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Abstract
In system development, integration is crucial—especially in domains like robotics, where the complexity of the applica-
tions makes it a particularly challenging task. The rapid growth in the sector can lead to the obsolescence of existing tools
and procedures. Although other technologies have emerged in scientific research, they face limited acceptance within the
robotics community due to high entry barriers and a lack of evaluative studies, with real use cases, demonstrating their
effectiveness. In this effort, we have used ROSTOOLING, a model-driven tool to facilitate the integration of robot systems,
as a target and have conducted several evaluative studies, both quantitative and qualitative. The conclusions of these stud-
ies allow us to identify the types of systems and lifecycle stages where these tools are most effective. Additionally, we
have conducted expert interviews to provide insights into how to foster their acceptance and improve usability.
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Introduction
Model-driven development (MDD) has proven its effi-
ciency in the integration of systems in different domains.
Several comparative studies have shown that MDD signifi-
cantly reduces development time, with some experiments1

even concluding that a model-based approach could be exe-
cuted in only 11% of the time required by code-centric
methods. However, in robotics software development, there
is a prevailing preference for a hand-written approach. To
demonstrate how MDD can be used in a code-centric
domain,2 such as robotics, by reusing existing code we
have created a set of tools, called ROSTOOLING that thanks
to reverse engineering processes are able to combine hand-
written code with model-driven techniques.

This paper focuses on the evaluation of ROSTOOLING

(https://github.com/ipa320/RosTooling). In order to illus-
trate and assess its effectiveness, we conducted several
experiments on robots and real applications that serve as
demonstration exercises exemplifying the use and the per-
formance benefits of our technical approach. In all case

studies, the objective was the integration of complete
robotic applications from existing packages from the robot
operating system (ROS) ecosystem. In the first instance, the
starting point is a collection of scenarios that the robot solu-
tion must fulfill, targeting two essential applications of
robotics, a manipulation setup and a mobile service robot
platform. For the cases presented here and as a comparative
study, the design and implementation phases of the system
were performed by using ROSTOOLING and by using a trad-
itional approach in parallel.
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To complement the studies, we also conducted a qualita-
tive study, interviewing experts to establish the usability
and ease of use degree of the developed tools.

This paper is structured as follows: Firstly reviews
related work on empirical and qualitative evaluations of
software solutions, providing a foundation for our study.
The next section outlines the background necessary to con-
textualize this work. Then the core of the publication focus
on the quantitative and qualitative evaluations, respectively.
Finally, it concludes by summarizing our findings.

Related work

Empirical MDD software evaluation studies
As an example of the comparison between MDD and trad-
itional software development there studies based on the
Palladio Editor3 that show the MDD’s benefits in improving
design accuracy and system analysis, on the other side lim-
itations like tooling constraints and a steep learning curve
are evident. The findings from a survey through practi-
tioners to evaluate MDD’s impact4 indicate that MDD
increases productivity and maintainability while reducing
errors, particularly in complex systems. The key metrics
are development speed and quality, though initial setup
complexity and costs are highlighted barriers.
Practitioners recommended MDD primarily for large-scale
projects, where its advantages are more apparent. A com-
parative case study5 points out that the traditional software
development processes are faster for the initial progress,
while MDD provides better scalability and maintainability.
For this empirical study, the considered metrics include
time to delivery, scalability, and defect rates. It concluded
that MDD offered more sustainable benefits for long-term
projects. Another empirical effort6 analyzed MDD in four
industrial case studies with a focus on usability, compatibil-
ity, and performance, and using as metrics adoption rates,
ease of integration, and the impact on development time
and quality. The study concludes that domain-specific con-
texts significantly influence platform effectiveness.
Together, these studies highlight that while MDD may
require higher initial investments, it often outperforms trad-
itional development in long-term scalability, maintainabil-
ity, and quality, particularly in complex, large-scale
projects. Also, the domain must be taken into account and
unfortunately for robotics, there is no previous work evalu-
ating the impact of an MDD solution.

Methodologies for qualitative evaluations
The goal question metric (GQM)7 is an approach to meas-
ure software quality. It begins by defining clear,
goal-oriented objectives, breaking these goals down into
specific questions, and then developing metrics to evaluate
the results. This structured inquiry ensures that the

evaluation is focused and aligned with the overarching
objectives of the software engineering approach, covering
a broad range of factors such as performance, reliability,
maintainability, and usability. In addition, System
Usability Scale (SUS)8 is a standardized tool used to meas-
ure the usability of a system, providing a quick and reliable
way to assess user satisfaction and usability through a sim-
ple 10-item questionnaire. The 10 questions alternates posi-
tive and negative questions and the participant must score it
using a 5-point Likert scale. SUS is a standardized, widely
recognized tool that is both quick and easy to administer.
Similarly, Post-Study System Usability Questionnaire
(PSSUQ)9 focuses on three core dimensions: System use-
fulness, information, and interface quality. Participants
complete the PSSUQ after interacting with a system, rating
their experience on a 7-point Likert scale.

Background: The ROSTOOLING

The ROS ecosystem encompasses an array of libraries and
packages catering to functionalities, such as perception,
planning, control, and simulation. Supporting programing
languages, like C++ and Python, ROS boasts an active
community contributing to its extensive range of resources.

ROS has a widespread impact on the robotics commu-
nity.10 With a federative development model, i.e., new
packages can be added to the ecosystem without modifying
the core, ROS allows easy sharing of components across
developers’ teams.

The target of this evaluation, ROSTOOLING (https://
ipa320.github.io/RosTooling.github.io/),11 is a specific
instance of a domain-specific language (DSL)12 used to
model ROS components. It is built from a collection of
open-source tools designed to assist in the creation and
development of robotic systems. Its primary focus is on
supporting components and systems developed using the
ROS framework. ROSTOOLING includes various MDD tools
and methods that facilitate the development process and
enhance the quality of the resulting systems. This approach
brings several benefits to the ROS ecosystem, such as
improved system quality, increased productivity, and
enhanced maintainability and extensibility.

From a technical perspective, ROSTOOLING enables the
production of simple models that encapsulate the core con-
cepts of existing ROS code. It provides two main models:
one for defining components (or ROS packages) and
another for defining systems. These models can then
undergo transformations to evolve into more generalized
and complex models.

The main novelty of ROSTOOLING in comparison with
other approaches is that it provides reverse engineering
tools so that the existing hand-written code can be automat-
ically transformed into models supported by the MDD
tools, this takes advantage of re-using the thousands of
available software packages available on the ROS
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ecosystem. The goal is to enable software engineers to con-
centrate on core development tasks by leveraging code gen-
erators to automate repetitive and framework-related
coding. This approach enhances productivity and optimizes
the overall software development process.

Developer perspective
The big picture of the of the ROSTOOLING is presented in
Figure 1. The core of the backend is a family of DSLs,
and their corresponding metamodels. This combination of
metamodels, implemented using the eclipse modeling
framework, and DSLs enables more robust and extensible
solutions. The ROS DSL (Xtext) serves as a foundational
module containing both the grammar implementation,
defining the language’s syntax and structure, and a validator
to enforce correctness rules for language constructs.
Meanwhile, the ROSSYSTEM DSL (Xtext) module repre-
sents a system-level DSL for describing entire ROS-based
systems. It includes its own grammar, validator, and gener-
ator implementations and depends on both the ROS 1 DSL
and ROS 2 DSL, referencing elements from both ROS ver-
sions. For the implementation, the ROSTOOLING uses
Xtext,13 a popular framework that eases the implementation
of programing languages and even supports the develop-
ment of tools like editors, syntax highlighting, and code
completion. To reuse all the existing code, the
ROSTOOLING integrates an API implemented in Python to
connect the Xtext implementation with static code analysis
frameworks, like HAROS14 or introspection at runtime
tools.

The ROSTOOLING enables a federative development, by
the easy extension through plugins without altering the
core itself. Plugin types include:

• Code generator extensions: Simplest and most use-
ful, these add new file generators to the compiler.

• Validation extensions: Add new compiler validation
rules via plugins.

• Extraction and conversion extensions: Provide
reusable mechanisms (like a Python API and
model-to-model techniques with ECORE) to gener-
ate and map models.

• Metamodels and DSLs extensions: Allow adding and
referencing new metamodels and DSLs.

User perspective
From the user’s perspective, there are two key aspects of the
ROSTOOLING: The integrated development environment
(IDE) based on Eclipse, provided for user interaction with
the tooling, and the support it offers throughout the system
development lifecycle. The frontend IDE plays a crucial
role in making these capabilities accessible. Some frontend
modules are available to lower the entry barrier for

end-users, as shown in Figure 1. Firstly, textual editors
based on Xtext that offer features like syntax highlighting,
code completion, and validation. Secondly, a graphical edi-
tor using Sirius is integrated, making system modeling more
intuitive as shown in Figure 2, although it has limited sup-
port for editing model properties. The backend is designed
to be extensible beyond Eclipse, so it allows compatibility
for Theia, a modern cloud and desktop IDE. Other visual-
ization tools are also provided, enabling users to view sys-
tem components and their relationships either through a
graphical representation in Eclipse or via automatically gen-
erated PlantUML diagrams. Lastly, acknowledging the pre-
ferences of the ROS developer community, which often
favors minimal tooling, Python-based utilities allow model
parsing, generation, and interaction directly with ROS
environments.

Limitations
The main limitations of this kind of approach, and specific-
ally of the ROSTOOLING are:2

• Ambiguity and lack of structure. ROS lacks well-
defined architectural abstractions like components,
modules, or subsystems. This makes it hard to define
meaningful, reusable models. Also, the bottom-up
modeling approach results in complex, hard-to-read
system models that require specialized graphical
tooling to manage.

• Limitations of model extraction technologies. The
static code analysis limitations due to the high vari-
ability in ROS coding styles lead to incomplete
model extraction ( 66% coverage). While runtime
extraction is unreliable, as it can’t capture all needed
data (e.g., service calls, file-level parameters), it may
be risky or incomplete.

• Inconsistency between design-time and runtime
information due to dynamic naming and the set of
interfaces. ROSTOOLING is a tool for the design of
the system; however, in ROS, topics or services are
often dynamically managed during runtime.

Also, it must be taken into account that every bottom-up
MDD approach presents several inherent limitations. This
type of approach typically exhibits weak or missing support
for version control systems, which complicates collabora-
tive development and model evolution. Additionally, there
is a steep learning curve for developers, especially within
the ROS community, which is accustomed to rapid proto-
typing using familiar programing languages. The introduc-
tion of new tools can thus raise the entry barrier and slow
down adoption.

Hammoudeh García et al. 3



Figure 1. Diagram representing the ROSTOOLING modules.
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Quantitative evaluation
We conducted 14 experiments on real robots Tables 1 and
2. In all case studies the objective was the integration of
complete robotic applications from existing ROS packages
starting with the description of a collection of user stories to
fulfill.

For the cases presented here and as a comparative study,
the design and implementation phases of the system were
performed by using ROSTOOLING and by using a traditional
approach of the ROS community, to collect then data to be
compared.

The experiments were carried out by people outside of
the ROSTOOLING development team. The manipulation

case was developed by a software engineering student,
while the mobile assistant robot was developed by a mech-
anical engineering student. Both with full-time dedication
for 6 months, and had the freedom to choose the setup of
the experiments and the architecture of the system. Also,
they had no previous experience with either ROS or
MDD tools.

Study design
The following four evaluation criteria,15,16 and their
respective metrics, have been carried out for the evaluation.

Development time. Its corresponding metric is the total
hours actively working on development tasks. Hours are
categorized by development phase (design, implementa-
tion, testing, and deployment) to reveal the phase-specific
impacts of each approach. The phases are defined as:

• Design: The system architecture and detailed compo-
nent designs are defined, including software choices
and interface design. In our study, for both cases, we
already have the set of components to be integrated;
for the case of the traditional approach, the list of
repositories that contain the code of the different
components, and for modeling, thanks to the extrac-
tion tools, the models are obtained automatically.

• Implementation: Involves building and integrating
the components of the system by developing any

Figure 2. Screenshot from the ROSTOOLING of the Sirius tool implementation for the system architecture development.

Table 1. List of user stories for the manipulation use case, the
number of subsystems (S), the total number of components (C),
and parameters (P).

User Story ID Description S C P

MANI-01 URe Sample movements 1 19 0
MANI-01 PRBT Sample movements 1 18 0
MANI-02 URe QR detection and decision 1 28 56
MANI-02 PRBT QR detection and decision 1 27 50
MANI-03 URe Pick and place ball 1 23 32
MANI-03 PRBT Pick and place ball 1 22 32
MANI-04 URe Pick box from shelf with GUI 1 23 32
MANI-04 PRBT Pick box from shelf with GUI 1 22 32

Hammoudeh García et al. 5



necessary software. For the MDD solution, thanks to
code generators, this is partly done automatically.

• Testing: The system is tested to ensure that it meets
its requirements and functions as expected, espe-
cially important for our experiments is the integration
testing of the complete system. Testing for our
experiments consider also the debugging and fixing
issues time, so we can then compare the advantages
of one approach over the other.

• Deployment: The system is installed and made avail-
able for use by its intended users.

Additionally, time is recorded for each user story indi-
vidually. All the data have been collected by calendar work-
ing day in a detailed Excel sheet.

Code generation efficiency. Code generation efficiency mea-
sures how effectively a development approach produces
functional code with minimal resources, an important factor
in evaluating MDD methods.17 Frameworks that require

less code to describe a system are more efficient than those
needing extensive custom code.

The metric in this case is the Lines of Code (LOC).
Although fewer lines can improve maintainability,
LOC alone does not reflect code quality or functionality.
Instead, this metric focuses on the quantity of code gen-
erated, not its quality. A tool named cloc is used, to
count the LOC. It contains language support for a
wide range of programing languages and therefore is
able to detect blank lines and commented-out lines. In
the evaluation we only considered the lines that contain
actual code.

Error traceability. Error traceability refers to the ability to
identify, trace, and link errors or defects in the software
back to their root cause.

To measure the error traceability, the selected metric is
the resolution time as the average time to fix a runtime
error.18 Once a system is operational and a misbehavior is
detected, error traceability refers to the ability to identify
the source of the error. To support this process, a

Table 2. List of user stories for the mobile assistant robot use case, the number of subsystems (S), the total number of components (C)
and parameters (P).

User story ID Description S C P

MOBI-01 COB Sample movements using teleoperation 1 79 19
MOBI-01 SIM Sample movements using teleoperation 1 14 21
MOBI-02 COB SLAM and self-navigation 3 98 71
MOBI-02 SIM SLAM and self-navigation 2 30 130
MOBI-03 COB Medicine delivery robot through hospitals 3 105 75
MOBI-03 SIM Medicine delivery robot through hospitals 2 32 134

Figure 3. Picture of both robot cells together performing the same task. Universal Robot UR5e on the left side and the Pilz PRBT on
the right side.
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standardized form is used to document each error. This form
categorizes errors into four main types: misspellings, incorrect
system behavior, misconfigured parameters, and interface mis-
matches. Additionally, the time taken to resolve each error is
recorded. This approach enables tracking of the effort required
to address issues in terms of the working time invested.

Portability. Portability is the ability to run the same piece of
software on different hardware.

To measure portability, we analyze the relationship
between the cost or effort of porting software and rewriting
individual components.19

Mport(p) = 1− Cport(p)

Cnew(p)
(1)

WhereMport(p)measures the portability of the process p,
where Cport(p) is the cost to modify p for another platform,
and Cnew(p) is the cost to rewrite it for a new platform.

In our case, Equation 1 sums the number of lines for all user
stories, showing the average portability value among them. The
process definition p is the sum of all experiments within either
the traditional ROS approach or the MDD approach.

Use cases
Manipulation use case. For implementation, two different
robotic cells were used, as shown in Figure 3. Both cells
contain a robotic arm with a gripper mounted at the flange
position. In addition, a RealSense 3D camera is mounted to
perform perception tasks. They only differ on the robot arm
manipulator which comes from different vendors, using on
one hand a Universal Robot UR5e robot and on the other
hand, a PILZ PRBT.

In this study, we tackle the topic of portability and how
the use of models can streamline the process. Selecting
manipulation as a use case is also a great challenge since
it requires a high degree of configuration and parameteriza-
tion. In order to have a better collection of data to guide us
to a conclusion, we have defined different user stories, ran-
ged from simple to complex.

In total, we conducted the development of four different
user stories (Full description of the user stories attached as
supplemental material), all of which were built for the two
target hardware, the Universal Robot UR5e arm and the
Pilz PRBT, which means a total of eight different applica-
tion designs. For all the cases the robot low-level drivers,
together with the path planning software are implemented
as a subsystem that will be re-used among the different
cases. To obtain the models corresponding to the compo-
nent drivers, all of them already available on ROS 2, static
code analysis tools have been used as a reverse engineer-
ing method. Concretely, we made use of the framework
HAROS.14 This framework involves extracting informa-
tion from the source code without executing it. Thanks
to it, from code written in C++ or Python, we are able

to automatically extract its related model compatible
with the ROSTOOLING.

For the case of the UR5e robot, the subsystem is com-
posed of 18 components, and 17 for the PRBT, in both
cases this subsystem cover the low-level functionalities.
Table 1 details the number of extra components added
for every application and the definition of the
parameters.

Figure 4 shows a simplified view of the implementation
of the user story MANI-02 as it is sketched by the
RosTooling.

Listing 1 shows an extract from the ROSSYSTEM
model, the design of the system developed using the
ROSTOOLING DSL. The language in YAML format is rela-
tively intuitive to write and understand. First of all, the
name of the system must be set, in this case “qr_detectio-
n_and_decision_of_picking_robot.” Then the user can
define three different types of attributes: (1) subSystems
to include other exiting systems as complete modules;
(2) nodes as components based on existing ROS nodes,

Listing 1. Extract from the ROS System DSL for the MANI-02
with the the Universal Robot UR5e robot arm.

Hammoudeh García et al. 7



Figure 4. Screenshot from the visual interface of the RosTooling showing a simplified overview of the system for the MANI-02 user
story for the Universal Robot UR5e.

Figure 5. Care-O-bot setup used for the experiments. The real hardware robot on the left side, and the simulation environment in
the right.
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like the known example “realsense_camera_driver”; and
(3) connections among the nodes and/or the subsystems.
In case an unexpected connection, like interfaces with a
different type, are connected, the user interface of the
ROSTOOLING will pop up the issue and will not proceed
with the code generation. It should be emphasized in
this design how this composition facilitates the modular-
ity and resusability of parts of the design. In this case,
changing the ur_robot subsystem for the one correspond-
ing to the PRBT arm, we obtain our ported application. In
terms of the model, this means the modification of line 5
in Lst. 1. Once the model is completed, by saving it inside
the ROSTOOLING it will be automatically validated and it
generates a ROS package containing ready-to-execute
code for the designed system, the generator needs just a
few seconds for this.

Mobile assistant robot use case. For this study, we used the
Care-O-bot 4,20 this robot features an advanced and
completely modular hardware setup as shown in
Figure 5. Its core is an omnidirectional mobile base
that includes three powerful laser scanners. The torso
and head are outfitted with multiple sensors, by integrat-
ing a total of five RGB-D cameras. This robot enables,
among other, navigation, perception, manipulation, and
human robot interaction functionalities. For the experi-
ment, two setups have been used, the real robot, which
is running on ROS 1, and a simulation environment cre-
ated in ROS 2.

With this study, we addressed several topics. First of all,
the interoperability between middlewares. Secondly, a
design based on an existing and deployed system. This is
a typical scenario in robotics, many mobile platforms can
be bought with a pre-defined installation. Lastly, this type
of robot is very complex as it enables the development of
a large number of functionalities.

For this scenario, we consider two variants, the real robot
in ROS 1 with bridges to ROS 2 software and the simulation
in ROS 2. By defining three different user stories (Full
description of the user stories attached as supplemental
material), we developed six different application variations.
All six were developed by using the two methods, the trad-
itional approach, and the ROSTOOLING proposal.

The first step to using the ROSTOOLING was the ana-
lysis of the running robot by using introspection tools.
This reverse engineering method, introspect the informa-
tion about the system being executed on the robot and
outputs a system model that encloses the list of all the
running nodes, their configurations, and the connections
among them. Also, it lists all the open interfaces to con-
nect further functionalities. On the ROSTOOLING, this
model can be imported as a big block that will act as a
subsystem of the complete system and entails 75 compo-
nents. This simulation environment is defined as a single
subsystem that contains 10 components to enable a

replicated version of the most relevant hardware drivers.
Also, a subsystem collects all the navigation framework,
composed of 13 components. Table 2 summarizes the
implemented cases.

The ROSSYSTEM model extract in Listing 2 shows a
part of the design with the ROSTOOLING of the user story
MOBI-02, whose system name is “cob_navi_robot” for
the real robot, where three modules are imported as subsys-
tems, including cob4_bringup, which includes ROS 1
implementation. The rest of the components are listed under
the category nodes. Also, as for the previous example (1),
the connections expected among the parts of the system
are specifically listed for their validation. The model com-
piler will check and automatically detect the nature of the
connected interfaces and add the bridges to the system.
This means that by generating the code, the compilers
will also generate the executable code for the bridges. The
generated bridges utilize the standard ros1_bridge (https://
github.com/ros2/ros1_bridge) library provided by the offi-
cial ROS 2 distribution. Although potential latency issues
may arise from its use, these are not relevant for this study,
as the same issues appear for the two environments of this
study, MDD and the traditional approach.

Listing 2. Extract from the ROSSYSTEM model for the MOBI-
02 user story where the real robot Care-O-bot 4-25 is integrated
as subsystem.

Hammoudeh García et al. 9
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Collected data
Development time. Based on Figure 6, the key findings are:
(1) Modeling tools make design the most time-intensive
phase, (2) code generation significantly reduces implementa-
tion time, cutting it from 93 hours to 40 hours (a 57% reduc-
tion), and (3) testing and debugging time is also reduced,
from 29.75 to 17.75 hours (a 40.3% reduction). Overall,
modeling tools shift development focus from implementation
to design. Design in this case means the formal description of
the system architecture. The actual task performed by the
developer, starting from the basis of component models, is
either with a graphical interface or with the use of modeling
languages (or DSLs) to describe the configurable compo-
nents that form the system and how they interact with each
other. In our study, that means that the design consists of
the creation of ROSSYSTEM files as the examples in
Listing 1 and Listing 2. Obviously, the more advanced the
tooling user becomes, the faster and more intuitive it will
be to use, as well as the more reusable model patterns will
be constructed.

Additionally, using ROSTOOLING generates code docu-
mentation, installation and execution guides, component
lists, and system diagrams. These benefits, though not vis-
ible in this study, would be valuable during system mainten-
ance, upgrades, or hardware changes. Unfortunately, this

study was limited to the development phase of the system
lifecycle due to constraints in human resources.
Analyzing data from the operation and maintenance phases
in future work would provide valuable insights.
Furthermore, extending ROSTOOLING to support runtime
modeling will be essential for a better demonstration of
the advantages offered by MDD approaches for system
maintenance.

Lastly, for the manipulation case, ROSTOOLING was tested
by porting an application from one hardware manipulator
(UR5e) to another (PRBT arm). Figure 7 shows the com-
parison of the total number of hours. The reduction of the
needed time is 27%, this is a considerable amount of time
and resources.

Tables 3 and 4 illustrates the development effort, mea-
sured in hours, required for various use cases across differ-
ent development approaches. In the case of a simple use
case, the effort is slightly higher when using modeling tech-
niques (18 hours) compared to traditional development (17
hours). The creation of models and the associated entry bar-
riers of the technology do not justify their use for integrating
simple components. However, this scenario changes for
medium-complexity systems, where the modeling
approach, ROSTOOLING, demonstrates a reduction in devel-
opment effort. The advantage of using modeling becomes
even more evident for more complex systems, where the

Figure 6. Total work hours taking into account all the user stories for both use cases and splitting them by development steps.

Figure 7. Work hours data by splitting the number of hours required to port an application to a new hardware, the target of the
manipulation use case.
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traditional approach requires 20.5 hours, whereas the mod-
eling solution reduces this to 18.5 hours. It is important to
note that, in our case -the mobile platform- the components
are reused from one user story to the next, in other words, it
is a progressive development of the same application until
the MOBI-03 case is achieved, which is the most complex.
Consequently, there is no progressive increase in develop-
ment hours with complexity, as the effort invested in the
simpler and medium-complexity cases is reutilized in the
more complex one. Figure 8 summarizes the reduction of
time (in percentage) and clearly shows the tendency, the
more complex the system is, the greater the percentage of
time is reduced.

Lines of code. Figure 9 shows the total LOC written manu-
ally by adding the data from both use cases and all the user
stories implemented. We can see that by the implementation
of the ROSSYSTEM models and thanks to the generators
we reduced from 5,616 LOC to 1,776 LOC this means
31% of the total number of LOC. Also, by including sub-
systems in the models, we reduce from 1,283 LOC to 290
LOC.

In total, with the traditional approach 6,854 lines must be
manually written, this includes Python code, build, mani-
fest, and configuration files in YAML format, while with
the tooling only the ROSSYSTEM model files must be
written, all in YAML format, and the total of lines is
2,066, the achieved reduction is 69.86%.

Runtime error-fixing time. Figure 10 represents the sum of all
the counted minutes by all the studied user stories together.

The most evident reductions are seen in misspelling
issues from 30 to 10 minutes and in mismatched interfaces,
it reduces from 134 to 40 minutes. This is because the mod-
els include spelling checkers and cross-validation of the
properties while designing.

Regarding the system performance, there is no differ-
ence, it is the same for both approaches since it depends
on the hardware and the quality of the components used.

In the case of fixing errors of values given to the para-
meters, we see that with the ROSTOOLING we need more
time, from 350 and 380 minutes, this is probably because
with the traditional ROS approach only a concrete file of
the YAML is modified for a component. This is a relatively
quick and localized change. In contrast, when using
ROSTOOLING, parameter corrections must be made within
the system model itself. After modifying the model, the cor-
responding code and configuration files must be regenerated
to reflect the changes. This additional modeling and gener-
ation step introduces overhead, which explains the longer
resolution time. This is related to the difference between a
design-centric approach and an implementation-centric
approach. In case of the use of runtime models with self-
adaptation through the adjustment of parameters, this will
be optimized.

Portability. Table 5 presents the development costs, mea-
sured in LOC, for creating a new user story from scratch
compared to porting components from a previous develop-
ment. In the mobile platform use case, the traditional
approach requires 1299 LOC to develop a new user story.
By porting components from a similar application, this
number decreases to 283 LOC. In contrast, the MDD
approach necessitates 531 LOC for a new user story, which
can be reduced to 76 LOC when reusing components. For
the manipulation use case, which emphasizes portability,
the traditional approach entails developing 1.859 LOC for
a new application. Porting components reduces this to
759 LOC. Using the ROSTOOLING approach, developing a
new application requires 448 LOC, and porting components
further decreases this to 42 LOC.

By using the equation previously presented as shown in
Figure 11, for the manipulation use case Figure 11, the
score with the ROSTOOLING is 0.9, while with the traditional
approach down to 0.59.

For the case of the mobile assistant robot, by evaluating
the portability between the simulation and the real robot

Table 3. Workhours development time by complexity of the system using the traditional approach.

User Story ID Design Implementation Testing Deployment Total

MOBI-01 COB (simple) 3 9 2.5 2.5 17
MOBI-02 COB (medium) 2 12.5 7.5 1.5 23.5
MOBI-03 COB (complex) 4 8 7.5 1 20.5

Table 4. Workhours development time by complexity of the system using the ROSTOOLING.

User story ID Design Implementation Testing Deployment Total

MOBI-01 COB (simple) 11.5 2 3 1.5 18
MOBI-02 COB (medium) 13.5 2.5 4.5 2 22.5
MOBI-03 COB (complex) 11.5 3.5 2.5 1 18.5
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environment, the resulting value by using the ROSTOOLING is
0.85, while we get 0.78 for the traditional approach.

In terms of portability, the use of models has a high per-
formance. If the design of the system is modular, porting
modules from one application to another using models is
very efficient, as the system model can reuse complete mod-
ules from other applications.

Observations
MDD is characterized as a design-centric approach. Then in
our case study, as expected, design also gets higher import-
ance, shown in Figure 6, this is the step that requires more
time, while in a code-centered development, the implemen-
tation is the step that requires more effort. But like every
MDD approach, a better design reduces time in the rest of
the steps, especially we should highlight the reduction of

the testing time, as well as the reduction of the time to fix
errors, as shown in Figure 10. Different measures to
improve the efficiency of the design could be a more intui-
tive graphical interface or the extension of the catalog of
components and subsystems, in order to reduce the time
of analysis of the available elements for their composition.

Two factors increase the time in the development of sys-
tems, on the one hand, the learning of a new tool and a new
language, on the other hand, for this type of solution it is
essential to have a catalog, a set of models of components
that can be imported and composed to create systems.
This can be clearly seen in Figure 8, where the
ROSTOOLING does not give better results than the traditional
method for simple systems, however, once learned and sup-
ported by a base of models, the time is considerably
reduced, this is evident if we analyze the case of portability
of Figure 7.

Figure 9. Total amount of lines of code manually written by both approaches by taking into account all the use cases and user stories.

Figure 8. Difference of the work hours metric system complexity for the mobile assistant robot use case.
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In code generation efficiency, it is evident that the use of
the models brings a clear advantage (Figure 9). It reduces
the amount of manually written code, which is also error-
prone. It must also be noted that with the modeling solution,
the user only has to learn one specific language or format,
while the manually created code involves the ability to
develop code in various languages.

This code generation efficiency is also delivering good
results while analyzing the portability as shown in
Figure 11. This is a very notable advantage for modular
robots or serial production.

Threads to validity
In empirical evaluations, construct, internal, external, and
conclusion validity are critical considerations, as estab-
lished by scientific studies.21 Construct validity concerns
arise from the flexibility in operationalizing evaluation cri-
teria, such as code generation efficiency and portability,
which could be measured in terms of time but would still
support the conclusion that ROSTOOLING minimizes refactor-
ing effort for porting applications to different hardware. For
internal validity, the primary limitations stem from subject-
ive metrics, or “soft data.” To mitigate this, we introduced
randomization through varied robot use and altered the
sequence of applying the MDD and traditional ROS
approaches. Regarding external validity, this study’s results
are contextualized by two participant profiles: one with a

computer science background focused on software engin-
eering and the other, a mechanical engineer specializing
in robotics, both lacking prior experience with the target
technologies. Since programer skill heavily influences
results, some strategies were applied to mitigate skill-
related biases:

1. The development was carried out by people not
involved in the development of ROSTOOLING, and
without previous experience with ROS.

2. In both cases, the developers were fully dedicated to
the experiments, free from the distraction of parallel
tasks.

3. The order in which the approach was performed first
(with ROSTOOLING or with the traditional method)
was interchanged at each developed user story.

4. If there is a development effort is used for both, then
the time is added to both approaches.

Testing on physical hardware further aimed to emulate real-
world conditions. Finally, conclusion validity, which
addresses risks of type I (false-positive) or type II (false-
negative) errors, was safeguarded by using multiple metrics
to inform a reliable statement in the observations.

Qualitative evaluation
For this study, we encouraged people who are not involved
in the development of the tool to experiment and use it.

We created material on how to test all relevant features
and conducted hands-on experiments with two different
groups of developers. In both cases, the target was profes-
sionals working on research projects related to the develop-
ment of software for robotic applications.

Both groups were given a brief theoretical introduction
to model-driven programing. Then participants had two
hours to experiment and carry out different examples and
tutorials. Finally, the attendees filled out a survey, the
results of which are detailed here.

Figure 10. Time counted in minutes to fix the errors found during the testing step.

Table 5. Comparison of the lines of code (LOC) written to
implement a new use story from scratch versus porting parts of
the code for both approaches.

Use case
New LOC by
rewriting

New LOC by
porting

MOBI - Traditional 1299 283
MOBI - RosTooling 531 76
MANI - Traditional 1859 759
MANI - RosTooling 448 42
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Design
We combined GQM and SUS approaches. GQM and SUS
cover broad and deep aspects of software evaluation.
GQM’s structured approach ensures that all relevant aspects
of the software engineering process are considered, while
SUS provides detailed usability data that can highlight spe-
cific areas for improvement.

The goals we aim to cover with our study are:

G1Identify the benefits of using ROSTOOLING during the
development of robotic software systems. In order to dis-
seminate the use of MDD over handwritten code, we
must determine the type of cases for which it is most
profitable.
G2Identify where ROSTOOLING is most valuable in the
development and lifecycle of a system. The development
of a system is divided into several phases; it is crucial to
know in which of them the MDD method is more appro-
priate than the traditional approach.
G3Evaluate the usefulness of ROS modeling. Analyzing
the usefulness of a software tool ensures that it effect-
ively meets user needs and justifies the investment of
time and resources in its adoption or development.
G4Evaluate the ease of use of models and the
ROSTOOLING. Analyzing the ease of use of a software
tool is essential to ensure that users can efficiently and

effectively interact with it without unnecessary training
or frustration.
G5Evaluating the acceptance of model-based techniques
over ROS existing code. Analyzing the acceptance of a
software tool by a user group is crucial to determine
whether it will be adopted in practice and integrated
into users’ workflows.

For clarity and consistency, the questions (Q1–Q34)
(Questionnaire attached as supplemental material) have
been organized into different sections:

S1(Q1-Q6) Profiling questions
S2(Q5-Q7) Models evaluation
S3(Q8-Q14) Ease to use
S4(Q15-Q25) Usability
S5(Q26-Q29) Comparative evaluation with existing
methods
S6(Q30-Q31) Future usage intentions
S7(Q32-Q34) Open feedback

The questions can be mapped to the goals in the follow-
ing way:

G1Q22, Q23, Q24, Q26, Q27, Q28, Q29
G2Q21, Q22, Q23, Q25

Figure 11. Portability score for both use cases.
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G3Q15-Q25, Q26-Q29
G4Q8, Q9, Q10, Q11, Q12
G5Q26-Q29, Q30-Q31

To simplify the collection of the data and also to get
manageable data, all the questions, excluding the profiling
questions and the open feedback ones, can be answered
with a 5-point Likert scale, where “1” strongly disagree
and “5” strongly agree.

To complete the GQM method, the last aspect is the def-
inition of the metrics:

M1General average all the questions. This means the use
of all the answers Q5-Q31.

M2Average of all the questions in S2, evaluation of the
models
M3Average of all the questions in S3, ease to use.
M4Average of all the questions in S4, usability.
M5Average of all the questions in S5, comparative with
traditional methods.
M6Average of all the questions in S6, future use
intentions
M7Average of all the questions related to G1
M8Average of all the questions related to G2
M9Average of all the questions related to G3
M10Average of all the questions related to G4
M11Average of all the questions related to G5
M12Score formula from the method SUS, applied to its
related questions.

As a representation of how they are related to each other,
Figure 12 shows the mapping between the goals, the ques-
tions, and the metrics.

Collected data
With this experiment, we collected a total of 15 responses.
For the analysis of the data, all the answers are divided into
the profiles ROS experts people with more than five years of
experience with ROS), systems integrators and architecture
designers (AD).

Considering all the data obtained and giving all the ques-
tions of the survey the same weight, a broad overview of the
data obtained is presented in Figure 13.

Figure 12. Design of the goal question metric (GQM) methods. The diagram shows the relations between the selected goals,
questions and metrics.

Figure 13. Results obtained for the M1, i.e., considering the
answers for all the questions, and all with the same weight.
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In general terms, we can see that the profile with the
highest degree of satisfaction with the solution we provide
is the system integrators (SIs). This certainly makes sense,
since they are the target audience of the ROSTOOLING.

Next are the AD, this profile is very interesting because
they are the people who really understand the need to make
a well-documented design from the beginning of the devel-
opment process.

For the evaluation of the models, we take into account
factors like model completeness, which measures how
well models capture the entire system, model consistency,
to check for coherence, preventing misunderstandings and
errors in the development process, and model clarity, to
assess readability.

Using a 1–5 scale, 1 means that models are unclear, dif-
ficult to interpret, and fail to accurately or precisely
represent the structure and behavior of a ROS system.
Important properties and nuances may be missing or misre-
presented. 5 implies that the models are clear, well-
structured, and easy to interpret. They accurately and pre-
cisely capture the key properties of ROS systems.

In this aspect, the results are very similar for all the pro-
files they are between 3.63 and 3.83, as shown in Figure 14.
The clarity of the models and their accuracy in capturing the
properties is highlighted by the responses. The worst rank-
ing is found in the accuracy in capturing nuances of the
software.

The next two metrics evaluate the ease of use and the
usability of the technical solution. For the evaluation of
ease of use, we have two metrics, M3 that correspond to
all the questions related to the section S2, and the M10
mapped to G4. The main difference between both metrics
is that M3 includes how easy is to learn the tooling while
for the M10 we want to know, once the tooling is

established, how easy it is to use, we get this by omitting
all the answers about learnability.

Using the scale 1–5, we define score 1 as the tooling is
very difficult to use, with a steep learning curve and high
complexity. Users need assistance, find it cumbersome or
unmanageable, and lack confidence when using it. The
tool’s interface and workflow are unintuitive, making
even basic tasks frustrating and inefficient. While 5 means
the tooling is very easy to use, it has an intuitive design.
Users feel confident and independent. The tooling is well-
organized, manageable, and does not overwhelm users
with unnecessary complexity or excessive learning
requirements.

Looking at the comparison in Figure 15, it is clear that
the ROS experts are the ones who give the lowest score
for ease of use, we obtain here the most negative metric
of our whole survey (3.33 for M10 and 3.41 for M3). SIs
are those who did not have great difficulties in using the
ROSTOOLING.

M4 andM9 evaluates usability.M4 considers the typical
questions for the usability evaluation of a software tool. For
M9, we have also accounted for usefulness compared to the
way of integrating systems currently using ROS (S5).

For the usability scale, from 1 to 5, 1 means that the tool-
ing negatively affects development as it restricts how the
developer wants to work, feels hard to integrate, or lacks
coherence. Features may feel disconnected or unhelpful,
offering little value during software design or coding.
Conversely, 5 means it integrates smoothly, fits the devel-
oper workflow, and adds clear value. Features are consist-
ent, intuitive, and helpful for design, implementation, and
collaboration.

In Figure 15, we observe that in general, more evident in
the case of ROS experts, we score higher in usability than in

Figure 14. Results obtained for the M2. Answers related to the completeness, consistency, and clarity of the models.
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ease of use. For SIs, the average is slightly higher if we con-
sider the comparison with the usability compared to the cur-
rent process in ROS (3.99 vs. 3.96), while the trend for the
rest of the profiles is the opposite. In either case, the differ-
ences are not very significant.

The M6, whose results are shown in Figure 16, attempts
to evaluate the intentions of the use of the proposed solution
in the future. The results are really satisfactory for the sys-
tem integrator profile. The average of all the answers is 4.3,
the highest value of this study.

With the M7 we aimed to get data that helps us to iden-
tify the benefits of using a MDD approach. From highest to
lowest score, these are the items in which the participants
have answered us:

• The models can be better understood compared to
manually written packages (4/5 for all, and 4.8/5
for system integrator).

• The communication between developers is reduced
by using models (3.73/5 for all, and 4.33/5 for SIs).

• The system software is better documented than typ-
ical manually written launch packages (3.72/5 for
all, and 3.8/5 for system integrator).

• When configuring the system, the amount of changes
inside the code is reduced (3.54/5 for all, and 3.8/5
for the system integrator).

• The code generator makes implementation and
deployment easier (3.4/5 for all, and 3.83/5 for SIs).

• The amount of system configuration is reduced com-
pared to manual development (3.27/5 for all, and 3.8/
5 for SIs).

• The approach reduces the validation and testing
efforts (3.26/5 for all, and 4.16/5 for SIs).

The next metric, M8, targets the stages of the develop-
ment lifecycle. Table 6 shows the obtained results separated
by profiles.

Figure 17 shows the average values for M11, which
comprises the answers related to the comparison with
the ROS traditional approach and the future usage

Figure 16. Results obtained for the M6, i.e., the future use intentions.

Figure 15. Comparison of M3 and M10, easy of use considering learnability and without it, and of M4 and M9, usability in terms of the
typical aspects of software engineering tools and taking into account its benefits on top of robot operating system (ROS).
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intentions. The joined data should be helpful in determin-
ing the acceptance of the proposed solution over ROS
existing code. In this sense, we consider 1 that the use
of the RosTooling does not reduce the amount of system
configuration or code changes compared to manual
development. The models add complexity, and the result-
ing software is poorly documented, offering little
improvement over manually written packages. While 5
means that RosTooling significantly reduces the amount
of system configuration and code changes needed. The
models generate well-documented software, greatly
improving system transparency and maintainability
over traditional manual methods. According to the
same trend that we have observed in all the results, the
acceptance is higher for SIs. And we obtained the lowest
value in the ROS experts sector.

Lastly, we calculate the SUS score by applying its stan-
dardized equation.8

The result is a number between 0 and 100, where if the
score is between 50 and 70, the acceptance of the surveyed
solution is marginal. For values over 70, it is considered
acceptable. Table 7 shows the resulting scores for the
ROSTOOLING. For all the profiles, the obtained SUS score
is over 50, while for SIs and AD, it is even over 70. We
can conclude that the ROSTOOLING passes the threshold
with a slightly accepted marginal.

Observations
G1: Identify the benefits of using ROSTOOLING during the
development of robotic software systems. (M7). The three
most voted options (see M7 results) are related to under-
standability, the reduction of the gap between the different
members of the team, and documentation. All these points
are somehow related to process optimization.

Understandability and the improvement of the communi-
cation between the members of the team ensures a more
efficient workflow and fosters collaboration. Effective
documentation serves as a reference that standardizes pro-
cesses and provides consistency, which reduces time spent
on clarifications and retraining, and also eases the mainten-
ance of the system.

The lower scores are assigned to the items related to
technical tools that reduce the programer’s effort. It is
well known that the ROS community, used to programing
code by hand, generally tends not to appreciate code gen-
erators. Therefore, the answers are not a big surprise.
Likewise, everything related to technical tools is evaluated
previous section, which the quantitative evaluation.

Nevertheless, the SIs appreciate very positively the val-
idation during the design of the composition of the systems.

G2: Identify where ROSTOOLING is most valuable in the
development and lifecycle of a system. (M8). The obtained

Table 6. Answers related to the M8 metric, the relation between the ROSTOOLING and the SDLC.

Inquiry “The ROSTOOLING· · · All E SI AD

..helps by encouraging the user to design before implementing.” 3.93 3.66 4.5 4.37

..helps on design thanks to the visualization tools.” 4.33 4.22 4.16 4.25

..helps with the implementation and deployment by using code generators.” 3.4 3.22 3.83 3.62

..helps on testing, by using the validation tools.” 3.26 3 4.16 3.75

AD: architecture designers; SI: system integrators.

Figure 17. Results obtained for the M11. The acceptance from the robot operating system (ROS) community.
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answers (see Table 6) clearly show the value of using mod-
els, and a modeling-based tool, for the design of the system.
Modeling, thanks to its visual representation, improves the
overview of the system, its analysis, and documentation.
But also, assets consistency, by providing a blueprint to
be followed by the developers, and to some extent, reliabil-
ity of the composition, by checking the validness of the con-
nections and interfaces.

G3: Evaluate the usefulness of ROS modeling. (M9). The fact
that the SIs gave a pretty high score on usability (3.99/5) as
shows M9 in Figure 15, even for the SUS scale (73.58/100)
as shown in Table 7, indicates that the current development
of the ROSTOOLING is targeting the correct users, and they
understand the needs and benefit of using an MDD solution
for the integration of robotics systems.

G4: Evaluate the ease of use of models and ROSTOOLING.
(M10). In this aspect we must make a disclaimer,
ROSTOOLING is created as a proof of concept for the use of
models for ROS in the context of research projects.
Therefore, the frontend part and the user interface are
mostly leveraged on tools available in Eclipse. So the
ease of use depends on the strengths and limitations that
Eclipse offers us. In this aspect, for ROSTOOLING to be a
highly user-friendly solution, requires further development
of the user perspective. Showing the data the rating given by
the SIs is not too bad, see M10 in Figure 15, (3.99/5), but
we can conclude that the current development is not
ROS-user-friendly.

G5: Evaluating the acceptance of model-based techniques over
ROS existing code. (M11). About acceptance (Figure 17) we
see that there is a great acceptance to use models during the
design step. Using models as an artifact to improve the
understanding between the members of the team, as well
as to serve as documentation of the system.

Acceptance is lower in the implementation. This also fits
the data divided by profiles, integrators and architects give
more importance to the design and therefore see that the use
of models adds value to their work.

The implementation part, in ROS, is mostly done by
hand, the experts, used to hand-crafted code, do not favor

code generators as they add rigidity to the implementation,
being this the root of a lower acceptance.

Threads to validity
To address the threats to validity in our survey, we assess
construct, internal, and external validity following standard
classification guidelines.21 For construct validity, we uti-
lized the GQM methodology to ensure questions directly
mapped to evaluation goals, acknowledging that our
metrics relied on averaging responses. To enhance goal
alignment, questions were crafted clearly and concisely,
and we analyzed combinations of metrics to better capture
goal-related aspects. Internal validity was maintained by
limiting introductory materials to theoretical overviews,
allowing participants to independently explore the tools
and benefits without external influence. Although the
5-point Likert scale tends toward neutral responses, we
adopted it as part of the SUS scale, widely validated in
terms of comprehension and response rate. For external val-
idity, recognizing that the solution targets robotics practi-
tioners, we conducted the experiments within European
robotics project teams, drawing participants from both aca-
demia and industry. Participants brought diverse profiles
and expertise, representing fields such as drone, service,
logistics, and industrial robotics, as well as developers of
application-agnostic architectures.

Conclusion
Based on the observations from our studies, we can con-
clude that the proposed MDD solution, the ROSTOOLING

improves efficiency. Quantitative analysis shows that while
design requires the most effort initially, this investment sig-
nificantly reduces time spent in subsequent phases, such as
testing and error correction. Code generation efficiency is a
notable advantage, minimizing manual coding and acceler-
ating implementation while reducing errors. Additionally,
ROSTOOLING proves especially valuable in enhancing port-
ability for modular systems, making it easier to adapt soft-
ware to diverse hardware platforms.

The tool also facilitates collaboration and standardiza-
tion through its modeling approach. Visual models improve
team communication, helping bridge the gap between mem-
bers with varying expertise. They also serve as comprehen-
sive documentation artifacts, streamlining processes and
easing maintenance. However, the usability of
ROSTOOLING remains a challenge. The entry barrier and
the reliance on platforms such as the Eclipse IDE limit
user experience. For further development, the popular
IDEs used by the target audience, the ROS community,
must be taken into account.

Adoption of ROSTOOLING changes across development
phases. It is highly appreciated during the design phase,
as it improves system understanding, validation, and

Table 7. SUS results for the evaluated profiles and the meaning
for the obtained values.

Profile Score Acceptability Rank

All participants 64.87 Marginal OK
ROS experts 61.25 Marginal OK
System integrators 73.58 Acceptable Good
Architecture designers 70.71 Acceptable Good

SUS: System Usability Scale; ROS:robot operating system.
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documentation. However, acceptance is lower in implemen-
tation, recalling a preference among ROS developers for the
flexibility of hand-coded solutions. This emphasizes the
cultural resistance to code generators within the ROS com-
munity. To achieve greater acceptance, especially within
the ROS community, the entry barrier must be further low-
ered by facilitating a more user-friendly development envir-
onment. ROS developer favors development environments
like VS Code over Eclipse. Besides not particularly enthu-
siastic about graphical editors, but rather more of a fan of
powerful code editors. Moreover, in the open-source com-
munity, dissemination is essential, particularly in the form
of hands-on sessions where the developers themselves can
put the new tools into practice. Another way to gain users
is to allow the community access to the development of
the tool itself; for this, the RosTooling is extensible by third
parties. It would be recommended the add of tutorials on
how to add new plugins can be a great way to involve other
developers in the project.

It is worth noting that conducting the same experiment
using additional robotic system development tools would
be beneficial to enable broader comparisons beyond just
ROSTOOLING. In our study, we intentionally positioned the
MDD tool as an abstraction layer on top of the same middle-
ware. This approach ensures cleaner and more consistent
comparative data by avoiding deviation factors such as run-
time errors caused by the middleware implementation itself.
In other words, our primary objective is to assess how differ-
ent tools assist developers in producing analogous code.
Unfortunately, other MDD tools on top of ROS regenerate
completely new code for each component to be integrated,
so the data about the development time will also be con-
siderably shifted. Recently, the MDD tool Papyrus
for Robotics (https://gitlab.eclipse.org/eclipse/papyrus/org.
eclipse.papyrusrobotics) introduced support for reverse
engineering of ROS 2 code, making it also suitable for the
study. Unfortunately, this feature was not available at the
time our experiments were carried out, so it was not possible
its insert.

In summary, the MDD solutions demonstrate a signifi-
cant potential to enhance robotic software development
through better design practices, improved collaboration,
and increased portability. To fully realize its benefits, future
efforts should focus on improving usability, expanding
model libraries, and promoting cultural shifts within the
ROS community to embrace model-based techniques.
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