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Abstract. Swarm Robotics is a new approach to the coordination of a large    

number of robots inspired by nature. This approach aims to design collective     

behaviors for a large number of robots. Unfortunately, several researchers have 

tried to develop structured design methods but these methods are still limited.   

Today, swarm robotics are used in many fields, they are used in agriculture,    

medicine, industrial, etc. One of the most important fields that require swarm    

robots is surveillance. In this paper, we present in the first section some methods 

of designing swarm robot systems by identifying swarm engineering based on a 

model (MBSE) and multi-agent simulation. Then, we study the energy problem of 

these robotic systems and the solution proposed by the researchers. In the second      

section, we present an application for detecting oil in the sea and cleaning it using 

swarm robots. We will model this application using the MBSE method with the 

SysML language. Finally, we will simulate the model on a multi-agent tool to 

identify the functional and structural architecture of the system.  

Keywords: Swarm robotic, Modeling, MBSE method, Simulation, Multi-agent 

technology, Sustainable energy. 

1 Introduction  

Swarm robotics is a new approach to coordinate a group of robots inspired by 

social insects (Sachin, 2004). It aims to design a scalable, robust and flexible    

collective behaviors for the coordination of a large group of robots. This approach 

is often inspired from social animals such as bees, ants, fish and birds (Dorigo and 

Birattari, 2007). Indeed, swarm robotics tends to develop a robotics system that 

are similar to behaviors of social animals. In particular, swarm robotics systems 

are meant to be robust, scalable and flexible (Camazine et al. 2003). Scalability 

can be defined as the ability to work with different group sizes and generate       

solutions for different tasks. In swarm robotics, scalability is promoted by local 

detection and communication. Robustness can be defined as the ability to operate 

despite failures in individuals. In swarm robotics, robustness is the redundancy 
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and the absence of a leader. Flexibility can be defined as the ability to operate   

under a wide range of different environments and tasks. The simplicity of          

behaviors and mechanisms represent flexibility in swarm robotics. 

A swarm robotic system is characterized by the autonomy of its members. 

These robots must be homogeneous. In some cases, there may be different types 

of robots in the swarm, but these groups should not be too large. In addition, the 

number of robots in the swarm must be large. These robots must have local   

communication and detection capabilities. Ultimately, robots must collaborate to 

achieve or improve the performance of a primary task that cannot be solved by a 

single robot since the detection range of a group of robots is wider than that of a 

single robot. (Navarro et al, 2013). Groups of robots can make decomposable 

tasks more efficient when they use parallelism. Moreover, a single robot is unable 

to operate in different places at the same time while a group of robots can do that. 

Another advantage is fault tolerance (i.e. thanks to the redundancy of the system, 

the task remains accomplished despite the failure of a single robot within a group.) 

In addition, swarm robot systems have several drawbacks, such as uncertainty 

(i.e., robots can compete rather than cooperate if they do not know what other   

robots are doing). Due to collisions, robots can interfere with each other in a 

group. Finally, the use of a group of robots in a swarm can increase the overall 

cost of the system (Ronald Arkin et al, 1998). 

Several real-world issues require the application of swarm robots, such as mon-

itoring an environmental accident. A swarm robot system can instantly monitor 

and detect hazardous events, such as a chemical spill due to its distributed          

detection capability. A swarm robot system can focus on one problem. First, the 

swarm identifies the nature of the problem. It mobilizes its members towards the 

source of the problem. Second, the swarm forms a patch that blocks the leak using 

its self-assembly characteristic (Sachin, 2004). 

Depending on the given mission, the swarm robot systems can increase or    

decrease their number of individual robots. For example, during an oil spill, a 

swarm robot system will be built to contain an initial spill in the area. We will 

study this case in the rest of this paper. 

 

1 Design methods 
 

The design of the swarm robot system means the planning and development of 

a swarm system from the initial specifications and requirements. Unfortunately, 

there is no precise and structured methodology for designing desired collective 

behavior through individual behaviors. The main ingredient in developing these 

types of systems is always the designer's intuition. 

Traditionally, many designers have used the code-and-fix approach to develop 

robot swarms. It is a bottom-up method means that the developer creates and    

improves the individual behaviors of the robots until the desired collective        

behavior is achieved. (Kazadi et al, 2007) applied the swarm engineering      

methodology called the "Hamiltonian method" to the problem of artificial physics. 
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This methodology is used to create swarms of predefined global properties. They 

apply this methodology to the problem of artificial physics which locally creates 

hexagonal grids of agents. (Brambilla et al, 2014) presented a new top-down     

design method for swarms of robots based on prescriptive modeling and model 

verification called "Property Driven Design". This method consists of four phases: 

first, the designer specifies the requirements of the robot swarm. Second, the     

designer creates a normative model of the swarm. He uses model verification to 

verify that this normative model satisfies the desired properties; third, the designer 

simulates the model and implement the simulated version to validate the            

developed model; fourth, the designer implements the desired robot swarm to   

validate the previous steps. (Aloui et al. 2020) improved the “Property Driven  

Design” design method. They used the SysML language for the specification and 

modeling of the Swarm robotic system. They used SysML state machine diagrams 

to describe robot behaviors. Then, the robot behavior models described with 

SysML are implemented with a multi-agent technique (Guizani et al, 2017). 

 

1.1 Model Based Swarm Engineering MBSE 

 

In general, the model is a simplified version of a concept, relation or phenome-

non to facilitate understanding of a structure or system. In the field of swarm     

robotics, it is possible to use the MBSE method (Model Based Systems             

Engineering) to model swarm robot systems to understand behavioral analysis, 

performance analysis, requirements traceability, system architecture, simulation, 

testing, etc. (Mhenni et el, 2014). The main advantage of a model-based approach 

is to determine the scope of the problem. That is, the developed robot swarm best 

meets expectations when the properties are clear and complete with the models. 

The detailed description of the requirements by the models reduces the risk of   

developing "the wrong robot swarm". To ensure model-based swarm engineering, 

the swarm developer can use the graphical modeling language SysML. SysML is a 

visual modeling language that supports the specification, design, analysis,        

verification, and validation of complex systems. SysML is used with different 

methodologies including object orientation, structured analysis, and others (Hause 

et al, 2006). This language includes diagrams that can be used to specify system 

requirements, system behavior, system structure, and parametric relationships. 

 

1.2 Multi-agent simulation MAS 

 

   Recently, several researchers have started to use multi-agent systems in different 

fields, such as automobile design (Guizani et al, 2014a), power electronics (Ham-

madi et al. 2011) and aerospace design. A multi-agent system is a field of artificial 

intelligence (AI). (Guizani et al, 2014b) are focused on the agent and his            

autonomy. They defined the agent as a computer system located in its environ-

ment and able to act autonomously in order to achieve its design goals. The study 

of swarm robotic systems has been considered today as a study of multi-agent  
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systems. Developers of swarm robot systems use realistic simulators to test and 

accelerate the development of new design methods. They use simulators to model 

the interactions between robots and the interactions of robots with their environ-

ment (Sahin et al, 2008). Luke designed a multi-agent simulation toolkit called 

MASON to present a large number of multi-agent simulation tasks ranging from 

machine learning and swarm robotics to environments of social complexity (Luke 

et al, 2005). Anylogic is another multi-agent simulation tool developed by The 

AnyLogic Company. It is a graphical modeling language that makes it easy to   

extend the simulation model with Java code (Borshchev et al, 2002). 

 

1.3 Sustainable Energy Efficiency of Swarm Robots 

 

Each time the groups of robots in the swarm recharge to their maximum level. 

Swarm robot systems do not estimate the energy needed for their next task. They 

require a method to minimize the overall energy cost in a swarm and simultane-

ously maximize the performance of the swarm. However, only a few articles in the 

current literature consider energy efficiency in a swarm. (Labella et al, 2004) have 

developed an adaptation method which manages the number of robots foraging in 

the environment. Indeed, they efficiently use energy when needed, but they meas-

ure only the time needed to complete the mission without measuring the amount 

of energy already allocated. (Liu et al, 2007) focused on energy efficiency. They 

modify the foraging time for each robot. (Stirling et al, 2010) have worked on   

flying swarms in indoor environments. They proposed a new approach to find   

energy-efficient search algorithms. They noticed that the progressive launch of the 

robots increases the search time and reduces the total energy consumption and the 

collision rate. (Chen et al, 2019) propose a method that improves the efficiency of 

energy management methods. This method uses upper and lower battery      

thresholds. 

   In the next section, we will model a swarm robot application for oil spill      

monitoring using the different SysML diagrams. Then, we will simulate this     

application on a multi-agent tool. 

 

2 Case study: Oil spill monitoring 
 

   An oil spill in the areas has both immediate and long-term effects on the         

environment. The fauna of these areas can be directly exposed: either by     

swimming in the oil, by inhaling its toxic fumes, or by swallowing food affected 

by the oil. This exposure to petroleum can cause serious health problems and even 

lead to death. Thus, researchers are still trying to find solutions to clean up the   

affected environment (Sachin, 2004). We use the different SysML diagrams to 

model this application. 

 

2.1 Requirements specification 
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The requirements diagram shown in Figure 1 specifies the application require-

ments of detecting environmental pollutants and cleaning them. Detecting         

environmental pollutants requires exploring the entire environment by deploying 

all the robots that detect and clean these pollutants. Cleaning should be quick and 

efficient using autonomous robots. 

 

Fig. 1 Requirements diagram 

2.2 Functional architecture    

 

   In this step, we describe the functional scenario using the different collective  

behaviors of swarm robots. Figure 2 shows this scenario. First, members of the 

swarm begin to explore the entire region. Then they detect environmental         

pollutants. Finally, they regroup in these areas, form groups and clean up. 

 

Fig. 2 Descriptive model for cleaning an oil leak 

To model this case study, some collective behaviors of swarm robots are used: 
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   • Collective exploration: The swarm of robots cooperatively navigates the    

environment in order to explore and monitor it. First, the swarm is initialized with 

random positions and constant speeds. If the robots locate spilled oils, they send 

positive information to the control center. If they detect obstacles or other robots 

within their reach, they avoid the collision. Otherwise, they send negative           

information to the control center indicating that there is no oil leak in that area. 

Subsequently, they update their speeds. 

   • Collective localization: Allows the robots in the swarm to find their position 

and orientation in relation to each other by establishing a local coordinate system 

throughout the swarm. 

   • Aggregation: Individual robots gather spatially in a specific region of the    

environment. This behavior is used to ensure that the robots are assembled in the 

area to be cleaned. 

   • Task allocation: Assignment of tasks dynamically assigned emerging tasks to 

individual robots in the swarm. Its objective is to maximize the performance of the 

entire swarm system. In this case study, there are 4 groups of robots distributed 

throughout the area to completely clean the contaminated area. 

    After identifying the functional model of the system, we simulate the model   

using AnyLogic. 

 

2.3 Swarm simulation 

 

In this step, AnyLogic is used as a multi-agent software tool to implement the 

swarm simulation model. In this case study, we chose 100 robots to do this      

mission. As shown in Figure 4, we have divided the region into four zones         

according to the degree of contamination: zone A and D are the two most polluted 

zones. So, the swarm of robots must be directed towards them more. Zone B is the 

moderately polluted zone and finally, Zone E is the smallest contaminated zone. 

Figure 3 gives the initial number of robots in each zone. 

 

Fig. 3 Initial distribution of robots in zones 

Each time, the swarm of robots must return to the boat to dispose of the       

captured pollutants. The initial speed of each robot is 20 km / hour. In fact, we 

have the right to direct the swarm by adjusting the probability values of the robots 

passing from the boat to different areas. The exploration time for the whole area is 
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1 hour, the service time in each area is 50 minutes, and the time to dispose of the 

pollutants in the boat is 30 minutes. In addition, the robots must form swarms of 

10 robots in each area. At first, robots begin to explore the entire region to      

identify contaminated areas. They then regroup in these areas, form groups and do 

the cleaning. 

  
 

Fig. 4 Simulation of an oil spill cleanup in the ocean (a): Robots explore the 

entire region. (b) Robots clean the different areas 

Figure 5 represents the indicators of system performance: The red curve       

represents the number of robots that clean area A. This number is always greater 

than 15 robots. Likewise, the green curve represents the number of robots that 

clean the area D. This number is always greater than 10 robots. This means that 

the characteristics specified initially have been validated, (i.e., the robotic swarm 

is already directed towards the two most polluted regions). In addition, the robotic 

swarm treated the two less polluted areas B and E with the fewest robots. The   

yellow curve indicates the number of robots that return to the boat and throw the 

oil into the storage tanks. Because the oil diffusion is very rapid, the most         

important main step is to contain the spill to as small an area as possible. Each   

robot swarm was made up of 10 robots that scatter throughout the region and soak 

up the spilled oil. 

 

Fig. 5 System performance indicators 
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2.4 Structural architecture   

 

In this section, the block definition diagram shown in Figure 6 is used to define 

the various components of the system. The swarm consists of a group of individu-

al autonomous robots. Several values are defined such as the size of the swarm, 

the area covered by the robots, the initial position and the duration of the mission.  

 

 

Fig. 6 The swarm architecture 

In the block definition diagram shown in Figure 7 the individual robots that 

form the swarm is described. Indeed, each robot consists of a movement system 

that ensures the robot swimming in the sea, a power system, and a communication 

and control system. At this level, the various sensors and electronic components 

are defined to design the system. 

 

 

Fig. 7 Block definition diagram of a swarm of robots 

Finally, it is necessary to verify that the components of the system described in 

the BDD correspond to the various functions of the system. The allocation matrix 

shown in Figure 8 relates each component of the system to its functions. 
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Fig. 8 Allocation matrix Component-Function 

Finally, the swarm developer chooses the implantation system (like the ROS 

platform) to implement this system on real robots. Researchers can realize the task 

of implementation in further research and next steps. 

 

3 Conclusion 

 
Swarm robotics is a new approach to robot coordination inspired by social     

insects. This approach aims to design evolving, robust, and flexible collective   

behaviors for a large number of robots. Unfortunately, the design methods for 

these systems are still limited. Several researchers have proposed approaches to 

simplify design techniques, but this field is still limited. 

In this paper, we have described swarm robotics: their main definition, their 

fields of application, their design methods and their sustainable energy efficiency. 

Then, we presented the modeling and simulation methods of multi-agent systems. 

We modeled an oil spill detection application using the MBSE method with 

SysML diagrams, and finally, we simulated this application on a multi-agent tool 

to determine the functional and structural architecture of the robot swarm. The 

implementation of real robots and the production of prototypes can be the subject 

of future papers. 
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