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 Inspired by how biological cells communicate with each other at a cell-to-
cell level; morphogenesis emerged to be an effective way for local 
communication between homogenous robots in multi-robot systems. In this 
paper, we present the first steps towards a scalable morphogenesis style 
formation control technique, which address the drawbacks associated with 
current morphogenesis type formation control techniques, including their 
inability to distribute robots evenly across target shapes. A series of 
experiments, which demonstrate that the proposed technique enables groups 
of non-holonomic ground moving robots to generate formations in less than 9 
seconds with three robots and less than 22 seconds with five robots, is also 
presented. These experiments furthermore reveal that the proposed technique 
enables groups of robots to generate formations without significantly 
increasing the total travel distance when faced with obstacles. This work is 
an important contribution to multi-robot control theory as history has shown 
that the success of groups often depends on efficient and robust formation 
control. 
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1. INTRODUCTION 

The study of Multi-Robot (MR) systems has recently increased in popularity due to these systems 
ability to i) exploit the sensing capability of large groups, ii) support high robustness toward mission failures 
and  iii) distribute workloads amongst their members [1]. These abilities are highly sought after in a range of 
application areas such as search and rescue [2, 3], exploration [4, 5], surveillance [6] and environmental 
monitoring [7, 8]. MR systems research can therefore have a significant social and economical and impact. 

Formation control is important for MR systems as history has shown that the success of groups 
frequently depends on the ability to generate and preserve particular formation shapes [9]. For example, 
circular formations enable groups to setup tight perimeters around areas of interest so that anything entering 
or leaving the area can be monitored, controlled or warded off. Another example is linear formations, which 
enables groups to move through narrow passages while staying connected or efficiently sweep across regions 
of interest. 

Current formation control techniques for MR systems are commonly based on graph theory [10-12], 
potential fields [13-15] or templates [9]. Some techniques are also inspired by biological processes observed 
in natural systems [16].  Inspiration is often sought from nature as investigations into natural systems have 
proven to support development of novel rule sets, which makes it possible to solve hard problems that it 
would be difficult to tackle with traditional methods [1]. Additional benefits associated with seeking 
inspiration from natural systems include that one can investigate, test and update new theories by comparing 
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them directly to the source of inspiration [1, 17]. We therefore propose a formation control technique that is 
inspired by the self-organizing processes, which are guided by the molecular and cellular interactions 
observed in biological morphogenesis. Biological morphogenesis is discussed in greater length in [18-20]. 

 We sought inspiration from biological morphogenesis as this process has shown an astonishing 
level of robustness in the natural world [21] and a great potential when applied to self-organizing swarm 
robotics systems [20].  However, a series of drawbacks with current morphogenesis type formation control 
methods also exist, including that: i) a range of these techniques only are tested in simulation [16, 22], ii) 
some of these techniques do not explicitly consider obstacles [23], iii) some of these techniques do not scale 
well with increasing numbers of robots [24], and iv) a number of these techniques are unable to guarantee 
that the robots are distributed evenly across their target shapes [23, 25, 26]. In this paper we present a first 
step towards a flexible morphogenesis type formation control mechanism that addresses these deficiencies. 

The remaining parts of this paper are organized as follows. The details of the proposed formation 
control technique are outlined in Section 2. A series of experiments designed to quantify the performance of 
the technique and results from these experiments are presented in Section 3. Final conclusions and future 
directions of research are then presented in Section 4. 
 
 
2. RESEARCH METHOD 

The formations that ought to be generated by the robots are defined by a series of two dimensional 
points, which determines the shape of the formation and the centre of the formation shape. The formations 
can resemble simple lines, circles, triangles or square patterns, but can also have more complex E, S or C 
shapes. Points that represent linear and circular formations are illustrated in Figure 1. 

 

 
Figure 1. Two dimensional points that describe the shape of: (a) linear and (b) circular formations. 

 
When the MR system is initialized each robot is given a distinct label that makes it possible to 

distinguish it from other robots. This is done by first transmitting a control signal from a base station to each 
individual robot. This signal makes each robot rotate for a predefined time so that the pattern on an 
Augmenter Reality (AR) marker mounted on top of the robot can be linked to the XBee address, which the 
control signal was sent to, by means of an overhead camera connected to the base station. The AR marker 
and the camera system are described in greater detail in Section 3.1. When the robots have been initialized 
they can be added or removed from the MR system without greatly affecting the system performance, as the 
generated formations will adapt to the number of robots observed in the system automatically at any time 
instant. 

A human controller located at the base station determines what formation shape that will be 
generated by selecting a formation template, which contains the points, that describes the shape of the 
respective formation. A series of two dimensional Goal Points (GP) that embody the target positions for the 
robots are then generated on the basis of the number of points in the formation template and the current 
number of robots in the system. 

Some formations already contain a number of predefined GP that must be covered to generate the 
formation shape (e.g. lines have one predefined GP in each end). If there are more robots than prespecified 
GP in the system, then additional intermediate GP are generated from the points that describe the target 
shape. In the case of a line this is done by employing Equation 1 and repeating the process with ܫ ൌ 2 to 
ܫ ൌ ௥ܰ െ 1. 

 

௜ܩ ൌ
൫ܫ െ ௚ܲ൯ ൈ ௣ܰ

௥ܰ െ 1
 

(1) 

where: 
 ௜ : point on target shape to be converted to a GPܩ
I : intermediate GP to be found 

௚ܲ : total number of required GP 

(a) (b)
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௣ܰ : total number of points that describe the target shape 

௥ܰ : number of robots 
  

Other formations, such as circular ones, do not have any predefined GP and all the GP must 
therefore be generated with Equation 2. In this case the process is repeated with ܫ ൌ 1 to ܫ ൌ ௥ܰ െ 1. 

 

௜ܩ ൌ
ܫ ൈ ௣ܰ

௥ܰ െ 1
 

(2) 

where: 
 ௜ : point on target shape to be converted to a GPܩ
I : intermediate GP to be found

௣ܰ : total number of points that describe the target shape 

௥ܰ : number of robots 
 

Each robot is assigned to its closest GP once the relevant number of GP has been generated. An 
overview of how this is done is provided in Figure 2.  

 
 

Figure 2. Overview of the GP allocation process. 
 
 

In the first step of the GP allocation process each robot is assigned to its closest GP by means of the 
Sum Squared Distance (SSD) measure (Equation 1). The system then checks if multiple robots were assigned 
to the same GP. If this is the case, then the relevant robots compete to determine who is closest to the GP at 
hand. Robot/s that looses this competition is assigned to their next closest GP. This process is repeated 
iteratively until no conflicting GP is present and ensures that the total travelling distance of the robots can be 
kept at a minimum. 
 

ܦ ൌ ሺܺ௖ݏܾܽ െ ܺௗሻ
ଶ ൅ ሺݏܾܽ ௖ܻ െ ௗܻሻ

ଶ (3) 
where: 

 SSD : ܦ
ሺܺ௖, ௖ܻሻ : current position  
ሺܺௗ, ௗܻሻ : desired position 

 
Once a unique GP is assigned to each robot the robots either: i) rotate towards their assigned GP, ii) 

move towards their GP, or iii) avoid obstacles. Rotation is triggered when the angle between the heading 
direction of the robot and the position of the GP is greater than R୬or smaller thanR୮. The shortest direction of 
rotation is selected as in [9] to ensure that the associated energy consumption can be minimized. We also 
employ the Inverse Square Distance Law (ISDL) shown in Equation 4 to produce a resistive force that 
reduces the rotational velocity of the robot as it approaches the desired angle, and an error count valueܥ௘, 
which forces the robot to stop rotating when it has oscillated more than ܥ௘ times, to inhibit oscillation. 

 

ܴ ∝
1

²ܦ
 

(4) 

where: 
ܴ : resistive force  

 

 
1. Determine 2D 

position of all robots 
2. Pre-allocate 

GP to each robot
3. Check which GP 

each robot is 
assigned to 

 Multiple robots 
assigned to same GP? 4. Allocate closest robot 

to conflicting GP 

5. Allocate other conflicting 
robots to their next closest GP 

Yes No 
End 
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When the robot has acquired its desired trajectory it advances towards its GP, and once again the 
robot is governed by a velocity control function that makes use of the ISDL. However, this time the velocity 
is inversely proportional to the SSD to either another robot or to the GP, depending on which of them that is 
closest to the robot at hand. This is done to prevent the robots from overshooting their GP and to reduce the 
number of collisions.  

Collision avoidance is triggered when another robot enters a quadrant on a sensing disk, which is 
centered on the robot at hand, and the GP of the robot at hand is located in a neighbouring quadrant. The 
employed quadrant system is illustrated in Figure 3, and a situation that triggers collision avoidance is 
illustrated in Figure 4. 

 
 

 
Figure 3. Quadrant system. 

 

 
Figure 4. A situation that triggers collision avoidance. 

 
 

The robots that are about to collide compare how far from their respective GP they are located when 
collision avoidance is triggered. The robot that is closest to its associated GP will then cease to move, while 
the other robot generates a new Temporary Goal Point (TGP). This TGP is generated ௗܶaway from the robot 
at hand in a direction that reflects the average angle in the closest quadrant with no colliding nodes. The robot 
will then rotate in the manner as described above and advance toward its TGP. The robot continues to move 
toward its original GP when the TGP is reached. 

When a robot reaches it’s GP it remains still until: i) the number of robots in the MR system 
changes, or ii) the base station commands the robots to generate a new formation shape. 
 
 
3. RESULTS AND ANALYSIS 

Experiments that quantify the performance of the proposed formation control technique on eBug 
robots are presented in this section. The experiments are carried out on linear and circular formations due to 
their wide applicability. E.g. potential application areas for linear formations include border monitoring and 
efficient sweep through areas of interest, while circular formations can be used to protect moving convoys, 
surround enemy targets or to set up perimeters around sites such as atom reactors and chemical plants in 
order to efficiently detect pollution [9]. 

The performance criterions used in the experiments are: i) convergence time, ii) travel distance and 
iii) number of collisions. Convergence time is used as a criterion because relevant formations must be 
generated quickly in order to efficiently address tasks at hand, while travel distance is included as a criterion 
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because movement greatly contributes to energy consumption and robots that run out of battery are useless. 
The number of collisions is used as a criterion because collisions potentially can damage the robots. 

The presented experiments were carried out by first separating a Region of Interest (RoI) into an 8x8 
grid and generating random initial starting positions for three robots located within the grid system. The 
performance of the formation control technique was then measured ten times with different random starting 
positions assigned to each robot, before the average results were calculated. The experiments were also 
repeated with four and five robots to investigate if the MR system is scalable. The maximum number of 
robots used in the experiments was set to five due to space limitations. Implementation specific parameters 
are presented in Table 1. 

 
 

Table 1. Implementation specific parameters. 
Variable Value 

R୬ -5° 

R୮ 5° 

 ௘ 5ܥ

ௗܶ
18.75cm 

 
The hardware that was used in the experiments is briefly described in Section 3.1 before we go on to 

describe the results from the experiments in Section 3.2.  
 
3.1. Hardware 

The eBug robot (Figure 5), which originally was designed by Nick D’Ademo, is used to quantify the 
performance of the proposed formation control technique. The key components of the eBug include: i) an 
XBee chip, which provides the robot with a unique XBee address, and enables the robot to wirelessly 
communicate ZigBee packets to other eBugs and a base station, ii) a Printed Circuit Board (PCB) and a LiPo 
battery that supplies power, iii) a chassis made up of two stepper motors and two wheels, iv) a logic PCB 
responsible for data processing, and v) an 11 cm wide AR marker, which is placed on the top of the robot, 
and provides the eBug with a unique identification label that can be observed by an overhead Playstaion Eye 
camera that tracks the two dimensional pose of the robot within the RoI over time.  

 

 
Figure 5. The eBug robot. 

 
3.2.  Convergence Time 

Results from the experiment that measures the convergence time of the eBugs as linear and circular 
formations are generated, are discussed in this section. An overview of how the average convergence time 
increases as the number of robots are raised from three to five is provided in Figure 6.  

LiPo Battery
Chassis

Logic PCB

AR marker

XBee Chip 

Power PCB 



IJRA ISSN: 2088-8708  
 

Flexible Morphogenesis based Formation Control for Multi-Robot Systems (Jan Carlo Barca) 

31

 
Figure 6. Convergence time when linear and circular formations are generated. 

 
 
One can observe that both linear and circular formations are generated in less than 9 seconds with 

three robots and less than 22 seconds with five robots. By studying the graphs one can also observe that the 
convergence time increases with 60% when linear formations are generated and with 165% when circular 
formations are generated and the number of robots is raised. This shows that one can expect to produce linear 
formations faster than circular when the proposed formation control technique is employed, which is an 
important insight in situations where formations must be generated fast in order to address issues at hand. 
 
3.3. Travel Distance 

Outcomes from the experiments that meaure the travel distance of the eBug robots as they generate 
linear and circular formations with the proposed formation control technique are described in this section. 
Graphs that represent the average travel distance of the eBugs as the number of robots is increased are shown 
in Figure 7. 

 

 
Figure 7. Travel distance when linear and circular formations are generated. 

 
 
By analyzing the graphs one find that the average travel distance only increases with 4% when the number of 
robots is raised from three to five in linear formations, and that the distance increases with 29% when the 
number of robots is raised in circular formations. One also find that the total average travel distance is 108.55 
cm for the linear formations and 97.86 cm for the circular formations. This shows that it is more energy 
efficient to generate circular than linear formations. One should therefore consider generating the former in 
situations where battery power is limited and a particular issue can be addressed by both formation shapes. 

 
3.4. Collisions 

Results from the experiments that gauge the number of collisions, which occur between the eBug 
robots as circular and linear formations are generated, are described in this section. In Figure 8 one can 
observe how the number of collisions increase as the number of robots is raised from three to five. 
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Figure 8. Number of collisions when linear and circular formations are generated. 

 
 

The graphs show that there are few collisions when there are three robots in the system, and that the 
number of collisions increases linearly as the number of robots is raised to five. This is expected as the RoI 
becomes increasingly congested when the number of robots is raised. However, it is important to notice that 
this does not inhibit the robots from generating the formations, and it does not severely affect their travel 
distance. The latter is evident as the robots managed to generate circular formations with a smaller average 
travel distance than linear formations, even if the number of collisions were higest when circular formations 
were produced.  
 
3.5 Additional Preliminary Experiments 

It is important to note that the formation control technique not is limited to the formations used in 
the above experiments. Preliminary trials have shown that S, E and C shaped formations also can be 
produced (Figure 9). A video that shows how these formations are generated can be observed at: 
http://wsrnlab.ecse.monash.edu.au/publications.html. 

 
 

 
Figure 9. S, E, and C shaped formations that have been generated in preliminary trials. 

 
 
4. CONCLUSION 

The first step towards a scalable and robust morphogenesis inspired formation control technique that 
address the drawbacks with current morphogenesis type formation control techniques have been presented. 
Results from a series of experiments carried out on eBugs demonstrate that the proposed technique enables 
groups of non-holonomic ground moving robots to generate circular and linear formations in less than 9 
seconds with three robots, and less than 22 seconds with five robots. The experiments also show that the 
proposed technique enables robots to generate formations without greatly affecting the travel distance when 
faced with obstacles. The limitations of this research are: i) that a central base station and global data was 
used to facilitate processing, and ii) that the current size of the RoI prevented us from carrying out 
experiments on large numbers of robots. Future research will address these limitations. 
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