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Abstract—Swarm engineering is a systematic application 

of scientific and technical knowledge to specify 

requirements, model, design, realize, verify, validate, 

operate and maintain a swarm intelligence system. In 

swarm robotics, there is not a well-structured 

methodology until today for developing robotic swarm 

systems. Several researchers have developed steps to 

design swarm robots but these steps are still incomplete.  

    In this paper, we focus on the functional architecture of 

the swarm robots where we propose a top-down approach 

to ensure consistency and continuity from requirement 

level to behavioral level up to the functional and 

structural levels. This approach is based on the Model-

Based Systems Engineering method (MBSE) using the 

Systems Modeling Language (SysML) where we present 

the allocations between the functions of each swarm 

member and the overall swarm behaviors. Then, we will 

be interested in the architecture of Robot Operating 

System (ROS) of a swarm behavior where we identify the 

allocations between the component and the functions of a 

robot.  

 

Keywords— Swarm robotics, MBSE method, Robot 

Operating System, collective behaviors, swarm functions 

I. INTRODUCTION 

    The engineering of swarms is complicated. it is 

difficult to understand, analyze and design swarm robot 

systems due to the difficulty of separating swarms into 

simpler parts[1]. In recent years, developing a 

structured design method for designing swarm robot 

systems is an open challenge but the effort on this topic 

has been very limited [2]. Traditionally, designers have 

generally used the code-and-fix approach to design and 

develop swarm robot systems [3]. During this approach, 

the developer designs, tests and modifies the individual 

behaviors of the robots until a desired collective 

behavior is achieved. This approach relies on the 

ingenuity and expertise of the designer and takes a lot 

of time.  

 

    Kazadi et al. [4] presented a design approach based 

on Hamiltonian vector fields called the Hamiltonian 

method. The method uses a mathematical description of 

collective behavior to derive microscopic rules and 

minimize or maximize a selected numerical value. The 

limitation of this method is that it only deals with spatial 

organization behaviors such as pattern formation. 

 

    Brambilla et al. [5] developed a top-down design 

method for developing collective behaviors of swarm 

robot systems called Property Driven Design. This 

approach describes the swarm robot system through a 

set of desired properties. The method consists of four 

phases: In the first phase, the developer specifies the 

requirements of the swarm by identifying the desired 

properties. In the second phase, the developer creates a 

normative model of the swarm and verifies that this 

model satisfies the desired properties. In the third phase, 

the developer simulates and validates the prescriptive 

model developed in the previous steps. In the last phase, 

the developer implements the simulated version of the 

swarm on real robots. 

 

    Aloui et al. [6] proposed an approach to improve the 

Property Driven Design method. They used the SysML 

language to specify requirements and model collective 

behaviors: SysML state machines are used to describe 

robot behaviors. The robot behavior models described 



with SysML are then implemented with a multi-agent 

technique  [7], [8]. 
 

    The majority of the design approaches developed 

above require the continuity and the consistency 

between the different design aspects. Indeed, a model of 

swarm robotic system shall represent, in a consistent 

way, different aspects of the system that can be 

summarized by: requirements, collective behavior, 

local and global structures and parameters. These 

aspects must be interconnected to ensure the model 

continuity and consistency. The model of swarm robotic 

system must also include links to model 

interdependency between the different views. Systems 

engineering tackles the system as a whole and 

considering all the facets [9]. Using MBSE method, we 

can represent: structural composition, interconnection, 

and classification, function-based, message-based, and 

state-based behavior, constraints on the physical and 

performance properties, requirements and their 

relationship to other requirements, design elements, and 

test cases, allocations between behavior, structure, and 

constraints (e.g., functions allocated to components), 

and finally the traceability of requirements [10]. 

 

    To develop a model of swarm robots with the MBSE 

method, we use the SysML language [11], [12]. This 

language consists of a set of diagrams such as: 

• Requirements diagram represents the textual 

requirements. 

• Activity diagram represents the behaviors in 

terms of the relationship between inputs and 

outputs and represents how actions transform 

inputs into outputs. 

• Sequence diagram represents the behavior in 

terms of the sequence of the messages 

exchanged between the parties. 

• State machine diagram represents the behavior 

in terms of its transitions between states 

triggered by events. 

• The use case diagram represents the 

functionality to achieve a set of goals. 

• The block definition diagram represents the 

structural elements (blocks) and their 

composition and classification. 

• The internal block diagram represents the 

interfaces and the interconnection between the 

parts of a block. 

    In this paper, we will focus, in the first section, on the 

functional architecture of the swarm robots where we 

will propose a top-down method to ensure continuity 

from requirement level to behavior level up to the 

function and structural level. This method is based on 

the MBSE method using the different SysML diagrams. 

In the second section, we will be interested in the Robot 

Operating System (ROS) architecture of a swarm 

behavior where we will apply our method to an 

aggregation case of swarm robots to identify the 

structural architecture of our system.  

 

II. PROPOSED METHODOLOGY 

    According to Fig.1, a group of autonomous robots 

constitutes collective swarm behaviors that meet given 

swarm requirements. It is a top-down method starting 

with the identification of global swarm requirements. 

these requirements are divided into sub-requirements to 

be expressed by collective robot behaviors. These 

global behaviors are constituted of the functions of each 

swarm member. Each robot must perform certain 

functions to ensure the proper functioning of the swarm. 

And finally, it is necessary to identify the structural 

architecture of the swarm through the different 

functions and behaviors. 

 

   Throughout this approach, different SysML diagrams 

are used such as requirements diagrams to specify 

swarm requirements. State machine diagrams and 

activity diagrams are used to identify collective 

behaviors and individual functions of swarm members. 

Besides, block definition diagrams and internal block 

definition diagrams are used to describe the structural 

architecture of the system. 
 

 

Fig. 1. A top-down method for developing swarm robot systems 

A. Requirement Level 

    In this step, SysML requirements diagrams are used 

to define the requirements that the swarm has to meet, 

such as flexibility which means the ability to cope with 

a wide range of different environments and tasks, the 

autonomy which means that individuals must 

physically interact with the world and be autonomous. 

Also, scalability means the ability to perform well with 

different group sizes, and robustness means the ability 

to cope with the loss of individuals. And finally, 

maintenance plays a key role in achieving a desired 



global behavior among a swarm of robots, plus 

problems related to energy consumption. See Fig. 2. 
 

 

Fig. 2. Basic swarm requirements 

B. Behavioral level 

    Swarm robots have many collective behaviors. 

Brambilla et al [13] classified the behaviors of swarm 

robots into four classes: navigation behaviors, spatial 

organization behaviors, collective decision-making, 

and other collective behaviors. This classification is 

illustrated in Fig.3. 

 

Fig. 3. Taxonomy of swarm behaviors [13] 

    The state machine diagram shown in Fig. 4 shows 

that the collective behavior of the swarm is established 

through a set of functions of individual robots [14]. The 

swarm member (a robot) begins with the first function 

such as "Moving forward" in most cases. Subsequently, 

it finds a choice. According to a selection criterion, for 

example, a probability value or a message, it will decide 

to choose one of two choices: either to establish 

function 2 (for example "Wait") or to establish the two 

simultaneous functions 3 and 4 (for example "Take the 

object" and "Go to the target"). And finally, the program 

is closed by a final state. 

 

Fig. 4. Generic swarm behavior 

C. Functional level 

    In this phase the functions performed by the swarm 

robotic system must be determined. The main system 

functions are broken down into sub-functions that are 

connected in a way to transform input flows to output 

flows. Fig.5 shows that the collective behaviors of 

robots are defined through all the functions offered by 

the system. A function is an action performed by the 

system or by one of its parts. For example, in swarm 

robotics the functions offered by the system are the 

functions performed by each robot. A set of functions 

form a collective behavior of the robots. This behavior 

on the other hand satisfies a swarm requirement.  

 

Fig. 5. Functional level of collective behavior 

    To ensure some behaviors such as aggregation, 

pattern formation, the robot walks forward, repels, 

waits, and approaches other robots autonomously. 

Another example, the collective transport of swarm 

robots requires that individual robots walk forward, 

grip, and deposit objects. Indeed, the search neighbors, 

detection, and avoidance of obstacles are still necessary 

to ensure the majority of swarm behaviors. Connecting 

and following other robots is essential to combine the 

data locally sensed by the robots in the swarm into a big 

picture. It allows the swarm to make collective 



decisions in an informed way, e.g., to classify objects 

reliably or to determine the optimal solution to a global 

problem [15]. Besides, agree on or converge toward a 

single common choice from several alternatives assures 

the consensus of the individual robots in the swarm.      

   Fig. 6 represents the possible allocations between the 

individual functions of each robot and the collective 

behaviors of the whole swarm. Generally, the individual 

functions form the overall aspect of the swarm behavior 

(i.e., the functions that produce each behavior). 

 

Fig. 6. Function-Behavior allocation 

D. Logical level 

    In this step, functions (activities) are allocated to 

logical components. So, the system breaks down into 

logical components with different alternative solutions. 

We therefore use the ROS platform as an operating 

system. The Robot Operating System (ROS) is a set of 

tools defined for writing robot software. It is a set of 

conventions and libraries for creating the complex and 

robust behavior of a robot on a wide variety of robotic 

platforms.[16]. Fig. 7 describes the ROS architecture of 

a swarm robots. 

 

Fig. 7. ROS architecture of a swarm robots 

   Fig. 8 shows the traceability diagram between functions and 

swarm requirements. 

 

Fig. 8. Traceability diagram between functions and requirements. 

   In ROS, the node can correspond to a sensor, a motor, 

a processing algorithm, a robot monitoring. The 

exchange of information takes place either 

asynchronously via a topic or synchronously via a 

service exchanged between robots. A topic is a system-

based information transport system (subscribe / 

publish). One or more nodes of the robots will be able 

to publish information on a topic and one or more nodes 

will be able to read information on that topic [17]. 



E. Structural level 

    In the last step, the system functions are identified. 

These functions will be achieved by components. Fig. 9 

represents the general architecture of the swarm.  

 

Fig. 9. The swarm architecture 

   First, the developer identifies the different alternative 

solutions that he wants to develop. Then, for each 

solution, he identifies the components that will achieve 

each function (or group of functions). Finally, he builds 

the system breakdown structure by creating the 

components and links each component to the system 

through a composition link. Fig.10 shows the different 

components of a robot in a swarm. 

 

Fig. 10. The swarm member architecture 

   Swarm architecture and swarm member architecture 

are specified by using SysML Block Diagram Defition 

(BDD) [18]. The structure of the swarm member 

depends on the required functions. Generally, robots 

consist of batteries to supply power, motors to run, and 

wheels to ensure movement while other components are 

specified according to the appropriate behavior such as 

infrared sensors to explore the environment and 

position sensors to ensure localization.  

    Fig.11 represents the component-function allocations 

of the system. 

 

Fig. 11. Component-Function allocations 

    In the next section, we apply our design approach to 

a collective behavior of swarm robots. We choose 

aggregation as collective behavior to study it using 

SysML diagrams and ROS platform in modeling. 

III. CASE STUDY: AGGREGATION 

    The swarm robot aggregation means that the 

individual robots meet spatially in a specific zone of the 

environment. This allows individuals in the swarm to 

come spatially close to each other for further interaction 

[15], [19], [20].  

A. Requirement Level 

   In this step, a requirements diagram is used to specify 

the requirements of our case study. As indicated in 

Fig.12, the aggregation of a swarm of robots requires 

that the robots must choose the target where they 

regroup. Besides, robots must be autonomous without 

any external intervention. Finally, the robots must avoid 

collision to ensure the formation of an aggregate. 
 

 

Fig. 12. Robots aggregation requirements 

B. Behavioral level 

   The state machine diagram shown in Fig. 13 gives a 

detailed description of the aggregation behavior of 

swarm robots [21]. The robot begins to move forward. 

It checks if there is a collision with another robot: if 

there is a collision with another robot, it calculates the 

driving feedback vector and the collision feedback 



vector and merge them to find the global feedback 

vector. Using this global feedback vector, the wheel 

speed manager sets the speed to return. If there is no 

collision, it returns randomly and continues to move 

forward. 
  

 

Fig. 13. A state machine diagram of an aggregation behavior 

C. Functional level 

    In this step, each robot performs all of the individual 

functions identified in the previous section. The activity 

diagram shown in Fig. 14 shows the different functions 

of the individual robots to form the aggregate and the 

links between them. 
 

 

Fig. 14. Functional level of an aggregation behavior 

D. Logical level 

    Fig. 15 represents the ROS architecture that performs 

the perception, treatment, navigation and control 

functions. The navigation is performed by using the 

navigation stack of ROS [22]. It detects the position and 

orientation of obstacles and neighboring robots through 

the integration of infrared sensors, position sensors and 

camera. It calculates the driving feedback vector and 

collision feedback vector. Then, it merges the two 

vectors to determine the global feedback vector. The 

navigation service sends service request of wheel 

velocities to the control service to manage the function 

of the motor and wheels [23]. 
 

 

Fig. 15. ROS architecture for robot perception, navigation and 

control 

E. Structural level 

       In this step, the developer should identify the 

different components of the selected architecture to be 

developed and model the components interactions, their 

interfaces, and the exchanged flows while being 

consistent with the functional architecture. The block 

definition diagram illustrated in     Fig. 16 represents the 

different components of our system. 

 

Fig. 16. The swarm architecture 

    The internal block diagram indicated in Fig. 17 

represents the interactions between the various 

components identified above. 

    Finally, after identifying the functions of the system 

that forms the aggregation behavior and creating the 

structure of the system, it is necessary to allocate each 

component to its functions to ensure continuity between 

design levels. 



 

Fig. 17. Internal Block Diagram 

   Fig. 18 defines the allocation matrix of the 

components of the system with its functions. 

 

Fig. 18. Component-Function Allocation 

 

IV.  ANALYSIS AND DISCUSSION 

To validate the approach used in this work, we present 

in Table 1 a comparison of this design approach with 

other methods developed for the design of swarm robots 

[3], [13], [4]. The selection criteria used are as follows: 

flexibility which means the ability of a method to adapt 

to changes, a continuity which represents the passage 

from modeling to simulation towards implementation 

with real robots, the advantages which are the strengths 

of each method and finally the quality of the final 

product (ie whether the method ensures the robustness, 

flexibility, and extensibility of the final product). 

Each design method has limitations. Our approach 

indeed facilitates the design of swarm robot systems, 

but modeling a swarm robotic system is a difficult task. 

For example, the temporal and spatial aspects of the 

system or the robot-robot interaction are always 

difficult to capture in a model. However, the simulation 

of the system can be complicated depending on the 

complexity of the system to be developed. it requires 

the ingenuity and expertise of the developer. 

TABLE I.  COMPARATIVE STUDY BETWEEN DESIGN METHODS 

 

V. CONCLUSION 

    To date, most swarm robot design approaches require 

continuity and consistency between these different 

design levels. In this article, we proposed a top-down 

method to ensure continuity from the level of 

requirements through the level of behavioral and 

functional to the structural level. This method is based 

on MBSE method using various SysML diagrams and 

ROS architecture.  

 

In the first part, we developed a top-down design 

approach where we specified the generic requirements 

of a swarm. Subsequently, we identified the different 

collective functions and behaviors of swarm robots and 

we presented the allocations between them. In fact, a set 

of functions forms a collective behavior of robots. On 

the other hand, this behavior satisfies a swarm 

requirement. And finally, we described the structure of 

our system using the internal block diagram (IBD), the 

block definition diagram (BDD) and the ROS 

architecture. In the second part, we applied our 

developed approach to a robot aggregation case study. 

In the future, we aspire to know the high-level and low-



level ROS architecture of other collective behaviors 

such as pattern formation and collective transport and 

create a passing method of ROS logic architecture (high 

level) to the ROS architecture (low level).
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