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Abstract: Supervisory control of the mobile robot navigation system has critical importance. The supervisory 
control software development of mobile robot navigation can be performed in an unknown environment or for 
controlled robots in a known environment. Finite automata and graph theory are functional tools in modeling the 
robot navigation system through discrete environment. This research has emphasis on an integration of graph theory, 
automata and Z notation for modeling supervisory control of robot navigation system. The design of robot blocked, 
not blocked and its supervisory control is developed using automata, in which the states are represented by nodes 
(rooms) and transitions (stairs and doors) by directed edges. In this paper, the integration of approaches as an 
effective tool for modeling is investigated by using Z/Eves. 
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1. Introduction 

Mobile robots navigation has a broad range 
of applications and mobile robot navigation system 
can be modeled either for autonomous in an unknown 
environment or for controlled robots in a known 
environment. Making progress toward autonomous 
robots is of major practical interest in a wide variety 
of application areas.  

Fundamental quality of any mobile robot is 
its capability to navigate from one location to 
another. Navigation is an ability to identify its own 
position and then navigate towards the destination in 
an environment. To achieve the quality of navigation, 
different approaches have been proposed in the 
literature.  

The mobile robot navigation system has 
attracted a much attention of many researchers and 
different navigation methodologies have been 
proposed. Behavior based navigation is developed 
using dynamic systems theory to generate the 
behaviors in [1]. The control of the navigation of a 
robot has been modeled by using Petri nets in 
unstructured environments [2]. A model to guide and 
keep track of a robot such that it is able to complete 
several tasks is described in [3]. Now the existing 
navigation of single robot has extended to multiple 
robots system. Further, simultaneous navigation of 
multiple robots in a common environment have 
raised a new and challenging problem. The 
navigation of multiple robots addressing the issues of 

cooperation and formation control has been 
addressed in [4] and [5].  

The robot navigation problem has attracted 
considerable interest in recent years for movement 
through both discrete and a continuous environments 
[6],[7]. Melo et al. analyzed the problem of driving a 
robot population moving in a discrete environment 
from some initial to a target configuration [7]. The 
authors further examined the problem of multi-robot 
navigation. Robot navigation modeling in discrete 
environment has been performed by using finite 
automata and graph theory [8][9]. Finite automata 
have been used to control the navigation of mobile 
robot along the possible paths in [10].  

In this paper, specification-based approach 
is developed by integrating graph theory, finite 
automata and Z notation. This integrated approach is 
applied to model mobile robot navigation and its 
supervisory control. We examine the problem of 
assigning a heterogeneous population of rescue 
robots to reach a set of target rooms where a set of 
people may be trapped. The robots in the population 
are assumed to have the properties such that these 
allowed transitions are different and therefore the 
resultant automata and directed graph models for 
each robot are also different. 

A number of modeling techniques for 
mobile robot navigation have been developed by 
researchers such as partially observable Markov and 
behavior based navigation but the existing 
approaches have lack of the formalization. In this 
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paper, the integration of graph theory and automata is 
used for modeling of mobile robot navigation system. 
Z notation is used for formal description of the 
system and Z/Eves tool is used for analyzing and 
validating the formal models. Rest of the paper is 
organized as follow. In section 2, robot navigation 
problem, graph theory and automata are described. In 
section 3, an introduction to formal method is 
provided. In section 4, Formal modeling of robot 
navigation system using integrating of approaches is 
described. Finally, conclusion and future work are 
discussed in section 5. 
 
2. Robot Navigation problem, Graph Theory And 
Automata 

A mobile robot is developed and 
programmed to accomplish a mission which has to 
move to the target position. The problem implies that 
a robot has to localize the target. It requires a world 
representation commonly defined as a map where the 
robot identifies a target and has to estimate its current 
position by localizing the problem. The map could be 
complete, which addresses the map building problem. 
Finally, to accomplish the mission, the robot has to 
move to reach the target goal, selecting the best 
trajectory. 
 
Graph Theory 

Graph theory is an important field of 
mathematics because of its various applications in 
different areas: biochemistry, electrical engineering, 
operations research and computer science. Graph 
theory can be applied to any problem that has 
configurations of nodes and connections, such as 
electrical circuits, roadways or organic molecules. 

A graph G = (V, E) consists of a finite 
nonempty set of objects called vertices V and a set of 
order pairs called edges E. The sets V and E are the 
vertex and edge sets of G respectively. A graph is 
often represented as a diagram with the vertices 
represented by dots and the edges represented by 
lines joining those vertices. An example of a graph G 
= (V, E) is shown in Figure 1 which consists of the 
vertex-set V = {1, 2, …, 9} and edges E = {(1, 2), (1, 
3), (2, 5), (2, 9), (3, 4), (4, 5), (5, 6), (6, 7), (7, 9)}. 
 

 
 
 
 
 
 
Figure 1: An example of a graph 

 
Automata Theory 

Automata theory deals with the theoretical 
models of computer known as abstract machines. 
These machines are also known as automata which 
can be deterministic or deterministic and are 
excellent way of modeling finite-state systems. These 
automata can be used to change the state according to 
an input is given. 
 
Finite Automata 

A finite state automaton represents a 
problem as a series of states with transitions between 
the states caused by an input to it. The automaton 
starts from an initial state and an input causes a 
transition from the current to the next state which 
may be an accepting state in which the automaton can 
terminate successfully [12].  

A deterministic finite automaton consists of 
a finite set of states denoted Q, finite set of input 
symbols denoted ∑, transition function that takes in 
its argument a state and an input symbol and returns 
the same or a new state. The transition function is 
commonly denoted by δ. The start state is denoted by 
q0 which is one of the states in Q. The set of final or 
accepting states is denoted by F which is a subset of 
Q. A deterministic finite automaton will be denoted 
by DFA. The shortest representation of a DFA is a 
list of the five components as defined above, DFA = 

(Q, ∑, δ, q0, F). 
 Q is a finite set of states. 

 ∑  is a finite set of legal input symbols 
which is also called the alphabet of the 
automaton. 

 δ: Q × ∑ → Q is the transition function 
which takes a state from Q and symbol from 

∑ as input and returns a state from Q as an 
output. 

 F is a set of final states also called the 
accepting states and subset of Q, i.e., F  Q. 

 
Navigation Automata 

The navigation automaton is a 
generalization of the deterministic finite automaton in 
which the alphabet is replaced by an event set and an 
extra active event set is introduced. The navigation 
automaton can be defined by a six-tuple, G = (Y, E, f, 
Γ, Y0, Ym) where  

 Y is the state space. 
 E is the set of possible events. 

 f : D → Y, D  Y × E are the transition 
functions. 

 Γ: Y → 2E is the active event function. 
Y0 is the initial state. 

 Ym is the set of marked or accepting states 
or also called the target states. 
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3. Formal Methods 
Formal methods can provide a complete, 

consistent and correct model of a system. Formal 
methods can be used at any stage of systems 
development, for removing ambiguities, 
inconsistencies and incompleteness of a system 
[17][18][19][20][21][22][23][24]. Formal methods 
provide verification of the modeled system and can 
remove the flaws at early stages of system 
development. If such errors are discovered at later 
stages, debugging and testing, of a system it will 
result costly treatment [13]. Further, correctness of a 
system can also be verified by using formal method 
at the verification phase [14]. Huge vocabulary of 
natural language has multi-meanings which make the 
specifications highly ambiguous [15]. Syntax and 
semantics are well defined in the formal 
specification. Formal specification is consistent, 
concise and it can prove the properties of a system 
without implementation. The use of formal method 
can be seen from its application [25][26][27][28][29]. 

The requirements engineering is most 
important step in high quality software development 
process. The architectural structure of a complex 
software system and their components require careful 
management. Every software system implicitly uses a 
theorem that if some condition are satisfied or not to 
accomplish the requirement of a software system thus 
there is need of code verification. Code verification is 
the attempt to prove these theorems or finding the 
reasons why this theorem failed to achieve the 
desired properties of a system. Therefore, formal 
method are useful and required for capturing the 
requirements, architectural structure, model checking, 
theorem proving and code verification [16]. 
 
4. Formal Modeling of Supervisor Control 

The design of mobile robot navigation 
system requires modeling its environment, 
supervisory control behavior and complete 
functionality. Environment of mobile robots is 
modeled using graphs. Automata theory is used for 
modeling the control behavior. Functions of a system 
are decomposed into the operations and constraints 
which are properly captured in the Z notation. In this 
way, an integration of graph theory, automata and Z 
notation is used for modeling of mobile robot 
navigation system. To specify the supervisory 
control, we first describe the declaration part for 
connectivity, environment, and directed path and 
navigation automata which are using in our further 
formal specification. 

 

 
 

 
Specification of Navigation Automata 

 
 
Description of Path  

A walk in a graph is a finite sequence of 
alternating nodes and edges or it can be defined by 
only finite sequence of edges. A path is a finite 
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sequence of edges from starting node to the final 
node with distinct nodes. The variable walk is 
introduced to define the sequence of nodes from n1? 
to n2?, where n2? is the final node. Moreover, n1? 
and n2? are input variables of type Node which is 
used to check that either a walk exits in between n1? 
and n2?. 

 

 
 

Specification of All Successful Path of Robot 

 
Design of Robot Blocked 

The AllSuccessfulPahtofRobot defined by 
navigation automata can be used to define the robot 
blocked. Again the declaration 
AllSuccessfulPahtofRobot indicates that the schema 
is describing a state change. The input variable start? 
and target? Are introduced of the type Node and 
power set of Node respectively. 

 
Invariants: 

 The variable start? is in the set nodes. 
 The target? is the subset of a set nodes. 
 The y0' is equal to the start?. 
 The Ym' is equal to the target?. 
 The navigates? is empty. 
 Design of Robot Blocked and Controllable 

  The AllSuccessfulPahtofRobot defined by 
navigation automata can be used to define the robot 
blocked and controlable. Again in this schema the 
declaration of óAllSuccessfulPahtofRobot indicates 
that the schema is describing a state change. The 
input variable start?, target? and block are introduced 
of the type Node, power set of Node and Node 
respectively. 

 
 
Invariants: 

 The variable start? is in the set nodes. 
 The target? is the subset of a set nodes. 
 The block is in the set nodes. 
 The y0' is equal to the start?, Ym' is equal to 

the target?, The navigates? is not equal to 
empty. Then there exists b of type Node 
equal to block, y0' is equal to b, Ym' is equal 
to the target? and navigates? is empty and 
y0' is equal to start?, Ym' is equal to 
{b} and navigates?   is not equal to empty. 

  
Design of Robot Not Blocked 

In RobotNotBlocked schema the declaration 
of AllSuccessfulPahtofRobot indicates that the 
schema is describing a state change. The input 
variable start?, target? and block are introduced of the 
type Node, power set of Node and Node respectively. 
Invariants: 

 The variable start? is in the set nodes. 
 The target? is the subset of a set nodes. 
 The block is in the set nodes. 
 The y0' is equal to the start?, Ym' is equal to 

the target?, The navigates? is not equal to 
empty. Then there does not exist b of type 
Node equal to block, y0' is equal to b, Ym' is 
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equal to the target? and navigates? is empty 
and y0' is equal to start?, Ym' is equal to the 
{b} and navigates? is not equal to empty.  

 

 
 

Design of Supervisory Control 
It is not required that a system reaches a 

blocked state where robot unable to reach the final 
state, this situation can be prevented by supervisory 
control. In the schema SupervisoryControl the 
specification of RobotBlockedandControlable is 
reused. 

 
 
5. Conclusion 

In this paper, we have presented an 
integrated approach for modeling of supervisory 
control of mobile robot navigation system using 
graph theory, automata and Z notation. Automata and 
graph theory have proved to be useful tools in 
modeling the robot navigation system. Using 
automata, an automatic movement of robot is 
described in which the rooms are assumed as states 
and passageways, stairs and doors are taken as 
transitions. It is further assumed that a robot travels 

from a start state to a specified final state by a 
sequence of connected edges. Graph being a special 
case of automata is used to model and analyze the 
paths from start state to the final states. The Z/Eves 
tool is used to investigate and validate the formal 
models produced by describing mobile robot 
navigation system using above integration. The 
population of mobile robots have different properties 
to perform action in the environment, the movements 
of each robot is modeled accordingly. The graph 
navigation automata have been applied for all robots 
to model the allowed movement of each robot. 
Moreover, successful path to navigate from a 
specified start state to a set of target states was 
described. The integrated approach supported us to 
model the robot environment, its control behavior 
and functionality by capturing both its static and 
dynamics parts from an abstract to a detailed level of 
specification.  
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