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Abstract—The main objective of eRobotics is to cope with the
complexity in the development and lifecycle of current robotic and
mechatronic systems. A key technology for eRobotics applications
are Virtual Testbeds, a more holistic approach to 3D simulation
that considers the entire system under study within its opera-
tional environment modeled in so-called Semantic World Models.
Ideally, this complex data should be managed using database
technology instead of flat file formats. However, existing related
approaches fail to fulfill all the identified requirements. Thus,
we present a new database synchronization concept whose basic
idea is to use local in-memory simulation databases (SimDB) and
synchronize them to a central, external database (ExtDB). In this
paper, two new realizations of this concept are presented using
two different choices for ExtDB: The first is based on an object-
relational mapping approach, the second uses the graph database
Neodj. Both approaches are described in detail, evaluated, and
finally compared to each other. In conclusion, both approaches
are very well-suited but the actual choice depends the concrete
application scenario.

Keywords—eRobotics; Semantic World Models; Data Manage-
ment; Object Relational Mapping; Graph Database.

I. INTRODUCTION

The work at hand combines the results from our two
previous publications [1] [2] and extends them by a more com-
prehensive motivation and a comparison of the two approaches.

Current robotic applications are characterized by complex
system structures and expensive hardware prototypes. The
eRobotics approach [3], a branch of eSystems Engineering
like eHealth or eGovernment, is used to cope with these
difficulties by combining the usage of electronic media, sim-
ulation technology and robotics concepts. It covers not only
the development, but the whole lifecycle of robotic systems.
The flexibility of eRobotics enables its usage in other fields
of application: The modeling and simulation of environmental
scenarios (forest, buildings or whole cities), industrial automa-
tion applications, and mechatronic systems like satellites in
general (Figure 1).

An important method in eRobotics is 3D simulation. Ac-
cording to [4], the term simulation itself can be defined as the

” - - ; . Figure 1. Exemplary eRobotics applications: A wood harvester in its
preparation, execution and evaluation of targeted experiments operational environment, a distributed city simulation scenario and Virtual

with a simulation model”, where a model is defined as a Testbed of the International Space Station (ISS).
“simplified reproduction of a planned or existing system”.
Accordingly, a model used in 3D simulations focuses on a
system’s spatial properties and behavior. The basis of any
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eRobotics application is a Semantic World Model, a compre-
hensive 3D model of the system under study itself and its
operational environment. It focuses on the problem domain
using a domain specific data schema and allows for an inherent
interpretation of its meaning. In particular, such models go
beyond purely geometric descriptions that are often optimized
for rendering only.

Semantic World Models are the basis for so-called Virtual
Testbeds (VTBs), a more holistic approach to 3D simulation
that considers the entire system under development including
its operational environment. In contrast, a standard simulation
usually covers and examines only very specific aspects in
detail. A VTB, in turn, can be used for various approaches
such as simulation-based optimization, reasoning and control.

This can be summarized by the term Simulation-based X,
with

e X = Optimization: The VTB is used during the de-
velopment phase of the system. By running different
simulations with varying system structures and prop-
erties the best alternative can be chosen.

e X =Reasoning: The VTB is used by the system in live
operations, serving as a mental model of the system.
This model can be used for optimized decision-making
by simulating different action alternatives.

e X = Control: A control for a device or process is
developed within the VTB (using above mentioned
simulation-based optimization). By exchanging the
virtual sensors and actuators with their physical coun-
terpart, this control can then be used on the physical
device or process, without further implementation or
adaption.

An example is given in Figure 2.

Figure 2. Difference between a simulation (of a single laser scanner), a
Virtual Testbed (of a laser scanner equipped wood harvester and its
operational environment) and Simulation-based X (user interface of a
Simulation-based Control approach).

The inherent properties of Semantic World Models are
very similar to those of 3D data like Computer-aided Design
(CAD) data. Typically, they consist of a huge number of
parts with many different types that feature a hierarchical
structure with interdependencies. When developing eRobotics
applications, this complexity needs to be managed appropri-
ately. For that purpose, instead of widespread flat 3D file
formats, the usage of database technology is recommended.
Database technology provides many advantages for modern
eRobotics applications. Multi-user support with access rights
management, safe transactions and concurrency control can
allow large development teams or distributed components to
corporately work on complex systems. Semantic World Models
like environmental models (e.g., forests or cities) or the ISS
benefit from database management systems’ (DBMS) support
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for managing huge amounts of data using techniques like
(spatial) indexing or distributed databases. Query languages,
data independence, and client-server architectures allow for the
decoupling of concerns between simulation and data manage-
ment. Schema support and metadata allow to centrally define
a “common language” for (possibly heterogeneous) software
components in the development and the whole lifecycle of
eRobotics applications.

In particular, five main requirements for a data management
approach for eRobotics applications can be identified:

1)  Following [5], object-oriented data modeling is opti-
mal to cope with the aforementioned complexity of
CAD data and thus of Semantic World Models. Thus,
it must be supported by the approach.

2) In eRobotics applications not only the data, but also
the processes are complex. They are made manage-
able by using distributed approaches like distributed
simulation, distributed data processing, distributed
modeling (collaboration), distributed data acquisition,
or distributed control architectures. Thus, a data man-
agement approach must also feature a distributed
architecture, in particular, to replicate data to different
clients, sites or projection screens.

3)  For simulation and rendering, Semantic World Model
data must be available in memory in every simula-
tion cycle. Thus, the approach must use in-memory
technology to keep necessary data available for (live)
simulation.

4)  Semantic World Models use domain specific data
schemata that focus on the problem domain and
allow for an inherent interpretation of their meaning.
Thus, an appropriate data management approach for
eRobotics applications must flexibly adapt to differ-
ent schemata to make it universally applicable in
many scenarios. Examples for such data schemata
are CityGML for cities, ForestGML for forest and
forestry models, Industrial Foundation Classes (IFC)
[6] for building information modeling (BIM) sce-
narios, Automation Modeling Language (Automa-
tionML) [7] in industrial automation applications, or
Systems Modeling Language (SysML) [8] for system
specifications.

5)  Finally, Simulation-based X approaches need to be
supported. For X=Optimization and X=Reasoning,
simulation runs need to be recorded and analyzed.
Ideally, this can be realized using an integrated
versioning or temporal data management that is
independent of the specific application schema to
make it available to all eRobotics applications. For
X=Reasoning and X=Control, the identical model and
thus the identical data management approach must be
reusable in live operation.

The rest of this contribution is structured as follows. In the
next section, related work is identified representing the state
of the art in managing 3D data using database technology.
Section III introduces the basic idea of database synchroniza-
tion that builds the basis for the two approaches presented in
Section IV and Section V. In Section VI, both approaches are
compared before Section VII gives a conclusion.
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II. RELATED WORK

A variety of applications similarly work with 3D data
like Augmented Reality applications, collaborative Virtual
Environments, applications for city or building modeling and
planning, or Product Data Management (PDM) systems, which
are particularly used for managing CAD or other CAx (e.g.,
Computer-aided Engineering or Computer-aided Manufactur-
ing) data. Mostly, they use object-oriented data modeling [9]
[10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22]
[23]. Among such applications, different motivations for using
database technology can be identified:

e  Persistence [9] [13] [14] [15] [18] [19] [20] [21] [22]
[23] [24]

e  Query capabilities [13] [14] [15] [16] [17] [19] [20]
[21] [22] [23]

e  Multiuser support [10] [13] [14] [15] [16] [18] [20]
[21] [22] [23] [25]

e  Client-server model [10] [22] [23] [26]

e Large model data [10] [11] [12] [17] [18] [22] [23]
[27]

e  Access control and rights management [17] [22] [23]
[24]

e Internet data provisioning [11] [12] [18] [19] [20] [21]
[22] [23] [27]

e  Temporal data management / versioning [19] [22] [23]
e Integration of existing databases [28]
e Integration of different data formats [11] [12] [22] [23]

Thus, related applications have similar reasons for the
adoption of database technology. In all of them, different
approaches are used to integrate databases into the application.
Sometimes, databases are used to store additional information
(meta information, documents, films, positions, hierarchical
structure ...) on scene objects or parts [22] [23] [24] [27] [28]
[29] [30] [31] [32] [33] [34] [35] [36] [37]. However, for eR-
obotics applications, the whole Semantic World Model should
be managed using database technology to obtain the referred
benefits for all its objects and their properties. This ensures
that every aspect is queryable, distributable, and versionable
and that the complete application schema is reproduced in
the database to enforce it as a common language for all
subsystems.

Other systems use a database to store scene data itself, but
not all of them with an object-oriented data modeling, which is
ideally suited for Semantic World Models. Another important
aspect for eRobotics applications is the support for arbitrary
application schemata. Many systems use a generic (scene-
graph-like) geometric model, in most cases with attributes
[11] [17] [18] [19] [20] [26] [27]. In such scenarios, schema
flexibility can be achieved to a certain extent by providing
import (and export) to different file formats [11] [38] [39]
[40]. Some approaches support different or flexible schemata.
For example in [26], schema alteration is realized by adding
attributes to generic base objects. Other systems support a
selection of different static [11] or dynamic [10] [17] schemata.
However, most approaches focus on a specific field of appli-
cation, thus, requiring and supporting only a corresponding
fixed schema. This is very common and described in many
similar publications presenting applications with a 3D context,
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for example many from the field of BIM [41] [42] [43] [44]
[45] [46] [47]. While PDM systems [22] [23] in principle
support arbitrary schemata they are not explicitly reflected
within the database schema due to their “black box integration”
approach. Similar vaulting-based approaches with a 3D context
can be found in other publications [48] [49] [50] [51] [52].
However, to flexibly support various eRobotics applications,
arbitrary application schemata of Semantic World Models need
to be explicitly supported. Most scenarios provide a distributed
architecture in terms of multiuser support, a client-server
model, or access control and rights management. However,
only some build it on a Distributed-Database-like approach
[10] [18] [25] with client-side databases. The latter is favorable
for eRobotics applications, e.g., to provide schema flexibility
or a query interface on client-side, as well. Finally, some
approaches support temporal data management or versioning
[19] [22] [23] [38] [39] [40] [41] [43] [44] [48] [52] [53]
[54] [55]. In most cases, these approaches require special
schema structures and many are based on file vaulting. To
be flexibly used in eRobotics applications, however, it needs
to be available for arbitrary application schemata.

Thus, especially due to deviant motivations, there is no
single approach fulfilling all the requirements identified for
managing Semantic World Models in eRobotics applications.
This was the motivation for the development of our basic
concept of database synchronization presented in the next
section.

III. DATABASE SYNCHRONIZATION CONCEPT

Based on the requirements described above and as previ-
ously shown in [56] [57], we developed a new database syn-
chronization concept ideally suited for eRobotics applications.
Its basic idea is to combine and synchronize two types of
databases (Figure 3): Each 3D simulation system uses a local
database (dubbed SimDB) as its core data management com-
ponent. This database is an active, in-memory database whose
main purpose is to cache the shared Semantic World Model
and to build the basis for its runtime execution. All instances
of SimDB are synchronized to an external database (dubbed
ExtDB). It centrally manages the shared model, provides a
persistence layer, can be used for versioning and serves as a
communication hub for the distributed system.

SimDB
Semantic 2

/)| | World Model

< ExtDB >

Semantic |
World Model é@‘n |

3D Simulation a Semantic
System World Model éf

3D Simulation e
System

Semantic
World Model

Figure 3. Basic idea of the database synchronization approach for eRobotics
applications that synchronizes databases on four levels.
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The synchronization component between each pair of
ExtDB and SimDB performs a synchronization on four dif-
ferent levels:

1)  On schema level, the schema is synchronized from
ExtDB to every SimDB to make the whole distributed
system “speak the same language”.

2)  On data level, instance data is replicated on demand
from ExtDB to SimDB and kept in sync to make the
shared Semantic World Model available to the 3D
simulation systems.

3) On a semantic level, where necessary, native data in
application specific schemata (e.g., SEDRIS [58]) is
selectively translated to allow for an interpretation by
the simulation system.

4)  On a versioning level, a temporal database is used
for ExtDB to synchronize snapshots to SimDB and
to make the history of changes to the Semantic World
Model persistent.

The question which arises now is, which database tech-
nology is best used when implementing this concept. For
SimDB, we successfully utilize the simulation database VSD
(Versatile Simulation Database) of the 3D Simulation System
VEROSIM (Virtual Environments and Robotic Simulation
[59]). VEROSIM was originally developed as a virtual reality
and robot simulation system. Due to its flexible nature, it has
become the basis for the development of various eRobotics ap-
plications in the fields of industrial automation, space robotics
and environmental modeling. All its rendering and simulation
techniques are based on VSD, an object-oriented, in-memory
database. Similar to the common scene-graph, VSD builds
a graph-like structure by means of objects and references
in between. However, unlike scene-graphs, it does not only
support a fixed set of generic node types. VSD rather provides
means to freely configure a schema for its objects. By offering
views on its contents, time-critical components like rendering
and simulation can still quickly access their respective part
of interest without repetitively traversing the whole graph. A
VSD schema describes the structure as well as the behavior
of its objects. That is, the simulation logic is not externally
applied to the Semantic World Model but is in fact part of the
objects it comprises. For that reason, VSD can be called an
active database. Last but not least, VEROSIM and VSD are
based on C++ and provide a proprietary meta system.

In VSD, objects are called instances and are characterized
by properties. Such properties can either be value properties
(Val-Properties) with basic or complex data types or reference
properties. The latter model 1 : 1 (Ref-Properties) or 1 : n
(RefList-Properties) directed relationships between instances.
Furthermore, these relationships can be marked to contain
target instances using an autodelete flag allowing to model
UML (Unified Modeling Language) composite aggregations.

VSD comprises a meta information system providing ac-
cess to its schema and also to specify its schema. So-called
meta instances describe an instance’s class (name, inheritance,
etc.) and so-called meta properties its properties (name, type,
etc.). Figure 4 shows VSD’s data model.

For ExtDB, we currently use a generic, third-party object-
relational mapper (OR mapper) called SupportGIS-Java (SGJ)
[60] in combination with standard relational back-ends (mostly
PostgreSQL [61]). SGJ’s main purpose and field of application
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Figure 4. VSD data model (top: metadata, bottom: instance data).

is managing geodata for GIS (Geographic Information Sys-
tem). Thus, an import principle is its adherence to international
standards like GML (Geography Markup Language [62]). SGJ
flexibly supports arbitrary object-oriented application schemata
by using a generic base schema within the back-end. This base
schema is used to flexibly store a description of the respective
application schema in terms of management table entries and
generic data tables. This flexibility motivated our usage of SGJ
in many different eRobotics applications.

However, a drawback of this current solution is the need
for an additional translation layer between SimDB, the syn-
chronization interface and ExtDB (Figure 5). To persist a new
VSD instance, it firstly has to be translated into an object of
the SGJ API (Application Programming Interface). This object
representation is then translated into a relational representation.
The same (in reverse order) applies to loading data into VSD.

I;D Simulation Semantic
ystem World Model

Figure 5. Drawback of the current SGJ-based solution: An additional
translation layer between SimDB and ExtDB.

Thus, we evaluated alternative choices for ExtDB in two
student projects. The first is an OR mapper solution directly
built into the synchronization component and, thus, omitting
the additional layer currently imposed by SGIJ. In the proto-
type it is also combined with a PostgreSQL back-end. The
main motivation for using an OR mapper is the same: The
prevalence, matureness and well-defined theoretical basis of
relational database management systems (RDBMS) lead to an
extensive software availability but also to wide user acceptance
especially in business and industry. The OR mapper-based
approach is presented in the next section. The second approach
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uses graph database technology, namely the graph database
Neo4j [63] [64]. The study was mainly motivated by VSD’s
graph database like structure and the drawbacks of OR map-
per solutions subsumed by the well-known object-relational
impedance mismatch. This second approach is presented in
Section V.

IV. DIRECT OBJECT-RELATIONAL MAPPING APPROACH

The most widespread database paradigm is the relational
data model. If relational databases should be used as a
persistence layer for object-oriented 3D simulation systems,
a mapping has to be defined bridging the differences be-
tween both paradigms. These differences are summarized as
the object-relational impedance mismatch. The term object-
relational mapping (OR mapping) describes the process of
mapping the objects of an application (here, a 3D simulation
system) to table entries of a relational database and vice versa.
A manual mapping between the object-oriented concept and
the relational database model is complex and error-prone so
that object-relational mappers (OR mappers) are used. An
OR mapper is a tool that builds a translation layer between
application logic and relational database to perform a semi-
automatic object-relational mapping.

3D Simulation Systeml

Relational Database|

table795

a tupleid <<PK>>| name

Q bigint text

00 =X N ‘
Runtime N S 143 theta
Database 5 144 d
145 a

146 alpha | ...

Figure 6. OR mapping for a 3D simulation system with an object-oriented
runtime database (data: [65]).

In this section, we present an OR mapper for 3D simulation
systems with an object-oriented runtime database and a meta
information system, see Figure 6. The work was conducted
as a student project and is based on our previous work as
introduced above. A prototypical implementation is based on
the 3D simulation system VEROSIM and PostgreSQL as an
RDBMS. However, the underlying approach itself provides
database independence allowing the usage of other RDBMSs.
A key aspect of the presented OR mapping is the schema
mapping that is built during a schema synchronization. The
introduced concept considers both forward and reverse map-
ping. Furthermore, the OR mapper supports change tracking
and resynchronization of changes. The OR mapper provides an
eager and a lazy loading strategy. The prototype is evaluated
using simulation models for industrial automation and space
robotics (Figure 16).

A. State of the Art

Some RDBMSs provide additional object-relational fea-
tures. For example, PostgreSQL supports some object-oriented
extensions like user defined types or inheritance. However,
these features are not provided uniformly by all RDBMSs
contradicting the desired database independence. Therefore,
the OR mapping is realized with standard relational concepts
only.
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There are several references in literature dealing with the
differences between object-oriented concepts and the relational
data model. To solve the object-relational impedance mismatch
and successfully generate an OR mapper, it is important to
consider the properties of both paradigms and the consequent
problems. For example, one main idea of object-orientation
is inheritance [66]. However, the relational data model does
not feature any comparable concept. Thus, rules have to be
defined how inheritance can be mapped onto table structures.
Further differences between both paradigms that contribute to
the object-relational impedance mismatch are polymorphism,
data types, identity, data encapsulation, and relationships.

The following subsections summarize the state-of-the-art
of theoretical mapping strategies for inheritance, relationships
and polymorphism.

1) Inheritance: The approaches to map objects onto tables
differ in to how many tables one object is mapped. Most
authors name three standard mapping strategies for inheritance.
They are illustrated in Figure 8 regarding the exemplary
inheritance hierarchy from Figure 7.

Vehicle
maker
Bicycle Car
saddle engine
Cabriolet
top

Figure 7. Exemplary inheritance hierarchy (adapted from [67, p. 62f]).

The first strategy is named Single Table Inheritance [67]
and maps all classes of one inheritance hierarchy to one table,
see Figure 8(a). A discriminator field is used to denote the type
of each tuple [68]. An advantage is that all data is stored in one
table preventing joins and allowing simple updates [67, p. 63].
Unfortunately, this strategy leads to a total denormalization,
which is contrary to the concept of relational databases [68].

<<table>>

‘ <<table>>
Bicycle Vehicle
maker maker
saddle
<<table>> <<table>>
Vehicle <<table>> Bicycle
maker Car saddle
saddle maker
engine engine <<table>>
top Car
type <<table>> engine
Cabriolet
maker <<table>>
engine Cabriolet
top top
(a) Single Table (b) Concrete Ta- (c) Class Table

Inheritance. ble Inheritance. Inheritance.

Figure 8. Standard mapping strategies for inheritance (adapted from [67, p.
621]).

The Concrete Table Inheritance [67] strategy maps each
concrete class to one table, see Figure 8(b). This mapping
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requires only few joins to retrieve all data for one object.
A disadvantage is that schema changes in base classes are
laborious and error-prone [67, p. 62f].

The third standard mapping strategy for inheritance is
named Class Table Inheritance [67] and uses one table for
each class of the hierarchy, see Figure 8(c). It is the easiest
approach to map objects onto tables [67, p. 62] and uses a
normalized schema [68]. However, due to the use of foreign
keys, this approach realizes an is-a relationship as a has-a
relationship [68]. Thus, multiple joins are necessary if all data
of one object is required. This aspect can have an effect on
performance [67, p. 62f] [69, p. 7].

Another possibility to map objects onto tables not men-
tioned in every reference on OR mapping is the generic
approach [70]. It differs from the strategies mentioned above as
it has no predefined structure. Figure 9 shows an exemplary
set-up, which can be extended as required. The approach is
particularly suitable for small amounts of data because it maps
one object to multiple tables. It is advantageous if a highly
flexible structure is required. Due to the generic table structure,
elements can easily be added or rearranged [70].

Inheritance
<<Associative Table>>

ObjectPOID <<PK>> ClassPOID <<PK>>|2 0..*| SuperClassPOID <<PK>><<FK>>
AttributePOID <<PK>> <<FK>>| | Name SubClassPOID <<PK>><<FK>>

Value: VARCHAR(128)
1.* 1

Value Class

A describes
1 1.*
" AttributeType
Attribut <<Lookup Table>>
AttributePOID <<PK>> 0.* 1| AttributeTypePOID <<PK>>
Name Description
AttributeTypePOID <<FK>>|
ClassPOID <<FK>>

Figure 9. Map classes to generic table structure (adapted from [70, Chapter
2.4]).

In conclusion, there is no single perfect approach to map
objects onto tables yielding an optimal result in all situations.
Instead, a decision has to be made from case to case depending
on the most important properties. For this purpose, the three
standard mapping strategies for inheritance can also be com-
bined, however, to the disadvantage of more complexity [67,
p- 63].

2) Relationships: In contrast to relationships between two
objects, which can be unidirectional, relationships between
tables in a relational database are always bidirectional. In
unidirectional relationships, associated objects do not know
if and when they are referenced by another object [69]. Due
to the mandatory mapping of unidirectional onto bidirectional
relationships, information hiding cannot be preserved regard-
less of the relationship’s cardinality, i.e., 1:1 (one-to-one), 1:n
(one-to-many) or n:m (many-to-many) relationships.

1:1 relationships can simply be mapped onto tables using
a foreign key. To map 1:n relationships, structures have to
be reversed [70] [67, p. 58f]. In case of n:m relationships,
additional tables are mandatory: A so-called association table
is used to link the participating tables [70] [67, p. 60]. It is
also possible to map an n:m relationship using multiple foreign
keys in both tables if constant values for n and m are known
[70].

International Journal on Advances in Software, vol 10 no 1 & 2, year 2017, http://www.iariajournals.org/software/

84

Several references describe the aforementioned mapping
strategies for relationships. Besides, [71] describes an approach
using an additional table regardless of the cardinality. Thus,
objects can be mapped onto tables regardless of their relation-
ships. Following [71], one disadvantage of the aforementioned
approaches is the violation of the object-oriented principle of
information hiding and abstraction. Furthermore, tables are
cluttered by foreign key columns, which reduce maintainability
and performance. The authors prove (by a performance test)
that their own approach shows no performance degradation
[71, p. 1446f].

3) Polymorphism: Polymorphism is an essential concept in
object-orientation. However, relational databases do not have
any feature to reference entries of different tables by one
foreign key column. The target table and column have to be
explicitly defined for each foreign key constraint. It is not
possible to define a foreign key that references more than
one table [72, p. 89]. Thus, a mapping is required to map
polymorphic associations onto a relational database. Following
[72], [73], there are three mapping approaches for polymorphic
associations.

The first approach is named Exclusive Arcs and uses
a separate foreign key column for each table that can be
referenced by the polymorphic association, see Figure 10. This
approach requires NULL values for foreign key columns. For
each tuple, at most one of the foreign key columns may be
unequal to NULL. Due to foreign key constraints, referential
integrity can be ensured. However, the administrative effort for
the aforementioned NULL rule is high. An advantage of this
approach is that queries can easily be formulated.

Owner [ Car
1D<<PK>>| Name |Prename|Car<<FK>>| Cabriolet<<FK>>|Bicycle<<FK>> ID<<PK>>| Color | ... |

1234 |Miiller| Hans 101 null null - 101 black
2456 |Miller|Lieschen 112 null null F-{ 112 red
5634 | Meier| Ernst null null 87 M

: Bicycle

i ID<<PK>>[Modell ...

-

Figure 10. Mapping of polymorphic associations using Exclusive Arcs.

Another approach is named Reverse the Relationship and
is shown in Figure 11. It uses an intermediate table with
two foreign key columns like the aforementioned approach
for n:m relationships. Such an intermediate table has to be
defined for each possible type (table) that can be referenced by
the polymorphic association [72] [73]. The application has to
ensure that only one entry of all subordinate tables is assigned
to the entry of the superordinate table [72, p. 96ff].

Owner Cars Car
ID<<PK>>| Name |Prename| |Owner<<FK>>| Car<<FK>> 1D<<PK>>| Color | ... |
1234 [Muller| Hans [ 1 1234 101 Ml 101 black] ... |
2456 |Miiller| Lieschen [ 1 2456 112 Ml 112 red
5634 | Meier| Ernst |
I Bicycles Bicycle
| Owner<<FK>>| Bicycle<<FK>>| |ID<<PK>>|Model ...
] 5634 87 - 87 racer | ...
Figure 11. Mapping of polymorphic associations using Reverse the
Relationship.

The third approach uses a super table (or “base table™)
and is named Base Parent Table. It is based on the basic idea
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of polymorphism where subtypes can be referenced using a
common, often abstract supertype. In most cases, these super-
types themselves are not mapped to the relational database.
The strategy uses a table to represent a supertype for all its
subtypes’ tables as shown in Figure 12.

Owner Vehicles | | Car
ID<<PK>>| Name | Prename| Vehicle<<FK>>| |ID<<PK>>| (ID<<PK,FK>>| Color | ...|
1234 |Mdller] Hans 101 — 101 101 black | ...
2456 [Miller| Lieschen 112 - 112 --[ 112 red
5634 [Meier| Ernst 87 — 87 r
T Bicycle
| ID<<PKFi>>IModell .
87 racer | ...

Figure 12. Mapping of polymorphic associations using Base Parent Table.

Such a base table only consists of one column containing
a primary key value. The assigned subordinate entry has the
same primary key value as the entry of the base table. Thus,
an unambiguous assignment is possible. This approach has the
big advantage that base tables do not have to be considered in
queries. They are only used to ensure referential integrity [72,
p- 100ff].

4) Existing OR Mappers: For a long time, differences
between both the object-oriented and relational paradigm were
bridged by simple protocols like Java Database Connectivity
(JDBC) and Open Database Connectivity (ODBC), which
provide a general interface to different relational databases.
These interfaces have the disadvantage that the programmer
itself is responsible for data exchange between objects and
tables. Due to the mixing of SQL statements and object-
oriented commands, this usually leads to complex program
code that is not easily maintained [68].

OR mappers are used to realize a simpler and smarter
mapping between objects and table entries on the one side
and a clear separation between the object-oriented and rela-
tional layer on the other side. Thus, the application can be
developed independently of the mapping and the database. As
a consequence, different development teams can be deployed
[68].

There are several tools for OR mapping with different
features and documentation. Examples are Hibernate (Java),
NHibernate (NET), ADO.NET Entity Framework (.NET),
LINQ to SQL (.NET), Doctrine (PHP), ODB (C++), LiteSQL
(C++), and QxOrm (C++). Not every existing mapper features
all three standard mapping strategies for inheritance. Another
main difference is how the mapping approach can be specified.
In particular, OR mappers like Hibernate [74] and NHibernate
[75] recommend an XML-based mapping while mappers like
ODB [76] and QxORM [77] recommend the opposite.

The applicability of an OR mapper depends on the utilized
application. In the presented scenario, this is the 3D simulation
system VEROSIM. Thus, an OR mapping is required that
maps data of a runtime database like VSD onto a relational
database. None of the existing OR mappers support a direct
mapping of a runtime database’s meta information system.
They only map object-oriented classes and objects of a specific
programming language. Similarly, the SGJ-based approach
used in our previous work maps a relational database to a
generic object interface that is subsequently mapped to VSD.
Thus, if one of these mappers is used, a second mapping is
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required to map between the meta information system and the
object-oriented layer of the OR mapper (see Figure 5).

Based on meta instances, any VSD instance can be clas-
sified during runtime. This is a key advantage for the OR
mapping with regard to the generation and maintenance of
all mappings. Thus, the decision was made to develop a new
OR mapper. This allows the OR mapping to be tailored to the
requirements of runtime simulation databases like VSD.

B. Approach

A basic decision criterion for OR mapping is the def-
inition of the database schema. Given an existing object-
oriented schema, forward mapping is used to derive a relational
database schema. In contrast, if the initial situation is a given
relational database schema, reverse mapping is used to derive
an object-oriented schema. As already mentioned, database
independence is a key aspect of OR mapping. In reverse map-
ping, this aspect is omitted as a specific database schema of a
particular RDBMS is used as the basis for the mapping [68].
The focus of the presented OR mapper is forward mapping to
map existing model data of the 3D simulation system onto an
arbitrary relational database. Nevertheless, reverse mapping is
supported in the concept as well to use the 3D simulation
system for other existing databases (see the upper path in
Figure 13).

The designed forward mapping of the presented OR map-
per is briefly described in the following paragraph and the
overall structure of the OR mapper is shown in Figure 13.

First of all, the database schema has to be generated to be
able to store object-oriented simulation data in the relational
database. Subsequently, a schema synchronization defines a
schema mapping between the object-oriented and the relational
schema. More details on this are given in [57]. The schema
mapping defines, which meta instance is mapped to which
table. Based on this mapping, initial simulation model data
can be stored. Generate Schema Based on Meta Information
and Export Model Data in Database are performed only once
and can be seen as the initialization of the OR mapping.
Subsequently, model data can be loaded from the relational
database and updated within the simulation database. A change
tracking mechanism keeps track of changes within the simu-
lation database and allows for their resynchronization to the
relational database.

p

Start
\\7 o,
,// T Yes jssi
~~ Reverse ™7 »GTZ';T&':Z:W':::EQ > Define Schema Import Data from
~~_Mapping? Mapping Database
~ / Instances
~ I
Y No # p .
_~Databasé™._Yes < . No
Sc?weamaasles\ \» Define Schema flmpog I\:Iobdel Dat’z Start Timer and imer Is )
S . rom Database and |7 ired?
\‘\E’resenlrz,/ Mapping Track Changes \E\{(plreq/

| Generate Instances -
~ Yes
No /A\ No

~

Generate Schema Define Schema Export Model Data Wodel Is Be}ﬁg\\ < Update
Based on Meta Mapping in Database | “_Closed? Database
Information ~
i Yes
L End .

Figure 13. Sequence diagram of the presented OR mapping approach.

In most cases, structural aspects are associated with OR
mapping. Behavioral and architectural aspects are often con-
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sidered secondarily although they are not less important [67,
p. 58]. All three aspects should be regarded when developing
an OR mapper.

Architectural aspects define the communication between
business logic and database. The basic principle is not to mix
up the business logic with SQL statements, but rather to use
separate classes for database access. These can be classified in
four strategies: Row Data Gateway, Table Data Gateway, Ac-
tive Record and Data Mapper. To completely isolate business
logic, [67] recommends a Data Mapper. Although this is the
most complex strategy, it is used for the developed OR mapper
to realize an independent layer between the 3D simulation
system and the selected relational database. As a result, both
systems can independently be extended. Furthermore, Data
Mapper is especially well suited for complex structures [67,
p. 49f].

Behavioral aspects define how data can be loaded from or
saved to the relational database. With only a few instances
to manage, it is easy to keep track of loaded, modified or
removed instances and to synchronize these changes with the
database. The more instances must be managed, the more
complex this process gets. In addition, if various users or
processes can access the database, it is even more complex.
Here, it has to be ensured that a loaded instance contains
valid and consistent data. Following [67], the pattern Unit of
Work is indispensable to solve this behavioral and concurrency
problem, see Figure 14. A Unit of Work can be seen as a
control for OR mapping. It registers all loaded, removed or
newly created instances as well as changes. A central concept
of the Unit of Work is that it aggregates all changes and
synchronizes them in their entirety rather than letting the
application call separate stored procedures. Alternatives to a
central Unit of Work are to immediately synchronize changes
or to set dirty flags for each changed object [67, p. 54f].

Unit of Work Identity Mapping

registerNew(instance)
registerDirty(instance)
registerSynced(instance)
registerRemoved(instance)
commit()

primaryKey
nameOfTable
instance

Figure 14. Combination of the patterns Unit of Work and Identity Mapping
(adapted from [67]).

Given its many advantages, a Unit of Work is used in
the presented OR mapper. To avoid repetitive loading of the
same instances, the Unit of Work is combined with the pattern
Identity Mapping as shown in Figure 14. An Identity Mapping
records each instance loaded into the simulation database and
maps it to the related tuple in the relational database. Before
loading an instance from its tuple, the Unit of Work checks if
there already is an Identity Mapping for this instance, which
is especially important for lazy loading [67, p. 55f]. Compared
to literature [67] we extended the dirty mechanism. Instead of
only registering whole instances as dirty, modified properties
are registered as well. This allows to synchronize changes more
efficiently.

The fundamentals of structural aspects are described in
Section IV-A. To minimize the overall number of joins, the
Concrete Table Inheritance strategy was chosen for mapping
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inheritance. Furthermore, two strategies are selected to map
relationships. 1:1 relationships are mapped to simple foreign
key columns whereas 1:n relationships are mapped to asso-
ciation tables. However, this is only possible for monomor-
phic associations. For the polymorphic case, the strategies
described in Subsection IV-A3 have to be evaluated. Due to the
high administrative effort, Exclusive Arcs is inapplicable. The
other two strategies are compared regarding the formulation
of queries. Base Parent Table allows for simpler queries.
However, the theoretical mapping of this strategy (Figure 12)
does not fit in combination with the aforementioned selected
mappings for inheritance and monomorphic associations. In
practice, a subordinated instance can be referenced by both a
monomorphic and a polymorphic association of superordinated
instances. As a consequence, the foreign key constraint could
be violated. So the theoretical mapping of Base Parent Table is
adapted to fit in combination with the aforementioned selected
mappings for inheritance and monomorphic associations as
shown in Figure 15. As an advantage, both the base table and
the additional foreign key column do not need to be considered
in queries. They are only used to ensure referential integrity.

Owner [vehicles]| [ Car
ID<<PK>>| Name [Prename|Vehicle<<FK>>| [ID<<PK>>| |ID<<PK>> Color [base_Vehicle<<FK>>|
1234 [Mdller[ Hans 101 41 101 -4 101 black 101
2456 |Mdller| Lieschen 112 1 112 |-{ 112 red 112
5634 | Meier| Ernst 87 B 87 al
' Bicycle
Space in Bike Station | [ID<<PK>>/Model|base_Vehicle<<FK>>|
ID<<PK>>| Space Number |Bicycle<<FK>> I‘ 87 racer 87
307 1 87  f-------= |89 |e-bike] null
308 2 89  f-------- :

Figure 15. Adapted Base Parent Table mapping of polymorphic associations.

Another important part of an OR mapper is data type
mapping. Data types of the object-oriented data model can
differ from those of the relational data model. Thus, a data
type mapping has to be defined. The developed OR mapper
comprises an interface to use a dynamic data type mapping,
which can be adapted for each database and its related data
types. This is one main aspect of the supported database
independence. Furthermore, the utilized Qt framework [78]
(QSqlDatabase) allows for a vendor-independent database
communication. Altogether, the developed OR mapper can
easily support different RDBMSs.

After schema synchronization, model data can be loaded
from the relational database populating the simulation database
with corresponding instances. A so-called eager loading strat-
egy is used to immediately load and generate all model
instances. The Unit of Work generates an identity mapping for
each loaded instance. This provides an unambiguous mapping
between each loaded instance and the corresponding tuple in
the relational database. Furthermore, a so-called lazy loading
strategy is specified for selectively loading model data from
the database. It is based on the ghost strategy presented in [67,
p. 2271ff]. Here, typically necessary information, like primary
key and table name, is determined for all tuples from all
tables regardless whether the instance is loaded or not. Ghost
instances are generated containing only this partially loaded
data [67, p. 227ff]. The presented OR mapper uses a Ghost
Identity Mapping (Figure 14). The advantage of this modified
approach is that only “complete” instances are present in the
3D simulation system’s runtime database.
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C. Evaluation

As mentioned before, schema generation and synchroniza-
tion work independently of the selected simulation model.
All required structures are defined during schema generation.
In the evaluated configuration of the 3D simulation system
VEROSIM, 910 tables, 1,222 foreign key columns, and 2, 456
association tables are generated to map all meta instances and
1:1 as well as 1:n relationships. The schema generation takes
about 200 seconds on a local PostgreSQL 9.4 installation.
The required schema mapping is built up during schema
synchronization and takes about 2.7 seconds.

Due to its flexibility, the OR mapper can be used for
any simulation model. The prototype is evaluated using two
exemplary models from two different fields of application:
industrial automation and space robotics. Given the current
functional range of the presented prototype, further tests do
not appear to provide any additional insights.

Figure 16(a) shows the first model from the field of indus-
trial robotics. The robot model contains only a few objects so
that only 173 primary keys have to be generated to map all
objects to table entries. It takes about 0.43 seconds to store the
whole robot into the relational database and about 4.7 seconds
to load it.

(a) Industrial robot simulation
model.

(b) Modular satellite simulation
model (data: [65]).

Figure 16. Evaluated simulation models.

The second model (Figure 16(b)) is a modular satellite.
In comparison, it contains much more objects so that 19,463
primary keys are generated to map all objects to table entries.
In this case, it takes about 22 seconds to store all objects of
the satellite and about 7.1 seconds to load all of them from
the relational database.

An overview of the performance values compared to the
proprietary VEROSIM MOD file format is given in Table I.
The results are about factor two slower for loading data, which
is acceptable for a first prototype. However, the overhead
for writing data is especially larger for the more complex
satellite model. This can mainly be explained by the structures
described in Subsection IV-B that have to be build up in the
relational database. This process is far more complex than
linearly writing out model data to the (highly optimized) MOD
file format. Yet again, the optimization of the prototype might
improve these results.

As mentioned in Subsection IV-A4, a comparable interface
to existing ORM solutions would be less efficient as well
as more complex and time-consuming to realize due to the
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TABLE 1. LOADING AND SAVING TIMES OF THE ORM-BASED PROTOTYPE
COMPARED TO PROPRIETARY VEROSIM MOD FILE FORMAT.

ORM File
Robot | Satellite | Robot | Satellite
Loading 4.7s 7.1s 2.5s 3.5s
Saving 0.4s 22s 0.5s 1.0s

necessary second mapping. Thus, we refrain from performing
such comparisons.

V. GRAPH DATABASE APPROACH

Currently, relational databases are dominating the mar-
ket. Due to different problems with scalability and effective
processing of big data with relational databases the field of
NoSQL ("Not only SQL”) databases has emerged [79]. In this
context, the approach of graph databases (GDBs) has become
popular. GDBs save their data in the nodes and edges of a
mathematical graph, in particular, to manage highly linked
information. As such, they are ideally suited for 3D simulation
models. As mentioned above, like in CAD, such 3D data
usually comprises a huge number of parts of many different
types (mostly, each with only few instances), structured hier-
archically with interdependencies. This recommends a graph-
like data structure. For the same reason, the scene graph is a
common approach to manage 3D data at runtime.

[} DATEI BEARBEITEN ANSICHT MODELLIERUNG SIMULATION EXTRAS EENSTER HILFE
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Figure 17. Robot model (from Figure 24) loaded from Neo4;j into the
in-memory simulation database VSD.

In this section, we present an approach for a synchroniza-
tion interface between a GDB and a 3D simulation database,
i.e., the runtime database of a 3D simulation system. The
applied data mapping strategy is bidirectional and in part
incremental. The approach was developed in the context of
a student project and is based on our previous work. Its
feasibility is shown with a prototypical implementation using
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the GDB Neo4;j and the 3D simulation system VEROSIM and
its VSD database (Figure 17).

A. State of the Art

In this section, the necessary basics for our work are
presented.

1) Graph Database Basics: The idea of a GDB relies on
the mathematical graph theory. Information is saved in the
nodes (or vertices) and edges (or relationships) of a graph as
shown in Figure 18. A graph is a tuple G = (V, E), where V
describes the set of nodes and E the set of edges, i.e., v; € V
and e; ; = (v;,v;) € E [80]. To specify records, properties
of nodes and (depending on the GDB) even relationships can
be described by key-value pairs [63]. An important aspect
of GDBs is the fact that all relationships are directly stored
with the nodes so that there is no need to infer them as in
relational databases using foreign keys and joins. Hence, read
operations on highly connected data can be performed very
fast. During a read access, the graph is traversed along paths
so that the individual data records (nodes and edges) can be
read in situ and do not have to be searched globally. Therefore,
the execution time depends only on the traversal’s depth [79].

Material
Type: steel

Axis
Type: Rotation
Transf.: ...

Axis
Type: Rotation
Transf.: ...

Link
Length: 120

Material

Type: Plastic
Figure 18. Graph database of a robot model.

GDBs also provide standard database features like security,
recovery from hard- or software failures, concurrency control
for parallel access, or methods for data integrity and reliability.

In contrast to flat files, using a (graph) database, data can be
modified with a query language. Such languages are a powerful
tool to manipulate the database content so that the data is not
only stored persistently and securely but can also be handled
simply.

2) Neo4j: Neo4j is a GDB implemented in Java. It can
be run in server or embedded mode. Figure 19 shows its data
model. Central elements are nodes and relationships containing
the stored records. These records are described by an arbitrary
number of properties (key-value pairs). Neo4j offers the con-
cept of labels and types to divide the graph in logical substruc-
tures. A node is extendible with several labels characterizing
the node’s classification. Similarly, a relationship is identified
by a type (exactly one). Besides the classification of the data,
this also improves reading performance as just a part of the
graph must be traversed to find the desired record [63] [64].
Apart from that, Neo4j is schemaless, i.e., it does not require
any metadata definition before inserting actual user data.
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Figure 19. Neo4j data model.

All Neo4j accesses are processed in ACID (Atomicity,
Consistency, Isolation, Durability) compliant transactions guar-
anteeing the reliability, consistency and durability of the
database content [79]. Accesses are either performed with
Neo4j’s own query language called Cypher or using its Java
APL

3) Other Graph Databases: Besides Neo4j, there are many
other GDBs in the market. They differ in their conceptual
structure and application area.

DEX is a GDB based on the labeled and directed attributed
multigraph model. All nodes and edges are classified (labeled),
edges are directed, nodes can be extended with properties
(attributes), and edges can be connected with more than two
nodes (multigraph) [81]. The graph is represented by bitmaps
and other secondary structures. DEX has been designed for
high performance and scalable graph scenarios. The good
performance is achieved by the bitmap-based structure and the
indexing of all attributes, which are efficiently processed by
the C++ kernel [82].

Trinity [83] [84] is a memory-based graph store with
many database features like concurrency or ACID-conform
transactions. The graph storage is distributed among multiple
well connected machines in a globally addressable memory
address space yielding big data support. A unified declarative
language provides data manipulation and message passing
between the different machines. The great advantage of Trinity
is the fast access to large data records. It is based on a
multigraph model, which can exceed one billion nodes. Since
there is no strict database schema, Trinity can flexibly be
adapted to many data sets.

HypergraphDB stores its data in a directed multigraph,
whose implementation is based on BerkeleyDB. All graph
elements are called atoms. Every atom is characterized by its
atom arity indicating the number of linked atoms. The arity
determines an atom’s type: An arity larger than zero yields an
edge atom, or else, a node atom. Each atom has a typed value
containing the user data [85].

InfoGrid is a framework specialized in the development of
REpresentational State Transfer (REST)-full web applications.
One part of this framework is a proprietary GDB used for
data management. The graph’s nodes are called MeshObjects,
which are classified by one or more so-called EntityTypes,
properties, and their linked relationships. MeshObjects not
only contain the user data but also manage events relevant
to the node [86].
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Infinite Graph is a GDB based on an object-oriented
concept. All nodes and edges are derived from two basic
Java classes. Thus, the database schema is represented by
user-defined classes. Besides data management, Infinite Graph
provides a visualization tool [87]. Since the database can be
distributed on multiple machines working in parallel, Infinite
Graph can achieve a high data throughput. To manage concur-
rency, a lock server handles the different lock requests [82].

AllegroGraph [88] provides a REST protocol architecture.
With this interface, the user has full control of the database
including indexing, query and session management. All trans-
actions satisfy ACID conditions.

Despite this wide range of GDBs, for the following reasons,
we decide to use Neo4j in our approach:

e In many tests it proves to process data fast and
efficiently,

e it can handle more than one billion nodes — even
enough for extremely large 3D simulation models —
which could be useful in coming stages of extension,

e Neo4j is a full native GDB so that traversal and other
graph operations can be performed efficiently,

e Neo4j provides a comprehensive and powerful query
language (e.g., for efficient partial loading strategies
in future versions of the presented prototype),

e directed edges allow to model object interdependen-
cies more accurately, however, without disadvantages
in traversal performance,

e  properties on relationships allow for a more flexible
modeling (e.g., to distinguish between shared and
composite aggregation relationships),

e finally, Neo4j is currently the most prevalent GDB in
the market indicating it to be especially well explored
and developed. Hence, it provides the best prospects
of success.

Note that while we choose Neo4j for the reasons given above,
the presented concepts are mostly independent of the choice
of the particular GDB.

B. Concept

In this section, we describe the fundamental concept and
the required features of our synchronization component’s pro-
totype. Its implementation using Neo4j and VSD is described
in Subsection V-C.

1) Structure Mapping: An essential question when syn-
chronizing two databases is: How do we map the different data
structures? Depending on the database paradigm, entities with
attributes and relationships (connecting two or more entities)
are represented differently. For example, a relational database
uses relations, attributes and foreign keys while a GDB uses
nodes, relationships and properties.

1)  Schema Mapping: Before synchronizing user data,
a generic schema mapping is performed mapping the
metadata of one database to the other as described in
[57]. This is performed once on system startup. For
example, when performed between a relational and
an object-oriented database, each table of the former
might be mapped to a corresponding class of the latter
(columns and class attributes accordingly).
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2)  Schemaless Approach: When a schemaless database
is involved, a different approach has to be applied.
Here, metadata from a non-schemaless database must
be mapped onto the user data of the schemaless one.
For example, class names from an object-oriented
database are mapped onto node labels of a schemaless
GDB.

For the schemaless Neo4j, in our prototype, we chose the
second approach.

2) Object Mapper: Another key aspect of the concept is
the object mapper. It maps objects from one database to an
equivalent counterpart in the other database. For example,
an object from an object-oriented database is mapped to a
corresponding node in the GDB. The mapping is based on the
counterparts’ identities and includes a transfer of all property
(or attribute) values in between. Based on these mappings,
individual object or property changes can be tracked and
resynchronized. Summarized the mapping is bidirectional and
in part incremental.

3) Transactions: Any changes (insert, update, delete) to
the data are tracked and stored in transactions, which can be
processed independently. By executing these transactions, data
is (re)synchronized on object level. During the accumulation
(and before the execution) of such transactions, the operations
stored within can be filtered for redundancies. For example, a
transaction for creating a new object followed by a transaction
for deleting the very same object can both be discarded.

C. Prototype

This section gives an insight into the prototypical im-
plementation of the interface between VSD and Neo4j. The
prototype should have the ability to save simulation data from
VSD in Neo4j and to load it back into VSD. Initially, when
storing a simulation model in Neo4j, VSD’s contents are
archived once. Subsequently, changes in VSD are tracked and
updated to Neo4j individually. That is, when a VSD instance
has been changed just the changes are transferred as mentioned
above. In the current version of the interface, only changes
within VSD are tracked for resynchronization. Thus, Neo4;j
serves as database back end, which can store simulation models
persistently.

The prototype is realized in a C++ based VEROSIM plugin,
which uses Neo4j’s Java API in embedded mode in order to
communicate with Neo4j.

1) Data Mapping: In the context of this work, synchro-
nization represents data transfer from one database to another.
However, the structure of one database’s data elements often
differs from those of another. Thus, it becomes necessary to
map these different structures on each other. Figure 20 shows
our intuitive approach.

Single VSD instances are mapped to single Neo4j nodes
and references (Ref/List-Properties) from one instance to an-
other are represented by relationships between the correspond-
ing nodes. The relationship is orientated to the referenced
node’s direction. Furthermore, we transfer the Val-Properties
of a VSD instance to Neo4j node properties.

As mentioned above, a basic difference between VSD and
Neo4;j is that the former comprises metadata describing (and
prescribing) a schema while the latter is schemaless. VSD
metadata contains important information for the simulation and
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Figure 20. Data mapping of the synchronization component (top: VSD data
model, bottom: Neo4j data model).

is indispensable for a correct data mapping. Thus, it is essential
to transfer this informations as well. We store VSD metadata
on Neo4;j’s object level:

1) A VSD instance’s class name is mapped to its Neo4j
node’s label,

2) a VSD Ref/List-Property’s name is mapped to its
Neo4j relationship’s type, and

3) a VSD Val-Property’s name is mapped to its Neo4j
property’s key.

Val-Property values are handled depending on their data
type. If the type corresponds to one of Neo4j’s supported
basic types (e.g., integer, float, string, boolean, etc.) the value
will be transfered directly. More complex data structures
(e.g., mathematical vectors, etc.) are serialized to a binary
representation and transfered as such.

To store additional meta information about VSD Ref/List-
Properties, we take advantage of Neodj’s feature to add
properties to relationships. Currently, every relationship gets a
boolean property with the key autodelete as introduced above.
Additionally, a RefList-Property entry’s order is stored as an
index in a relationship property.

2) Synchronization Component: Figure 21 depicts the
structure of the synchronization component (based on [89]).
Its core is the (object) mapper managing mappings between
pairs of VSD instances and Neo4j nodes. Each mapping is
stored in form of a so-called ObjectState (OS) holding all
relevant information. The OS contains both objects’ ids, all
collected (but not executed) transactions and the state of the
relation between the two. This state indicates whether the pair
is synchronous, i.e., equal, or whether one of them has been
changed and differs from its counterpart. An exemplary list of
object states of the mapper is given in Figure 22.

Each change to a VSD instance is encapsulated in a
transaction stored in the appropriate OS. Subsequently, they
can be executed. Depending on the change’s type, a create,
update, or delete transaction is generated. Furthermore, a
separate load transaction is used to load Neo4j contents into
VSD. Each transaction comprises all type specific information
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VSD-Id Neodj-ld State Pending-Transactions
6049 0 SYNCED -
6050 1 PENDING_UPDATE |Update-Transaction1, Update-Transaction2
6051 2 PENDING_DELETE Delete-Transaction

Figure 22. Exemplary list of object states of the mapper.

necessary for its execution. For example, a create transaction
contains the names and values of all Val-Properties, the class
name, and information on Ref/List-Properties like target ids,
reference names and autodelete values.

The last part of the synchronization component is the
Neo4jAPI, which interacts with Neo4j’s Java API.

VSD to Neo4j: VSD is an active database. One aspect
of this activity is that changes to its instances are notified
to registered components like the synchronization component
presented in this work. Notifications include all relevant in-
formation about the modification like the instance’s id or the
changed property. The synchronization component encapsu-
lates this information in an appropriate transaction. Using the
instance id, the mapper is able to identify the corresponding OS
and retrieve the mapping’s state. A change tracking mechanism
is used to filter redundant transactions as mentioned above
(more details are given in Section V-C3).

When the user or some automatic mechanism (e.g., a
timer) triggers a resynchronization, all collected transactions
are executed modifying Neo4j’s contents accordingly.

Neo4j to VSD: When loading a Neo4;j database’s con-
tents to VSD, the Neo4jAPI traverses the graph and generates
a load transaction for each visited node. All data is read
from Neo4j before entries are stored in the mapper. Load
transactions contain the respective node’s id, all its property
keys and values and the ids of adjacent nodes of outgoing
relationships and their respective properties (autodelete and
index for RefList-Properties). Subsequently, the synchroniza-
tion component executes all load transactions. For each, a new
VSD instance with appropriate properties is created and its id
is stored in an OS with the corresponding node’s id.

3) Change Tracking: As mentioned above, when collecting
transactions, newly created ones may cancel out older ones. A
change tracking mechanism performs the necessary filtering of
such redundant transactions.

Change tracking is based on the current state of the con-
sidered OS. Depending on the incoming transaction’s type, the
state changes and the list of collected transactions is updated.
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Figure 23. State machine of the change tracking mechanism.

Change tracking is modeled as a state machine as depicted
in Figure 23. Here, the input (triggering state transitions) is
represented by the incoming transaction type and the output
(emitted during state transitions) describes the transaction
list’s modification. The initial state of any OS for a newly
created VSD instance is the MISSING state as there is no
corresponding Neo4j node. This intermediate state is left as
soon as the corresponding create transaction is generated and
the state changes to PENDING _CREATE. If this VSD instance
is deleted before the transaction of type create has been
executed, both transactions (create and delete) are removed
and the whole OS is deleted. Else, upon a resynchronization
trigger, a corresponding Neo4j node is generated, the state
changes to SYNCED, and all executed transactions are removed
from the list. The SYNCED state means that a Neo4j node and
its VSD instance counterpart are in sync. It is reached every
time a resynchronization was performed and is left when the
VSD instance is modified (PENDING _UPDATE) or deleted
(PENDING_DELETE).

In PENDING_UPDATE state, the changed property of an
additional update transaction is compared to existing update
transactions to avoid multiple updates of the same property. If
two transactions modify the same property only one of them
needs to be stored. This is represented by the intermediate
PENDING _UPDATE_UPDATE state.

D. Evaluation

Finally, the interface’s effectiveness and performance have
been evaluated using the same two simulation models of an
industrial robot and a satellite as used in the OR mapping
approach. As above, given the current functional range of the
presented prototype, further tests do not appear to provide more
insights. Initially, both models are stored in a Neo4j database
and, subsequently, loaded back into an (empty) VSD. The
robot model yields 170 Neo4j nodes and 209 relationships.
The more complex satellite about 20,000 nodes and 25,000
relationships. The highly connected nature of the 3D simu-
lation data is apparent making a GDB ideally suited for its
storage.

Figures 24 and 17 give an impression of the interface’s
effectiveness. Figure 24 shows an excerpt of the robot model
data within Neo4;j. Figure 17 shows the same data loaded into
the VSD in-memory simulation database. The data mapping
operates generically, i.e., independent from the actual data,
making the whole synchronization component very flexible.
The interface can synchronize arbitrary VSD contents to a
Neo4j database.
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Figure 24. 3D simulation model data (excerpt) of an industrial robot stored
within Neo4;.

TABLE II. LOADING AND SAVING TIMES OF THE NEO4J-BASED

PROTOTYPE.
Neo4j File
Robot Satellite | Robot Satellite
Loading 0.14 3.99 0.1 2.8
Saving 2.63 10.53 1.8 9.9

In Subsection V-C, we present the interface’s functionality
to selectively resynchronize changes to VSD instances. This
feature has been tested by changing some VSD properties
(e.g., name or position of a component). In the Neo4j browser,
we verified that these modifications were transferred correctly.
Inversely, changes to node properties from the Neo4j browser
show up in VEROSIM when the model is reloaded. This also
shows the advantage of selectively modifying data within a
database in contrast to a file-based approach.

Another important aspect of the evaluation is the interface’s
performance. Here, the initial storage of a simulation model
into Neo4j and the loading of a whole simulation model from
Neo4j were examined and compared to saving and loading
models to and from the native VEROSIM file format. Results
are given in Table II. The access operations to the GDB are
only somewhat slower than the native file operations. For
a prototypical implementation from a student project, these
results are very promising. First of all, compared to the highly
optimized code for reading and writing the native file format,
the current prototype is only optimized to a certain degree.
Furthermore, the more high-level database access operations
will always remain a little more complex than simple, sequen-
tial file reading or writing. Yet, the additional benefit from a
full-fledged database (providing security, multi-user support,
etc.) more than compensates for this small drawback.

Altogether, this shows that a GDB like Neo4j is well suited
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for highly connected 3D simulation model data and can be
handled fast.

VI. COMPARISON

First of all, compared to our previous solution using the
generic OR mapper SGJ, the presented two prototypes avoid
the usage of an additional layer between the synchronization
component and ExtDB, i.e., PostgreSQL and Neo4;j. Instead,
they realize a direct database access. Besides fewer transfor-
mations (presumably, leading to better performance) this also
allows for a more flexible adaptation to the needs of eRobotics
applications and Semantic World Models.

From a performance point of view — as far as this is
comparable for two prototypes both developed in the context
of student projects — the results for the Neo4j-based prototype
are better than those of the ORM-based approach. In fact, this
was our expected result as the graph paradigm obviously fits
better to the structure of Semantic World Models. The complex
mapping rules needed to properly represent inheritance, rela-
tionships and polymorphism to overcome the object-relational
impedance mismatch take their toll, especially when writing
data. However, further optimization of these first prototypes
might change these differences.

Regarding the implementation of schemata, in both cases,
special structures within the relational or graph database are
necessary that have to be interpreted by the respective syn-
chronization component. Other applications accessing these
databases must have knowledge about this “encoding” — es-
pecially when writing data. The schemaless Neo4j obviously
has drawbacks as opposed to the ORM-based approach. In
the latter, many object-oriented schema structures from VSD
can be mapped to their relational counterparts (e.g., attributes).
This allows to secure more structural requirements on the side
of ExtDB rather than the synchronization interface.

Another important aspect is the dissemination of the two
systems. While the graph database paradigm might be more
suited for storing Semantic World Model data, RDBMSs are
far more pervasive. Thus, it is easier to find stable DBMSs, tool
or query language (SQL vs. Cypher) support, or even special-
ized developers and administrators. Finally, customer accep-
tance is also a key decision criterion. Many users of eRobotics
applications in business and industry already use a DBMS
in their enterprise. Mostly, these are well-established rela-
tional solutions like Oracle, Microsoft SQL Server, MySQL
or PostgreSQL — and mostly they want to keep using these
solutions for different reasons (existing infrastructure, existing
maintenance contracts, existing personnel etc.).

Finally, by being based on the general database synchro-
nization concept presented in Section III, both approaches
fulfill most of the five requirement for data management for
eRobotics applications:

1)  both map VSD’s object-oriented data to either Post-
greSQL or Neo4j,

2)  Dboth realize a distributed architecture by synchroniz-
ing the local VSD to a central PostgreSQL or Neo4;,

3) both integrate the in-memory database VSD as a
cache for the shared Semantic World Model in Post-
greSQL or Neo4j,

4)  both flexibly adapt to different schemata by mapping
them appropriately to PostgreSQL or Neo4j struc-
tures,
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TABLE III. COMPARISON CHART OF THE TWO PRESENTED APPROACHES.

ORM Neodj
Additional transformations no no
Impedance mismatch yes no
Native schema support yes no
Encoding of OO schema complex | straightforward
Dissemination of DBMS high low
Fulfillment of 5 main requirements all all
Prototype performance limited good

5) and both DBMS allow for a usage in simulation as
well as live operation scenarios. However, regarding
temporal data management, in both cases, further
research needs to be conducted for a realization using
PostgreSQL or Neo4;.

Table III gives an overview.

Thus, while both approaches are applicable for eRobotics
applications, each has its advantages and drawbacks.

VII. CONCLUSION AND FUTURE WORK

In this paper, we give an introduction to eRobotics applica-
tions and define their requirements for data management. We
present the various benefits from using database technology
to manage the underlying Semantic World Models instead of
using flat file formats. Furthermore, we show how existing
approaches for database integration into applications with a
3D context do not provide a sufficiently comprehensive and
flexible solution to fulfill all these requirements. This motivated
the development of our new database synchronization concept
for eRobotics applications. Its basic idea is to use local in-
memory simulation databases (SimDB) and to synchronize
them to a central, external back-end database (ExtDB). This
concept has previously been realized using a generic OR
mapper with the drawback of an additional translation layer.
Thus, in this paper and based on this concept, two new direct
approaches are presented omitting this additional layer. The
first is an integrated OR mapping approach, directly mapping
the schema and data from SimDB to a central relational
ExtDB without an intermediate representation. The second
uses a graph database for ExtDB, benefiting from the graph-
like structure of Semantic World Models. For both cases, the
state of the art (theory and existing solutions) is analyzed,
based on which the approaches are developed. The respective
evaluations and the final comparison show the basic suitability
and practical feasibility of both prototypes for the management
of eRobotics applications’ Semantic World Models. While the
graph database approach is advantageous in terms of perfor-
mance the OR mapping approach is more suited to integrate
into existing corporate infrastructures. Thus, the decision for
a database paradigm for ExtDB depends on the concrete
application scenario.

In future, both prototypes might receive more development
and optimization. For the direct OR mapper, data type mapping
can be extended by more specialized data types and further
RDBMSs can be combined with the prototype. Furthermore,
the currently generated structures within the relational database
do not contain explicit information on the inheritance rela-
tionships as they are not needed by the simulation system
itself (they can be retrieved from its meta information system).
However, to allow third party applications to interpret the data,
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inheritance structures would be of interest. Another aspect
to investigate is the mapping of queries and operations. For
the former, an object-based query language meeting VSD’s
demands, e.g., XQuery or (a variation of) Java Persistence
Query Language (JPQL) or Hibernate Query Language (HQL),
needs to be mapped to proper SQL queries. Further perfor-
mance optimizations and, with an extended functional range
of the mapper, evaluations beyond the results from the student
project could be performed, as well. Finally, we could examine
further applications, e.g., from other fields like forestry. For the
Neod4j-based approach, also further performance optimizations
and evaluations beyond the results from the student project
could be performed. For instance, better traversal algorithms
might improve loading speed. Another idea is to use Neo4j’s
batch inserter in contrast to the transactional structure to reduce
resynchronization time. Furthermore, Neo4j might be used as
a central database in a distributed simulation scenario with
several VEROSIMs and VSDs. Here, an equivalent notifi-
cation mechanism is needed for Neo4j to be able to track
modifications in the central database. Finally, apart from the
two presented approaches, further database paradigms like in-
memory databases (e.g., SAP HANA, H2 or Redis) could be
examined as candidates for ExtDB.
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