA ap-
plication. Then, we present the UFO indexing tech-
nique.

5.1. UFO Model

UDG generates a number of persons (Agents), Ac-
tions and Tropes. Regarding UFO, Each event has Par-
ticipants of Endurants. In the benchmark each Action
has random Agents as participants in this event. Ev-
ery Action has a balanced binary tree of sub-events.
Each participant has numbers of different properties
(or Tropes) are persisted with it. All attributes of all
entities are set, none is left empty Figure 3 shows the
main entities in the model as following:

— Trope (or Moment): Typical examples of tropes
are: a color, a connection, a gender, a social com-
mitment. An important feature that characterizes

7https://github.com/ahmadjana/ufomodel: It is the GitHub link for
the source code.

all moments is that they can only exist in other
particulars (for example, color can exist only in
some particular such as the color of an apple,
color does not exists without the existence of ap-
ple). The relation of inherence is a special type
of existential dependence relation that holds be-
tween a moment x and the particular y on which x
depends. Thus, for a particular x to be a moment
of another particular y, the relation i(x,y) must
hold among the two. For example, inherence your
ability to walk to your legs. Also, moments can
inhere in other moments. For example, the grave-
ness of a particular symptom. The infinite regress
in the inherence chain is prevented by the fact that
there are individuals that cannot inhere in other
individuals, namely, objects.

Object: Is an Endurant. Objects are particulars
that possess (direct) spatial-temporal qualities,
and those are founded on matter. Examples of ob-
jects include ordinary entities of everyday experi-
ence such as an individual person, a dog, a house,
a hammer, a car, Alan Turing and The Rolling
Stones but also the so-called Fiat Objects such as
the North-Sea and its proper-parts, postal districts
and a non-smoking area of a restaurant. In con-
trast with moments, objects do not inhere in any-
thing and, as a consequence, they enjoy a higher
degree of independence.

Agent which is proactive object, it has its own
beliefs, intentions, and goals that are sets of in-
tended states of affairs of an agent. An agent role
is defined by the set of commitments and claims
implied by the its role to achieve his goals. The
category of agents further specializes in Phys-
ical Agents (e.g., a person) and Social Agents
(e.g., an organization, a society). Agents can also
be further specialized into Human Agent, Arti-
ficial Agent and Institutional Agent, which can
be represented, respectively, by human beings,
computationally-based agents and organization or
organizational unit (departments, areas and divi-
sions). Institutional Agents are composed by a
number of other agents, which can themselves be
Human Agents, Artificial Agents or other Institu-
tional Agents.

Actions are intentional events, i.e., events that
agents perform in order to satisfy their goals. As
events, actions can be atomic or Complex Action.
While an Atomic Action is an action event that
is not composed by other action events, a Com-
plex Action is a composition of at least two basic
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actions. Each event has Participants of Endurant
types, i.e., all objects that participate in events.
For example, a football player participates in a
football match.

5.2. JOPA Library

Once the UFO-based model is designed, then the
task now is to generate and access to the big data.
JOPA is a persistence library primarily designed for
accessing OWL ontologies. It is aimed at efficient
programmatic access to OWL2 ontologies and RDF
graphs in Java [51]. It is used here to create instances
of the model entities, i.e., create an object graph and
then persist it into repository as follows:

— persist Agent instances and assign data properties
to all of them,;

— all Agent instances have tropes (OWL object
property) or moments (OWL datatype property)
that specify each agent;

— assign to each generated Action (an event type) a
random Agent (Objects) that participated in this
event (has participant: object property) and per-
sist them in a separate transaction;

— generate and persist sub events (event parts) that
comprise that whole event.

section
5.3. UFO Index

Once having the generated data in the repository, the
task now is to index the generated data using UFO-
index script; In [3], we presented our novel approach
to improve the efficiency of SPARQL? queries by us-
ing UFO-based indexing techniques. Note, we use our
UFO index not only for generated data but also, for all
UFO grounded data sets. We created UFO-based phys-
ical design index tables that store RDF data according
to the main concepts of UFO, Perdurant and Endurant.
As following:

— UFO Triple Tables that store triples physically
into two tables instead of one triple table as in
general design [1, 16]; one for Perdurant category
and the other for Endurant.

8common SPARQL prefixex include rdfs: to denote

http://www.w3.0rg/2000/01/rdf-schemat#, rdf: to denote
http://www.w3.0rg/1999/02/22-rdf-syntax-ns, ~ ufo: to  denote
http://onto.fel.cvut.cz/ontologies/ufo/ and aviation-safety: to denote
http://onto.fel.cvut.cz/ontologies/aviation-safety/.

Table 1
Perdurant Table, depicted from [3]
Subject Predicate Object
Event-i has-participant Agent-i
Process-i is-event-part-of Event-i
Action-i is-performed-by Agent-i
Table 2
Endurant Table, depicted from [3]
Subject Predicate Object
Person-i is-participant-of Event-i
Agent-i performs Action-i

— UFO Property Table that builds a UFO property
table for endurants and another table for perdu-
rants, that will reduce Null values in each prop-
erty table [1, 16], but we will still have them.

— UFO Vertical Partitioning that applies vertical
partitioning approach where each triple table in-
cludes n-two column tables where 7 is the num-
ber of unique properties in the data. In each of
these tables, the first column contains the sub-
jects that match the property, and the second col-
umn contains the object values for those subjects
[1,2,37].

For this version, we use UFO triple table technique to
index the generated and existing data. Figures 1 and
2 explain how this technique works by dividing one
triple table into two UFO-based categories tables.

6. Foundational Patterns Benchmark

After having the data, the job now is to generate
a benchmark of queries the users interest in, in other
words, queries that match people thoughts and lan-
guages. Users are interested in searching and have an-
swers for specific physical objects (e.g., person, man,
woman, car, animal, etc.), tropes or properties (e.g.,
weight, height, color, etc.) and events (e.g., accident,
party, fight, war, sales, etc.). For example, some people
search for individuals who attended Celine Dion birth-
day events. Therefore, they are looking for concepts
such invited, going, or attended. Other example, one
of the most important factors in creating a successful
e-commerce shop is answering the question: What to
sell online (objects)? When will the black Friday start?

=W N

o 0 g o

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51



@ J oy U W N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

8 J. Ahmad et al. / Foundational Benchmark

is ohject part
has participant s part
| |
Object i{ Event |
inheres in
Trope Agent Ao |

Fig. 3. UFO Model Entities

Thus, the meanings of the variety of words such as:
red, John, Jana, marriage, accident, ball, process, at-
tend, happen, party, hot, warm, play, situation, tasks,
etc. reflect the essential differences between things that
happen and who performs these things, i.e. the dis-
tinction between behavioral elements and structural
elements. UFO distinguishes between these two cat-
egories with the behavioral elements referred to as
"events" and the structural referred to as "objects". The
question word ("how" versus "what") is often invoked
to check the different nature of these elements [30].
Moreover, UFO-B suggests a discrete linear ordering
of TimePoints to answer question word ("when") [6].

Therefore, for more comprehensive representation
of any ontological domain, it is important to focus
on the representation of endurants (e.g., objects, their
parts, their properties, etc.) and perdurant (e.g., events,
their parts, etc.). And that is exactly what UFO consid-
ers.

How this benchmark is created: Conceptually, we
created a benchmark of all possible foundational
queries that could be created between Perdurants-
Endurants, Pendurant-Pendurant or Endurant-Endrant.
i.e., foundational patterns between structural (objects,
tropes, agents, situations, etc.) and dynamic aspects
(events, actions, etc) of reality, thus, it must be able
to characterize ontological aspects of endurants, per-
durants, as well as their interplay. In the table 6.1
are examples of foundational patterns of the gener-
ated benchmark. Technically, we created these bench-
mark automatically by executing SPARQL queries
over UFO-based-indexed triple tables [3], Each query
selects all relations that has Perdurant or Endurant as
its domain or range and vice-versa.

Query 1, selects all relations from Endurant table
have object as a domain, such as, the participation re-
lation (ufo:is participant of) between events and their
participations. So, user can ask questions such as, Who
participated in the Joker film? Or, inheritance relation
that expresses the properties or moments that inhere in
objects, for example, What is the color of Barcelona’s
team jerseys?

SELECT DISTINCT ?term FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Endurant>

WHERE {GRAPH ?g {?term rdfs:domain
ufo:0bject} }

Listing 1: SPARQL query

Query 2 retrieves all relations that have event as
a domain, i,e, the dynamic aspects of reality. Then,
the user can have answers to questions such as, when
did the second world war start? What are the parts of
Jana’s wedding party?, etc.

SELECT DISTINCT ?term FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g {?term rdfs:domain
ufo:Event} }

Listing 2: SPARQL query

6.1. Description of the Benchmark Patterns

In this section, we describe the created foundational
patterns. As we mentioned in section 3.2, UFO mainly
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Table 3 1

Foundational query patterns and their formal representation. 5

Patterns Pattern formalization 3

P1 | What are the tropes (properties) of an object? (?p) — ufo:has-trope(?p, 01) 4

P> | What are the objects that participate in a given event e1 ? (?0) — ufo:has-participant(?o, e1) 5

P3| What are the parts of an object? (?01,702) — ufo:has-object-part(?o1, 702) 6

P4 | What are the parts of a given event e1? (?e) — ufo:has-event-part(e1, 7e) 7

Ps | What are factors of an event? (?f) — ufo:is-manifestation-of (7 £, e1) 8

Ps | What is the situation that a given event changed it? (?s) — ufo:pre-state(?s, el) 9
P7 | What is the resulting situation of a given event? (?s) — ufo:post-state(?s, el) 10
Pg | What does an agent perform? (?s) — ufo:performs(?s,al) 11
P9 | What are the actions that agents perform? (?s, ?a) — ufo:performs(?s, ?a) 12
P10 | What is directly cause a given event? (?e) — ufo:directly-causes(?e, 1) 13
P11 | when did a given event start ? (?t) — ufo:has-begin-point(?z, e1) 14
P12 | when did a given event finish ? (?t) — ufo:has-end-point(?z, e1) 15
P13 | What s an entity that a specific property inheres in it? (?e) — ufo:inheres-in(?el, p1) 16
P14 | What is the situation triggers a given event ? (?s) — ufo:triggers(?s, el) 17
P15 | What is the situation a given event bingsAbout ? (?s) — ufo:brings-about(el, ?7s) 18
P16 | how aspecific disposition that inheres in an object is activated? | (?7s) — ufo:activates(?s,d1) 19
20

distinguishes between events and objects. Thus, the
foundational benchmark consists of all the patterns
between UFO categories, i.e., the interplay between
endurants and the dynamic aspects of reality (e.g.,
events, processes, causation, dispositions, situations,
moments). Given the objective of characterizing this
interplay between endurants and perdurants, these two
ontologies are meant to form an integral whole. Thus,
let’s discuss some examples or queries of benchmark
patterns from table 6.1:

who participates in an event? Events are mapping
of statements or occurrence in the reality, in
which objects (things and people) participate,
playing certain tasks (Event C (= 1 has Partici-
pant-Object)). E.g., what are the objects who par-
ticipate in the department meeting?, Who attends
the Christmas party? and etc.

What are the object’s parts? Endurants are entities
that, whenever they exist, they exist with all their
parts, while maintaining their identity, i.e., we can
refer to Jana’s arm, leg and head as the same en-
tity (Object C (> 1 isObjectPartOf-Object)), e.g.,
What are the parts of Jana’s body? What are the
parts of the car?

What are the event’s parts? This pattern describes
how events relate to its parts, where accord-
ing UFO every complex event consists of parts
which accumulate together to have the end event
(ComplexEvent C (= 2 hasEventPart-Event).
E,g., What are all temporal precedence involved
in an event?

What does an event bring about? How is an event triggered?

An event occurs in a certain situation at a cer-
tain point in time, and transforms it to another
situation, they may change reality by changing
the state of affairs from one (pre-state) situa-
tion ufo:pre-situation to a (post-state) situation
ufo:post-situation [29]. An Event bringsAbout ex-
actly one Situation (Event(e) — 3!s

(bringsAbout(e, s))), which holds in all end-
Points of the Event. Also, an Event is trig-
gered by exactly one Situation (triggers(s, e) —
Situation(s) Event(e)), which holds in all begin-
Points of the Event, e.g. The Event car’s Acci-
dent bringsAbout the Situation that driverlsin-
Jjured, which triggers the event ambulance’sCall.

What does a specific situation activate? A Situation
triggers an event if and only if (iff) there is a
Disposition (e.g skills, abilities, disabilities, weak
points, etc.) that is activated by the Situation
(Jactivates - T C (Situation)) and is manifested
by an event, e.g., having a written exam (Situa-
tion) activates the ability of writing (Disposition)
of a student to write (Event).

What are the factors of a given event? In UFO, events
existentially depend on the objects that participate
in them and an event is a manifestation of a dis-
position of an object, then an event occurs due to
the dispositions of its participants, where disposi-
tions are defined as properties that inhere in par-
ticular objects and are only manifested in particu-
lar situations of the occurrence of certain trigger-
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ing events, and that can also fail to be manifested
(3manifestedBy - T C (Disposition)) [28]. When
manifested, they are manifested through the oc-
currence of resulting events and state changes
(ufo:isManifestedBy), e,g., what are the factors of
a cancer disease?

What does an agent perform? Agent has its own be-
liefs, intentions, and goals that are sets of in-
tended states of affairs of an agent. He performs
actions to achieve their goals (ufo:performs), e.g.,
a doctor performs surgery operations in order to
satisfy his intentions in saving peoples’ life.

Table 6.1 contains the SPARQL representation of
the benchmark queries.
SPARQL Representation Of the Foundational Queries

Query 1: who participates in an event ?

SELECT DISTINCT ?particiocations FROM
NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g {benchmark:
givenEvent ufo:has_participant ?
particiocations} }

Query 2: What are the object’s parts?

SELECT DISTINCT ?parts FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Endurant>

WHERE {GRAPH ?g {benchmark:
givenObject ufo:has_object-part
?parts} }

Query 3: What are the event’s parts?

SELECT DISTINCT ?parts FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g {benchmark:
givenEvent ufo:has_event-part ?
parts} }

Query 4: What does an event bring about?

SELECT DISTINCT ?situation FROM
NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g {benchmark:
givenEvent ufo:bringsAbout ?
situation} }

Query 5: how an event is triggered?

SELECT DISTINCT ?situation FROM
NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g {?situation ufo:
triggers benchmark:givenEvent }

}
Query 6: What does a specific situation activate?

SELECT DISTINCT ?disposition FROM
NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Endurant>

WHERE {GRAPH ?g { benchmark:
givenSituation ufo:activates ?
disposition } }

Query 7: What are the factors of a given event?

SELECT DISTINCT ?disposition FROM
NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g { benchmark:
givenEvent ufo:is_manifestation-
of ?disposition } }

Query 8: What does an agent perform?

SELECT DISTINCT ?Action FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Endurant>

WHERE {GRAPH ?g { benchmark:
givenAgent ufo:performs ?Action

b}

Query 9: What are the tropes (properties) of an ob-
ject?

SELECT DISTINCT ?trope FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Endurant>

WHERE {GRAPH ?g { benchmark:
givenObject ufo:has_trope ?trope

b}
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Query 10: What is the situation that a given event
changed it?

SELECT DISTINCT ?situation FROM
NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g { benchmark:
givenEvent ufo:pre_state ?
situation } }

Query 11: What is the resulting situation of a given
event?

SELECT DISTINCT ?situation FROM
NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g { benchmark:
givenEvent ufo:post_state ?
situation } }

Query 12: when did a given event start?

SELECT DISTINCT ?point FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g { benchmark:
givenEvent ufo:has_begin_point ?
point } }

Query 13: when did a given event finish?

SELECT DISTINCT ?point FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g { benchmark:
givenEvent ufo:has_end_point ?
point } }

Query 14: What is the entity that a specific property
inheres in it?

SELECT DISTINCT ?entity FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Endurant>

WHERE {GRAPH ?g { benchmark:
givenProperty ufo:inheresIn ?
entity} }

Query 15: What is directly cause a given event?

SELECT DISTINCT ?event FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g { benchmark:
givenEvent ufo:directly_causes ?
event } 1}

Query 16:What are the actions that agents per-
form?

SELECT DISTINCT ?action ?agent FROM
NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g { 7?agent ufo:
performs Zaction } }

7. Benchmark Experiment

For evaluation, we tested the foundational patterns
in two different use cases, generated data using UDG
and existing real world data. The comparison is done
in different triple stores. We run the Foundational
SPARQL Benchmark against three popular RDF stores
(Sesame (or RDF4J°), Fuseki Jena with JenaTDB and
GraphDB).

Sesame (or RDF4J'%): Version 2.5.2+0dedb9¢ with
Tomcat Version 8.0.48, Operating System Win-
dows 10 10.0 (amd64), Java Runtime Oracle Cor-
poration Java HotSpot(TM) 64-Bit Server VM
(1.8.0-151). It is physically designed bases on B-
Tree indexing triple tables with context. It allows
the user to choose between three storage engines
(in-memory, native, DBMS-backend).

Fuseke Jena '': Version 3.13.1 with Tomcat Ver-
sion 8.0.48, Operating System Windows10 10.0
(amd64). It provides the SPARQL 1.1 protocols
for query and update as well as the SPARQL
Graph Store protocol. Fuseki is tightly integrated
with TDB to provide a robust, transactional per-
sistent storage layer, and incorporates Jena text
query. It can be used to provide the protocol en-
gine for other RDF query and storage systems.

http://rdf4j.org/
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GraphDB free'?: Version 9.1 with Tomcat Version

8.0.48, Operating System Windows10 10.0 (amd64).

It is the free standalone edition of GraphDB. It is
implemented in Java and packaged as a Storage
and Inference Layer (SAIL) for the RDF4J RDF
framework. GraphDB Free is a native RDF rule-
entailment and storage engine. The supported se-
mantics can be configured through rule-set def-
inition and selection. Included are rule-sets for
OWL-Horst, unconstrained RDFS with OWL
Lite and the OWL2 profiles RL and QL. Custom
rule-sets allow tuning for optimal performance
and expressiveness.

The experiment was conducted on a Lenovo, Intel®
Core™i5-7200U CPU @2.5GHz 2.71 GHz processor,
installed memory is 8.00 GB and 64-bit operating sys-
tem. The average execution time results and standard
deviation of pattern instances are specified, where the
given results are averages from executing each query
five times against the different triple stores.

We run the queries in different data sets to compare
their execution time (performance), number of results
and correctness w.r.t. each triple store. The correctness
of results is evaluated by domain expert in real data
only. Each query will be executed three times either
on the Perdurant table (named graph) or on the En-
durant table after indexing the data by running UFO
indexing script on a triple’s repository. As we pro-
posed in [3], this script automatically group all Perdu-
rant statements together through a single group identi-
fier (Named Graph), i.e., in one Perdurant table. And
all Endurant triples in another Endurant table.

7.1. SPARQL Features Selection

To use the foundational benchmark on different data
sets by running multiple queries against triple stores,
we select a number of frequently executed queries that
cover most SPARQL features that allow us to assess
the performance of foundtional queries with SPARQL
features. Note, all the executed queries are instances of
our foundational patterns. The SPARQL features we
consider are:

the overall number of triple patterns

SPARQL pattern constructors (UNION or OP-
TIONAL)

the solution sequences and modifiers (DISTINCT)
filter conditions and operators (FILTER, LANG,
REGEX and STR)

7.2. Generated Data Experiments

We instantiated the foundational patterns w.r.t. the
generated data benchmark and w.r.t. SPARQL fea-
tures; we tested the instances of UFO pattern for three
generated data-set sizes (200000, 500000 and million
triples). Following are samples of the foundational pat-
terns instances with their SPARQL queries.

Q1: What are the tropes (properties) for a (Person-
1000344628 ) and Person-1009237217? (Instance of
P1).

SELECT DISTINCT ?term FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Endurant>

WHERE {GRAPH ?g {{benchmark:Person
-1000344628 ufo:has_trope?term}

UNION {benchmark:Person-1009237217
ufo:has_trope?term}}}

Q2: Select all participants of all events (Instance of P2)

SELECT DISTINCT ?term FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g {{?event ufo:
has_participant ?term}

OPTIONAL { ?term rdf:label ?label.}

+}

Q3: What are the parts of an Event-14537525667 In-
stance of P4

SELECT DISTINCT ?term FROM NAMED

<http://onto.fel.cvut.cz/ontologies/
ufo/Perdurant>

WHERE {GRAPH ?g {benchmark:
Eventl1670269156 ufo:has_part ?
term} }

Figures 4, 6, 8, 5, 7 and 9 show the results of run-
ning execution time of the instantiated queries on the
different triple stores.

7.3. Real Word Data Sets Experiments: Aviation
Safety Data Set

The ontology that we used to evaluate the bench-
mark is the Aviation Safety ontology. We designed
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the Aviation Safety Ontology'® for describing safety
issues in aviation organizations, and to increase the
awareness of analytical methods and tools in the avi-
ation community for safety analysis in aviation do-
main [47]. Our strategy is to analyze safety events

Bhttps://www.inbas.cz/aviation-safety-ontology
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that lead to incidents or accidents, and explain fac-
tors, that contribute to these safety events. Thus, Avi-
ation Safety Ontology consists of the common avia-
tion domain concepts, such as objects (e.g., aircraft,
crew, aerodrome) and events (e.g. flight, accident) and
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all safety reports in aviation safety domain, i.e., all
safety reports that are created to inform about all ac-
cidents or incidents in aviation domain [47]. The on-
tology consists of /19421 axioms, 6895 logical axioms,
1725 classes and 129 Object Properties. We built Avi-
ation Safety Ontology on top of the Unified Founda-
tional Ontology (UFO)'* [23, 56]. Figure 10 depicts
basic concepts in Aviation Safety Ontology that are
represented in UFO.

For evaluation, we answer examples of foundational
patterns instances by running the following queries
against selected triple stores. The data set consists of
25000 triples.

— QI’: What are the tropes (properties) that inhere
in the air traffic control agent? (instance pf P1)

SELECT DISTINCT ?term FROM NAMED

<http://onto.fel.cvut.cz/
ontologies/ufo/Endurant>

WHERE {GRAPH ?g {{ ?term ufo:
inheresIn aviation-safety:
air_traffic_control_agent}

b}

— Q2: what are the Participants of a Damage event?
(instance pf P2)

SELECT DISTINCT ?term FROM NAMED

<http://onto.fel.cvut.cz/
ontologies/ufo/Perdurant>

WHERE {GRAPH ?g {aviation-safety
:Damage_manifestation ufo:
has_participant ?term} }

— Q3: What are the parts of a specific Flight? (in-
stance pf P4)

SELECT DISTINCT ?term FROM NAMED

<http://onto.fel.cvut.cz/
ontologies/ufo/Perdurant>

WHERE {GRAPH ?g {?term ufo:
is_part_of aviation-safety:
Fligt-i} }

— Q4: Who performs Ground handling operation-i?
(instance pf P8)

4http://onto.fel.cvut.cz/ontologies/ufo/current/index-en.html

SELECT DISTINCT ?term FROM NAMED

<http://onto.fel.cvut.cz/
ontologies/ufo/Endurant>

WHERE {GRAPH ?g {?term ufo:
performs aviation-safety:
Ground_handling_ operation-i}

}

— Q5: Select everyone that performs actions in avi-
ation domain and filter all participating relation?
(instance pf P8 and P2)

SELECT ?term
FROM NAMED
<http://onto.fel.cvut.cz/

ontologies/ufo/Perdurant>
WHERE {GRAPH ?g {
?x ufo:is_performed_by ?name
FILTER (

NOT EXISTS {
?x ufo:has_participant ?name

}

b}

The result are presented in the figures 11 and 12.

Moreover, we run the previous queries (Q1, Q2, Q3,
Q4) on the aviation ontology without applying UFO
index (the UFO indexing technique is described in de-
tails in [3]) in order to compare the performance of
triple stores with and without UFO. Where, in figures
13 and 14, the left set of bars is UFO with UFO in-
dex, while the right three bars are without UFO in-
dex. These figures indicate that using UFO-indexing
approach makes the search process easier and faster, as
we demonstrated in [3].

7.4. UDG Data VS Aviation Safety Existing Data

In this section, we optimize the foundational pat-
terns by running the same following foundational
queries on the same size of both generated and safety
data (around 26000 triples). Our goal is to show how
these foundational patterns are applicable for any data
set based on a unified foundational ontology, i.e., we
can run these fondational pattern for different UFO
based data sets.

— QI: who are the participants in all event in each
data set?
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SELECT DISTINCT ?2object ?event
FROM NAMED

<http://onto.fel.cvut.cz/
ontologies/ufo/Perdurant>

WHERE {GRAPH ?g {?event ufo:
has_participnt ?object} }

— Q2: What are all properties in each data set and
in which entity inhere?

SELECT DISTINCT ?trope ?entity
FROM NAMED

<http://onto.fel.cvut.cz/
ontologies/ufo/Endurant>

WHERE {GRAPH ?g ?entity ufo:
has_trope ?trope} 1}

— Q3: What are all Actions that happened in both
data sets with their parts?

SELECT DISTINCT ?event ?subEvent
FROM NAMED

<http://onto.fel.cvut.cz/
ontologies/ufo/Perdurant>

WHERE {GRAPH ?g {?event ufo:
has_part ?subEvent} 1}

Figures 15 and 16 present the mean values and
standard deviations of the execution queries time
on both data sets.

8. Experiments Discussion

In this section, we discuss the performance of triple
stores after running the above different foundational
SPARQL queries and the SPARQL features that we
used within those queries against them. From the ex-
periments that we did on different triple stores with dif-
ferent data sets sizes and types (i.e., generated data and
existing real data). It is clear that the performance of
Fuseki Jena-TDB is the lowest of all triple stores and
for all data set sizes. However, RDF4J (Sesame) is bet-
ter than GraphDB, taking into the consideration that in
many cases, RDF4] is almost equal to GraphDB per-
formance. Also, in our experiment, we have shown a
significant performance increase on a relatively small
data sample for all foundational queries, i.e., the size
of data set plays an important role in a triple store per-
formance.

Regarding the number of results, all of the three
triple stores return the same number of results. How-
ever, GraphDB triple store didn’t return any results
with respect to query 5 in aviation safety data sets (real
data). The problem that, this query involves the feature
FILTER with NOT EXIST which seem not supported
by GraphDB free.

Moreover, the results of the real data set validation
were checked by a domain expert, who confirmed their
correctness and the usability of foundational ontolo-
gies in developing safety domain ontologies.

It is interesting to note that foundational patterns al-
lowed us to run the same queries in different data sets
as we demonstrated in section 7.4. However, the per-
formance of triple stores w.r.t. real word data was bet-
ter than generated data.

We did not compare our foundational benchmark
with other benchmark in this work, because our bench-
mark is aimed to be used on foundational-based on-
tology, and there is no such benchmark which brings
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the novelty to our approach. But, we compare triples
stores with and without ufo index which is the most
interesting thing. The results show that using UFO-
indexing approaches make the results retrieval process
faster, see figures 13 and 14. Also, the results indicates
that performance of Fuseki Jena-TDB is the lowest and
RDF4] (Sesame) is the best.

9. Conclusion

In this paper, we proposed a foundational bench-
mark that optimizes SPARQL queries on foundational
based domain ontologies. We used this benchmark for
evaluating the performance of different triple stores on
both real world and generated data. For this purpose,
we created a foundational data generator that generates
a big data based on a UFO model.

Furthermore, we indexed all data sets using our
foundational indexing technique which shows faster
results. The benchmark is applicable in any founda-
tional grounded domain ontology, i.e., we can run the
same queries in different domains.

Several improvements can be planned for future
work to cover more SPARQL features with OWL en-
tailment regimes. Also, for future work, we wil do
more evaluation for our UFO indexing approach by
generating larger data and we will compare more triple
stores with bigger sizes of UFO based indexed data
sets.
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Appendix A.
The Experiments Results

We present here the results in numbers (mean value
and standard deviation of execution query time) of the
benchmark experiments on triples stores:
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Table 4
Mean Value ¢ of Execution Query Time for 200000 triples
Q1 Q2 Q3
RDF4J 413ms 431ms 405 ms
JenaT DB 431ms 521ms 409 ms
GrapgDB 420ms 470ms 401 ms
Table 5
Standard Deviation o~ of Execution Query Time for 200000 Triples
Q1 Q2 Q3
RDF4J 14 ms 13 ms 7 ms
FusekiJena 21ms 18ms
20 ms
GrapfDB 13ms 16ms 11 ms
Table 6
Mean Value ¢ of Execution Query Time for 500000 triples
Q1 Q2 Q3
RDF4J 438ms 444ms 393 ms
FusekiJena 582ms 649ms 585ms
GraphDB 565 ms 472ms 378 ms
Table 7
Standard Deviation o of Execution Query Time for 500000 Triples
Q1 Q2 Q3
RDF4J 16 ms 13 ms 8 ms
FusekiJena 27ms ms 27
24 ms
GrapfDB 16 ms 16 ms 19 ms
Table 8
Mean Value ¢ of Execution Query Time for Million triples
Q1 Q2 Q3
RDF4J 449ms 576ms 536 ms
FusekiJena 671ms 650ms 652 ms
GrapfDB 628ms 693ms 459 ms
Table 9
Standard Deviation o~ of Execution Query Time for Million triples
Q1 Q2 Q3
RDF4J 11 ms 12 ms 8 ms
FusekiJena 24 ms 23ms 32 ms
GrapfDB 18 ms 11 ms 20 ms
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Table 10
Mean Value ¢ of Execution Query Time for Real Data
Q1 Q3 Q4 Q5
RDF4J 408ms 396ms 364 ms 393 ms 480 ms
FusekiJena 480ms 460ms 445 ms 425 ms 510ms
GraphDB 412ms 401ms 397 ms 389 ms -
Table 11
Standard Deviation o~ of Execution Query Time on Real Data
Q1 Q3 Q4 Q5
RDF4J 4 ms 6 ms 8 ms 12 ms 17 ms
FusekiJena 34ms 9ms 34 ms 47 ms 48 ms
GraphDB 3ms 10ms 12 ms 12 ms -
Table 12
Mean Value ¢ of Execution Query Time with and without UFO s
Q1 (With UFO / With- Q2 Execution Query | Q3 Execution Query | Q4 Execution Query
out UFO) Time with and without | Time with and without | Time with and without
UFO UFO UFO
RDF4J 408/778 ms 396/772 ms 364/688 ms 393/685 ms
FusekiJena 480/803ms 460/811ms 445/782 ms 425/763 ms
GraphDB 412/772 ms 401/785 ms 397/358/692 ms 389/701 ms
Table 13
Standard Deviation o~ of Execution Query Time with and without UFO s
Q1 (With UFO / With- Q2 Execution Query | Q3 Execution Query | Q4 Execution Query
out UFO) Time with and without | Time with and without | Time with and without
UFO UFO UFO
RDF4J 4/32 ms 6/29 ms 8/57 ms 12/42 ms
FusekiJena 34/413ms 9/54s 34/66 ms 47/61 ms
GraphDB 3/31 ms 10/49 ms 12/44 ms 12/39 ms
Table 14
Mean Value ¢ of Execution Query Time for both Data Sets
Q1 (generated / real) Q2 (generated / real) Q3 (generated / real)
RDF4J 453/322 ms 472/375 ms 432/344 ms
FusekiJena 491/399ms 521/414ms 530/401 ms
GraphDB 460/377 ms 498/320 ms 501/358 ms
Table 15
Standard Deviation o~ of Execution Query Time for both Data Sets
Q1 (generated / real) Q2 (generated / real) Q3 (generated / real)
RDF4J 13/5 ms 20/12 ms 14/10 ms
FusekiJena 44/33ms 23/12ms 36/32 ms
GraphDB 21/6 ms 32/21ms 36/17 ms
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