
  

 

Abstract— A comprehensive technique to plan path for a 
mobile robot with nonholonomic constraints through maze 
routing technique has been presented. Our robot uses a stereo 
vision based approach to detect the obstacles by creating dense 
3D point clouds from the stereo images. ROS packages have 
been implemented on the robot for specific tasks of providing: i) 
Linear and angular velocity commands, ii) Calibration and 
rectification of the stereo images for generating point clouds, iii) 
Simulating the URDF (Unified Robot Description Format) 
module in real time, with respect to the real robot and iv) For 
visualizing the sensor data. For efficient path planning a hybrid 
technique using Lee’s algorithm, modified by Hadlock and 
Soukup’s algorithm has been implemented. Different path 
planning results have been shown using the maze routing 
algorithms. Preliminary results shows that Lee’s algorithm is 
more time consuming in comparison with other algorithms. A 
hybrid of Lee’s with Soukup’s algorithm is more efficient but 
unpredictable for minimal path. A hybrid of Lee’s with 
Hadlock’s algorithm is the most efficient and least time 
consuming. 

 

I. INTRODUCTION 

The most enticing capability of a mobile robot is to 
be able to explore its environment autonomously like any 
living creature on our planet which explores the 
environment. The most earnest local perception system 
needed is the visual perception system. Combining it with 
the other sensing system such as hearing and touch, improves 
the capability of achieving the goal of exploring the 
unstructured environment, decoupling the obstacle avoidance 
task. The theoretical underpinning for the task is to create a 
map of the environment and plan a safe path by avoiding 
obstacles. This is an essential requirement for a mobile robot.  

For the task of robot localization, navigation and 
control, vision sensors have been extensively used. 
Navigation of robots by vision based control is very crucial 
and researchable task in field of robotics which has allured 
the attention of many researchers. The path-planning of a 
car-like robot with nonholonomic constraint for 
computationally optimized feasible trajectory is very 
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consolidated and sophisticated task [1,3]. As the vision 
system of human being consists of two eyes, the stereovision 
technique for perceiving distance of the objects in its 
environment, is been highly employed for creating the 
perception system of the robot [9,10]. It is worth mentioning 
that the human being apprehends its environment in 3D. The 
same capability can be accomplished by storing the depth 
information of each pixel generated by the stereoscopic 
system in a point cloud format. PCL (Point Cloud Library) 
[11] presents an advanced and extensive approach to the 
subject of 3D perception, and it’s meant to provide support 
for all the common 3D building blocks that robotics 
applications need. For path planning using Maze-routing, 
Lee algorithm [6] is an well-known method which is based 
on the Breadth-First Search (BFS) technique. It provides 
minimum path and guarantees to find the path if two nodes 
(start, destination) are present. Its drawback in the form of 
large memory consumption for dense layouts leads to the  
Hadlock algorithm [7] and Soukup algorithm [8] . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1. The ANT (Autonomous Navigation Testbed) mobile robot 
used for the purpose of experiments of this paper. 

       In this paper we have proposed a comprehensive path 
planning technique for mobile robot by maze routing in 
indoor environment. Our focus is on modeling the 
environment in the robot’s field of view by stereo images 
captured by the stereovision system equipped with the robot. 
The robot can recognize the obstacles by segmenting the 3D 
points generated from the stereo images. The considering 
environment is divided into small 2D grids which first have 
been labeled with “unknown” , “free” and “occupied” values. 
For generating the trajectory delimited by two points (initial, 
goal), Lee’s algorithm has been used which labels the free 
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and occupied grids with numbers depending on the distance 
from the initial position. By the Manhattan-distance of the 
final position from initial position, a path is planned. The 
linear and angular velocity parameters are generated for the 
trajectory considering the kinematic limitations of the mobile 
robot. 
       The structure of the paper is as follows .The system 
architecture is described in Section II. In Section III, 
algorithms used for path planning is discussed followed by 
the experimental results shown in Section IV. Conclusions 
are described in section V.  
 

II. SYSTEM DESCRIPTION 

The goal of the system is to achieve the desired position 
for the robot from the initial position using the visual control 
technique by a grid searching algorithm based on LEE’s 
algorithm and hybrid techniques by Lee-Hadlock and Lee-
Soukup. The visual control system relies on the images 
captured from the two cameras, which have been calculated 
to construct dense 3D point cloud data for detecting obstacle 
in the Field of View (FOV) of the robot.  

             

A. HARDWARE DESCRIPTION 

The hardware system of the experimental platform that has 
been used in this approach is called ANT (Autonomous 
Navigation Testbed), constitutes of a base of a car-like toy 
for children with differential drive wheels which is a 
nonholonomic mechanical system. As the term 
nonholonomic suggests the robot is incapable of moving in 
the direction of the axis of rear wheels. Our perception 
system constitutes of a custom made stereovision system 
with two Logitech C600 720p HD glass lens cameras fixed 
on a metal sheet having baseline of 10 centimeters. The 
stereo vision system is advantageous over a single camera 
system as it capture the dense 3D point cloud data for 
obstacle avoidance and landmark detection. An on-board 
laptop (Intel(R) core(TM) i5 label processor, 2.4 GHz) with 
sufficient graphics compatibilities handles the image 
processing tasks. The robot is equipped with two rear wheels 
which have been driven independently. For steering the robot 
two supplementary front wheels is been extensively used. 
Figure 1 shows our mobile robot with the stereoscopic 
system mounted on it. 
 The main controller of the robot is the ATMega32 
with Arduino platform which is been controlled by the 
processing unit by ROSSerial package of ROS. A 
LPY550AL integrated dual-axis angular rate sensor has been 
used as the gyro for gaining pose information of the robot. 

As the hardware suggests our mobile robot is an 
example of a nonholonomic mechanical system. It consists of 
a vehicle with two driving wheels at the rear and two front 
wheels for steering the robot.  
 A mobile robot system with n-dimensional configuration 
space with generalized co-ordinates (q1,q2,……..qn) with m 
constraints can be described as [1,2] 

 

 
 
 
Where M(q) is a symmetric ,positive definite inertia 

matrix, Vm(q,푞̇) is the centripetal and coriolis matrix, F(푞̇) is 
the surface friction. G(q) is the gravitational vector , d  
denotes bounded unknown disturbances including 
unstructured unmodeled dynamics, B(q) is the input 
transformation matrix,  is the input vector ,A(q) is the 
matrix associated with the constraints and λ is the vector of 
constraint forces. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
    Fig. 2.The mobile robot base in Cartesian frame 
 
The desired motion and orientation can be achieved by 
providing two necessary torques in the driving and steering 
wheels. Figure 2 depicts the conceptual diagram of the 
differential type of the wheeled mobile robot working in an 
indoor environment. The position of the robot in the inertial 
Cartesian frame can be described by {O,X,Y} is specified by 
a vector q=[xc  yc  θ]T where xc and yc denotes the co-
ordinates of the center of mass at the plane and  θ is the 
orientation of the robot with respect to the X axis. It is 
assumed that the center of mass is located at the middle of 
the axis of the rear wheels. v is the magnitude of the 
translational velocity and w is the angular velocity. We 
assume that the mobile base satisfies the conditions of pure 
rolling and non slipping [3,4] i.e., the velocity of the center 
of mass of the robot is orthogonal to the axis connecting the 
rear wheels. This assumption provides the nonholonomic 
constraint on the robot as: 
  
 
 
 
The nonholonomic constraint states that the robot can only 
move in the direction normal to the axis of the driving 
wheels .The kinematic model of the robot can be expressed 
as : 
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Where [푣1] ≤ Vmax and [푣2] ≤ Wmax . Vmax and Wmax are the 
maximum linear and angular velocity of the robot 
respectively. Eq(3) describes the steering system of the robot. 
 The Lagrangian formulation can be used to 
determine the dynamics of the robot. As the trajectory of the 
mobile robot base is constrained on the horizontal plane 
G(q)=0.The potential energy, U of the robot is constant 
because the robot is incapable of moving in the vertical 
plane. The Kinetic energy [5] of the robot can be given as : 
 
 
 
 
  The dynamical model of the mobile base can be 
expressed as: 
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B. STEREO VISION SYSTEM 

Stereo vision system is similar to the function of human 
vision system. The system’s goal is to identify path and 
detect obstacle using the stereo images captured by the stereo 
vision system which consists of two Logitech C600 720p HD 
glass lens fixed with a baseline of 10 cm on a metal sheet.  

Images from the two cameras get a shift between them which 
is proportional to the distance of the baseline. By this 
mechanism it is possible to determine depth of any point by 
its position in the two images with the following equation: 
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Where the focal distance of both the camera is f, T is the 
distance between the cameras, and x1 and x2 are the 
corresponding points in the two cameras.  

 

 

 

 

 

 

 

 

 

Fig. 3 .Canonical system of the stereoscopic system with two 
cameras  

The Disparity is the distance on the X axis between a point P 
with its corresponding point P` in the other image. For 
making the images row aligned, it is necessary to rectify the 
images as for pixel matching the correlation routine searches 
along the x axis for matching the pixels in the two images. 
Stereo Calibration is used to establish geometrical 
relationship between the two stereo left and right cameras 
and calibrating the two images aligned with the epipolar lines 
using the OpenCV[13] libraries. 

 

 

 

 

Fig. 4.  Images captured by the two cameras for the calibration 
process 

 From the rectified image, disparity values for each 
pixel can be calculated by running the correlation routine on 
the image setup which leading to creating the disparity map. 
The depth of each pixel can be computed from the disparity 
map and further re-projected in to point cloud representation 
as the 3D point cloud. 
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A point cloud is generally a set of unrecognized, irregular 
points in 3D[11].A data clustering algorithm has been 
implemented on the point cloud data for segmenting each 2D 
point cloud as a separate set. The next step is the process of 
finding conclave-hull of the points for representing the each 
segmented set with a polygon[12]. In the end of the process, 
a smoothing algorithm is implemented through the vertices 
of each polygon for removing the very close straight line 
points. This reduces the complexity of the configuration 
space and the execution time of the path planner’s execution 
time. 
 

C. ROS ARCHITECTURE 

ROS defines as an open-source robot operating system which 
provides a structured communications layer above the host 
operating systems of a heterogeneous computer cluster [15]. 
In our system ROS has been extensively implemented for 
different purposes. We are not claiming that the system is 
fully ROS capable. But we have tried to implement some of 
the available ROS packages for solving different problems in 
our module. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5. The model of our mobile robot ANT. From left to right and 
top to bottom: Robot model in real time, Robot model in Gazebo, 
Robot model and point cloud visualization in Rviz 

 
ROSserial package has been used for interfacing the 

Arduino IDE for controlling the rear DC motors for driving 
and the front DC motor for steering the robot. ROSserial is a 
general protocol for sending the ROS messages over serial 
links using the rosserial_client library by creating a node on 
the host machine to bridge the connection from the serial 
protocol to the ROS network[14]. For navigating the robot, 
the ROS navigation stack has been implemented. The 
navigation package takes information from odometry, sensor 
streams, and a goal pose and outputs safe velocity commands 
that are sent to a mobile base. First the navigation stack has 

been configured with the shape and dynamics of the 
nonholonomic robot following a tf transform which 
maintains the relationship between coordinate frames in a 
tree structure buffered in time. Desired co-ordinate points in 
real time can be achieved using tf transform points, vectors, 
etc . 

A Gazebo module of ANT has been created for 
testing our experiments in simulation. Gazebo which is the 
3D simulated version of Player/Stage project, currently one 
of the most renowned 3D simulator for multiple robots. 
Gazebo requires ODE(Open Dynamic Engine),OPCODE 
collision Detection Library and GDAL(Geospatial Data 
Abstraction Library) for purposes like collision detections 
and terrain building. ANT has been modeled in gazebo by a 
URDF file consisting of the exact parameters of the robot. 
 For visualizing the sensor data and in real time 
RVIZ which is one of the most useful package in ROS, has 
been utilized. We have also implemented interactive markers 
for navigating the robot in real time with the help of RVIZ. 

III .  PATH PLANNING USING MAZE ROUTING 

For navigation purpose, we extract the path of robot using 
Lee algorithm [6] which is one of the most widely known 
maze routing method for finding path in a maze. Fig.[6]. 
represents the structure of the algorithm which can be 
characterized into three phases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.. The structure of the Lee’s algorithm 
 
 The first phase is called the Filling or Wave Propagation 
phase where the main work focuses on labeling the grids. 
The labeling process is similar of creating waves ripple 
outwards by dropping a pebble in a still pond. Starting from 
the initial position I as 0, all vertices at Manhattan-distance k 
from I to goal position G are labeled with k. The cell 
adjacent to the cell labeled i is given the label i+1. Retrace is 
the second phase, in which the route has been backtracked 
starting from the goal position G to the initial position I. The 

 

 

 



  

third and final phase is called Level Clearance where the 
labeled grids not used in the path, are cleared. 
 
 In Lee’s  algorithm, processing time for filling is 
proportional to L2 and processing time for retrace is 
proportional to L, where L is the length of the path. So the 
time-complexity of the algorithm is O(L2) for each path. As a 
Propagation List (FIFO) is used to keep track of the vertices 
to be considered next, for a N*N grid plane, the algorithm 
uses O(N2) memory which requires great number of storage 
for storing the positions of the cells. 
 To reduce the running time and storage 
improvement of Lee’s algorithm Hadlock[7] and Soukup[8] 
has been also used in our proposed system for advancing the 
wavefront with a higher priority towards the target direction. 
Comparing to Lee’s algorithm this improvement provides 
40-50% reduced running time. In Hadlock a new labeling 
technique namely detour number has been introduced where 
the detour number d(P) of a path P connecting two cells I 
and G is defined as the number of grid cells directed away 
from its target G. Manhattan distance between I and G is 
MD(S, T), then the length L(P) of a path P is given by 
 

L(P) = MD(S, T) + 2 × d(P)        (7) 
 

Soukup is a combination of BFS(Breadth First Search) and 
DFS(Depth First Search),as the search is directed toward the 
goal position G until an obstacle or G is reached. If an 
obstacle is reached, Lee algorithm is used to roam around the 
obstacle to find the path to the goal. 

 For our system, 2d array on the ground are 
considered as grid where we initialize the first grid which is 
closest to the robot as the start point I. A grid is chosen 
randomly as destination point G. Lee algorithm surly can 
find path if there exists a path between the two nodes 
(starting, destination). Only in the one case the robot will not 
find path in our experiment if obstacle covers all the range of 
camera.  

IV. EXPERIMENTAL RESULTS  
In order to validate our proposed algorithm, several 
experiments have been performed with ANT. OpenCV[13] 
library has been used to capture and calibrate the two images 
and create the disparity map. The images captured from the 
two cameras of stereo-vision system shown in fig.[7a] have 
been used to create the disparity map in fig [7b]. The point 
cloud has been created by re-projecting the depth of each 
pixel on 2D plane. The RGB image capture from the right 
camera has been superimposed on the point cloud to create 
the image in fig[7c]. The depth image is shown in fig [7d]. 
The Fig[7e] shows the detected object.  
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Fig. 7.  The images by the robot in real time (From the left to right 
and top to bottom): a) Images taken from the left and right camera. 
b) Disparity map created by the two images. c) Point cloud image 
created by the disparity map with the superimposed RGB image 
from the right camera. d) The depth image perceived by the robot. 
e) Detected object in the FOV of the robot.  

  Table 1 

TIME COMPLEXITY, DISTANCE TRAVELLED BY THE ROBOT 
AND ACCURACY FOR THE THREE DIFFERENT ALGORITHMS   

Methods Time 
Complexity 

Distance 
Travelled by 
Robot (in m) 

Average 
Accuracy (%) 

Lee 
Algorithm O(M,N) 12.70 80.5 
Hadlock 

Algorithm O(M,N) 9.87 88.0 
Soukup 

Algorithm O(M,N) 11.30 85.0 
 

    At the first stage Lee’s Algorithm has been implemented 
for navigating the robot in the environment and avoiding the 
obstacle. Lee’s algorithm is efficient but the time-space 
complexity and memory used is on the higher side. To 
improve the time-space complexity and economize the 
memory space, Soukup and Hadlock algorithm were 
implemented. Final results for the three algorithms 
considering time-complexity, distance travelled by the robot 
and average accuracy have been shown in the table[1]. The 
Soukup’s algorithm is more efficient but unpredictable for 
minimal path.  

  
(b) (c) 

 
(e) (d) 

 
(a) 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. The results obtained from the Lee’s algorithm . Starting from the left to right and up to down: the desired and actual position of the 
robot in the Cartesian coordinates with respect to X and Y positions. Linear and angular velocity of the robot with respect to time 

 

 

 

 

 

 

 
 
 
Fig. 9. . The results obtained from the Hadlock’s algorithm. Starting from the left to right and up to down: the desired and actual position of 
the robot in the Cartesian coordinates with respect to X and Y .Linear and angular velocity of the robot with respect to time 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 10. The results obtained from the Soukup’s algorithm. Starting from the left to right and up to down: the desired and actual position of 
the robot in the Cartesian coordinates with respect to X and Y .Linear and angular velocity of the robot with respect to time 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

             (A)                                                  (B)                                                                      (C) 

Fig. 11. The results obtained from the rxplot in real-time (a)up: the robot pose with respect to time ,down: the robot orientation with respect 
to time using Lee’s algorithm, (b)up:the robot pose with respect to time ,down: the robot orientation with respect to time using Hadlock’s 
algorithm (c)up: the robot pose with respect to time ,down: the robot orientation with respect to time using Soukup’s algorithm. 

 

 



  

The Hadlock’s algorithm was found to be the most efficient 
and least time consuming. Performance of the experiments 
has been extensively shown in the fig [8,9,10]. For the sake 
of completeness, we have also provided the graphs created 
by the rxplot, the package of ROS for showing the positions 
and orientation of the robot in real time. Fig.[11] depicts the 
graph of rxplot which has been captured in real time while 
navigating the robot with the algorithms, by which  different 
results can be distinguishable. 

V.  CONCLUSION 
In this paper we have integrated a comprehensive path-
planning technique for mobile robot using the maze routing 
algorithms. In the first stage our robot uses the Lee’s 
algorithm to find the path to the goal position from the initial 
position. As the result suggests the robot is getting average 
80.5% accuracy in finding the path to the desired position 
avoiding the obstacle. The distance travelled by the robot 
using Lee’s algorithm is 12.7 m .The accuracy found in 
Hadlock algorithm is 88%, which is computationally much 
higher than the Lee’s Algorithm. On the other hand using 
Soukup’s algorithm the robot gets 85% accuracy in 
achieving the task which is also higher than the Lee’s 
algorithm. But the most undesirable drawback in Soukup’s 
algorithm is that it does not guarantee to get the shortest path 
possible. It is also been experimented that in some few 
attempts the robot could not find the path to reach the goal 
using Soukup’s algorithm. 

As the point cloud is generated from the stereo 
images captured by the system, the stereo depth data is not as 
precise as data accused by laser systems. The depth data 
captured by stereo images are highly sensitive to the 
corresponding points found in two images depending on the 
light conditions and texture information, which results in 
high mismatch in corresponding frame in the process of 
clustering in real time. 

 In future work, we plan to continue our 
research in path planning of mobile robot through maze 
routing using visual sensors in more cluttered environment, 

as well as to integrate our approach with other path-planning 
algorithms.    
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   Fig. 12.   Scene example accuired during the experiments performed using ANT with maze routing algorithms 


