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Abstract Collective of Robots can perform complicated 

tasks that are beyond the capabilities of individual. The 

ability of such a collective to do tasks efficiently is because of 

its characteristic to form different shapes. In this paper, we 

present a Hybrid control method called Self-Assembly (SA), 

which will enables the collective to maintain the desired 

shape. This control mechanism will allow the robots to form 

different shapes with robustness and will provide the 

efficient techniques to counter Localization, Formation and 

Communication problems of the collective swarm.  
 

Index Terms—formation control, localization, robot swarms, 

mobile robots, self-assembly, hybrid control 

 

I. INTRODUCTION 

In Hybrid control method, we present a solution for the 

problem of formation and controlling collective of robots 

(also known as Swarm). The robotic collectives can do 

wonders which are beyond the capabilities of a single 

robot. One such wonder of a collective that gives it 

capabilities beyond that of the individual robots, is its 

shape. For example, in the collective, robots can form the 

shape of a wheel which will enable them to move faster 

in comparison to an individual [1]. In a swarm, consider a 

single robot has to cross the canyon to reach the goal by 

itself, the robot will not be able to cross the canyon but 

with the collective forming bridge, robot will be able to 

reach its goal. Control methods mostly used are 

decentralized but because of the formation of very limited 

number of shapes the requirement of initial seed is 

required to start the formation [2]. The ability of 

centralized control to form different generic shapes 

resulted in the formation of Hybrid Control. This scheme 

requires a “Seed” robot (the robot’s position is known 

and will act as leader for desired period) to start it and 

once the control scheme is in process the seed is no 

longer needed [3, 4]. 

In shape formation, each robot will move in order to 

assemble the desired shape. Robot should make sure that 

it moves in a space that is not previously occupied. One 

way to avoid blocking by neighbors is to use a gas model 

for robot movement [5]. This model uses the distance 

scheme i.e. robot will move away from neighbors if it is 

too close, thereby avoiding collisions. Some collectives 

[3, 6], cannot form shapes that have hollow spaces inside. 
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Thus, if a robot gets stuck in undesired location for too 

long, random movement helps it get out [7, 8]. 

Shape formed by a collective must be robust to any 

damage. Control methods like [6, 8] cannot recover from 

the damage. Some species in nature like hydra can 

regenerate their body parts if cut into half but the new 

body is reformed at half of its original size [9]. Some 

methods [4, 7] keep the size of the shape same while the 

robots density may increase or decrease. In such case, 

there is an upper limit to the number of robots. Another 

issue is that how robot will know where they are located 

i.e. their current location with respect to his neighbors 

and the desired shape region. In most approaches, a 

coordinate system is used by the robots to form the 

desired shape which might be produced using trilateration 

[10], robust quadrilaterals [11] or MDS-MAP [12]. This 

help them in deciding their location with respect to the 

other robots as well as its distance from shape region. An 

initial seed starts its coordinates at (0, 0). Thus, when a 

robot comes close to the “Seed” robot whose location is 

already known, it determines its own distance and in turn 

will find its location in the coordinate system [10]. This 

approach is hybrid controller. In the work prescribed, we 

used the hybrid control method with almost no single 

point failure and the ability to form large class of shapes. 

II. PROPOSED METHOD FOR SELF-ASSEMBLY 

A. Assumptions 

The robots are homogeneous. Each robot is treated as a 

2D circle with defined radius equal to Robot. It is capable 

of moving in XY-plane and rotating around its center. In 

a shape, a robot cannot share the place with another robot. 

All robots are identical and have their unique IDs. A 

whiteboard is used as a platform for their movement. 

B. Method Description 

The following section will describe the method for 

Self-Assembly, a Hybrid scheme to control the robots in 

collective. Each robot knows about all the information of 

desired shape. When Self-Assembly (SA) is implemented 

on each robot in the collective, the robots will self-

assemble them to form desired shape. 

C. Area of Operation 

To generate a coordinate system, we proposed to 

divide the white board into cells. And area of each cell 

should be at least diameter (of the robot) square (D
2
).  
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D. Robots Movement 

Each robot will be placed properly in cells on the white 

board. Robot will move a distance of at least one 

diameter, for every movement it makes. This will ensure 

that robot is always completely in the cell. This will be 

helpful to determine its location and relate it to the image 

which is discussed next. 

E. Image Formation and Conversion 

As mentioned earlier, we used Adobe Illustrator to 

make image of the desired shape. Some of the examples 

are shown in the Fig. 1. One limitation is that the image 

should be made with two primary colors red and green. 

Where the red color represents the shape region and green 

region represents anti-shape region. The image can be of 

any size (1920x1280, 1280x1280, 1280x720, 640x320 

etc.) The red and green planes of the image are then 

normalized to one. Thus, in red plane red pixels are on 

(intensities = 1) pixels and green pixels are off pixels 

(intensities = 0) whereas in green plane red pixels are off 

pixels and green pixels are on pixels. Later these pixels 

will determine whether robot is in shape region or anti-

shape region. 

It is fed to every robot and is then converted to the 

desired dimensions. The advantage of this conversion is 

that it can create any image and feed it to the robots. The 

conversion of image is done using the concept of contrast 

stretching. The size of the converted image depends on 

the number of cells on the white board. 

Each pixel of the image represents a cell. For example, 

if there are 10 rows and 12 columns of cells on white 

board then the dimensions of the converted image will be 

10 × 12. 

In contrast stretching, we improve the contrast in the 

image by stretching the intensities of the pixels to span 

over the desired range. It is done using simple equation of 

line as shown in (1) 

𝑦 − 𝑦1 = 𝑚(𝑥 − 𝑥1) (1) 

where 𝑚 is the slope of the line given as 

𝑚 =
𝑦2 − 𝑦1

𝑥2 − 𝑥1
 (2) 

In terms of contrast stretching this equation is written 

as in (3) 

𝑇(𝑥) = (𝑥 − 𝑥𝑚𝑖𝑛) [
𝐿 − 1

𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛

] (3) 

 

Figure 1.  Desired shapes  

 

Figure 2.  Range stretching 

Here 𝐿  is the total number of grayscale levels. It is 

demonstrated in the Fig. 2. 

We used this concept to convert the dimensions of any 

image to any desired dimensions. For that, we have to use 

2D form of this equation as an image is sort of a 2D plan 

with some width and some height. The equation for 

image size conversion is as follows 

𝑦 = ((
𝑥 − 𝑥𝑚𝑖𝑛

𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛

) (𝑦𝑚𝑎𝑥 − 𝑦𝑚𝑖𝑛)) + 𝑦𝑚𝑖𝑛  (4) 

[𝑋 𝑌] = ((
[𝑥′𝑦′] − [1 1]

[𝑚 𝑛] − [1 1]
) ([𝑀 𝑁] − [1 1])) + [1 1] (5) 

where [𝑋 𝑌]  are the coordinates of the input image. 

[𝑥′ 𝑦′] are the coordinates of the desired image. [𝑚 𝑛] are 

the maximum dimensions of the desired output image. 

[𝑀 𝑁] are the maximum dimensions of the input image 

(made with Adobe Illustrator). [1 1]  is the minimum 

dimension of both the images. 

For any coordinates [𝑥′ 𝑦′] of the output desired image 

we find the corresponding coordinates of the input image 

[𝑋 𝑌]. The intensities of the pixels of input image at those 

coordinates are then assigned to the corresponding pixels 

of the output image (Output (𝑥′ 𝑦′) = Input (𝑋, 𝑌)). Thus, 

by selecting 𝑚 and 𝑛, we can map image of any size to 

any desired size. 

 

Figure 3.  Image conversion 

F. Localization 

All the robots have the image and every robot knows 

the locations of ‘on’ and ‘off’ pixels. So, if the robots 

know their own locations they will simply calculate their 

distance from each pixel of the shape region and move 

towards it. Trilateration is the most suitable technique for 

localization of robots. This technique depends on the 
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distances from and coordinates of at least three points. 

The robots have an IR sensor for communication which 

helps in determining the distance between the sender and 

receiver. Strength of the received signal helps to 

determine the distance. But there is a limit to the range of 

communication.  

To find the location of an unknown point, three known 

points and distance of the unknown point from the three 

known points is required. 

1) The unknown point is (𝑥, 𝑦) 

2) Three known points are (𝑥1, 𝑦1), (𝑥2, 𝑦2) and 

(𝑥3, 𝑦3) 

Distance of unknown point from the three points are 

𝑑12 = (𝑥 − 𝑥1)2 + (𝑦 − 𝑦1)2 (6) 

𝑑22 = (𝑥 − 𝑥2)2 + (𝑦 − 𝑦2)2 (7) 

𝑑32 = (𝑥 − 𝑥3)2 + (𝑦 − 𝑦3)2 (8) 

 

Subtracting equation (6) and (7) gives us 

 

𝑑12 − 𝑑22 − 𝑥12 + 𝑥22 − 𝑦12 + 𝑦22

= 2𝑥(𝑥2 − 𝑥1) − 2𝑦(𝑦1 − 𝑦2) (9) 

𝑑22 − 𝑑32 − 𝑥22 + 𝑥32 − 𝑦22 + 𝑦32

= 2𝑥(𝑥3 − 𝑥2) − 2𝑦(𝑦2 − 𝑦3) (10) 

 

This gives us two equations in terms of two unknowns. 

Thus, these can be solved simultaneously to find the 

unknown coordinates (x, y). 

III. EXPERIMENTAL VERIFICATION 

To verify that the entire task of forming different 

shapes and SA is achieved, we tested it on simulated 

number of robots. A 10 × 10 axis was chosen where a 

total of eight robots were randomly distributed. In each 

simulated time step, the controller would run once, which 

will command a movement for the robot. And at the end 

the robots could make the necessary movement change 

and communicate with their neighbors by sending 

messages.  

Firstly, an image of the shape is selected which the 

robots need to follow. The image is the shape which 

would be followed by each robot and occupy their 

positions in the shape region. The image is converted into 

the desired coordinates and it contains both the regions i.e. 

shape region and anti-shape region. The image of any 

size is converted into 10 × 10 size which represents 10 

rows and 10 columns. Thus, in the shape region the shape 

region pixels are on and in the anti-shape region the anti-

shape pixels are on. This helps the robots know that in 

which portion or part of the shape they are lying. The 

image is fed to every robot and is then converted to the 

desired dimensions. The size of the image will depend on 

the number of cells total. Whereas each pixel of the 

image represents a cell.  

The image conversion is done using contrast stretching. 

By using contrast stretching the contrast in the image is 

improved by stretching the intensities of the pixels to 

span over the desired range. The concept converts the 

dimensions of any given shape to the desired dimensions. 

Three of the robots have already been assigned 

positions in the 10 × 10 axis. This will help to get other 

robots localized with the help of technique called 

‘Trilateration’. The seed robots occupy fixed positions 

whereas the remaining five robots tend to move randomly 

until they come into the vicinity of the three seed robots. 

The three robots know their absolute positions. They are 

distributed at random positions. The seed robots will 

constantly be transmitting their coordinates and with the 

strength of the received signal, the robots in the vicinity 

of these seed robots will determine the distances and will 

know their coordinates.  

Once they come into the vicinity of the seed robots 

they get themselves localized by applying the equations 

discussed in Section II. If there are three or more than 

three neighbors of a robot then localization function 

locates the non-seed robots. Similarly, all the robots 

move randomly and get themselves localized when they 

come into the vicinity of the seed robots. 

Once a robot gets localized it becomes a seed robot 

itself. It is necessary because there is a possibility that 

seed robots get surrounded by a crowd of robots. Robots 

would be requiring absolute positions to estimate distance 

between them. The absolute positions will be required 

until all the robots become localized. The speed of the 

operation would also increase since there would be more 

number of seed robots and less number of unlocalized 

robots. 

 

Figure 4.  Seed robots and localization 

Once all the robots are localized, they are required to 

move in the shape region. Robots know their own 

position and the coordinates of the shape region. So, 

robot will find the distance from all the coordinates of the 

shape region and then it will move towards the cell that is 

closest to it. 

To ensure the smooth movement of robots, it would 

use the angle along which the robot will move along a 

straight path to reach the end point. Whereas the angle is 

found by 
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𝜃 = tan−1
𝑦2 − 𝑦1

𝑥2 − 𝑥1

 (11) 

The robots which are already in the shape region need 

not to be moved, whereas those robots which are outside 

the shape region, need to be moved inside the shape 

region and in this way their random movement helps 

them calculate the minimum distance from the shape 

region. While moving randomly the robots, after each 

movement check the state and see whether they have 

entered in the shape region. If the cell present in the 

shape region is already occupied by a robot, the robot 

would again move randomly and then find the distance to 

the cell which is the next closest to it. In this way all the 

robots will eventually get in the shape region. Thus, 

making the desired formation. 

 

 

Figure 5.  Random movement of robots which will help them move 
into the shape region. 

 

Figure 6.  Shape Formation after robots enter into the shape region. 

Once all the robots have been moved into the shape 

region occupying different positions, the desired 

formation is achieved, and all the robots are occupying 

positions and their coordinates are inside the shape region. 

A. Limitation 

One limitation with this method is that the three known 

points must be non-collinear. If these points are collinear 

then above equations give indefinite solution. Let us 

explain this with an example 

Suppose we have three points (0, 1) , (0, 2) , (0, 3) . 

What happens here is on the right side of equation (9) and 

(10) the term with “𝑥” becomes zero. Thus, solving these 

equations gives indefinite results. 

 

Figure 7.  Trilateration 

IV. CHOICE OF ROBOTS 

Depending upon the requirements of proposed 

algorithm, Kilobots were the best option as they are 

simple and cheap and can move in any direction, 

communicate and measure distances from each other. 

 

 

Figure 8.  Kilobot components 

First step is to select the seed robots. We randomly 

chose three robots as seed robots and placed them in each 

other’s vicinity. The non-seed robots will move randomly 

until they come into the vicinity of seed robots. Thus, 

using trilateration the non-seed robot will get localized 

and become the seed itself. In this way, all the robots will 

get localized. The robots have an image which contains 

the coordinates of the shape region and the robots know 

their own positions. Every robot will calculate the 

distance from the coordinates of the shape region and will 

move towards the one with least distance but if some 

robot is already present at that coordinates, the moving 

robot will again measure distances from shape region 

coordinates and move towards the one that is second 

nearest. This is a simple method that can ensure that the 

robots form the desired shape. 
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A. Results 

We made a line shape on Kilobots. Here are the results. 

 
Figure 9.  Line Formation 

V. CONCLUSION 

The problem of swarming among mobile robots poses 

different risks caused by the physical limitations of robots.  

There are a limited number of algorithms available on the 

concept of swarming, most of which face threats due to 

physical limitations of different robots which includes 

aspects like computational power, sensing capabilities, 

number of sensors on board etc. We were able to develop 

an algorithm which can be implemented on a robot as 

cheap as Kilobot having only one IR sensor at its disposal. 

Verification of our finding was done on MATLAB which 

proves the working of our algorithm on software defined 

robots imitating real robots as closely as possible. 

We were able to apply the concept of localization on 

the bots and constructing a line formation was also done 

using proposed algorithm. 

VI. FUTURE WORKS 

Robots can enabled to learn from their surroundings 

and make their own decisions. For example, if there are 

to traverse through a terrain full of obstacles while 

maintaining their formation, they would first move 

through that terrain randomly, keeping records of the 

obstacles and elevations or depressions in that terrain and 

when they have enough information they would start 

making the formation and move through the terrain with 

the minimal changes to the formation. This formation 

control and traversing can open many new gateways to 

the military operations as well as for explorations of some 

dangerous sites where neither human beings nor a single 

robot can survive. 
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