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ABSTRACT 

 

Since the unknown environment searching system of a mobile robot has been studied 

throughout many years by several researchers, the obtained map from the system is able to 

be used in various ways. Today, one of the most useful ways is to use the map for navigating 

the forklifts or other vehicles in factories as known as the automated guided vehicles or 

AGV. In this research, the automatic unknown environment searching and map making of a 

mobile was proposed. In details, there are three parts of system given as follow: first, the 

localization system is the system which calculates the orientation of the laser sensor in real-

time using the triangulation method similarly to GPS localization algorithm. The reflectors 

are located in the searching area to be like the landmarks for this system. Second, searching 

and mapping system, the robot will automatically build the map using the output data from 

the localization system and then create the next observation point by using the color 

sequence scanning algorithm in order to find the nearest unsearched area. Third, the robot 

system is the system which controls the movement of the robot in order to reach the next 

observation point. 

 

Keywords: Unknown Environment Searching, Localization System, Mobile Robot, 2D 

environment map   
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INTRODUCTION 

 

1.1 Background 

 

An AGV systems (AGVs or Automatic Guided Vehicle Systems) is a system or vehicle that 

can operate automatically without any drivers by using the navigation systems.  

 

The AGV came to the market for the first time in 50’s by Barret Electronics of Grand Rapids, 

Michigan, USA, by Muller (1983). At that time, it was a tow truck that operate by following 

the wire in the floor instead of following the rail. 
 

 
Figure 1.1 The first AGV in the 1950s by Barret Electronics. [2] 

 

Typically, the speed of the AGVs is not quite high, around 1 - 1.5 m/s. since the AGVs 

usually operates in the areas with people, they are designed for the safety system that can 

stop them automatically. In the earlier, the mechanical bumpers were widely used, but today, 

the laser bases sensors have become the standard solutions. 

 

Most of the AGVs are wheeled vehicles. They normally use the solid tires. The large 

batteries are considered to be the energy source for AGVs. According to Schultze and Zaho 

(2007), the main purposes of AGVs are production, cooperation of different work areas, 

order-picking, warehousing and assembly. In cases of consistent material flow connections, 

they are usually used. 

 

In the past, the navigation systems were normally based on wires installed in the floor that 

is able to create a magnetic field. The AGV can automatically detect a magnetic field by 

using a receive installed on it. Later, the navigation systems were developed for more 

effective and more accuracy by using laser.   

 

The AGV in the figure 1.2 is the AGV operating in outside in order to deliver a roll of paper 

between the factory and the warehouse in Singapore. The laser scanner is installed on the 

AGV’s head in order to measure distances and angles to the reflectors in the area. The 

steering system for the AGV in the figure 1.2 is controlled by the single front wheel.  
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Figure 1.2 One of the AGVs that were installed at Tetra Pak in Singapore [1] 

 

The laser sensor or the laser scanner installed on the AGV rotates 360 degrees with 500-700 

nanometer laser beam. Reflectors are able to reflect the laser beam back on the same 

direction with less energy loss. The angles and the distances between the sensor and the 

reflector will be automatically calculated stored into the memory of the AGV.  

 

After powering on the navigation system, the first position or the orientation of the AGV is 

unknown. In order to get the first position of the AGV, the initialization process will operate 

by scanning around the AGV. The triangulation method is required to use in this process. in 

order to calculate the orientation of the AGV. 

 

The reflectors’ position will be stored in the AGV’s memory in order to calculate and correct 

the AGV’s position by determining the errors between the desired values and the measured 

values. The destination point of the AGV can be navigated by using constantly updating 

position. 
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Figure 1.3 The measurement of angles to the reflectors.  

 

The wire navigation system is the virtual system and the wires are installed permanently in 

the floor. Compare to the laser navigation, there are not any physically embedded wires in 

the floor. 

 

Today, Localization and map making system for a mobile robot using laser scanner are very 

important tasks for the navigation system in indoor environment. In the past, ultrasonic 

sensors were widely considered to use in mobile robots because of its low -cost. However, 

ultrasonic systems have some inevitable problems such as the low resolution for the angular 

scanning. These problems are solved by using laser scanners. Today, laser scanners are 

increasingly used for high accurate tasks. Thus, a laser scanner is a better choice for mobile 

robot’s automatic unknown environment searching and map making system.   

 

There are two types of maps suitable for localization by Li Zhang and Bijoy K. Ghosh (2000). 

According to Moravec and Elfes (1985), they firstly introduced the occupancy grid map. The 

occupancy grid map has been popularly used. Occupancy grid maps represent the 

environment as a 2-D map. It is easy to make, and especially suitable for inaccurate range 

sensors like ultrasonic sensor. However, it is quite difficult to be used directly for the 

localization system. 

 

There is another type of maps, geometric primitive map. These maps could not give a closed 

and connected area. The polygonal shapes describing walls or obstacles are from merging of 

the line segments. It is easy to operate or manipulate describing the indoor environmental 

area. According to Kai Arras and Wolfram Burgard (2010), localization is the method that 

uses the information from sensors in order to identify the robot’s position in its environment 

is the most problem in order to provide an automatic mobile robot. 

 

In order to localize or estimate the mobile robot’s position, the first important information 

for robot is the map of the environment. When the robot moves, it will process to find its 
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current position along with using the data from the odometry. The map data is used for 

reference with obtained position. The process of localization is shown in figure 1.4. 

 

 
Figure 1.4 The process of localization for mobile robot. [5] 

 

For map building, the mobile robot will be planned to move to the points in the environment. 

During moving, the robot will save the environment data using the information from the 

range sensor mounted on the robot. Next, the robot uses the environment data to build the 

map. The process of map building is shown in figure 1.5. 

 

 
Figure 1.5 The process of map building for mobile robot. [5] 

 

When we combine two tasks together, it will be called as Simultaneous Localization and 

Map building or SLAM.  From figure 1.6, the mobile robot kx  starts moving by ku  in the 

environment. It uses the sensor data ikz  from measuring the landmark im  by time k  

From this process, some part of the map will be created automatically. The process will be 

continued until the map is built completely. 

 

Where, 

   0: 0 1 0: 1, ,..., ,k k k kX x x x X x−= =  is the mobile robot vector along the path. 

   0: 0 1 0: 1, ,..., ,k k k kU u u u U u−= =  is control vector for the mobile robot along the   path. 

 

 0: 0 1, ,...,k kM m m m=  is the position of land marks along the path. 

   0: 0 1 0: 1, ,..., ,k k k kZ z z z Z z−= = is observation (distance) between the robot and a 

land mark along the path. 
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Figure 1.6 Simultaneous Localization and Map building. 

 

In order to calculate probabilities of the location of the robot and landmarks, we will use 

Bayes theorem, introduced by Pakpong Junpramejitt (2011). 

( ), 0: 0: 0| , ,k m k kP x Z U x  (1.1) 

The equation (1.1) will give the estimation of the robot orientation (position and direction). 

It will be used for map building while moving. 

 

Observation Model from the equation (1.2) will describe the probability of the distance 

between the robot and a landmark k . 

( ),|k k mP z x  (1.2) 

The probability of the distance between the robot and a landmark can be describe in term of 

the motion model: 

( )1| ,k k kP x x u−  (1.3) 

From the equation (1.3), the estimation of the robot orientation at position k  consists of 2 

steps;  

• Time-update  
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( )

( ) ( )

0: 0: 0

1 1 0: 1 0: 1 0 1

, | , ,

| , , | , ,

k k k

k k k k k k k

P x m Z U x

P x x u P x m Z U x dx− − − − −= 
 

(1.4) 

• Measurement-update. 

( )

( ) ( )

( )

, 0: 0: 0

0: 1 0: 0

0: 1 0:

| , ,

| , , | , ,

| ,

k m k k

k k k k k

k k k

P x Z U x

P x x m P z m Z U x

P z Z U

−

−


=  

(1.5) 

The position of the robot along the path from the position 1k − to k  can be calculated from 

the equation (1.4) and (1.5). These two updates will process anytime when the robot move 

from 1k − to k . 

  

1.2 Statement of the Problem 

 

Earlier, most of the AGVs used the navigation system by using the magnetic guide tape 

system and wire system. These methods have a huge problem when the factory or the 

warehouse need to change the path of the AGVs. The problem is about the cost from the 

change of the path. In order to overcome this problem, the laser navigation system has to be 

considered. The laser navigation system does not need any installed embedded path in the 

floor as the magnetic tape and the wire system. It needs the reflectors for its navigation 

system and the reflectors are quite easy to install.   

 

1.3 Objectives 

 
The main objective of this thesis is to develop the Automatic Unknown Environment 

Searching and Map Making of a Mobile Robot Using A Laser Range finder and Reflectors. 

 

1.4 Contributions 

 

To Develop an automatic unknown environment searching algorithm in order to determine 

the next observation point for a mobile robot by using the color sequence scanning algorithm 

and the safety observation point on the perpendicular line between the robot’s position and 

the nearest unsearched point. 

 

1.5 Scope of the Study 

 

Scope 
 

1.5.1. Design and build a mobile robot. 

 

1.5.2. Develop a localization system using a laser range finder sensor and reflectors. 

 

1.5.3. Develop an automatic unknown environment searching and map making system for 

the mobile robot. 
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LITERATURE REVIEW 

 

In this chapter, the unknown environment searching and map making system will be 

reviewed. 

 

2.1 Unknown Environment searching and Map Making system 

 

According to Jun’ichi (1989), proposed the algorithm for searching unknown 2-D 

environment. The algorithm constructs the two-dimensional map consisting of the straight-

line parts using its laser scanner, a CCD camera, and automatically generating the 

observation point system.  

 

The robot will be located in the area at any point and then generate the (map), with the 

sequence illustrated in figure 2.2. 

 

In the proposed algorithm, three kinds of 2-D map described in figure 2.1 will be built during 

searching the unknown environmental area. These maps will be called as range map, vector 

map, and cell map. 

 
Figure 2.1 Definitions and Purposed of Maps [5] 
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Figure 2.2 Basic procedure for searching [6] 

 

Later, according to Javier Gonzalez (1994), he proposed another method to building a map 

of the unknown environment for a mobile robot with a laser scanner.  

 

The system has the input which is the set of scanned point generated by a robot mounted a 

laser scanner. First, Line Segments from the Local Map (LMS) are removed from the local 

map. Second, all the remaining line segments are considered as new observation and then 

added directly to the global map. 
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Figure 2.3 (a) Scan taken at the first position. (b) Local map obtained at the first 

position. (c) Global map at the first position 

 

For this method, Javier Gonzalez used the Cyclone radial scanner installed on the mobile 

robot. The accuracy of the laser sensor is   20 cm.   

 

In 2000, according to Roman Mazl (2000), he proposed another method of building a 2D 

map from laser rangefinder data. This method builds map by using Line Segment Inserting 

Technique.  

 

This multilevel concept enables substantial improvement of method reliability while TLMs 

are built from multiple observations. The insertion concept is shown in figure 2.6. 

 

 
 Figure 2.4 Sliding window concept for segment insertion [8] 

 

 

Same year, according to Li Zhang and Bijoy (2000), they presented the map building 

algorithm using line segments. The new type of 2D map was introduced, Closed Line 

Segment (CLS) map. A simple CLS map is shown in figure 2.7.  
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Figure 2.5 Example of a simple CLS map [9] 

 

Later, according to Yisha Liu (2010), he proposed the algorithm to build a map which can 

be automatically created by a mobile robot. In order to reduce the redundant points, line 

extracting and fitting algorithms are introduced in the method.  

 

 

Figure 2.6 The laser scanning points [10] 
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Figure 2.7 Line feature extraction and line fitting [10] 

 

According to Erik Zamora Gomez (2015), he proposed another new method for map-

building for a mobile robot. The new method is Ellipsoidal SLAM. The main reason of using 

this method is to overcome the uncertainty in SLAM problem does not satisfy Gaussian 

distribution.  
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METHODOLOGY 

 

In this chapter, the details of this thesis work are presented as follow; First, the overall system 

structure will be discussed. The localization system which is utilized for calculating and 

localizing the sensor in real-time is conducted in the first place. Next, the mapping system 

will be conducted. The hardware and the software design including the algorithms of both 

systems are described. The end of this chapter will explain about the experimental design.  

 

3.1 Proposed System Structure 

 

The overall system structures as shown in the figure 3.1 is considered. 

 

 
Figure 3.1 Overall system structures  

 

The raw output data from the laser sensor is directly sent to the localization system 

continuously. The localization system will use the raw output data from the laser sensor in 

order to calculate the orientation (X, Y and Heading angle) of the sensor. The triangulation 

method will be considered in the localization system as (3.1), (3.2) and (3.3). The mapping 

system will use the raw output data from the laser sensor and the orientation of the sensor 

from the localization system in order to draw the map and analyze the map to create the way 

point for the robot automatically. The robot will receive the command from the mapping 

system and send back the feedback. The robot will automatically move to the target point 

and stop following by the command from the mapping system.  

 

3.2 Hardware Design 

 

3.2.1 Overall Hardware connections 

 

In order to connect the laser sensor to the computer, the RS-422/USB converter must be 

considered because the electrical interface of the laser sensor is implemented according to 

the RS-422 standard whereas most computers support USB communication. Thus, the RS-

422/USB converter must be used in this system to connect between the laser sensor and the 



13 

 

computer. The localization and mapping system are implemented in the computer by using 

Visual C#. In the robot, the microcontroller is inside and be connected directly to the 

computer using serial communication. There are two dc-motors with their H-bridge motor 

drivers inside the robot. One is operated as a driving system and the other one is operated as 

a steering system. For the steering system, two limit switches are considered to prevent 

damage from rotating, and an infrared sensor are used for setting the steering wheel in the 

center position.   

 

 
Figure 3.2 Overall system structures 

 

3.2.2 Robot Specification 

 

The robot has 4 wheels. Two front wheels are drive wheels and two back wheels are for the 

direction of the robot. For two front wheels, there are a 12V dc-motor. For the system for 

two back wheels as shown in figure 3.3, there are also a 12V dc-motor connected with the 

protection system using two limit switches and the homing system using a infrared sensor.   
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Figure 3.3 Front side and back side of the robot 

 

 
Figure 3.4 Side views of the robot 

 

3.2.3 Component selection and specifications 

 

(a) Laser Scanner: SICK S300  

• 270-degree scan area 

• maximum scanning ranged up to 30 meters 
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Figure 3.5 Laser Scanner SICK S300 

 

 
Figure 3.6 The dimension of Laser Scanner SICK S300 

 

(b) Gear-box motor: TS-40CZ495D-49  

• 3W 12 VDC, 160 Revolution per Minuet with electric gearbox with ratio 49:1 

 
Figure 3.7 Gear-box motor: TS-40CZ495D-49 
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(c) H-bridge Single motor Driver  

• Motor DC Supply 12-24vdc. 40A 

• All N- Channel Power MOSFET H-bridge Driver  

• PWM Duty cycle Range: 0-100% and PWM Frequency: 400Hz-25000Hz 

 

(d) DT-5119 USB to RS422/RS485 Converter  

• Automatically identify RS422 or RS485 communication mode. 

 

(e) Microcontroller: Arduino UNO Rev 3  

• Communicate with the computer to control the driving system and the steering 

system of the robot. 

 

(f) IR Infrared Obstacle Avoidance Sensor Module 

• Used for the homing system of the robot. 

• Active infrared sensors to detect the reflected. 

 

3.3 Software Design 

 

3.3.1 Overall program 

 

There are two main programs in this research. The first program is inside the computer using 

Visual C# and uses the multi-threading. This program has two threads; localization system 

and Searching and Mapping system. The localization system or thread 1 is executed every 

100 milliseconds approximately in Real-time And the second task is Searching and Mapping 

system. For the other program, Robot system, this program operates inside the robot 

separately from the first program. Figure 3.8 illustrates the overall program structure of the 

overall process. 

 

 
Figure 3.8 Overall program structure 

 

3.4 Localization System 

 

3.4.1 Output raw data from the SICK s300 laser scanner 
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Once the SICK s300 laser scanner is connected to the computer, the laser scanner will 

continuously send the output raw data to the computer. The structure of output raw data from 

the SICK s300 laser scanner from RS422 interface will be as the figure 3.9.  

 
Figure 3.9 Output raw data structure from the laser scanner 

 

There are 3 operation modes for the sensor SICK s300, I/O data, Measured data and 

Reflector data. The output raw data will be followed by AA AA If I/O data mode is 

configured. The output raw data will be followed by BB BB if measured data mode is 

configured. And the output raw data will be followed by CC CC if reflector data is 

configured. In this research, measured mode is considered because this mode will give all 

distance data and reflector data from every scan. Normally, the full range of all output from 

SICK s300 is from 0 degree to 270 degree. The scanning range of the sensor can be divided 

to 4 sections depending on the user. In this research, only one range scan is required and the 

output raw data will be followed by 11 11 as shown as a data block number 2 in the figure 

3.9. 

 

Since the laser scanner sends the raw output data to the computer continuously all the time, 

the appropriate process needs to be provided otherwise some errors will occur and eventually 

leads to malfunction. From the configuration of SICK s300 laser scanner, the sensor will 

send the raw output data by 0.5 degree with the range of -45 degree to 225 degree. There are 

totally 2216 data words or 541 data blocks. If the data length is more than or equal to 2216 

words, the program will pack the data and then move them to a new buffer. Next, the program 

will search for the first data block, BBBB, in order to rearrange the data into an appropriate 

form. This rearranged data will be used in the next process. Figure 3.10 illustrates the 

flowchart of the raw output data collection process. 

 

 
Figure 3.10 The laser sensor output data collection flowchart 
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The next process after rearranging the data is to convert each data block into a usable 

measured value. The laser scanner SICK s300 will send the output raw data in the form of 

hexadecimal numbers. Each data block contains distance data and reflector data. Before 

going to the localization part, the output data need to be converted into decimal number. The 

example below will show how to convert hexadecimal numbers into decimal numbers in 

order to obtain the distance data and reflector data. Figure 3.11 illustrates the example of 

data blocks received from the laser scanner and beginning with the first data block “BBBB”.  

 

 
Figure 3.11 Example for five data blocks of the raw output data 

 

(Data block no.1) E8 23 measured value at 0 degree is 0x23E8 

in bit notation: 0010 0011 1110 1000 

Bit 13: 1: reflector detected 

Bit 12 … 0: distance in cm: 0x03E8 = 0000 0011 1110 1000 

(512 cm + 256 cm + 128 cm + 64 cm + 32 cm + 8 cm = 1,000 cm) 

 

(Data block no.2) E8 23 measured value at 0.5 degree is 0x23E8 

in bit notation: 0010 0011 1110 1000 

Bit 13: 1: reflector detected 

Bit 12 … 0: distance in cm: 0x03E8 = 0000 0011 1110 1000 

(512 cm + 256 cm + 128 cm + 64 cm + 32 cm + 8 cm = 1,000 cm) 

 

(Data block no.3) E8 23 measured value at 1.0 degree is 0x23E8 

in bit notation: 0010 0011 1110 1000 

Bit 13: 1: reflector detected 

Bit 12 … 0: distance in cm: 0x03E8 = 0000 0011 1110 1000 

(512 cm + 256 cm + 128 cm + 64 cm + 32 cm + 8 cm = 1,000 cm) 

 

(Data block no.4) E8 03 measured value at 1.5 degree is 0x03E8 

in bit notation: 0000 0011 1110 1000 

Bit 13: 0: no reflector detected 

Bit 12 … 0: distance in cm: 0x03E8 = 0000 0011 1110 1000 

(512 cm + 256 cm + 128 cm + 64 cm + 32 cm + 8 cm = 1,000 cm) 

 

(Data block no.5) E8 03 measured value at 2.0 degree is 0x03E8 

in bit notation: 0000 0011 1110 1000 

Bit 13: 0: no reflector detected 

Bit 12 … 0: distance in cm: 0x03E8 = 0000 0011 1110 1000 

(512 cm + 256 cm + 128 cm + 64 cm + 32 cm + 8 cm = 1,000 cm) 

 

3.4.2 The calculation for the orientation (X, Y and Heading angle) of the sensor  

 

Each data block from the raw output data provides distance value from the sensor to obstacle 

and reflector data. Reflectors need to be installed in the searching area and calculate every 
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correlative distance between 2 reflectors then keep them into the memory. The next step is 

to compare the reflector data from the sensor with the reflector data in memory.  

  
Figure 3.12 Flow chart of the localization system 

 

For the first scan, the sensor position will be defined at the origin point (0,0) and the system 

will automatically calculate all of the reflectors’ position around the area. When the sensor 

moves from the first position to the new position (𝑥𝑛, 𝑦𝑛), the sensor will send back the 

distance data between the sensor and reflectors (𝑑𝑛1 , 𝑑𝑛2  and 𝑑𝑛3) and the system will 

automatically calculate the new position of the sensor (𝑥𝑛, 𝑦𝑛) by using the triangulation 

method. 

 

𝑑𝑛1
2  = (𝑥𝑛 − 𝑥1)2+(𝑦𝑛 − 𝑦1)2 (3.1) 

𝑑𝑛2
2  = (𝑥𝑛 − 𝑥2)2+(𝑦𝑛 − 𝑦2)2 (3.2) 

𝑑𝑛3
2  = (𝑥𝑛 − 𝑥3)2+(𝑦𝑛 − 𝑦3)2 (3.3) 
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Figure 3.13 The sensor and reflectors in the area. 

 

from (3.1), (3.2), and (3.3),  

 

𝑑𝑛1
2  =𝑥𝑛

2 − 2𝑥𝑛𝑥1 +𝑥1
2 + 𝑦𝑛

2 − 2𝑦𝑛𝑦1 + 𝑦1
2 (3.4) 

𝑑𝑛2
2  =𝑥𝑛

2 − 2𝑥𝑛𝑥2 +𝑥2
2 + 𝑦𝑛

2 − 2𝑦𝑛𝑦2 + 𝑦2
2 (3.5) 

𝑑𝑛3
2  =𝑥𝑛

2 − 2𝑥𝑛𝑥3 +𝑥3
2 + 𝑦𝑛

2 − 2𝑦𝑛𝑦3 + 𝑦3
2 (3.6) 

 

(3.1) - (3.2) obtains,  

 

(2𝑥2 − 2𝑥1)𝑥𝑛 + (2𝑦2 − 2𝑦1)𝑦𝑛 = 𝑑𝑛1
2 − 𝑑𝑛2

2 − 𝑦1
2 + 𝑦2

2 (3.7) 

 

(3.2) - (3.3) obtains,  

 

(2𝑥3 − 2𝑥2)𝑥𝑛 + (2𝑦3 − 2𝑦2)𝑦𝑛 = 𝑑𝑛2
2 − 𝑑𝑛3

2 − 𝑦2
2 + 𝑦3

2 (3.8) 

 



21 

 

 
Figure 3.14 Moving of the sensor to new position 

 

where, 
(𝑥𝑛, 𝑦𝑛) is the position of the sensor at the new position. 
(𝑥1, 𝑦1) is the position of the reflector number 1. 
(𝑥2, 𝑦2) is the position of the reflector number 2. 
(𝑥3, 𝑦3) is the position of the reflector number 3. 
𝑑𝑛1 is the distance between the sensor and the reflector number 1. 
𝑑𝑛2 is the distance between the sensor and the reflector number 2. 

𝑑𝑛3 is the distance between the sensor and the reflector number 3. 
𝑑12 is the distance between the reflector number 1 and the reflector number 2. 
𝑑23 is the distance between the reflector number 2 and the reflector number 3. 
 

By using the equation (3.7) and (3.8), the system can calculate the current sensor orientation 

(X, Y) of SICK s300 laser scanner. Note that orientation of the sensor can be calculated if 

there are at least 3 reflectors in the area. After calculating the new position (𝑥𝑛, 𝑦𝑛) of SICK 

s300 laser scanner, the system will continuously calculate heading angle (𝛽) of SICK s300 

laser scanner. 
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Figure 3.15 Heading angle calculation (β is negative) 

 

 

Figure 3.16 Heading angle calculation (β is positive) 

 

When the sensor moves to the new position (𝑥𝑛, 𝑦𝑛), the system will obtain the angle () 

between the sensor and the reflector number 1 automatically from output raw data of the 

sensor. The system will calculate heading angle () of SICK s300 laser scanner by using the 

equation below. 

 

𝛽 = 𝛼 − 𝜃 (3.9) 

 

where, 

𝜃 = tan−1 (
𝑦1 − 𝑦𝑛

𝑥1 − 𝑥𝑛
) (3.10) 
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Note that the angle between the sensor and the reflector number 1 can be either negative or 

positive and the heading angle () will be positive when the sensor rotates in clockwise 

direction and will be negative when the sensor rotates in counterclockwise direction. 

 

3.5 Searching and Mapping System 

 

This system is the thread number 2 which operates parallelly with the thread number 1, the 

localization system. Searching and Mapping system in this research will be divided into two 

parts; map updating and path planning algorithm with the occupied map check.  

 

3.5.1 Map Updating  

 

In this research, the unknown environment map is updated in the form of an occupancy grid 

map. There are three colors in the map, black, white, and gray. The obstacles in the searching 

area are represented by black color. White color represents the free area or searched area. 

And gray color represents the unsearched area. Figure 3.17 illustrates an occupancy grid map 

with three different colors and a robot in the environment.  

 

 
Figure 3.17 Occupancy Grid Map 

 

This process begins with creating a new bitmap with gray background. Then the process will 

wait for the command “update map” from the main program. When the command “update 

map” is sent, the process will automatically update the map by each degree, from -45 to 225 

degree, totally 541 times. Before updating the map, every coordination (X, Y) need to be 

converted to global axis by using the following transformation matrix (3.11). The figure 3.18 

shows the translation and rotation of the robot. Note that the theta (𝜃) is the current heading 

angle of the laser scanner from the localization system. Figure 3.19 illustrates the flowchart 

of the map updating process. 
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Figure 3.18 Translation and rotation of the robot 

 

[

𝑥1

𝑦1

𝑧1

1

] = [

cos 𝜃 − sin 𝜃 0 𝑥𝑡

sin 𝜃 cos 𝜃 0 𝑦𝑡

0 0 1 0
0 0 0 1

] [

𝑥0

𝑦0

0
1

] (3.11) 

From (3.11), 

𝑥1 = 𝑥0 cos 𝜃 − 𝑦0 sin 𝜃 + 𝑥𝑡 (3.12) 

𝑦1 = 𝑥0 sin 𝜃 + 𝑦0 cos 𝜃 + 𝑦𝑡 (3.13) 

 

 
Figure 3.19 Map Updating Process 

 

After drawing a black point, the process will draw a white line from (𝑥𝑛, 𝑦𝑛)  to 
(𝑥𝑐𝑜𝑢𝑛𝑡, 𝑦𝑐𝑜𝑢𝑛𝑡) by using Bresenham's line algorithm [15]. The resolution of the bitmap in 

this research is defined as 800x800 and the width of each pixel is 5 centimeters.  
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3.5.2 Path Planning Algorithm and the Occupied Map Checking Method 

 

In order to let the robot automatically build a map in the unknown environment, the robot 

need to know about the suitable path and when the terminated point is. This part will propose 

the algorithm which can come up with this problem. Figure 3.20 illustrates the overall works 

for path planning algorithm and the occupied map check process. 

 

 
Figure 3.20 Overall process for path planning and occupied map check 

 

3.5.2.1 Update the map around the robot  

 

This is the first step of the path planning process and it will operate only one time after 

connecting the robot to the computer. The main objective of this step is to let the robot be 

able to see the environment around it before moving to the path planning process because 

the laser scanner SICK s300 can only scan the environment for 270 degree. This step begins 

with setting the steering wheels into the center position, it is called Homing process. Next, 

the robot will move forward for 1 meter and rotate clockwise direction for 90 degree then 

update the map 

 

.  

Figure 3.21 Flowchart for updating the map around the robot 
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3.5.2.2 Find the nearest unsearched area by the color sequence scanning algorithm 

 

The next step after searching the area around the robot is to find the nearest unsearched area. 

The unsearched area will be represented as gray point in the map. Thus, the nearest 

unsearched area is the nearest gray point from the robot. This research proposes the 

algorithm to find the nearest unsearched point by using image processing technique.   

 

In this research, the map obtained from the map updating process as shown in the figure 3.19 

is defined as a BGR bitmap format, the picture that contains three colors (blue, green, and 

red). Normally, in Visual C#, a BGR bitmap consists of three channels and each channel can 

be defined value from 0 to 255. For example, blue color is (0,0,255), red color is (255,0,0), 

and green color is (0,255,0).  

 

This process begins with loading a saved map from the computer and then scanning from 

the first pixel of the map, (0,0) to the last pixel of the map. The resolution of the map in this 

research is 800x800. There are two types of scanning in this process, vertical scanning and 

horizontal scanning. The horizontal scanning process will be illustrated as a flowchart in the 

figure 3.23. In reality, for human, the unsearched point in the map can be easily found by 

determining the gray color. But in practically, the computer does not understand the color as 

a human. Thus, this algorithm will let the computer to analyze the map as a human does. The 

figure 3.22 is one of the real maps from the experiment of this research and it shows the 

example of unsearched points in the map. The unsearched point A is the figure 3.22 is the 

nearest unsearched point from the robot and the sequence of color is shown below the map 

as Black - White - Gray. If the process scans the map horizontally and found the sequence 

of color as White-Gray-White, White-Gray-Black, Black-Gray-White, and Black-White-

Gray, the process will define the end of the sequence as an unsearched point. Since 

unsearched points can be found in the map numerously, the nearest point has to be considered 

by following the process as shown in the flowchart part B in the figure 3.23. 

 

 
Figure 3.22 The example of unsearched points in the map 
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Figure 3.23 The flowchart of the nearest unsearched point finding algorithm 
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Figure 3.24 The example of an experimental result from the nearest gray point   

 

The figure 3.24 illustrates the example of an experiment result from the nearest unsearched 

area finding algorithm in the real environment. The red arrow heads to the nearest 

unsearched point and the blue square represents the current position of the robot.  

 

3.5.2.3 Determine the next observation point  

 

The next step after obtaining the nearest unsearched point is to find the next target point or 

the next observation point.  

 

 
Figure 3.25 The example of determining the next observation point 
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As the figure 3.25, the next observation point (𝑥𝑛, 𝑦𝑛)  will be on the linear line 

perpendicularly to the linear line between the position of the robot (𝑥0, 𝑦0) and the nearest 

unsearched point (𝑥𝑏 , 𝑦𝑏). The distance between the next observation point and the nearest 

unsearched point can be obtained by using (3.14) and will be equal to 𝑅𝑜𝑢𝑡 .  

 

𝑅𝑜𝑢𝑡 = 𝑑1 + 𝑟𝑖𝑛 (3.14) 

 

𝑑1 is a safety value to prevent the robot from moving too close to the obstacle. It is the 

distance from the nearest unsearched point and it will be always equal to 30 centimeters.  

𝑟𝑖𝑛 is also a safety value to make sure that there are not any obstacles in the area of the circle 

with radius  𝑟𝑖𝑛 . This value can be varied depending on obstacles appear within the area and 

it will be set to maximum value at 20 centimeters in case of no any obstacles appear within 

the area of circle. Thus, the next observation point can be calculated by following the method 

below. 

 

The linear equation between the point (𝑥0, 𝑦0) and the point (𝑥𝑏 , 𝑦𝑏) is, 

 

(𝑦 − 𝑦0) = 𝑚(𝑥 − 𝑥0) (3.15) 

where, 

𝑚 =
𝑦0 − 𝑦𝑏

𝑥0 − 𝑥𝑏
 (3.16) 

 

The linear equation of the linear line perpendicular to (3.15) and travels through the point 
(𝑥𝑏 , 𝑦𝑏) is,  

(𝑦 − 𝑦𝑏) = 𝑚𝑛𝑒𝑤(𝑥 − 𝑥𝑏) (3.17) 

where, 

𝑚𝑛𝑒𝑤 = −
1

𝑚
 (3.18) 

 

Since the distance between the point (𝑥𝑛, 𝑦𝑛) and the point (𝑥𝑏 , 𝑦𝑏) is 𝑅𝑜𝑢𝑡, it obtains, 

 

𝑅𝑜𝑢𝑡
2 = (𝑥𝑛 − 𝑥𝑏)2 + (𝑦𝑛 − 𝑦𝑏)2 (3.19) 

(𝑥𝑛 − 𝑥𝑏)2 = 𝑅𝑜𝑢𝑡
2 − (𝑦𝑛 − 𝑦𝑏)2 (3.20) 

 

substituting (𝑥𝑛 − 𝑥𝑏)2 into (3.17) obtains, 

 

(𝑦𝑛 − 𝑦𝑏)2 = 𝑚𝑛𝑒𝑤
2 𝑅𝑜𝑢𝑡

2 − 𝑚𝑛𝑒𝑤
2 (𝑦𝑛 − 𝑦𝑏)2 (3.20) 

(𝑚𝑛𝑒𝑤
2 + 1)(𝑦𝑛 − 𝑦𝑏)2 = 𝑚𝑛𝑒𝑤

2 𝑅𝑜𝑢𝑡
2  (3.21) 

(𝑦𝑛 − 𝑦𝑏)2 =
𝑚𝑛𝑒𝑤

2 𝑅𝑜𝑢𝑡
2

(𝑚𝑛𝑒𝑤
2 + 1)

 (3.22) 
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(𝑦𝑛 − 𝑦𝑏) = ±
𝑚𝑛𝑒𝑤𝑅𝑜𝑢𝑡

√𝑚𝑛𝑒𝑤
2 + 1

 (3.23) 

𝑦𝑛 = 𝑦𝑏 ±
𝑚𝑛𝑒𝑤𝑅𝑜𝑢𝑡

√𝑚𝑛𝑒𝑤
2 + 1

 (3.24) 

 

substituting 𝑦𝑛 into (3.17) obtains, 

𝑥𝑛 = 𝑥𝑏 ±
𝑅𝑜𝑢𝑡

√𝑚𝑛𝑒𝑤
2 + 1

 (3.25) 

 

As the equation (3.24) and (3.25) and the figure 3.24, the next observation point (𝑥𝑛, 𝑦𝑛) 

will have two results, (𝑥𝑛1, 𝑦𝑛2) and (𝑥𝑛2, 𝑦𝑛2). In order to choose the next target point for 

the robot properly, this algorithm will choose the next observation point by creating invisible 

square area around both points and check how many the white points in each created square. 

The process will choose a square which has less white point than the other one and define 

the (𝑥𝑛, 𝑦𝑛) in that square as the next observation point for the robot. The figure 3.26 shows 

the next observation point as a green point. 

 

  
Figure 3.26 The example of determining the next observation point for the robot 

 

There is another special case that the next observation point occurred behind an obstacle and 

the robot could not go through as shown in the figure 3.27. The process will generate a new 

observation point by ignoring the circle with radius 𝑟𝑖𝑛 and using 𝑅𝑜𝑢𝑡 = 𝑑1 instead. The 

new observation point will be shown as (𝑥𝑛,𝑛𝑒𝑤, 𝑦𝑛,𝑛𝑒𝑤) in the figure 3.26. If the new 

observation point (𝑥𝑛,𝑛𝑒𝑤 , 𝑦𝑛,𝑛𝑒𝑤) is still behind an obstacle, the process will consider the 

other observation point (𝑥𝑛2, 𝑦𝑛2) instead of using (𝑥𝑛,𝑛𝑒𝑤, 𝑦𝑛,𝑛𝑒𝑤). 
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Figure 3.27 Changing the new observation point 

 

3.5.2.4 Moving to the next observation point  

 

After obtaining the next observation point, the robot needs to move to that observation point 

and then check whether the map is occupied or not. First, the process will calculate the angle 

between the robot and the next observation point. Then the robot will turn around to move 

its head facing the next observation point. After that the homing process will operate in order 

to set the steering wheel in the center position. At this moment, the robot will stop for 5 

seconds and the map updating process will operate during this period of time. Then, the robot 

will move straight to the next observation point. When the robot reaches the target point, it 

will stop for 5 seconds and the map updating process will operate again. The figure 3.28 

shows the process how the robot moves to the target point. 
 

 
Figure 3.28 Changing the new observation point 
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3.5.2.5 Occupied Map Check Process  

 

The word “Occupied Map” in this research means a map which is searched completely or a 

map which is occupied by black points, obstacles or walls in an enclosure. The Occupied 

Map Check is the last process that checks whether the map is occupied or not. It begins with 

retrieving contour groups from the map (binary image) using the algorithm by Suzuki [16]. 

After that, the process will approximate polygon curves by using Douglas-Peucker algorithm 

[17]. This algorithm will simplify a polygon curve by removing insignificant contour points. 

Douglas-Peucker algorithm is one of the useful tools to solve that kind of problem. Then, 

the process will calculate the area of each polygon and select a polygon that has the biggest 

area. The selected polygon will be compared its area with the environment’s area in the 

memory. If both area values are matched, the process will check the percentage of black 

points between each contour point of the selected polygon orderly. The map will be occupied 

completely if the percentage of black points between each contour point is more than 85. 

The figure 3.29 illustrates the flowchart of the Occupied Map Check Process.  
 

 
Figure 3.29 Occupied Map Check Process 

 

The example of the experiment for the Occupied Map Check Process in the real experimental 

environment is shown in the figure 3.30. The picture in the left side   represents the raw map 

image. The picture in the middle is the result image from Douglas-Peucker algorithm with 

epsilon at 0.007. The textbox ‘A’ shows the coordinates (X, Y) of each contour point from 

the biggest polygon determined by the process as shown in the figure 3.28. The picture in 

the right side shows the result image by checking the percentage of black points between 

each contour point of the selected polygon orderly. The textbox ‘B’ shows the result about 

the percentage of the black points and the number of black points between each contour point 

of the selected polygon.  
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Figure 3.30 The experiment of the occupied map checking process 

 

3.6 Experiment Design 

 

In this research, there are 4 experiments, the resolution of the localization system, corridor 

searching, room searching, multiple obstacles in the area searching. Each experiment will 

show the result as an occupancy grid map including the execution time and the trajectory of 

the robot.   

 

3.6.1 The Resolution of the Localization System 

 

In this experiment, the resolution of the localization system will be measured. The clearly 

environmental area without any obstacles will be required and prepared for this experiment. 

The figure 3.31 shows the graphical layout and the dimension of the experimental area. To 

conduct the experiment, the laser sensor will be moved to the six target points as illustrated 

in the figure 3.32. First, the laser sensor will be moved forward for 300 cm. to the target 

point number 1 without changing the heading angle. Second, the laser sensor will be moved 

left for 300 cm. to the target point number 2 without changing the heading angle. Third, the 

laser sensor will be moved forward for 200 cm. to the target point number 3 with changing 

the heading angle to 90 degree. Fourth, the laser sensor will be moved right for 300 cm. to 

the target number 4 with changing the heading angle to -90 degree. Fifth, the laser sensor 

will be moved forward for 250 cm. to the target point number 5 with changing the heading 

angle to 45 degree. Sixth, lastly, the laser sensor will be moved right for 300 cm. to the target 

point number 6 with changing the heading angle to 135 degree. The panoramically realistic 

area for this experiment is shown in the figure 3.33. The three views of the realistically 

environmental area, left view, middle view, and right view, will be shown in the figure 3.34, 

3.35, and 3.36 respectively. The figure 3.37 shows the experiment set for this experiment.  
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Figure 3.31 The dimension of the experimental area 

 

 
Figure 3.32 The target points for the first experiment 

 

 
Figure 3.33 The panoramically realistic area for the first experiment 
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Figure 3.34 The left view of the realistic area for the first experiment 

 

 
Figure 3.35 The middle view of the realistic area for the first experiment 

 

 
Figure 3.36 The right view of the realistic area for the first experiment 
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Figure 3.37 the experiment set for the first experiment. 

 

3.6.2 Experiment A: Corridor Searching 

 

The environmental area of this experiment is prepared similarly to a corridor. Normally, a 

corridor is a long passage way in a building from which doors lead into rooms. The figure 

3.38 shows the graphic layout of the corridor searching experiment. There are totally 11 

reflectors installed in this experimental area in order to use for localizing the robot. The robot 

will begin searching at the first position represented as the blue square in the figure 3.38. 

The panoramically realistic area for this experiment is shown in the figure 3.39. The three 

views of the realistically environmental area, left view, middle view, and right view, will be 

shown in the figure 3.40, 3.41, and 3.42 respectively. 

 

 
Figure 3.38 Experiment A: Corridor Searching 
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Figure 3.39 The panoramically realistic area for experiment A 

 

 
Figure 3.40 The left view of the realistic area for experiment A 

 

 
Figure 3.41 The middle view of the realistic area for experiment A 
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Figure 3.42 The right view of the realistic area for experiment A 

 

3.6.3 Experiment B: Room Searching 

 

The environmental area of this experiment is prepared similarly to a room. In this 

experiment, there are two big areas separated by the paper walls and one gap between the 

paper walls representing a door. The figure 3.43 shows the graphic layout of the room 

searching experiment. There are totally nine reflectors installed in this experimental area in 

order to use for localizing the robot. The robot will begin searching at the first position 

represented as the blue square in the figure 3.43. The panoramically realistic area for this 

experiment is shown in the figure 3.44. The three views of the realistically environmental 

area, left view, middle view, and right view, will be shown in the figure 3.45, 3.46, and 3.47 

respectively. 

 

 
Figure 3.43 Experiment B: Room Searching 
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Figure 3.44 The panoramically realistic area for experiment B 

 

 
Figure 3.45 The left view of the realistic area for experiment B 

 

 
Figure 3.46 The middle view of the realistic area for experiment B 
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Figure 3.47 The right view of the realistic area for experiment B 

 

3.6.4 Experiment C: Multiple Obstacles in the Area Searching 

 

The environmental area of this experiment is prepared to has some obstacles inside. In this 

experiment, as shown in the figure 3.48, there are 3 obstacles, one is a big rectangular box 

located at in the middle of the area, another one is a wood plate located connectedly with the 

rectangular box, and the last one is also a wood plate located at the left side of the rectangular 

box. The figure 3.48 shows the graphic layout of the searching experimental area. There are 

totally eight reflectors installed in this experimental area in order to use for localizing the 

robot. The robot will begin searching at the first position represented as the blue square in 

the figure 3.48. The panoramically realistic area for this experiment is shown in the figure 

3.49. The three views of the realistically environmental area, left view, middle view, and 

right view, will be shown in the figure 3.50, 3.51, and 3.52 respectively. 

 

 
Figure 3.48 Experiment C: Multiple Obstacles in the Area Searching 
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Figure 3.49 The panoramically realistic area for experiment B 

 

 
Figure 3.50 The left view of the realistic area for experiment C 

 
Figure 3.51 The middle view of the realistic area for experiment B 
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Figure 3.52 The right view of the realistic area for experiment B 
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RESULTS AND DISCUSSION 

 

The occupancy map results of all four experiments, the results of the resolution of the 

localization system experiment, Corridor Searching, Room Searching, and Multiple 

Obstacles in the Area Searching, will be shown including the execution time and the 

trajectory of the robot.   

 

4.1 The Resolution of the Localization System Experiment and Discussion 

 

4.1.1 The results of the Resolution of the Localization System Experiment 

 

The laser sensor will be moved to the six target points as shown in the figure 3.31. The result 

from this experiment is shown in the table 4.1. The Root Mean Square Error of the system 

is calculated using (4.1) and in the table 4.2  

 

Table 4.1 The result of the Resolution of the Localization System Experiment 

 

Target 

Point 

Orientation of the sensor 

(Calculation) 

Orientation of the sensor 

(Experiment) 

𝑋𝑐 (cm.) 𝑌𝑐  (cm.) 𝜃𝑐  (degree) 𝑋𝑒  (cm.) 𝑌𝑒 (cm.) 𝜃𝑒  (degree) 

1 0 300 0 0.3 301.8 -0.5 

2 -300 300 0 -298.4 301.2 -0.8 

3 -300 500 90 -301.7 498.8 89.4 

4 0 500 -90 -0.9 501.8 -90.9 

5 0 750 45 0.8 748.7 44.3 

6 -300 750 135 -301.5 751.6 134.2 

 

In order to calculate the Root Mean Square Error (RMSE) of the system, the equation (4.1), 

(4.2), and (4.3) is considered, where (𝑋𝑐, 𝑌𝑐, 𝜃𝑐)  is the orientation of the sensor from 

calculating and (𝑋𝑒, 𝑌𝑒 , 𝜃𝑒) is the orientation of the sensor measured from the experiment. 

𝑅𝑀𝑆𝐸, 𝑋 = √
1

𝑛
∑(𝑋𝑐,𝑖 − 𝑋𝑒,𝑖)

2
𝑛

𝑖−1

 (4.1) 

𝑅𝑀𝑆𝐸, 𝑌 = √
1

𝑛
∑(𝑌𝑐,𝑖 − 𝑌𝑒,𝑖)

2
𝑛

𝑖−1

 (4.2) 

𝑅𝑀𝑆𝐸, 𝜃 = √
1

𝑛
∑(𝜃𝑐,𝑖 − 𝜃𝑒,𝑖)

2
𝑛

𝑖−1

 (4.3) 
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Table 4.2 The Error of the system 

 

Target 

Point 

Error of the orientation Square Error of the orientation 

|𝑋𝑐 − 𝑋𝑒| |𝑌𝑐 − 𝑌𝑒| |𝜃𝑐 − 𝜃𝑒| (𝑋𝑐 − 𝑋𝑒)2 (𝑌𝑐 − 𝑌𝑒)2 (𝜃𝑐 − 𝜃𝑒)2 

1 0.3 1.8 0.5 0.09 3.24 0.25 

2 1.6 1.2 0.8 2.56 1.44 0.64 

3 1.7 1.2 0.6 2.89 1.44 0.36 

4 0.9 1.8 0.9 0.81 3.24 0.81 

5 0.8 1.3 0.7 0.64 1.69 0.49 

6 1.5 1.6 0.8 2.25 2.56 0.64 

 RMSE 1.24 1.50 0.728 

 

4.1.2 Discussion 

 

The error of the localization system can be varied depending on how much the distance 

between the sensor and a reflector is. The more the distance, the more the error. Since the 

localization system uses three reflectors in calculation, the distance between the sensor and 

three reflectors will be compensated together and the error will not be large. From the table 

4.2, the maximum error of the coordination X is 1.7 centimeter in the target point number 3. 

The minimum error of the coordination X is 0.3 centimeter in the target number 1. The 

maximum error of the coordination Y is 1.8 centimeter in the target point number 1 and 4. 

The minimum error of the coordination Y is 1.2 centimeter in the target point number 2 and 

3. The maximum error of the heading angle is 0.9 degree in the target point number 4. And 

the minimum error of the heading angle is 0.5 degree in the target point number 1. The Root 

Mean Square Error of the coordination X, coordination Y and the heading angle is 1.24, 1.5, 

and 0.728 respectively.  

 

4.2 The result of the experiment A, Corridor Searching, and Discussion 

 

4.2.1 The results of the experiment A, Corridor Searching. 

 

In this experiment, the environment as shown in the figure 3.38 is searched. The table 4.3 

shows the result of the experiment A. The figure 4.1 illustrates all four steps as an occupancy 

grid map for each step. The figure 4.2 shows the trajectory of the robot. The figure 4.3 shows 

the comparison of the graphical map and the real map. 

 

Table 4.3 The result of searching steps for the experiment A 

 

Step 

Current position of 

the robot 

(Measured from the 

sensor) 

(𝑿𝒎, 𝒀𝒎, 𝜽𝒎)  

(cm., cm., degree) 

Next observation point 

(Calculated from the 

system) 

(𝑿𝒏, 𝒀𝒏, 𝜽𝒏)  

(cm., cm., degree) 

 

Execution 

time 

(millisecond) 

 

 

Occupied 

Status 
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1 (0,0,0) (-452.4, 273.2, 41.5) 48,216 False 

2 (-458.8, 269.3, 43.8) (-431.8, 726.1, -3.2) 25,831 False 

3 (-428.3, 724.5, -5.1) (-231.2, 783.3, -58.6) 29,652 False 

4 (-228.6, 779.8, -62.6) - - True 

 

  
(a) (b) 

  
(c) (d) 

Figure 4.1 All searching steps for the experiment A (a) Step 1 (The first step)  

(b) Step 2 (c) Step 3 (d) Step 4 (The last step) 

 

 
Figure 4.2 The trajectory of the robot for the experiment A 
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(a) (b) 

Figure 4.3 Comparison of the graphical map and the real map for the experiment A 

 

4.2.2 Discussion 

 

In this experiment, there are totally four searching steps and the summation of execution 

time for all steps is 103,699 millisecond or around 104 second. The maximum execution 

time is at the first step of searching because this execution time includes the first procedure, 

updating map around the robot, as shown in the figure 3.19. 

 

4.3 The result of the experiment B, Room Searching, and Discussion 

 

4.3.1 The results of the experiment B, Room Searching. 

 

In this experiment, the environment as shown in the figure 3.43 is searched. The table 4.4 

shows the result of the experiment B. The figure 4.4 illustrates all four steps as an occupancy 

grid map for each step. The figure 4.5 shows the trajectory of the robot. The figure 4.6 shows 

the comparison between the graphical map and the real map. 

 

Table 4.4 The result of searching steps for the experiment B 

 

Step 

Current position of 

the robot 

(Measured from the 

sensor) 

(𝑿𝒎, 𝒀𝒎, 𝜽𝒎)  

(cm., cm., degree) 

Next observation point 

(Calculated from the 

system) 

(𝑿𝒏, 𝒀𝒏, 𝜽𝒏)  

(cm., cm., degree) 

 

Execution 

time 

(millisecond) 

 

 

Occupied 

Status 

1 (0,0,0) (116.3, 341.4, -26.7) 50,284 False 

2 (119.1, 338.9, -28.4) (-172.6, 374.8, 72.4) 25,519 False 

3 (-175.8, 370.6, 74.1) (-170.7, 705.2, -5.8) 24,292 False 

4 (-165.3, 699.8, -7.2) - - True 
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(a) (b) 

  
(c) (d) 

Figure 4.4 All searching steps for the experiment B (a) Step 1 (The first step) 

(b) Step 2 (c) Step 3 (d) Step 4 (The last step) 
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Figure 4.5 The trajectory of the robot for the experiment B 

  
(a) (b) 

Figure 4.6 Comparison of the graphical map and the real map for the experiment B 

 

4.3.2 Discussion 

 

In this experiment, there are totally four searching steps and the summation of execution 

time for all steps is 100,095 millisecond or around 100 second. The maximum execution 

time is at the first step of searching because this execution time includes the first procedure, 

updating map around the robot, as shown in the figure 3.19. 

 

4.4 The result of the experiment C, Multiple Obstacles in the Area Searching, 

 and Discussion 

 

4.4.1 The results of the experiment C, Multiple Obstacles in the Area Searching. 

 

In this experiment, the environment as shown in the figure 3.48 is searched. The table 4.5 

shows the result of the experiment C. The figure 4.7 illustrates all four steps as an occupancy 
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grid map for each step. The figure 4.8 shows the trajectory of the robot. The figure 4.9 shows 

the comparison between the graphical map and the real map. 

s 
Table 4.5 The result of searching steps for the experiment C 

 

Step 

Current position of 

the robot 

(Measured from the 

sensor) 

(𝑿𝒎, 𝒀𝒎, 𝜽𝒎)  

(cm., cm., degree) 

Next observation point 

(Calculated from the 

system) 

(𝑿𝒏, 𝒀𝒏, 𝜽𝒏)  

(cm., cm., degree) 

 

Execution 

time 

(millisecond) 

 

 

Occupied 

Status 

1 (0,0,0) (-12.7, 358.4, 2.9) 53,871 False 

2 (-8.9, 362.8, -1.2) (87.2, 512.7, 15.9) 26,823 False 

3 (91.8, 508.1, 18.2) (-304.7, 512.5, 88.4) 25,158 True 

4 (-301.1, 507.9, 90.8) - - True 

 

  
(a) (b) 

  
(c) (d) 

Figure 4.7 All searching steps for the experiment C (a) Step 1 (The first step) 

(b) Step 2 (c) Step 3 (d) Step 4 (The last step) 
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Figure 4.8 The trajectory of the robot for the experiment C 

 

  
(a) (b) 

Figure 4.9 Comparison of the graphical map and the real map for the experiment C 

 

4.4.2 Discussion 

 

In this experiment, there are totally four searching steps and the summation of execution 

time for all steps is 105,852 millisecond or around 106 second. The maximum execution 

time is at the first step of searching because this execution time includes the first procedure, 

updating map around the robot, as shown in the figure 3.19. There is also a special case 

occurred in this experiment. In the figure 4.7 (a), the first target point represented as a green 

square is generated behind the obstacle and the robot is not able to get through that obstacle. 

Thus, a new observation point is generated as a new blue square between the nearest 

unsearched point and the green square. 
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CONCLUSION AND RECOMMENDATIONS 

 

5.1 Conclusion 

 

In this research, the automatic unknown environment searching and map making of a mobile 

robot using a laser scanner and reflectors was proposed. In details, there are three parts of 

system given as follow: first, the localization system is the system which calculates the 

orientation of the laser sensor in real-time using the triangulation method similarly to GPS 

localization algorithm. The reflectors are located in the searching area to be like the 

landmarks for the system. Second, searching and mapping system, the robot will 

automatically build the map of the unknown environmental area using the output data from 

the localization system and then create the next observation point by using the color 

sequence scanning algorithm in order to find the nearest unsearched area. For this algorithm, 

the system can easily identify where the nearest unsearched area is. Third, the robot system 

is the system inside the robot which controls the movement of the robot in order to reach the 

next observation point.  

 

From experiment, the results of the resolution for the localization system showed the mean 

square error of the orientation of the laser sensor measured in the real environmental area. 

For the experiments regarding to searching algorithm, corridor searching, room searching, 

and multiple obstacles in the area searching, clearly demonstrated the searching steps 

including the execution time for all steps and the comparison of a graphical map and a real 

occupancy grid map. 

 

For the performance enhancement, the system from this research can be applied to operate 

on any mobile robot in order to search and build a map for the unknown environment but 

the software in the robot system part mentioned in the chapter 3 has to be properly modified 

to be suitable for the mobile robot. 

 

5.2 Recommendations 

 

5.2.1. This research has the objective to study and design the localization system and the 

automatic unknown environment searching system. The further research may adopt 

this concept and this algorithm to implement on multiple mobile robots to 

communicate and operate mapping together in the same environmental area. 
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