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Abstract: In a multi-robot system, following the leader is a 
challenge since the robot must detect the leader first and then 
responding accordingly. So, in this paper, the motion control of 
a group of robots is achieved based on the dynamic model of the 
collective motion behavior of the aggregation of Artemia, a 
creature that follows a spotlight. Modeling the collective 
behavior of Artemia that follows the spotlight will be inspiring 
for modeling a collective of robots that achieves the same tasks. 
The model is based on the newton equation and its parameters 
will be calculated directly from the features of the multi-robot 
system. Several experiments will be implemented to check the 
behavior of the proposed system, which is divided into four 
experiments according to four trajectories, the straight line, 
circle, zigzag and complex path pattern. The V-rep software is 
used to derive and simulate the proposed design, also test its 
performance. 

Keywords—Multi-robot system, self-organization, formation 
system, Artemia, leader follower system. 

I. INTRODUCTION

The multi robot system have advantage over single robot 
system that its more flexible, robustness and able to do tasks 
that cannot done by the single robot [1,2]. However, the 
formation control of such system considered as a challenge 
since each robot should notice the movement of the other 
robots within the aggregation to follow the group and avoid 
collision with the other. There are several methods to control 
the formation of the robots such a virtual structure [3], leader-
follower [4], graph theory [5] and artificial potential approach 
[6]. The leader follower method has widely used because the 
members can be controlled by controlling the leader. 
However, attracting the leader is a difficult problem and the 
individuals should continuously update the information about 
the leader location. 

The knowledge of the precise dynamic model is an 
important matter for wide applications of robotics. It is 
important for designing a controller with high performance, in 
case of the interactions with other members or with the 
environment [7], following the leader, the response to an 
unexpected obstacle or collision [8], or regulating the affected 
forces on each robot [9]. 

In the biological system, there are many groups of animals, 
which are called flocks such as the school of fish, flock of 
birds and the colony of the ant. These aggregations reveal the 
self-organization behavior, where, each individual within a 
certain distance from the neighbor will align itself with him or 
repulse with the closer members. The importance of studying 
these flocks is to inspire the simple interactions between the 
members, which can be efficiently implemented [10, 11]. 
Many models for multi-robot systems can be inspired from the 
biological flocks such as the colony of ants which follow the 
effect of pheromone while searching for food [12], other use 
the model of bees that attract the optimal temperature when 
there is no light [13] and some researchers used the model of 
Artemia which, is attract a spotlight [14]. 

There are several methods to design a dynamic model such 
as newton [15], Lagrangian [16] and Kane method [17]. In the 
newton method, two kinds of forces are effect on the motion 
of the robot, first the interaction forces between with the 
neighbor robots and second are the influence of the external 
effects. Controlling these forces is dependent on a set of 
parameters that decided the real behavior of the members. 
Therefore, the challenge of evaluating the newton model is 
how to estimate the set of parameters that control the system 
according to the desired behavior. Usually, an optimal value 
of the parameters is identified by using one of the 
identification methods such as the least square [18], the fuzzy-
neural method [19]. However, it is used if the features of the 
system are unknown and an optimal performance should be 
reached its complex methods. So, when the features of a 
known system, like the multi-robot system, the parameters are 
simply and directly calculated, on the cost of lost the 
optimality in the performance of the robots [20]. 

In this paper, the dynamic model of the multi-robot system 
will be derived based on the collective motion behavior of the 
aggregation of Artemia. The kinematic and the dynamic 
model of Artemia will be derived and the parameters of the 
dynamic model will be calculated depending on the features 
of the robots. V-rep simulator will be used to evaluate the 
models of the multi-robot and test the performance of the 
system’s formation while tracking the spot of light. 
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II. METHODOLOGY 

Since, the proposed model of the multi-robot’s system 
based on the dynamic model of Artemia, so, the kinematic, 
and the dynamic model of collective motion of Artemia will 
be derived, and then the parameters, for the proposed model, 
will be estimated from the features of the robots. 

A. The kinematic model of Artemia 

Artemia is the creatures that attract to the light, where, 
each, the member has three-zone of interactions which are the 
attraction, orientation, and the repulsion zone. When the light 
is within the attraction zone then the individual will follow it, 
so if the light is distributed normally on the area then motion 
direction will be random and only obstacle avoidance will be 
activated to avoid collision with those within the repulsion 
zone [23].If a spotlight is appeared then only the individuals 
those sensing it within their attraction zone will follow the 
spot, which, the attraction behaviour will be: 

 𝑑௔(𝑡 + 𝜏) = 𝑔௜  

Where, 𝑔௜  is a unit vector in the direction of the light. 
During the following of the light, orientation must be achieved 
when they come close to each other, within the orientation 
zone. Their directions will be aligned with the each other                                            
and described by the mathematical model; 

 𝑑௢(𝑡 + 𝜏) = − ∑
௩ሬ⃗ ೕ(௧)

ห௩ሬ⃗ ೕ(௧)ห

௡
௝ୀଵ  

Where, vj is the direction of moving of the jth neighbour. 
At last, to avoid collision with that within a very close 

range, in the repulsion zone, obstacle avoidance will be 
activated. Each member will turn its motion direction in 
opposite side as in equation: 

 𝑑௥(𝑡 + 𝜏) = − ∑
௥⃗೔ೕ(௧)

ห௥⃗೔ೕ(௧)ห

௡
௝ஷ௜  

B. The dynamic model of Artemia  
The mathematical model of the collective motion behavior of 
the aggregation of Artemia based on newton equation is 
derived for each individual. There are two case, first one 
concern the uniform light and the second is about a spotlight. 
In the first case, each individual move in random direction so 
we will concentrate on the second case at which the 
individuals attract the spotlight as in Fig. 1, Newton equation 
will be [20]: 

 𝑚
ௗ୴ሬሬ⃗ ೔

ௗ௧
= 𝑎𝑛ሬ⃗ ௜ − 𝛾vሬ⃗ ௜ + ∑ 𝑎௜௝  𝑓௜௝௜ஷ௝ +  𝑔௜ 

Where, 𝑚  is the mass of artemia, vሬ⃗ ௜ the velocity of the 
member, 𝑎  is the locomotive force affected in the heading 
direction 𝑛ሬ⃗ ௜, 𝛾 the resistivity coefficient. 

Where, f⃗୧୨ is the interaction force between the individuals, 
which could be a repulsion force to avoid collision with the 

closer individuals, or an orientation force to align with other 
members within the formation.  

𝑓௜௝ = −𝑐 ൤ቀ
ௗ೔ೕ(௧ି ೞ்)

௥೎
ቁ

ିଷ

− ቀ
ௗ೔ೕ(௧ି ೞ்)

௥೎
ቁ

ିଶ

൨ ∗

൬
௥ೕ(௧ି ೞ்)ି௥೔(௧ି ೞ்)

ௗ೔ೕ(௧ି ೞ்)
൰

where, ቀ
ୢ౟ౠ(୲ି୘౩)

୰ౙ
ቁ

ିଷ

  is the repulsion term , ቀ
ୢ౟ౠ(୲ି୘౩)

୰ౙ
ቁ

ିଶ

 is 

the orientation term. 

The interaction with those in the front position is stronger 
than that with those on the sides, this is decided by the 
direction sensitivity coefficient a୧୨: 

 𝑎௜௝ = 1 + 𝑑𝑐𝑜𝑠(𝛽) 

Where, d is a controlling parameter (d= (0,1)), 𝛽  is the 
angle between the direction of the ith member and a unit 
vector from the ith to jth member. 

The traction force to the light 𝑔௜ is: 

 𝑔௜ = 𝑐௚ ∗ 𝐾𝑣௜ ∗ 𝐾𝑟௜ ∗ ( 𝑟௔(𝑡) − 𝑟௜(𝑡) ) 

Where,  𝐾𝑟௜ , 𝐾𝑣௜  are the sensitivity and the speed 
factors. 𝑟௔(𝑡), 𝑟௜(𝑡) are the positions of light and individual. 
This is the dynamic model of Artemia, which take into account 
all the forces affected on each individual. It required the 
knowledge of parameters, which are difficult to identify. 

C. Parameters evaluation 

Evaluating the parameters is an important matter since 
these parameters are controlling the forces that affected the 
response of the robots. Before evaluating the parameters of the 
multi-robot system, the dynamic model of the system should 
be derived which is based on the dynamic model of Artemia.  

𝑚
ௗ୴ሬሬ⃗ ೔

ௗ௧
= 𝑎𝑛ሬ⃗ ௜ − 𝛾vሬ⃗ ௜ + ∑ 𝑎௜௝௜ஷ௝ 𝑓௜௝ + 𝑔௜

Which can be rewritten in the x, y direction as follows; 
 

𝑚
ௗ௩ሬ⃗ ೔ೣ

ௗ௧
= 𝑎௫ ቀ

௥೔ೣ(௧)ି௥೔ೣ(௧ି ೞ்)

௥
ቁ − 𝛾�⃗�௜௫ + ∑ 𝑎௜௝௜ஷ௝ 𝑓௜௝௫ +  𝑔௜௫



𝑚
ௗ୴ሬሬ⃗ ೔೤

ௗ௧
= 𝑎௬ ቀ

௥೔೤(௧)ି௥೔೤(௧ି ೞ்)

௥
ቁ − 𝛾vሬ⃗ ௜௬ + ∑ 𝑎௜௝௜ஷ௝ 𝑓௜௝௬ +  𝑔௜௬



Where, 𝑓௜௝௫ , 𝑓௜௝௬  are the interaction force between the 
individuals, which could be repulsion force to avoid collision 
with the closer individuals, or orientation force to align with 
other members within the formation. 
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Fig. 1. Show the forces affected on each robot. 
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Here, dij the distance between the ith and jth individual, rc is 
the optimum distance between individuals and c is the force 
constant. 

The attraction force to the light �⃗�௜௫ , �⃗�௜௬ are given by: 

 �⃗�௜௫ = 𝑐௚ ∗  𝐾𝑣௜ ∗ 𝐾𝑟௜ ( 𝑟௔௫(𝑡) −  𝑟௜௫(𝑡) ) 

 �⃗�௜௬ = 𝑐௚ ∗  𝐾𝑣௜ ∗ 𝐾𝑟௜ ∗ ൫ 𝑟௔௬(𝑡) − 𝑟௜௬(𝑡) ൯ 

After writing newton model, the state apace of the system can 
be derived as follows: 

𝑣௜ (𝑡) =  �̇�௜ (𝑡) =  
௥೔(௧)ି௥೔(௧ି ೞ்)

ೞ்


 �̇�௜ (𝑡) = �̈�௜ (𝑡) =
௥̇೔(௧)ି௥̇೔(௧ି ೞ்)

ೞ்
=  

௥೔(௧)ିଶ௥೔(௧ି ೞ்)ି௥೔(௧ିଶ ೞ்)

ೞ்
మ 



After replacing each term, newton equation will be: 

𝑚�̈�௜௫ (𝑡) = 𝑎௫  ൫𝑟௜௫(𝑡) − 𝑟௜௫(𝑡 − 𝑇௦)൯ −   𝛾 �̇�௜௫ (𝑡)     −

 
ఈ೔ೕ∗௖

௥೎
షయ  ∑ ൫𝑑௜௝൯

ିସ

௜ஷ௝ ቀ𝑟௝௫(𝑡 − 𝑇௦) − 𝑟௜௫(𝑡 − 𝑇௦)ቁ  +
ఈ೔ೕ∗௖

௥೎
షమ  ∑ ൫𝑑௜௝൯

ିଷ

௜ஷ௝ ∗ ቀ𝑟௝௫(𝑡 − 𝑇௦) − 𝑟௜௫(𝑡 − 𝑇௦)ቁ + 𝑐௚ ∗

 𝐾𝑣௜ ∗ 𝐾𝑟௜ ∗ ( 𝑟௔௫(𝑡) − 𝑟௜௫(𝑡) )               

𝑚�̈�௜௬ (𝑡) = 𝑎௬  ቀ𝑟௜௬(𝑡) − 𝑟௜௬(𝑡 − 𝑇௦)ቁ − 𝛾�̇�௜௬ (𝑡) −
ఈ೔ೕ∗௖

௥೎
షయ ∗

∑ ቀ𝑑௜௝(𝑡)ቁ
ିସ

௜ஷ௝ ቀ𝑟௝௬(𝑡 − 𝑇௦) − 𝑟௜௬(𝑡 − 𝑇௦)ቁ +  
ఈ೔ೕ∗௖

௥೎
షమ ∗

∑ ቀ𝑑௜௝(𝑡)ቁ
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௜ஷ௝ ቀ𝑟௝௬(𝑡 − 𝑇௦) − 𝑟௜௬(𝑡 − 𝑇௦)ቁ   +  𝑐௚ ∗  𝐾𝑣௜ ∗

                      𝐾𝑟௜ ∗ ൫ 𝑟௔௬(𝑡) −    𝑟௜௬(𝑡) ൯ 

𝑟௜௫(𝑘) = 𝛼௫ଵ𝑟௜௫(𝑘 − 1) + 𝛼௫ଶ𝑟௜௫(𝑘 − 2) − 𝛼௫ଷ ∗

∑ ቀ𝑑௜௝(𝑘)ቁ
ିସ

௜ஷ௝ ቀ𝑟௝௫(𝑘 − 1) − 𝑟௜௫(𝑘 − 1)ቁ + 𝛼௫ସ ∗

∑ ቀ𝑑௜௝(𝑘)ቁ
ିଷ

௜ஷ௝ ቀ𝑟௝௫(𝑘 − 1) − 𝑟௜௫(𝑘 − 1)ቁ + 𝛼௫ହ ∗

൫ 𝑟𝑎𝑥 (𝑘)൯  (19)

 𝑟௜௬(𝑘) = 𝛼௬ଵ𝑟௜௬(𝑘 − 1) + 𝛼௬ଶ𝑟௜௬(𝑘 − 2)  −

𝛼௬ଷ  ∑ ቀ𝑑௜௝(𝑘)ቁ
ିସ

௜ஷ௝ ቀ 𝑟௝௬(𝑘 − 1)𝑟௜௬(𝑘 − 1)ቁ +

𝛼௬ସ ∑ ቀ𝑑௜௝(𝑘)ቁ
ିଷ

௜ஷ௝ ቀ𝑟௝௬(𝑘 − 1) − 𝑟௜௬(𝑘 − 1)ቁ +

 𝛼௬ହ൫ 𝑟௔௬(𝑘) ൯  (20) 

Where, equations (27, 28) represent the dynamic model of the 
robot that decided the next position, to be attracted by the 
robot, depending on the values of the parameters and the 
location of the light and the neighboring robots.  According 
to equations (17-20) the parameters will be calculated 
depending on the properties of the robots which are (m) the 
mass of the robot, (a) the locomotive force, (kv*kr) the 
sensitivity to the light, (rc) the optimal distances between the 
robots and (𝛾) the resistivity. So, the parameters will be equal 
to:   

𝛼ଵ =
ଶ௠ି௔

[௠ି௔ା௞௩௞௥]
   

𝛼ଶ =
௠

[௠ି௔ା௞௩௞௥]
 

𝛼ଷ =
௥೎

య 

[௠ି௔ା௞௩௞௥]
   

𝛼ସ =
௥೎

మ

[௠ି௔ା௞௩௞௥]
  (24) 

𝛼ହ =
௞௩௞௥

[௠ି௔ା௞௩௞௥]
  (25)
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The resistivity of air will be neglected. So, to find these 
parameters a V-rep simulator will be used at which the 
features of the system will be M= 1.6 kg, A=-1.6, 
kv*kr=0.37, and rc=0.85 m. The parameters will be calculated 
according to equations (21-25) which are, 1=0.44817, 
2=0.44817, 3=0.17205, 4=0.20239, 5=0.10364. 

D. Kinematic model of a differential-drive robot 

The diagram of the robot is shown in Fig. 1, it’s a 
differential-drive mobile robot at which (xo, yo) represent the 
reference coordinate at the center of the robot. The line from 
the right to left wheel passing through the reference point 
represent the reference direction. The motion direction of the 
robot (θ) is evaluated by the angle between the x-axis and the 
reference direction and it has resulted from the difference 
between the right and left wheel velocity (VR, VL) as in Fig. 2. 
The model of the robot that describe its motion is [23]: 

𝑆௅ = 𝑟 ∗ 𝛷 

𝑆ோ = (𝑟 + 𝐿) ∗ 𝛷    (27) 

𝑆ெ = (𝑟 + 𝐿/2) ∗ 𝛷

Where, SR ,SL is the displacement of the right and left 
wheel, SM is the robot center displacement. r is the distance 
from the center of the turning path to the inner wheel. L is the 
distance between the left and right wheel, Φ is the turning 
angle. 

The kinematics equations of the robot will be: 

𝑋௖(𝑡) = 𝑋௢ +
௅(௏ೃା௏ಽ)

ଶ(௏ೃି௏ಽ)
ቂ𝑐𝑜𝑠 ቀ

(௏ೃା௏ಽ)௧

௅
+ 𝛷ቁ − 𝑐𝑜𝑠 𝛷ቃ    (29) 

 𝑌௖(𝑡) = 𝑌௢ +
௅(௏ೃା௏ಽ)

ଶ(௏ೃି௏ಽ)
ቂ𝑠𝑖𝑛 ቀ

(௏ೃା௏ಽ)௧

௅
+ 𝛷ቁ − 𝑠𝑖𝑛 𝛷ቃ 

Where, L(VR+VL)/2(VR-VL) is the radius of the turning 
arc, Xc and Yc are the new position of the robot’s center.  

For a small robot, the model can be approximated as: 

𝑋௖(𝑡) = 𝑋௢ + 𝑆 ⋅ 𝑐𝑜𝑠 𝛷

𝑌௖(𝑡) = 𝑌௢ + 𝑆 ⋅ 𝑠𝑖𝑛 𝛷    

where, S = (SL +SR). 

III. SIMULATION AND RESULTS 

In a V-rep software within an environment of (10 m * 10 
m), a spherical differential drive mobile robot is used to 
implement some experiments that simulate the proposed 
design of multi-robot system. Each robot body has a dimeter 
of (27 cm) and a mass of (1.031 kg), and has two active 
cylindrical wheels, right and left, and one passive spherical 
back wheel. The cylindrical wheels have a dimeter of (12.35 
cm), thickness of (3.08 cm), mass of (0.29 kg) and each one is 
driven by a motor with maximum torque of (2.5 N.m). The 
spherical wheel has a radius of (6.7 cm) and mass of (0.37 kg). 

   
Fig. 2. The kinematics of the mobile robot [18]. 

Several experiments are implemented in order to check the 
performance of following multi-robot to a movable light spot. 
In these experiments, the robots should keep a certain fixed 
distance from the movable spot light and have the same speed 
of the spotlight. So, several patterns concern the motion of the 
light have been chosen such as straight line, circle, zigzag and 
complex motion pattern.    

A. Straight line trajectory 

In the first experiment, the robots attracting a spotlight that 
move in a straight line. The attraction of the robots to the 
spotlight is achieved from interactions between them is tested 
here. Each robot should keep a fix distance from the spotlight 
and from the others by performing orientation with those 
within a certain distance and repulsion with closer one. Fig. 3, 
represent the behavior of the robots, which the performance of 
tracking the light can be observed.     

B. Circle line trajectory 

A circular path in which the direction of motion is changed 
continuously, so, each robot should synchronize its movement 
direction with respect to the spotlight; also, the 
synchronization is achieved between the robots in order to 
keep the formation of the flock. So, when they came close to 
each other they perform orientation to achieve the group 
formation. In addition, the obstacle avoidance between them 
is achieved to avoid collision when they are so close. Fig. 4, 
concern the response of the system. 

C. Zigzag line trajectory   

A more challenging test is the zigzag pattern in which the 
robots should attract the light that change its movement 
direction in opposite way so the robots should synchronize 
their motion with each other while changing their direction to 
attract the light. They also achieve formation by orientation 
process and avoid collision with those within repulsion zone 
as in Fig. 5.   

D. Complex trajectory 

Finally, a hybrid test that contains the three previous patterns 
together, where the robots should move in a straight line then 
in a circle and finally in a zigzag pattern. Therefore, the robots 
will follow any path if they succeed in this test as in Fig. 6. 
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Fig. 3.  The attraction of the robots to a spotlight moving in a straight line. 

    
Fig. 4. The attraction of the robots to a spotlight moving within a circle pattern.

    
Fig. 5. The attraction of the robots to a spotlight moving within a zigzag pattern. 

   
Fig. 6.  The attraction of the robots to a spotlight moving within a complex path.

 

Authorized licensed use limited to: Cornell University Library. Downloaded on August 31,2020 at 17:26:19 UTC from IEEE Xplore.  Restrictions apply. 



   
Fig. 6: continue. 

IV. CONCLUSION 

In this paper, the kinematic and dynamic model of the 
leader-follower multi-robot system has been derived. The 
spotlight is used as a leader for multi-robots. The constant 
parameters of the dynamic system have been calculated based 
on the physical features of the multi-robot system. In addition, 
several experiments have been achieved to test the validation 
of the proposed model. These experiments divided into four 
scenarios, which are a straight line, circular, zigzag, and 
complex path trajectories. The results of our experiments 
proved the validation and good performance in the case of 
performing leader-follower in addition to group formation 
missions. 
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