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ABSTRACT

Model-driven engineering techniques are becoming increas-
ingly popular for cost-effective and highly productive soft-
ware development. Particularly, approaches and tools based
on the standards provided by the Object Management Group
(OMG), first of all on its famous Unified Modeling Language
(UML), are already widespread throughout both the indus-
try and the research community. Following this trend, the
approach for Test-driven Agile Simulation (TAS) combines
model-driven engineering, simulation, and testing techniques,
based on OMG standards, to allow for advanced perfor-
mance analysis and validation at early design stages. Among
others, by deriving executable simulations from a system
model and test specifications, this approach provides a cheap
and agile technique for quantitative assessments and qual-
ity assurance of the system under design. In this paper, we
present the current state of the SimTAny framework that
provides a versatile, integrated, and standard-based tool
chain to support the TAS approach. In particular, SimTAny
facilitates the creation of model specifications, based on UML
and several standardized profiles like SysML, MARTE, and
UTP, the automated transformation to executable simula-
tions, as well as testing and analysis activities. We demon-
strate the main features of the SimTAny framework and
illustrate the application of TAS on an example monocular
vision system for the autonomous approach and landing that
uses a low-budget micro aerial vehicle system.
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1. INTRODUCTION

Model-driven engineering (MDE) [6] is a promising ap-
proach for a cost-effective and high-productive development
of complex software-intensive systems. It focuses on models
as a primary artifact during the engineering process and is
essentially based on two technologies: modeling languages
and transformation mechanisms [17]. Besides the benefits
of an increasing productivity due to the automated code
generation from specification models, MDE provides a lot
of advantages. To mention just a few examples: it helps to
overcome the complexity hurdle by increasing the abstrac-
tion level during system design, it supports precise docu-
menting of software architectures, and leads to significant
improvements in the area of quality assurance.

As recent studies show, the principals of MDE are already
practiced across a wide range of industries [5, 20]. Thereby,
the standards provided by the Object Management Group
(OMG)* find a very wide application. This concerns in par-
ticular the OMG’s Unified Modeling Language (UML) [15],
especially for software development. Even if domain-specific
modeling languages (DSML) are applied, they are often im-
plemented as an extension profile for UML or used in combi-
nation with it. Based on UML, several standardized profiles
are offered by OMG to cover specific modeling issues. Thus,
for instance, the System Modeling Language (SysML) [13]
allows modeling of system specifications and requirements,
the profile for Modeling and Analysis of Real-time and Em-
bedded systems (MARTE) [12] can be used to express non-
functional properties, time and analysis aspects, while the
UML Testing Profile (UTP) [9] considers testing issues. Fur-
thermore, dedicated transformation languages MOFM2T [10]
and QVT [11], respectively for model-to-text and model-to-
model transformations, are also offered by OMG.

As a logical consequence of MDE, the approach of Test-
driven Agile Simulation (TAS) [2] aims to combine model-
driven engineering, simulation, and testing to a holistic ap-
proach by building upon the common modeling and trans-
formation standards of OMG mentioned above. Using UML
as a basic modeling language and coupling it with appropri-
ate standardized extension profiles, the TAS approach effec-
tively allows for seamless inspection of the involved models
at early design stages. Thus, besides the static validation

"http://omg.org
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of models, TAS also focuses on automated generation of ex-
ecutable simulations in order to analyze the performance
and to validate the dynamic behavior of the designed sys-
tem. This helps to improve the quality of the system under
design as well as to reduce development and lifecycle costs
potentially caused by insufficient designs.

Related MDE techniques based on OMG standards were
partially approved in several European research projects,
like COMPLEX [4] and MADES [16]. Quite similar ideas of
coupling model-driven engineering, simulation, and testing
are also embraced by some commercial development environ-
ments like SCADE? or IBM Rational Rhapsody®. However,
in contrast to these projects, TAS is calling for a more holis-
tic and solely standard-based approach, including not only
system design but also simulation-based testing and perfor-
mance analysis. A more detailed description of the TAS
approach as well as a discussion about related work have
been recently published in [18].

In this paper, we primarily provide an updated overview
about our framework SimTAny, which implements a ver-
satile, integrated, and seamlessly standard-based tool en-
vironment to support the TAS approach. Particularly, in
section 2 of this paper we focus on presenting the main fea-
tures of this framework, like for instance modeling support,
simulation code generation, traceability, and design of ex-
periments. Subsequently, in section 3 we demonstrate how
modeling, analysis, and validation issues can be performed
with SimTAny on an example monocular vision system for
the autonomous approach and landing using a low-cost mi-
cro aerial vehicle (MAV) system.

2. SIMTANY FRAMEWORK

In order to provide a technical support for the suggested
TAS approach, the framework SimTAny (formerly intro-
duced in [2] as "VeriTAS’) has been developed. This frame-
work integrates relevant tools with newly developed com-
ponents in a common environment based on a popular and
open platform Eclipse RCP*. Among others, SimTAny inte-
grates a UML modeling tool, a transformation framework, a
simulation engine, and an analysis tool (see Fig. 1). Further-
more, due to a service-oriented architecture of the framework
and mostly open source tools used, SimTAny provides a ver-
satile environment that can be easily adapted for specific
domains allowing integration in a distributed development
environment. In the following sections, we describe the main
features of our framework in some more details.

Modeling

As previously mentioned, our TAS approach utilizes UML as
a basic modeling language that provides a general-purpose
notation for object-oriented modeling. Using annotations
from specialized extension profiles for UML, such as SysML,
MARTE and UTP, it is further possible to express spe-
cific aspects like requirements, non-functional properties and
tests (see examples in section 3). Thus, UML forms a fun-
damental basis for a holistic modeling methodology with
only one common modeling language, as intended for TAS
to cover system design, analysis and validation aspects.

Zhttp:/ /www.esterel-technologies.com /products,/
3http://www.ibm.com/software/awdtools/rhapsody/
*http:/ /wiki.eclipse.org/Rich_Client_Platform

In order to enable standard conform modeling using differ-
ent profiles mentioned above, SimTAny integrates the open
source modeling tool Papyrus®. We preferably use Papyrus
since it most precisely implements several OMG standards
and provides an advanced modeling support for UML in-
cluding SysML and MARTE profiles. Nevertheless, all other
modeling tools can also be used instead of Papyrus, provided
that they are able to exchange models via the OMG’ inter-
change format XMI consistently.

SimTAny also offers some extensions to Papyrus in order
to improve the modeling efficiency. This primarily concerns
the modeling of detailed behaviors and expressions with tex-
tual editors. For this purpose, we apply the standardized
Action Language for Foundational UML (ALF) [14], which
alternatively allows the specification of detailed behaviors
by means of a higher programming language. Such textual
representation is often much more compact, faster, and in-
tuitive than standard UML behavior diagrams.

Static Validation and Verification

In order to achieve static validation and verification of mod-
eled specifications, SimTAny provide several constraints to
check for inconsistencies in each model separately and for in-
compatible relations between models. Since such checks are
easily performable on very early design stages, this helps to
eliminate the propagation of modeling errors and thus to
increase the efficiency of the development process. This fea-
ture has been realized in SimTAny by means of the Eclipse
EMF validation framework®. The detected defects are listed
in the Eclipse’ problems view and the affected elements are
marked as erroneous in the model editor as well. It is further
possible to navigate from problems view to corresponding el-
ements in the model editor. Currently only a few constraints
for most typical failures are implemented in SimTAny. Nev-
ertheless, new constraints can be easily added.

Transformation to Simulation Code

One of the most important tasks of TAS, and thus also of
SimTAny, is to enable for validation and analysis of the dy-
namic system behavior. For this purpose, our framework
provides a transformation module for automated generation
of the executable simulation code from system and test mod-
els. Since a solid methodology with extensive tool support is
required to perform this task, we build our code generators
upon the OMG’s standard MOFM2T [10] and its reference
implementation, i.e. the Eclipse Acceleo’ framework.

Using Acceleo, we have implemented model-to-text trans-
formation templates, as prescribed by MOFM2T. This en-
ables us to derive executable simulations for OMNeT+4-2
- an open source discrete-event simulator that is quite popu-
lar for simulation of communication networks. Furthermore,
our transformation module is designed to be extendable for
other simulation engines too.

During the execution of the generated simulation model,
one can observe the behavior of system components, espe-
cially focusing on their communication patterns. Beside this,
quantitative measurements are collected during the execu-
tion and can be analyzed afterwards.

®http://eclipse.org/papyrus
Shttp://eclipse.org/modeling/emf/?project=validation
"http://eclipse.org/acceleo

Shttp://omnetpp.org
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Figure 1: Main features of the SimTAny framework and integrated tools (Reproduced from [18])

Analysis

In order to simplify the access to output data collected dur-
ing the simulation runs, SimTAny provides a dedicated per-
spective where the simulation results can be imported and
visualized. It allows for calculation of a number of key statis-
tical measures as well as creation of various graphical plots
for the selected data. Therefore, it is possible to perform
first analyses without leaving the SimTAny environment.

Test

Along with the generation of simulation code from the sys-
tem model our framework also provides the generation of
executable OMNeT++ simulations for each test case con-
tained in the test model. Within a dedicated test view the
user may obtain an overview of all test contexts and test
cases defined in the model. Once the simulation code has
been generated for the model, tests can be performed from
this view. The test view also presents the verdict and even-
tual error reports of each completed test run.

Traceability

Further on, SimTAny provides a dedicated model for collect-
ing of traceability information. Initially traceability links are
created in the specification models. Thus, using the SysML
profile, the designer has to assign test cases to requirements
they are intended to verify or to assign system model ele-
ments to requirements they satisfy. These traceability links
are automatically transformed by SimTAny to its own trace-
ability meta-model utilizing the additional OMG standard
for model-to-model transformations QVT and the Eclipse
modeling framework EMF®. On the one side, a dedicated

http://eclipse.org/modeling /emf

traceability model allows to put all relevant information to-
gether in a more compact form. On the other side, it can be
enriched with additional information that is outside of the
scope of specification models, like for example traceability
links to code or simulation artifacts generated from models.

In order to provide an overview about all available trace-
ability information, SimTAny implements a special trace-
ability view. This view enables the user to inspect relation-
ships between elements in all directions starting either from
requirements, from system or test model elements, or even
from artifacts. The traceability view also provides filters to
detect potential deficiencies such as unsatisfied or untested
requirements.

Design of Experiments

In order to inspect alternative system configurations, ex-
periments with different combination of parameters have to
be defined and performed. It is worth noting that using
SimTAny an experiment can be defined in two ways: (1)
Directly in the analysis model as a class annotated with
MARTE’s stereotype GaAnalysisContext and providing de-
fault values for each property that represent an experiment
parameter; (2) Using our additional design of experiments
module for more advanced and automated generation, man-
agement, execution control as well as result analysis of ex-
periment studies. The module for method (2) has been
initially set up in [21] applying model-driven development
techniques based on the EMF framework. Among others, it
allows designing parameter variation rules and automated
generation of concrete experiment iterations according to
various design-of-experiments (DOE) methods, like for in-
stance full factorial or latin hypercube designs. More details
about DOE can be found in [8] or [7].
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Figure 2: Concept of a monocular vision system for au-
tonomous approach and landing using a low-budget quadro-
tor (Reproduced from [3])

3. CASE STUDY

In this section we introduce a system to exemplify a use
case of the SimTAny framework. The system that is shown
in Fig. 2 presents a monocular vision system for autonomous
approach and landing using an off-the shelf Parrot A.R.Drone
2.0 quadrotor MAV. This system enables the quadrotor to
autonomously detect a typical helicopter landpad consisting
of a letter "H”, approach it, and land on it. A detailed de-
scription as well as the implementation details of this system
have been illustrated in [3].

In this work we selected only few factors that pose chal-
lenges for development of applications for this system. The
detection of a landpad is performed by analyzing video stream
frames captured using one of the two cameras installed on
the quadrotor. Due to quadrotor’s hardware restrictions the
image processing pipeline cannot be performed directly on-
board. Instead, the quadrotor must communicate with a
ground station that receives sensory and video data, per-
forms the computations, and generates steering commands.
Quadrotors are generally very unstable systems that must
react in a timely manner. To achieve smooth drone move-
ments, steering commands have ideally to be sent every
30ms. However, delays between different kinds of sensors,
delays introduced by the detection of the landpad, as well
as delays arising during the communication between the
quadrotor and the ground station can occasionally cause the
quadrotor to drift while hovering over the landpad since the
steering commands cannot be sent fast enough.

In order to support the development of this application,
we first provide specification models which represent all rel-
evant requirements, system’s architecture and behavior as-
pects as well as formal tests for further validation. The
application of the TAS approach using the SimTAny frame-
work allows then to derive executable simulations. By means
of simulation of the system behavior and communication as-
pects, we aim at resolving these problem statements where
we investigate system’s properties and compare alternative
design solutions. For this case study in particular, we fo-
cus on the estimation of network latencies and detection of
performance bottlenecks for variable system configurations
regarding different camera resolutions and network trans-
port protocols. The goal is therefore to determine which
system configuration produces the best landpad detection
rate and hence the steering rate close to 30Hz.

Modeling

Based on the modeling guidelines defined in our previous
work [19, 1], we will now focus on modeling of some basic
aspects like requirements, functional system behavior and
test cases.

Requirements Modeling

Our design specification typically starts with the definition
and modeling of system requirements by means of SysML.
Some exemplary requirements, that need to be considered
in order to achieve a satisfying control of the quadrotor,
including sending steering commands and video capturing,
are illustrated in Fig. 3. For example, the requirements on
quadrotor’s cameras include restrictions according activa-
tion and switching time between cameras.

Based on the specified requirements model, the functional
system model as well as the test model may be created inde-
pendently from each other in order to ensure their utilization
for mutual validation.

<«<requirement>>
¥ Frequency of control commands
<Requirement»
id=C1 id=Q1.1
text=In order to prevent unstable behavior of the text=The quadrotor shall switch the cameras
quadrotor, control commands shall arrive at the on receiving an activation signal containing
quadroter with a frequency of 30Hz. the ID of the camera to be activated.

<«requirement>>
Camera switch
«Requirement»

) A oer
! «DeriveReqt» "\ «DeriveReqt>>

<requirement>»
= Image interarrival rate
«Requirement»

«requirements>
=] Switching time
«Requirement>

id=Q1.1.1

text=The time between sending an activation
signal and receiving a status replay from the
quadrotor should be less than 30ms.

id=C1.3
text=Video stream frames shall arrive at the groundstation
every 33ms.

Figure 3: Example of system requirements model

Functional Modeling

The aim of a functional system model is to design the generic
topology of the system architecture in terms of functional
blocks. The structural and behavioral aspects of blocks can
be expressed by means of SysML block definition, internal
block, and state machine diagrams. For example, Fig. 4
presents the internal structure of the Quadrotor block from
our example system. It consists of two cameras, a video
encoder, controller, and a network component. By using
the SysML concepts of flow ports and connectors, one is
able to express communication links between these various
components.

To model the behavior of system components, we primar-
ily use UML state diagrams. An example state machine that
represents the behavior of cameras is shown in Fig. 5.

«block»
@ Quadrotor

«part» «part»
[E3 horizontalCameral [E3 verticalCamera

«part»
controller

«part»
[E4 encoder

Figure 4: Example of a composite structure for quadrotor
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In order to express non-functional performance attributes
of behavior steps, we apply the MARTE’s stereotype GaStep.
For instance, we specify that the video frame size in bits
can be measured as follows: resolution of frame X color
depth. To collect the statistic of interest during the simula-
tion, one just has to apply an additional MARTE expression
source=calc on the corresponding property value.

Test Modeling

Similar modeling paradigm as used for functional system
specification can also be applied for test specifications. De-
rived from common requirements the objective in this phase
is to provide test cases for validation of the modeled system.
As shown in Fig. 6, we utilize UML sequence diagrams to
specify a test case. To identify several test aspects, i.e. test
configurations, test cases, components under test, as well as
test components, we apply the corresponding stereotypes of
the UTP profile.

«testCase»>
] sd: TestCameraSwitchCommand

Y sut_quadrotor:...

| ' groundsStation:Grou... |

1 ]
! 1
I 1
Ref | Initialization :|
i WakeUpFrontCamera() i
| |
]
seq ) 1 FrontCameralmage \!
I
1

1
1

ActivateCameraSignal(cameralD = BO'I'I'OM_FAC|ING)

U
/|\{0..$SW|tchDelay}
N

BottomCameralmage

|
|
seq ) | FrontCameralmage
I
|
|
|

NoJ_Nv_]

Figure 6: Example of modeling test case

Simulation Experiments and Results

The specification models, some parts of which have been
presented in the previous sections, can finally be transformed
with the help of SimTAny to executable simulation code
for OMNeT++. Subsequently, simulation experiments and
tests can be performed to examine and to validate these
models.

As mentioned previously, one of the primary goals in this
case study was to estimate the expected performance and
network latency for the given application. In order to inspect
alternative system configurations, different experiments have
been defined and performed. Due to space limitation, we
omit to show the complete overview of all experiments and
just focus on a few of them.

Thus, among others, we analyzed the effects on the total
image transmission delay and the detection rate by different
frame resolutions and transport protocols for video stream-
ing. In Fig. 7, we exemplarily show some averaged results of
our simulation experiments. In particular, Fig. 7a displays
varying proportions for image delays, i.e. the buffering and
encoding delay on the quadrotor, network transmission de-
lay, and decoding delay on the ground station. Thereby,
two transmission protocols (TCP and UDP) and two reso-
lutions of frames captured by quadrotor’s cameras are con-
sidered in this example: SD with 640x360 pixels and HD
with 1280x720 pixels. The distributions of time between ar-
rivals of subsequent frames on the ground station are shown
in Fig. 7b for different resolutions in case of using TCP as a
transmission protocol. Furthermore, the resulting landpad
detection rates for both SD and HD resolutions can be seen
in Fig. Tc.

To summarize the results, we can exclude using of higher
resolutions than SD because the required detection rate can-
not be satisfied sufficiently in that case. Even if we could
omit buffering on the quadrotor, which is automatically acti-
vated for HD encoding, the large remaining delay and rather
big variations in inter-arrival times can lead to an unstable
flight behavior of the quadrotor since steering commands
cannot be sent on time. On the other side, the configura-
tion with the SD resolution lets expect a sufficient detection
rate above 24Hz in conjunction with an overall image delay
of about 33ms. A further promising design solution would
be to apply UDP as a transport protocol since the delay as
well as the deviation of transmission times can be reduced
significantly. Unfortunately, this option is not available for
the Parrot AR.Drone 2.0 quadrotor.

The results obtained by the simulation for the SD/TCP
configuration have already been successfully validated by the
prototype implementation of the system. Furthermore, dur-
ing the iterative modeling process we could repeatedly use
validation and testing capabilities of SiImTAny and could de-
tect some modeling errors in the system model as well as in
the test model itself.

4. CONCLUSIONS

One of the main objectives of the TAS approach and, by
association, of its supporting framework SimTAny is to en-
able for efficient and qualitative development of complex sys-
tems. The combination of model-driven engineering, simu-
lation and testing techniques based on common standards
helps to improve the overall quality of the development pro-
cess. On the one side, the models provide a good support
in understanding, communicating and documenting of differ-
ent engineering aspects. On the other side, simulation-based
analysis and validation provide a cheap and agile possibility
to investigate performance and to approve the functionality
of the modeled system behavior.

In the presented work we offered an updated overview
about main features of our framework SimTAny. Further-
more, on an example application for autonomous landpad
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Figure 7: Results of the simulation study

approaching of a quadrotor MAV, we demonstrated a practi-
cal application of SimTAny for modeling, performance anal-
ysis, and validation of a system under development.

In our ongoing efforts to improve the modeling efficiency
we are working on the clarification of the holistic model-

ing

methodology by introducing the concept of viewpoints

and implementing a view-specific wizard modeling support.
Furthermore, we intend to offer a domain specific model-

ing

language and modeling library for the special domain of

image processing systems.
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