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Abstract

Simulation and 3D animation have become a critical aspect of developing and testing
hardware and software systems throughout many domains. The availability of computational power, and development of techniques and tools has made 3D environments
prevalent on even the most common devices. Embedded systems which control hardware from alarm clocks to rockets are increasingly starting to be developed using a
Model Driven Development (MDD) approach. MDD currently suffers from a lack of
supporting tooling and can stand to greatly benefit from the integration of simulation.
This presents an opportunity for a tool that can quickly produce a 3D simulation and
animation environment, and easily connect with generated applications to test these
embedded systems.
Significant parts of the process of creating simulations in Unity, one of the most
powerful game engines in today’s market, were automated through the use of a Domain Specific Language (DSL). Scripts generated according to the specification of
the user expressed using the DSL, are used to automatically create a fully functional
simulation environment. The simulation can be deployed on numerous platforms,
and programs written in a variety of languages can be connected to it. The use of
TCP connections allows for interactions of various programs across a network with
the simulator. A fully configurable communication protocol enables users to connect
i

multiple applications to various objects within the simulation. The produced tool,
SimGen, is explained in detail and its use is demonstrated with a series of examples
throughout this thesis.
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Chapter 1
Introduction

In the past few decades, computer simulation and animation have been evolving at a
rapid rate. This rapid development has made simulation and animation a standard
tool used across many industries [26]. Simulation is defined as the act of modelling
the real-world environment for the purpose of evaluating or testing the performance
of some system. It aims to capture the conditions and processes of the real-world
environment that are important to the problem and eliminate those that are not. A
simulation can often be viewed as a simplification of the real world, or a model which
allows focusing on important aspects of the problem and abstracts away unnecessary
aspects which add complexity and are deemed to not be as important for the purpose
of the test. This simplification is also important because it will limit the resources
that need to be spent on creating the simulation.
Game engines have evolved into platforms which can render graphics on an industrial level, and make it easy to implement full physics simulations. The SimGen
prototyping tool presented in this thesis aims to leverage the advances in game engine
development, and Model Driven Engineering (MDE) to generate simulations which
are easy to connect existing software to. The tool includes a domain specific language
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(DSL) which is used to describe a simulation, and the Unity game engine to power
the 3D environment. A survey of vehicle simulators [11], found that Unity ranked
high in ease of development, cost, physical fidelity and functional fidelity.

1.1

Motivation

As systems become larger and more complex the need to quickly and cheaply test
them becomes increasingly important [36]. In todays world, computer simulation is
the next best thing to testing most systems in the real environment [36]. If done
properly it can provide a controlled space for the system to be evaluated without the
need for potentially dangerous and costly experiments. It also allows us to observe
what occurs in the system, and replay the test many times over.
Model driven development (MDD) is often used to program the behaviour of
embedded hardware systems. The translation of the created model results in code that
is meant to be run on a physical device. As noted by a review of the Italian industry on
modelling tools, little supporting tooling and expertise is currently available for MDD
tools [35]. There is currently a lack of adequate simulation tools for model driven
development as described by [10]. A survey conducted on the testing of embedded
systems, concluded that testing of these embedded systems has been growing since
the early 2000’s [15]. The majority of published works were from the automotive
industry, and focused on model based testing [15]. No mention was made of testing of
embedded systems within a 3D environment, which represents a lack of tool support
which should be addressed. As described by Roher from AutoSimulations in [27],
visualization is an important part of simulation. Further explained, in the history of
simulation [26], animation in a 3D environment has gone from being viewed as a frill
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in the 1980’s to a critical component.
Often it is difficult to test the code as the developer must be in possession of the
device. Transferring the code to the device and testing it might also be a time consuming job, or may be impractical for other reasons. Sometimes the physical hardware
cannot be used for testing due to intellectual property restrictions, as with the study
on the Nasa Rover K9 platform performed in [28]. Difficulties with hardware often
arise, as seen in [4]. Simulation configurations that are tested in a 3D environment
are often performed on simulators that lack the visual attractiveness of modern game
engines such as the vehicle sensor simulation in [5]. The enhanced graphical representation offered by a game engine could vastly improve the visualization of these
tests.
Tools for testing models such as PreScan [3] and Arena [19], are available, however
they can be expensive, very specific in functionality or too difficult to set up and use
for a quick simulation. Tools such as Artemis [25] deal with simulation of different
architectures and not the physical object itself. Simulation in MDE tools has so far
been focused on visualization of model execution without simulating or visualizing
the physical system within a 3D environment. This is evident in tools such as Moka
[2] for Papyrus or the model simulator for the Topcased toolkit [10]. Many tools for
testing embedded systems do so without any 3D visualization, such as the UPPAALTRON tool used in [20]. The COMPLEX UML/MARTE Design Space Exploration
methodology described in [17] similarly ignores 3D simulation of the physical embedded system. Specific MDE simulation tools which have 3D environments such
as MapleSim, Dymola and Simulink 3D provide a 3D simulation environment which
lacks the refinement and visual aesthetics of a commercial game engine such as Unity.
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By adding the physical system into simulation and testing methods, a start is made
on integrating physical processes and computation. As stated in [21], this will begin
to unlock the true potential of cyber physical systems.
The issues described above point towards a definite lack of open source tooling
within the field of MDD. The SimGen tool described within this document attempts
to solve this deficiency. The SimGen tool is also an example of how MDD concepts,
such as a DSL, can be used to simplify the creation of custom programs.
Creating a universal system able to be used on all domains within the MDD
environment would be beneficial. Models used in simulation often require a long time
to create, being able to reuse them in another simulation easily is a key research
challenge [36]. The idea of reusing simulations and simulation components has been
looked into by the US Department of Defense [12]. The need for being able to easily
create simulations and reuse components is clear.
This typically pushes academic users and students who create embedded system
models to test on sample hardware or use simulators that lack a 3D graphical component. Simulators developed for use in MDD environments, such as the ones described
for the development of ATC onboard systems [8], are typically domain specific and
built to simulate one problem. As each domain tries to solve a different need with
their simulation, it is often not the best tool for the job for someone from outside
that domain.

1.2

Contributions

The work presented in this thesis aims to provide a simple way of integrating 3D
simulation and animation into the software development world. The main target is
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the MDD of embedded systems applications domain, however it may be useful in
many other domains. A tool, named SimGen, was created which eases the creation of
visually appealing 3D simulation environments. The presented tool includes a DSL
and accompanying code generator which creates the scripts necessary to automatically
build a user defined simulation environment. A game engine (Unity) is used to power
the 3D environment.
One of the main benefits of this tool is the flexibility of connection to the simulation
and flexibility of its platform. The ability to generate simulators or animators, run
them on a wide variety of platforms, connect systems which require other simulators,
or require ‘hardware in the loop’ simulation as in [29], can be done using the SimGen
tool.
The main contributions of the thesis are summarized in the list below.
- A DSL to describe the simulation environment, objects in the simulation and
the communication protocol.
- A code generator that creates Unity specific scripts.
- A framework within Unity which allows for creation of simulations from the
generated scripts.
- Validation of the SimGen prototyping tool, through the use of examples (shown
in Section 4).
The goal of this work is to explain and present the SimGen tool which was made
for creating simulations which are ready to accept input from, and provide output to
models created by various model driven environments. This tool varies from others
in that it is meant to be used as a glue to put together pre-existing 3D models and
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environments with user made control and monitoring programs. The tool consists
of a DSL which allows for the definition of objects that are to be controlled, as well
the design of the communication protocol that they respond to. The DSL is then
compiled to a series of scripts which the simulation executes. These scripts allow
the defined objects to respond and react to external communication from another
program. This setup enables the users to test their programs on a 3D real world
simulator without having to directly integrate their code with that of the simulator.
By using a generator that is very general, any object, or aspect of the object can be
made accessible to the communication protocol. This gives the tool a broad range of
applicability.
The SimGen tool and some examples are available at: https://github.com/
PasternakMichal/SimGen.git for download. The tool is open source, and the full
source code is available. A short demonstration video is available at https://youtu.
be/4ROt2N6i6KA.

1.3

Organization of Thesis

The thesis is organized into the following sections.
- Chapter 2 provides relevant background information, as well as an overview and
description of the tools used.
- Chapter 3 goes into detail on the structure of the domain specific language the
design of generator and the structure of the prototyping tool.
- Chapter 4 illustrates a few use cases, provides operational examples, and includes a guide on how to use the tool.
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- Chapter 5 summarizes the capabilities of the tool and lists its limitations and
the suggestions for future work.

8

Chapter 2
Background

2.1

Simulation and Visualization

In the past few decades, computer simulation and animation have been evolving at a
rapid rate. This rapid development has made simulation and animation a standard
tool used across many industries. Many large scale simulation tools, such as Simics
[22] exist that are capable of precise and detailed simulations of various systems.
Simulation is an important part of verification of the correctness of a system [34].
Simulation is defined as the act of modeling the real-world environment for the
purpose of evaluating or testing the performance of some system, and answering the
‘what-if?’ question [36]. It aims to capture the conditions and processes of the realworld environment that are important to the problem and eliminate those that are
not. A simulation can often be viewed as a simplification of the real world, or a model
which separates the things we are focusing on away from those which add complexity
and are deemed to not be as important for the purpose of the test. This allows for
testing different algorithms under fair similar conditions. This simplification is also
important because it will limit the resources that need to be spent on creating the
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simulation.
The primary purpose of a simulation is to observe how the system behaves during
some condition. A simulator is a tool that enables this by providing an environment
where a model that represents the system can be given some input. The observed
output is then the result of that test, and it can be used to evaluate the model.
Furthermore, we can use this simulation to understand the inner workings of the
system by observing how the result is produced.
As part of a simulation, visualization helps us better understand the model being
simulated [27]. For many of us, seeing something in real-time enables us to better
understand it rather than reading numerical results. Visualization is thus also an
important component of simulation that aids in the understanding of the system and
processes which we are trying to simulate.
As systems become larger and more complex the need to quickly and cheaply
test them becomes increasingly important. In todays world, computer simulation is
the next best thing to testing a system in the real environment. If done properly
it can provide a controlled space for the system to be evaluated without the need
for potentially dangerous and costly experiments. It also allows us to observe what
occurs in the system, and replay the test many times over.
By measuring the performance of a test case in the simulation we can evaluate its
performance. This in turn will allow for a comparison of different methods or systems,
on a level playing field devoid of the real world variables that have been eliminated.
Sometimes these variables were omitted on purpose to either simplify the process or
specifically isolate one factor.
The problem in the field of simulation is the trade off between applicability of the
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simulator to the model and the generality that it offers. As mentioned in [25], the
higher level the simulator is, the less of the domain space it can explore, and the less
specific it is. Higher accuracy models and simulations typically require far more time,
as they tend to be more low level [25].

2.2

Unity

Unity began mainly as a game development platform, targeting smaller game studios
and individual developers [16]. Its main draw is the multi-platform game engine which
aims to simplify the creation of 2D and 3D games [9] [16]. The platform became
available in 2005, and has now been developed to target a wide variety of users [16].
Use cases ranging from enterprise level game development, teaching beginners to
program and rendering and integration in industrial work flows [31].
Unity applications have been downloaded onto over 3 billion devices worldwide.
Applications made with the Unity engine have been downloaded over 24 billion times
in the last 12 months [31]. Over 50 percent of mobile games available on mainstream
app stores are powered by Unity [31]. Unity is the global dominating game development platform for mobile devices. This great success is in part due to the great
documentation available, as well as tutorials and guides [33].
Unity is offered for free for use in non-profit applications, as well as for small time
game developers and students [31]. Recently the platform has gained more attention
among users who develop simulations, software, and other non-game content [16] [9].
These use cases typically involve applications where high performance rendering and
spatial geometry are important, such as automotive or GIS.
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Unity includes an integrated development environment which enables visual editing in 3D, drag and drop capabilities as well as support for scripting [33]. C# is
the primary language used to create scripts in the game. A scene made in Unity
can then be compiled to 27 different platforms, ranging from game consoles, desktop
environments, virtual reality systems and mobile devices [31].

2.2.1

Using Unity

Unity has a multitude of features that at first can be difficult for a beginning user to
understand. It is however easy to get started and develop a simple game in Unity.
The Unity user documentation [33] contains good explanations and examples of how
to use all the components of Unity. Below follows a short overview of the layout of
the Unity environment, and an explanation of terms which are used in later sections
to describe the Unity part of the work.

3D Models
3D models are a combination of points in 3D space (with X,Y,Z coordinates). The
points define a certain volume which is attributed to that object, the collection of
points is referred to as a mesh. In 3D models, the model is typically covered by a
‘texture’, which is a 2D image that is wrapped around the points. To provide a larger
degree of detail and realism to a 3D object, a ‘Material’ can be used to cover the
model instead of a simple texture. Materials contain additional information when
compared to a texture. A material uses the base texture image and adds physical
properties (bounciness, friction), height maps (provide the illusion of bumpiness, or
small height variances throughout the flat picture), or lighting properties (reflective
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Figure 2.1: The Unity Development Environment
properties, lustre) to the image to provide greater detail.
Simple 3D models can be created in Unity such as spheres, rectangles or pyramids.
Most complex 3D models are created in 3D modelling software such as Blender [7]
and later imported into Unity. Many freely available models exist and can be used.
Unity accepts a wide range of 3D model types, with many file formats that are both
standard such as ‘.fbx’ or ‘.obj’ or proprietary formats from modelling software such
as ‘.blend’ or ‘.3ds’ file types [33].
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Figure 2.2: Typical File System used in Unity Projects
Unity Development Environment
Unity features a fully configurable development environment. All window positions
can be reconfigured to what works best for the user [33]. Figure 2.1 shows the standard
layout of the working environment in which a Unity user builds their 3D game or
simulation. On the left is a representation of the ‘scene’. This is the 3D world in
which the game or simulation takes place in. The middle section contains an explorer
of all GameObjects that are active in the scene, and below it a project explorer that
shows all the ‘Assets’ in the project. On the right is the Inspector. This section shows
the components that are attached to the currently selected GameObject.
GameObjects are the fundamental concept of Unity. Everything present in the 3D
environment is a GameObject [33]. GameObjects in Unity can consist of nothing but
a simple reference to a coordinate, or they can contain multiple complex GameObjects
within themselves. GameObjects can be equipped with components such as scripts,
3D meshes, materials, various physics properties, particle systems and sound among
other things. A GameObjects behaviour in the game is defined by its components.
When a GameObject is dragged into the resources folder it becomes saved as a prefab.
A prefab can later be reused in the scene, or exported to be used in another project.
A prefab can be thought of as a saved copy of the GameObject in the exact state
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that it was in when it was saved. Prefabs can contain references to other components
such as meshes, scripts or materials. It is important to make sure all required files
are either exported or imported along with the prefab when moving prefabs between
projects.
The organization of GameObjects in Unity is very similar to typical object oriented programming languages. Unity prefabs can be thought of as classes, and are
instantiated within the scene as GameObjects [33]. These GameObjects have components and scripts which are used to define the behaviour of the object within the
environment [33]. This is similar to functions and variables of a declared object
within a program. This organization makes Unity intuitive to use for users who have
a knowledge of object oriented concepts.
The Unity project is a combination of assets which are displayed in a series of
scenes. A scene is the 3D space in which objects are rendered. For the sake of
simulation, only one scene is recommended, however game developers typically use
multiple scenes throughout their games story line. Figure 2.2 shows the recommended
organization of the Assets folder of a Unity project.
The ‘Scripts’ folder is to contain all the scripts accessible to the project. The ‘Materials’ folder contains materials used by GameObjects within Unity. The ‘Resources’
folder is a special folder, as everything in it can be called from a script that is executed
during runtime. It mainly contains prefabs that are instantiated during runtime of
the game or simulation. The ‘Textures’ folder contains any necessary images that are
used in the scene.
By manipulating 3D objects in the scene with the mouse, and equipping the
GameObjects with simple scripts and components a basic game or simulation can be
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created. More advanced users can write scripts which will perform all the manipulation automatically at runtime. A triangular Play button is located at the top middle
of the environment shown in Figure 2.1. This button allows for testing the game
within the editor.

Building a Project
A project must be built in order to create a standalone file to share or use without
running the Unity editor. To build the project, the ‘Build Settings’ option from the
file menu must be selected. This brings up the ‘Build Settings’ window pictured
in Figure 2.3. The current scene must be selected, and the platform chosen in the
bottom left hand side menu. Next the target platform and architecture need to be
specified on the right side, and the build button pressed. Another pop-up will ask for
the name of the file and location to save it in. Once this is entered, the project will
compile and build itself into an executable file. The platform can be changed and
the project re-built, without any need to change any scripts, or configuration of the
actual game or simulation.

2.2.2

Benefits For Simulation

For the purpose of simulation and visualization, Unity is a good fit. This is mainly
due to its included 3D physics engine, the ability to easily import and create 3D
models and its scripting features. Since C# is the scripting language used by Unity,
any libraries and features of the language can be used within the compiled Unity.
Unity contains an asset store which has a wide variety of user created content
available. This includes 3D objects which can be downloaded and used with in the
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Figure 2.3: Project Build Window
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simulation environment.
Detailed documentation is available as well as a forum for support. The Unity
manual contains examples on how to use all of the core functions of the game engine
[33]. The large amount of developers who use Unity allows beginners to quickly find
the answer to a question they may have, as it typically has already been asked and
answered.

2.2.3

Limitations

Unity is still primarily a gaming engine, and most of the users and support are
geared towards game development and rendering of graphics [9]. This leads to little
documentation and examples of use cases, where Unity is to interact with external
programs or files. One current limitation in the game engine is the way Unity deals
with joints within the physics engine. Complex objects which utilize joints for moving
parts do not realistically compute the distribution of forces along joints. This may
lead to problems with simulating stresses and forces on such objects when only using
the built in physics engine.

2.3

DSL Design

Language design in computer science has been studied for a long time, it is an art
which is difficult to master. The goal of a good programming language is to assist
the programmer with design, documentation and debugging of their application [18].
An application which allows the use of a language to facilitate creation of content,
must have a good language to make it use-able. A good language is simple, secure,
readable, efficient and can be compiled quickly [18].
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Domain specific languages (DSLs) are computer languages which target a specific
application or use case [23]. They often trade generality for having the capability
of being very expressive in a narrow domain [23]. A good DSL is designed with the
application domain in mind, and is designed to be easy to use by those familiar with
the domain [23]. DSLs will typically use a generator or translator to transform the
DSL into source code, or another language [30]. DSL designers are advised to listen
to the users of their language, and understand what it is the users really need from
the language [18].

2.3.1

XText and Xtend

Xtext is a framework which is used in the development of domain specific languages
[13]. It is available for the Eclipse IDE, and includes all the necessary software to help
in the creation of a DSL. The Xtext grammar allows one to define language grammar
to create your own language. Grammar rules are typically include keywords. By using
well thought out keywords, and a good structure during the design of the language
rules, it is more likely that the DSL will be readable and easy to understand.
The DSL created with Xtext can be compiled to a standalone application. This
application will contain an IDE in which the user can create a program using the
DSL. Text completion, and error highlighting are available to help the user use the
language [13]. Once the program is saved, the code generator is automatically called,
and it translates the code written in the DSL.
Xtend is a programming language for the Java virtual machine. It extends Java,
and aims to make the language more programmer friendly and readable. It is used
within the Xtext framework as a language for creating code generators for domain
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specific languages. One of the most useful features relevant to this work are template
expressions. Template expressions are multi-line strings enclosed in three quotion
marks and enriched with expressions [6]. These can be used to control the generation
of the template with loops and conditions [6].

20

Chapter 3
Tool Overview

The SimGen prototyping tool consists of a few major components which work together to produce a 3D simulator. The tool consists of the simulation environment
(Unity), a library of 3D objects, and a domain specific language (DSL) to configure
the simulator. The user begins by using the DSL to specify which 3D objects they
would like to include in the simulation, as well as the actions that are taken by these
objects after receiving a specific message. A code generator uses this information
to generate C# scripts for the Unity environment which control the simulation, as
well as documentation describing the communication protocol. These scripts are then
added to the Unity framework, and upon compilation create the desired simulator.
The steps a user takes to create a simulation are shown in Figure 3.1.
The DSL is used to describe all aspects of the simulation. The DSL is translated
by a code generator to a series of C# scripts that are used by Unity to control
the various objects in the 3D environment. The scripts will use resources found
in the Unity project to create the simulation environment and the code necessary
to connect to the various objects within the simulation. Once the new scripts are
loaded, the Unity project is built and exported to a standalone file for the desired
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Figure 3.1: The Workflow of the SimGen Tool
platform. This file contains the simulation, and is executed on the machine that is
to display the simulation and complete the physics calculations between the objects
being simulated. These objects are a representation of the physical hardware that
the user is simulating.
The user can then run their application and connect to the simulation over the
specified channels. As the user’s application is executing it sends string messages to
the simulation which control or query the objects in the simulation. The syntax of
the messages as well as the information which is sent and received from the simulation
are specified by the user within the DSL.
The communication between the simulator and the user’s applications is conducted
over TCP sockets. If the user chooses, multiple applications can connect to the
simulation, from various machines across the network. TCP sockets also allow for the
use of any language which supports TCP sockets to be used to develop the applications
which connect to the simulator. As the syntax of the messages between the simulator
and applications is in string format, it is sufficient to only replace the sent message of
the string to whichever corresponding action is required from the control logic when
the application is moving over from testing to implementation on a real system.
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The goal of the prototyping tool is not to focus on problems of accuracy or performance which are sometimes regarded as of top importance [36]. Its goal is to enable
the developer to quickly create a 3D virtual testing environment on which they can
test their control logic and embedded system. This type of rapid prototyping provides
clear benefits in software creation [34].

3.1

Unity Framework

The Unity framework component of the prototyping tool primarily consist of two
parts. The first is a Resource folder, which contains a collection of 3D objects with
scripts and various Unity specific physics components attached to them known as
‘prefabs’. Prefabs, and any audio files, graphics and individual utility scripts are
stored in the Resources folder [33]. All these resources are accessible to the generator,
and any referenced prefab must be present. An example of scripts stored includes
those that provide basic network functionality and other static functions which do
not change with the configuration of the simulator in the DSL. Figure 3.2 shows all
the components of the Unity framework and how they work together with the scripts
generated by the DSL. The green arrows in Figure 3.2 represent scripts generated by
the DSL, the blue show the object called by the starter script at run time, and the
purple show the creation of objects in the simulation.
The second part of the framework is referred to in Unity terms as the scene. The
scene is what is initially loaded when the compiled simulation is launched [33]. The
scene used by the framework consists of nothing but an empty object that references
the origin coordinates of the simulated environment and a script named ‘starter’ that
is executed on launch. This object is present in an empty 3D environment, and acts
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Figure 3.2: A Diagram of the Components of the Unity Framework.
as the starting point for the creation of the simulation. When the generator creates
C# scripts from the definition of the simulation in the DSL, it always replaces the
‘starter’ script with the newly generated one. This initial object and script pairing is
required because it mandates that the ‘starter’ script, which contains instructions on
which prefabs to load and which scripts to attach to those prefabs, is executed at the
beginning of the simulation. This means that once the generator has generated the
scripts and the simulation is compiled, the simulation gets built at run time rather
then being saved in the scene. This allows the user of the tool to edit the simulation
properties in only the DSL and not have to do any work within the Unity environment.
The creation of MetaObjects, Object Scripts, ChannelControllers and the starter
script are covered in Section 3.3. A number of Unity prefabs are included in the
SimGen tool, and the addition of new ones is covered in Section 3.3.3 with an in
depth example in Section 4.3.1.
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Network Script
The Network script which is used by the ChannelControllers is shown in Appendix A.
The script works by using asynchronous calls and passing a state object containing
the information that is sent and received by the socket. First a socket is created
and bound to the specified port. The server then creates an asynchronous call to
wait for a connection. Only one connection is accepted. Once a connection is made,
an asynchronous listen operation is started. The socket waits for a message while
execution of the remaining components of the simulator continues. Once a message
is received, it is stored in a message queue, and another call to listen is made. The
socket is closed once the other end disconnects.
The message queue is then worked on by the ChannelController which passes on
the message to the correct object. If the object needs to send a return message, the
ChannelController formats it and sends it back over the socket using a asynchronous
send call from the network script. The reader is encouraged to refer to the .net
documentation on networking found at [24] for further information on asynchronous
network sockets.

3.2

The DSL

The DSL contains 3 major components. These are MetaObjects, Objects, and Environment. For each simulation, any number of MetaObjects and Objects can be
declared. Only one Environment can be used. MetaObjects can be thought of as
classes, and Objects as extensions of those classes. The desired Objects can then be
listed as instances in the Environment.
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MetaObjects

A MetaObject is a description of the Unity prefab within the DSL. It contains the
properties of the prefab which are available to the user’s application. A MetaObject
must have the same name as the prefab that it represents in the Unity simulation.
It is composed of a list of properties and optionally actions. Actions are described in
the Objects subsection.

Property
A property in the MetaObject has a counterpart variable within the Unity prefab.
For the generator to be able to successfully translate the property to the correct value
in the prefab, its mapping must be recorded. This mapping is present in a ‘prototype
config’ file. When properties are listed in the MetaObject, they must also have their
type declared as either string, boolean, integer or real. More details on the mapping
of properties are provided in Section 3.3.3.

3.2.2

Objects

An Object contains a configuration as well as a list of actions and optionally variables
which are specific to that Object. In the configuration, any variable or property that
is declared in the Object or its MetaObject can have its value set. Common values
that are set include the size of the Object or its starting position. These values are
applied at the beginning of the simulation which allows for fine tuning the simulation
to the need of the developer.
As an Object must extend one of the MetaObjects in the file, it has access to any of
the actions and properties listed in the MetaObject. The Object also contains its own
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Figure 3.3: An Example of an Action Which Changes Wheel Power on a Rover to
Two Specified User Inputs
list of actions that are added to the actions provided by the MetaObject. Override
actions can also be declared which replace the actions listed in the MetaObject.

Actions
Actions help define the communication protocol between the Object in the simulation
and the user’s application. Figure 3.3 shows the syntax for creating an action. An
action is made up of a ‘payload’, a ‘return payload’ as well as a list of assignments.
The name of the action defines part of the command that is sent to the simulator
by the user’s application. The payload defines the information that is sent to the
simulator, and the return payload defines the information that is received back from
the simulator after sending that message. The list of assignments represents the
calculations and effects that are performed by Unity on that object upon receipt
of the payload. As each defined property represents a particular value that affects
some property in the representation of the object in the simulator, setting these values
within the action allows for control of every aspect or function of the simulated object.
Any number of parameters can be sent and returned in a single action. An action
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payload can therefore contain any number of parameters that are specified by a name
followed by a type of either int, string, real, or boolean. The return payload is defined
in the same way as the payload. Once the payloads are described the user can assign
values to the properties of the object to either of the payloads, or vice versa. Any
standard math expression can be used as part of the assignment. An assignment
is necessary for each parameter listed in both the payload and return payload. A
description tag is also available for the user to optionally place a description of the
action to be included in the auto-generated ‘README.txt’ file. An example of this
description tag is visible in Figure 3.3.

Variable
Variables are specific to the Object. Variables must have a declared type, which again
can be one of either string, boolean, integer or real. Unlike properties, variables do
not have a counter part in Unity, and can vary depending on the object or even
instance that assigns a value to it. They are meant to simplify specification of actions
by reducing repetitive code.

3.2.3

Environment

The environment describes the simulation, and as such only one is required per simulation. It lists the simulation objects, and the communication method between them
and the outside world. It is mainly composed of instances and channels. Optionally,
it can also include documentation tags (a stated purpose of the simulation, and its
author), if no camera is used in the simulation one can be created and focused on an
instance.
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Figure 3.4: The Format Used to Define a Communication Channel
Instance
Instances are objects which are to be included in the simulation. Each instance is
a copy of the indicated object that uses the actions and parameters defined for that
object in the DSL. A unique name must be given to an instance. By creating another
instance of the same object, with a different name, two copies of the defined object can
be present in the simulation. Upon compilation all the stated instances are created
in the simulator as unique entities.
Channel
Each channel is a method of communication between the simulation and outside
world. A channel is described using the format shown in Figure 3.4. The keyword
channel is used followed by the name of the channel. The type of connection is
specified as TCP, and a port needs to be provided. This will open a socket server on
the corresponding port of the machine running the simulation. The keyword assign
then follows the port, and any number of Instances can then be listed. The listed
Instances can be controlled over this channel. Many instances can be controlled by a
specific channel. Instances can also be controlled by more than one channel.

3.3

Code Generator

The SimGen tool contains a code generator which links the Unity framework to the
DSL. The configuration of the simulator that is described in the DSL is translated
into Unity scripts by the code generator. The code generator creates scripts based on
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Figure 3.5: The Main Generator Function Which Creates Unity Scripts and the
ReadMe File From the Description of the Simulation in the DSL
the description of the environment in the DSL. The code generator is written in the
Xtend language. It uses templates to generate the necessary scripts to create and run
the simulations. The main function which generates the Unity scripts and ReadMe
file is shown in Figure 3.5. IGenerator, a built in class of the Xtext framework, is
used to generate the files. It allows for specifying a location and file name to save to,
as well as a template to create the content of the file.
All the MetaObjects in the model are first created and saved as “[MetaObject
Name]MetaObject.cs” The description of the MetaObject is passed on to the MetaObject template. Next, the description of the environment is passed on to the starter
script template. Then for each instance, a “[Object Name]Script.cs” file is created
using a template based on whether the objects MetaObject type is either ‘generic’ or
any other. ‘Generic’ objects are created without the need to provide a Unity prefab,
thus they require a different script which creates the 3D model from other supplied
files. All described channels are then used to create “ChannelController[Channel

3.3. CODE GENERATOR

30

Name].cs” scripts. Finally, the documentation file for the simulation is created and
saved as “README.txt”.

3.3.1

Generated Scripts

As discussed above, the code generator creates four types of C# scripts. These
include a script for each MetaObject, each Object which is used by an instance, a
‘ChannelController’ script for each channel and a ‘starter’ script.

Starter Script
The starter script is responsible for initializing the simulation, loading the remainder
of the generated scripts and creating the 3D models. The starter script is attached
to the main ‘GameObject’ in the Unity framework. The generated starter script
replaces this script each time, allowing for a new simulation to be produced from the
same framework. Figure 3.6 shows the template of the starter script. The template
represents the entire starter C# script. It takes as input the Environment that the
user described in the DSL. The elements between the << and >> symbols indicate
values and functions that are added into the template from the described simulation
Environment.
The starter script begins by creating Unity ‘GameObjects’ for all the instances
specified in the Environment. Each ‘GameObject’ is then given a Unity prefab from
the resources folder in the Unity framework. The corresponding Object Script is then
added to the GameObject. This creates the physical model in the simulation with
the attached behaviour specified in the description of the Object in the DSL. Next,
the ChannelController scripts are added to the same ‘GameObject’ that the starter
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script is attached to. The starter script also sets the camera in the simulation, and
controls its movement. It allows the user to move the camera in the simulation and
switch its focus to other ‘GameObjects’.

ChannelController Script
A ‘ChannelController’ is created for each channel in the simulation environment. The
template which is used to create the script is shown in Figure 3.7. Each ChannelController only differs by what port it is on and which instances it is applicable to. A for
loop creates routing logic in the ‘route’ function for each instance that is bound to
the channel.
At the start of the simulation, each ChannelController loads a network script,
which starts a new thread with a socket server on the specified port. Throughout the
simulation the script continually polls the network thread for any stored messages.
If a message is present, the route function is called which extracts the Object the
message is directed to and the contents of the message. The bound instances are then
checked, and if the message is meant for one of the Object instances, the contents of
the message are sent to the translate function of the Objects corresponding ‘Object
Script’. If a return message for that message is given, the return message is sent back
over the network thread.

MetaObject Scripts
A ‘MetaObject Script’ is the base class for each Unity prefab. ‘MetaObject Scripts’
are not attached to the prefab being instantiated, they are instead extended by an
Object script. The script is generated from a template presented in Figures 3.8 and
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Figure 3.7: The ‘ChannelController’ Xtend Template
3.9. A ‘MetaObject’ script is created for each MetaObject which is defined in the
DSL. Only the defined MetaObjects have a script created for them, regardless if the
corresponding prefab is present in the simulator.
The first part of the template, shown in Figure 3.8, calls a function ‘readLibInit’. This function accesses an array of required lines that need to be present in the
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Figure 3.8: The First Part of the ‘MetaObject Script’ Xtend Template
MetaObject to properly link it to the scripts and components in the prefab that the
MetaObject represents. The lines array is created by scanning the configuration file
that describes links between MetaObjects and prefabs. More information on this file
is available in Section 3.3.3.
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Figure 3.9: The Second Part of the ‘MetaObject Script’ Xtend Template
Next, the position and size variables of the object are initialized. These are hardcoded into the template because each MetaObject must have these properties, otherwise the prefab cannot be properly loaded into the simulation. An update function is
defined that checks the size and position of the object, and records the values into the
corresponding accessible variables (posx, posy, sizex, etc..). A ‘requiredStart’ function is also defined, its purpose is to load a link to the previously defined components
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in the ‘readLibInit’ function. In the second part of the template in Figure 3.9, a
conditional statement checks if an action named ‘start’ is present in the MetaObject.
The start function is important in Unity, as it is called only once, when the script is
introduced into the scene. It must be present in the script, thus if a start action is
not specified by the user one is created. The ‘requiredStart’ function must be called
at the beginning of the script to properly attach the MetaObject to the prefab’s components, the prefab’s transform (contains spatial properties) must also be linked. For
this reason it is added to either the user’s defined start action or the auto-created
start function.
When a MetaObject is defined in the DSL, actions can also be defined. These
actions are turned into functions by the code generator. This is done at the beginning
of the second part of the MetaObject template shown in Figure 3.9. The generation
of functions from actions is described in detail in the following section.

Object Scripts
Figures 3.10 and 3.11 show the template of the ‘Object Script’. The ‘Object Script’
template is used for all Objects that the generator creates scripts for. An Object
Script is an extension of the MetaObject, it inherits the variables and functions
declared in the MetaObject. An Object Script controls an instantiated prefab. It
is assigned by the starter script to the prefab at the beginning of the simulation, thus
it can change the physical properties and behaviours of that Object.
The beginning of the script creates all the properties that are found within the
MetaObject as variables. Next a start function is created. It includes the ‘requiredStart’ function from the Object’s MetaObject, as well as code to set the position and
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Figure 3.10: The First Part of the ‘Object Script’ Xtend Template
size of the object to the proper values. The code that creates this in the template is
visible in the first part of the template, pictured in Figure 3.10.
The second part of the Object Script template, is shown in Figure 3.11. This part
of the script handles the creation of ‘Actions’, the commands which are received by
the object and result in some output, or change in the Object. The first part creates
all the new actions declared in the Object. Each action is translated into a function.
The function always returns a string, whether a return payload exists or not. The
payload of the action is added as parameters for the function.
Next, the body of the action is parsed by the ‘stringify’ function. This function
translates expressions created by the user in the DSL into text representations. The
function code is shown in Figure 3.12. Expressions go through a logical switch which
recursively breaks down the expression and builds a string out of it. Once a property
is identified it is translated to the equivalent variable name in the Unity prefab,
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Figure 3.11: The Second Part of the ‘Object Script’ Xtend Template
according to a hash map. The hash map is included as part of the SimGen tool, it
lists the Unity version of the property names of each MetaObject. The hash map is
built from the configuration file, which can be edited to add custom objects, this file
is further described in Section 3.3.3.
The same process is used to create any actions of the MetaObject that need to be
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Figure 3.12: The ‘stringify’ Function
overridden. Most times it is advised to just create a new action rather then override
an existing action, however the code generator makes it possible to do so.
The message handling component of the template creates the ‘translate’ function
of the ‘Object Script’. This function is called by a ChannelController, and is responsible for taking a message and executing the function that is specified in the message.
The return from that function is then sent back to the ChannelController. The code
generator creates this function by creating a series of if statements that dictate which
function is called based on the action name in the message. The parameters for the

3.3. CODE GENERATOR

40

function are also extracted from the message and passed along to the called function.
Actions from both the MetaObject and the Object are created as options within the
translate function.

3.3.2

Auto-Documentation

The code generator creates a read-me file along with each simulator that it generates.
This read-me file provides documentation on how to connect to the simulator, and
interact with the objects in the simulation. An example of a command for every action
which was added in the DSL is present, as well as an example of the return message
that the action produces. Users of the DSL can optionally provide a description for
each action. This description is included in the read-me file. The read-me file is
formatted to highlight the ports that must be used to connect at the beginning of the
simulations. A properly organized description of available commands allow for less
confusion, this was seen during the challenge problem example described in Section
4.2.
By automatically outputting a read-me file, the SimGen tool creates some basic
documentation for each generated simulator. This ensures correct documentation
and examples for each action. Mistakes in documentation will result in confusion,
especially when specific messages are being sent and properly formed syntax is important. The user does not have to remember to create their own read-me file. By
adding a short description for each action when the user is creating the simulation,
all the formatting of the read-me file is taken care of by the generator. This is a small
feature which helps simplify and speed up the development of simulations. It helps
make generated simulations ready for use by others.
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Figure 3.13: Extending the SimGen Tool with Custom MetaObjects
3.3.3

Extensibility Across Domains

The goal of the SimGen tool is to support generation of simulations for many different
domains. To achieve this, the tool needs to allow for MetaObjects from different
domains to be used. The approach taken allows for the addition of any custom made
MetaObjects. Figure 3.13 shows the additional steps that are needed to create a
simulation with a custom MetaObject.
Unity prefabs are a necessary component of the SimGen tool. They provide the
actual 3D object and a description of its behaviour within a 3D environment. These
are described by custom MetaObjects, and can be integrated into simulations by
describing them as MetaObjects, without the need to edit the code generator. To
achieve this, a configuration file is used to allow the user to specify how a MetaObject
describes a Unity prefab. This requires some knowledge of the Unity environment
as the location of variables within a prefab must be specified. The rocket example
in Section 4.3.1 provides a more in depth example of the creation process of a Unity
prefab and the corresponding MetaObject.
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Configuration File
To allow the use of custom MetaObjects, the SimGen tool relies on a configuration
file to translate the description of a MetaObject to a Unity prefab. This file allows
the code generator to understand the properties of a MetaObject. Two types of
entries can be made. The first is an assignment of a name to a component or script.
The second is a translation of a property in the MetaObject. Every property which is
listed in the MetaObject must have an equivalent variable or property name within the
corresponding prefab. The location of the variable within the prefab must be listed,
in such a way that the generated script can locate it. A name must be assigned to
a component which contains the desired variable. A generalization of the format is
shown below. The left hand side of the equation always refers to the MetaObject and
the right side to the Unity prefab.
To assign a reference name to a component the following format must be used,
where the values in square brackets correspond to the name of the MetaObject, desired
reference name of the component and the name of the Component or script in the
Unity prefab:
“[MetaObject Name]:[Reference Name] = GetComponent<[Component Name]> ();”
This line will instruct the code generator to properly reference the component
or script under the reference name. This will also provide a reference name to the
component within the configuration file. It allows for referencing the remainder of the
variables found within this component, by using the Reference Name. The translation
of the individual properties must be listed in the format as shown below.
“[MetaObject Name].[Property Name] = [Reference Name].[Variable Name]”
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In this equation, the Property Name refers to the property being translated within
that MetaObject. The Reference Name is used to indicate which component the
variable is in. Variable Name is the name of a ‘public’ variable with in the script, or
a path to that variable. For example if the variable ‘v1’ is a value of an object ‘obj’,
the Variable Name would be ‘obj.v1’. This is explained in further detail in Section
4.3.1, and Figure 4.6 shows a good example.
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Chapter 4
Proof of Concept

To demonstrate the versatility of the SimGen tool, four different examples are included in this chapter. The first example is one of a use case for the tool in which
the goal was to create a visualization which would model an embedded rover system
such as in [4]. The second example took this same simulation and turned it into a
challenge problem by using a monitoring program to keep track of scores, and proposing a goal. This demonstrated another use case for the SimGen tool, simulation for
the purpose of comparing solutions. To show that various domains can be simulated,
and any arbitrary Unity asset can be controlled, the third example showcased a 3D
model of a rocket which was created in Unity. This model was then integrated as
a custom object into the tool and made available for simulation creation. A sample
control program was used to illustrate the various aspects of the model that can be
controlled.
To show that the entire simulation does not need to be created by the tool, and
that existing simulations and environments can also be interfaced with, a fourth
example was included. In this example a pre-existing environment was used, and
the tool was imported as an asset to allow for external control of an object. This
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example illustrated a third use case for SimGen, importing the tool into pre-existing
simulations.

4.1

Rover Mimic

The purpose of this application was to illustrate how a generated simulation can be
used to visualize a physical real world object. The work in [4] used a small RaspberryPI powered rover which ran on batteries. The rover was controlled by code generated
from an MDD tool. To show that the same code could be run in a simulated 3D
environment, the SimGen tool was used to create an environment and a similar rover.
The rover prefab properties were adjusted to roughly match those of the physical
rover.
Instead of sending commands over the GPIO pins to the rover to control the
motors, the code used a library to send equivalent TCP messages over a socket to the
simulator. The rover prefab was made to be similar to the rover, and thus expected
to perform similarly.
To further test the visualization, the code was connected to both the physical
rover and the Unity animated rover at the same time. With each message that
was sent to the motors of the rover, an equivalent message would be sent to the
animated rover. The animation had no knowledge of the physical rover, and was
able to mimic the physical rover to a certain degree. Variation arose from natural
factors such as external forces, varied motor performance from the physical rover,
and small differences between the time the rovers took to react to commands. The
physical rover had onboard sensors which were used to provide input to the control
program. In this case the visualization was used only as a one way communication.
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The animated rover did not have sensors and did not send inputs to the control
program. It instead relied on the physical rover to provide the sensor feedback and
just mirrored the movement of the physical rover.
As a first example of visualizing embedded hardware systems, the test proved
successful. The animated rover can perform similar tasks to the real system. One
main advantage of the simulated rover over the physical one was the faster turn around
time between tests. The simulated rover could be reset and the program re-run in
a few seconds. The physical rover would have battery issues, hardware malfunctions
and would need to be physically brought back to the starting point.

4.2

Rover Challenge Problem

One application of the SimGen tool included a challenge problem found at [1] for the
workshop at MODELS 2018. The challenge problem involved two rovers similar to
the one described in Section 4.1. Participants were asked to control one of the rovers
and follow at a particular distance behind the other. Participants were free to use
any MDE tool or language to create their controller. Figure 4.1 shows the view that
participants had of the rover they were controlling.
The challenge program consisted of the simulation, and a Java program which
acted as a referee and provided feedback on the participants performance. A small
program was also included which allowed the participants to control the rover via
keyboard input. This allowed the participant’s to get a feel of what their program
was supposed to accomplish. The challenge problem was made available via download
links in the description at [1]. The contents of the challenge problem file is shown in
Figure 4.2.
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Figure 4.1: Challenge Problem Simulation Environment
Since SimGen creates simulations which are connected via TCP sockets, participants were not constrained to one language, or tool. This allowed for the comparison
of the tools used by participants during the workshop. The challenge problem also
included a short configuration file called ‘config.txt’. All three programs (the simulation, referee, and sample solution) used this file to obtain user connection preferences,
and simulation settings. The contents of this file are shown in Figure 4.2. The connection of the various programs was set during the simulation configuration phase of
the simulation creation process, however the settings in the configuration file were
used to specify the exact ports and IP that were used. The various TCP connections
between the programs are illustrated in Figure 4.3. The different colored connections
corresponded to the ports specified in Figure 4.2. Table 4.1 links the port definition
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Figure 4.2: The Folder Structure of the Challenge Problem and the Contents of the
config.txt File
Connection Colour
Red
Blue
Yellow
Green

Port name
leaderPort
evaluationPort
observationPort
controlPort

Table 4.1: TCP Connections and Their Specified Ports
in Figure 4.2 and the depiction of the connection in Figure 4.3.
SimGen was used to create the simulation component of the challenge. The participants of the problem were given a set of commands to use to interact with one
of the two rovers in the simulation. These commands are detailed in Table 4.2 and
Table 4.3.

4.2. ROVER CHALLENGE PROBLEM

49

Figure 4.3: A Visualization of the Control Channels Over Which Programs Communicated with the Simulation
SimGen greatly simplified the creation of the challenge problem by removing the
necessity of Unity knowledge to create the simulation. Deployment was possible to
Mac, Windows, and Linux platforms, as shown in Figure 4.2 without any changes
between the three simulations. Participant applications were compatible with all 3
versions of the simulator.
The workshop challenge problem had a total of 7 submissions, which used various
tools and languages. Different modelling tools were used including xtUML, AutoFocus
3, Papyrus-Rt and Umple. Tools would translate the models to a variety of different
languages including Java, C, and C++. The solutions to the challenge problem will be
used to help facilitate discussion on the differences between the tools that participants
used.
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Return Message
Description

“Rover,setForwardPower(<Int>)”

None

Set the power applied to all wheels as a percentage of
max power (-100 to 100)

“Rover,incrementPower(<Int>)”

None

Increment the power applied to all wheels as a percentage of max power (-100 to 100)

“Rover,setLRPower(<Int>,<Int>)”

None

Set the power of the left and right wheels as percentages of max power (-100 to 100). First is for left side
and the second for right side

“Rover,brake(<Int>)”

None

Apply the amount of brake power to all wheels as a
percentage of max brake force (0-100)

“Rover,GPS()”

“Rover,<posX>,<posZ>;”

Returns the x and z coordinates of the follower as a
Real number

“Rover,getCompass()”

“Rover,<Real>;”

Returns the degrees clockwise from North as a Real
number

Table 4.2: Control Commands
Message Format

Return Message
Description

“Leader,GPS()”

“Leader,<posX>,<posZ>;”

Returns the X and Z coordinates of the leader as Real
numbers

“Leader,Distance()”

“Leader,<dist>;”

Returns the distance between follower and leader as
a Real number

“ready”

None

Indicates your program is ready, and begins the simulation

Table 4.3: Observation Commands
4.3

Rocket Launch Control

To take a step away from rovers, and broaden the scope of domains that the simulator
can cover, a rocket MetaObject was created. The creation of the MetaObject is
described below. Similar steps can be used to create any other MetaObject and
incorporate it in the SimGen tool.
The SimGen tool was used to create a rocket simulation to exemplify that the
custom MetaObject can be incorporated into a simulation seamlessly. A Java program
was used to control the ascent and descent of the rocket. The goal was to launch the
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rocket, allow it to hover for a few seconds and then return it to the ground intact.
The design of the rocket uses ‘joints’ for holding the rocket together. These joints
are allowed to break if a certain amount of force is exerted on them. If the rocket
descends too quickly and makes contact with the ground, the resulting force will break
the joints and destroy the rocket. The goal of this simulation was to provide a small
demonstration of a program which could safely land the rocket.
The idea for a rocket launch and landing controller was inspired by the recent
rocket launch and booster landing attempt by SpaceX described in [14]. SpaceX is a
company which focuses on developing space technology, for, e.g., rocket launches.

4.3.1

Creating the MetaObject - Prefab Pair

To enable custom MetaObjects to be seamlessly integrated with the SimGen tool we
must add the MetaObject to the available MetaObjects. Three steps are required in
the creation of a custom MetaObject for use in SimGen. First a ‘Prefab’ must be
created within the Unity framework. Next, the MetaObject must be created, and the
required properties specified. Finally, the ‘prototypeconfiguration.txt’ file must be
edited to allow for support of the new MetaObject in the SimGen tool. The Rocket
example will be used to describe the process in this section.

Unity Prefab
The Unity Prefab is the actual 3D model that is present in the simulation. The
Rocket was made to be more complex than the rover example, through the inclusion
of multiple components, forces, joints and visual representations. The rocket contains
4 engines, a tip and the body. The six pieces are held together by a component called
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(b) PreFab Structure

Figure 4.4: The Assembled Rocket 3D Model
a solid joint which holds the physical objects together until a force greater than the
joints strength is applied to the joint. This allows the rocket to break apart if it is
subject to a high enough force. The breaking force of each joint can be accessed. Each
piece has configurable mass and drag as well as scripts to expose various properties
such as position, temperature, and velocity. Figure 4.4(b) shows the structure of the
Rocket object Prefab. Figure 4.4(a) shows what the rocket looks like within the 3D
environment.
On top of the standard physics and rendering components, each piece of the rocket
has additional features. For example, the tip of the rocket can be ejected, and each
engine’s thrust can be adjusted individually. Rocket exhaust will automatically be
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generated if the rocket engine is turned on. All of these functions are added through
scripts or components within Unity, and require some Unity knowledge to implement.

Rocket MetaObject
The rocket MetaObject is a component which will be used in the SimGen DSL. The
MetaObject is a list of all the properties of the rocket, and their type. The properties
listed in the MetaObject will be accessible by each Object and the Object’s actions.
An action will be able to both get the value of the property and set the value. Figure
4.5 shows the full MetaObject. It contains 47 properties which can be changed.
Changing the value of these properties will create a change in the simulated rocket.
The first column of properties defines the position and velocity of all four engines.
Properties which limit the maximum thrust value, the mass and the current thrust
as well as the force of the connection between engine and body are found in the top
half of the second column. The bottom half of the second column lists position, mass
and velocity properties which deal with the PayLoad or tip of the rocket. The third
column lists properties of the body section of the rocket, as well as the overall position
and size of the rocket as a whole.
This shows that even composite objects, which can later become many independent objects, can be tracked and interacted with. This shows that the communication
protocol can be designed to allow for communication with a piece of an object and
not just the object as a whole. Some properties should be treated as read only. For
example changing the velocity of the rocket mid flight by sending an action will lead
to an unrealistic simulation. The ability to change velocity directly may however be
required for a different MetaObject, thus all properties are designed to be both set
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Figure 4.5: The Rocket MetaObject
and gotten by default. The limits of setting and getting in a simulation can be set
by the SimGen tool operator, by using actions to only expose certain properties.

Making the Link
To allow the code generator to properly translate custom MetaObjects, the generator
must be aware of the correlation between the MetaObject property and the equivalent
in the Unity Prefab. This link is made in the ‘prototypeconfig.txt’ file. Figure 4.6
shows the links for the rocket MetaObject. Section 3.3.3 describes the general format
to follow when making these links. The Component Name is the name of the script
which has access to the variables the MetaObject is to link with. In this case there
is only one script which needs to be accessed, ‘RocketControl’. Figure 4.7 shows the
‘RocketControl’ script.
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Figure 4.6: Mapping the MetaObject to the Prefab
The value of each property described in Figure 4.5 can be set to its counterpart
in the Unity prefab using the method described in Section 3.3.3.
The left side of the equation refers to the property of the MetaObject, and lists
the MetaObject as well as the name of the property.
The right side of the link refers to the name of the property which we are trying to
access. For example in the second line in Figure 4.6, we are trying to get the x position
of Engine 1. In Figure 4.7 the rocket control script (rc) contains an ‘enginePos’ array
and Engine 1 is the first object in that array. The enginePos[0] object contains values
for x, y and z, in this case we specify x. For this example, the full Variable Name
described in Section 3.3.3 would be ‘enginePos[0].x’ and the Reference Name would
be ‘rc’.
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Figure 4.7: The Rocket Control Script
4.3.2

Testing the Rocket

To test that the rocket could in fact be used within a generated simulation, a simple
simulation consisting of just the rocket was constructed. A control program was used
to send messages to the simulator and control the rocket. The rocket control program
consisted of a Java program which continually looped to acquire information about
the rocket from on board sensors. This information included position, altitude, speed,
engine power and monitoring of the force exerted on the joints. The program had
three stages: takeoff, hovering and landing. During the takeoff stage, all four engines
were engaged, the goal was to ascend the rocket at a speed within 5% of 30 ms. The
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Figure 4.8: A Screenshot of the Rocket Control Program Launching the Rocket
MetaObject in a Simulation Created with SimGen
rocket was then meant to hover at the given altitude for X amount of seconds, and
then descend to the ground not exceeding a certain speed, and performing a safe
landing and turning off engines. Figure 4.8 shows the ascent stage of the rocket in
the simulator and the control program.
With some fine tuning of the parameters of the control program, the rocket was
successfully landed. As shown in Figure 4.8, this test is evidence that more complex
objects can be used within the SimGen framework. The parameters that needed to
be fine tuned included adjusting the time delay between which the engine commands
were sent and the velocity and altitude of the rocket. One challenge was properly
estimating a buffer of time, to compensate for the delay that messages needed between
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when they were created by the control program and executed by the rocket in the
simulation.
For example, at high descent speeds, the altitude and velocity of the rocket changes
rapidly with each time step. Therefore the time at which the rocket needs to turn on
at, to counter the descent speed, is different than the time calculated based on the
altitude and velocity values from the previous time step. This will result in a small
difference in the rocket ignition time which could cause an unsuccessful landing. In
a very time sensitive system such as a descending rocket, this delay is an important
factor.

4.3.3

Directions for future work

This problem could be used as a more complex version of the Challenge problem
described in the previous section. Many different variables can be used to enhance
the problem, such as mass of fuel burnt over time, or the addition of external forces
such as wind. The resulting simulation could be used for testing a very complex
controller.
This type of demonstration is important because it shows that a very specific
simulation can be created by constructing the necessary MetaObject for use in the
SimGen tool. These MetaObjects can later be reused to create other scenarios, or
to test other types of control programs. The amount of time needed to create the
MetaObject is also acceptable in terms of prototyping a simulation for testing and
presenting a control program. The physical visualization and simulation of the embedded system also makes the project much more memorable and visually appealing.
The MetaObject and prototype config linker file are tedious to write out and
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contain much repetition. Future work on the SimGen tool should include a built
in generator that can scan the structure of the Unity Prefab and generate a proper
MetaObject and prototypeconfig file. This would decrease the complexity in creating
custom MetaObjects for the simulator.

4.4

Use in pre-existing Unity projects

The SimGen tool can be used on its own as shown in the three examples before,
or it can be added into an existing Unity project. To add the SimGen tool into an
existing project the Unity Framework contents need to be added to the existing Unity
project. This allows for the easy addition of the SimGen tool to pre-made content.
The networking component alone can be a significant method for enchancing premade
simulations and games, with input from external sources. As TCP sockets are used,
a multitude of network connected devices and sensors could be added.
An example of this is a car simulation that was created, a screenshot of which is
shown in Figure 4.9. The simulation uses a 3D environment which was created in
Unity. The 3D environment consisted of a 3D terrain, a road, and two domes indicating start and stop positions. The Unity framework was added into this pre-made
environment, and the car generated by the SimGen tool along with the networking
capabilities to drive the car. As shown in previous sections, the ‘Scene’ of the Unity
framework consists of nothing but an empty GameObject with the starter script attached. All that needs to be done to integrate the SimGen tool in a pre-existing
project, is to put that same empty GameObject into the scene and copy the required
resource folder to the existing project.
The goal of this simulation was to successfully control the car along a road from
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Figure 4.9: A Screenshot of the Car Simulation Showing the Goal
a starting position to an ending position. The generated vehicle was to interact with
the surroundings that were not generated by the SimGen tool. The start and stop
locations are indicated by the green and red domes as shown in Figure 4.9. The tool
was successfully integrated and allowed for the car to be controlled by an external
script and reach the destination.

4.5

Validation of the tool

To validate the ease of use of the tool, an undergraduate student with no previous
experience in the use of Unity was tasked with using the SimGen tool to create a
simulation for an algorithm problem. The problem was a variation of the travelling
salesman problem, where a vehicle was used to actually traverse the distances. The
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student chose to use the tool to create a rover animation for showing various solutions
for the problem. As part of the algorithm, the direction and speed of turn, acceleration
and deceleration speed of the rover was taken into account, as part of the criteria to
determine the optimal path.
The student was able to successfully use the DSL to generate his own simulation
and communication protocol, after a short explanation of how to use the DSL. The
animation was able to be built and run without problems on the students personal
computer, and was used as a visual to show his findings.
To further try and quantify the usefulness, and time savings imparted by the
tool, Table 4.4 shows the lines of code that need to be typed, in both the DSL
description of the simulation and the generated scripts. The table shows the number
of lines that were typed and generated (inclusive of lines for proper spacing and code
organization). The lines due to MetaObject specification are provided by the creator
of the MetaObject and as such only need to be copied into the DSL file describing
the simulation. The generated lines of documentation are shown along side of the
generated lines of code. Code which is present in the Unity framework, used for
controlling sockets, and various utility functions is not counted in the comparison.
This code would need to be designed and written if the user were to create a simulation
without using the SimGen tool and writing the simulation from an empty project.
In this comparison it is also important to note that on average each line in the
DSL is shorter then that of the generated code. Much less conceptual work is required
to understand and properly build the simulation in the DSL then would be to write
all the scripts to do so. The main savings in lines does not only come from ‘boiler
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Simulation
Rover Mimic
Challenge Problem
Rocket Launch

Lines in DSL Description
46 (+40 MetaObject)
220 (+51 MetaObject)
74 (+82 MetaObject)
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Generated Lines of Code
300 (+26 documentation)
695 (+147 documentation)
347 (+50 documentation)

Table 4.4: Comparison of the Number of Lines of Code in the DSL Description and
the Generated Code
plate’ code that is automatically generated. Much of the savings comes from the description of an action, which is enough to generate a proper communication protocol,
initialization of the properties to be modified, and functions for manipulating that
property based on the incoming message.
Table 4.5 shows a few details on the performance of the three simulators. Although
all three examples are fairly small, the challenge problem example has twice the
components as the rover mimic example. The size of each simulator is not very large,
and the generation and build times are negligible.
Furthermore, the successful use of the rover simulation generated using our tool by
the participants in the MDETools’18 Challenge Problem indicates that the generated
simulations can in fact be executed and used without discouraging their users to the
point of not using the simulations.
The limited amount of testing and comparison in code length is enough to draw
a conclusion that at the bare minimum, the SimGen tool does not require more
effort, and is not more difficult than manually creating the simulations in Unity. The
generation and build times of the simulator are not significant, and the overall size
and resource use of the simulators that were generated are not large. The tool can
comfortably be used on consumer hardware.
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Metric
Generation time
Build Time
Simulator Size
Memory Use

Rover Mimic
<1s
< 5s
69.7 MB
100.4 MB

Challenge Problem
<2s
< 5s
115.9 MB
91.1 MB
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Rocket Launch
<1s
< 5s
70.1 MB
77.9 MB

Table 4.5: Resource Usage Comparison of Three Simulations on a Laptop (3.1 GHz
Intel Core i5 with 16 GB 2133 MHz RAM)
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Chapter 5
Summary and Conclusions

Simulation and animation have flourished in many disciplines in the past few decades.
The MDD community has been focusing on simulation of models and solutions without easy availability of a 3D environment in which to visualize the environment they
are working in. The SimGen tool allows for creation of 3D simulations and animations
in the Unity game engine. By using a commercial game engine the tool can leverage
the state of the art physics and rendering capabilities that Unity offers. By using
Unity, many benefits, such as compilation to many platforms, are added without any
extra effort from the user.
The DSL uses a code generator which transforms the user’s description of the
simulation into everything needed to create and run the simulation, as well as documentation. The code generator is able to integrate custom objects into the simulation
creation process through the use of a configuration file. Moreover, this allows advanced users, and domain experts to create many different types of objects for use in
the generated simulators. This allows the simulator to accommodate many different
domains, as shown in Chapter 4, where examples that included a Mars rover, car,
and rocket were presented.
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The use for the tool goes beyond just creating simulations from scratch. The
tool can be integrated with pre-existing projects. It can prove to be useful to game
designers who wish to implement control of game objects by external devices. 3D
environments which are complex can also implement the tool to create and control
objects within those environments. As the tool uses TCP sockets and simple string
messages for communication, connection can be made with many different tools or
applications written in a multitude of languages.
The tool has been used for a challenge problem, which was part of a workshop colocated with MODELS 2018, the premier venue for research on software and systems
modeling [1]. The challenge problem provided evidence that many different tools can
be used to develop a solution to a problem presented on a simulation created by the
SimGen tool. Many languages were used to provide valid solutions. A total of 7
solutions were received, in a variety of languages (such as Java, C and C++) and
created by a variety of different MDE tools.
The SimGen tool is an example of how simulation can be integrated with both
MDE tools, and other applications. It shows how a DSL can simplify and speed up
the process of creating certain simulation environments. The hope is that the tool
can be useful in both academic and prototyping situations. The user will be able to
quickly create a visually appealing platform to test their application on.

5.1

Limitations

The SimGen tool is a working example of how a DSL and code generation can be
used to generate a fully working Unity application that can successfully be used by
a number of independent, third party users for the development of submissions for
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a workshop challenge problem. This tool does however have a few limitations and
deficiencies. Some of these are due to the design of the DSL and Unity framework
and some stem from the prefabs that the user uses in their simulations.
The tool is not fully automated, and the user does need Unity installed to compile
the Unity framework. The DSL can be exported as a standalone file, however the
Unity framework requires the Unity IDE to compile the final simulation. This means
that the SimGen tool comes as multiple files and requires the full Unity program to
work. The scripts generated by the DSL need to be manually moved over into the
Unity project scripts file. The developer of the simulation also needs to manually go
and click the build button in the Unity IDE once the scripts are manually moved over.
The simulator is then created. This means that the generation of the simulator is
not fully automatic, but takes a few actions from the developer to move the exported
scripts into the Unity framework and create the standalone simulator.
The networking script runs on asynchronous calls, while the handling of messages
is executed within the main Unity loop. This allows the network to read messages
from the socket faster than the simulation can execute those messages. This can lead
to a build up of messages in the queue and delays between receiving the message
and executing those messages. If the message queue is too high, the simulator will
drop some messages, leading to some loss of commands. In testing on a modern
machine, the speed of sending messages to the networking script should not exceed
20 ms between messages.
The prefabs that are created by users or the ones provided with the SimGen tool
also have some limitations. accuracy in the models, or in the physical properties
between the real and simulated object are present. The simulation will never be able
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to fully model the real environment with 100% accuracy. Prefabs may not behave
exactly like the real hardware systems, as was seen in Section 4.1 with the rover mimic
application. Real world factors such as weak batteries, interference, or variances in
motor outputs may cause the behaviour of simulated prefabs to vary from the real
hardware systems.
The scope of the validation of the tool is also limited. A user study was not
conducted, and was outside the scope of this thesis. To truly validate that SimGen
is in fact easier to use than creating the simulation from scratch each time a study
would need to be run on a variety of users with different backgrounds. The tool has
been used by a small subset of users, providing evidence that the tool is useable. The
validation of the simplicity and ease of use of SimGen is limited to the opinion of
those who have actually used SimGen.
Certain platforms may also be limited, and unable to run certain features. Unity
compiles to 27 different platforms [31], but not all of these devices may be able of
hosting the simulator properly. All 27 platforms were not tested, only Mac, Windows
and Linux were tested in this work. The platform requirements for running the developer version of Unity and for running the generated simulations can be found on the
Unity website [32]. The system requirements for running the generated simulations
largely rely on the simulation.
As mentioned in [11], the cost for Unity is high when comparing with other vehicle
simulators. Unity is free for non-profit use, which makes it ideal for use in creation
of simulations for academic purposes, however a cost is associated with using it in
an industrial setting. This may limit the usefulness of the tool, as it depends on the
Unity framework to compile the code, however generated simulations can be used free
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of charge.

5.2

Future Work

Many opportunities for extending the SimGen tool, and directions for future work
exist. The tool itself can be expanded by adding more prefabs and MetaObjects to
provide a larger offering for simulations out of the box.
Directions for improving the useability and functionality of the tool can also be
explored. Section 4.3.3 described the inefficiency of having to separately write the
MetaObject and configuration file for each prototype. To improve this, one idea would
be to scan the prefab scripts, and create a MetaObject from the prefab by creating
properties for each accessible variable. The configuration file could then be automatically generated by creating links to the generated properties in the MetaObject and
the prefab.
Further useability improvements could include adding new communication protocols, such as UDP, or a shared memory approach for control programs which run on
the local machine. Also, addition of a code generator and framework for other popular
game engines such as Unreal Engine can be explored. Different compatible platforms
could also be tested for running the existing platforms. As mentioned before, only
Windows, Mac and Linux platforms were tested for running the simulator.
Use cases beyond simulation of hardware systems for embedded system control
logic testing can be explored. For example, the animation or control of objects through
the integration of the Internet of Things (IOT), or blockchain networks could be
considered. Integration of the tool into existing games to easily create character
control by applications or devices capable of sending string messages over TCP sockets
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is another option for future work. The tool itself can be integrated into various other
systems for animation or other purposes.
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