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Abstract—The usage of a team of heterogeneous, autonomous
mobile robots makes it possible to execute a broad variety
of scenarios more efficiently and effectively than single robots
or a swarm of homogeneous robots ever could do. At the
same time, the heterogeneity of these robots makes it difficult
to command and control them and to manage their specific
capabilities. In addition, it is crucial to test the robot team and its
strategies before deploying them to the real world. Since neither
a suitable development environment nor a suitable simulation
environment are available, this paper presents an approach to
enable heterogeneous robots to execute abstract missions on their
own in a simulated environment. For this purpose, a sophisticated
development and simulation environment has been developed
and is demonstrated in this paper. Through this simulation
environment, various control strategies can be tested to enable
efficient use of a team of heterogeneous robots.

Index Terms—autonomous robots, mobile robots, multi-robot
systems, autonomy, simulation, drones

I. INTRODUCTION

Mobile robots gain popularity due to their versatility and
relevance in many situations. Robots are used in various
sectors such as industry, businesses, and households to perform
everyday activities and services. The demands on robots
are constantly increasing as they have to accomplish more
and more difficult scenarios [1]. But increasingly complex
scenarios become more difficult to accomplish with single
robots. In addition, responding to a dynamic environment is
very challenging for a single robot [2]. Developing a robot
that can quickly and safely meet all requirements to cover
every possible scenario, is a costly and inefficient challenge
[3]. Accordingly, complex scenarios should be accomplished
jointly with a team of robots rather than with a single robot.
This allows robots to complement each other and compen-
sate for deficiencies of other robots. In addition, a team of
collaborating and interacting robots can perform even faster
and more effectively [4]. Another advantage is the robustness
and reliability of a team of robots: if one robot in the team
fails, the remaining robots might still be able to accom-
plish the scenario. Therefore, multi-robot systems (MRS) are
considered [5]. For a team of robots, a distinction is made
between a homogeneous and a heterogeneous robot team.
A team of homogeneous robots consists of robots that have
the same characteristics and capabilities such as a swarm of

multiple identical Unmanned Aerial Vehicles (UAV). Different
robots with different capabilities are considered in a team of
heterogeneous robots [6]. The collaboration of several robots
with different, complementary capabilities allows the accom-
plishment of very complex scenarios and is therefore being
investigated in various research projects [2], [3]. However,
mainly a heterogeneous robot team of one modality is con-
sidered. Thereby, the most frequently investigated modalities
are land and air [7]. On the contrary, in the following, we will
focus on a heterogeneous robot team of multiple modalities,
such as land, air and water. The collaboration of the members
of such a team allows to accomplish complex scenarios like
search and rescue.

Due to this heterogeneity of a team and the specific capabil-
ities of the individual robots associated with it, the number of
possible solution strategies for the accomplishment of complex
scenarios increases. This increases the effort to command and
control a team of heterogeneous robots [5]. The interaction of
different types of robots in an overall system in the context
of simulations is still an unexplored area and corresponding
simulation tools are not yet available. Therefore, this work is
concerned with it.

This paper demonstrates an approach that reduces the effort
required to command and control a team of heterogeneous
robots. For this purpose, a multimodal applicable system
architecture is presented as well as a method that fulfills the
accomplishment of scenarios through structured partitioning.
Section II gives a brief review of the state of the art of
autonomous mobile robots and their development. In Section
III the proposed system architecture of a single robot and the
integration into a heterogeneous team is presented as well as
the integration into the simulation is shown. Using this setup,
Section IV demonstrates an application of the approach where
a transport scenario is accomplished by a heterogeneous robot
team consisting of an UAV and an Unmanned Ground Vehicle
(UGV). Finally, a summary and an outlook on further research
and development is given in Section V.

II. STATE OF THE ART

This section gives a brief overview of autonomous mobile
robots. Essential terminologies and definitions are given and
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conclusively the common software for robot software devel-
opment is presented.

A. Autonomous Mobile Robots

A robot is defined by ISO 8373 as a “programmed actuated
mechanism with a degree of autonomy to perform locomotion,
manipulation or positioning” [8]. Nevertheless, there are a
variety of different interpretations of the definition of robots.
Robots are often utilized when their environment is fully
known and controlled. All their actions are known in advance
and thus they do not need to act independently [9].

On the other hand, robots, and especially mobile robots,
are considered to need to sense their environment and choose
their actions accordingly. The mobile robot does not know
the environment in advance, which is also not controllable,
and thus does not have a fixed sequence of actions but must
act and react in accordance with the environment. Such a
robot operates according to certain rules corresponding to the
sensed data [8]. Moreover, a mobile robot is a “robot able
to travel under its own control” [8]. Finally, an autonomous
mobile robot is a robot that acts without remote control [9].
Autonomy is considered a key capability of mobile robots,
enabling increasingly complex missions, including teaming
with other manned and unmanned entities to accomplish the
overall scenario [10]. In the context of this article, a scenario
refers to a setting of conditions and circumstances such as
the currently available robots as well as an overall goal to
be achieved. Missions, on the other hand, are derived from
a scenario and consist of one or multiple tasks. Each mission
requires one robot. The execution of each mission derived from
the scenario provides a possible way to accomplish a scenario.

Thus, there are numerous scientific and legal definitions of
autonomy, as e.g. in [9]. However, each of these definitions
applies only to specific areas of law or selected technical
applications. Accordingly, there is a lack of a unified and
universally accepted definition applicable to a team of het-
erogeneous, multimodal robots. An attempt at a unified legal
definition was made in [11]: “Autonomy is a state in which
a robot system, once activated, is capable of autonomously
performing some or all of the mission tasks, for a specified
period of time or continuously, in specified areas or every-
where, while it must remain possible at all times for a technical
supervisor to shut down the system to a low-risk, operable state
in situations that cannot be foreseen by human judgement.”
(translated from [11]). The authors of this article endorse
this definition, as it ensures human governance by setting the
goal and operational framework, while it gives the robot a
maximum of self-determination to operate.

B. Software Development Framework ROS2

The Robot Operating System (ROS) is an open-source
middleware that is widely used for robotics applications and
has become a de facto standard. The increasing demand for
MRS has brought the awareness that ROS is not sufficient.
ROS was designed to develop a single robot and does not

provide a platform for MRS. Additionally, ROS is not real-
time capable, which is necessary in complex applications of
MRS. Other difficulties include vulnerability to failure due
to lack of data encryption as well as lack of reliability [12].
These challenges have brought the development of ROS2. In
this process, the successful concept is transferred into a new
architecture. The big difference is the use of the Data Dis-
tribution Service (DDS) standard for communication, which
enables data transfer between processes even on distributed
heterogeneous platforms. There is a global data space that can
be accessed by all applications.

In ROS2, nodes are used to represent independent com-
putational processes. The use of nodes promotes modularity,
reusability, and faster development. Communication between
nodes can be done through topics or other methods such as ser-
vices. Communication using topics follows a publish/subscribe
model, where messages are passed through a clearly assignable
topic. Nodes can subscribe to a topic by the name of that
topic and receive the message when a node publishes on that
topic [12]. Every node that publishes or subscribes to data is
a participant that is allowed to write to and read from the data
space. In contrast services represent a call/response model,
where a service provides information only when it is called
by a client [13].

At the same time, a node remains responsible for a specific,
modular objective and can be treated and programmed in
isolation [13]. Further, a node cannot be forced from an
external source to behave in a certain way. The independence
of the nodes and the use of DDS for communication allow
MRS to be implemented while ensuring the autonomy of the
individual robots and at the same time providing a capability to
communicate and interact with the environment and especially
other robots.

III. SYSTEM ARCHITECTURE & INTEGRATION

In the context of the deployment of a team of heterogeneous
robots, a distinction can be made between three simulation
stages of a single robot. On the one hand, there is a purely
software-based simulation of all components, which is referred
to as software in the loop (SiL) [14]. Furthermore, hardware
components can be integrated into the simulation. This is
referred to as hardware in the loop (HiL) [15]. The last step,
which does not involve simulation in the strict sense, describes
the deployment of a robot to the real world. This includes the
installation of the necessary software on the real hardware
components of the robot and the execution of these software
modules, to control the robot in a real-world mission.

In addition to these stages of the deployment of a single
robot, it is possible to form a team of robots from both
simulated and real robots, for example based on a real robot
and a simulated robot. This means that individual robots
are used which are based on the different simulation stages
described above. This makes it possible to evaluate different
performance aspects at different levels reaching from the indi-
vidual robot to the entire robot team. To enable such use cases
for a broad range of heterogeneous robots in a simulation, a
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FIGURE 1. OVERVIEW DEVELOPMENT ENVIRONMENT.

powerful tool is required that enables the integration as well
as the simulation of hardware components and real robots.
In addition, a development environment integrated into the
simulation is advantageous to quickly integrate new software
modules into the existing infrastructure, for example, to be
able to quickly evaluate adaptations to algorithms.

In order to fulfill the stated requirements, a simulator was
developed. It is made up of various components and individ-
ual systems that make it possible to represent the various
mentioned forms of simulation. The components and their
interactions are shown in Fig. 1.

The initial aim was to make the installation and configura-
tion of the simulator as simple as possible despite the large
number of components. Container technology is used for this
purpose. With the help of Docker1, essential components are
flexibly assembled and can be executed independently of the
conditions on the host system. The integrated simulation tool
runs on an Ubuntu based host system (Ubuntu 20.04 LTS)
with a Docker installation. In addition the authors selected
Gazebo2 as the simulation environment because this tool is
used extensively in research and practice, has many extensions,
is under continuous development and has an active community
of users as well as developers [16]. In addition, a separation of
server and client is enabled, which reduces the total computing
effort in a distributed system such as an MRS. The Gazebo
client runs directly on the host system, while the Gazebo server
is deployed using a Docker container. The client automatically
connects to the server so that the simulation results calculated
on the server can be easily displayed without requiring the
server on the host system.

The Gazebo server is supplemented by a container that
includes the Robot Basic Controller (RBC), which in the case
of chosen UAV systems is represented by the px4 platform3.

1https://docs.docker.com/
2https://gazebosim.org/home
3https//px4.io/

The RBC takes over all the necessary control mechanisms
of a robot’s sensors and actuators, such as controlling the
different UAV rotors. The associated px4 autopilot-software
is integrated with the Gazebo simulation to send commands
to the robot and receive simulation data (e.g., sensor data and
GPS positions).

The px4 uses a bridge module inside a further container,
which maps messages between the RBC and the ROS2 Envi-
ronment. ROS2 is chosen, because ROS is de facto the stan-
dard for the development of robots and for the development
of a team of robots the further development ROS2 must be
used. The ROS2 Environment contains on the one hand the
robot specific nodes, the so-called Function Core. It controls
the functional processes on the robot at a higher abstraction
level than the RBC. The Function Core contains multiple
ROS2 nodes, which are embedded in Docker containers. For
each robot type, the RBC and the Function Core form a unit
with basic functions that enable the fundamental operation of
a robot. This unit also prevents aspects of unsafe behavior,
e.g., planning robot trajectories outside defined safety zones.
The number of basic functions is significantly dependent on
the capabilities of a particular robot and is therefore finite or
can only be changed by modifying the robot. It is therefore
suitable to encapsulate them and to offer only one peripheral
interface through which these basic functions can be executed
as often as desired and in any order. Since this encapsulation is
achieved by both hardware and software, reproducibility and
modularity are also easily enabled.

On the other hand, the Cartridge is part of the ROS2
Environment. The Cartridge serves as an interface for the
developers and allows individual testing and code variations,
such as mission planning. The Cartridge is composed of nodes
in containers that can be implemented in various approaches
and programming languages like Python or C++. Several Car-
tridges can be deployed on a robot so that they can be tested
alternatively or competitively. Here, for example, communi-
cation modules can be implemented to enable collaboration
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in a team of heterogeneous robots. All communication with
the external world is done via the Cartridge. The Cartridge is
connected to the robot specific nodes via the Core Interface. It
provides an application programming interface for connecting
the basic functions of the Function Core and RBC with
creative functions, such as mission planning, which can be
integrated here in the respective ROS2 nodes.

The number of creative functions depends only on the
input of the developer and is therefore infinite. They can be
individually extended or removed for the respective scenario,
as well as for a broader range of use cases. Main advantage of
the separation of creative functions from basic functions is the
possibility for the developer to create and integrate software-
modules to command and control the individual robot, without
the need to address specific actuators or sensors, enabling the
developers to target a broad range of heterogeneity.

In order to support the development of software in the
Cartridge, Visual Studio Code4 is used as the development
environment (IDE). It integrates well with the components
used, is open source and there are also many plug-ins for
extending the IDE. In contrast to classic software development,
the development environment does not run natively on the
operating system of the host system, instead it is integrated
into the system landscape of the simulation using container
technology. The container contains all required dependencies,
IDE extensions and mounts the source code repository, con-
taining the development artifacts.

The container-based orchestration of the individual compo-
nents of the simulator makes it possible to use the different
simulation stages and their advantages. Gazebo represents the
real world as a physics engine and simulates the behavior
of the robots and provides corresponding sensor data, such
as speeds or position data. The RBC simulates the control
unit used for basic robot movement. A real robot for example
can use a px4 autopilot-software, running on an associated
hardware unit on the robot. The ROS2 Environment, running
in containers on the host system, can be deployed in the same
way on the real robot with the help of a companion computer.
The two simulation stages of a single robot SiL and HiL both
use Gazebo. For the SiL simulation, the RBC container and
the ROS2 Environment containers are used. When running
a HiL simulation, the RBC container is replaced with the
real hardware used on the robot, which is then integrated
with Gazebo and the ROS2 Environment. When forming a
team of robots from both simulated and real robots, the
above-mentioned procedures are combined in a flexible way.
This allows for easy deployment and evaluation of mission
execution.

IV. APPLICATION

In this chapter, the applicability of the presented approach
is demonstrated by means of a simple transport scenario. This
scenario simplifies a real-world problem, where a factory hall
and a warehouse are separated from each other by difficult

4https://code.visualstudio.com/

terrain. It is visualized in the simulation environment of
Gazebo.

The goal of the scenario is to transport a box from a pick-up
point to a drop-off point. Therefore, a team of heterogeneous
robots is provided in a simulated setup. The team consists
of one UAV and one UGV. As the robots are activated,
they shall be capable of autonomously performing all mission
tasks required to execute the transport. Due to environmental
obstacles, the transport can neither be performed by the UAV
nor by the UGV alone. The pick-up point is located on a flat
surface on this side of a wall that the UGV cannot cross. The
drop-off point is located on the other side of the wall, inside
a building the UAV cannot enter. At the beginning, the UAV
is located at the pick-up point and the UGV is near the drop-
off point. FIGURE 2 shows this environment and the initial
scenario setup.

FIGURE 2. INITIAL SCENARIO SETUP.

Consequently, the transport must be conducted sequentially
with the use of both robots and by transferring the box at
a specific handover point. Hence, the creative function of
mission planning is used. This yields to one specific mission
for the UAV and one specific mission for the UGV. These
robot-specific missions are planned in an external mission-
planning node and communicated to the individual robot. A
mission is formulated abstractly, making it independent from
basic functions. It therefore consists of abstract tasks, such as
“move to a specific coordinate”, instead of “fly to a specific
coordinate”.

After the UAV and the UGV each receive their specific
missions, an internal mapping procedure is started. This map-
ping analyzes the mission by processing it task by task and
identifies the basic functions required to execute the mission
via the Core Interface.

The result is a sequence of basic functions called execution-
list. Example: The UAV maps one abstract task “move to a
specific coordinate” into two sequential basic functions “take-
off” and “fly to a specific coordinate”. To ensure maximum
autonomy in the execution of the mission, the exact flight
trajectories are planned by the UAV.

As soon as the mapping is finished, the created execution-
list is processed through the Core-Interface in a structured way.
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In the given scenario, the UAV picks up the box, takes off, flies
to the defined handover point, lands, drops the box, messages
the UGV, takes off and flies back to the pick-up point, where it
finally lands. The UGV starts driving to the handover point as
soon as it receives the message from the UAV. There it picks
up the box, drives to the drop-off point and unloads the box.
FIGURE 3 shows the box lying at the handover point while
the UAV flies back to the pick-up point and the UGV drives
to the handover point.

FIGURE 3. SCENARIO EXECUTION PROGRESS.

The scenario ends when the rover unloads the box. Both
robots are now idle and available for following missions.

V. CONCLUSION AND OUTLOOK

In this article, an approach was presented that enables
it to command missions to mobile robots, independent of
their basic functions, and to let them execute those missions
autonomously. For this purpose, an operative separation of
basic functions and so-called creative functions is conducted
in the system architecture of the robots. This architecture
was presented and a simple transport scenario was used to
demonstrate its functionality and effectiveness.

While the basic feasibility of the approach with respect to
mission planning and execution has been demonstrated here,
it also offers great potential for further research. An extension
of the use cases to target a larger robot team of greater
heterogeneity and modality is in progress. Additionally, other
use cases are being considered due to the diverse applicability
of a robot team. Since the approach allows the robots not only
to be simulated, but also to be deployed in the real world, or to
perform a hybrid simulation, these techniques are also under
further investigation.

Mission planning is currently carried out by humans and
only communicated automatically to the robots. With respect
to the specific capabilities of the individual robots, it is
intended to automate this planning process and only provide
a common goal for the robot team. The presented separation
of the basic functions and the creative functions represents a
suitable prerequisite for this.

In addition, until now, the robots have carried out their mis-
sions sequentially in order to accomplish the given scenario.

This poses challenges, especially in the case of unforeseen
events. These can be overcome with interaction and collabo-
ration between the individual robots and are empowered by
the approach presented. The necessary replanning of missions
is also part of the authors’ research.
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