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ABSTRACT 

 

The Kompaï robot was partly developed for the purpose of assisting the elderly and people with 

special needs. The major related functionalities addressed in the thesis are navigating the Kompaï 

robot in a given environment and exhibiting the position taxis behavior. 

The overall objective of the project is to incorporate the Kompaï with the above mentioned 

features, thus supporting the idea of a robot companion to humans and also creating a platform 

by which future innovate ideas could be developed on the Kompaï robot. 

To achieve this, a cognitive system was developed which allows the Kompaï robot to display 

follow path behavior and position taxis behavior. The system encapsulates inter related activities 

such as representing the environment as a two dimensional grid map, developing a strategy to 

plan a path towards the destination, executing motor actions to follow the path, estimating the 

position of the robot as it follows the path in the map by acquiring and interpreting sensory 

information and developing a strategy that allows the Kompaï robot to reflexively move towards 

an object/RFID tag position in the environment. 

The results from the experiments show that the developed cognitive system, allows the Kompaï 

robot to navigate between two locations in the given environment and exhibit position taxis 

behavior. 

 

 

 

 

 

 

 

 



4 | P a g e  
 

ACKNOWLEDGEMENT 

 

I would like to express my sincere gratitude to my supervisor Assoc. Prof. Thomas Hellström for 

giving me this opportunity to work in his research group. His valuable insight, ideas, critical 

thinking, and discussions helped me during my research work. I am also very grateful to 

Benjamin Fonooni for sharing with me his knowledge, technical expertise and skills in this 

thesis. Both of them have been entirely supportive, patient and encouraging throughout the entire 

period of my thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 



5 | P a g e  
 

TABLE OF CONTENTS 

 

Abstract 

Acknowledgement 

1. Context of Work ....................................................................................................................... 12 

1.1 Introduction ................................................................................................................. 12 

1.2 Theory and Background ............................................................................................... 13 

1.3 Problem Statement...................................................................................................... 16 

1.4 Thesis Outline .............................................................................................................. 18 

2. Knowledge Representation ...................................................................................................... 20 

2.1 Map Image Processing  ................................................................................................ 23 

2.2 Object Boundary Growth  ............................................................................................ 25 

2.3 Summary ..................................................................................................................... 27 

3. Path Planning ........................................................................................................................... 29 

3.1 Objective ..................................................................................................................... 29 

3.2 Path Planner  ............................................................................................................... 29 

3.3 Cspace – Regular Grids  ................................................................................................ 30 

3.4 Optimal Path – A* Algorithm  ...................................................................................... 32 

3.5 Summary ..................................................................................................................... 39 

4. Follow Path Behavior ............................................................................................................... 41 

4.1 RobuBOX ..................................................................................................................... 41 

4.2 RobuBOX Components ................................................................................................ 42 

4.3 Determine Robot Position ........................................................................................... 43 

4.4 Metric Information Computation ................................................................................ 46 

4.5 Robot Pose Calculations .............................................................................................. 47 

4.6 The Follow the Carrot Method ..................................................................................... 50 

4.7 Summary ..................................................................................................................... 53 

5. Robot Position Tracker ............................................................................................................. 55 

5.1 Objective ..................................................................................................................... 55 

5.2 Approach  .................................................................................................................... 55 



6 | P a g e  
 

5.3 Odometry Sensors  ...................................................................................................... 55 

5.4 Robot Position Tracker ................................................................................................ 56 

5.5 Summary ..................................................................................................................... 59 

6. Taxis Behavior .......................................................................................................................... 61 

6.1 Objective ..................................................................................................................... 61 

6.2 Approach  .................................................................................................................... 61 

6.3 Position Taxis  .............................................................................................................. 62 

6.4 Summary ..................................................................................................................... 63 

7. Experiments ............................................................................................................................. 65 

7.1 Objective ..................................................................................................................... 65 

7.2 Experimentation and Results   ..................................................................................... 65 

7.3 Summary ..................................................................................................................... 74 

7.4 Discussion  ................................................................................................................... 74 

8. Conclusion  ............................................................................................................................... 78 

Appendix ……………………………………………………………………………………………………………………………..79 

Bibliography ............................................................................................................................. 81 

 

 

 

 

 

 

  



7 | P a g e  
 

             LIST OF FIGURES 

 

1. Intelligent Robot ...................................................................................................................... 12 

2. Kompaï Robot .......................................................................................................................... 14 

3. Robot Navigation ..................................................................................................................... 15 

4. Proposed Model  ...................................................................................................................... 16 

5. Mapper Architecture ................................................................................................................ 20 

6. GUI of Mapper Application....................................................................................................... 23 

7. Generated map of given environment ..................................................................................... 23 

8. 2D character grid of given environment ................................................................................... 24 

9. Priori map ................................................................................................................................ 25 

10.  2D pixel grid with object boundary growth ............................................................................. 27 

11. Holonomic Robot ..................................................................................................................... 30 

12. Transformation of 6DOF to 2DOF ............................................................................................. 30 

13. Regular Grid ............................................................................................................................. 31 

14. Regular Grid-Cspace representation......................................................................................... 32 

15. Current node and connected node ........................................................................................... 33 

16. Computation of total cost ........................................................................................................ 36 

17. Binary heap .............................................................................................................................. 37 

18. Binary heap items .................................................................................................................... 37 

19. Insert node to binary heap ....................................................................................................... 38 

20. Remove node from binary heap ............................................................................................... 39 

21. RobuBOX .................................................................................................................................. 42 

22. RobuBOX architecture .............................................................................................................. 43 

23. Robot position on map ............................................................................................................. 43 

24. Relation between coordinate systems ..................................................................................... 47 

25. Robot heading .......................................................................................................................... 49 

26. The follow the carrot method .................................................................................................. 50 

27. Follow path behavior ............................................................................................................... 53 

28. Odometry ................................................................................................................................. 53 

29. Block diagram of robot position tracker  .................................................................................. 56 



8 | P a g e  
 

30. Odometry grid matrix ............................................................................................................... 58 

31. Odometry values fusion concept .............................................................................................. 59 

32. Concept of biased walking of E.coli .......................................................................................... 62 

33. Cognitive system for position taxis behavior ............................................................................ 63 

34. Cspace representation of given environment........................................................................... 66 

35. Optimal path between two selected nodes.............................................................................. 67 

36. Real time path followed by Kompaï Robot ............................................................................... 68 

37. Calculated and real time odometry .......................................................................................... 71 

38. Linear and angular speed variation .......................................................................................... 73 

39. Position taxis towards RFID tag position  ................................................................................. 74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 | P a g e  
 

LIST OF TABLES 

 

1. Mapper view settings  .............................................................................................................. 21 

2. Angular and linear speed values............................................................................................... 68 

3. Computed metric information.................................................................................................. 69 

4. Odometry values obtained ....................................................................................................... 70 

5. Linear and Angular speed variation .......................................................................................... 72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 | P a g e  
 

LIST OF ALGORITHMS 

 

1. Object boundary growth algorithm .......................................................................................... 26 

2. A* algorithm  ............................................................................................................................ 34 

3. Metric information computation ............................................................................................. 46 

4. Follow path algorithm  ............................................................................................................. 51 

5. Odometry grid generation  ....................................................................................................... 57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 | P a g e  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



12 | P a g e  
 

- 1  - 

CONTEXT OF WORK 

 

1.1. INTRODUCTION 

Robotics originated inside factories for manufacturing products on assembly lines, where speed, 

precision, and reliability were vital [1].  Robotics in factories overcame the human tiresomeness 

and imprecision by ensuring uniformity and quality of products. But the tasks performed by the 

robots in factories were human like, repetitive tasks.  When robots were moved out of a fixed 

automation, fully structured factory assembly lines into the unstructured and unpredictable 

world, future applications required considerable artificial intelligence. This requirement gave rise 

to the field of 'Intelligent robotics', to achieve functions where perception, reasoning and 

actuation are highly coupled to tasks with little human guidance [1]. The concept of intelligent 

robotics [1] is depicted in Figure 1. 

 

     Figure 1: Intelligent robot 

The research on robotics in recent days focuses on investigations into new types of robots and 

alternative ways to think about or design robots [2]. Most of the research focuses on intelligent 

robotics. An intelligent robot is a mechanical device that can function autonomously [3]. This 

implies that the robot possesses a cognitive/thinking system and thus performs its functions in a 

rational and autonomous manner.  

PERCEPTION 

REASONING ACTION 

http://en.wikipedia.org/wiki/Robot#Types_of_robots
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The thesis focuses on developing the Kompaï robot as an intelligent robot that exhibits 

autonomous navigation and taxis behavior. So the work involves creating a cognitive system for 

the Kompaï, which would enable the robot to navigate autonomously in indoor environments. 

The functionalities supported by the cognitive system were - processing the environment map 

provided to the Kompaï, displaying the processed map to the user, allowing the user to choose 

the destination, generating the shortest path to the destination by avoiding obstacles, developing 

an algorithm to allow the robot to follow the generated path, position tracking of the robot in real 

time and reflexively moving towards a target RFID tag position. 

 

1.2. THEORY AND BACKGROUND 

Kompaï Robot  

In this thesis, the Kompaï robot, developed by ROBOSOFT, to assist for instance elderly and 

people with special needs was used.
1
 The software technology used in the robot Kompaï is 

the robuBOX Software Development Kit (SDK) and Karto SDK. The robuBOX-Kompaï (an 

add-on to the robuBOX Software Development Kit (SDK)), is a set of Open Source libraries 

written in C#, which run on top of the MRDS framework. Its function is to allow developers to 

build their own advanced robotics solutions for the Kompaï robots.
2
 It provides support in 

working with MRDS and includes the Mapper, Localizer, and Planner functionalities. MRDS 

(Microsoft Robotics Developer Studio) is a Windows based environment that is used for 

simulation and control of the robot in different environments [4], and thus serves as a platform 

for developing robotics applications. The Kompaï robot is shown in Figure 2. 

 

 

   

  1   http://www.robosoft.com/robotic-solutions/healthcare/kompai/index.html 

  2   http://www.doc-center.robosoft.com/Kompa%C3%AF_home_page 

 

http://www.robosoft.com/robotic-solutions/healthcare/kompai/index.html
http://www.doc-center.robosoft.com/Kompa%C3%AF_home_page
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Figure 2: Kompaï robot – used with permission from Robosoft
3
  

 

Robot Navigation  

Robot navigation can be defined as the ability of the robot to navigate (process of monitoring and 

controlling the movement of the robot from one place to another [29]) in an environment to the 

goal location by avoiding unsafe conditions such as collisions. Navigation remains one of the 

most challenging functions to perform, in part because it involves practically everything about 

AI robotics: sensing, acting, planning, architectures, hardware, computational efficiencies, and 

problem solving [3].  As shown in the Figure 3 below, robot navigation could be explained in 

simple terms as making the robot to plan the path from point A to point B and follow the path. 

 

 

 

 

   

  3 
  http://www.doc-center.robosoft.com/@api/deki/files/4414/=Kompai_R%2526D.pdf 

http://www.doc-center.robosoft.com/@api/deki/files/4414/=Kompai_R%2526D.pdf


15 | P a g e  
 

 

Figure 3: Robot navigation 

Taxis behavior  

Behavior in the context of robotics refers to the actions of a system in response to various stimuli 

or inputs, whether internal or external. Reflexive behaviors may be innate hardwired behaviors, 

where the response comes as a direct consequence of the stimuli/inputs and can be described as a 

mapping from stimuli/inputs to response. This project implements one such behavior called 

Taxis.  

 

Taxis could be defined as a behavior that results in movement towards or away from a stimulus 

source [5]. For example, Photo-taxis is the movement of an organism in response to light. Photo-

taxis could be best explained by taking the example of fruit flies (Drosophila). Drosophila 

typically move toward light (positive photo-taxis) when startled [6].  

 

In the project, the reflexive behavior (Taxis) is used to move the robot towards a target position. 

The taxis is activated by providing the object/RFID tag position to the cognitive system of the 

Kompaï. The robot will then start moving according to the taxis towards the object/RFID tag 

position.  

RFID tags (Radio-Frequency Identification technology) [8] refers to small electronic devices that 

consist of a chip and an antenna. The RFID device provides a unique identifier for an object. 

Thus by scanning the RFID tag, it can be tracked and information can be retrieved from it related 

to the object. The RFID tags are not used in this thesis work, but the RFID tag positions are used 
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with an idea that once the Kompaï robot is able to reflexively navigate towards the object/RFID 

tag position, the RFID tag can be scanned to get data about the object. The module used on the 

Kompaï robot, to interact with the RFID tags, was developed by Lkhagva Chunag as another 

Masters project at the Department of Computing Science at Umeå University [7].  

By applying schema theory [5], we could summarize the relation between sensing, perception 

and action in behaviors as follows. The perceptual schema maps sensory input to useful percepts 

(Object/ RFID tag positions) that are made available to the motor schema. The motor schema 

uses the percepts to produce motor actions that execute the behavior (Taxis). A releaser provides 

a way of activating/deactivating the taxis behavior. The releaser could be a combination of 

internal states and external inputs. The proposed model of the system is shown in the Figure 4 

below, 

 

Figure 4: Proposed model of the system 

 

1.3. PROBLEM STATEMENT 

The overall goal of the thesis is to equip the Kompaï robot with a cognitive system that provides 

the following services; knowledge representation of the given environment, generating the 

shortest path between two locations on the given map, navigation through the shortest path to the 

goal location in the environment and taxis behavior towards an RFID object location. 

We have identified the major tasks as – 
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 Navigation of the Kompaï robot between two locations in the given environment 

 Exhibit position taxis behavior by the robot 

In order to implement these tasks, a series of questions could be formulated. 

 How to represent the environment? 

To navigate in a given environment, the Kompaï robot would require a map of the 

environment. This is similar to how humans require a map of a new place they need to travel. 

So we need to determine a method to represent the map of the environment in the Kompaï 

robot, which could be termed as knowledge representation functionality. 

 

 Where is the Kompaï robot in the environment? 

Once the robot has a map of the environment, next the robot needs to be aware at which 

location in the map, the robot is currently situated. This start location of the robot could be 

provided as input to the robot by the user. 

 

 What is the end location to which the Kompaï robot needs to go? 

Once the starting location is obtained by the Kompaï robot, the next step is to determine the 

goal location towards which the robot should move. This could be provided as input to the 

robot by the user. 

 

 How to ensure that the Kompaï robot does not run into collision with walls in narrow paths? 

In some scenarios, the robot may be required to navigate in narrow paths. In such cases we 

provide the boundary growth functionality (see Section 2.2 for details). 

 

 How does the Kompaï robot move from the start to the end location? 

To efficiently move to the end location, the robot needs to find the shortest path between the 

start and end points in the map.  This is termed as the path planning functionality. 

 

 How does the Kompaï robot follow the path? 

When the robot starts to move from the start location, we need to make the robot follow the 

generated path. This is done by the follow path behavior functionality. Also when the robot 
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starts to move from the start location, we need to check if the robot follows the generated 

path. This is done by the robot position tracker functionality. 

 

 How does Kompaï robot exhibit position taxis behavior? 

In cases where the user does not provide the goal location as input, the goal positions are 

retrieved from the perception unit of a cognitive architecture for learning and reproducing 

behaviors from demonstration via RFID tag reader. The architecture has been developed by 

Benjamin Fonooni, PhD student at Umeå University [9, 10]. The core of the architecture is 

based on a pre-defined semantic network consisting of all object nodes with their 

corresponding RFID tags. Each node has an activation value that determines the robot 

perceived the corresponding object in the environment. The RFID tag id of the node with the 

highest activation value is obtained as an input and its position is retrieved from the database 

to be set as the goal position. Then the robot reflexively moves towards the goal position and 

thus exhibits position taxis behavior. 

 

1.4. THESIS OUTLINE 

The thesis is organized by explaining the major functionalities in different sections with the 

approach, implementation, theory and background details. Chapter 2 explains about knowledge 

representation in the Kompaï robot. It is followed by explaining path planning functionality in 

Chapter 3. Chapter 4 gives an insight into the follow path functionality of the Kompaï robot. This 

is followed by talking about robot position tracker in Chapter 5. The position taxis behavior by 

the Kompaï robot is given in Chapter 6. Chapter 7 describes and shows all the experiments 

performed and Chapter 8 ends with the conclusion. 
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- 2  - 

KNOWLEDGE REPRESENTATION 

A major prerequisite for robot navigation is the representation of the environment in which the 

robot needs to navigate. The robot requires a map of the environment for it to navigate without 

colliding into obstacles and finding a path towards the goal. In this section we explain the steps 

involved to answer the question - How to represent the environment in which the robot needs to 

navigate? 

The method adopted to represent the environment in which the robot needs to navigate is to 

generate a map by using the Mapper functionality provided by the robuBOX-Kompaï services. 

Once the Mapper application is started, the Kompaï robot needs to scan the entire area of the 

given environment for which the map needs to be generated, by using the remote manually. The 

Mapper Application would start a dashboard and will generate the map of the environment using 

the Karto SDK. The Mapper Application uses the localization data and laser data to create the 

map of the environment. Once the generated map is obtained, image processing is done to 

represent the map in a manner in which the robot could process the map. See Figure 5 to view 

the architecture of the Mapper application
5
, 

 

Figure 5: Mapper architecture 
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Blue ovals denote robuBOX services. 

White ovals denote robuBOX-Kompaï services. 

Grey ovals denote abstract contract from robuBOX. 

In Figure 5, the Mapper Viewer is used to display the current map that is being generated. The 

Localizer Viewer allows setting the localization of the robot in the given environment by right-

clicking on the corresponding map viewer window. This is usually used to help the localizer to 

localize the robot when it has some issues to perform the same. The console viewer displays the 

loaded robuBOX services. The dashboard displays all the above viewers. 

The localized range scan interpolator merges the localization data and laser data to provide a 

localized range scan. This is a part of the core services. The mapper generates a map from the 

localized range scans using Karto Mapper DLL. The mapper functionality is part of the Karto 

SDK. The generated map is stored inside the default directory. The Map Manager lists all the 

maps stored in the default directory - c:\MRDS2008R3\store\maps\.  

While generating the map, the resolution for the map is set. In this case the resolution is set to 

0.05, which implies that each pixel has a height and width of 0.05 meters. 

The Mapper setting
5
 to be used is as shown below in Table 1,  

 

                                   Table 1: Mapper setting 

The parameters to be set, while starting the mapper application are as follows, 
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Map Name: The name by which the generated map needs to be stored. The default path where 

the application stores the generated map is "c:\MRDS2008R3\store\maps\". In the above case, 

the generated map is stored with the name Map.png. 

Minimum Travel Distance (meters): This sets the minimum distance the robot is required to 

travel between scans. Here the minimum distance between scan is provided as 0.2 meters. This is 

the default value provided by the mapper. 

Minimum Travel Heading (radians): This sets the required minimum heading angle change 

between scans by the robot. Here the minimum heading angle change between scans is set as 

0.05 radians. This is the default value provided by the mapper. 

Scan Number: The number of scans, after which the auto generation of the map is done. The 

default value provided by the mapper is 75. 

Resolution (meters by pixel): The resolution of the map is set to 0.05 meters per pixel. Thus each 

pixel has a height and width of 0.05 meters. 

Use Scan Matching: In real-world conditions this value is set to true so that the mapper algorithm 

can correct for noise and errors in odometry and scan data.  

The Figure 6 shows the graphical user interface
5
 that would be displayed to the user while 

generating the map of an environment. As seen below the RobuBOX dashboard allows 

generating the map, by providing the required values in the mapper view settings panel. Once the 

settings information is entered in the mapper view settings panel, the mapping can be launched. 

 



23 | P a g e  
 

 

Figure 6: GUI of mapper application
5
 

2.1 MAP IMAGE PROCESSING 

The map of the given environment obtained by using the mapper application is shown below in 

Figure 7. 

 

Figure 7: Generated map of given environment 
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Once the map of the environment is generated by the Mapper application, it is passed as a 

parameter to the Map image processing module.  The map image file generated by the Mapper 

application is processed to generate a two dimensional character grid, as follows, 

 Pixel value 0 (black) denotes a wall or an obstacle and is stored as ‘X’ 

 Pixel value 255 (white) denotes empty space and is stored as ‘  ’ 

 Otherwise, the pixel denotes an unknown state and is stored as ‘X’ 

The two dimensional character grid has the following information – number of columns in the 

image, number of rows in the image and the object symbol at [i, j] position. Thus each i
th

 row 

and j
th

 column in the character grid represents an empty space or an obstacle or an unknown 

space. An example of a character grid is shown in Figure 8, 

 

Figure 8: Two-dimensional character grid of the given environment 
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2.2 OBJECT BOUNDARY GROWTH 

Once the map information is stored in the two dimensional character grid the next step is to 

perform the boundary growth process.  This technique is performed to ensure that, the robot does 

not collide into the walls or obstacles if the path generated is close to the walls or obstacles. In 

this process, the obstacles in the map are expanded along the walls and obstacle boundaries.  

This idea is illustrated in Figure 9. 

 

Figure 9: A priori map with object boundaries expanded to value equivalent to the robot 

width [3] 

In the a priori map above, object boundary expansion performed on the map is shown in grey 

color. The expansion is approximately 0.7 meters, to ensure safe navigation without collisions in 

cases where the generated paths are quite near to the walls/obstacles. 

A brief explanation of the object boundary growth method is as follows. Each empty pixel that is 

connected to a non-empty pixel is marked with ‘B’ – denoting boundary growth. The process is 

repeated 14 times, to maintain a safe distance of approximately 0.7 meters (14 * 0.05m) from the 

walls. The object boundary growth value was set to 14 and the algorithm is shown below in 

Algorithm 1. 
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Algorithm 1: Object boundary growth algorithm 

 

The two-dimensional pixel grid obtained by performing object boundary growth of 1 node 

(object boundary growth value =1) is shown in Figure 10. As seen in the figure, the boundary 

along the wall is represented by the ‘B’, object symbol.  
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Figure 10: Two-dimensional pixel grid with object boundaries grown by one node  

 

2.3 SUMMARY 

The chapter explains the crucial task of knowledge representation. This includes generating and 

representing a map of a given environment. The steps followed in obtaining the knowledge 

representation were, firstly to generate the map of the given environment using the Mapper 

Application. Next, the generated map was processed, to represent it as two-dimensional pixel 

grid which holds all the required information (empty spaces, walls and obstacles). This was 

followed by object boundary growth, to ensure no collision in cases where the path generated is 

close to walls or obstacles. 
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- 3  - 

PATH PLANNING 

 

3.1 OBJECTIVE 

Robot Navigation is a fundamental problem in mobile robotics. This chapter describes how 

the Kompaï robot finds the shortest path from a start to an end location. The method adopted 

is Metric navigation [3]. It is also known as quantitative navigation. In this type of 

navigation, the space is expressed in terms of geometric position [11]. Metric navigation 

should provide a path for navigation and also a decomposition of the path into sub goals 

named waypoints. A more in depth description of the methods is provided in the following 

sections. 

 

    3.2 PATH PLANNER 

The Path Planner used for the solution is a Metric Path Planner. Metric path planners 

consist of two components – the data representation of the world, and the algorithm [3]. 

There are many techniques available to data representation, for instance generalized Voronoi 

graph, regular grid, and quadtrees [3]. In our solution, we have chosen to use the Regular 

Grid [3] technique for representation of the indoor environment.  

The algorithm used should be able to provide the optimal and best path towards the goal 

location. In this solution, the A* algorithm is used for finding the best path. The A* 

algorithm is optimally efficient for a consistent heuristic [12]. The Kompaï robot is a 

holonomic robot as it can instantaneously move and turn in any direction [13]. This type of 

robot has 3 degrees of freedom as it can rotate and move freely, as shown in the Figure 11. 
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Figure 11: Holonomic robot 

 

3.3 CSPACE – REGULAR GRIDS 

The representation of the world space in which the robot needs to navigate is termed as 

Configuration space or Cspace. Degrees of freedom (DOF), is the number of entities required to 

represent the pose of an object [3]. Usually there are six degrees of freedom:  (x, y, z) which 

specifies the location of the object and the angles pitch, yaw and roll. From these six DOF only x 

and y are necessary for our metric path planning algorithm [3]. The transformation of an object 

into the Cspace representation is shown in Figure 12. 

 

 

Figure 12: Transformation of 6DOF world space to 2DOF configuration space [3] 
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The world space is partitioned into a two-dimensional Cartesian grid, with each grid element 

representing whether corresponding location in the world is occupied or empty. If an obstacle or 

wall falls in a grid element, it is marked occupied and shaded dark as shown in Figure 13.  

 

 

Figure 13: Regular Grid [3] 

 

We have already obtained the two-dimensional pixel grid from the Knowledge Representation 

module. Figure 14 shows a part of such a map. Grid elements with object symbol ‘X’ are 

displayed as dark grey representing walls or obstacles. Elements with object symbol ‘B’ are 

displayed as turquoise representing object growth boundaries. Grid elements with object symbol 

‘ ’, are painted white to represent empty spaces. Here each grid element is seen as a node, and is 

connected to 8 other nodes. The robot is represented as a point and not as a two-dimensional 

object. 
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Figure 14: Regular Grid Cspace representation of the given environment 

 

3.4 OPTIMAL PATH: A* ALGORITHM 

The A* search algorithm is one of the most commonly used methods to find an optimal path for 

holonomic robots [3]. The basic terms used in the A* algorithm are: 

 Node: In the Regular Grid representation of the world, a node is a single grid element. 

 Connected Node: Nodes that can be reached from the current node in a single step. 

 Parent Node: A node in the regular grid representation of the world has 8 connected 

nodes. This node is termed as the parent node to these nodes. 

 Cost (F cost): The cost of the current node is calculated based on the cost to get from the 

start node to the current node and the cost to get from the current node to the goal node.  

 G cost: The cost to get to the current node from the start node.  

 H cost: The cost to get to the goal node from the current node. 

 F cost = G cost + H cost 
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 Heuristic: The function used to estimate the H cost to get from the current to the goal 

node. Different types of heuristic functions are available. 

 Open list: the list of nodes that have been already visited ( i.e. the algorithm has already 

assigned a cost) 

 Closed list: the list of nodes for which its neighbor nodes have been visited. 

The current node and connected nodes are represented in Figure 15; the green grid element is the 

current node and the grey grid elements are the 8 connected nodes numbered accordingly,  

 

        Figure 15: Current node and connected nodes in a regular grid [14] 

Description 

The A* algorithm has been given below in Algorithm 2, where the fVal, gVal and hVal denote F 

cost, G cost and H cost values. A brief explanation of the A* search method is as follows. At first 

the starting node is added to the open list which keeps track of the nodes that may fall in the 

path. Next the following steps are repeated until the goal node is reached. The node with the 

lowest F cost is obtained from the open list and marked as the current node (Line 2). Once 

marked, it is moved to the closed list. Then all the eight connected nodes of the current node are 

obtained (Line 8). For each of the connected node, if it is on the closed list or if it is occupied, it 

need not be processed (Line 9 to 11). Otherwise, the diagonal or orthogonal cost is assigned to 

the connected node (Line 15 to 18). If the connected node is not on the open list, then the F, G, H 

cost values are calculated, the current node is stored as its parent node and the connected node is 

added to the open list (Line 21 to 26). The above steps are repeated until the goal node is 
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obtained. Hence, at each step of the algorithm, the node with the lowest F cost value is obtained, 

the F, G, H cost values of the connected nodes are updated accordingly, and the algorithm 

continues until a goal node is obtained. 

 

Algorithm 2: A* Algorithm 
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Heuristic function  

The heuristic function used for calculating the H cost of each node is the diagonal shortcut 

heuristic [14] as it is more accurate and takes the diagonal cost also in the calculation. The steps 

involved are, 

1. Calculate the y distance between the goal and current nodes, 

  y distance = goal node y position – current node y position 

2. Calculate the x distance between the goal and current nodes, 

  x distance = goal node x position – current node x position 

3. Calculate the diagonal heuristic as follows, 

If y distance is less than the x distance,  

Heuristic = Orthogonal Cost * (x distance - y distance) + Diagonal Cost * y distance; 

Else if y distance is greater than the x distance,  

Heuristic = Orthogonal Cost * (y distance - x distance) + Diagonal Cost * y distance;  

 

The calculation of the cost of each node is depicted by the Figure 16. The G cost, H cost and F 

cost is shown for all the connected nodes of the start node. All the orthogonal (non-diagonal) 

nodes get a G cost value of 10 and the diagonal nodes get a G cost value of 14. The H cost values 

are calculated by determining the heuristic to move towards the goal node, by ignoring the wall 

in between. For example, the node on the right to the start node has the heuristic calculation as 

below, 

G Cost = Orthogonal (or) Diagonal cost * number of nodes from start node = 10*1=10 

H Cost = Orthogonal cost * (x distance - y distance) + Diagonal cost * y distance = 10*(3-0) + 

14*0 = 30 

F Cost = G cost + H cost =10+30 = 40 
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Figure 16: Computation of total cost [14] 

Implementation using Binary Heap 

The A* algorithm was implemented using a binary heap data structure [16]. A binary heap is a 

tree based data structure satisfying the heap property, i.e. each node is greater than or equal to 

each of its child nodes [15]. A binary tree is a data structure, in which each node has at most two 

child nodes.  

Binary heap data structure was used for the open list as each time the node with the lowest F cost 

needs to be obtained in the fastest manner [16]. It was faster compared to other methods, since 

the whole tree doesn’t need be sorted [16]. Only the node with the lowest F cost needs to be on 

top of the heap and the nodes are ordered such that the parent node key value is less than the 

child nodes key value. This is illustrated by the example in Figure 17, 
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              Figure 17: Binary heap 

As shown in Figure 17, the lowest cost node could be obtained from the top of the heap and all 

the nodes are arranged with lower key for parent nodes. But it is not required to store all the 

nodes in the same manner. For example 24, which is the third lowest node, is found lower than 

node 30. Since it satisfies the requirement that, each node in the heap needs to be only lower or 

equal to its parent node.  

The heap is stored as a single 1D array as shown in Figure 18; the heap items are stored in 

consecutive positions in the array starting from position 1.  The child node positions in the array 

can be found by – (parent node position *2) and (parent node position *2) +1. So, child nodes of 

node 10, is found at positions 2 and 3. The parent node can be found by floor (child node 

position/2) [16]. 

 

Figure 18: Binary heap items in a 1D array 

 



38 | P a g e  
 

 

Binary Heap – Better performance 

To understand the performance of binary heap, firstly let us consider the adding and removing of 

items from the heap.  

To add a node to the heap, place it at the very end of the 1D array. Next compare the F cost of 

the node to its parent node at location - floor (child node position/2). If the new node’s F cost 

value is lower, we swap these two nodes and update the parent node location. Repeat this process 

until the node is not lower than its parent node. This process is termed as percolation up and is 

depicted in Figure 19. 

 

         Figure 19: Insert node to binary heap 

Considering a total of n elements in the heap, the worst case complexity for insertion is O (log n) 

[32, 33], since at least one swap is required on each level of a heap on the path from the inserted 

node to the root. 

 

To remove the root node (the node with the lowest F cost) from the binary heap, firstly the node 

is removed from the position1 in the array. Then the last element in the array is placed in 

position1. Next the node at position1 is compared to its children, which are at positions (current 

node position *2) and (current node position *2) +1. If the current node has a lower F cost then it 

is not swapped, else it is swapped with the lowest F cost child node. This process is repeated. 
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The complexity for removing the node is also O (log n) in the worst case scenario. Removing of 

the node from the binary heap is depicted below in Figure 20. The node with value 5 is removed.  

 

Figure 20: Remove node from binary heap 

 

In cases, where the metric maps with very large number of nodes, if any other sorting algorithm 

like insertion sort is used, its worst case performance is O(n
2
) [34], when compared, to the 

performance of O( log n) in the case of binary heaps. 

 

3.5 SUMMARY 

In this chapter, the usage of metric maps in converting the world space to configuration space 

(Cspace) was described. The regular grid approach was used for this purpose. The optimal path 

was determined by applying the A* search method using the diagonal heuristic. The 

implementation and performance of the A* algorithm was also discussed. 
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- 4  - 

FOLLOW PATH BEHAVIOR 

Making a robot follow a predetermined path without human intervention is a fundamental 

problem in mobile robotics. In this chapter, the steps involved in finding the current position of 

the robot in the real world and the steps to ensure that the Kompaï robot follows the path are 

described. The robot needs to follow the computed trajectory that will lead the robot to reach the 

goal location without human control. These tasks are implemented by the follow path behavior 

functionality. The first step is to obtain the current position of the Kompaï robot in the real 

world, the second step is to compute the metric information for each node in the A* path being 

generated above; the third step is to implement the follow the carrot algorithm to make the robot 

follow the generated path. 

 

4.1 RobuBOX  

RobuBOX is the Software Development Kit developed by Robosoft, which is based on 

Microsoft Robotics Developer Studio (MRDS). Its primary function is to provide support for 

developers working with Robosoft robots [8].  

RobuBOX provides the following major functionalities, 

 An interface to the PURE component – which helps to communicate with the Kompaï 

hardware. 

 Allows testing the Kompaï robot in the simulated environment for developing and testing 

the software, before testing on the real physical robot.  

 Support to test and monitor the robot. 

 

The RobuBOX concept is shown in Figure 21,  
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Figure 21: RobuBOX
4
  

 

4.2 RobuBOX COMPONENTS 

In order to understand about robot positioning we need to know about the RobuBOX 

architecture. The various components in the RobuBOX architecture are [8]:  

 The Core component contains the definitions for the robot actuators and sensors.  

 The GUI component provides the user interfaces to interact or view the robot services. 

 The Pure component is the robot low level controller which allows interacting with the 

robot hardware. It contains the implementations of the Core component. 

 The Simulations component provides the MRDS simulation environment for 

development and testing purposes. 

 The Algorithms component contains functionalities for manual control etc. 

The RobuBOX architecture is depicted below in Figure 22. 

 

 

 

   

  4   http://www.doc-center.robosoft.com/Robubox_home_page 

http://www.doc-center.robosoft.com/Robubox_home_page
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             Figure 22: RobuBOX architecture
5
      

4.3 DETERMINE ROBOT POSITION  

To get the start position information of the robot, the user has to click the current position of the 

robot on the generated map as shown in Figure 23.  

 

Figure 23: Robot positioning on map corresponding to real world position at start 

 

   

  5   http://www.doc-center.robosoft.com/ 

http://www.doc-center.robosoft.com/
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Once the grid element is selected the position information of the robot is obtained using the 

Lokarria Core service and assigned to that node, this would be the start node. For example, let us 

consider that the robot is starting at a reference point, in the given environment as shown in 

Figure 23; once the grid element is clicked as the start grid element, the current position 

information of the robot is obtained using the Lokarria Core service thus determining the current 

location of the robot in the environment. 

The position information of the robot can be obtained by using the Lokarria Core services. The 

Lokarria Core service allows the user to interact with the RobuBOX Core component using 

HTTP GET and POST requests. The GET request is used to obtain the localization data - 

http://localhost:50000/lokarria/localization. The Lokarria Core services returns the data obtained 

by the Kompaï robot odometry sensors by making a call to the pure interface (explained in 

Chapter 5). 

The data returned by the Lokarria Core service is in JSON format as follows –  

{"Accuracy":0, 

 "Pose": 

  {"Orientation": 

   {"W":0.99994480609895731, 

      "X":1.2285895543332613E-06, 

      "Y":3.3872394609126281E-08, 

      "Z":-0.010500240139668098}, 

  "Position": 

   {"X":-0.0038332939147949219, 

     "Y":0.0078215626999735832, 

     "Z":0.077600762248039246} 

  }, 

"Timestamp":161386} 

The above data is parsed to get the X and Y information from the "Position" element. In the 

above example, the X and Y positions are 0.0038332939147949219 and 

0.0078215626999735832 respectively. 

http://localhost:50000/lokarria/localization
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Once the start grid element is selected on the map the user is allowed to select the goal grid 

element on the map and the A* path is generated between the start and goal as explained in the 

previous chapter. 

 

4.4 METRIC INFORMATION COMPUTATION 

Once the A* path is obtained, the next step is to calculate, the metric information [3] for each 

node (single grid element in the regular grid) along the path. The metric information contains the 

metric distance (distance between any two nodes along the generated path) between every node 

along the path [3] and it is stored at each node along the path. 

For calculating the metric information we determine the node height and node width. In this 

case, a node is a single grid element in the regular grid, which in turn is a single pixel of the 

image. During map generation of the given environment, the pixel resolution was set to 0.05 

meters as specified in the map generation module. Thus the pixel height and pixel width is set as 

0.05, which means that each node has an area of 0.05x0.05 m
2
. 

The method used for determining the metric information is to parse through all the nodes of the 

generated path and assign the respective metric distances based on its position on the regular grid 

with respect to the previous node along the path. The algorithm is shown below in Algorithm 3. 
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Algorithm 3: Metric information computation 

Once the nodes with the metric information are obtained, all necessary distances between any 

two nodes (i , j) and (k , l) can be computed on the fly, by applying the distance formula

, with x_2-x_1 replaced by (k - i) * pixel_width and y_2-y_1 

replaced by (l - j) * pixel_height.  
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where 

k, i are the node height of any two nodes and l, j are the node width of any two nodes. 

   

4.5 ROBOT POSE CALCULATION 

The mobile robot has 6 degrees of freedom (DOF), which are expressed by its pose. The pose 

has the following components - (x , y , z , φ , θ , ψ). The (x, y, z) values denotes the position of 

the robot and the (φ, θ, ψ) - (roll, pitch, yaw) denotes the Euler angles. For robots that are meant 

to be operated indoors, the robot pose comprises of (x, y, ψ) where ψ is robot heading. The robot 

has its own coordinate system termed as (RCS), and the world coordinate system is termed as 

(WCS) [17]. The robot pose describes the relation between the RCS and WCS. The relation 

between the two coordinate systems is depicted in Figure 24. 

 

 

 

                Figure 24: Relation between coordinate systems  

Robot Heading 

The robot heading angle needs to be determined, to obtain the orientation error. The heading 

information of the robot can be obtained by using the Lokarria Core services. The GET request is 
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used to obtain the localization data - http://localhost:50000/lokarria/localization. The data 

returned by the Lokarria Core service is in JSON format as follows –  

{"Accuracy":0, 

 "Pose": 

  {"Orientation": 

   {"W":0.99994480609895731, 

      "X":1.2285895543332613E-06, 

      "Y":3.3872394609126281E-08, 

      "Z":-0.010500240139668098}, 

  "Position": 

   {"X":-0.0038332939147949219, 

     "Y":0.0078215626999735832, 

     "Z":0.077600762248039246} 

  }, 

"Timestamp":161386} 

 

 

Quaternion 

The above data is parsed to get the Z and W information from the "Orientation" element. The 

Kompaï robot returns the orientation as quaternion.  The quaternions are a number system that 

extends the complex numbers and are applied to mechanics in three-dimensional space [24].  A 

quaternion has an X, Y, Z component representing the axis about which a rotation occurs and the 

W component, representing the amount of rotation about the axis. The quaternion is converted to 

Euler angles, for representing the heading of the robot.  

Euler angles 

Euler angles are used for representing the spatial orientation of any frame (coordinate system) as 

a composition of rotations from a frame of reference (coordinate system) [19, 20, 21, 22, 23]. 

The three Euler Angles are as follows, 

 Roll φ gives the angle between y’ and the x-y plane. (- π < φ < – π) 

http://localhost:50000/lokarria/localization
http://en.wikipedia.org/wiki/Number_system
http://en.wikipedia.org/wiki/Complex_number
http://en.wikipedia.org/wiki/Mechanics
http://en.wikipedia.org/wiki/Three-dimensional_space
http://en.wikipedia.org/wiki/Basis_(linear_algebra)
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 Pitch θ gives the angle between x’ and the x-y plane. (- π < θ < π) 

 Yaw ψ gives the angle between x and the projection of x’ on the x-y plane. (- π < ψ < π). 

The yaw ψ gives the heading change, as the robot moves to the left or to the right. The angles are 

positive when the robot rotates counter clockwise direction. The robot heading is given by yaw ψ 

as shown in Figure 25.  

 

 

                             Figure 25: Robot heading (yaw ψ) 

Conversion of Quaternions to Euler angles  

A quaternion is a four-element vector, which is represented as follows, 

q = [q0 q1 q2 q3]
T 

where, q0 = W, q1= X, q2= Y,q3=Z 

The formula used for conversion of Quaternions to Euler angles is as follows for the heading 

angle [25],  

Ψ = atan2 (2(q0 q3 + q1q2), 1-2(q2
2
 + q3

2
))  
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4.6 THE FOLLOW THE CARROT METHOD 

In order to implement the follow path behavior, the follow the carrot [18] method was used. In 

this approach, at each time step the robot tries to move towards a carrot position (CP) along the 

path, which is a constant look-ahead distance (L) away from the current position of the robot. 

The same approach was adopted by Robert W. Hogg et al, in which Small Robot Path Following 

was implemented [28]. The carrot follow method is illustrated in Figure 26. 

 

Figure 26: The follow the carrot method [18] 

In Figure 26, the wanted path is shown by the red dotted line. The orientation error (e) denotes 

the difference between the current heading of the robot and the line from the robot to the carrot 

point. The carrot follow method adjusts the angular speed and the linear speed to reduce the 

orientation error (e) and thus move towards the carrot position. By using this approach, the robot 

moves towards each carrot position on the wanted path, thus following the path. Below the 

various concepts required for the follow the carrot approach are described. 
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Follow path algorithm 

The follow path algorithm - using the follow the carrot method, takes every sixth node as a carrot 

position node. The follow path algorithm, in its simplified format, is as shown in Algorithm 4. 

 

                                                    Algorithm 4: Follow path algorithm 

Note: As explained in Section 4.4, each node (grid element in the map) along the generated path 

stores the metric information (metric distance between two nodes).  

Linear and angular speed calculations 

The speed calculations used by the follow path algorithm are done as follows, 

The angular speed is calculated in such a manner, that, the angular speed increases for increase in 

the difference of angles and decreases for a smaller difference in angle. The formula used for the 

calculation is, 

 w = min ( max (rT, - rmax ) ,  rmax )  
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Where,  

         rmax = 0.2 radians/second 

      rT = e * T 

       T = 0.0011111  

rmax = max angular speed, rT = angular turning rate constant, T = turning rate constant, e = 

orientation error 

Note: The turning rate constant rmax was determined by empirical testing on the Kompaï robot. 

The linear speed is inversely proportional to the difference in angles (orientation error). The 

formula used for the calculation is, 

v = min ( (vmax / e ) * vT , vmax)  

where,  

         vmax = 0.15 meters/second 

T = 22.72 

vmax = max linear speed, T = turning rate constant, e = orientation error 

Note: The turning rate constant was determined by empirical testing on the Kompaï robot. 

The angular and linear speeds are set by using the Lokarria Core services - POST request is used 

to set the angular and linear speeds - http://localhost:50000/lokarria/differentialdrive. 

The follow path behavior exhibited by the Kompaï robot by applying the follow path algorithm 

is depicted in Figure 27.  

http://localhost:50000/lokarria/differentialdrive


53 | P a g e  
 

 

                                          Figure 27: Follow path behavior 

Here the robot(R) is started with its orientation same as that of the map of the given environment. 

Once the generated path towards goal is obtained, the robot moves towards the carrot position 

(CP1), by applying the follow path algorithm as shown in Figure 27. In this work, the look-ahead 

distance for the carrot position was set at 30 centimeter intervals along the path. This was 

determined by empirical tests. This value provided optimal performance, without the cutting of 

corners, as a too large look-ahead distance would lead to cutting of corners [31].  

4.7 SUMMARY 

In this chapter, robot positioning on map at the start and metric information computation is 

explained.  An in-depth view of robot pose calculations, the follow the carrot approach and its 

application on the follow path algorithm is also presented. 
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- 5  - 

                         ROBOT POSITION TRACKING 

 

5.1 OBJECTIVE 

This chapter illustrates the tracking of the current position of the Kompaï robot as it follows the 

generated path, thus determining the path followed by the robot in real time. For this purpose, the 

robot position tracking algorithm was developed to track the path followed by the robot in the 

real world. 

5.2 APPROACH 

The method adopted to track the robot is to use a Robot Position Tracker that maps the current 

position sensor readings of the robot into the world model. The world model as mentioned in 

Chapter 3 is represented as a Regular Grid. The position sensor readings are obtained from the 

Odometry sensors in the Kompaï robot. 

 

5.3 ODOMETRY SENSORS 

The Odometry sensors use the data from motion sensors to estimate the change in position over 

time. Odometry is used by the Kompaï robot to estimate its position relative to a starting 

location, as shown in Figure 28. The odometry sensor provides the data from wheel encoders 

mounted on the vehicle and returns the position information of the robot.  

 

    Figure 28: Odometry
3
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The PURE client interface is started which starts the Pure Server service and all necessary Client 

services to access the RobuLAB low level controller functionalities (laser, differential drive, 

odometry, infrared, ultrasound). Once the PURE client interface is started, the application can 

access the odometry data by making a call to the Lokarria Core services, as explained in Chapter 

4. Thus the odometric value of the robot position, computed from the motor encoder’s data gives 

the current localization of the robot. 

 5.4 ROBOT POSITION TRACKER 

The position tracker performs two major functions: representing the world model with the 

expected odometry values based on the robot start position (Odometry Grid Generation) and 

fusing the current odometry sensor data as it follows the generated path with the world model 

(Odometry Values fusion). The robot start position localization data is obtained from the 

odometry sensors, which is used to generate the odometry grid values by the Odometry Grid 

Generation module. As the robot tries to follow the generated reference trajectory, its position is 

tracked in the Odometry Grid by the Odometry Fusion module thus providing the real path 

traveled by the robot. The flow of control and the interaction between the various components is 

depicted in Figure 29. 

 

 

Figure 29: Block diagram for robot position tracker 
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Odometry Grid Generation  

The grid containing the expected odometry values is generated, which represents the world 

model. The grid generation process starts by obtaining the localization data when the robot is at 

the start position. Once the start grid element is determined, the odometry grid generation 

process begins. The grid is populated based on the following empirical tests; as the robot moves 

forward, the odometry x value increases by pixel height, as the robot moves backward, the 

odometry x value decreases by pixel height, as the robot moves right, the odometry y value 

decreases by pixel width and as the robot moves left, the odometry y value increases by pixel 

width. The algorithm used for the odometry grid generation is shown in Algorithm 5. 

  

 

     Algorithm 5: Odometry grid generation  

A part of the Odometry Grid matrix generated by applying Algorithm 5 is shown in Figure 30, 

where the grey grid element is the robot start position. As mentioned in Section 4.4, each node 

has an area of 0.05x0.05 m
2
, i.e. the height and width of each node is 0.05 m. 
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Figure 30: Odometry grid matrix 

Odometry Values fusion 

The next step performed by the path tracker is the fusion of the odometry values obtained as the 

robot follows the generated path with, the Odometry Matrix (world model) obtained in the 

previous step. During the odometry values fusion operation, as the robot tries to follow the 

generated path, the odometry sensor readings are obtained and mapped to the grid elements in 

the Odometry Matrix. The mapping is done by comparing the odometry values obtained from the 

sensors and the odometry values of the grid element in the odometry grid. Once the obtained 

odometry values are in range of a grid element values, that particular grid element is marked. 

Thus by repeating this process, the grid elements that are being marked result in the actual path 

travelled by the robot. The odometry values fusion process can be depicted in Figure 31. Here 

the planned trajectory is displayed by black dotted line and the actual path followed is displayed 

by the red dotted line. When the odometry values fall in a particular grid element, that particular 

grid element is marked in the odometry grid and thus the real robot tracked trajectory is obtained 

(red dotted line). 
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Figure 31: Odometry values fusion concept 

 5.5 SUMMARY 

Position tracking converts a set of odometry sensor observations into a world model. The data 

structure that has been used to represent the world model is a two-dimensional array regular grid 

which represents a fixed area in an absolute coordinate system. In the experiments performed the 

odometry grids has a resolution of the order of 0.05 m per grid element. A higher accuracy is 

thus obtained by maintaining a low resolution on the grid element. However the robot needs to 

update its localization as it moves and update the odometry grid which is computationally 

expensive. 
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- 6  - 

TAXIS BEHAVIOR 

 

6.1 OBJECTIVE 

In this chapter, the steps involved in implementation the taxis behavior in the Kompaï robot have 

been explained. The following sections describe the bio-inspired concept of taxis behavior in 

robots. 

6.2 APPROACH 

The method adopted here is to implement the taxis behavior in the robot similar to taxis 

behaviors found in nature. Though there are many organisms which exhibit taxis behaviors, the 

organism which we have referenced is the bacterium Escherichia coli. It exhibits chemotaxis 

which is the movement towards or away from chemicals [26, 27].  E. coli cells are propelled by 

several flagella. The movement of E. coli towards the chemical is in a random walk pattern 

which is produced by alternating actions of counter-clockwise and clockwise flagellar rotation.  

When the E. coli moves in a medium, where there are no chemicals, the cell travels, stops, 

tumbles and continues in a new random direction. However the E. coli also exhibits a biased 

walk in a medium with chemicals as shown in Figure 32. In an attractant chemical gradient, the 

cells monitor chemo effector concentration changes as they move about and use that information 

to modulate the probability of the next tumbling event.  In such an attractant gradient the loco 

motor responses take the cells in favorable directions (toward attractants and away from 

repellents), resulting in net movement toward preferred environments. Thus the sensory 

information suppresses tumbling whenever the cell happens to head in a favorable direction, and 

hence termed as biased walk.  
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Figure 32: Concept of biased walk in E. coli cells [26, 27] 

The taxis behavior being developed in the Kompaï robot is similar to the biased walk exhibited 

by the E. coli cells (without the randomness). When an object/RFID tag position is provided as 

the input signal to the robot, the robot activates its taxis behavior and automatically moves 

towards that position, thus exhibiting position taxis. 

  

6.3 POSITION TAXIS 

As mentioned in Chapter 1, in cases where the user does not provide the goal location as input, 

the goal positions (objects/RFID tag positions) are retrieved from the perception unit of a 

cognitive architecture developed by Benjamin Fonooni, PhD student at Umeå University [9, 10]. 

The architecture provides the RFID tag id of the node with the highest activation value and this 

is passed on to the taxis behavior module, which obtains the corresponding objects/RFID tag 

position from the database. Once the objects/RFID tag position is obtained, it is mapped onto the 

Cspace representation by the map processing module and set as the goal position. Now the taxis 

is activated automatically, if the taxis behavior has been set as (on) in the cognitive system (can 

be set to (on) or (off) before the start of the application). Once the taxis behavior is activated, the 

metric path planner finds the shortest path towards the object/RFID tag position for which taxis 

has been set to (on) (which is the chemical when comparing with E. coli cells). Next the metric 

path planner invokes the follow path behavior module, which makes the Kompaï robot to follow 

the path being generated by the path planner which could be compared to the biased walk 

(without the randomness) performed by the E. coli cells while moving towards the chemical. The 

Kompaï robot stops once it reaches the object/ RFID tag position, thus exhibiting position taxis. 

The cognitive system used for exhibiting the position taxis behavior, is depicted in Figure 33. 
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Figure 33: Cognitive system for position taxis behavior 

 

6.4 SUMMARY 

The importance of taxis in simple behaviors for autonomous robots is quite important. For 

example, by just providing the taxis releaser (object/RFID tag position), the robot would be able 

to follow to an object/RFID tag position without any human guidance or intervention. This 

widens the scope of developing autonomous robots with more complex behaviors. 
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- 7  - 

                       EXPERIMENTS 

 

7.1 OBJECTIVE 

In this chapter the experimental design and data used to verify the working of the 

Kompaï robot’s navigation in the given environment and taxis behaviors are demonstrated. The 

experiments were conducted to verify the correctness of, 

 The knowledge representation functionality, 

 Determination of the start and goal locations, 

 The boundary growth functionality. 

 The path planning functionality, 

 Computation of the shortest path, 

 The follow path behavior functionality, 

 The robot position tracker functionality, 

 The position taxis behavior towards object/RFID tag positions 

 

7.2 EXPERIMENTATION AND RESULTS 

All the experiments were designed to be performed on the Robosoft Kompaï robot. The testing 

was performed in the MA 202 corridor, MIT-Umeå University.  

 Test 1: To test the correctness of the knowledge representation of the environment 

(Cspace) in which the robot is to operate. 

The Kompaï robot was used to manually scan the entire area of the given environment and the 

knowledge representation module was executed with the obtained map image file. Figure 34 

shows the results of the processed regular grid with all the knowledge required by the robot, to 
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navigate in the corridor environment. Each pixel in the image is a grid element, representing 

whether that position is occupied, empty or unknown. The dark grey color represents the walls 

and unknown regions. The turquoise color denotes the object boundary growth regions and the 

white colored regions represent the empty spaces, where the Kompaï robot could navigate. The 

object boundary growth performed for safe navigation on the below map was for 14 nodes, 

which is approximately 0.7 meters.  

 

 

Figure 34: Cspace of given environment 

 

Test 2: To test the correctness of the metric path planner 

In this test, the start and goal positions were selected on the environment map. The results in 

Figure 35 verify that the metric path planner finds and generates the desired shortest path 

towards the goal. The blue colored path is the path generated. As seen below, the metric path 

planner generated the optimal shortest path between the two selected nodes. 
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    Figure 35: Optimal path between two selected nodes 

 

Test 3: To test the correctness of the follow path behavior and robot path tracker 

To verify the correctness of the follow path behavior, the robot was allowed to autonomously 

navigate from start location to the goal location. As shown in Figure 36, once the start and goal 

nodes are selected by the user, the robot followed the below path and reached the goal.  The 

green path is the path generated by the metric planner and the black dotted path is the path 

followed by the Kompaï robot. As seen from the image below, the path followed by the robot is a 

wave like path, when compared to the generated path.  

The angular and linear speed constants for which the robot exhibited optimal performance (speed 

in an office friendly manner) are given in Table 2 below, (which was determined by 

empirical testing on the Kompaï robot) 
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Maximum angular speed  0.2 radians/second 

Maximum linear speed 0.15 meters/second 

Angular Turning rate Constant 0.0011111 

Linear rate Constant 22.72 

                     

                      Table 2: Angular and linear speed values for optimal performance 

 

 

  

Figure 36: Real time path followed by Kompaï robot (black dots) and generated path 

(green) 

The values recorded during a segment of the follow path behavior are given in Table 3 and Table 

4. 
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Metric Information Computation 

 

Table 3: Computed metric information  

In the metric information computation, the scale used is 0.05 meter squared per pixel. Thus each 

node is of 0.05 meters in width and height. So while generating the metric information for the 

nodes along the generated path, each carrot node along the path would have a node height or 

width difference of 0.3 meters (0.05*6). As seen from Table 3 and Table 4, the nodes 12 and 18 

vary in their respective node X positions by a difference of 0.3 meters. Similarly nodes 84 and 96 

vary in their respective node Y positions by a difference of 0.3 meters. 
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Follow Path Behavior Values 

 

  Table 4: Odometry Values obtained in the follow path algorithm  

 

In Figure 37, the data from Table 3 and Table 4 are used to plot the graph. The graph shows the 

difference between calculated metric information (as explained in Chapter 4) and the real time 

odometry values. 
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Figure 37: Calculated metric information and real time odometry values 

From the graph in Figure 37 it is seen that the real time odometry and calculated values differ 

only by few millimeters, confirming that the robot follows the follow path algorithm. It should 

also be noted that the nodes 12 to 54 of the generated path follow an almost straight path, while 

the nodes 60 to 78 of the generated path follow a curved path. As expected, the difference 

between the calculated and real time values is larger during the curved sections than the straight 

sections of the path. We should also consider that the difference between the calculated and real 

time values could be much larger as the odometry does not necessarily give the real robot 

position in the world. 

 

 

 

 

 

 

 

Scale: X axis – node ID, Y axis (meters) – calculated metric information and real time odometry values 
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Linear and Angular Speed variations in real time 

 

Table 5: Linear and angular Speed variations 

Note: The Orientation Error is the angle between the current heading and the line from the robot 

to the carrot point. 

In Figure 38, the data from Table 5 is used to plot the graph. The graph shows the linear and 

angular speed variations along a curved section of the generated path. 
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Figure 38: Linear and angular Speed Variations 

In Figure 38, as expected the graph shows the decrease in linear speed and the increase in 

angular speed in the curved section of the path. The contrary is true in the straight sections of the 

path.  

 

Test 4: To test the position taxis behavior towards a goal position 

In Figure 39, the taxis behavior had been set as (on) in the system and the object/RFID tag 

position was input to the robot. The map in Figure 39 has all the object/RFID tag id’s loaded 

from the database and the RFID tag id input by the perception unit (explained in Chapter 6) is 

highlighted in red. Once the taxi was activated, the robot automatically moved towards the 

object/ RFID tag position highlighted in red. 

Scale: X axis – node ID, Y axis (meters/second) – linear and angular speeds 
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Figure 39: Position taxis towards goal position 

7.3 SUMMARY 

This chapter covers the experimental setup used for the validation of the implemented 

functionalities. The results and analysis are also given. The experimental data clearly indicates 

that this approach has provided a successful system for the navigation and position taxis behavior 

of the Kompaï robot in the given environment. 

 

7.4 DISCUSSION 

To test the navigation and position taxis behavior of the Kompaï robot using the designed 

functionalities, a series of tests were performed. The results from these experiments show that 

the real time odometry of the Kompaï robot follows the calculated path with a high degree of 

similarity. In the tests performed, the robot travels for approx. 6.5 meters and reaches the goal, 

with a slight deviation of the real time odometry to the calculated path in the range of approx. 5 * 

10-2 meters, which is quite low in non-precision scenarios.  

The simplest and apt approach for implementing the follow path behavior was to use the carrot 

follow approach. As mentioned in Section 4.6, the same approach was adopted by Robert W. 

Hogg et al, in which the Small Robot Path Following was implemented [28]. Robert W. Hogg et 
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al. used the carrot follow approach for the path following steering control of the follower vehicle. 

However, not much experimental data was provided on the carrot following approach. 

Further analyzing the results from the tests given in Section 7.2, we can infer the following. The 

knowledge representation module would give a correct representation of any indoor environment 

in which the robot may be required to navigate, as seen in Test 1. The reason being, as shown in 

Figure 34, the entire corridor environment is represented correctly with each grid element 

representing the exact feature of the real world corridor environment. This leads to the 

conclusion that the knowledge representation module would provide the correct information for 

any given indoor environment. However, though the regular grid is a common approach for 

knowledge representation, it has the disadvantage of introducing digitization bias [3]. 

Digitization bias means, if an obstacle falls into a small part of the grid element, the whole grid 

element is marked as occupied, thus leading to wasted space. To avoid this quad tree could be 

used as an improvement as the grid elements are of a larger area and it is further subdivided into 

smaller areas, only if an obstacle falls into the grid element.   

In case of the metric path planner, Test 2 confirms that it will generate the shortest path from the 

start to the goal node, as seen in Figure 35. Also optimal paths were obtained when different start 

and goal nodes were selected in the given environment map. This suggests that the metric path 

planner will generate the required shortest path between any two nodes of any given input 

environment.  

In the follow path algorithm, the calculated path and actual path of the robot differs only by few 

millimeters in straight sections of the path, as depicted in Test 3. However, in the curved sections 

of the path, the difference is much larger. Thus it can be derived that, the follow path behavior 

algorithm works best in environments with obstacles/walls at a distance of 0.8 to 0.9 meter from 

the robot. This further implies that the follow path algorithm would not be suitable for narrow 

paths. Also, as suggested in Test 3, we have to consider that the odometry might not provide the 

real position of the robot.  

It should also be noted that the system assumes that the entire knowledge representation of the 

environment is obtained at the start, i.e. it perceives all obstacles/objects to be static. Thus the 

current cognitive system cannot be applied to dynamic environments. In such environments, the 
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follow path behavior algorithm can be extended to include laser scans, detect any moving 

object/obstacle using laser scans, perform obstacle avoidance, recalibrate robot position and path 

towards the goal.  

The position taxis behavior allows the robot to successfully locate the RFID tag/object position 

when the tag position is provided by the perception unit, as depicted in Test 4. In this work, the 

position taxis behavior was tested for which the taxis releaser is an RFID/Object tag position that 

is loaded onto the Cspace representation. In the future, the taxis releaser can be an activation 

signal from semantic networks, based on the position nodes which have the highest activation 

level. 

Finally, we should also note that, the cognitive system developed is not suitable for outdoor 

navigation and all the tests were performed in indoor environments. Another observation that 

could be made from the follow path behavior is that the robot does not follow the path in a 

straight line, but follows a wave like path trying to reach each carrot position along the generated 

path as shown in Figure 36. The problem of the robot trying to oscillate too frequently along the 

generated path was avoided using longer look-ahead distances of 0.3 meters. Also, in curved 

paths, to avoid the robot cutting corners, as explained in Section 4.6, object boundary growth 

was performed to 0.7 meters and the look-ahead distance at which the carrot position was set, 

was at 0.3 meters along the path, which avoided cutting of corners. These values as mentioned 

above was determined by empirical testing on the Kompaï robot. To summarize, based on all the 

above tests, the follow path behavior behavior works best in indoor static environments with a 

maximum linear speed of 0.15 meters/second, maximum angular speed of 0.2 radians/second, 

angular turning rate constant of  0.0011111 and linear rate constant of 22.72 (given in Table 2). 

Certain issues pertaining to finding the localization of the Kompaï robot was by-passed by 

introducing a rule of thumb that the Kompaï robot was to be set at a fixed orientation to that of 

the map. In this case the Kompaï robot was aligned to the north orientation of the map at the 

start. Other robots have overcome this problem by using SLAM techniques or GPS positioning 

techniques. In the work done by Robert W. Hogg et al, Kalman filter updates and GPS tracking 

system was used to find the localization of the robot. These techniques could be included in the 

cognitive system to overcome the orientation problem. Another future work could be to integrate 
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grid based and topology based approaches to improve navigation for large scale indoor 

environments [30].    
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- 8  - 

        CONCLUSION 

The work in this thesis began as an attempt to equip the Kompaï robot with a cognitive system 

that can provide it with the ability to navigate in a given environment and exhibit taxis behavior. 

In order to achieve this, certain functionalities were identified as necessary to implement. This 

includes  

- The knowledge representation functionality, 

- Determination of the start and goal locations, 

- The boundary growth functionality, 

- The path planning functionality, 

- Computation of the shortest path, 

- The follow path behavior functionality, 

- The robot position tracker functionality, 

- The position taxis behavior. 

The experimental data validates the adopted approaches and verifies the successful 

implementation of these requirements enabling the Kompaï robot to navigate in the given 

environment and display taxis behavior. Therefore in conclusion, this thesis demonstrates that 

the proposed cognitive system can be extended as a model and be employed to the other robots 

with key features similar to the Kompaï robot enabling them to navigate in any given 

environment and to exhibit taxis behavior. 
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APPENDIX 

 

Kompaï Robot by Robosoft – used with permission from Robosoft
3
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Kompaï Robot – Hardware Architecture – used with permission from Robosoft
3
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