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Abstract: In the paper we discuss a problem of planning and  coordination in a multi robot system.  A team of 
robots that performs a global task in a human-made workspace of complex structure is considered in this paper. 
A hybrid architecture of the team motion control system is considered. The system can be split into two layers: 
the planner module and the behavior based collision free motion controller, that is designed to perform several 
elementary navigation tasks. The role of the planner is to plan and coordinate execution of elementary tasks by 
individual agents to obtain performance of global task. The method of elementary tasks planning based on N-
person game is presented. The Nash equilibrium concept of the game solution is applied. An algorithm of multi 
robot workspace exploration is presented as an example of application of the proposed method. Simulation of the 
algorithm was carried out, and its result is presented and discussed in the paper. 
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1. INTRODUCTION 
 
One of the fundamental requirements for mobile 
robot control system is its autonomy which is 
defined as an ability of operation without control of 
a human operator in an environment the model of 
which is unknown and react to dynamical changes of 
this environment. Meeting these requirements 
implies the system has to cope with and solve many 
complex problems like task planning, collision free 
trajectory generation, operating on the basis of 
imprecise and uncertain information, environmental 
model building. Mobile robot control systems can be 
generally divided into three groups: deliberative, 
reactive (behavior-based) [Althaus and Christensen 
2003; Arkin 1998; Skrzypczyk 2002] and hybrid 
systems. The most effective approach seems to be 
the third one that brings together advantages of 
reactive and deliberative systems [Fox et al. 1998; 
Shim et al. 2000]. Operating a robot in a real-world 
environment of a complex structure such as an office 
for instance, without any a’priori information about 
the environment usually leads to inefficient task 
execution. Therefore, if a robot is designed to work 
inside a definite workspace it is reasonable to 
introduce partial knowledge of the workspace to the 
control system [Althaus and Christensen 2003]. 
When we consider the work of a team of robots, that 
are intended to perform some complex task 
(workspace exploration for instance) the additional 
problem of coordinating actions (tasks) of individual 
robots needs to be taken into account. Wrong 
coordination may lead to ineffective task execution 
or even to inability to complete the task. Therefore a 
lot of attention has been paid to this problem  
[Burgard et al. 2000; Gerkey and Mataric 2002; 

Golfarelli and Meuleu 2000; Lawton et al. 2003; 
Sequierra and Ribeiro 2001; Schneider-Fontan and 
Mataric 1998]. The problem of coordination of 
multiple robots can be stated as a conflict situation 
between individual robotic-agents and can be 
modeled as a decision making problem. Game 
Theory is convenient tool for modelling problems of 
conflict nature. Therefore applications of game 
theory in the context of multi-agent coordination 
have been widely reported in the literature 
[Golfarelli and Meuleu  2000; LaValle 2000; Li and 
Payandeh 2001]. Unfortunately most of the works 
lack the treatment of the application aspect of game 
theoretical approach. They only consider the 
problem as a theoretical one, without taking into 
account limitations of a control system framework. 
In this paper an approach to coordinate  multiple 
robots operating in an environment of a complex 
structure, performing complex task for example is 
the environment exploration is discussed. The 
problem of coordination of elementary tasks is 
modeled as an N-person, noncooperative team 
decision problem. A hybrid architecture of a system 
that is designed to control the work of agents that 
perform the stated task is presented. In the end of 
this work the results of simulations and experiments 
are presented and discussed.  

 
2. SYSTEM OVERVIEW 
 
A general structure of the control system is 
presented on the block diagram below (fig.1). The 
system can be split into two layers. The first one  is 
intended to be  implemented on a  mobile platform 
and the second, provides information of robots 
location and communication between robots. The 
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first one that is considered in this work has typical 
hybrid structure. It consists of a behavior-based 
motion controller that is responsible for executing 
elementary navigational tasks (modeled further by 
operators) and non-cooperative game based planner. 
The role of the planner is to choose from admissible 
actions the one that provides execution of a part of 
primary mission (in our case the mission is the 
workspace exploration). Of course the planner has to   
 

 
Figure 1: A Diagram of the Hybrid, Multi-Robot 

Control System 
 
take into account all possible actions of other agents 
and provide their proper coordination. The second 
layer called further coordinator module, and it is 
designed to provide information exchange between 
individual robotic-agents, that perform their 
common mission. And the last issue that needs to be 
discussed here is the problem of determining global 
positions of moving robots measured in a coordinate 
frame fixed to the workspace. Generally the problem 
is a complex one, discussed widely in [Borenstein et 
al 1996], therefore in our case we assume that there 
exists the system that provides robots with 
information about their location, in every moment of 
time.  That is one of the reasons we decided to 
evaluate  the work of the system using simulation 
tools. 
 
2.1 The World Model 
 
Robots are intended to operate inside a well 
structured, complex, human made workspace. In 
order to simplify the navigation problem a partial 
knowledge about the environment is introduced to  
the system.  The reason of such an approach is that 
the cost of implementation of the partial knowledge 
about the environment into the system is low in 

comparison to simplifying the problem of motion 
planning, and making the system more reliable.  
In fig. 2a an exemplary office environment plan is 
presented. The overall workspace is divided into 
rectangular regions named sectors. Each sector 
represents an area occupied by a room, corridor or a 
part of a corridor. Moreover passages between 
rooms are distinguished and introduced to the model 
as door-objects called doors for simplicity. The 
workspace model is stored in two layers: topological 
and geometrical. The first one is given by a  
weighted graph: 
 

( ) { }1 2,   , ,... ,  MM V W V v v v W V V= = ⊂ ×  (1) 
 
the nodes of which represent objects of the 
environment: sectors VS and doors VD, where V = VS 
∪ VD. On the topological level each object is 
described by a real number 0;1ic ∈  that is an 
"cluttering coefficient" in case the object is a sector 
and by a probability of being opened 0;1jo ∈  
when the object is a door. The first coefficient 
reflects the number of objects placed inside the 
given sector.  It is determined from the  formula: 
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The meaning of the above coefficient can be 
explained by the following experiment. Let us 
assume that inside the i-th sector, there were K 
navigational tasks executed, defined as tasks of 
moving the robot from its initial location to the 
desired one. The distance between an initial and a 
desired location of robot is determined by the k-th 
task, and denoted  in (2) by ,0kd . The real distance 
that was traveled by the robot as a result of 
execution of the k-th task is denoted in (2) by ,k Td . 
So the coefficient changes from a value 0 for  empty 
sector, to a value 1 for a sector that is not 
traversable. The greater number of experiments that 
were made the more precise description of 
geometrical features of the sector is obtained by the 
coefficient.  Initial value of the coefficient is 
introduced into the system by its designer, and then 
updated by the system itself during its work. 
On a geometrical level the i-th sector is represented 
by coordinates of its top left corner  ( ),t t

i ix y , bottom  

right corner ( ),b b
i ix y , and a center point ( ),p p

i ix y . 
Similarly the j-th door-object is described by a circle 
of radius rj and a center of the circle  ( ),p p

j jx y . The 
edges of the graph define relations of neighborhood  
between environmental objects related to vertices of 
the graph. 
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Weighting factors fixed to the edges of the graph are 
related to some costs of moving the robot from the i-
th to the j-th vertex (object). In this work we define 
the costs using some heuristic formulas: 
 

( )( )
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(3) 

 
As we can see they are dependent on coefficients ci 
and oj that characterize the current state of the 
workspace, and on the distances between 
characteristic points of the i-th and j-th objects 
calculated as: 
 
 2 2( ) ( )p p p p

ij i j i jL x x y y= − + −  (4)  
 
The cost of the transition of the robot between two 
environmental objects depends on the type of these 
objects, and therefore is modeled by three equations. 
It is worth of noticing that the model describes only 
invariable features of the workspace. The layout of 
objects (furniture, equipment) placed inside sectors 
is not known. Moreover it can undergo dynamic 
changes. 
 

 
 
Figure 2: An Exemplary Workspace Layout (a) and 

its Topological Model (b) 

2.2 The Behavior-Based Controller 
 
The role of this module is to execute elementary 
navigational tasks. It is designed using the behavior-
based idea of control [Arkin 1998]. It is composed 
of behaviors that process the state and sensory 
information into proper set-points for the motion 
controller which are values of linear and angular 
velocities. The coordination of behavior activities is 
made by a fixed priority arbiter. A general diagram 
of the controller is presented in fig. 3. 
 

 
Figure 3: A Diagram of The Behavior Based 

Controller Module 
 
Its easy to distinguish the four main modules of the 
controller: 
 

1) Behavior definition module, 
2) Arbitration module, 
3) Control computation module, 
4) Task execution watcher module. 

 
Each behavior can be perceived as a schema of 
reaction for a given stimulus that comes from the 
environment and is represented by current sensory 
information and the state of the robot itself. In our 
system there are seven behaviors implemented. The 
first three of them (avoid left, avoid right, avoid 
front) are responsible for avoiding collisions with 
objects located correspondingly on the left, right and 
frontal side of the robot platform. The fourth 
behavior (goal tracking) minimizes the distance 
between robot and the target. Behavior stop simply 
stops the robot in case of collision is detected or the 
target is reached. The sixth behavior is called stroll 
and it makes the robot go straight in case when no 
objects are detected. And the last behavior – narrow 
passage stabilize robot movement preventing 
oscillations during going through narrow passages. 
Each behavior is designed as a function which maps 
the part of input data X into the activation level of 
the given behavior ai, and they are defined by a 
sigmoid function. 
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Given behavior generates a control optimal from the 
perspective of its own “point of view”. Therefore the 
method of coordination has to be used to obtain final 
control of the robot that is optimal from the 
perspective of the task executed. In our case we use 
the method of priority arbitration, which selects this 
k-th behavior which satisfies the following: 
 
 

1,2,..., 7
max( )i i
i B

k a q
= =

=  (5) 

 
where qi denotes the priority fixed to the i-th 
behavior.  
The activation of the selected k-th behavior is the 
basis for the computation of robot control. Both 
angular and linear velocities are determined as a 
heuristic function of activation level of the selected 
behavior: 
 
 [ , ] ( )k ku v f aω= =  (6) 
 
The next module called task execution watcher is 
designed as a finite state automata the role of which 
is to control the process of task execution. It works 
in four states, presented in fig.4: 
 

 
Figure 4: Finite state automaton of the task  

execution watcher module 
 
The module starts its work in a state of waiting for a 
new task to do. If the new task is sent to the module 
it will switch itself  to the state of execution of the 
task–the robot moves in a collision free way toward 
the target. If the task is completed the module will 
send a message to the global coordinator and switch 
to the first state. If any exception happens during 
task execution (collision detection for instance) the 
robot will stop, send an appropriate message to the 
global coordinator, and switch to the first state. 
The aim of the above is only to sketch the main 
principles and ideas of construction of the behavior 
based motion controller module. Detailed 
description exceeds the bounds of the work and is 
not its  main subject. Therefore please refer to 

[Skrzypczyk 2002] or directly to the author for any 
details. 
For understanding the rest of this article it is enough 
to consider the module as the one which is able to 
execute four different elementary tasks, represented 
by the following operators: 
 

• FindDoor(D) - the task of moving the robot 
inside the area of door-object D; 
• TraverseDoor(D,S) -the task of going 
through the door-object D to the sector S; 
• Wait() - the simple command that stops the 
robot; 
• GoTo(S1,S2) - the task of moving the robot 
from sector S1 to S2; 
 

All of the operators are related to a task of collision 
free moving of the robot from a given initial location 
to a desired one which are specified by arguments of 
the operator. The difference between individual 
tasks lies in the set of parameters associated with a 
given operator that is sent to the controller. The 
parameters are priorities of individual behaviors as 
well as velocity limits. 
 
2.3. The planner 
 
From the perspective of this work the planner is the 
core of the system. It consists of three modules: 
local coordinator, decision process modeling module 
and the solution computation. The work of the 
planner can be briefly described as follows. The 
local coordinator receives information of location of 
all of the robots. Moreover it is provided with a 
world model and primary task data. Depending on 
the type of the task, location of all of teammates and 
the state of the task  execution, a model of a decision 
process is built. The model is in fact the cost 
function that depends on actions made by individual 
agents and the state of task completion. Next the 
problem is solved and the solution is computed. The 
solution of the problem determines an elementary 
action which is optimal for a given agent from the 
point of view of primary task execution. Detailed 
description of the process of building the model 
(taking an exploration task as an example) and the 
methods of solution are presented in further sections. 
 
 
3. FORMULATION OF THE PROBLEM OF 
EXPLORATION 
 
As we mentioned before, we want to present the 
method of coordination of multiple robots that 
provides completion of the task of exploration of the 
workspace the topological model of which is known 
to the system. This task can be generally stated as a 
problem of visiting a given part of the workspace by 
teammates with a cost as low as possible. Exemplary 
interpretation of the exploration task is to deliver 
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parts in a large plant by multiple robots. In terms of 
this work the exploration task is defined as visiting a 
part V SM V⊂  of the workspace M   in a number of 
steps as small as possible. Here in this work, we 
model the problem as a sequence of one stage, non 
zero sum games in a normal form. 
 
3.1 Modelling the Problem of  Exploration 
 
Let us first introduce a notation that will be used 
hereafter. The state of a team of robots is denoted by 
a set: 
 
 { }   1, 2,... ,    i iX x i N x V= = ∈     (3) 
 
what is equivalent to the fact that there is the i-th 
robot inside the area described by the vertex xi. A set 
of possible actions of the i-th robot in the state xi is 
defined by : 
 ( ) { }1 2, ,...i i KA x a a a=   (5) 
 
and it is determined by precondition lists of 
individual operators. In our case they are as follows: 
 
FindDoor(D) 

preconditions = { },,  
ii S x Dx V w∈ ≠ ∞  

TraverseDoor(D,S) 

preconditions = { },,  
ii D D xx D V w= ∈ ≠ ∞  

Wait() 
preconditions = φ 
 
GoTo(S1,S2) 

preconditions = { }S1,S21 ,  wi Sx S V= ∈ ≠ ∞  
 
In the terms of the decision making process model of 
an action ak⊂Ai  is a mapping: 
 

1 1:          n n n n
k i i i i i ia x x x X x V a A+ +→ ⊂ ⊂ ⊂  (6) 

 
where n

kx  is the current state of the i-th robot, and 
1n

kx + is the state the robot will be in as a result of the 
action ak. The primary task of the team of robots is 
to visit all objects defined by a set G SM V⊂ . We 
introduce an auxiliary set defining objects that have 
already been visited and we denote it by V GM M⊂  . 
Using this notation we can precisely formulate the 
goal of the team as satisfying the equality: MV = MG. 
The task of the planning algorithm is to choose for 
each robot one of the possible actions, that applied 
to the robot will result in performing a part of the 
primary task. The problem of selection of a proper 
action is in this work perceived as a game between 
individual robotic-players. The result of the game 
related to the defined task depends on decisions 
made by individual participants of the game. A 

convenient framework for modeling and solving 
problems of conflict is the game theory. In order to 
properly apply the game theory to our problem 
several issues, listed below, need to be taken into 
account. (1) First, the interests (the goals) of 
individual agents are not necessarily antagonistic. In 
other words, not every set of controls applied to the 
robots leads to collision. Therefore the game 
associated with robot control is a non-zero sum one. 
(2) Although the overall process of control is in 
principle dynamical, we understand it as a sequence 
of static problems. This assumption makes it 
numerically tractable. (3) In order to allow the use of 
algorithms for solving games for equilibria we 
assume finite sets of discrete levels for possible 
control actions. 
Moreover the task of exploration has a specific 
nature that can be classified as a team-work problem 
where all the players (robots) want to optimize one 
performance index. Although the environment is in 
principle dynamic we model the problem of action 
planning as a sequence of static N-person games in a 
normal form. Therefore we need to define for each 
stage of the planning process the single cost function 
value of which depends on actions made by all the 
teammates and on the task completion state. We 
propose to define the cost function as a sum of three 
components: 
 
( )1,..., ,...i N R E DI a a a I I I= − + +  (7)  

 
The first one is related to some value of ”reward” 
that is given to robots for exploring unvisited part of 
the workspace and it is given by: 

( ) ( )1
1

n+1 1
i

,.. ,...

1 0      x

0                             

N

R i N i i
i

n
G i V

i

I a a a R a

R if M x M
R k

otherwise

=

+

=

⎧ > ∈ ∩ ∉⎪= ⎨
⎪⎩

∑
 (8) 

 
 

where R is a positive number that denotes the reward 
value. The k is a number of robots visiting the same 
object as a result of their actions. The value of the 
second component IE is dependent on an amount of 
energy necessary to make an action ai which is 
proportional to a cost of transition of robots between 
environmental objects defined by the model M: 
 

( ) ( )1
1

1
,.. ,... ,

N
n n

E i N i i
i

I a a a w x x +

=

= ∑    (9) 

The third component denotes cost of moving the 
robot to the nearest (in the sense of costs defined by 
W) unexplored object. Let us first denote a path of 
minimal cost between an object n and m as: 
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( ) { }min , ,... ,...n kp n m v v vm V= ⊂  (10) 
 
and let the set of unexplored objects be given as 

{ } \U l G VM u M M= = . Then the cost ID is given by: 
 

( )

( )
1 min,

1

1
min, min

,..., ,...,

min ,

N

D i N i
i

n
i i ll

I a a a D

D p x u
=

+

=

⎡ ⎤= ⎣ ⎦

∑
    (11) 

 
where Dmin,i is the cost of moving the i-th robot from 
the state 1n

ix +  to the ”nearest” unexplored object. 
 
 
3.2 Solution 
 
In the previous section we derived a model for a 
single stage of the exploration process. Now, we 
look for a solution of the problem defined above. 
The solution will be a set of actions of individual 
robots { }10 20 0, ,..., NS a a a∗ = that if performed leads 
to execution of a part of primary task. The problem 
of exploration is in principle cooperative one but 
taking into account a fact that robots can not 
communicate each other during an action execution 
implies that the problem has features of a 
noncooperative one. Thus we try to find the solution 
for a single decision-making stage, considering the 
problem as a noncooperative one. One of the best 
known concept to solve such problems is the Nash 
equilibrium (Basar and Oldster 1982). Applying it to 
our problem, the solution is the equilibrium point if 
following inequalities are satisfied by the set of the 
decisions { 10 0,... Na a }: 
 

 
( ) ( )

( ) ( )

1 10 0 1 1 20 0

10 0 10 20

,... , ,...

,... , ,...

N N

N N N N

I a a I a a d

I a a I d d d

≤

≤

    (12)  

 
In case of a team-problem, where 

, 1, 2,...,
i

I I i N= =  the solution is reduced to 
minimization of the cost function I. Thus we have: 
 
 { }

1
10 20 0 ,...,

, ,..., min
N

N a a
S a a a I∗ = =  (13) 

 
 
4. THE ALGORITHM OF EXPLORATION 
 
In this section we present an overall algorithm of 
workspace exploration for a team of robots. The 
block diagram of the algorithm is presented in fig.5. 
First, the global task is stated by the set MG  and the 
state of the robot team X is determined using 
information of robots location. In the next step of the 
algorithm admissible actions of individual robots are 

determined taking into account the current state X of 
robots and environmental model M. Then, the model 
of the process is calculated according to equations 
(7)-(11). The solution of the problem is computed 
using formulas (12),(13) and it determines for each 
robot an elementary task (action) to be performed. 
The action code is sent to the motion-controller. A 
robot that executes an action as first sends a message 
to the coordinator. That causes the state X of a team 
as well as the state of the primary task completion 
are updated. The process described above is repeated 
until the task is completed G VM M= . 
 

Input: N, M,MG, X,
Set: MV  = X

MV  = MG

Y

N

Stop

Determine sets of 
admissible  actions
Ai(xi)={a1,a2,...,aP}  

i=1,2,...N

Create the process model I(ai)    
 ai  in Ai     i=1,2,...,N

Find the soultion
{a10, a20, ... ,aN0}

 Tasks execution 

Check if any 
task completed? 

Y

N

Update X, MV

 
Figure 5:  The algorithm of exploration 
 
 
5. SIMULATION AND EXPERIMENTAL 
STUDIES 
 
5.1. Overview of Simulation Environment 
 
We start the examination of the work of the system 
presented in the previous sections from short 
description of the simulation environment which 
was used as a implementation test bed for the system 
presented in this work. The software is called 
M.A.S.S. (Multi Agent Systems Simulator) and was 
created and has been developed by the author. It is 
written in the Visual C++ environment.  Figure 6 
shows a screen shot of the running simulator. 
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Figure 6: Screen shot of the simulation environment 
 
 
Roughly speaking, the simulation software can be 
divided into three main modules: 
 
a) environmental editor, 
b) module of defining the robot model, 
c) simulation engine, that executes implemented 

algorithms. 
 

The first of these enable composing the robot 
workspace as a so called 2.5 D model. That means 
that all of the environmental objects are created by 
lofting flat polygons and rising them to the desired 
height. Moreover, each object’s material 
characteristics is fixed. That allows realistic 
simulation of sensors the robots are equipped 
with.The model of kinematics and sensors of the 
laboratory robot Khepera is introduced into the 
simulator. The robot is an example of  differential 
driven robot, equipped with a ring of 8 range sensors 
placed around its driving platform.   
That allows us to simulate and examine the work of 
unlimited number of robots. Applying designed 
algorithms of motion planning and control we obtain 
a quite realistic test bed for verification of our 
concepts. 
 
5.2. Simulation Evaluation of the Behavior-Based 

controller 
 
First, we had to verify the effectiveness of the 
motion controller. We made a series of point to point 
navigation experiments. Below we present a result 
of one of them. An exemplary office-like 
environment was modeled in the simulator, and the 
virtual robot was placed inside it. The initial location 
of the robot was S(50,650)[mm] and the target point 
was T(600,350)[mm]. The result of simulation 
(collision free path of the robot obtained in an 
experiment) is presented in fig.7. 
 
 
 

 
Figure 7: Solution of an exemplary point-to-point 

navigation problem 
 
 
As we can see, the robot reached the target point 
while avoiding environmental obstacles. The 
trajectory obtained, is typical for a reactive system. 
It is not the optimal one that could be obtained in 
this scenario. The reason of that is that in such 
systems there is no planning, but only reaction to 
current sensor signal values. The fig. 8 and 9 show 
time plots of behaviors activation and controls 
obtained during the experiment. 

Figure 8: Time plots of running behaviors 
 
The plots presented above gives the reader a view 
how fast the system reacts to changes of the 
environment. The sample time  n equals 0.1[s]. A 
quite large number of simulation experiments we 
made gave us a certainty that the behavior based 
controller is effective module that can be applied to 
execution elementary tasks in our hybrid system.  
 
 
 

T 

S
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5.3. Simulation of  workspace  exploration  
 
The next step was to implement a complete control 
system and try how it works in a multi robot domain. 
An exploration algorithm presented in section 4 was 
implemented in the simulator. We modeled a more 
complex environment the layout of which is shown 
in the fig.10. 

Figure 9: Time plots of robot control 
 

 
 

Figure 10: The Layout of a Workspace Used for a 
Simulation 
 
 
It is an example of a typical office environment. It 
consists of twelve sectors { }1 2 12, ,...SV v v v=  that 
represent rooms and parts of corridors, and thirteen 
passages (doors) between rooms { }13 25,...,dV v v=  . 
The area of the workspace is of a size 1500 × 1000 
[mm] (width, height). Various pieces of furniture 
and equipment are placed inside of individual rooms 
(fig. 11) and it is modeled by different cluttering 
coefficients cj fixed to each sector. In the presented 
simulation they are as follows:  
C={0.7,0,0.1,0.6,0,0,0,0,0.2,0,0.3,0.2}. All of proba-
bilities oj that doors are opened are equal one except 
the door D3,6 which is open with probability o5=0.2. 

That corresponds to the fact that this door is closed  
most of the time. The robot model used for the 
simulation is typical differential driven one, with 8 
range sensors placed around the disc-shaped 
platform of diameter 55[mm]. We consider the 
following exploration task. A team of three robots 
(N=3) is intended to explore the workspace that is 
equivalent to visiting all of the sectors. Thus, the 
goal of exploration is defined as G SM V= . Initially, 
robots are located inside of sectors 

{ }4 9 2, ,initX v v v=  so  MV=Xini . In fig.11 successive 
stages of simulation of exploration process are 
presented. A sequence of operators that was used to 
perform the task is presented in table 1. Symbols 
FD, TD, GT, W denote operators: FindDoor, 
TraverseDoor, GoTo, Wait. We can see that 
algorithm works well, providing completion of the 
task stated above. One can notice that robot 1 
performs only a small part of the task, exploring 
only one room. But it has to be taken into account, 
that the door D3,6 is modeled as the one that is 
almost for sure closed. That is the reason of this 
”strange” task execution. Yet another aspect is worth 
of commenting. The algorithm presented in the 
paper makes only ”one step ahead” planning. It 
causes that the task execution may be not optimal. 
Using other planning algorithms we would obtain 
better or even optimal solution. But such an 
approach would be valid if the environment was 
static as well as we assumed perfect result of each 
action. 
 
Table 1: A Sequence of the Operators that Provides 
Completion of the Exploration Task 
 
n Robot 1 Robot 2 Robot 3 
1 FD(‘D3,4’) FD(‘D9,10’) FD(‘D1,2_1’) 
2 TD(D3,4,S3) TD(D9,10,S10) TD(D1,2_1,S1)
3 FD(D2,3) FD(D10,11) FD(D1,8) 
4 TD(D2,3,S2) TD(D10,11,S11) TD(D1,8,S8) 
5 W() FD(D11,12) GT(S7) 
6 W() TD(D10,11,S12) GT(S6) 
7 W() W() GT(S5) 

 
 
5.4. Real system experiment  
 
Simulation experiments,  results of few of them were 
presented above allowed us to verify the idea of our 
system design as well as whether game theory can 
be successively applied to model problems in multi 
robot domain. Satisfactory results that were  
obtained motivated us to attempt the application of 
the idea elaborated above to a setup consisted of two 
laboratory robots Khepera. Details of construction 
and work of this model of robot can be found in [K-
Team 2002]. First, taking into account the small size 
of the robot, a model of an office–like environment 
had to be built. We made a model of workspace of 
size 1200x1300 [mm] picture of which is shown in 
figure 12. It consists of seven sectors 
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{ }1 2 7, ,...SV v v v= and six passages { }8 13,...,dV v v= . 

Inside of sectors various office-like equipment 
models were placed.  
 

 
Figure 12: Model of an Office-Like Workspace 
Used for  Experiments with Two Real Robots Placed 
Inside. 
 
Initially, robots are located inside sectors 

{ }5 6,initX v v=  so  MV=Xini. The goal of the team is 
to explore the whole workspace that is equivalent to 

G SM V= . The result of the work of the algorithm, 
given by a  sequence of operators performed at each 
stage of the process of exploration is presented in 
table 2. 

 
n Robot 1 Robot 2 
1 GoTo(S4)            FindDoor(D4) 
2 GoTo(S4)            TraverseDoor(D4,S8)

3 FindDoor(D3) TraverseDoor(D4,S8)

4 FindDoor(D3) FindDoor(D6) 
5 TraverseDoor(D3,S1) FindDoor(D6) 
6 FindDoor(D1)        FindDoor(D6) 
7 FindDoor(D1)       TraverseDoor(D6,S7)

8 FindDoor(D1)        Wait() 
9 TraverseDoor(D1,S2) Wait() 
10 FindDoor(D2) Wait() 
11 TraverseDoor(D2,S3) Wait() 

 
Table 2: A Sequence of the Operators That is The 

Solution of the Exploration Task Obtained 
by Two Real Mobile Robots 

 
The numbering of objects of the workspace as well 
as trajectories obtained by robots during task 
execution is shown in  figure 13.  
As we can see the algorithm of exploration was 
verified in a simulation works well also in the real-
robot system. That shows the power of the 
simulation tool, which allows to evaluate new ideas,  
before applying to a real systems. It gives a chance 
to avoid a lot of mistakes and correct them in a 
virtual world what makes that process of 
implementation in a real system much easier do.  

 
Figure 13: Trajectories of robots obtained as a result 
of an execution of the exploration task 
 
 
7. DISCUSSION OF RESULTS 
 
In the previous chapter results of both simulation 
and real experiments were presented.  The structure 
of the system elaborated in this paper were 
implemented in virtual and in real robot system. 
Surprisingly the results that were obtained were 
similar in both cases. The control system worked 
well in a simulation world and gave quite good and 
satisfactory results. But also in the real world in the 
presence of disturbance the results were very good. 
The main source of the disturbances was inaccurate 
sensory system. The readings of sensors the robot is 
equipped with  depends very strongly on the lighting 
conditions as well as different textures of 
environmental object. Despite of the presence of 
very strong disturbances mentioned above, the 
control system works properly in almost all 
experiments and gave smooth trajectories of robots. 
The most important reason of such a good results is 
the very strong feedback from the environment  
implemented in the behavior based system. Dense 
sampling the environment makes the collision free 
controller tracks very accurately the changes of the 
environment and is robust to the sensors noise. The 
only source of significant differences between 
simulation and real-world experiments is the passive 
(odometrical) method of calculating the absolute 
position of robots. That method is very prone to the 
integration of errors, and causes the robot can not 
reach the target accurately. But this drawback is 
unavoidable in the real robot system the discusses 
algorithm was verified. 
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8. SUMMARY AND CONCLUSION 
 
In this paper we discussed a problem of task 
planning and coordination in a multi robot system. 
We considered a team of robots that was intended to 
perform a task of exploration in a human-made 
workspace of complex structure. We proposed both 
the hybrid architecture of a control system and the 
method of coordination of multiple robotic agents. 
In this paper we also presented an algorithm of 
exploration of the workspace. The core of the 
algorithm is the model of the process that is stated as 
a noncooperative game in a normal form. We 
applied the Nash equilibrium concept to generate a 
solution of the problem. Although the result of only 
one simulation was presented, we had made a 
number of simulation experiments using both 
various parameters and workspace configurations. In 
all cases we obtained correct task execution. On the 
basis of simulations we carried out we can conclude 
that this algorithm works well and provides effective 
exploration of even very complex-structured 
environments. However, the algorithm can not 
guarantee optimal task performance. It is because 
the algorithm uses only one-step-ahead planning 
method. But this approach on the other hand has an 
other advantage - it allows to track dynamical 
changes of the environment and it does not need the 
assumption that a given action is always executed in 
a perfect way. The simulation allowed us to verify 
this approach before applying it to a real robot 
system. 
 

 
Figure 11: The result of the exemplary simulation 
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