
Enhancing the technological
maturity of robot swarms

Darko Bozhinoski
IRIDIA
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Abstract—The field of swarm robotics has seen significant
growth in recent years, with potential applications in a variety
of areas. This paper delves into the current research challenges
in swarm robotics from a software engineering perspective. The
paper presents three key research directions that will pave the
way toward creating industry-adoptable robot swarms.

Index Terms—Keywords: robot swarms, automatic design
methods, digital twins, mission and system specification, design
models, runtime models.

I. INTRODUCTION

Swarm robotics is a field of study that focuses on the
use of large groups of robots to accomplish tasks that are
beyond the capabilities of a single robot [2], [8], [23]. In
swarm robotics, the behavior of the group is determined
by the interactions between the individual robots and their
environment. These robots work together in a self-organized
and distributed manner, with no central leader or external
infrastructure. The use of a robot swarm is motivated by
its potential to be reliable, scalable, and flexible, making
it a suitable approach for operating autonomous robots in
challenging environments where individual robot failure or
loss is likely, supporting infrastructures are unavailable, and
communication is limited [10].

Although a number of robot swarms have been developed
[15], there is currently a lack of a reliable engineering ap-
proach for designing control software for these systems. To
increase the level of technological readiness for applications
so that robot swarms can be successfully used in real-world
environments, swarm robotics needs to mature as an engi-
neering discipline. Currently, most swarm designers use a
trial-and-error method, testing and improving individual-level
behaviors until the desired collective behavior is achieved [13].
This approach is more akin to craftsmanship than engineering,
as the quality of the result depends on the experience and
intuition of the designer.

Designing robot swarms is challenging because of their
self-organizing and distributed nature. One of the main dif-
ficulties in swarm robotics is the relationship between indi-
vidual robots and the swarm, known as the individual/swarm
dichotomy. While it is possible to specify the mission that
the swarm should accomplish, the swarm itself cannot be pre-
programmed. Instead, the designer must create the behaviors

of the individual robots, which will then interact with each
other and the environment to produce the desired collective
behavior of the swarm. Finding a reliable and satisfactory way
to bridge the gap between the requirements at the swarm level
and the individual-level behaviors of the robots remains an
open issue in the field.

For robot swarms to be widely adopted for practical use
rather than just being a subject of research in laboratories, it is
necessary for researchers in software and systems engineering
to put forth significant effort in developing methodologies and
tools to help designers create reliable and efficient swarms.
This will enable faster adoption of robot swarms in industrial
settings.

In this vision paper, we aim to pave the way toward
creating technologically mature robot swarms. We identify
the key challenges from the software and systems engineering
perspective that hinder the process of adoption of robot swarms
outside of laboratory settings.

II. CHALLENGES AND RESEARCH DIRECTIONS

C1. Inconsistent system and mission specification
The main focus in the field of robot swarms is developing

algorithms and control systems that can effectively coordinate
the actions of a large group of robots in order to achieve a com-
mon goal. This involves designing communication protocols
that allow the robots to share information and coordinate their
actions, as well as developing strategies for self-organization
and adaptability to changing conditions. Little research has
been devoted to approaches that consider swarm robotics as a
systems engineering discipline. In most of the robot swarm
studies, the missions in which the swarm is evaluated are
poorly documented, and the specifications of the swarm itself
are vaguely described. The inconsistency between different
swarm studies makes it extremely difficult for researchers to
reproduce the results [5]. It is also not clear if the obtained
results are transferable to different missions and robot types.

To the best of our knowledge, requirements specification
for swarm robotics has not been properly addressed as a re-
search question. The highest level of abstraction that has been
extensively discussed in swarm robotics is the development
process. A work in this direction is Buzz, a scripting language
for programming heterogeneous robot swarms [1], [21]. The



only work where a textual specification language has been
developed for a class of swarm missions is one of our previous
studies [5]. It is clear that further work in this direction is
strongly needed for faster adoption of robot swarms in real
settings.

Although a number of approaches have been proposed in the
software and systems engineering literature for designing and
testing robotic systems [9], they have not been investigated
in the context of swarm robotics. Most of these approaches
focus on decoupling the different phases of the robot life-
cycle, which appears to be inappropriate in swarm robotics.
Indeed, they model the system to be realized at a level of
abstraction that is too high and neglects the complex robot-
robot and robot-environment interactions that characterize the
operation of a robot swarm. For example, these approaches
assume that it is possible to establish a mapping between
the high-level collective goals of the swarm and low-level
individual behaviors of the robots comprised therein [6], [7],
[11]. Unfortunately, the swarm robotics praxis indicates that
making such a mapping explicit is not generally possible [4],
[12].

R1. A systematic approach to designing robot swarms
Software engineers should provide support with domain-
specific languages, tools, methodologies, and frameworks for
swarm designers to be able to design swarm missions. We
argue that precise formal abstractions are needed to specify the
environment and the elements of which the system consists.
R1.1. Reference model specification. In swarm robotics, the
notion of the reference model has been implicitly used without
a clear formal definition of what exactly it represents. As it
can be seen in a collection of methods [13], [19] reference
models capture basic characteristics about the individual robot
that are strongly related to a set of predefined behaviors
such as the speed of the robot wheels, proximity sensor,
ground sensor readings, etc. However, the reference model
fails to capture properties that: (i) show the repetitiveness
of the mission execution; (ii) the transferability to another
mission. For example, it is not clear if a robot swarm that
has performed an aggregation task where robots need to
aggregate in a specific region without using an external guiding
system can be reused in a different mission or if it can
successfully repeat the predicted performance on the same
mission. To design and develop robot swarms that will reliably
perform complex missions, there is a strong need to model
additional aspects of the swarm related to its evolution, such
as the deterioration of the hardware elements (e.g., sensors,
and actuators), battery levels, the state of the robots after
completing the mission certain number of times, etc. There
is a strong demand for formalisms, tools, and languages that
will precisely define structures, design the architecture, create
test cases, and evaluate robot swarm capabilities through the
whole swarm lifecycle. One possible way to move forward is
through the definition of the concept of a skill that has been
already proposed in general robotics, however, it has not been
discussed in the field of swarm robotics, yet.

R1.2. Mission model specification. In most of the swarm

literature, designers specify the goal that should be achieved
without providing details about the context. A crucial aspect
in modeling the swarm mission is the context in which the
swarm operates and the objective function that should be
optimized. Software engineering has played an important role
in identifying patterns, and classes of missions for general
single robots. In [20], [20], authors analyze specification
patterns for robotic missions. Specification patterns are a set
of guidelines that are used to specify the requirements and
constraints of a robotic mission. These patterns have been used
to clearly and accurately define the goals, tasks, and actions
that a robot is expected to perform during the mission. There is
currently a lack of research in the field of swarm robotics that
examines patterns in swarm missions. This gap in knowledge
motivates the need to develop a new research direction focused
on designing a classification system for objective functions
that can be easily modified and reused by swarm designers.
Objective functions are an essential component of swarm
mission definitions, as they shape the design of the system
and how it will operate. However, in many of the current
studies in swarm robotics, objective functions are not explicitly
defined or discussed, but rather are incorporated into the
algorithms being developed. The proposed research aims to
address this issue by creating a classification schema with
objective functions as building blocks that can be easily used
and adapted by swarm designers.

Challenge 2. Uncertainty in robot swarm performance:
Swarms robotics deals with several sources of uncertainty

such as operating in an unstructured or dynamic environment,
uncertainty related to robot communication due to limited
range, bandwidth, and delays, uncertainty subject to various
sources of noise (e.g., measurement noise, communication
noise, and hardware failures, etc.). Moreover, sensors may not
always provide accurate readings, or there may be interference
or errors in the communication signals between the robots.
There is a crucial need to consider new approaches to the
different phases of the robot swarm development process:
designing, deploying, and testing robot swarms. We need to
be able to tackle each of these different sources of uncertainty
in a systematic way.

C2.1 Uncertainty emerging from the design of robot
swarms. As already mentioned above, robot swarms have
been mostly designed manually: an individual-level behavior
is iteratively improved and tested until a desired collective
behavior is obtained. The quality of the resulting solution
strongly depends on the experience and intuition of the de-
signer. To avoid, or at least reduce, the uncertainty induced by
the crucial role of the human designer, automatic and semi-
automatic design approaches have been proposed [3], [14],
[22], [24]. In semi-automatic design, a human designer plays
an active role in guiding an optimization process, while in fully
automatic design, the optimization process does not require or
allow any human intervention. The most promising approaches
that have been proposed so far for the automatic design
of robot swarms are in the area of design by optimization
[16]. In design by optimization, the design problem is re-



formulated into an optimization problem: an optimization
algorithm searches a space of candidate solutions to maximize
an objective function. In this context, a candidate solution
is an instance of control software and the objective function
is a mission-dependent metric that measures the performance
of the swarm on the given mission [4]. The semi-automatic
design process for a swarm utilizes an optimization algorithm
while incorporating human input to iteratively improve the
control software for the desired mission. The designer uses
their intuition and experience to evaluate the behavior pro-
duced by the optimization process and make modifications to
elements such as control software architecture, sensor reading
pre-filtering, models, optimization algorithm parameters, and
the objective function being optimized until they are satisfied
with the final result or cannot improve further. In the robot
swarm literature, it is not common for researchers to provide
information on the role of the designer or the number of
iterations needed to reach the final outcome (human-in-the-
loop). The design method is manually tailored to the specific
mission, making it heavily dependent on human input and the
results are often hard to reproduce. Hence, human-in-the-loop
is a significant challenge in the design of robot swarms as the
expertise of the swarm designer has a strong influence on their
development.

C2.2. Uncertainty emerging from simulation. In the
swarm robotics literature, swarm designers distinguish be-
tween two major classes of automatic design methods de-
pending on whether the design phase happens before or after
the deployment of the software on the physical robots, and
that is [13]: offline and online. In offline design methods, the
design process happens in a separate simulation phase before
the robot swarm is deployed. This design phase involves evalu-
ating a large number of different instances of control software.
Online design methods involve designing the robot swarm
while it is already deployed in its operational environment.
The majority of research has been directed toward creating
offline automatic design methods.

While offline automatic design methods contribute towards
the reduction of uncertainty in the robot swarm performance,
they still suffer from the reality gap. The reality gap in robot
swarms refers to the difficulty in accurately simulating or
emulating the behavior of large numbers of robots in the
real world due to unreliable hardware and the complexity
of the physical interactions between the robots. Due to the
reality gap, control software generated in simulation suffers
a performance drop when deployed on physical robots. The
reality gap arises because it is often infeasible to design robot
swarms in the same conditions in which they will ultimately
operate. This is due to the difficulty of creating accurate and
detailed simulations that fully capture the dynamics of the real
world. The reality gap is a significant challenge in the field of
swarm robotics, as it makes it difficult to accurately predict
the performance of swarm algorithms deploying them on real
robots.

C2.3 Uncertainty emerging from the evaluation process
There are only a few instances where new automatic design

methods and concepts are compared to previously introduced
ones. At present, there is a lack of established, consistent
practices for evaluating and comparing automatic design meth-
ods through empirical assessment. In [17], authors propose an
initial work in the direction of comparing automatic design
methods. Many other studies that have introduced automatic
design methods are specific to a particular application and
cannot be generalized to other domains. They often focus
on answering scientific questions that are not directly related
to automatic design, such as the plausibility of biological
models or the justification of animal behaviors in evolutionary
terms. The experimental protocol, the definition of benchmark
missions, and the evaluation criteria are crucial elements in
establishing robot swarms as an engineering discipline.

R2.1. Digital twins for robot swarms. As swarm robotics
establishes as an engineering science, we believe that the
concept of “digital twin” will play an important role in
designing reliable robot swarms. Digital twins are virtual
representations of physical objects or systems, and they can
be used to simulate and optimize the performance of robot
swarms [18]. There are three important parts in the digital twin
of an object: (i) a model of the object, (ii) an evolving set of
data relating to the object in real settings, and (iii) a means of
dynamically updating or adjusting the model in accordance
with the data. In most cases of the development of robot
swarms, a straightforward development process is followed
where designers iterate over a desired behavior in simulation,
after which they deploy that behavior on a real swarm. The
concept of a digital twin allows the swarm designers to
continue monitoring and controlling, virtual testing, predictive
maintenance, and lifetime estimation of the robot swarm, even
after deployment. An individually tailored model can be used
for: (i) maintenance scheduling: by using the individual robot
twin to update parameters related to known possible faults
and thus identifying problems and fixing those issues before
they become catastrophic, (ii) lifetime prediction: including the
ability to revise robot swarm lifetime estimate in service. (iii)
performance assurance, to check that any measured deviations
from the swarm specification do not compromise performance
to an unacceptable degree.

R2.2. SwarmOps. With the introduction of digital twins in
the field of robot swarms, there will be a possibility for open-
ing SwarmOps as a new research direction. SwarmOps will
involve applying DevOps principles to the development and
operation of robot swarms. It would involve using automation
and continuous integration/continuous deployment (CI/CD)
practices to streamline the process of building, testing, and
deploying software updates to the robots in the swarm. Its goal
is to improve the time-to-market and overall performance of
the robot swarms through agility and automation. By using
SwarmOps to continuously deliver updates, the quality and
resilience of robot swarms will be improved. To achieve this,
building new frameworks for designing and implementing
digital twins will play a crucial role in advancing the tech-
nological readiness for robot swarms.

Challenge 3. Design vs. runtime models. In offline design



methods, the design process happens in a simulation before the
robot swarm is deployed. Once the offline phase is completed,
the robot swarm is deployed in its operational environment.
Using software engineering terminology, the output of this
phase is design models that can be deployed on the real robots.
Online methods attempt to create a runtime model that is more
suited to the specific task at hand than those produced using
offline methods. Using software engineering terminology, the
output of this online phase is a set of runtime models that can
be deployed on real robots. The features of the runtime models
are likely constrained to a reduced set of mission and system
features because the runtime models are used and updated by
the individual robots themselves while they are operational,
which means that the computational resources and response
time are also limiting factors. There have been some works
that propose online methods but this direction has not been
investigated properly.

R3. The interplay between design and runtime models
We believe that the interplay between design and runtime is a
promising research direction that has not been explored in the
area of swarm robotics. While complex design models can
be obtained through an offline optimization method, online
methods are constrained to create runtime models that should
be updated in a distributed way. It is crucial for system and
software engineers to understand which mission and system
aspects can be managed through a design model and which
should be managed through the collection of runtime models
of the individual robots. In this direction, it is important to
consider the complexity of the design versus the complexity
of the runtime model employed directly on the real robots, the
granularity of the design and runtime models, the accuracy
of the runtime models, the robustness of the models, etc.
We consider that software and system engineers will play an
important role in transferring the principles they have been
exploring in designing distributed self-adaptive systems which
will pave the way toward the design of more efficient and
resilient robot swarms.

III. SUMMARY

For robot swarms to be widely adopted for practical use it is
necessary for researchers in software and systems engineering
to put forth significant effort in developing methodologies
and tools to help swarm designers create reliable and effi-
cient swarms. In this vision paper, we discussed three main
challenges that must be addressed before deploying robot
swarms in industrial settings. Moreover, we outlined research
directions in which software engineers can provide meaningful
insights in addressing the aforementioned challenges.
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