
Where Am I?

Minimizing positional error while navigating
and mapping using a cooperative robotic system



i

Table of Contents
1. PROBLEM............................................................................................................................................ 1

2. HYPOTHESIS ...................................................................................................................................... 2

3. ABSTRACT .......................................................................................................................................... 3

4. RESEARCH.......................................................................................................................................... 4

4.1 Robotics And Mapping................................................................................................................... 4
4.1.1 Overview................................................................................................................................. 4
4.1.2 Other Mapping Research Projects .......................................................................................... 4
4.1.3 How Robots Use Maps ........................................................................................................... 8
4.1.4 Alternatives to Using Maps for Navigation ............................................................................ 8

4.2 Artificial Intelligence And Robots................................................................................................ 11
4.2.1 What is AI? ........................................................................................................................... 11
4.2.2 Is AI Required to do Mapping? ............................................................................................ 12

4.3 Programming Languages .............................................................................................................. 12
4.3.1 Overview............................................................................................................................... 12
4.3.2 Prolog.................................................................................................................................... 14
4.3.3 Basic ..................................................................................................................................... 14

4.3.3.1 Lisp ................................................................................................................................... 15
4.3.3.2 C/C++ ............................................................................................................................... 16
4.3.3.3 Java ................................................................................................................................... 17

4.4 Accuracy And Error...................................................................................................................... 17
4.5 Surveying And Landmark Recognition ........................................................................................ 20
4.6 Feedback Control Systems............................................................................................................ 22
4.7 Route Planning Algorithms........................................................................................................... 22

4.7.1 Depth First ............................................................................................................................ 23
4.7.2 Breadth First ......................................................................................................................... 26
4.7.3 Random Searching................................................................................................................ 27
4.7.4 Greedy Mapping ................................................................................................................... 27

5. MATERIALS AND CONSTRUCTION........................................................................................... 30

5.1 Boebot........................................................................................................................................... 32
5.2 PC RF Transceiver........................................................................................................................ 34
5.3 Ultrasonic Sensor.......................................................................................................................... 35
5.4 Wheel Encoder Control Unit ........................................................................................................ 36
5.5 Compass Module .......................................................................................................................... 36
5.6 RF Transceiver.............................................................................................................................. 37
5.7 Test Maze ..................................................................................................................................... 38

6. ALGORITHMS AND SYSTEM OPERATION .............................................................................. 40

6.1 System Planning ........................................................................................................................... 40
6.2 Route Planning.............................................................................................................................. 40
6.3 Mapping and Exploration ............................................................................................................. 42
6.4 Searching For New Exploration Areas ......................................................................................... 45
6.5 Search Methods Used In Experiment............................................................................................ 45

6.5.1 Basic Method ........................................................................................................................ 45
6.5.2 Odometer Method................................................................................................................. 46
6.5.3 Encoder Method.................................................................................................................... 46
6.5.4 Compass Method .................................................................................................................. 47



ii

6.5.5 Landmark Method................................................................................................................. 47

7. SYSTEM DESIGN.............................................................................................................................. 48

7.1 Integrated System Design ............................................................................................................. 50
7.2 BoeBot System Design ................................................................................................................. 51

7.2.1 BoeBot Hardware Design ..................................................................................................... 52
7.2.2 BoeBot Software Design....................................................................................................... 54

7.3 PC System Design ........................................................................................................................ 56
7.3.1 PC Software Design.............................................................................................................. 57
7.3.2 PC User Interface Design...................................................................................................... 58

1) TEST PROCEDURES........................................................................................................................ 60

7.4 Testing Methodology.................................................................................................................... 60
7.5 Algorithms And Testing ............................................................................................................... 62

8. RESULTS............................................................................................................................................ 63

9. ANALYSIS .......................................................................................................................................... 65

9.1 Basic Method................................................................................................................................ 66
9.2 Odometer Method......................................................................................................................... 67
9.3 Encoder Method............................................................................................................................ 67
9.4 Compass Method .......................................................................................................................... 68
9.5 Landmark Method ........................................................................................................................ 68

10. CONCLUSION ............................................................................................................................... 69

11. FUTURE WORK............................................................................................................................ 70

12. BIBLIOGRAPHY........................................................................................................................... 71

13. CODE LISTINGS........................................................................................................................... 73

14. ACKNOWLEDGEMENTS ........................................................................................................... 76



iii

List of Figures
Figure 1. Right Hand Rule Flow Chart........................................................................................................... 9
Figure 2. Basic Landmark Method ............................................................................................................... 21
Figure 3. Depth First Search......................................................................................................................... 24
Figure 4. Breadth First Search ...................................................................................................................... 26
Figure 6. Greedy Search ............................................................................................................................... 28
Figure 6. PC RF Transceiver Adapter Schematic ......................................................................................... 34
Figure 7. Test Map ....................................................................................................................................... 38
Figure 8. Path Encoding for Path Following ................................................................................................ 41
Figure 9. Path and Range Encoding for Exploration .................................................................................... 42
Figure 10. Converting Exploration Data To Map Data ................................................................................ 44
Figure 11. System Overview ........................................................................................................................ 49
Figure 12. BoeBot Side View....................................................................................................................... 52
Figure 13. BoeBot Top View........................................................................................................................ 53
Figure 14. PC User Interface ........................................................................................................................ 58
Figure 15. PC Map and Legend .................................................................................................................... 59



iv

List of Photographs
Photo 1. BoeBot............................................................................................................................................ 33
Photo 2. Test Maze Photo............................................................................................................................. 39
Photo 3. Side view of BoeBot with elevated compass  module.................................................................... 53



v

List of Tables
Table 1. Hardware Materials Overview........................................................................................................ 30
Table 2. Sofware Materials Overview .......................................................................................................... 31
Table 3. Boebot Materials............................................................................................................................. 32
Table 4. PC RF Transceiver Materials.......................................................................................................... 34
Table 5. Positional Difference Average Results Table ................................................................................. 63
Table 6. Positional Difference Average Results Chart ................................................................................. 63
Table 7. Orientation Difference Percentage Results Table........................................................................... 64
Table 8. Orientation Difference Percentage Results Chart ........................................................................... 64
Table 9. Future Areas Of Work .................................................................................................................... 70



vi

Code Listings
Code 1. Prolog Path Search Program............................................................................................................ 74



1

1. Problem
Maps are useful navigation but maps are not always accurate. They may also be

difficult to create for a variety of reasons such as a remote or hostile location. An

autonomous robot can be used traverse an area of arbitrary size, avoiding obstacles to

create a map but limited sensing and performance capabilities can hinder accurate

rendering of the map. In accurate position information along with cumulative errors can

make map information useless.



2

2. Hypothesis
A low cost robot, the standard Parallax BoeBot, can be augmented to generate an

accurate 2D map by navigating through a maze and detecting obstacles. Increasing the

types of sensors will reduce combined and propagated errors.

1) Distributed system to improve computational and storage resources
needed to improve accuracy

• BoeBot and PC linked via radio link

2) Additional sensors and algorithms improve accuracy

• Ultrasonic range finder

• Odometer

• Movement Feedback System

• Compass

• Landmark detection
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3. Abstract
Robots and people use maps to orient themselves and to plan movement to

different locations. Robots can be used to map remote areas that may be inaccessible or

inhospitable to humans but in many cases a robot’s sensor system is limited compared to

people. Still, the more accurate a map, the more likely a suitable plan can be created.

This project employs a mobile robot, the BoeBot, coupled with a PC via a radio

link to cooperatively explore an area and map obstacle. The BoeBot has limited sensor

resolution and accuracy plus limited computational and storage resources so the PC will

record mapping information and perform global planning. Heuristic backtracking

algorithms are used to compute routes to new areas to investigate.

 The BoeBot will move around an area and using its sensors to identify obstacles

using an ultrasonic range finder. Different sensor combinations and algorithms will be

tested to determine what combination will generate a map that is close to the actual

environment. The end result will be a map that can be displayed to the user.

The idea is to minimize movement and recognition errors. A compass module will

be used to determine orientation and wheel encoder unit will track position and

movement. Landmark recognition will provide additional orientation information.
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4. Research
This research paper consists of robotics and mapping, artificial intelligence,

programming languages, accuracy and error, surveying and landmark recognition,

feedback control systems. Route planning algorithms, mapping algorithms, and finally

mapping search algorithms.

4.1 Robotics And Mapping

4.1.1 Overview

This section refers to other mapping research projects, how robots use maps, and

alternatives to using maps for navigation. Each experiments relates to my robot in some

way or another. If it’s by same sensing devices or if it’s dealing with obstacles and land

marking. The last sections tells how different map algorithms can be used such as right

hand rule.

4.1.2 Other Mapping Research Projects

Exploring unknown structured environments includes the navigation of homes,

which have parallel walls and in this one experiment the scientists used the Burn Building

in Rockville, MD. The scientists included Jonathan F. Diaz, Alexander Stoytchec and

Ronald C, Arkin from the Mobile Laboratory located at Georgia Tech Institute.  They

built a robot that used an algorithm that required navigation in structure but unknown

environments. Search and rescue missions, surveillance and monitoring and urban

warfare all examples of where this application can be useful.

The “Burn Buildings” environment wasn’t like any robotic facilities. The air was

damp and the light was very light and dusty. The walls were not straight due to the
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previous experiments that took place in the building. Their robot RWI Urban started its

mission at one end of the building then navigates to different rooms. If it locates a

substance or bottle that is hazardous it send a picture back to the scientists who record the

findings.

Thirty-two missions were held during a two-day period and incredibly twenty-

nine were successes and only three failed. The corridor and door detection algorithms

performed extremely well and the dim light did not infect the scanner. Incredibly the

same experiment was run in complete darkness and succeeded.

The primary sensor is a laser range scanner. The algorithms presented here have

been demonstrated successfully at the DARPA Tactical Mobile Robotics Demonstration

in Rockville, MD. The robot these researcher built was called MissionLab which is used

specially for biohazard materials.

 Even though this robot is sensitive to sensor noise it can detect and navigate

hallways, doorways and entering rooms. They believed that with one sensor reading the

robot could scan and send back images of the whole corridor. They came to believe this

for two reasons, (1) all hallways have distinct features such as long, straight, and parallel,

and (2) their laser was extremely accurate.



6

The scientists figure out the data points for corridors by following these seven

steps:

1. A line is fit through each data point

2. A histogram is calculated overall

3. The hallway angle is selected

4. The winning points are divided into 2 sets

5. The distance to each wall is calculated using a histogram

method

6. The width of the hallway is calculated

7. The location of the robot within the hallway is calculated

These following steps are used to detect the points for door detection:

1. All points in frame are transformed so that the hallway

centerline coincides with the x-axis

2. Openings in the wall are detected using a box filter

3. False positives are eliminated

In conclusion the scientists discovered to navigate through a corridor the robot

needs to know the width of the corridor and where the centerline is located from the

starting point. To enter a door the robot needs to know the two endpoints and lastly the

laser range scanner is used to detect points for the data.

Mobile robots deal with many difficulties in different environments such as noise,

light and obstacles. Behavior based robots such as MissionLab can deal with different

environments even without complete information about its surroundings. MissionLab’s

operations use plans of finite state sutomata, whose states correspond to behaviors and
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whose arcs correspond to observations. These operations have been programmed into the

robot before its navigation run.

If robot sensors are noisy it may interfere with the data and will have to

check several times. Even though sensing takes time it depends on the robot and the

sensors. If the sensors are noisy then it scans more times then a quieter robot. Also a

robot may need to check several times since the robot can send back wrong sensing

information.

Behavior based robots use a tight coupling between sensing and acting to operate

in the presence or uncertainty. The robot always executes a behavior such as “move to the

doorway”. When an observation is made and there is a labeled with this observation that

leaves the current state, the state changes to the state pointed to by the edge. In this paper

robotics addressed their issues by creating a planner to generate a plan based on a

probabilistic model of the world called POMDP.

Partially Observable Markov Decision Process, POMPDs, consists of a

finite set of states S, observation O, and a state distribution pi. Each state has a finite state

of actions that can be executed. The POMDP also consists of a transition function p,

which denotes the probability with which the system transitions from state to state when

action a is executed. A POMDP process is a stream of state, observation, action, and

reward which makes a quadruple. The POMDP process is always in exactly one state and

makes state transitions at discrete time steps.

The insight to making this combination work is that POMDP planners can

generate policy graphs rather than the more popular value surfaces, and policy graphs are

similar to the finite state automata that behavior based control systems use to sequence
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their behaviors. This combination also keeps the POMDPs small, which allows their

POMDP planners to find optimal or close to plans whereas the POMDP planners of other

robotic can only find very suboptimal plans.

The robotics tried to have the programmers program this system in the

beginning but they discovered that humans are not good at planning with uncertainty and

their plans are rarely optimal. MissionLab did not only produce close to optimal plans but

also able to optimize the finite state sutomata when it learns more accurate probabilities

or when the environment changes.

4.1.3 How Robots Use Maps

In one paper, written by computer technologists from Georgia Institute of

Technology, they introduce two novel behaviors, which are probe, and avoid-past,

specialized planning and sensor strategies, and a transputer implementations of the

reactive control.

4.1.4 Alternatives to Using Maps for Navigation

Maps are not the only way robots can navigate. They can simply utilize local

information and try to find their way from one point to another. A number of algorithms

have been created for this approach. One that is used for maze traversal is called the

Right Hand Rule.
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Action

none left right front

No wall

Action

none left right front

Follow
Right
Wall

Action

none left right front

Go forward
at corner

Action

none left right front

Turn corner

Gone far
enough?

Yes No

Action

none left right front

Front wall

Gone far
enough?

No

Yes

Start button

Figure 1. Right Hand Rule Flow Chart

The box, Start button, is the action of the start button on the robot being pressed.

The initial state assumes the robot does not detect a wall. If the robot detects a left wall or

none at all then the robot changes state and continues forward while it detects a right

wall. This is where the robot starts using the Right Hand Rule.
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There is a state that handles the condition where the robot sees a wall in front of

it. This condition is checked in all other states. The robot will pivot left until another

condition is met. This may mean a 90° turn or even a 180° turn. The result should leave

the robot with a wall to its right. The program then changes state depending upon the

condition that ends this state.

The robot continues to follow the Right Hand Rule with the wall detected to the

right. It detects a corner when it no longer detects a wall on the right. This consists of two

possible conditions: no wall in front or a wall only on the left. The robot changes to the

state that continues forward so the body of the robot will clear the corner.

The robot then changes state to turn right. The right turn continues until the robot

turns the corner or detects a wall on the right or in front thereby continuing the use of the

Right Hand Rule.

Using the Right Hand Rule states over and over allow the robot to successfully

navigated a simple maze. The right turn and front wall support addresses the robot

drifting left or right away from or towards the right wall it is following. The right turn

state has a maximum turning radius but not a minimum. The robot later is controlled by

the sensors. The front wall support would be used if the robot turns towards the wall and

both sensors detect the wall.
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4.2 Artificial Intelligence And Robots
This section relates to artificial intelligence, AI, and what is required to do for

mapping. It concludes with the advantages and disadvantages to using artificial

intelligence.

4.2.1 What is AI?

The history of artificial intelligence is closely linked with the history of mankind.

Since humans have been capable of keeping records, there have been methods and

instruments for organizing and making sense of them. The earliest calculator, the abacus,

was used by the Chinese in the sixth century BC The Egyptians had a counting machine

that used pebbles before 450 BC, and so on through history. The first "real" computer

was Charles Babbage's difference engine, capable of programmable operations containing

conditional branches.

Artificial Intelligence (AI) is the area of computer science focusing on creating

machines that can engage on behaviors that humans consider intelligent. The ability to

create intelligent machines has intrigued humans since ancient times, and today with the

advent of the computer and 50 years of research into AI programming techniques, the

dream of smart machines is becoming a reality. Researchers are creating systems which

can mimic human thought, understand speech, beat the best human chess player, and

countless other feats never before possible.

Artificial Intelligence, or AI for short, is a combination of computer science,

physiology, and philosophy. AI is a broad topic, consisting of different fields, from
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machine vision to expert systems. The element that the fields of AI have in common is

the creation of machines that can "think".

4.2.2 Is AI Required to do Mapping?

AI is not required to do mapping although it can help. Mapping can be a simple

procedural process similar to the one used in this project. AI can be used to improve both

the accuracy of the mapping process as well as the efficiency. For example, heuristics an

be used to find a path though an existing map instead of using something like a depth first

search.

4.3 Programming Languages

4.3.1 Overview

A vocabulary and set of grammatical rules for instructing a computer to perform

specific tasks. The term programming language usually refers to high-level language,

such as BASIC, C, C++, COBOL, FORTRAN, and PASCAL. Each language has a

unique set of keywords (words that it understands) and a special syntax for organizing

program instructions.

High-level programming languages, while simple compared to human languages,

are more complex than the languages the computer actually understands, called machine

languages. Each different type of CPU has its own unique machine language.

Lying between machine languages and high-level languages are languages called

assembly languages. Assembly languages are similar to machine languages, but they are
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much easier to program in because they allow a programmer to substitute names for

numbers. Machine languages consist of numbers only.

Lying above high-level languages are languages called fourth-generation

language (usually abbreviated 4GL). 4GLs are far removed from machine languages and

represent the class of computer languages closest to human languages.

Regardless of what language you use, you eventually need to convert your

program into machine language so that the computer can understand it. There are two

ways to do this:

• Compile the program

• interpret the program

See compile and interpreter for more information about these two methods.

The question of which language is best is one that consumes a lot of time and

energy among computer professionals. Every language has its strengths and weaknesses.

For example, FORTRAN is a particularly good language for processing numerical data,

but it does not lend itself very well to organizing large programs. Pascal is very good for

writing well-structured and readable programs, but it is not as flexible as the C

programming language. C++ embodies powerful object-oriented features, but it is

complex and difficult to learn.

The choice of which language to use depends on the type of computer the

program is to run on, what sort of program it is, and the expertise of the programmer.
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4.3.2 Prolog

This is a short for Programming Logic, Prolog is a high-level programming

languages based on formal logic. Unlike traditional programming languages that are

based on performing sequences of commands, Prolog is based on defining and then

solving logical formulas. Prolog is sometimes called a declarative language or a rule-

based language because its programs consist of a list of facts and rules. Prolog is used

widely for artificial intelligence applications, particularly expert systems.

Prolog was used for programming robots because of its backtracking capability

commonly used in robotic-related algorithms. A PROLOG program is composed of

statements that function either as facts or rules. There are no arbitrary separations

between a PROLOG “program” and its “data. All PROLOG statements follow the same

basic syntax, regardless of their fact or rule function. A PROLOG program is also often

called a database or a knowledge base.

4.3.3 Basic

Basic is an acronym for Beginner's All-purpose Symbolic Instruction Code.

Developed by John Kemeney and Thomas Kurtz in the mid 1960s at Dartmouth College,

BASIC is one of the earliest and simplest high-level programming languages. During the

1970s, it was the principal programming languages taught to students, and continues to

be a popular choice among educators.

Despite its simplicity, BASIC is used for a wide variety of business applications.

Microsoft’s popular Visual Basic, for example, adds many object-oriented featured to the

standard BASIC.
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Recently, many variations of BASIC have appeared as programming, or macro,

languages within applications. For example, Microsoft Word and Excel both come with a

version of BASIC with which users can write programs to customize and automate these

applications.

Based on the BASIC language, Visual Basic was one of the first products to

provide a graphical programming environment and a paint metaphor for developing user

interference’s. Instead of worrying about syntax details, the Visual Basic programmer can

add a substantial amount of code simply by dragging and dropping controls, such as

buttons and dialog boxes, and then defining their appearance and behavior.

Since its launch in 1990, the Visual Basic approach has become the norm for

programming languages. Now there are visual environments for many programming

languages, including C, C++, Pascal, and Java. Visual Basic is sometimes called a Rapid

Application Development (RAD) system because it enables programmers to quickly

build prototype applications.

A version of Basic, BASIC Stamp, is used to program the BoeBot used in this

research project. The following is a sample screen for the Integrated Development

Environment (IDE).

4.3.3.1 Lisp
This is an acronym for list processor, a high-level programming language

especially popular for artificial intelligence applications. John McCarthy at MIT

developed LISP in the early 1960s.



16

Lisp was used initially for robot programming because of its flexible list

processing support and Lisp’s dynamic programming support.

4.3.3.2 C/C++
C is a high-level programming languages developed by Dennis Ritchie at Bell

Labs in the mid 1970s. Although originally designed as a system programming

languages, C has proved to be a powerful and flexible language that can be used for a

variety of applications, from business programs to engineering. C is a particularly popular

language for personal computer programming because it is relatively small -- it requires

less memory than other languages.

The first major program written in C was the UNIX operating system , and for

many years C was considered to be inextricably linked with UNIX. Now, however, C is

an important language independent of UNIX.

Although it is a high-level language, C is much closer to assembly language than

are most other high-level languages. This closeness to the underlying machine language

allows C programmers to write very efficient code. The low-level nature of C, however,

can make the language difficult to use for some types of applications.

Most sophisticated commercial robots are programmed in C or C++. C++ is a

high-level programming language developed by Bjarne Stroustrup at Bell Labs. C++

adds oriented-object features to its predecessor C. C++ is one of the most popular

programming language for graphical applications, such as those that run in Windows and

Macintosh environments.

C++’s object oriented features make it easier to program robots that have many

controls and components. Each control or component can be mirrored as a C++ object.
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4.3.3.3 Java
A high-level programming languages developed by Sun Microsystems, Java was

originally called OAK, and was designed for handheld devices and set-top boxes. Oak

was unsuccessful so in 1995 Sun changed the name to Java and modified the language to

take advantage of the burgeoning World Wide Web.

Java is an object-oriented language similar to C++, but simplified to eliminate

language features that cause common programming errors.

Java is a general purpose programming language with a number of features that

make the language well suited for use on the World Wide Web. Small Java applications

are called Java applets and can be downloaded from a Web server and run on your

computer by a Java-compatible Web browser, such as Netscape Navigator or Microsoft

Internet Explorer.

Java is being used in some commercial robots because of its portability and its

ability to run applications that are downloaded to the robot.

4.4 Accuracy And Error
Accuracy is how well something can be measured. Error is the difference between

a measurement and its true value. Something can be measured accurately but still be

erroneous. In general, we assume that certain errors are acceptable. For example, a block

of wood that is measured to be one foot long may have an accuracy within a tenth of an

inch. This is typically accurate enough for toy building blocks but may not be accurate

enough for building furniture.
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The amount of error that is acceptable is called the tolerance level. A tolerance is

often provided as a range indicated as plus or minus some number of units. For example,

the wood block could be one foot long plus or minus one tenth of an inch.

Tolerances can lead to problems when measurements are combined. In particular,

when one measurement is dependent on the other then the tolerance for the combined

measurement will be different. For example, placing two blocks that are one foot long

plus or minus one tenth of an inch will cover a distance of two feet plus or minus two

tenths of an inch. The problem becomes more complex when different dimensions are

taken into account such as a robot moving through a two dimensional space.
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Figure 2.   BoeBot takes parallel path rather then desired path
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Figure 3. BoeBot moving with multiple errors

The prior figure shows how a BoeBot will wind up at a spot that is different than

it expects because of multiple errors. While the final destination may still be close to the

desired position it could be significantly farther away depending upon the amount of

error that occurs at each point. In this case there are three areas where error occurs: drift,

overshoot and rotation.
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If the errors can be minimized then the resulting measurement will be more

accurate. Likewise, further improvement will occur if some cumulative errors can be

eliminated. In the case shown above, the rotational error is minimized. If a compass was

used to determine the rotation then cumulative rotational errors can be eliminated since

each orientation measurement is with respect to some constant, in this case, magnetic

north.

4.5 Surveying And Landmark Recognition
A compass is only one way of measuring orientation with respect to a constant.

The other is used by surveyors and civil engineers and it employs landmarks. A landmark
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is some recognizable object. A position in a two dimensional plane or map can be

obtained if two landmarks can be located.
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The prior figure shows how landmark information can be used. In this case, the

BoeBot has a map, that it may have help create, that has two landmark objects. It uses its

range finder to determine its position relative to the landmarks. This may be different

than its desired position.

Surveyors use the same approach but their tools are more accurate. They also

operate in three dimensions adding height to the 2D map world. Today surveyors use

lasers to find range and angle information so their results are very accurate, relatively

speaking.

4.6 Feedback Control Systems
The wheel encoders are placed behind each of the wheels so it can easily count

how many ticks the robot moves during each step. The wheel encoders count how many

transitions the wheel encoder label on each wheel makes as the robot moves. It was

determined that 4 tick’s equal approximately one inch for a movement. The wheel

encoder feedback system will also be used for rotation. It allows the BoeBot to make sure

the left and right wheels rotate for the same number of transitions plus or minus a

transition.

4.7 Route Planning Algorithms
In the following sections they include the different route planning algorithms that

were part of the experiment. They include depth first search, breadth first search, random

search and greedy mapping.
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4.7.1 Depth First

A depth first search, DFS, visits all the vertices in a graph. When choosing which

edge to explore next, this algorithm always chooses to go deeper into the graph. That is, it

will pick the next adjacent unvisited vertex until reaching a vertex that has no unvisited

adjacent vertices. The algorithm will then backtrack to the previous vertex and continue

along any as-yet unexplored edges from that vertex. After DFS has visited all the

reachable vertices from a particular source vertex, it chooses one of the remaining

undiscovered vertices and continues the search. This process creates a set of depth-first

trees, which together form the depth-first forest. A depth-first search categorizes the

edges in the graph into three categories: tree-edges, back-edges, and forward or cross-

edges. There are typically many valid depth-first forests for a given graph, and therefore

many different and equally valid ways to categorize the edges.
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Figure 3. Depth First Search

One interesting property of depth-first search is that of the discovery and finish

times for each vertex form a parenthesis structure. If we use an open-parenthesis when a
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vertex is discovered, and a close-parenthesis when a vertex is finished, then the result is a

properly nested set of parenthesis.
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4.7.2 Breadth First

Breadth-first search is a traversal through a graph that touches all of the vertices

reachable from a particular source vertex. In addition, the order of the traversal is such

that the algorithm will explore all of the neighbors of a vertex before proceeding on to the

neighbors.
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Figure 4. Breadth First Search
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One way to think of breadth-first search is that it expands like a wave emanating

from a stone dropped into a pool of water. Vertices in the same wave are the same

distance from the source vertex. A vertex is discovered the first time when it is

encountered by the algorithm. A vertex is finished after all of its neighbors are explored.

As shown above in the example.

4.7.3 Random Searching

Random searching includes the method of the random walk. The random walk is

when the robot walks freely around the maze without knowing its direction it is facing or

how far it has navigated through the maze.

4.7.4 Greedy Mapping

In the paper that relates to the topic of greedy searching used satellites to detect

what position, vertex, the robot is in a maze. Greedy mapping methods are easy to

implement and easy to integrate into complete robot architectures. Greedy mapping is a

simple sensor based planning method that always moves the robot from its current

location to the closest location that is has not visited yet, until the whole maze is mapped

out. It is called “greedy” mapping because it plans quickly gains information but does not

take the long-term consequences of the movement into account. Greedy mapping has four

desirable properties, theoretical foundation, and simple integration into robot

architectures, prior knowledge, and distributed search.
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Greedy Search
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Figure 6. Greedy Search

Greedy mapping has a solid theoretical foundation that allows one to characterize

its behavior analytically. Greedy mapping is simple to implement and integrates well into

complete robot architectures. It is robust with respect to the inevitable inaccuracies and
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malfunctions of other architecture components. Greedy mapping takes advantage of prior

knowledge about parts of terrain, since it uses all of its knowledge about the terrain when

determining which unvisited location is closest to the robot and how to get there quickly.

Mapping tasks can be solved with several robots that run greedy mapping and share their

maps. Cooperative mapping is a currently very active research area.

 Cooperative mapping is when there is one or more robots traveling through a

maze and it is transmitting back to the PC the map it sees. Some disadvantages of this

kind of mapping are there are a more complex system it has to use and a better

communication link.

Greedy mapping is too simple a mapping method to minimize the travel distance.

Even simple mapping methods can perform well and then provide some relief to

empirical robotics researchers who want to keep their navigation systems simple and do

not want to implement complex mapping methods on their robots.

To analyze the mapping problem formally, it is formulated into a graph coverage

problem. The robot begins at some designated vertex. When the robot is at a vertex, it

learns the vertices adjacent to, the vertices connected to vertex by an edge, and can

identify these vertices when it observes them again at a later point in time. Greedy

Mapping always moves the robot on a shortest path from its current vertex to a closest

unvisited vertex. It terminates when it knows of no unvisited vertices.
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5. Materials And Construction
This project utilizes the following major components. These are described in more

detail later in this chapter

Amount Description

1 Customized Parallax Boebot

1 Windows-compatible PC

1 Parallax RF Transceiver, adapter, and power
supply

Arbitrary 5” high cardboard boxes for the walls of the
mazes used in testing

1 Tape measure for direct measurement

1 Compass for direct measurement

16 Paper markers

Table 1. Hardware Materials Overview

The BoeBot includes additional modules for range finding, orientation detection

and movement control and tracking. The BoeBot is described in more detail in the next

section.

The Windows-compatible PC runs the Visual Basic interface program and the

Prolog exploration and mapping programs. It is connected to the RF Transceiver via a

serial cable and adapter.

The PC and the Boebot are both equipped with a Parallax RF Transceivers. The

transceiver provides half duplex (only one side can send at a time) communication

between the two computers. The PC sends the Boebot commands to execute such as

move to a specific location while the PC records mapping information sent by the Beobot

as well as planning where the Boebot should move to.
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The BoeBot will be run through one or more mazes. The maze construction is

described later in this section. The paper markers are used to mark the locations where

the BoeBot stops to get range information using the ultrasonic sensor. The markers are

numbered.

The Boebot and PC are recording position information for the mapping and

exploration. The measurements have limited accuracy. A tape measure and protractor are

used to provide more accurate measurements that the tester will record for later

comparison with the robot measurements.

The project uses a number of software environments for developing and running

the applications on the PC and BoeBot. These are listed in the following table.

Software Description

Windows 98 PC: Operating system

Visual Basic 6 PC: Draws and maintains map and provides
user interface

Amzi Prolog PC: Program that does searching

Pbasic BoeBot: Exploration, Follow path, and records
map information

Table 2. Sofware Materials Overview

Windows 98 operating system hosts the Visual Basic 6 development environment

used to create and run the main control application. This application maintains the

mapping information and displays it on the screen. The user interface also controls the

interaction between the application, the Amzi Prolog analysis program and

communication with the Pbasic program running on the BoeBot via the RF interface.
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5.1 Boebot
The Boebot contains the following parts, each having its own way in making the

robot run.

Amount Description

1 Boebot Robot body

1 Metal support

3 Servo motors

1 Ultrasonic range finder

5 Nickel metal Hydride batteries

1 Compass Module

1 Board of Education (BOE) with BS2e processor

2 Wheel encoder labels

1 Wheel encoder control unit

1 RF Transceiver module

Table 3. Boebot Materials

The robot body is the main part of the robot that holds all parts. To the body we

added a piece of metal, located in the front of the robot, which holds up a servo motor

that has the ultrasonic sensor. The metal was cut into precise length that would fit into the

space provided.
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Photo 1. BoeBot

The Boebot runs on two servos, which turn the wheels of the robot. When the

right servo runs forward and the left servo runs backwards the robot turns left, if the right

servo rotates backwards and the left forwards then the robot will turn left. The wheels

have encoder labels pasted on the inside of the wheels so the wheel encoder sensors can

count how many transitions occur when the wheels rotate. This information is used to

track how far the BoeBot travels. It can also be used to keep the Boebot moving in a

straight line.

Five batteries were used so the robot has more power and can run longer. The

normal BoeBot uses only 4 alkaline batteries. This was insufficient to power the robot for

more than 2 trial runs.

The modules used with the BoeBot are described in more detail in the following

sections.
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5.2 PC RF Transceiver
The Parallax RF Transceiver is design to run with the BoeBot. An adapter was

built to connect the transceiver’s serial interface to the RS-232 connection on the PC. The

transceiver system consists of the following items.

Amount Description

1 RF Transceiver

1 RS-232/RF Transceiver adapter

1 Power supply for adapter

Table 4. PC RF Transceiver Materials

The power supply plugs into the adapter to power the RS-232 interfaced and the

RF Transceiver. The PC plug into the adapter’s DB-9 connector.  The following

schematic describes the adapter’s hardware.
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Figure 6. PC RF Transceiver Adapter Schematic
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5.3 Ultrasonic Sensor
The ultrasonic sensor is one of the major elements to the robot. It works by

sending out a high pitch frequency, which a human can not hear. If there is an object in

the way then the frequency would bounce off the object and return to the transceiver. The

robot can then determine, by how long the frequency took to get back to the robot, which

way it should go.

The SRF04 Ultrasonic Range Finder is a module that contains an ultrasonic

transmitter and receiver. It also includes electronics to generate and detect ultrasonic

sound pulses.

The SRF04 Ultrasonic Range Finder connects directly to two BS2e ports, one

input and one output. The output initiates the pulse and the input indicates when the

reflected sound pulse is detected. The BS2e records the time between generating the

initial ultrasonic signal and its return. It calculates the distance to an obstacle using this

time interval since sound moves at a constant speed.

The SRF04’s range is in meters. Its resolution is accurate to less than an inch.

Unfortunately, the area where an object can be detected is a 45 degree angle centered

about the middle of the unit. The distance reported using the SRF04 will be the distance

to the closest object within this swath.

The SRF04 is mounted on a servo that is located at the front of the Boebot. It

allows the sensor to rotate 180 degrees across the front of the Boebot.
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5.4 Wheel Encoder Control Unit
Parallax Wheel Encoder Control Unit will eventually be a commercial product but

we are using a prototype unit. The unit employs an Ubicom SX processor that is plugged

into the patchboard on the BOE. It also plugs into the servo control sockets on the BOE

to control the wheel servos directly. It utilizes two Fairchild QRB1113 Infrared

Reflective Object Sensors to track the transitions of the wheel encoder labels attached to

the inside of each wheel as a wheel rotates.

The BoeBot BS2e processor communicates with the wheel encoder control unit

using a half duplex serial interface operating at 9600 baud. The control unit can be

programmed to move the BeoBot by driving the wheel servos directly. The control unit

uses the feedback from the sensors to track how far the BoeBot moves. It can also keep

the robot moving in the desired direction.

Documentation for the wheel encoder control unit shows how to interface and

operate the unit with a Basic Stamp processor like the BS2e.

5.5 Compass Module
Parallax Compass Module plugs into BOE module socket. The compass module

intuitively depicts eight directions with just four LED’s but this information is accessed

via serial interface. The serial interface is used by the BS2e to determine the orientation

of the BeoBot.

The Compass Module is not very accurate and it is very sensitive to external

electromagnetic sources such as the wheel and ultrasonic servos. For this reason, the unit

was mounted above the BeoBot away from the servos.
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5.6 RF Transceiver
Parallax RF Transceivers module plugs into BOE module socket. An adapter, like

the one used with the PC, is not required.  The transceiver receives and sends data at

9600 baud. The transceiver has a PIC microprocessor that has a twenty character input

buffer. The maximum range is approximately 30 feet. This is well within the range of the

mazes used for testing.

The module operates only in half duplex mode and does not employ any error

detection or correction. The software that runs on the BoeBot and the PC employ a

handshaking packet protocol that detects errors. Data is resent if necessary.
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5.7 Test Maze
The following is the layout for the first test maze. Additional maze configurations

and orientations may be used.

20"

31"

59"

24"

N

Figure 7. Test Map

The test maze was constructed from 5” high cardboard boxes placed end-to-end.

This height was sufficient to be detected by the robot’s ultrasonic sensor.
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Photo 2. Test Maze Photo

The first test maze has a hallway is 20” apart and 59” long. This is slightly larger

than the minimum width the robot can traverse using the programs that were used in the

tests. The absolute minimum width is about 9” which is the turning radius of the robot.

The robot begins at one end of the test maze facing North. The initial test mazes

are oriented so the walls are parallel or perpendicular to north to make results easier to

correlate.
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6. Algorithms And System Operation
There are five different algorithms that were used in the experiment. These

include Basic, Odometer, Encoder, Compass and Landmark. These are described in more

detail in the last section. These algorithms use common search and route planning

algorithms. The main differences between methods are the kinds of sensors employed.

The initial sections address how the mapping system operates. The mapping

system includes the BoeBot and the PC that are linked using RF transceivers. These

sections also provide detailed descriptions of major algorithms used in project and how

exploration is be done using different sensors.

6.1 System Planning
Cooperative, PC handles mapping, route planning and Landmark method

enhancements to the Compass method on which it is based.

Talk more about cooperative operation, what initiates the search

6.2 Route Planning
The PC program handles route planning. It creates a path or route based upon the

current map. It then sends this to the BoeBot that follows the path. It then notifies the PC

that it has arrived at its destination. If an obstacle is encountered prior to the end of the

path then the BoeBot stops and notifies the PC of the obstacle and where in the path it

was found. The PC can then determine what action to take such as going around the

obstacle or, in the more advanced mode, determine what landmark the obstacle represents

so the position of the BoeBot can be determined more accurately.
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The PC sends path information in binary form to the BoeBot. Each step of a path

is encoded into one byte. The encoding is shown in the following figure.
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Figure 8. Path Encoding for Path Following

The figure shows how the robot encodes the direction and movement of each step

in a path into one movement byte. It encodes the compass direction in 45-degree

increments in bits 5-7. Bits zero through four is showing the distance the BoeBot is to

travel in the specified direction. This is 1 to 31 inches. The logical path is a shorthand

that shows what direction the robot should move and the number of inches it should

move in that direction. In the example above, the robot is told to move north two inches,

west three inches, south nine inches and finally three more inches to the west.

 The encoding used for the movement byte described here will be used later on in

the exploration data. In this experiment, however the basic program handled the mapping

and PROLOG handled the route planning and landmark method.
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6.3 Mapping and Exploration
The BoeBot is responsible for exploring the area around itself and reporting this

information back to the PC. The exploration algorithm used by the BoeBot is very

simple. The robot explores the area in front of it if there are no obstacles. If not, it checks

if there are any obstacles to the side and tries there. The BoeBot stops and sends back

information if it runs out of places to explore or memory to save the exploration data.
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Figure 9. Path and Range Encoding for Exploration

The figure above addresses the path and range encoding for exploration data that

shows where the robot explores. Exploration is done in fixed steps. Each step records the

range information around the starting point along with the direction and distance moved

after this information is recorded.
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Each path step consists of six bytes. The first five are the ranges recorded at 45

degree intervals with respect to the front of the robot. The last byte is the movement byte.

The movement byte defined earlier records how far the robot travels in the designated

direction. The path steps include six bytes of ranges. The range is in inches. The range

sensor has a field span of 45 degrees and it is not possible to determine where the closest

object within that span is located through this measurement. The actual location of an

obstacle must be done when the obstacle is within a few inches of the robot. The memory

block used to store the exploration data includes the number of path steps.

The robot sends the exploration data it records back to the PC once the robot has

acquired sufficient information. It then waits for the PC to process the data and to send

back a command to indicate what should be done next.

The PC processes the exploration data using the map that it maintains and some

general rules. For example, if the area in front of the robot is clear for 20 inches then the

PC knows that the area in that direction for a span of 45 degrees is clear. The PC can then

make adjustments to its map. If the range in front is less than five inches then an obstacle

is in the way and this information can be stored on the map. The map starts with all

points being unknown. The following figure shows how things information is obtained

and integrated into the map.
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Figure 10. Converting Exploration Data To Map Data

This figure shows one way the robot could navigate through a given maze and

how the information obtained is added to the map. The question marks in the map

represent the unknown area the robot must still explore. It could be open space or there
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may be obstacles. Obstacles are only detected within 5 to 7 inches. An obstacle causes

the robot change the path of exploration.

The possible obstacle indicators are added to the map when a range exceeds the

obstacle detection range. The possible obstacle indicators are used since an obstacle

could be at one or more of these positions. The position is converted to open space or to

an obstacle when short-range detection determines the real status.

6.4 Searching For New Exploration Areas
Prolog programs are used when the robot runs into a corner or dead end. To get

out of the corner it searches map for nearest unexplored location.

6.5 Search Methods Used In Experiment
Five search methods were used in the experiment: Basic, Odometer, Encoder,

Compass, and Landmark.

6.5.1 Basic Method

Basic only uses the range finder to locate obstacles. All rotation and movement is

done by running the wheel servos for a fixed amount of time. Any drift during forward

movement or incorrect rotation will not be detected by the BoeBot.

The Basic method uses range finder information to determine the distance it can

travel until it encounters an obstacle. If it detects an obstacle prior to this point then it will

stop but the reported movement distance will be the original range finder estimate.

This method is expected to provide poor results because it does not include a

compass to keep track of its orientation.
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6.5.2 Odometer Method

The odometer method also uses the range finder but it also uses the odometer

feature of the wheel encoder module. It does not use the feedback encoder support used

in the Encoder method to keep forward movement and rotation on track.

The main advantage over the Basic method is that the odometer readings will be

taken at each step so the actual distance moved will be recorded instead of the desired

distance.

The odometer method is expected to show the correct distance but the orientation

and mapping accuracy will be off because the movement of the BoeBot is not well

controlled without a feedback mechanism.

6.5.3 Encoder Method

The encoder method includes the use of the range finder, odometer, and finally

the wheel encoder. The wheel encoders count how many transitions the wheel encoder

label on each wheel makes as the robot moves. It was determined that 4 ticks equals

approximately one inch for a movement. The wheel encoder feedback system will also be

used for rotation. It allows the BoeBot to make sure the left and right wheels rotate for

the same number of transitions plus or minus a transition.

The map accuracy is expected to be much better than the prior methods but it is

still susceptible to cumulative error. This will be a major problem for rotation that is a

more critical problem than forward movement.
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6.5.4 Compass Method

The compass module determines the robot’s position by tracking the distance

traveled using the wheel encoders. The heading of the robot is determined using the

compass module. This method makes use of the wheel encoder, odometer and compass.

The compass modules depicts eight directions with just four LED’s but this

information will be accessed by the BoeBot using a serial interface. The odometer

support is provided as part of the services from the wheel encoder control unit freeing the

on-board Stamp processor to do other activities such as recognizing obstacles and

traveling though and mapping the maze.

The Compass method is expected to provide good results.

6.5.5 Landmark Method

The Landmark method uses the compass module, odometer and wheel encoders

as with the Compass method. In fact, the compass method support is used on the BoeBot.

The difference is that the PC will use landmark information from the map as it exists to

adjust the results sent back from the BoeBot. The PC will apply the new mapping

information based on any adjustments it makes to the robot’s position based on local

landmarks. Landmark information is the angle and the distance from a known point to a

previously noticed obstacle. The algorithm assumes the obstacles are stationary.

The Landmark method should provide results that are as good as the Compass

method. They will hopefully be better.
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7. System Design
The BoeBot is the exploration vehicle but it does not contain sufficient memory

or processing power to handle the exploration and mapping chores necessary to create a

map of sufficient accuracy. Therefore, a PC was added to the mix to handle chores that

the BoeBot could not handle alone.

The PC provides storage and computational capabilities far in excess of the

BoeBot. The two computers are linked via RF transceivers. The following figure shows

the overall system structure that also includes an adapter for the RF transceiver. The RF

transceiver modules are identical but designed to plug directly into the BoeBot. As such,

the PC cannot utilize the module directly hence the adapter. The adapter only provides

electrical connectivity so the PC serial port can communicate with the RF transceiver

module.

The RF transceiver module contains a microcontroller but it only provides

buffering. The PC and the BoeBot have routines that implement a packet-based protocol

with error control.
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Figure 11. System Overview

The next sections describe the modules presented in this figure.
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7.1 Integrated System Design
The system software is divided into two systems by hardware including three

major software modules. The two hardware systems are the BoeBot and the PC. The

BoeBot programs are implemented in PBasic and represent one major software module.

The PC is the second hardware system and it has two major software modules. The first

major module is written in Visual Basic and it provides the user interface including map

presentation. It also handles communication with the BoeBot. The last major software

module is the path planning system and the Landmark method support. This is written in

Prolog. Amzi Prolog is used to execute the Prolog programs and it is linked directly with

the Visual Basic program so it operates as a single unit. Splitting the programming chores

between the two systems allows more effective application development since searching

and planning is easier with Prolog and building a user interface is easier with Visual

Basic.

The two systems communicate via the RF transceivers with the PC being the

master although communication operates in a multimaster mode. This allows the BoeBot

to send information to the PC when it starts up but the PC instructs the BoeBot when to

explore or to move to a specific location.

The user interface was constructed for experimentation purposes as opposed to a

fully automatic mapping system. This allows the BoeBot to be controlled at a finer level

so the robot’s position and orientation can be marked during the experiment otherwise the

robot would move too quickly to make accurate measurements of its progress.

The next two sections take a look at the hardware and the software modules that

run on them.
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7.2 BoeBot System Design
The BoeBot is a robot kit available from Parallax, Inc. but the kit only provides a

standalone robot with limited sensor and control capabilities. These were enhanced using

a number of modules available from Parallax as well as custom modules created for this

project. The Parallax modules include the RF transceiver, the compass module and the

wheel encoder control unit. The prototype for the latter was used because the actual

product was not available at the time of the experiment. The custom module is the

ultrasonic range finder that is mounted on the front of the BoeBot.
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7.2.1 BoeBot Hardware Design

The BoeBot consists of a frame with three wheels. Two are driven by servos

while the rear wheel provides balance. The robot can pivot in place by rotating the wheels

in opposite directions. The main circuit board is called the Board of Education (BOE). It

contains a Basic Stamp microcontroller.

The BoeBot has been enhanced with a number of modules including the RF

transceiver, the compass module, the wheel encoder module (prototype) and the

ultrasonic range finder module as shown in the next figure.
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Wheel Servo

Wheel Encoder
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Figure 12. BoeBot Side View

A custom servo mounting bracket was added to the system so a third servo could

be added to the front. The range finder was mounted on the servo so it could be aimed

anywhere within 180 degrees along the front of the robot. The Basic Stamp

microprocessor was also replaced with a BS2e that has more RAM and program memory

and executes programs at a faster speed.
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Photo 3. Side view of BoeBot with elevated compass  module

The photo above shows how the compass module was elevated above the BoeBot.

The default configuration placed it too close to the servo motors. Three servos had a

negative effect on the compass module when it was mounted closer to the BOE.
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Figure 13. BoeBot Top View
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The top view of the BoeBot shows how the wheel encoder IR sensors are

positioned. The sensors are mounted on the robot but the production version will mount

them on a circuit board that fits under the BOE.

7.2.2 BoeBot Software Design

The BS2e microcontroller contains eight 2kbyte banks of program memory. A

program can switch from one bank to another but routines in one bank cannot call

routines in another bank. Given the limited memory space in each bank, the BoeBot

software design split the various functions among multiple banks using four of the eight

banks. The programs include:

1. Master Control Program (MCP)

2. RF communications program

3. Path following program

4. Exploration program

Intra-program communication is done using a 63 byte RAM. There is also a 16

byte memory area that is shared but utilizing this memory was more difficult.

The MCP handles initialization and provides status and limited debugging

support. The RF communications program sends and receives data. The data is placed in

a buffer in the RAM  used for communication between programs.

The path following exploration programs share movement and rotation routines.

These are duplicated in both banks because they cannot be called across banks. The path
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following program moves the BoeBot to a new location based on a sequence of path

commands sent by the PC. This is done to move the BoeBot to a new exploration area.

The exploration program has the BoeBot explore the current area and sends its findings

back to the PC using the RF communications program.

System operation is relatively simple. The MCP initializes the modules and runs

the RF program to wait for a command. If the incoming command is to follow a path or

start exploring then the appropriate program is run. The results are sent back and the RF

program waits for the next command.



56

7.3 PC System Design
The PC system is a standard PC-compatible system that runs Windows 98 and

supports Visual Basic and Amzi Prolog. The RF transceiver is connected to the PC’s

serial port using an adapter that was created specifically to support the same kind of RF

transceiver module as that on the BoeBot. Otherwise, there are no special constraints on

the PC hardware.

The PC software design is a little more sophisticated since two programming

languages were used to implement the program. The configuration is covered in more

detail in the next section. The software implements a user interface that is designed to

facilitate testing. This includes status and debugging support as well as the ability to

monitor the information exchanged between the PC and the BoeBot. The last section

describes the user interface.
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7.3.1 PC Software Design

The main software application is written in Microsoft Visual Basic that runs on

Windows 98. It also runs on most other Windows implementations as well. This part of

the program handles the user interface including map presentation. Prolog is used for

searching and path planning algorithms. The Prolog programs are run using Amzi Prolog.

Amzi Prolog implements a standard Prolog virtual machine that runs in

conjunction with the Visual Basic program. Amzi also has standalone versions as well as

interfaces to other programming languages such as C. A Visual Basic module from Amzi

provides access to the virtual machine.

In addition to the Amzi support, additional Visual Basic functions provide access

to the Visual Basic data structures used by the main program. These functions were

written along with the Prolog programs to support the main program running in Visual

Basic. The Prolog programs are called to perform functions such as finding a path to an

area that has not been explored yet.

The Visual Basic program is divided into modules for forms and support modules.

There are three main forms used by the program that are shown in the next section. These

forms include the main user interface, the map and a legend. The main user interface

form contains the RF communication support. The support modules include the Amzi

Prolog support module and the Prolog interface module.



58

7.3.2 PC User Interface Design

The user interface consists of three Visual Basic forms shown in the next two

figures. The main form provides the user interface for the program. It includes a number

of function buttons to execute various actions on the BoeBot or to adjust the map and

path information that is stored from the current test. These functions are also available via

the menu as well as via function keys.

The text input is used to specify a path for the BoeBot to follow. The path can be

filled in using the Find function that invokes the Prolog program that examines the map.

The list box at the bottom of the form displays the interaction between the PC and the

BoeBot. The information is formatted, not the raw data exchanged between the two

computers. It does provide debugging information that can be used to determine if the

BoeBot modules are operational.

Figure 14. PC User Interface
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The PC map form, shown below, displays the path the BoeBot thinks it has taken

along with the range finder information recorded for each step. The map displays the

entire contents of the map array maintained by the Visual Basic program. Each position

in the array is shown as one square on the map form. The color of each square indicates

the status reported by the BoeBot. The colors and their associated state are shown in the

Legend form.

        

Figure 15. PC Map and Legend

The map form can be saved, cleared and restored. The path alone can be saved as

well and loaded later. This allows the mapping algorithms to be modified and used with

paths obtained from prior tests.

The map area is limited. It covers an area of 100 by 100 inches. The starting point

is the center of the map and the logical orientation is north being along the positive Y

axis.
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1) Test Procedures
Five different types of algorithms are used in the test runs. They include Basic,

Odometer, Encoder, Compass and Landmarks. Each algorithm has different search and

data acquisition methods. The general testing methodology is outlined in the next section.

This is followed by a discussion of how each algorithm is used with the test

methodology.

7.4 Testing Methodology
The object of the test is for the BoeBot to explore a maze constructed with

cardboard walls (the obstacles) and provide this information to the PC that creates a map.

The walls will have a height of at least four inches to allow proper recognition by the

range finder. There will be two hallways within the maze that will be wide enough for the

robot to move and turn around completely. The robot will be run through each maze

using each algorithm beginning from a common starting point. The process is repeated a

minimum of three times for a total of at least twenty-seven runs.

Measurements will be taken with respect to the starting and ending positions of

the robot along with all intermediate positions. Two-dimensional coordinate

measurements and orientation angle will be made using a fixed origin. The estimated

position information will be recorded along with the direct measurement.

The actual position and orientation is obtained by placing a marker when the

robot stops to record range information. The markers are placed behind the robot when

the status LED light turns on for one second. This indicates that the range information is

being stored and will eventually be sent to the PC. The markers are numbered square

pieces of paper approximately one inch on a side. The top of the marker is placed so it is
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inline with the orientation of the robot so the orientation can be determined when the

position of the markers is recorded.

The robot is programmed to move up to four steps per set at which point it stops

and sends the information to the PC. The test procedure also has the robot move through

exploration three sets. The PC will find a path to a new exploration area if the robot

winds up in a corner with no additional exploration areas nearby.

The robot will be turned off and removed from the maze when the test is done

The position and orientation of the markers is then recorded. The robot will be placed

back in the maze for the next test after the markers are removed.

The map was oriented north because it is easier to record orientation information

with respect to the walls and so the resulting map would be more easily recognized on the

PC screen. The walls are parallel to the y-axis up the one hallway and are parallel on the

x-axis in the second hallway. Any orientation of the map other than at 90 degree angles to

north would result in walls that would have to drawn on diagonals.

The robot starts in the same location and orientation for each run. The location is

10 inches east and 3 inches north of the lower left corner of the map. The robot will be

facing north. The robot’s program will be reset so it thinks is facing north when the

compass module is not used.
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7.5 Algorithms And Testing
This section deals with the five different types of algorithms are used in the test

runs including Basic, Odometer, Encoder, Compass and Landmarks.

The Basic method uses only the ultrasonic range finder so its initial orientation is

critical. The same is true for the Odometer and Encoder methods.

The Compass and Landmark methods utilize the on-board compass. The initial

orientation should still be the same as for the other methods but orientation is less critical.

Also, the compass sensitivity is such that the initial orientation must only be within a few

degrees of north.
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8. Results
The individual test results are attached to the end of the document. This chapter

presents the result summary. There are three sets of tests per method. The five methods

uses include Basic, Odometer, Encoder, Compass, and Landmark.

The summary information is presented next in the form of tables and graphs. The

data is divided into two sections. The first is the difference between the reported and

actual position of the BoeBot. The second is the difference between the reported and

actual orientation. The orientation comparison only addresses differences in data versus

the angular difference. It was reasoned that comparing the angular differences would not

be accurate since the largest offset would be 180 degrees.

Trial Basic Odometer Encoder Compass Landmark
Test 1 X 17.4 9.0 3.8 2.9 1.8
Test 1 Y 19.5 11.9 4.8 4.3 7.6
Test 2 X 5.6 8.3 4.0 5.5 7.7
Test 2 Y 14.4 12.1 7.5 5.0 3.4
Test 3 X 7.5 6.9 3.8 2.3 4.6
Test 3 Y 8.8 11.1 5.9 4.3 5.6

Table 5. Positional Difference Average Results Table

Average Positional Error
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Table 6. Positional Difference Average Results Chart
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Trial Basic Odometer Encoder Compass Landmark
Test 1 88% 75% 57% 33% 17%
Test 2 38% 75% 57% 25% 33%
Test 3 75% 63% 63% 17% 25%

Table 7. Orientation Difference Percentage Results Table

Orientation Error
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9. Analysis
In each method it was consistent that the results sent back by the BoeBot for first

few steps were closely related the recorded results but then most methods consistently

were off by each position and orientation. Only the Compass and Landmark methods

showed consistency even after a large number of steps. This was primarily due to the

compass that prevented cumulative orientation error.

The distance and movement errors were significantly small for the Encoder,

Compass and Landmark results. While the Encoder method did generate good map

information for the first few steps, only the Compass and Landmark methods provided a

good overall map.

The Landmark method did not provide any major improvement over the Compass

method. This was due to the inability of the range finder to identify landmarks when the

robot was out of position and within range of a number of different obstacles as the range

finder was unable to distinguish between obstacles at close quarters. Different exploration

and path finding algorithms may improve these results but additional research in these

areas was not attempted for this experiment.

A detailed analysis of the results for each method is presented in the following

sections.
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9.1 Basic Method
 Basic was the worst of all five different types of methods. The reported data did

not match the recorded data after only two steps on average. Cumulative orientation and

movement error resulted in significantly incorrect information by the end of the test.

There were even reported results that showed negatives positions in the X-axis. The maps

were consistently off because this method didn’t have a compass to know what direction

it was facing, an odometer to indicate how far it went and it did not rotate precisely.

Basic method determined the robot’s position by estimating the distance traveled

by the left and the right wheels. This was based on how long the motors were run with

initial value obtained through experiments for fixed distances. There was obviously a

wider variance between runs so the actual distance rarely matched the real distance

moved. Also, the distance the robot was set to move was based on the range given by the

range finder. Since the Basic method did not result in straight line movement or proper

rotation the robot would often need to stop before the desired distance was traversed

because an obstacle was found during travel. There was no way for the robot to estimate

the distance actually traveled because it did not use the odometer.

Overall, the results from the Basic method were consistently useless. The robot

reported moving through areas that it had already determined to be an obstacle. This

obviously was not what occurred since the robot avoided the obstacles and stayed within

the confines of the maze.
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9.2 Odometer Method
The Odometer method proved to be an improvement over the Basic method

although the Odometer method still suffered from cumulative error to the point where a

large number of steps resulted in significant error. The main advantage of the Odometer

method over the Basic method was the ability to determine the actual distance traveled

when an obstacle was detected during movement.

The Odometer method still suffered from cumulative orientation error threw of its

reported position even after half a dozen steps. Many of the angles were off by 45 to 90

degrees. If the Odometer support were combined only with the compass support then the

results would be significantly better although not as good as the Encoder method for a

small number of steps.

9.3 Encoder Method
The encoder provided relatively accurate distance, positioning and orientation. It

did suffer from cumulative errors but because its rotation actions were significantly more

accurate than the Basic and Odometer methods, the resulting maps and reported location

and orientation information was good.

The generated maps based on the information that the PC received showed the

first part of the maze well but the robot kept going off into an area that wasn’t really

there. Again, cumulative orientation error eventually got the best of the Encoder method.
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9.4 Compass Method
The Compass method proved to be the best of all five methods matching the

Landmark method results. The orientation accuracy was extremely good. It also did not

matter how many times that the robot moved and turned since it always knew its

orientation within a few degrees.

The maps generated by the Compass method closely matched the real map

although the corners were not square on the reported map. This was expected because of

the width of the range finder’s detection area. The information was sufficient since the

robot would not be able to travel into a corner anyway.

9.5 Landmark Method
The final method was Landmark method. This method was no better than the

compass method because the range finder scan angle of 45 degree couldn’t uniquely

identify landmarks with enough accuracy. The Landmark method may prove more useful

if the maze area was larger with fewer obstacles. This would allow it to determine its

location by checking the distance between the robot and known landmarks, such as walls

within the accuracy of the range finder.
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10. Conclusion
The Basic and odometer methods wound up being relatively useless providing

very inaccurate information. The encoder method was accurate for the first few

movements but cumulative errors primarily due to rotation errors made more extensive

results inaccurate. The compass method proved to be the most accurate method because

the compass module prevented cumulative rotational errors from occurring. The use of

the wheel encoders provided relatively accurate movement and odometer readings. The

landmark results were disappointing with no major improvement over the compass

method. Although the landmark method did not provide improvement the hypothesis has

proven to be valid since additional sensors applied appropriately were used to create a

map sufficient for navigation by the BoeBot.



70

11. Future Work
A number of areas warrant improvement and further research. These include:

Area of Research Description

Exploration Improve Boebot exploration algorithms

Sensors Use ultrasonic rangefinder to pinpoint
corners

Map analysis Extrapolate wall location using adjacent
sensor information

Better Path Planning Identify hallways instead of large arrays of
open space points

Better Communications Improve retry algorithms to make sure all
data is sent. Allow data to be queried.

Table 9. Future Areas Of Work
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13. Code Listings
The Visual Basic program code was not easily exported as a text file so it is not

included here. The initial Prolog search program is included below. All programs will be

available when this paper is posted online.
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Code 1. Prolog Path Search Program

% Path Finding Algorithm
currentVersion([$V1.01$]).

% V1.01 1/27/02 LW Added findPath
% V1.00 1/22/02 BW Initial version interfaced to VB
%
% Note: all coordinates are in map indices
%
% VB Imported predicates
%
% currentPosition(X,Y) current robot position
% explorable(X,Y) location is explorable
%          (unknown or possibleObstacle)
% emptySpace(X,Y) location is empty
%          (traveled, navigable or openSpace)
%
% unknown(X,Y) location has not been scanned
% openspace(X,Y)       scanned for obstacles
% traveledSpace(X,Y) same as openSpace but robot has moved
%                       over the space
% possibleObstacle(X,Y) possible obstacle
% obstacle(X,Y) definitely an obstacle
% closeToObstacle(X,Y)  same as openSpace but too close to move
% to navigationLine center path of robot,
%                       definitely traveledSpace
%
% print(S) print string in the output dialog box

% Test clause used in initial testing

main :-
  currentVersion(S),print(S).

%main :-
%  currentPosition(10,10),
%  currentPosition(X,Y),
%  gMap(X,Y,Value),
%  gMap(X,Y,Value),
%  msgbox($Hello VB 5.0 Extended Predicate$).

% Find a path to an explorable location from the currentPosition
%
% Initial version: depth first search

findPath(Path):-
  main,
  currentPosition(X,Y),
  findPathDepthFirst([loc(X,Y)],Path,X,Y),
  print([Path]).

% Check for adjacent explorable locations

findPathDepthFirst(BeenThere,[D],X1,Y1):-
  adjacent(X1,Y1,D,X2,Y2),
  not is_member(loc(X2,Y2),BeenThere),
  explorable(X2,Y2).

% Check for explorable locations that we can travel to

findPathDepthFirst(BeenThere,[D|Path],X1,Y1):-
  adjacent(X1,Y1,D,X2,Y2),
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  not is_member(loc(X2,Y2),BeenThere),
  print([$Checking $,loc(X2,Y2),$ $,D]),
  emptySpace(X2,Y2),
  findPathDepthFirst([loc(X2,Y2)|BeenThere],Path,X2,Y2).

% Finds adjacent blocks
% 8 directions (0 is N, 1 is NE, etc).

adjacent(X1,Y1,0,X1,Y2):-Y2 is Y1+1.
adjacent(X1,Y1,1,X2,Y2):-X2 is X1+1,Y2 is Y1+1.
adjacent(X1,Y1,2,X2,Y1):-X2 is X1+1.
adjacent(X1,Y1,3,X2,Y2):-X2 is X1+1,Y2 is Y1-1.
adjacent(X1,Y1,4,X1,Y2):-Y2 is Y1-1.
adjacent(X1,Y1,5,X2,Y2):-X2 is X1-1,Y2 is Y1-1.
adjacent(X1,Y1,6,X2,Y1):-X2 is X1-1.
adjacent(X1,Y1,7,X2,Y2):-X2 is X1-1,Y2 is Y1+1.

% Utility functions

print(L):-
islist(L),convertListToStrings(L,LS),stringlist_concat(LS,S),!,pri
ntdebug(S).
print(L):-not(islist(L)),string_term(L,S),!,printdebug(S).

convertListToStrings([],[]).
convertListToStrings([H|T],[H|ST]):-string(H),
convertListToStrings(T,ST).
convertListToStrings([H|T],[SH|ST]):-integer(H),
string_integer(SH,H), convertListToStrings(T,ST).
convertListToStrings([H|T],[SH|ST]):-string_term(SH,H),
convertListToStrings(T,ST).
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