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Abstract Virtual reality and augmented reality are being
increasingly used in the manufacturing field for different
purposes. As a result, these technologies seem to have a
very promising future in the manufacturing industry. How-
ever, most of the current applications are based on the use
of expensive proprietary software packages (such as specific
CAD modules). This work presents a methodology that helps
programmers to build virtual and augmented reality systems,
which is valid for a broad number of industrial plants. Differ-
ently to other approaches, ours is based on open technologies,
most of them free of cost. The technologies proposed to build
the virtual worlds are already mature at the entertainment
industry. The presented approach opens new possibilities for
creating virtual reality models aimed at two major direc-
tions: (1) pure simulation of real processes and products for
different purposes (e.g. staff training; prototype designing;
manufacturing optimization; marketing) and (2) teleopera-
tion of real processes (e.g. in dangerous environments or in
micro and macro scale manufacturing). The application of the
methodology is illustrated by means of the creation of a non-
immersive virtual world which represents a part-classifying
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station, allowing both the simulation of the real plant as well
as its remote operation.
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1 Introduction

Virtual reality (VR) and augmented reality (AR) generate
or combine virtual representations of the physical world by
means of real-time computing systems that allow human
beings to interact with them. The increasing availability of
computing power opens new opportunities by the use of
new techniques and tools which were firstly explored in the
entertainment industry, but which are now being successfully
extended to other domains such as medicine or education
[35,38]. Even though the manufacturing sector tends to be
more conservative, these tools are being increasingly used
in industrial automation with promising results [16,18,29].
Actually, this has become a rapidly growing sector, with an
increasing number of companies involved in the application
of these tools into the production processes. This new vision
isintegrated in new paradigms such as Industrie 4.0 and Inter-
net of Things (IoT) which allow the integration of real-time
data from different endpoints. It is possible to find in the lit-
erature examples about how virtual and augmented reality
were used for different purposes such as: (1) analyzing the
products at early design stages [14,37]; (2) studying the inter-
action of the customers with the final products [27,42]; (3)
designing and improving the manufacturing processes [2,41]
and (4) monitoring and supervising remotely the processes
[23,43].
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The use of virtual reality offers new possibilities in indus-
trial processes which may be grouped in two major categories
[16,29]:

1. Pure simulation of real processes: Simulation may be
a very valuable tool for: (a) staff training (e.g. flight
simulators), (b) building virtual prototypes before its con-
struction in order to analyze their operation (e.g. building
a new machine or a whole automation cell), (c) concep-
tualizing new products or systems, and (d) marketing
purposes.

2. Operation of real processes: Also, when combined with
physical devices, virtual worlds provide enriched human-
machine interfaces (HMIs) for industrial processes capa-
ble of providing: (a) remote operation of plants, (b)
operation in dangerous environments, (c) process oper-
ation at micro or macro scales (e.g. at micro assembly
devices [5]).

Augmented reality is also a very interesting tool for help-
ing operators to benefit from human-robot collaboration. For
example, humans could be guided by virtual reality train-
ing systems that assist them in the tasks they must carry out
[20,30]. From the previous discussion, we may conclude that
even though these technologies still are in the early stages
they seem to have a very promising future in the manufactur-
ing field. Unfortunately, most of the current applications are
based on approaches that use expensive software packages
(e.g. CAD modules).

This work presents a methodology that helps program-
mers to build virtual environments, which is valid for a broad
number of industrial plants. Our approach is mostly based on
free of cost, open technologies, which were already mature
in the entertainment industry. In our view, the use of free and
open software provides several advantages regardless of the
costs. For example, if we analyze the evolution of the robotics
software, we can observe that it has been chronically facing
problems in industry and academy due to the lack of standard-
ization, interoperability and reuse of software libraries [4].
For a long time, the most relevant problems that prevented
the robotics community from producing a healthy software
ecosystem were: (1) lack of code reuse; (2) higher needs of
integration of components and; (3) finding the appropriate
trade-off between efficiency and robustness. As a solution in
the robotics domain, free software and open source software
(FOS) initiatives such as the robot operating system (ROS)
initiative has been promoted [4]. In our opinion this evolu-
tion of the robotics software is illustrative of the value of the
FOS in critical domains and justifies its promotion to other
domains.

The presented approach is illustrated by means of the cre-
ation of a non-immersive virtual world which represents a
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part-classifying station, allowing both the simulation of the
real plant as well as its remote operation. However, the tools
used in this work could be used in order to create an immer-
sive virtual world if necessary.

In this work, the authors combine both pure simula-
tion and teleoperation in a two step approach. Firstly, they
create a virtual representation of an existing automation sta-
tion (a part-classifying station). This virtual model allows
analyzing and visualizing the behaviour of the station and
may be used for different purposes such as staff training,
process optimizing or analyzing. Secondly, they build the
software infrastructure that combines virtual and physical
worlds allowing remote users to teleoperate the physical plant
by means of TCP/IP technologies and visualize in real-time
the effect of their actions. It is important to note that from the
point of view of bandwidth performance it is more efficient
to connect virtual worlds with real plants than sending real
camera images.

This approach is based on the connection of the virtual
world with industrial controllers, like Programmable Logic
Controllers (PLC), Industrial PCs (IPC) or Robot controllers,
which are responsible for controlling locally the industrial
processes. Consequently, our approach is open to be used
to build virtual representations of a broad number of indus-
trial processes extending the benefits of its application. This
approach may be considered as an extension of the approach
presented in [6] but with the application of the state-of-the-art
technology.

Lastbut not least, the presented approach opens new possi-
bilities to build remote laboratories in education, especially
in scientific and engineering disciplines. The combination
of virtual and remote laboratories in education has been
analyzed by several authors [11,21,27,35]. Actually, as
explained in [7], from the technical viewpoint, the problem
of teleoperating remote laboratories and industrial plants is
essentially the same.

The proposed layout of the article is as follows: Sect.
2 describes briefly some related works in the field; Sect.
3 describes the proposed approach, including the proposed
architecture and methodology; Sect. 4 provides its applica-
tion to a case study consisting of a part-classifying station
in order to build a virtual representation. It also describes
how the virtual model and the real plant are connected in
order to be operated remotely; finally Sect. 5 draws some
conclusions.

2 Related work

Virtual reality (VR) is defined as an alternative world that
is similar to the original world, but generated through com-
puter graphic images [8,40]. There are basically two types
of VR systems: (1) desktop systems, in which the virtual
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environments are displayed on a computer screen and (2)
immersive systems, in which users are immersed in an envi-
ronment created by projectors and screens and, occasionally,
head-mounting devices (HMD) or 3-D vision googles [9].

Also, augmented reality (AR) is a live direct or indirect
view of a physical, real-world environment whose elements
are augmented (or supplemented) by computer-generated
sensory input such as sound, video, graphics or GPS
data.

Even though originally these technologies were aimed at
the entertainment industry, clearly, these technologies are
opening new opportunities in other applications. These are
frequently known as serious games. For example, the use of
3D immersive telepresence technologies as a way to commu-
nicate groups of people located in two or more geographically
separate rooms, such as offices or lounges, by means of vir-
tual joining of the spaces is analyzed in [15]. There are some
works that describe how virtual reality may be used to analyz-
ing the products at the earlier design stages by reproducing
the highest number of our senses [14,42]. A similar approach
is followed in [27] to analyze the ergonomic of the cars. In
the manufacturing field virtual reality may be a valuable tool
for building models of machines [39] or for improving the
manufacturing processes previously to its implantation or
deployment [8,41,44].

There are several cases in the literature that show how
virtual reality is applied for staff training. An example of
a training simulator for mechanical maintenance of F-16
engines is presented in [34]. In this case, the authors use
based on OpenSimulator which is one of the tools used in
the current work. Augmented reality may be also a very valu-
able tool for staff training and assistance. Some examples that
show its application may be found in [20,32,45].

These technologies also allow the remote collabora-
tion of several users in virtual environments in order to
carry out common tasks. Some examples may be found in
[10,16,18].

In the field of teleoperation these technologies are very
valuable for operating remotely different kinds of plants
such as robots [3,23,30] or for implementing advanced
manufacturing techniques such as micro-device assembly
[5,26]

Moreover, these technologies offer lots of new oppor-
tunities in education [11,17], especially in engineering
disciplines. In [12] it is presented a taxonomy that shows
the opportunities of the usage of virtual worlds in education.
Some authors propose the creation of virtual laboratories
where the students could reproduce their experiments. For
example, Rico et al. [38] presents an architecture for building
virtual laboratories in engineering education. Other authors
propose the combination of both virtual laboratories with
remote laboratories [7,35]. More examples can be found at
[21,28,31].

3 Proposed approach

The development of virtual worlds in industrial automation
is typically carried out with proprietary software packages
that tend to be expensive and complex to use. In addition,
most frequently these virtual worlds are not expected to be
connected to real equipment, but they provide a pure sim-
ulation of real processes. In this work, the authors present
an approach based on free and open software packages that
allows both (1) simulate the behaviour of machines and real
processes and (2) operate remotely real processes. However,
since the followed approach requires the combination of dif-
ferent tools that must be connected in real-time and share
information, some guidelines are also provided in order to
support the designers in the creation of the virtual environ-
ments.

3.1 Short overview of the architecture

The proposed approach uses the distributed architecture out-
lined in Fig. 1. It implements the well-known three-tier
software design pattern known as Model-View-Controller
(MVC) [19] which separates the business logic in three dif-
ferent software tiers. According to the MVC pattern Models
are those components of the system application that actually
do the work (simulation of the application domain). They are
kept quite distinct from views, which display aspects of the
models. Controllers are used to send messages to the model,
and provide the interface between the model with its asso-
ciated views and the interactive user interface devices (e.g.
keyboard, mouse). Each view may be thought of as being
closely associated with a controller, each having exactly one
model, but a model may have many view/controller pairs
[24].

In our approach: (1) The Model of the virtual world is
held in a server running on a PC-like platform responsible
of executing the Virtual Environment; (2) the View of the
model (i.e. the virtual world) is shown by means of any com-
patible Virtual World Browser that may be executed in any
remote computer and; (3) the Controller, which is responsible
for controlling locally the physical process. Most frequently
industrial processes are managed by means of PLCs, IPCs
or Industrial Robot Controllers, so the proposed approach
should be able to integrate those kinds of devices since they
will be the end devices controlling the processes. From the
point of view of communications, the application is divided
into a two-segmented (public and private) network structures
to address the requirements of efficient and secure communi-
cations between the plant and the remote operators. On one
side, the communication between the View and the Model
will be typically based on HTTP over TCP/IP communica-
tions, whereas the communication between the Model and
the Controller may use any blend of factory communication
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Fig. 1 Application of the MVC
paradigm in the methodology
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*Get/Send real-time data from/to Controller(s) to build the VE

Controller

eIndustrial controller that manipulates the physical processes
] *Typically IPCs, PLCs or Robot Controllers
=) *Different kinds of communications between Controller and Model

Fig. 2 Example of implementation of the three-tier architecture

protocols, including standards like TCP/IP, OPC, Profibus or
even proprietary protocols, such as ADS [1].

3.2 Hardware architecture

The previous three-tier architecture defined above is imple-
mented by three kinds of devices: (1) Industrial Controllers,
such as PLCs, IPCs or Robot Controllers that interact with
the real plants for implementing the Controller tier; (2) PC-
like platforms to implement the Model tier that holds the
Virtual Environment and; (3) Visualization devices, such as
HMIs or Virtual World Browsers that allow the visualiza-
tion of the VE. As a matter of example, Fig. 2 shows how
this architecture could be implemented by means of diverse
kinds of hardware devices. Even though in this figure an
Ethernet switch is used to separate Controller-Model and
Model-View communications, other communication means
could be equally used.

@ Springer

Application
Server

It is important to note that this three-tier architecture is
open to the collaboration among several devices in each tier.
Thus, the Model could be connected to several devices from
which to acquire information in order to build an enriched
Virtual Environment. Also, several remote viewers could rep-
resent the state of the real process at the same time. However,
in such case access policies should be defined in order to
avoid access conflicts from remote viewers. Similarly, com-
plex Virtual Worlds could be divided into several application
servers for performance reasons.

3.3 Software architecture

From the software development perspective, developing sim-
ulations of complex processes (e.g. mechanical machines)
by means of simulators may be costly in terms of time and
resources. This is has been somewhat lessened by employing
game engines or development platforms rather than develop-
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ing from scratch, rendering the early-stage selection of the
engine or platform for development critical [33]. We have
tried to lessen the resource requirements of both simulation
development and updating by employing a readily available
virtual world platform rather than a game engine. Several
platforms were considered, most notably SecondLife, Open-
Simulator, BSColaborate, OpenWoderland and Unity 3D.
For the selection of this platform the following criteria were
considered:

1. Type of license: Preferably free and open source software

2. Native Operating System: Software available to be exe-
cuted at several heterogeneous environments (Windows,
Linux, etc.)

3. Scripting language: Ease of programming. Existence of
APIs.

4. Creation of 3D objects: Use of basic figures

5. Importing 3D objects: Possibility of uploading previ-
ously created objects.

After a careful evaluation OpenSimulator [36] was selected.

In order to allow the behaviours and operations to be
accessed remotely a virtual world viewer is required. This
is the software responsible for visualizing remotely the vir-
tual representation of the virtual reality, similarly to a Web
browser at the client side. Since OpenSimulator is an open
source implementation of SecondLife, all available viewers
will be compatible. The following viewers were evaluated:
Firestorm Viewer, Imprudence Viewer, Kokua Viewer and
Singularity Viewer. Again after a careful evaluation in which
the following criteria were considered, the Firestorm Viewer
[13] was selected.

1. Grid Manager: Possibility of adding or modifying con-
nections between several remote users in the virtual
world.

2. Mesh: Support for imported 3D models

3. Chat: For cooperative work between the remote users.

In addition, it was necessary to use XAMPP, which is a
well-known free and open source cross-platform web server
solution stack package consisting of a HTTP server, a
MySQL database and several interpreters for scripts written
in PHP and Perl. This tool was needed to ease the communica-
tion between the virtual and real world, as it will be described
below. Actually, this step was necessary to achieve remote
operation of the real automation plant. Next it is detailed the
different relationship between the different software pack-
ages and the three tiers of the architecture.

e The Model of the Virtual World, is implemented by means
of the OpenSimulator platform, which is based on the

source code used for the Second Life environment. More
specifically, OpenSimulator is an open source 3D server
that allows the creation of virtual worlds that may be
accessed by means of a variety of viewers (browsers).
In order to create a virtual world it is necessary: (1)
to build all the different objects with which the virtual
representation of the human beings in the virtual world
(avatars) would be able to interact, as well as (2) to
model all their possible behaviours (actions, movements,
etc.). The animations of the objects in the virtual world
(e.g. the movements of the components of a machine)
were defined by means of the Linden Scripting Language
(LSL), [25], which is a C-like language. This language
allows the communication of the model with the external
world by means of the Internet.

e The View of the Virtual World will be executed at the
remote computers. These will just have to install a com-
patible browser with the OpenSimulator technology and
manipulate the Virtual World and hence with the physical
plant. The authors used the Firestorm Viewer.

e Finally, the Controller is typically locally implemented
by means of industrial controllers like PLCs or IPCs
which are programmed in different ways. For example, in
the case of PLCs they are typically programmed accord-
ing to the IEC 61131-3 standard [22].

Figure 3 shows the different software packages proposed
in our approach. They are: (1) the Model (OpenSimulator),
(2) the View (FirestormViewer), (3) the Controller (e.g. the
program executed at the PLC) and (4) the XAMPP server
in order to provide a database as well as a remote HTTP
server.

In order to connect both the virtual and the physical worlds
it is not enough with just installing the previous packages,
but it is necessary to share information among them in real-
time, especially when remote operation between the virtual
plant executed at the Virtual World and the physical plant
is required. This operation requires the help of additional
software in order to share the information, such as Visual
Basic .NET. Figure 4 shows the deployment of the software
packages used in our approach as well as the software pack-
ages used to share information between the different tiers of
the proposed MV C architecture. The communications issues
will be analyzed in the following section.

3.4 Communication protocols

One of the key issues in the current approach is the manage-
ment of the communication issues, since different kinds of
information must be shared between the different devices.
Figure 5 shows the protocols involved.

@ Springer
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Fig. 4 Software tools and programming languages used in the pro-
posed approach

1. Communication model-controller Even though most cur-
rent industrial controllers allow the use of TCP/IP pro-
tocols, sometimes they may not be the best alternative,
either for performance, programming convenience or
legacy reasons. Sometimes, it is a better option to carry
out the communication between the industrial controller
and the Model server by means of proprietary protocols.
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Actually, in the case study presented in this current work
(see Sect.4) it was used the ADS protocol [1], which is
a proprietary protocol by Beckhoff Automation, to carry
out the communication between the industrial controller
(a Beckhoff IPC) and the Model server. This data must
be handled at the Application Server side in order to be
inserted into the Virtual World platform. The interface
between OpenSimulator and the real process will be the
MySQL database contained in the XAMPP. More specif-
ically, OpenSimulator reads real-time process data from
the database, which was previously inserted by means of
any programming language (e.g. Visual Basic .NET and
PHP) used to establish the connections with the Con-
trollers (i.e. PLC or IPC).

2. Communication model-view The communication
between the OpenSimulator server and the different
viewers, such as Firestorm Viewer, is based on the Hyper
Text Transfer Protocol (HTTP) and handled internally by
the software tools. It is available on top of any TCP/IP
connection, including the Internet.

It is important to remark that from the point of view of
communications performance, the use of virtual 3D mod-
els is typically much more efficient than the use of camera
images. As a matter of example, Wang [43] presents a
robot monitoring and control platform for a six joint angles
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Fig. 5 Communication
protocols employed

robot. In this work is compared the bandwidth consumed
by one 8-bit-depth VGA camera image, which would be
640 x 48 = 307, 200 bytes, with the data packet size of the
robot model used in their approach, consisting of six joint
angles is only 52 bytes. It is clear that by using this kind of
technologies it is possible to obtain a big reduction on the
network bandwidth consumption.

3.5 Methodology

This section provides some guidelines in order to help
designer to build any new virtual reality systems according to
the presented approach. This methodology is divided in two
parts: The first five steps are aimed at creating the Virtual
World, whereas the steps from 6 to 10 are aimed at connect-
ing both the Virtual World with the Physical Process.

Creation of the Virtual World

1. Analysis of the plant or industrial process: The first
step involves knowing the details of the plant or indus-
trial process that is going to be modeled in the virtual
world. Mobile parts or elements that take part in the
process must be identified. It may be necessary to build
mathematical models that describe the behavior of some
parts or elements.

2. Design of the 3D model: Once the plant or industrial
process has been analyzed, a 3D model is built with
all the mobile elements with the SketchUp Make Soft-
ware. This 3D model must be exported in COLLADA
format (COLLAborative Design Activity) in order to be
imported from OpenSimulator. This is an interchange

ADS Protocol

Cliente

Switch

Response

file format (.dae extension) for interactive 3D applica-
tions adopted as ISO/PAS 17506 specification.

3. Creation of a virtual region in OpenSimulator: The
next step involves creating a virtual region for our plant
in OpenSimulator. In case no regions were previously
created, some parameters must be configured to define
both the region and the avatar. Otherwise, in case a
region already exists, it is possible to add new regions
close to the already existing regions, as well as new
avatars.

4. Upload of the 3D model to the Virtual World: Once
aregion is available, it is possible to import a 3D model
into OpenSimulator. It may be necessary to repeat this
step for every element previously created with SketchUp
Make that represents the different components of the real
plant.

5. Programming OpenSimulator scripts: In order to pro-
vide the behavior (e.g. movement of mechanical parts)
to the virtual world elements and define their actions,
it is necessary to program the scripts for every virtual
object. The programming language used in OpenSim-
ulator is the Linden Scripting Language (LSL), [25],
which is a C-like language.

Connection between the Virtual World and the Physical
Plant

6. Programming the industrial controller: The physi-
cal plant will be controlled by one or several industrial
controllers, typically PLCs, IPCs or industrial robot con-
trollers. It may be necessary to use the proprietary tools
for programming the controllers. Sometimes, the pro-
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Development of virtual worlds and
integration with industrial
automation processes

Design of the

Virtual World

Virtual World Server:
OPENSIMULATOR

3D Modeler Tool:

SKETCHUP
MAKE

Virtual World Browser:

FIRESTORM VIEWER

Fig. 6 Methodology overview and software packages used at every stage

gram will have to be created from scratch whereas in
other situations it will be possible to connect legacy con-
trol programs.

7. Connection of the physical plant and virtual world:
Once the controller program is created, some variables
and scripts must be defined in order to connect the physi-
cal world controller (e.g. the PLC) with the virtual world
(OpenSimulator). These variables are common to both
worlds and will be shared by means of a MySQL data-
base.

8. Update of OpenSimulator scripts: The scripts created
in step 5 must be updated in order to access the MySQL
database. In this step it will be necessary to do some
PHP programming to include some instructions that allow
requesting some variables from the virtual world to the
database.

9. Update of the Controller: The program of the controller
(PLC, IPC, etc.) created in step 6 must be also updated
according to the variables defined in the database. It will
be necessary to create a program (e.g. in Visual Basic
.NET) that establishes the connection with the controller
and puts the data into the database.

10. Validate and test: Finally, tests should be carried out
in order to check the functionality of the connection
between the virtual world and the physical plant.

These steps can be summarized in several stages according
to Fig. 6. This figure includes the software packages used at
every stage.

4 Case study

This section describes briefly how the previous approach has
been applied to a real plant: a part-classifying station con-
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Fig. 7 View of the real part-classifying station

trolled with a Beckhoff CX5020 IPC which is connected with
the Application Server by means of an Ethernet-ADS con-
nection (See Fig. 5). Figure 7 provides an overview of the
part-classifying station used as case study.

4.1 Design of the virtual world

This section follows briefly the steps 1- 5 from the method-
ology explained in Sect. 3 in order to achieve a Virtual World
that represents the physical plant shown in Fig. 7.

Firstly, the behaviour and components of the plant was
analyzed (Step 1). Several sensors were observed to detect
the position of the parts and its nature (i.e. whether they have
a hole in the middle or not) in order to separate them. Also,
the mobile elements were identified. In this case the station
includes several pneumatic cylinders that move the parts and
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Fig. 8 3D SketchUp model of
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carry out the classification process. These are the only mobile
elements of the plant to be represented in the virtual world. A
SketchUp representation of the plant was created (see Fig. 8)
in order to be imported from OpenSimulator (Step 2). Later,
a new region in OpenSimulator was created to hold the Vir-
tual World as well as an avatar (Step 3). To connect a client
to the OpenSimulator server it is necessary to execute the
Firestorm Viewer (See Fig. 3). Next step involves uploading
the 3D model (See Fig. 8) into the virtual world (Step 4).
This model should be exported in COLLADA format (.dae
extension), which is the one used by OpenSimulator for 3D
objects. In the importing process it is possible to choose from
several textures and levels of detail. Finally, it will be neces-
sary to animate the mobile objects by means of scripts written
in the LSL (Step 5). LSL is a state-event driven scripting lan-
guage, in the sense of a finite state machine. A script consists
of variables, functions and one or more states. Each state
contains a description of how to react to events that occur
while the program is within that state.

Once all these steps have been carried out, the virtual
world that holds the representation of the physical plant is
executed at the OpenSimulator server. The OpenSimulator
server allows downloading both the description of the objects
and the animation code that describes the logic of their move-
ments by means of the HTTP protocol for their execution at
any remote viewer like the Firestorm Viewer. Figure 9 shows
a virtual representation of the real plant in a remote viewer
which may be used for designing or improving the processes
as discussed above.

Fig. 9 Virtual model of the part-classifying station

4.2 Design of the Control System

In this case study it was also necessary to develop the pro-
gram at the Beckhoff CX5020 IPC that controls locally the
plant shown in Fig. 7 (Step 6). In this case the 61131-3
SFC (Sequential Function Chart) programming language,
also known as GRAFCET, was used in order to define the
local behaviour of the plant. TwinCAT PLC Control, which
is a proprietary tool by Beckhoff, was used for this task. Fig-
ure 10 shows an overview of the programming environment.

This step is independent from the construction of the vir-
tual representation of the plant, so it does not need to be
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Fig. 10 Programming
environment for the Controller
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necessarily carried out at this stage. Actually, it is possible to
wrap the behaviour of existing plants after carrying out some
modifications in the software as defined in next section.

4.3 Design of the Communication System

Once the behaviour of both the virtual plant and the real
plant were defined respectively in Steps 5 and 6, the next
step involved connecting both worlds (Step 7). This step
requires declaring common variables in the MySQL database
available at both worlds. The addition of these new variables
requires updating both the OpenSimulator scripts (Step 8) as
well as the program executed at the Controller side (Step 9).
The interaction between OpenSimulator and the database is
executed by means of PHP scripts, whereas the communica-
tion between the database and the program executed at the
PLC controller is carried out by means of different proto-
cols, including proprietary protocols. In the presented case
study ADS and Visual Basic .NET were used for this task.
ADS is a proprietary protocol by Beckhoff Automation and
specific libraries were required to allow its use from Visual
Basic .NET. The communication between the Application
Server (Model) and the Firestorm Viewer (View) was car-
ried out directly by OpenSimulator on top of HTTP. This
approach allows the remote communication of the applica-
tion over any TCP/IP network, including Internet. Figure 11

@ Springer

shows the interaction between the real and virtual world. The
authors also developed a local HMI to interact with the phys-
ical plant (shown at screen of the left image).

The following link provides a visualization of the inter-
action between both the physical plant and the virtual world
used at the case study: https://cpsdpss.wordpress.com/2015/
12/23/integracion-de-mundos- virtuales- y-procesos-reales/

5 Conclusions and future work

This work discusses about the integration of virtual worlds
with industrial automation processes by means of free open
software tools which are already mature at the entertain-
ment industry. More specifically, it presents an architecture
and methodology that assists programmers in the creation of
virtual reality systems and its integration with real manufac-
turing processes. These processes will be typically controlled
by industrial devices such as PLCs, IPCs or industrial robots.
The presented approach, which is valid for a broad num-
ber of industrial plants, opens new possibilities for creating
virtual reality models aimed at two major directions: (1)
Pure simulation of real processes and products for different
purposes (e.g. staff training; prototype designing; manufac-
turing optimization; marketing) and (2) Teleoperation of real
processes (e.g. in dangerous environments or in micro and
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Fig. 11 Interaction between the physical and virtual world

macro scale manufacturing). It is also interesting to remark
that this approach also opens new possibilities in education,
especially in engineering disciplines, since it increments the
possibilities of collaborative learning through the Internet,
by exploring the possible interactions in the virtual world.

The presented approach proposed the use of OpenSim-
ulator as the platform to execute the virtual worlds. This
software, based on the technology developed for the Second
Life environment benefits from all the tools developed for
this environment. Thus, it is compatible with all its available
browsers and one of them, Firestorm Viewer, was selected.

By following the proposed methodology, the designers
will have some guidelines to follow in order to create and con-
nect the physical plants to the virtual worlds. Also, they will
be able to have collaborative environments in which avatars
remotely controlled will be able to cooperate in the execution
of one task.

The application of the methodology was illustrated by
means of the creation of a non-inmersive virtual world which
represents a part-classifying station, allowing both the simu-
lation of the real plant as well as its remote operation. Also,
the authors illustrated how a virtual model may be connected
to a physical plant by means of an industrial controller (a
PLC or an IPC) allowing the remote operation of almost any
plant. This approach provides an enriched Human-Machine
Interface (HMI) that introduces new possibilities in the fields
of teleoperation or the operation in dangerous environments
or different scale operation. In addition, from the point of

) Frsbm Assee 45,2000 FRILLD

view of bandwidth consumption, it is more efficient to use
this kind of technologies than sending full camera images.

In the future, the authors will work with the possibilities
that this technology offers to build immersive systems by
means of Head-Mounted-Displays (HMDs).
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