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Executive Summary 

This document details the results achieved in the context of Task 4.3, specifically the 

development of a compiler that produces correct-by-construction adaptive swarm 

controllers and how they can be used in practice. The compiler takes as input a set of 

formal languages that describe the device's capabilities and specifications. Using 

supervisory control theory (SCT), it combines the capabilities and specifications into a 

minimally restrictive language that adheres to all specifications. The compiled swarm 

programs can subsequently be executed on different devices using the virtual 

machines developed as part of Task 4.4. To evaluate the capabilities, two use cases are 

presented. The first use case demonstrates that the swarm controllers can ensure that 

certain global performance requirements are met such as maintaining the connectivity 

of a network of mobile devices that are tasked to monitor simultaneously up to six 

remote locations. The second use case, which is based on a user study with 52 

participants, demonstrates how multiple human operators can be formally integrated 

with a swarm of devices. enabling them to share the resources effectively. Both use 

cases illustrate how the dependencies among the swarms’ components (i.e. individual 

devices or groups of devices within the swarm) can be formally captured by the swarm 

controllers which are produced by the compiler in less than a second. 
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Introduction 

The objectives of WP4 are to design and implement the tools that enable operators to 

intuitively program energy-aware swarm level behaviours that are fully adaptive, while 

respecting formal specifications. WP4 develops energy management solutions for 

devices to harvest and allocate energy in adaptive ways, while monitoring and 

benchmarking consumption. It develops an intuitive swarm programming user interface 

for operators to describe what the devices can do and specify sub-system and swarm-

level learning objectives. This feeds into a swarm compiler to automatically produce 

swarm controllers. Virtual machines will allow the resulting programs to run on multi-

platform swarms. 

The specific objectives for deliverable D4.3 are to develop a compiler that produces 

correct-by-construction adaptive swarm controllers. It takes as input a set of formal 

languages that describe the device capabilities and device/swarm specifications. Using 

supervisory control theory (SCT), these languages are combined into a minimally 

restrictive language that adheres to all specifications. To ease scalability, each device 

runs a “local modular” controller (also referred to as the supervisor). The dependencies 

among the swarm’s components (individual devices or sub-swarms) will be formally 

captured using events shared across the swarm or sub-swarm. The supervisors 

stochastically choose among all permissible controllable events; the corresponding 

probability mass functions can be locally optimized at run time via reinforcement 

learning. 

This document outlines the work completed in Task T4.3 and is structured as follows. 

First, a review of formal methods to design swarm controllers is presented. Second, the 

concept of SCT and the Nadzoru software, which is an open-source graphical user 

interface tool that contains the swarm compiler, is described. The extensions developed 

for Nadzoru as part of this deliverable are also described. After that, two use cases 

applying the swarm compiler in complex scenarios are presented. In the first use case, 

a swarm of robots splits into multiple teams and dynamically forms a mobile ad hoc 
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network between the teams. The length of the network is shown to be near optimal. In 

the second use case, a swarm of robots are shown to dynamically engage with human 

operators who guide the robots to locations of interest and request robots to be 

exchanged between different teams. 

Technical Readiness Level 

The compiler technology, originally available at a TRL of 3, has been implemented and 

tested in a range of use cases, including a user study involving a total of 52 participants. 

Each trial involved two participants who collaboratively shared control over a swarm of 

simulated robots. We consider the technology to have reached a TRL of 4. 

Key Performance Indicators 

Table 3.2 in the DoA indicates KPI for T4.3 as “Compile time for realistic scenarios”, with 

a target below 60s. This KPI has been met, as described below. 

We have tested controllers produced using the developed compiler in different use 

cases. Here we report the compilation time corresponding to every controller. 

The models were compiled in the Nadzoru software using an Intel Core i7-8700 CPU @ 

3.20GHz x 12 with 16GB of memory. 

Use case Role Compile time (s) 

Swarms with global 

performance requirements 

Leader 0.0318 

Worker 0.2411 

Swarms with human-in-the-

loop 

Leader 0.0264 

Worker 0.2630 

Swarms and energy 

management 

Worker (without mobile charger) 0.0609 

Worker (with mobile charger) 0.0590 

Mobile charger 0.0524 
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Optimising Swarm Behaviours 

Through Online Learning 

UAV 0.0174 
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Related Work 

Formal Design Methods in Swarm Robotics 

Designing the behaviour of a robot swarm is challenging because changes made in the 

robot controller not only affect the actions of the particular robot but also the emergent 

behaviour of the entire swarm. The process of developing swarm behaviours usually 

requires trial and error, where the designer uses their intuition and experience to make 

modifications until the desired behaviours are achieved [1], [2]. However, as future 

swarms become more complex, they cannot be designed solely by such methods; 

there is a need for a systematic approach to support the swarm designer during the 

development of robot swarms [3]. 

Formal methods are system design techniques that can help reduce the amount of ad-

hoc development. It involves creating a model of the system to be controlled and a set 

of specifications that the system must meet. The resulting model can be analysed by a 

variety of existing model checking and verification tools [4]. The explicit representation 

of capabilities increases the designer's confidence in the correctness of the system [5]. 

In this section, we review previous work on formal methods applied to the development 

of robot swarms. 

Model checking is a method that uses temporal logic to analyse whether a given model 

matches the specifications [6].  

One of the first works that applied formal methods to swarms was [7], which showed 

how swarm connectivity could be maintained using temporal logic by specifying the 

desired properties of the swarm. The authors used integer programming alongside 

linear temporal logic to perform subswarm assignment on 20 ground robots, although 

this was based on a centralised approach. 

Brambilla et al. [8] proposed property-driven design, a top-down approach to swarm 

development based on describing swarm properties and model checking. It consists of 

four steps, (i) formally define the desired properties of the swarm, (ii) design and verify 
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a prescriptive model using Markov chains, (iii) implement the prescriptive model and (iv) 

implement and test the swarm. A swarm designer following these steps would be able 

to concentrate on the design of the global swarm behaviour first, before focusing on 

the implementation details. While this approach offers methods to check whether 

certain properties can be met even before running tests using simulated or real robots, 

the automatic generation of source code has yet to be shown; implementing the model 

still requires creative insight from the designer. 

Finite-state machines are commonly used to define robot controllers as they are 

generally easily readable to humans. Franchesca et al. [9] proposed AutoMoDe-Vanilla, 

an automatic design method for robot swarms. First, a designer defines a set of atomic 

behaviours called modules, which may include parameters. This is followed by an 

optimisation process that creates a controller represented as a probabilistic finite state 

machine. Experiments showed that the automatically designed controller performed 

better in an aggregation task than the controllers manually designed by human experts. 

The AutoMoDe method has since been extended to a class of automatic modular 

design methods [10], [11], [12], [13], [14], [15]. 

Behaviour trees have also been used to model the controllers for robot swarms. The 

tree defines a sequence of actions and conditions that a robot performs. While being 

easily readable to humans, behaviour trees are hierarchical so it is possible to detach a 

subtree and attach it to a different part of the behaviour tree, providing modularity and 

reusability of a particular behaviour [16]. This can be useful when evolving a behaviour 

tree since the designer can read to understand the evolved behaviour and make 

modifications if necessary [17]. Recently, AutoMoDe has also been extended to use 

behaviour trees [18]. 

Supervisory control theory (SCT) is a formal method proposed by [19]. SCT is used to 

restrict the behaviour of a controller (also known as a supervisor) so that the given 

logical control specifications are satisfied. A unique aspect of SCT is its explicit 

representation of uncontrollable events; events that cannot be disabled by the 

controller. Lopes et al. [4] applied SCT for the control of robot swarms. Through four 

case studies, they demonstrated how state-of-the-art swarm algorithms can be 
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represented using SCT. The approach involved the automatic generation of control 

code from the developed supervisor. Further extensions have been proposed for 

modelling probabilistic decision making [20] and communication between robots [21]. 

Formal methods can help reduce the complexity involved in the swarm development 

cycle. This is especially needed for swarms that are intended to interact with multiple 

humans as they further complicate the interaction. However, the application of formal 

methods focusing on HSI is currently very limited. Providing certain formal guarantees 

on a swarm's capabilities during proximal interaction could ensure the safety of humans 

working near them. 
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Swarm Compiler Development 

Supervisory Control Theory (SCT) 

The SCT framework is used to control systems that can be represented as a discrete 

event system (DES) [19]. In other words, there is a discrete set of states that can express 

the state of the system at any time. In DES, transitioning between states is triggered by 

events. Events in SCT are classified as either an uncontrollable or controllable. 

Uncontrollable events can occur at any time (e.g. sensor inputs), while controllable 

events only occur when triggered by the controller (e.g. actions initiated by a robot). 

When designing a controller in SCT, the designer must define formal languages that 

express (i) what the robot can do in principle (called free behaviour models) and (ii) how 

it should behave (called control specifications). The corresponding languages are then 

automatically synthesised into a coherent language to produce the controller (called 

the supervisor) that is executed on each robot. The supervisor guarantees that, at any 

time, only valid sequences of events can occur. This is realised by restricting the set of 

controllable events that a robot can choose from at each state. 

This thesis uses SCT to model the behaviour of robots based on a class of approaches 

proposed by [4], [22]. The remainder of this section provides an overview of how models 

can be designed in SCT using an example system and how a swarm designer would 

apply the approach in practice. 

Generators 

In SCT, regular languages are often used to represent the capabilities and control 

specifications of a system. Languages are expressed as generators, which are similar to 

automata. The difference is that automata checks whether a given word is part of a 

language, while generators produce words that are part of the language.  

Generator 𝐺 is defined as the following 5-tuple: 

𝐺 = (𝑄, Σ, δ, 𝑞0, 𝑄𝑚) 
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( 1 ) 

where 𝑸 is the finite set of states, 𝚺 is the finite set of controllable and uncontrollable 

events, 𝛅: 𝑸 × 𝚺 → 𝑸 is the partial transition function, 𝒒𝟎 ∈ 𝑸 is the initial state, and 𝑸𝒎 ⊆

𝑸 is the set of marked states. Marked states are states that are considered to be safe 

and are usually used to represent a state after a process has finished or an idle state of 

the system. Generators are used to represent both free behaviour models and control 

specifications, which are discussed in the following sections. 

Free Behaviour Models. 

Free behaviour models define the capabilities of a system. In other words, it describes 

all the possible actions that a system could perform. A system can be composed of 

multiple free behaviour models. Each model represents a certain functionality of the 

system. The models essentially act as the building blocks of the system and are 

assumed to be independent of one another. This means new functionalities can be 

added without affecting the existing models. 

Figure 1 shows two free behaviour models for controlling the light inside a fridge. 𝑮𝟏 

represents the state of the fridge door. It indicates that events open and close occur 

alternatively. 𝑮𝟐 represents the capability to control the light inside the fridge. The 

initial state is represented by an unlabelled arrow. An arrow with and without a stroke 

each represents a controllable and uncontrollable event, respectively. A double-

circled or single-circled state each represents marked and non-marked states, 

respectively. In the given example, the marked state is defined to be when the fridge 

door is closed in 𝑮𝟏 and when the light inside the fridge is turned off in 𝑮𝟐. 

  

(a) 𝐺1 (b) 𝐺2 
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Figure 1. Example free behaviour models for a fridge representing (a) a sensor to 

detect the state of the fridge door; (b) the capability to control the light inside the 

fridge. 

Control Specifications. 

Control specifications define the desired behaviour of a system. In other words, it 

describes the actions that the system should do. To do so, we disable some controllable 

events from occurring in certain states to achieve the desired behaviour of the system. 

Using the free behaviour models 𝑮𝟏 and 𝑮𝟐 from Figure 1, we can define a simple 

behaviour that turns on the light inside the fridge when the door opens and turns off 

when it is closed.  

Figure 2 presents an example control specification. In the initial state 𝑞1, the only action 

allowed is lightOff.  If the door opens, the state transitions to 𝑞2. The only action 

allowed in 𝑞2 is lightOn. It returns to the initial state when the door closes, where 

lightOff is again the only allowed action that can be triggered by the system. All 

states in control specifications are generally labelled as marked states unless it is used 

to represent a system with a buffer that needs to reach a state where the buffer is 

empty. 

 

Figure 2. Example control specification to turn the light inside the fridge on when the 

door opens and off when it is closed. 
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Supervisor Synthesis 

So far, we have seen that the free behaviour models define all possible events that can 

occur and the control specifications restrict controllable events from being triggered in 

certain states. The supervisor represents the control logic of the system, which can be 

obtained from the free behaviour and control specification models through an 

automatic process that synthesises them together [4]. 

The synthesised supervisor guarantees the following properties. 

• Controllable. There are no outgoing uncontrollable events in any state that are 

disabled by the control specification. 

• Accessible. Every state can be reached from the initial state. 

• Coaccessible. From every state, at least one marked state can be reached. 

These properties guarantee that the supervisor is non-blocking, in other words, there 

will be no deadlocks. During supervisor synthesis, any states that are non-accessible, 

non-coaccessible, or have an event that makes the supervisor uncontrollable are called 

bad states and are removed from the supervisor. The removal of these states is 

performed iteratively since removing one state could turn others into bad states, which 

are also removed. An advantage of the synthesis process is that when there is an error 

in the designed automata, it usually results in the final supervisor having a significantly 

small number of states or it may be missing certain events introduced in the free 

behaviour models. This is because models that conflict with each other result in the 

creation of more bad states, which are entirely removed during the synthesis. This is 

useful for the designer as any error in the logic can be detected at an early stage of the 

design process even before testing the system in simulation. 
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Figure 3. The synthesised supervisor for controlling the light inside a fridge. 

 

Figure 3 shows the supervisor that was synthesised using the models from Figure 1 and 
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Figure 2. The controllable events lightOn and lightOff are only triggered when 

uncontrollable events open and close occur, respectively. Note that the event close 

from state 𝒒𝟐 to 𝒒𝟏 is not disabled as it is an uncontrollable event. This covers the 

situation when the door opens but immediately closes before the system is able to 

trigger lightOn, in which case the light will not be turned on. An analogous situation is 

also covered by event open from state 𝒒𝟒 to 𝒒𝟑 when the door is opened immediately 

after it has been closed. 

Designing free behaviour models and control specifications and synthesising the 

models to produce the supervisor can be done using the openly available software tool 

Nadzoru1 [23]. 

When using the supervisors on a real system, it is necessary to link the events to the 

actual actions that are executed by the system. To do so, the SCT framework defines 

the operational procedures layer. Here, the designer programs a set of callback 

functions, which implements the behaviour of the robot when each event is triggered. 

While some programming is required, this is usually less than the amount of code that 

has to be written otherwise as the hardware-specific functionalities are the only parts 

that need to be coded; the control logic is already defined by the supervisors. 

Public Events 

The original SCT framework assumes only the events that are observable by each robot. 

These events are referred to as private events. Lopes et al. [21] proposed incorporating 

public events; an extension to SCT that allows multiple robots to share the occurrence 

of events that were previously private. In this extension, both uncontrollable and 

controllable events can be either private or public. This allows communication among 

robots to be modelled within SCT. Generator 𝑮 with public events is defined as the 

following 7-tuple: 

𝑮 = (𝑸, 𝚺, 𝛅, 𝒒𝟎, 𝑸𝒎, 𝚺𝒖,𝒑𝒖𝒃
𝒆𝒙𝒕 , 𝑴) 

 
1 https://gitlab.com/genki_miyauchi/nadzoru 

https://gitlab.com/genki_miyauchi/nadzoru
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where 𝚺 comprises private uncontrollable and controllable events 𝚺𝒖,𝒑𝒓𝒊𝒗, 𝚺𝒄,𝒑𝒓𝒊𝒗 as well 

as public uncontrollable and controllable events 𝚺𝒖,𝒑𝒖𝒃, 𝚺𝒄,𝒑𝒖𝒃. 𝚺𝒖,𝒑𝒖𝒃
𝒆𝒙𝒕  is the set of public 

uncontrollable events in 𝑮 and other generators. Finally, 𝑴: 𝚺𝒄,𝒑𝒖𝒃 → 𝚺𝒖,𝒑𝒖𝒃
𝒆𝒙𝒕  is a mapping 

from public controllable events to the related public uncontrollable events. 𝑸, 𝛅, 𝒒𝟎 and 

𝑸𝒎 are identical to Equation ( 1 ). 

For example, consider a swarm of robots that are tasked to find an intruder. We would 

like only the last robot that has spotted the intruder to turn its LEDs on. Figure 4 shows 

the free behaviour models for these robots. 𝑮𝟏 represents a sensor capable of detecting 

an intruder. 𝑮𝟐 represents the robot's ability to turn its LEDs on and off. Event lightOn 

is specified as a public controllable event, so it will inform other robots that it has turned 

its lights on. 𝑮𝟑 represents the corresponding public uncontrollable event _lightOn 

which is triggered when it detects that another robot has turned its lights on. 

 

 

 

(a) 𝐺1 (b) 𝐺2 (c) 𝐺3 

Figure 4. Free behaviour models for last spotted location. (a) A sensor to detect an 

intruder. (b) The capability to control the robot's own LEDs. (c) A receiver to detect 

the occurrence of another robot turning their LEDs on. Public uncontrollable and 

controllable events are shown in red and blue, respectively. 
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Figure 5 defines the control specification. It defines that when an intruder is detected 

(event intruder), the robot will turn its LEDs on (event lightOn) which is 

communicated to all other robots. If it detects that another robot has turned its lights 

on (event _lightOn), the robot will turn off its own lights (event lightOff). By using 

public events, it is possible to model the behaviour of robots when they receive 

signals from other robots. The synthesised supervisor is shown in 

 

Figure 6. 

 

Figure 5. Control specifications for last spotted location to turn its own LEDs on when 

it detects an intruder and turn it off when another robot turns its LEDs on. 
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Figure 6. The synthesised supervisor for detecting an intruder using public events. 

Probabilistic Events 

There can be situations where the standard SCT framework allows more than one 

controllable event to be triggered at a certain state. In this situation, each permissible 

event will be given equal probability and one event will then be picked at random. While 

this ensures that the system continues to operate in a safe state, it always treats the 

events equally and does not allow one event to be more likely to be picked when 

multiple events can be triggered. This can limit the robot’s ability to choose an action 

that is more likely to produce a better outcome. 

The probabilistic SCT (pSCT) framework [20] is an extension of the standard framework 

that enables a designer to specify probabilities for each event transition to adjust the 

likelihood of the events from being chosen. 

Consider an example where a swarm of simple robots must explore a bounded 

environment containing obstacles. The designer might want a robot to turn left more 

often than to turn right so that the robots are more likely to explore the environment 

anti-clockwise. In the pSCT framework, the probabilities can be specified for each event 

transition as shown in Figure 7. It defines that when the events turnLeft and 

turnRight are both permissible events, turnLeft will be chosen with a probability of 

𝒑 = 𝟎. 𝟔, while turnRight will have a probability of 𝒑 = 𝟎. 𝟒. Note that if there is only one 
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controllable event that can be triggered in the current state, that event will be chosen 

with a probability of 1. 

 

Figure 7. Example specification using probabilistic SCT. Each controllable event has 

an associated probability that can be specified at design time. The event turnLeft is 

more likely to be selected than turnRight when both are permissible events. 

Nadzoru: A Graphical User Interface to design SCT Models 

Nadzoru is an open-source software tool that can be used to design and synthesise SCT 

models, and generate template source code for a variety of platforms and 

programming languages. In this section, we introduce Nadzoru 22, which is a modern 

succession of the original Nadzoru 1, followed by the extended capabilities  developed 

as part of this deliverable for Nadzoru 2 to enable public and probabilistic events, and 

the preparation of template source code for C++ and Python. 

To design the behaviour of robots using Nadzoru 2, the designer follows the steps 

below: 

1. Define free behaviour models. 

2. Define specifications. 

3. Synthesise the free behaviour models and specifications. 

4. Export the synthesised models to generate source code. 

5. Implement callback functions. 

 
2 https://github.com/openswarm-eu/Nadzoru2 

https://github.com/openswarm-eu/Nadzoru2
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We give an overview of how a designer interacts with Nadzoru 2 from starting to design 

a model to generating the source code run that can be run on a robot. We consider a 

robot that can move between two regions to either (i) perform work that is present in 

that region, or (ii) charge its own energy, depending on the specific region. 

First, a set of free behaviour models (i.e. the capabilities of the system) need to be 

defined. Figure 8. The Nadzoru 2 interface showing a user defining the free behaviour 

model. The user lists the relevant events (right) and uses them to create a generator 

(left) shown using states and transitions. Figure 8 shows a user that has defined one of 

the capabilities. On the right panel, it lists the events (work, charge, moveToWork, and 

moveToCharge) relevant to this capability. The centre panel shows a user defining the 

free behaviour model that represents the robot’s capability to indefinitely repeat the 

cycle of moving and either performing some work or charging its energy. 

 

Figure 8. The Nadzoru 2 interface showing a user defining the free behaviour model. 

The user lists the relevant events (right) and uses them to create a generator (left) 

shown using states and transitions. 

Next, a set of specifications (if any) must be defined. Figure 9 shows a user that has 

defined one of the specifications. Similarly, as before, the panels on the right and centre 

display the relevant events and the generator that the user has designed. The specific 
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example shown restricts the event moveToCharge so that it can only be triggered when 

event notAtCharger has been triggered. 

 

 

Figure 9. The Nadzoru 2 interface showing a user defining a specification for the 

robot. The user lists the relevant events (right) and uses them to create a generator 

(left) shown using states and transitions. 

Once all free behaviour models and specifications have been defined, the models need 

to be synthesised together to produce the final control logic. Figure 10 shows the script 

operation screen, which consists of a text editor in the centre panel and a set of available 

functions listed in the left panel. The user makes use of the provided functions to build 

a script that instructs how to synthesise the models. Information such as the size of the 

final models can be printed as seen in the bottom panel.  
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Figure 10. The Nadzoru 2 interface showing the model synthesis process. The user 

can build a script in the built-in text editor to specify how the models should be 

synthesised. 

Finally, the user selects the synthesised models to generate source code (see Figure 

11). The user can choose from a number of template source code that can be used to 

program the robot, or prepare a custom template that fits their own needs. 
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Figure 11. The Nadzoru 2 interface to generate the source code of the synthesised 

models for the selected device. 

The template source code includes the virtual machine that is necessary to execute the 

generated control logic (e.g. in C programming language). The user is required to 

implement each callback function, which usually requires using robot-specific APIs. For 

uncontrollable events, the user must implement code that can evaluate whether the 

event has been triggered. For controllable events, the user must implement code that 

executes the action when the event is triggered. 
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Public Event Extension 

The original SCT framework can be extended using public events, which share the 

occurrence of events across multiple devices. This allows communication among 

devices to be modelled using SCT, which is particularly useful for a robot swarm that 

may need to communicate with neighbouring robots. Figure 12 shows a user defining a 

public event from the toggle button in the right panel (event message). Here, the event 

message is a controllable event that is triggered when the event inputMessage is 

received, which may be a condition to send a certain message to other robots. Since 

event message is also a public event, the occurrence of the event is broadcasted to 

other robots. If they have a corresponding public uncontrollable event (e.g. event 

_message) that triggers upon receiving the occurrence of the event, it will also be 

triggered in each individual robot. The synthesised controllers also indicate which 

events are public so that they can be handled correctly by the virtual machine that 

executes the controllers on the robots. 

 

Figure 12. The Nadzoru 2 interface showing a user defining a model that consists of 

public events, which are indicated by the label appended to its event name. 
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Probabilistic Event Extension 

Another extension to the original SCT framework is the use of probabilistic events. When 

multiple controllable events can be triggered from a given state, the original SCT 

framework picks one event at random with equal probability. This can become an issue 

since the user cannot define a preference for some events to be chosen more often 

than others, even if they are aware that some events lead to better outcomes. Figure 13 

shows a user defining probabilities to the controllable events in the model that was 

defined in Figure 7. Each event transition indicates the probability at which it will be 

chosen among other controllable events, if there are any. At state 1, two outgoing events 

turnLeft and turnRight can be triggered at a probability of 0.6 and 0.4, respectively. 

The probability can be modified by first selecting the transition (highlighted in red in 

Figure 13) and then entering a new probability in the Properties box found in the right 

panel. States 2 and 3 only have one outgoing controllable event moveForward, hence 

the probability is set to 1. Note that, it is possible for a user to enter probabilities values 

where the sum exceeds 1, in which case, the probabilities will be normalised across all 

controllable events by the virtual machine that executes the control logic at run time. 
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Figure 13. The Nadzoru 2 interface showing a user defining a model where each state 

transition has a probability associated with them. The probability of each 

controllable event being chosen is indicated by the probability label appended to 

its event name. The probability can be modified by selecting the transition 

(highlighted as a red arrow) and then entering a new probability shown in the right 

panel under the Properties box. 
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Swarm Compiler Use Cases 

This section presents two use cases where the swarm compiler and SCT were used to 

design and partially implement the behaviour of robot swarms that can (i) satisfy global 

performance metrics and (ii) engage with a human operator to perform tasks that 

require human-swarm interaction. 

Swarms with global performance requirements 

Many applications require a large group of machines, hereafter a swarm of robots, to 

perform tasks across expansive environments, with the overall missions often lasting 

between a few hours to many months. Examples include autonomous farming [24], 

mining [25], and planetary exploration [26]. 

We are interested in scenarios where access to global infrastructure is severely limited. 

Consequently, the robots may be unable to communicate with, or obtain position 

estimates from, a central entity. This is typically the case for underground, underwater, 

indoor, and remote missions. A potential solution is the formation of a mobile ad hoc 

network by the robots of the swarm. Such networks can be established through local 

interactions between the robots. 

Most studies focus on the problem of establishing a network that simultaneously 

connects two locations of interest [27], [28], [29], [30], [31], [32]. In this case, minimal-

length networks can be formed by arranging robots in a chain (formally, a path graph). 

Forming minimal-length networks among more than two locations may require more 

complex arrangements (i.e. tree graphs). Majcherczyk et al. [33] propose a decentralised 

approach to creating such tree graphs and evaluate it in scenarios using 2-4 locations 

of interest. The trees formed are starlike: they have a single root node that connects to 

all locations of interest via dedicated path graphs.  For three locations, minimal-length 
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networks need to be (optimal) starlike trees3. In the general case, however, minimal-

length networks need to be Steiner trees [34]. Such networks not only reduce the time 

and energy used for information transfer and robot navigation along the network, but 

also the number of robots assigned to maintaining the network, thereby freeing the 

remaining robots for other tasks. 

This paper presents a novel, decentralised approach for robot swarms to establish and 

maintain networks among two or more locations of interest. The robots operate in a fully 

decentralised manner and do not rely on global infrastructure for positioning or 

communication. Unlike prior works, the proposed approach does not restrict the 

network's topology to path graph [31], [32] or starlike trees [33]. We examine the 

efficiency of the proposed approach using embodied simulations and physical 

experiments, focusing on the length of established networks, and the number of robots 

therein, for up to six locations of interest. The networks are found to compare 

reasonably well with optimal, minimal-length networks (i.e. Steiner trees produced by a 

centralised solver). For scenarios with more than three locations of interest, their length 

is significantly less than that of optimal starlike topology networks, which are centrally 

computed to provide a lower bound for the length of starlike topology networks. 

Moreover, the approach succeeds to make available those robots not necessary for 

network formation for work at the locations of interest. 

The following sections are organised as follows. First, we formulate the network 

formation problem. Next, we propose a decentralised approach for it and then detail 

the implementation for a robotic platform. We evaluate our approach using computer 

simulations compared to theoretical benchmarks and validate the findings using real-

robot experiments. 

 
3 The root node coincides with the geometric median of the locations of interest. Path graphs extend from 

this node. Where the locations of interest form a triangle with an interior angle of 2

3
 or more, the starlike 

tree degenerates, becoming a path graph. 
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Problem Formulation 

Consider a planar environment with 𝑛 locations of interest and 𝑚 robots. Similar to [33], 

we assume that the locations of interest are known to at least some of the robots. All 

robots can move. Each one can communicate with all other robots within 

communication range 𝑟com. The robots represent the nodes of a network, hence, they 

control where the network is deployed. Moreover, they select which of their 

communication links to include in the network.  

Formally, the set of possible networks is 𝒢 = {(𝑉, 𝐸)|𝑉 ⊂ ℝ2: |𝑉| = 𝑚, 𝐸 ⊆ {(𝑢, 𝑣) ∈

𝑉 × 𝑉|‖𝑢 − 𝑣‖≤ rcom}}. The robots' objective is to assume a network from 𝒢 that 

• is of minimal length; 

• extends to the locations of interests. In other words, each location has an 

observer robot, that is, a robot no more than some constant ϵ away; 

• for any pair of locations of interest, contains a path graph connecting the 

corresponding observer robots. 

For ϵ = 0, this problem could be considered an embodied adaptation of the Steiner tree 

problem with bounded edge length (𝑟com) and bounded number of nodes (𝑚). 

Decentralised Network Formation 

The swarm of robots are initially positioned in a designated launch area, sufficiently 

close to exchange messages (assuming hop-to-hop communication). They are divided 

into 𝑛 equal-sized teams, each assigned a specific location of interest, hereafter target 

location. Every team consists of a lead robot and any number of followers. The lead 

robots have the means to navigate to their respective target locations. Followers are 

instructed to remain close to their leader. 

The swarm initially elects one follower robot to become the first connector (e.g. by 

choosing the robot of the lowest unique ID). We assume that this connector is in 

communication range to at least one member for every team. As the lead robots move 

towards their respective target locations (accompanied by the members of their 

respective teams), the swarm disperses. To prevent the teams from becoming 
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disconnected, some followers leave their teams, joining the network as connectors: they 

extend the branch of the network that leads to the team they left. The logic of branch 

extension is described in Branch Extension. A connector continuously positions itself at 

the centre of the robots it maintains a connection with. The process of becoming a 

connector is reversible. Where a connector is no longer needed to ensure connectivity, 

it joins the closest team as a follower. 

To enable topologies beyond starlike trees, we allow branches to change the node they 

are anchored to, where such change reduces the total network length. The logic of this 

branch repositioning is described in Branch Repositioning. 

Branch Extension 

In our approach, each robot follows local rules to update its position, role, and 

connections (i.e. the robots with whom it forms a network branch). At all times, every 

robot locally broadcast the list of robots it is currently connected to. 

Starting from the initial connector, the network branches are extended using the 

approach in [31], which so far was only used to build path graphs in swarms of simulated 

robots. 

While following a lead robot, some team members switch from the follower to the 

connector role to extend the branch of the network leading to the team. For follower 𝑖 

of team 𝑢 to become a connector, the following conditions must all be met (see Figure 

14): 

• 𝐶1: Its distance from connector 𝑗 which directly connects to team 𝑢 exceeds a 

safety limit, 𝑟safe. 

• 𝐶2: It does not detect any other follower of team 𝑢 that is closer to connector 𝑗 

than itself. 

• 𝐶3: The distance between the lead robot of team 𝑢 and aforementioned 

connector 𝑗 is greater than safety limit 𝑟safe. This condition allows for the dynamic 

shrinking of the network, as explored in [31]. 
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As multiple teams move towards their target locations, the aforementioned rule enables 

the establishment of a network of starlike topology, with the root node being the initial 

connector. Such networks may not be optimal in length for scenarios with more than 

three target locations. 

 

Figure 14. Branch extension. Dashed lines indicate the connections that are part of 

the network. The distance between follower 𝐢 of team 𝐮 and connector 𝐣 is greater 

than 𝐫safe (condition 𝐂𝟏), 𝐢 does not detect any other follower of team 𝐮 that is closer 

to connector 𝐣 than itself (condition 𝐂𝟐), and does not detect the team's lead robot to 

be near connector 𝐣 (condition 𝐂𝟑). In this case, follower 𝐢 requests to become a 

connector, which is to be approved by connector 𝐣. 

Branch Repositioning 

To form minimal-length networks, we propose a local rule that enables branches to be 

repositioned. Consider connectors 𝒊 and 𝒋 and a third robot 𝒌 that can either be a 

connector or a follower. Connector 𝒊 modifies its connections when some of the 

following conditions are met (see Figure 15): 

• 𝑅𝐵1𝑎: 𝑘 is a connector and the distance between 𝑖 and 𝑘 is shorter than the 

distance between 𝑖 and 𝑗. 

• 𝑅𝐵1𝑏: 𝑘 is a follower and the distance between 𝑖 and 𝑘 is shorter than the distance 

between 𝑗 and 𝑘. 

• 𝑅𝐵2: 𝑗 and 𝑘 are directly connected with each other. 

• 𝑅𝐵3: 𝑗 is connected to at least three other connectors or followers. 

If conditions 𝑅𝐵1𝑎, 𝑅𝐵2, and 𝑅𝐵3 are satisfied, 𝑖 removes its existing connection with 𝑗 

and establishes a new connection with 𝑘 (Figure 15a). However, if conditions 𝑅𝐵1𝑏, 𝑅𝐵2, 
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and 𝑅𝐵3 are satisfied, 𝑖 establishes a connection with 𝑘 and notifies 𝑗 about this. Once 

notified, 𝑗 removes its connection with robot 𝑗 (Figure 15b). 

As connections between robots are replaced only with shorter connections, following 

the change, the resulting network must be of shorter length than the original. 

 

(a) 

 

(b) 

Figure 15. Branch repositioning between robots 𝐢, 𝐣, and 𝐤. Black, red, and green 

dashed lines indicate connections within the network that are unaffected, to be 

removed, or to be newly added, respectively. (a) 𝐤 is a connector and the distance 

from 𝐢 to 𝐤 is shorter than the distance from 𝐢 to 𝐣 (condition 𝐑𝐁𝟏𝐚), 𝐣 and 𝐤 are directly 

connected with each other (condition 𝐑𝐁𝟐), and 𝐣 has at least three connections 

(condition 𝐑𝐁𝟑). Connector 𝐢 removes its existing connection with 𝐣 and establishes a 

new connection with 𝐤. (b) 𝐤 is a follower and the distance from 𝐢 to 𝐤 is shorter than 

the distance from 𝐣 to 𝐤 (condition 𝐑𝐁𝟏𝐛) and conditions 𝐑𝐁𝟐 and 𝐑𝐁𝟑 are satisfied. 
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Connector 𝐢 notifies 𝐣 that it will establish a connection with 𝐤. As a result, 𝐣 removes 

its connection with 𝐤. 

SCT-based Network Formation 

We use SCT to formally model the behaviour of negotiating and applying the network 

changes among the robots. While the lead robot’s behaviour are also modelled using 

SCT, their capabilities do not affect the behaviour of how the follower robots evolve the 

network. Therefore, we exclude their models from this document. Full details of the 

lead robot’s models can be found in [35]. 

Figure 16 shows the free behaviour models related to the worker’s movement and role-

switching capabilities. 𝐺1 represents the robot motion. It allows the robot to adjust its 

position in the network when it is a connector (state 𝑞1), to flock with its team (state 𝑞2) 

when it is a follower, or to switch teams by moving along the network (for further details, 

see [31]). 𝐺2 represents its ability to switch its roles, e.g., switchC will switch to connector. 

𝐺3 represents the conditions for a robot to become a connector or a follower. 

 

 
 

(a) 𝐺1 (b) 𝐺2 (c) 𝐺3 

Figure 16. Free behaviour models regarding the worker’s movement and ability to 

switch roles. (a) Motion capabilities; (b) role switching; (c) conditions for becoming a 

connector and a follower. 

Figure 17 shows the free behaviour models related to the worker’s ability to extend the 

network. 𝑮𝟒, 𝑮𝟓 and 𝑮𝟔 represents the ability for robots to send, receive and respond to 

a request to extend the network by switching from a follower to a connector. 
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(a) 𝐺4 (b) 𝐺5 (c) 𝐺6 

Figure 17. Free behaviour models regarding the worker’s ability to extend the 

network. (a) Request to a neighbouring tail connector or reply to a request from a 

follower; (b) receive the request; (c) receive the response. 

Figure 18 shows the free behaviour models related to the worker’s ability to relay 

messages and exchange workers between teams. 

   
 

(a) 𝐺7 (b) 𝐺8 (c) 𝐺9 (d) 𝐺10 

Figure 18. Free behaviour models regarding the worker’s ability to relay messages 

and exchange workers between teams. (a) Send a message to be relayed; (b) receive 

a message to be relayed from the lead agent or a worker; (c) receive a message from 

the lead agent to join another team; (d) determine whether it is near the team that it 

needs to join. 

Figure 19 shows the free behaviour models related to branch repositioning. 𝑮𝟏 

represents the connector's ability to detect whether the aforementioned conditions to 

reposition the branch have been met (event condRB). 𝑮𝟐 and 𝑮𝟑 allow a connector to 

broadcast or receive a signal that informs relevant connectors to apply the 

modifications to their connections. Events notifyRB and _notifyRB are 

corresponding public events. This means if a robot triggers the controllable event 
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notifyRB, it triggers the uncontrollable event _notifyRB for any relevant connectors 

within range. 𝑮𝟒 defines the action to apply the network modification. 

     

(a) 𝐺11 (b) 𝐺12 (c) 𝐺13 (d) 𝐺14 (e) 𝐺15 

Figure 19. Free behaviour models representing the robot's ability (a) to determine 

whether the conditions to modify its connections have been satisfied, (b) to transmit 

or (c) receive messages informing the network modification to/from relevant 

connectors, and (d) to apply the network modification. 

Figure 20 shows the control specifications regarding the worker’s ability to switch its 

role. Specification 𝑬𝟏 limits certain role-dependent controllable events to be enabled 

only in specific roles. Specifications 𝑬𝟐 and 𝑬𝟑 each represent the conditions that must 

be satisfied to switch roles between a follower and a connector. 
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(a) 𝐸1 

 

 

(b) 𝐸2 (c) 𝐸3 

Figure 20. Specifications regarding (a) the worker’s allowed actions in each role and 

(b, c) conditions that must be satisfied to switch roles. 

Figure 21 shows the control specifications regarding the procedures to follow when 

switching roles. Specification 𝑬𝟒 defines the steps for a follower to become a connector. 

Specification 𝑬𝟓 defines the steps for a connector to become a follower. Specification 

𝑬𝟔 ensures a worker to relay the lead robot messages it has received. 
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(a) 𝐸4 (b) 𝐸5 

 

(c) 𝐸6 

Figure 21. Specifications regarding the steps for a follower (a) to switch to a 

connector, (b) to switch to a traveller, and (c) to relay messages it received. 

Figure 22 shows the control specifications to apply the network modification. 𝑬𝟕 defines 

that when a connector satisfies the branch repositioning conditions, it may broadcast a 

signal to the relevant connectors. 𝑬𝟖 ensures that a connector may only reposition a 

branch in the network when it has either sent a signal (event notifyRB) or received a 

signal (event _notifyRB). 
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(a) 𝐸7 (b) 𝐸8 

Figure 22. Specifications for a robot (a) to broadcast a message to relevant 

connectors when the conditions to modify its connections are satisfied and (b) to 

apply the network modification when it has either informed the neighbouring robots 

or was informed by a neighbouring connector. 

The complete free behaviour models and control specifications can be found in the 

supplementary material [35]. The robot's controller source code is available online at 

[36]. 

Robot Motion 

Each robot uses virtual forces to determine its direction of movement. Lead robots are 

attracted by the respective target locations while being repelled from nearby obstacles. 

Follower robots perform the flocking behaviour described in [31]. Connector robots 

move as described below. 

We assume a range-and-bearing system for a robot to detect nearby robots relative to 

its position. Let 𝒑𝒊𝒋 denote robot 𝒋's position in robot 𝒊's local reference frame. 

The virtual force acting on connector 𝒊 is given by 

𝒖𝒊 = 𝛂𝒄𝟏𝒖𝒊
𝒂𝒏 + 𝛂𝒄𝟐𝒖𝒊

𝒂𝒕 + 𝛃𝒄𝒖𝒊
𝒓𝒏 + 𝛄𝒄𝒖𝒊

𝒓𝒐 

where 𝛂𝒄𝟏, 𝛂𝒄𝟐, 𝛃𝒄 and 𝛄𝒄 are positive scalars to weight the influence of the force 

components. 

Force component 𝒖𝒊
𝒂𝒏 represents the attraction towards neighbouring robots within the 

network. It keeps the connectors and teams connected at all times, and results in 
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individual connectors assuming positions that are right in between the nodes of their 

neighbourhood. It is defined as 

𝒖𝒊
𝒂𝒏 =

𝟏

|𝓝𝓲
𝓪𝓷|

∑ 𝒑𝒊𝒋

𝒋∈𝓝𝓲
𝓪𝓷

𝛟𝒋
𝒂𝒏 

𝛟𝒋
𝒂𝒏 = {

𝐫com − 𝒓safe

𝐫com − ||𝒑𝒊𝒋||
, if ||𝒑𝒊𝒋|| > 𝒓safe

𝟏, otherwise

 

where 𝓝𝓲
𝓪𝓷 denotes the set of neighbours of connector 𝒊 within the network (which in 

the event of connector 𝒊 being directly connected to the team includes the barycentre 

of visible team members), and 𝛟𝒋
𝒂𝒏 is a modifier that controls the attraction to 

neighbour 𝒋 from the default value (1) for distance 𝒓safe to infinity for distance 𝒓com. This 

ensures that the connectivity within the network is maintained. 

Force component 𝒖𝒊
𝒂𝒕 provides a connector 𝒊 that is directly connected to a team with 

strong attraction towards it. This ensures the connectors follow the team (to the extent 

possible). A team moving away results in the connectors spreading out along the 

branch, helping to minimise the number of connectors. The force component is 

defined as 

𝒖𝒊
𝒂𝒕 =

𝟏

|𝓝𝓲
𝓪𝓽|

∑ 𝒑𝒊𝒋

𝒋∈𝓝𝓲
𝓪𝓽

𝛟𝒂𝒕 

ϕ𝑎𝑡 = {
max (0,1 −

𝑑𝑖
𝑚𝑎𝑥 − 𝑟safe

Δ
) if di

max > rsafe

1, otherwise

 

where 𝒩𝒾
𝒶𝓉 denotes the set of neighbours of connector 𝑖 that belong to the team, and 

𝑑𝑖
max denotes the distance to the furthest neighbouring connector. The attraction to the 

team neighbours diminishes as 𝑑𝑖
max approaches 𝑟safe + ∆. 

Force component 𝑢𝑖
𝑟𝑛 causes connector 𝑖 to repel from all neighbouring robots. It is 

defined as 

𝑢𝑖
𝑟𝑛 = −

1

|𝑁𝑖
𝑎𝑛|

∑
τσ4

||𝑝𝑖𝑗||
5

𝑝𝑖𝑗

||𝑝𝑖𝑗||𝑗∈𝑁𝑖
𝑎𝑛
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where σ denotes a reference distance to maintain between the neighbours, and τ 

specifies the gain. 

To enhance the robot's ability to avoid collisions with nearby obstacles, force 

component 𝑢𝑖
𝑟𝑜 uses the reading values of proximity sensors. The e-puck [37] robots, 

which we use in our study, have a circular body of radius 3.5cm. The body is equipped 

with eight proximity sensors, which are distributed along the robot's circumference. 

Force component 𝑢𝑖
𝑟𝑜 is defined as 

𝑢𝑖
𝑟𝑜 = −

1

8𝑑max
∑(𝑑max − 𝑑𝑗)𝑣𝑗̂

8

𝑗=1

 

where 𝑑max = 10 cm is the assumed range of the proximity sensors, 𝑑𝑗 is the distance 

extracted from the 𝑗th sensor and 𝑣̂𝑗 is the unit vector pointing from the robot's centre to 

the 𝑗th sensor. Where sensor 𝑗 detects no object, we set 𝑑𝑗 = 𝑑max. 
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Simulation Results 

We conduct simulation trials using ARGoS [38]. In particular, we simulate the e-puck [37], 

which is a mobile differential-wheeled robot. We assume a range-and-bearing system 

with a range 𝑟com = 0.8𝑚 to communicate with neighbouring robots and a safety limit of 

𝑟safe = 0.5𝑚. We use Δ = 0.1𝑚. The simulation physics and the robot control cycle are 

updated every 0.1s. 

Network Length. To evaluate the length of the networks formed by our approach, we 

compare them against three alternative strategies: 

• Centrally computed Steiner trees. These are guaranteed to be of minimal length 

[34]. To connect 𝑛 points in the plane, they allow for additional points called 

Steiner points. The latter are nodes of degree three, which establish a Y-junction 

with the edges being 120∘ apart. We use the GeoSteiner solver [39], which 

requires exponential time, to compute the equivalent Steiner tree, using the final 

positions of the lead robots as the input. 

• Centrally computed optimal starlike trees. These have a root node in the 

geometric median of the final positions of the lead robots, as computed by the 

iterative solver introduced in [40]. The lead robot's final positions are connected 

to the root node using line segments. 

• Starlike trees produced by our approach when branch repositioning is disabled. 

We investigate the performance for 𝑛 ∈ {3,4,5,6} target locations, which are uniformly 

randomly distributed in a circular arena of radius 2.8m. The swarm consists of 𝑛 lead 

robots and 6𝑛 followers. Each lead robot was assigned a unique target location to visit. 

The simulation is terminated 40s after all lead robots reach their target locations or after 

30 minutes, which ever occurred first. Trials were repeated 100 times for each 𝑛. To 

probe whether the recorded lengths for the different types of networks were 

significantly different, we conducted a repeated measures analysis of variance (ANOVA) 

with a p-value < 0.05. 
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In all trials, the lead robots successfully reached the target locations while the robots 

formed a network connecting them. Figure 23a presents the network formed by our 

approach in a typical trial, and compares it to the idealised networks by the theoretical 

benchmarks (note that the latter disregard communication range constraints). One can 

observe that the optimal starlike topology features a dedicated branch per team, 

extending from the root node. Our approach and the Steiner tree create branches that 

are partially shared among certain teams, reducing total network length. 

Figure 23b shows the average network length per team for different numbers of teams. 

For 𝑛 = 3, the Steiner tree and starlike topology have the same network lengths as they 

produce identical networks. Our approach shows similar results. As 𝑛 is increased, we 

see that our approach remains fairly consistent and is significantly better than the 

optimal starlike topology (𝑝 < 0.001). This can be attributed to the repositioning of 

branches, which allows branch segments to be shared by multiple teams. This 

advantage enables the Steiner trees to even reduce the network length per team as 𝑛 

becomes larger. By contrast, the per team length of the optimal starlike networks 

increases with 𝑛. 
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(a) 

 
 

(b) (c) 

Figure 23. Comparison of the lengths of networks. (a) Robots at the final timestep of 

a simulation trial. The grey circles represent target locations. The lines show the 

resulting network from our decentralised approach (orange), the optimal solution 
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found by a central GeoSteiner solver [39] (green) and the optimal starlike topology 

found by using as root node the geometric medians of lead robots (blue). (b) Average 

network length per team. Each team initially consisted of 7 robots (1 lead robot and 

6 followers). Each number of target locations 𝐧 was tested for 100 trials. (c) The 

number of connectors (i.e. robots used to maintain the network) with and without 

branch repositioning. 

Number of Connectors. We evaluate the extent to which the repositioning of branches 

reduces the number of connectors. Figure 24 shows the average number of connectors 

per team when using our approach with and without the ability to form shared branches. 

Note that the latter approach results in starlike topologies. The number of connectors 

per location is identical for 𝒏 ≤ 𝟒. For 𝒏 > 𝟒, our approach reduces the number of 

connectors per location. By reducing the number of connectors in the network, more 

robots become available at the target locations.  

 

Figure 24. Number of connectors maintaining the network for different 

communication ranges. Each team initially consisted of 13 robots (1 lead robot and 

12 followers). Each configuration was tested for 100 trials. 

Impact of Communication Range. When the lead robots arrive at the target locations, 

only the necessary number of connectors should form the network to allow as many as 

possible robots to be available for other activities. We further examined different 

communication ranges 𝒓com = {𝟎. 𝟓, 𝟎. 𝟓𝟓, … , 𝟎. 𝟕} for 𝒏 lead robots and 𝟏𝟐𝒏 followers to 

quantify the effect on the number of connectors. Figure 24 shows that as 𝒓com increases, 

the number of connectors decreases, showing that the swarm was able to take 
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advantage of the longer communication range and maximise the number of robots at 

the target locations.  

Real-Robot Validation 

We conduct experiments using 10 Pi-pucks [41] in a bounded 2m×1m arena to validate 

our approach in the real world. The robots have a virtual range-and-bearing sensor with 

range 𝒓com = 0.6m. We randomly placed two targets in [−𝟏, −𝟎. 𝟓]×[−𝟎. 𝟓, 𝟎. 𝟓]  and a 

further two in [𝟎. 𝟓, 𝟏]×[−𝟎. 𝟓, 𝟎. 𝟓]. Four lead robots moved towards unique task 

locations, while the remaining robots formed the network. An overhead camera was 

used to track the position and orientation of the robots through unique ArUco markers 

attached to the top of each robot [42]. We tested 10 trials with and without branch 

repositioning. Trials were terminated after 30s. 

Results 

Figure 25a—c show the networks formed by the robots where repositioning of branches 

was enabled or disabled, respectively. The overall network length using our approach 

was 2.48m, while the starlike topology without repositioning the branches was 3.04m. 

Figure 25c shows a summary of all trials. Our approach formed networks that were 

significantly shorter than optimal starlike topologies, and on average only 10.5% longer 

than minimal-length networks as derived from the centrally computed, idealist Steiner 

trees. 
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(a) Our approach 

 

(b) Starlike tree (c) 

Figure 25. Real robot validation results. (a--b) Robots at the final timestep where the 

repositioning of branches is enabled (a) and disabled (b), respectively. The numbers 

represent robot IDs, and the red, green and cyan colours represent their roles: lead 

robot, follower, and connector. Red circles represent locations of interest. Orange 

lines are overlaid between robots to indicate the connections that robots are 

maintaining. (c) Total network length for our approach with (orange) and without 

(pink) branch repositioning, the Steiner tree (green), and the optimal starlike tree 

(blue). Each configuration was tested for 10 trials. Paired results are joined by a 

dashed line. Video recordings of all the trials are provided in the supplementary 

material [36]. 
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Summary 

We presented a decentralised controller for a swarm of robots to autonomously 

establish minimal-length networks among two or more locations of interest. The 

controller creates networks of tree topologies, and can reposition individual branches 

within the tree where this results in an overall reduced network length. We validated 

our approach using embodied simulations and real robot experiments. The robots 

formed networks that were significantly shorter in length than centrally computed 

optimal starlike trees and compared reasonably well against centrally computed 

Steiner trees, which are known to be of optimal length. Future work will explore lead 

robots that adapt to changing locations of interest, and consider environments that 

comprise obstacles. 

Swarms with human-in-the-loop 

Robot swarms are large groups of loosely coupled robots that accomplish tasks using 

local interaction [43]. With their inherent robustness and scalability, robot swarms are a 

promising technology for assisting in complex missions from search-and-rescue to  

infrastructure inspection and repair. As the push to bring robot swarms into the real 

world continues, it is important to consider how we leverage the autonomy of swarms 

to support humans. Recent advances in human-swarm interaction have shown that it is 

possible for a single human operator to control a swarm of robots using methods such 

as teleoperation [44], proximal interactions via gestures [45], [46], [47], augmented reality 

[48], and virtual reality systems [49]. 

When a robot swarm splits into smaller sub-swarms, it becomes challenging for a single 

operator to control the sub-swarms without exceeding their own cognitive capacity [50]. 

Furthermore, if working alongside the robots, a single operator will not always be able 

to supervise all sub-swarms through proximal interaction, as each sub-swarm could be 

working at a different location. These problems could be addressed by having multiple 

operators who each interact with a different sub-swarm. This would allow the operators 

to share the required cognitive load to potentially achieve more complex tasks and 

improve productivity. 
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Introducing multiple operators requires careful design of the system. One factor 

affecting system performance is the relationship between humans and robots [51]. Prior 

research on multi-operator control of robot swarms can often be categorized into either 

(1) statically allocated robots (i.e. a subset of robots are assigned to each operator) or (2) 

shared robots (i.e. all operators can interact with all robots at any time) [52]. Statically 

allocated robots are beneficial when the tasks can be completed by the operators 

independently [53], [54], but do not have the flexibility to swap robots between the 

initially allocated teams. Shared robots give individual operators some flexibility on how 

many robots to use on a given task [55], [56], but operators may struggle from ``diffusion 

of responsibility'' due to all the robots being shared [57]. 

Another factor that affects the performance is communication, which is often 

considered a prerequisite for operators to cooperate effectively [58]. Poor 

communication quality can hinder this cooperation as it becomes difficult to maintain a 

shared mental model of the situation. In addition, excessive communication can 

become an overhead for the operators, resulting in increased cognitive workload [59]. 

Implicit or indirect communication (e.g. via a computer interface) can be effective when 

undertaking highly interdependent tasks, provided that the members have a sufficient 

understanding of the situation [60]. 

A further factor is the user interface. Achieving a high level of transparency is important, 

especially when operators are using the swarm as a shared resource [61]. Information 

such as the robots' position and internal states can be helpful in understanding the state 

of the swarm. However, it may not be possible to obtain such information from all the 

robots of the swarm, and in practical scenarios, the operators may have to work with 

the information that is available locally on a single robot. Having such restricted 

situational awareness can have a detrimental effect on the operators' ability to interact 

with a swarm [62], making it challenging for them to collaborate. 

In [31], we proposed a framework based on supervisory control theory [4], [19], [21] 

whereby a swarm of robots solves spatially distributed tasks while maintaining overall 

connectivity. The swarm was accompanied by two leader agents who directed the 
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robots towards specific task areas. However, the behaviour of the leader agents was 

hard-coded: no human operators were involved. 

In this section, we conduct a user study to examine the ability of multiple human 

operators to dynamically share the control of robot swarms. To understand if the sharing 

of robots can be used effectively, we compare the performance of a pair of operators 

in completing a set of spatially distributed tasks with and without the ability to share 

robots. As sharing robots requires some level of coordination between the operators, 

we also investigate how either direct or indirect communication affects performance 

(see Figure 26). To conduct the user study, we extend our framework [31] with a novel 

user interface that allows each operator to drive the respective leader agent of their 

team while being provided with its local camera feed, and request from or send robots 

to the other team. Our study is in contrast to previous work on multi-operator control of 

robot swarms as it (i) considers the case that the operators have dedicated teams and 

can exchange robots between them and (ii) restricts each operator's situational 

awareness by providing only a local view of the environment. 

 

Figure 26. Illustration of two human operators each controlling a subset of the robot 

swarm (e.g. a team) via a leader agent. Other robots maintain connectivity between 

the two teams. An operator can request robots from the other operator either 

directly (i.e. verbally communicating) or indirectly (i.e. sending a message through 

the swarm). 

First, we describe the system setup, user interface, and experimental design. Next, we 

present the results obtained from the experiments, followed by a discussion. 
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Scenario 

Our study investigates the ability of two human operators to control a swarm of robots 

to complete a set of tasks scattered across a bounded environment with no obstacles. 

We employ the robot behaviours from our previous work on connectivity-preserving 

robot swarms [31]. In this framework, each robot chooses its actions based on a formal 

model designed using supervisory control theory [4], [19], [21]. We consider two types of 

agents: leader and worker. Each operator controls a leader, allowing them to move 

through the environment and provide instructions to the robots. In a real-world scenario, 

the leader agent could either be the operator themself, a portable device carried by the 

operator, or a robot controlled remotely by the operator. 

The workers are robots that are capable of completing tasks. At any moment in time, 

each worker is assigned to at most one leader. Throughout the mission, the workers 

autonomously maintain connectivity between the two teams by forming a robot chain. 

The workers can either assume the roles of follower, connector, or traveller as seen in 

Figure 27a. Here, we summarize the robots’ behaviour in each role. 

  

(a) (b) 

Figure 27. Overview of simulation scenario. (a) Leaders and workers are represented 

as red and green cylinders respectively; yellow arrows above the robots represent 

their headings. The workers can assume three roles (indicated by the colour of their 

LED ring): followers (blue or orange) are part of a team, connectors (cyan) maintain 

connectivity among teams, and travellers (magenta) switch from one team to 

another. The task to complete is shown as a red transparent box. (b) Overhead view 

of an example arena containing three tasks. Tasks with a larger area require more 
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followers to complete. Once a task is completed, it is removed from the arena and a 

new task appears at a random position. 

Follower Behaviour. A worker assigned to a leader is a follower. A follower performs a 

flocking motion based on virtual forces. It is attracted towards the leader and other 

followers within the same team and repulsed from any other leaders or workers. When 

inside the same task area as the leader, the follower is considered to be working on that 

task. When the distance to the other team increases, followers will leave the team, one 

at a time, to become a connector to maintain connectivity between the two teams by 

forming a robot chain. 

Connector behaviour. A worker maintaining the robot chain is a connector. They allow 

the two teams to exchange information with each other. Unlike in [31], the connectors 

minimize the length of the chain by maintaining a straight line between the two teams. 

This is done by each connector finding the distance and angle to its two adjacent 

neighbours in the chain and moving to the middle point between these two neighbours. 

If the two teams move toward each other, the robot chain becomes shorter; the 

connector closest to the team leaves the chain to join the team. 

Traveler behaviour. The leaders are able to send a specified number of their followers 

to the other leader. When a follower receives a signal from its leader to join the other 

team, it becomes a traveller. A traveller moves along the robot chain until it reaches the 

other team to become a follower of that team. This allows the operators to rebalance 

the number of followers in each team. 

Each task requires a specific number of followers to complete, which is visible to the 

operator when inside the task area. When outside, the operator can make a guess, as 

the task areas have lengths and widths of 0.4m, 0.5m, 0.6m, 0.8m, or 1.0m, for tasks 

requiring 1, 3, 6, 9, or 12 followers, respectively. This resembles a search-and-rescue 

scenario in the real world; a rescuer might be able to predict the size of a task, but may 

only find out the exact number of robots or resources needed to accomplish it after 

arriving at the mission site. To complete a task, the leader and its followers must remain 

inside the task area for a certain duration. The time required to remain inside the task 

area increases linearly to the number of followers needed to complete it, and having an 
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excess number of followers does not make the task complete faster. In the extreme 

cases considered---single-robot and 12-robot tasks---the followers need to remain for 

5s and 30s, respectively. Completing a task awards the pair of operators a score equal 

to the number of followers required to complete it. Once a task is completed, it is 

removed and a new task appears at a uniformly random location without overlapping 

with existing tasks. 

The operators’ joint objective is to score as many points as possible during the trial. The 

operators must guide their followers to the task areas, while also monitoring the number 

of followers in their team to ensure they have enough to complete the tasks. The full 

robot controller models can be found in the supplementary material [63]. 
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Robot and Simulation Platform 

The operators interact with the simulated robots running in the ARGoS simulator [38]. 

The simulation consists of 2 leaders and 20 workers in a 4m×4m arena (see Figure 27b). 

We use the e-puck [37] for our study, which is a mobile differential-wheeled robot with 

a diameter of 0.07m. We use a maximum speed of 8cm/s. The e-puck has eight 

proximity sensors with a range of 0.1m distributed around its body. We assume a range-

and-bearing system with a range of 0.8m to communicate with neighbouring robots. 

User Interface 

The operators interact with the simulated robot swarm through a custom graphical user 

interface based on Webviz [64], a web interface plugin for ARGoS [38]. Webviz uses a 

client-server architecture, allowing multiple users to simultaneously interact with the 

same simulation from different devices (see Figure 28). 

 

Figure 28. System overview. A user accesses the shared swarm simulation through a 

simple web-based app. When the user interacts with the interface, the inputs are 

sent to the server and reflected in the ARGoS simulation. The client-server 

architecture is realised using Webviz. 
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Figure 29. The interface used for the experiment. The operator is shown a first-

person perspective of the leader situated in the simulated arena. The interface 

displays (1) the team information panel, (2) the task information panel, (3) the 

request-and-send panel, and (4) the log panel. No overhead view or mini-map of the 

arena is provided to the user. 

Figure 29 shows the interface presented to a user. It shows a first-person view of the 

environment from the leader’s perspective. The interface consists of four panels that 

support the user in completing the tasks; team information panel, task information panel, 

request-and-send panel, and log panel. No overhead view of the environment is 

provided. The users can drive the leader inside the simulation using a keyboard. 

Team information panel. This panel provides information for the user to determine 

whether it or its partner has enough followers to complete their respective tasks. It is 

placed top-left in the interface and shows information about the two teams. The panel 

consists of two parts, which display the number of followers in the user and partner’s 

team, respectively. In addition, if the partner is inside a task area, it also displays the size 

of that task (i.e. the number of followers needed) next to the partner’s follower count. 



D4.3 Functional Specification, Architecture and Performance 
of the OpenSwarm Compiler 

 

HORIZON-CL4-2022-DATA-01-03, OpenSwarm Project 101093046 57/79 

Task information panel. This panel provides information about the current task and is 

placed top-centre in the interface. When a user is inside a task area, it displays the size 

of the task, the number of followers currently inside the task area, and a progress bar 

that fills up when the followers are performing the task. The team score is also displayed 

at the top, which updates when either of the users completes a task. If the user moves 

outside of the task area, information about that task will no longer be displayed until the 

user re-enters the task area. Any progress made towards a task will remain even if a 

user exits the task area before it is completed. 

Request-and-send panel. This panel is used to request or send followers to the partner 

and is placed top-right in the interface. A user can specify the number of followers using 

the plus and minus buttons and then press either the request or send buttons to confirm 

the action. If the Request button is selected, a message containing the specified 

number of followers will be sent to the partner via the robot chain. If the Send button is 

selected, the specified number of followers from the user’s team will begin to travel to 

the partner’s team. This allows the users to explicitly share their followers without 

needing to communicate with each other verbally. 

Log panel. This panel displays the request and send messages received from the 

partner as well as any messages sent by the user, in chronological order. It is placed on 

the right side of the interface. By monitoring the log panel, a user can keep track of their 

partner’s request or confirm that their partner has sent followers to their team. 

Experiment Design 

Our experiment followed a 2x2 mixed factorial design [65], where the robot-sharing 

condition (robot-sharing [RS] vs. no-robot-sharing [NRS]) was the within-subjects factor 

and the communication type (direct [DIR] vs. indirect [IND]) was the between-subjects 

factor. Within-subject evaluations assessed whether the dynamic sharing of robots 

affected the performance and human factors. Between-subject evaluations compared 

whether differences in communication style affected the performance and human 

factors. 
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In the RS condition, the operators were able to request or send robots to each other 

using the interface. If an operator found that it did not have enough followers to execute 

the task, they could request followers from their partner. In the NRS condition, the 

operators could not share robots. This meant some tasks required more robots than 

were available in a single team. In such cases, the task could still be completed if both 

teams entered the task area and the sum of followers reached the required number of 

followers for the task. 

In DIR communication, the operators verbally communicated with their partners 

throughout the trial. They were seated nearby but were unable to see each other's 

computer screens. To share robots, an operator verbally requested followers from their 

partner. Only the Send button was displayed as the operators directly asked their 

partner for followers. In IND communication, the operators were not aware of who their 

partners were (and could not see their respective screens) because they were randomly 

paired. They were not allowed to verbally communicate: they could only request a 

specific number of followers via the interface. The operator that received a request, 

either verbally or through the interface, then decided how many followers to send. 

Performance Measures. Performance measures include task score, distance travelled, 

team separation, and robots shared. These data were obtained from the simulation logs, 

which recorded the position and state of every robot and task, and all inputs received 

from both operators. Task score is the points obtained during the trial. If a task was being 

performed when the trial ended, we awarded partial points for the proportion of the task 

that was completed. Distance travelled is the total distance moved by the leaders and 

workers during a trial. It is used here as a proxy for the total energy consumed by the 

swarm. Team separation is the average distance between the two teams throughout 

the trial. The separation was calculated by finding the geometric centre of both teams 

and taking the distance between the two points. This tells us how spread out the two 

teams were during the trial. For the RS condition, we recorded the number of followers 

shared between the teams. 



D4.3 Functional Specification, Architecture and Performance 
of the OpenSwarm Compiler 

 

HORIZON-CL4-2022-DATA-01-03, OpenSwarm Project 101093046 59/79 

Subjective Questionnaires. Subjective data were obtained individually through a 

paper-based questionnaire after each trial. The participant’s subjective workload was 

obtained using the NASA-TLX [66] on a 7-point Likert scale. Subjective situational 

awareness was obtained using the Situational Awareness Rating Technique (SART) [67] 

on a 7-point Likert scale. We also asked participants about how well they understood 

their partner or the robots' actions, the usability of the interface, and whether they found 

the ability to share robots useful on a 7-point Likert scale. The questionnaire concluded 

with open-ended questions asking about what their strategy was in completing the 

tasks and any additional comments they had about the experiment. The questionnaires 

used in the experiment can be found in the supplementary material [63]. 

Participants. The study received ethical approval from The University of Sheffield. All 

participants were staff and students within the university. A total of 52 participants (34 

males, 18 females) completed the experiment. All participants were adults over 18 and 

belonged to one of the age groups below (Under 20: 1, 20-29: 28, 30-39: 14, 40-49: 5, 50-

59: 3, 60 & Over: 1). 

Procedure. First, the participants completed a preliminary questionnaire that asked 

about their previous gaming experience. Next, the experimenter gave an introduction 

on how to use the interface and explained the participant’s goal in the trials. This was 

followed by a short training session for the participants to familiarize themselves with 

the robots’ behaviours and the functionality of the interface.  

For the main trials, participants were randomly paired to work together. The pair of 

participants each interacted with the robot swarm through the interface to score as 

many points as possible until the trials ended. The robot-sharing condition was 

controlled by enabling or disabling the request-and-send panel in the interface. The 

communication type was controlled by assigning the pair to either DIR or IND 

communication. Participants completed two trials to experience both robot-sharing 

conditions (RS and NRS) within their assigned communication type (DIR or IND). 
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The order of the robot-sharing conditions were counterbalanced across participants to 

minimize any learning effect. Each trial lasted for 10 minutes. After each trial, the 

participants individually completed a post-trial questionnaire. Participants took a short 

break before moving on to the second trial. The overall experiment took around 75 

minutes. An accompanying video illustrating the user study, the simulation, and the user 

interface can be found here: https://youtu.be/hY2q7QB9Dgw. 

Results 

We performed quantitative and qualitative analyses to examine the effect of the robot-

sharing capability and communication type between two operators. Quantitative 

analyses were based on the simulation logs, which recorded the states and positions of 

robots and tasks, the points scored, and the user inputs to the interface at each time 

step. Qualitative analyses were based on questionnaire responses, which asked the 

participants to rate their experience on a set of scales. Table 1 summarizes the results. 

Two-way mixed analysis of variance (ANOVA) were conducted to examine the effect of 

the two factors. Results are reported as significant when 𝑝 <  0.05 and marginally 

significant when 𝑝 <  0.08.  
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Table 1. Summary of performance measure and questionnaire results. N is the 

number of samples and SD is the standard deviation. 
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A comparison between the communication types indicates that there was a significant 

difference in task score (𝐹(1,23) = 5.36, 𝑝 = 0.030). Figure 30 shows that participants in 

the DIR communication scored more points (𝑀 = 103.35, 𝑆𝐷 = 15.48) than those in the 

IND communication (𝑀 = 95.73, 𝑆𝐷 = 16.48). No significant difference was found in the 

points scored between the robot-sharing conditions (𝐹(1,23) = 2.72, 𝑝 = 0.112).  

 

Figure 30. Comparisons of task score by robot-sharing condition and communication 

type. Statistically significant results (𝐩 < 𝟎. 𝟎𝟓) are indicated with an asterisk (∗). 
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The ability to share robots had a significant effect on the total distance travelled by the 

robots (𝐹(1,23) = 4.53, 𝑝 = 0.044). Figure 31a shows the total distance travelled in the RS 

and NRS conditions. Since each pair of participants experienced both conditions, a line 

is drawn to show the paired data. On average, participants in the RS condition (𝑀 =

10.39, 𝑆𝐷 = 1.32) traveled less than in the NRS condition (𝑀 = 11.14, 𝑆𝐷 = 1.48), and 

therefore consumed less energy. No significant effect was found on the distance 

traveled between communication types (𝐹(1,23) = 0.62, 𝑝 = 0.441). 

  

(a) (b) 

Figure 31. Comparisons of (a) the total distance travelled by the robots against the 

robot-sharing condition and (b) the total number of robots shared between the two 

teams in the RS condition against the communication type. Paired samples are 

joined by a line. Statistically significant results (𝐩 < 𝟎. 𝟎𝟓) are indicated with an 

asterisk (∗). 
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The ability to share robots also had a significant effect on team separation (𝐹(1,23) =

86.2, 𝑝 < 0.0001). Figure 32 shows that participants in the RS condition (𝑀 = 1.45, 𝑆𝐷 =

0.18) were more likely to stay apart from the other team than in the NRS condition (𝑀 =

0.98, 𝑆𝐷 = 0.18) throughout the trial. There was no reportable difference in team 

separation between communication types (𝐹(1,23) = 0.98, 𝑝 = 0.333). 

Within the RS condition, we examined if the communication type affected the number 

of robots shared between the participants. Figure 31b shows that there was no 

significant difference in the number of robots shared (𝐹(1,24) = 0.46, 𝑝 = 0.505). 

 

Figure 32. Average separation between the two teams under different robot-sharing 

conditions. The solid lines each represent the mean across 26 trials and the 

transparent regions represent the 95% confidence intervals. 
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To compare the overall workload, we calculated the mean of the raw scores from the 

six categories in the NASA-TLX questionnaire. The ability to share robots had a 

marginally significant effect on the global workload (𝐹(1,49) = 3.82, 𝑝 = 0.056). 

Participants in the RS condition (𝑀 = 3.59, 𝑆𝐷 = 1.06) reported a slightly higher global 

workload than in the NRS condition (𝑀 = 3.31, 𝑆𝐷 = 1.04). The overall situational 

awareness was also calculated using the mean of the raw scores from the nine 

categories in SART. The participants’ global situational awareness was not affected by 

either communication type (𝐹(1,49) = 0.18, 𝑝 = 0.673) or the ability to share robots 

(𝐹(1,49) = 3.09, 𝑝 = 0.085). 

Discussion 

In all trials, every pair of participants were able to complete tasks and dynamically share 

robots, despite undergoing only a short training period (i.e. up to 10 minutes). Figure 33 

shows that the lack of direct communication caused the percentage of participants 

understanding their partner's actions to drop from 89.3% to 81.3%. Despite the lack of 

direct communication and understanding of who their partners were (of the people in 

the room), on average, participants in the IND communication were able to score 92.6% 

of the points achieved by those using DIR communication. Overall, these results are in 

line with previous work, where the operators benefit from direct communication for 

coordinating their actions. 

 

 

Figure 33. Post-trial questionnaire responses. Participants were asked to rate how 

well they understood their partner and the robots' actions, the interface, and 

whether they found the ability to share robots useful after the trial. 
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The ability to share robots (i.e. RS condition) decreased the total distance travelled by 

the robots, and hence the energy consumed by the swarm. This could be attributed to 

participants more likely focusing on different tasks at the same time. If the partner 

requested some followers, the participant could simply send the requested amount of 

followers, or even more if they choose to do so. By contrast, when participants were 

unable to share robots (i.e. NRS condition), they had to bring their teams into the same 

area if the task required many followers. This resulted in increasing the average distance 

travelled by each robot in the NRS condition. 

Participants in the NRS condition were also hesitant to tackle larger tasks compared to 

those in the RS condition. Some participants reported that when they did not have the 

required number of followers to complete a task, they preferred to move on to another 

task when the other team was far away. This meant the teams in the RS condition were 

often exploring new task areas earlier on, as their ability to share robots provided added 

flexibility to meet the task requirements. This could be crucial during search-and-

rescue missions. 

Although the teams were faster at reaching the tasks in the RS condition, the task scores 

were slightly better in the NRS condition. This could be explained by the larger team 

separation seen in the RS condition. The larger team separation meant there were fewer 

followers in each team. This resulted in some participants spending more time waiting 

for the requested followers to arrive instead of working on the tasks. The best 

performing participants were those who prioritized tasks that required the same or 

slightly fewer followers than their current number of followers in the team. These 

participants were able to minimize the waiting time and obtain higher scores. The 

limiting factor in this study was the number of workers available to the participants 

compared to the size of the tasks. Increasing the number of workers may have 

increased the performance in the RS condition. 
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It was expected that participants in the RS condition would experience a higher 

workload than those in the NRS condition due to the addition of the robot-sharing 

capability. While this trend was observed, results indicated only a marginal significance, 

where the RS condition had a slightly higher workload. This suggests that the dynamic 

sharing of robots between operators could be incorporated into human-swarm systems 

without having a significant effect on operator workload. According to the questionnaire 

responses in Figure 33, most participants found the ability to share robots useful, even 

among those that scored fewer points in the RS condition. Several participants 

expressed that they found the ability to share robots useful not only because they could 

adjust the number of followers in the two teams, but because it allowed them to work 

more independently on the tasks and potentially increase their performance by 

executing tasks in parallel. This behaviour to work independently matches with the 

increased team separation observed in the RS condition. 

Summary 

We conducted a user study to investigate the effects of dynamically sharing robots 

between two human operators on task-related performance measures and human 

factors. The operators were each provided only a local, first-person view of the 

simulated environment, and were accomplishing tasks, starting with preassigned teams 

of robots. They were able to request and share robots with each other either by 

communicating directly (i.e. verbally) or indirectly via simple messages that passed 

through the robot swarm. Our findings show that, despite the short training received, 

the operators were able to dynamically share robots under limited situational 

awareness. Although sharing robots did not necessarily increase task scores, it provided 

the operators the flexibility to work independently or collaboratively, reduced the 

energy consumed by the swarm (i.e. the total distance travelled), and was considered 

useful by the operators. Regarding the communication type, a decrease in task scores 

was noted when verbal communication was prohibited. Further training could help 

operators understand when are effective moments to request or send robots to further 

improve task scores.  
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For future work, we plan on conducting the user study with physical robots to 

understand whether these findings generalize to more realistic scenarios. In many 

scenarios, the robots will have to navigate through environments that are densely 

populated by humans, or other dynamic obstacles, for example, when operating in 

shopping malls and plazas, factory floors or warehouses. To further our understanding 

of the underlying challenges, we conducted a study investigating the benefits of robots 

to organise into logic sub-groups – platoon formations – for navigating such crowded 

environments. This includes adaptive strategies that can switch between cooperative 

and independent strategies. 
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Conclusion 

This document describes the work carried out in the context of Task 4.3, which has 

focused on the development of compilers that produce correct-by-construction 

adaptive swarm controllers and their application in practice. By using a swarm compiler, 

the capabilities and specifications of each device in the swarm were automatically 

synthesised to generate source code that could be executed directly on different types 

of robots. Two use cases involving heterogeneous swarm of robots that ran control 

logics produced by the swarm compilers were presented. The first use case showcased 

a swarm of robots split into teams performing work at distinct task locations. Some of 

the robots dynamically formed a mobile ad-hoc network ensuring the connectivity 

between all teams at all times. The length of these networks was shown to be near 

optimal. The second use case showcased the robot swarm dynamically engaging with 

human operators who guided the teams to task locations. Moreover, the robots 

responded to requests by the operators to exchange robots between teams. In both 

use cases, the compiled swarm controllers were executed on virtual machines which 

are explained in more detail in Deliverable 4.4. 
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Appendices 

• Supplementary material for swarms with global performance requirements 

o https://doi.org/10.15131/shef.data.25382908  

• Supplementary material for swarms with human-in-the-loop 

o https://doi.org/10.15131/shef.data.21088627 
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Glossary 

ANOVA Analysis of Variance 

DIR  Direct (communication) 

IND  Indirect (communication) 

NRS  No Robot Sharing 

RS  Robot Sharing 

SART  Situational Awareness Rating Technique 

SCT  Supervisory Control Theory 

TLX  Task Load Index 
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