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Resumen 

Con el desarrollo sin precedentes de sensores y redes, los sistemas de robots 

distribuidos pueden trabajar de forma cooperativa y explorar el medio ambiente de 

una manera totalmente distinta. Usando diferentes herramientas de percepción, un 

sistema de red robótica puede interactuar en un entorno para completar tareas 

definidas por usuario específico. Es capaz de obtener abundante información del 

mundo exterior a través de numerosos sensores, lo que se conoce como contexto, y 

hacer juicios basados en percepción. 

El proyecto de graduación se centra en el sistema de percepción de los sistemas de 

redes robóticas, investigando sobre todo las tareas de identificación de objetos. El 

proyecto apunta a lograr la identificación de mobiliario en un entorno interior, así 

como a explorar la aplicación de un método de consciencia de contexto en los 

sistemas de percepción robóticos. 

Presentamos un marco sensible al contexto para sistemas de redes robóticas en 

entornos interiores, consistente en la adquisición de contexto, su proceso, 

aplicación y la capa de comunicación. En este marco, se introduce el algoritmo de 

razonamiento de contexto basado en árbol de decisiones para cumplir con la tarea 

de identificación de objetos. Después, se describen dos contextos cruciales en el 

sistema: la ubicación y el tamaño de un objeto, jugando ambos un papel vital en la 

identificación de objetos. Primero describimos el algoritmo de construcción de 

mapas para obtener la información de ubicación. Después, mediante el análisis de 

los problemas existentes para la elaboración de mapas y las limitaciones en 

sensores, presentamos el método de obtención de mapas de cuadrícula basado en 

sensores ultrasónicos. Además, discutimos los algoritmos de detección de objetos 

para procesamiento de imágenes. Se presenta también un flujo para el 

reconocimiento visual en sistemas robóticos. Finalmente, tomamos Arduino como 

plataforma experimental y verificamos la implementación del sistema en la última 

parte de este manuscrito. 

 

Palabras clave: Sistema de red robótica; consciencia de contexto; 

Identificación de objeto; Mapa de cuadrícula; Procesado de imagen.  

  



   

  



   

Abstract 

With the unprecedented development of sensors and networks, the distributed 

robot systems can work cooperatively and explore the environment in a totally 

different way. By using different perception tools, a networked robot system can 

interact with an environment to complete specific user’s defined tasks. It is able to 

get abundant information from the outside world via numerous sensors, which is 

referred to as context, and make judgements based on perception.  

The graduation project focuses on the perceptional system of networked robot 

systems, conducting research mainly on object identification tasks. The project 

aims at achieving identification of furniture in an indoor environment, as well as 

exploring the application of a context awareness method in robotic perception 

systems.  

We present a context-aware framework for network robot systems in indoor 

environments, consisting of context acquisition, its process, application, and the 

communication layer. In this framework, the decision-tree-based context reasoning 

algorithm is introduced to fulfil the task of object identification. Then, we 

describe two crucial contexts in the system: location and size of an object, both of 

which play a vital role in object identification. We first describe the map building 

algorithm to obtain the location information. Then, by analyzing the existing 

problems for robot map building and sensing limitations, we present the grid map 

building method based on ultrasonic sensors. Furthermore, we discuss the object 

detection algorithms for image processing. One visual recognition flow is 

introduced for robotic systems too. Finally, we take Arduino as the platform for 

the experiments and we verify implementation of the system in the last part of this 

manuscript.  

Key words: Network robot system; Context awareness; Object 

identification; Grid map; Image processing.  
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1.1 Project Background 

In the past few decades, the unprecedented development of sensors, computing 

and network has created the possibility of exploring the environment in a totally 

different way, which enables a multi-agent robotic system to work cooperatively 

and achieve common purpose in harsh or complex environment [1].This advanced 

technology has been referred to as “Network Robot System” (NRS), which is 

usually a distributed system consisting the following elements[2]: 

- Environment sensors and actuators: Sensors and actuators are the critical 

components that collect or act on information in the environment, linking it 

to digital electronics. 

- Physical embodiment: The network robot system has to have several 

physical robots which incorporate software and hardware capabilities. 

- Network based cooperation: The network robot system combines robotics, 

sensors and information communication technology through a network, 

which could be wired or wireless. 

- Human-robot interaction: The network robot system involves interactions 

between humans and robots, concerning how a robot can fulfil own tasks 

based on its motivations and drivers.  

A network robot system can cooperate among itself and interact with the 

environment through the use of perception. Different from the use of single 

robotic agent, the network robot system usually can cover a larger area or view 

from more angles, thus the control strategy is more complex, requiring an 

additional control action between the agents and the distribution of perception 

according to specific tasks [3~4]. 

In order for a robot to accomplish useful tasks such as navigation, one key 

attribute is reliable perception in real world. By perception, it refers to the 

identification of sensory information to represent and understand the environment  

[5]. Among the different perceptions, the vision plays an important role in network 
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robotic system. However, the vision-based control of networked robot is far from 

efficient. There are still some tasks such as map reconstruction and object 

identification remaining partly unsolved. 

1.2 Specific Objectives 

In recent years, how to make robots more intelligent and autonomous to provide 

daily service has become a research hotpot, e.g. home service robot. For robotic 

system, the premise of providing such services is being able to perceive and 

understand the indoor environment around. That means, when robots are placed in 

an unfamiliar environment, without additional manual configuration or 

intervention, they can understand and adapt to the new environment by themselves. 

Specifically, to achieve this kind of adaptability, the robot should have the 

following abilities: 

- Sense of perception: using sensors to scan the environment to obtain 

environment information. 

- Navigation ability: moving on their own and get a wider range of 

environment information, including self-localization, route planning and 

obstacle avoidance. 

- Map building: using collected sensor information to form the indoor map.  

- Scene understanding: analyzing and understanding the information or 

constructed map, and extract the semantic awareness. 

By combining those four abilities and implementing them in network, the 

perception system of networked robots can be formed in indoor environment. The 

graduation project mainly focuses on this system, conducting research under the 

task of object identification. And the goal of project is expected to achieve 

identification of furniture in the indoor environment, as well as explore the 

application of context awareness method in robotic perception system.  

In this paper, we present a context awareness model which can be used to identify 

objects. Then, we describe grid map building, a solution for localization and 
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mapping using several ultrasonic sensors. Further, we present a visual recognition 

process flow which is effective in object identification of image processing. 

Finally, the implementation of the system is verified by the experiment in the last 

part of this paper.  

1.3 Technology Review 

1.3.1 Context-aware theory 

Context awareness, which refers to the idea that computing systems can sense and 

react based on environment, was introduced by Schilit and Theimer [6] in 

ubiquitous computing in 1994. By having the information about the circumstances, 

the context-aware device can react accordingly based on rules or even make 

assumptions about current situation. By context, it refers to any information that 

can be used to characterize the situation of the entity [7]. Some examples of 

magnitudes used to describe the context are location, color and temperature.  

Context-aware system is usually composed of these parts: acquisition of context, 

e.g. using sensors; abstraction and understanding of context, and application based 

on contexts.   

1.3.2 Map building method 

How to get the environmental information of the robot is one of the critical 

problems in the perception system, and the general strategy is to create a map 

using the robot roaming. In order to do this, sensors are required to perceive the 

external world. Indoor mobile robots generally have the following characteristics:  

1. Movability. Robot has a certain function of walking, whose movement can be 

achieved through the wheels.  

2. Maneuverability. The cooperation and communication between robots and 

human is necessary, thus the interaction between users and robots must be fast and 

convenient. 
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3. Adaptability. Robots should be able to respond to the unknown environment, 

such avoiding obstacles, etc. 

There are mainly 4 kinds of 2D mapping model for indoor environment: 

topological map representation, feature map representation, appearance based 

methods and grip map representation. Each of these methods has its own 

characteristics and scope of application, in which the feature maps and grid maps 

are widely used. 

(1) Topological map 

Topological mapping, which is introduced by Kortenkamp [8] in 1994, represent 

the world as network of nodes, representing distinctive places in the environment, 

and arcs, which are the movements between places. It is a compact representation 

of the map with only vital information remaining, unnecessary details being 

removed. These maps lack scale, ignoring the geometric feature data, and 

direction and distance are subject to variation, but the relationship between points 

is maintained. One example of topological map is the underground system map of 

big cities. 

Topological map is simple and easy to expand, but there are st ill a lot of 

deficiencies in recognizing the exact location. 

(2) Feature map 

The feature map representation method is based on feature information, mainly 

depending on the robot to collect the detected environment information, and to 

extract the abstract data from the set of features [9]. By adopting the use of a 

series of parameters, such as color, length, width and coordinates to characterize 

the line, corner and edge, the indoor environment is abstracted into a set of surface, 

corner and edge. Using this geometric information to describe the environment can 

make the description of the map more compact, and easy for location estimation 

and target recognition 

The following feature set is commonly used to represent the feature map. 
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  | 1,..., ,kD c k n    (1-1) 

where kc  is one feature and n is the total number of feature. 

Feature modeling has high location accuracy, but it requires pre-processing for 

feature extraction and certain perceptual data to get reasonable results. It is also 

sensitive to sensor noise, which makes it only suitable for highly structured 

environment. 

(3) Appearance based method 

The appearance based method is used to describe the environment directly using 

the data collected by the sensor, because the sensor data itself usually contains 

more abundant information of the environment than the intermediate link of 

feature map. Through the external environmental perceptual data recorded in 

different positions and directions, including coordinates, geometric features and 

symbol information, the environmental characteristics of certain positions are 

described. 

However, the data storage space of appearance based method is large, and the 

influence of environmental noise is serious, all of this making this model difficult 

to be developed in practical application.  

(4) Grid map 

The grip map is a discretized field that converts an environment into a number of the grid 

in same size, and each grid represents a part of the environment [10].Different tags will 

be used to represent the state of each grid, that is, whether it is occupied or not.  It is 

easily used for localization and path planning.  

One thing that makes grid maps different from the feature map is that it doesn't need to 

accurately describe the features of the environment. Grid map uses general description, 

making it easy to be created and maintained, even with inexpensive sensors such as sonar  

sensors. However, when in large environment or with high resolution, the number of the 

grid cell increases sharply, and the required memory resources to form the map will grow 

rapidly, which makes the calculation load correspondingly increase. 
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1.3.3 Object detection 

According to the research, approximately 80% of the outside information obtained 

by human beings is visual information. Vision plays a vital role in our acquisition 

of information. Image is the reflection of objective reality, which is an important 

information carrier with characteristics of intuition, rich content and conducive to 

exchange. It is an important part of multimedia. All kinds of applications based on 

image processing technology came into being, and among which, the image object 

detection is typical one. 

Human beings can recognize different kinds of complex objects in reality with 

great ease, while it is not an easy job for the computer. Research on target 

detection and recognition began in the 1960s, and the meaning is using computer 

for image processing and analyzing. The main purpose is to determine whether 

there is a target in the image. And if there is, determine what the object is and 

locate where it is [11]. 

1.4 Robot platform 

The whole project takes Arduino system, which is an open-source electrical 

platform based on easy-to-use hardware and software, as the experiment platform. 

The first Arduino was introduced in 2005 in Italy, and over the years, Arduino has 

been the brain of tons of projects and applications.  

The project is based on microcontroller board designs, using several 

microcontrollers which can interface to various expansion boards and other 

circuits through the provided I/O pins [12]. 
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2.1Ontology 

In human society, the richness of language plays an important role in conveying 

ideas to each other, that is, people are able to use implicit understanding 

situational information to help express their ideas. However, this is not effective 

enough in communication between human and robots or just between robots, thus 

the ontology is introduced. 

Ontology is an explicit specification of a conceptualization, which is an abstract, 

simplified view of the world [13]. The term of ontology is borrowed from 

philosophy, which is the study of the systematic account of being, becoming, 

existence, reality, and the basic categories of being and their relations  [14]. What 

entities exist and how they are grouped is the question they deal with. 

For robots or computers system, what exists is what can be represented. We can 

describe the ontology of a program by defining a set of representation terms, 

which associate the names of entities with human-readable text. Formally, 

ontology is the statement of a logical theory [15], containing four levels of 

meaning: 

  -  Conceptualization: Ontology is related to the concept of events, phenomena 

or states in the objective world, and the meaning of these concepts is 

independent of the specific events.  

  -  Explicit: The type and use of concepts are explicitly defined.  

  -  Formal: Ontology should be machine readable and processable. 

  -  Shared: Ontology captures consensual knowledge that is accepted by a 

group. 

By the above definition, it is known that the goal of ontology is to acquire the 

recognized knowledge in different fields, and to achieve the common 

understanding of the relevant domain. 
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2.2 Context-awareness Computing 

2.2.1 Definitions of context 

In 1994, Schilit and Theimer [6] gave the first definition of context, which was 

referred to location, human identity, object as well as the change information . 

With the development of science and technology and the development in different 

stage of the research, the definition of the context was not always the same. So far, 

there is still a unified description and explanation of the mathematical method.  

Context can be classified based on different rules. 

(1) Classification according to sources and uses 

Schilit et al.[6] consider context to be constantly changing execution environment 

and some important aspects are: where you are, who you are and what resources 

are nearby. They classified context as computing context, user context and 

physical context. 

- Computing context: network capacity, connectivity, cost of computing, 

available processors. 

- User context: location, collection of nearby people, and social situation.  

- Physical environment: noise level, lighting. 

(2) According to the character 

Hofer et al.[16] divided the context into physical context and logical context. 

Physical context refers to the physical quantity that can be detected by hardware 

sensors, such as position, illumination, sound, movement, temperature, etc. And 

the logical context is the context in which the user is preset, or by monitoring the 

user interaction, e.g. the user's goals, tasks, and status.   

(3)By enumerated classification 

- Computing context: network capacity, connectivity, cost of computing, 

available processors. 
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- User context: external features of user, user’s location, personal interests 

as well as needs 

- Environment context: location, lighting, noise, temperature, etc. 

- Time context: date, season, etc. 

2.2.2Context-aware computing 

In intelligent sensing environment, through all kinds of sensors, internal statistics 

module and input module, devices can interact with each other and behave 

automatically to obtain the required context information, then it will be followed 

by a series of context processing steps to provide specific services for users, which 

is the so called “context awareness”. 

According to the flow of the context information in the system, we can divide the 

context aware computing into 4 steps [17]: 

(1) Context information acquisition 

Context information acquisition can be divided into three ways: the first one isby 

bottom layer sensors; the next one is obtained by manufacturer and user presetting; 

and the final approach is to obtain context information by statistics on user 

operations. 

(2) Context information modeling 

The acquired context information is transformed into a form that can be 

understood by the computer systems. 

(3)Context information processing 

There are three levels in this stage: The first level is the context preprocessing, to 

filter out the obvious error of the information; the second level is the context 

fusion, through querying context knowledge base and the context inconsistency 

algorithm to solve the conflicting problem; the third level is the context reasoning: 

by querying the context knowledge base, the context information will be used for 

reasoning. 
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(3) Context information application 

According to the transmitted instructions from context information processing, the 

system controls the corresponding equipment to complete the adjustment, in order 

to achieve the service which the user needs. 

2.3 Key technologies in context awareness 

2.3.1 Research on context collection 

Context acquisition is one of the most important technologies in the context-aware 

system, as the fact that the precondition of context awareness is to acquire the 

necessary context. The acquisition of context is generally obtained by pre 

placement of sensors, which can be divided into two categories:  one type is the 

physical sensor, mainly obtaining context information that is able to be directly 

collected from external environment; the other is the logical sensor, which mainly 

obtains the user's context information and equipment status information that 

requires calculation or comprehensive reasoning. 

In this thesis, the context acquisition methods are summarized as the following: 

(1) Physical sensors 

At present, most of the context aware systems use physical sensors to detect the 

acquisition context, for example, through the temperature sensor to obtain the 

ambient temperature, through the humidity sensor to obtain the ambient humidity. 

This method can directly obtain the context without user’s operations, saving 

manpower, but it is affected by the accuracy and reliability of the sensor s as well 

as the network. 

(2) External input 

Through input devices, users input context into context-aware system, e.g. users 

inputting mobile phone numbers into system. The context information obtained in 

this method is comparatively accurate, but it needs manual operation, which is 
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more complicated. 

(3) Network interaction 

The context information needed by the context-aware system can be accessed 

through the network of system, or the device automatically report  collected 

context to the context aware system through the network, e.g. equipment reports 

power consumption and memory information through the network. This method is 

affected by network connection, which may result in delay.  

(4) Calculation and statistics 

The context aware system obtains context information according to the user's 

operation habit, for example, by calculating and analyzing data to figure out what 

temperature the user is used to set for air-conditioner in winter. 

2.3.2Context-aware modeling 

Since the context includes all the information that is used to describe the entity 

object in the workspace, the environment in the intelligent space has the 

characteristics of dynamic and heterogeneousness. That is, context system 

involves a large number of context information, a variety of ways to describe  them. 

Besides, a small change in behavior of user or robot may cause a series of changes 

in the sensor. Thus it is required to only use the unified expression way to 

establish a general context model, and in this way it can be guaranteed that the 

information will be fully shared and integrated between different devices and 

applications in the intelligent space. 

The context-aware modeling means standardizing the raw data and processing it 

into a machine readable form. While context acquisition is the basis of context 

awareness, context modeling is the key to the success of context aware computing. 

At present, the common models are as following: 

- Key-Value Model [18]: It is suitable for simple context description, which 

has simple structure, requires small storage space and is easy to manage, 
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but it cannot describe complex environment. 

- Markup Schema Model [19]: It uses symbols with attribute and content to 

represent context, which has strong ability in description. However, the 

context described in this method is not explicit enough and the 

interoperability is not strong. 

- Graphical Model [20]: It is one of the effective exploration directions in 

the context modeling method. Graphical model uses the object-oriented 

modeling tool to describe the context. The Unified Modeling Language 

(UML) is one common used industry standard general purpose modeling 

language for graphical model. The weakness of this model is lacking of 

scalability. 

- Object Oriented Model [21]: It makes use of the advantages of 

encapsulation and reusability of object-oriented method. That is, the 

physical world is considered to be composed of objects,  and the context 

information is encapsulated in the object, thus applications can access 

context through specific interface. This approach can deal with the 

problem of semantic ambiguity, incomplete context and other problems 

caused by the dynamic environment in the intelligent space, but it lacks of 

semantic information expression ability.  

- Logic Based Model [22]:It uses approach similar to natural language, 

representing the context as formal fact. This model is easy to establish 

inference rules, but it is difficult to express uncertain information.  

- Ontology Based Model [23]: It uses the concept of ontology to describe the 

context in a field and its attributes, and it clearly indicates the internal 

relationship between the concepts. This model allows the description of 

dynamic information at the semantic level, which is convenient for 

knowledge sharing and transplantation among different computing entities.  
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2.3.3 Context-aware reasoning 

The context information obtained from the sensors is often in a lower l evel, and 

the application of systems is more interested in the context of high-level semantics. 

Context reasoning is the process of merging low-level, single context into a 

high-level context that can be directly used by context aware applications.  

Specifically, it contains two aspects of meaning: 

(1) Data interpretation and inference: Explain the meaning of information obtained 

by a sensor, or infer the object's state based on the data of a number of sensors. 

(2) Data fusion: The user-interested information may be obtained through a variety 

of ways, which means the information can be inconsistent and even 

contradictory. How to get the correct context from this inconsistent 

information is the goal of data fusion. It completes the transformation of the 

context information into instructions. 

So far, the main methods of context reasoning are: rule based reasoning, case 

based reasoning and machine learning based reasoning [24-26]. 

- Rule-based reasoning: including logistic reasoning and ontology-based 

reasoning. As for its simplicity, it’s widely used in context-aware system. 

- Case-based reasoning: mainly uses the case and domain knowledge 

combination to support the reasoning processes, which can perform 

dynamic reasoning on uncertain context information.  

- Machine-learning based reasoning: including Bayesian-network based 

reasoning, Markov-model based reasoning, conditional random field (CRF) 

based reasoning and neural network based reasoning. 

2.3.4 Classification based on decision tree 

Classification is an important component of reasoning. Object identification can 

also be seen as classification, that is, in which category the object can be classified 

into. 
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Decision tree, which is a tree-like graph or model, is commonly used for decision 

analysis and classification. It is a flowchart-like structure, where each internal 

node represents a condition, each branch represents the outcome of the condition 

and each leaf node represents a class label. The path from root to leaf represents 

classification rules. As the following example shows, drawn from top to bottom, a 

decision tree has only burst nodes, thus they can grow very big. 

 

 

 

The decision tree can be linearized into decision rules  [27]. The results is the 

contents of the leaf node, and the conditions form a conjunction in the if clause. 

The rules usually are in the following form: 

if condition1 and condition2 and condition3 then outcome.  

2.4 Context –awareness Framework for Indoor System 

2.4.1 A generic context aware framework 

The implementation scheme of context aware computing depends on the specific 

application scenarios and user requirements, such as the sensor installation 

Figure 1 Decision tree based classification  
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location (local or remote), and the possible user (single or multiple). The 

framework is mainly responsible for the coordination and management of context 

and equipment, providing the interface for the application.  

Currently, well-known context-aware framework includes: Context Management 

Framework by Korpipaa [28]; Hydrogen project by Hofer [16]. 

In general, the basic framework of the context aware system is like this: the 

context acquisition layer, the context information processing layer, the context 

storage layer, the application layer and the communication layer, which can be 

seen in Figure 2. 

 

 

According to the basic framework of the context aware system, the characteristics 

of the indoor environment, and the robot platform, this paper proposes a 

framework of the context awareness system based on the networked robots system. 

2.4.2 Context-aware framework for networked robot system 

The context-aware framework for networked robot system has four layers, as can 

be seen in Figure 3: 

 

Figure 2Generic context-aware frameworks 
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(1) Context acquisition layer 

This layer mainly includes all kinds of sensors (sound sensors, light sensors, 

etc.).It transmits the context information collected through the sensors, the 

network interaction and statistics, to the context layer through the wireless 

network. 

As for indoor environment, the location and size of the object is the key context 

for identify what the object is. Thus these contexts require to be collected through 

sensors.   

(2) Context layer 

This layer comprises a user preset context module, a context preprocessing module, 

Figure 3Context-aware frameworks for indoor system  
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a context fusion module, a context knowledge base module, a rule module, a 

reasoning module and a memory module. Firstly, by pre-processing context and 

filtering error information, context model can be established, and then through the 

context knowledge base and the inference algorithm, some certain judgments can 

be made. 

(3) Application layer 

The application will make different respond according to different events and 

context instances. 

(4) Communication layer 

The different individuals in the network robot system can communicate through 

the network to transmit context or control instruction. 

 

  



  



 
 
 
 
 
 
Chapter 3  

 
 
 

Grid Map Building 
 



  



Chapter 3                                                          Grid Map Building 

23 

 

3.1 Mapping with Limited Sensing 

3.1.1 Existing problems of robot map building 

How to obtain the space model of the robot's environment is the first problem of 

the robot map building. The created maps are generally used for robot roaming 

(location). In order to obtain a map, the robot must have a sensor in order to be 

able to perceive the external world. Some commonly used perceptional sensors 

include vision-based camera, sonar, infrared sensors, radar, sniffer and GPS. 

However, all the sensors are limited to the measurement error and environment 

noise. More importantly, most of the sensors have measuring distance limitation, 

for example, light and sound cannot penetrate walls. These bottlenecks are the 

important reason for the robot to create a map while exploring the unknown 

environment. 

One key technology of robot map building is how to deal with the measurement 

noise in the environment. But unfortunately, this error is inherent, and will 

continue to accumulate over time, unable to be eliminated by the use of a variety 

of measurement techniques. 

A second problem is about the description of high dimensional entity. That is, how 

to transform the three-dimensional space into two-dimensional planar map. 

The third problem is that the environment is changing, which can be either fast or 

slow. Just image, in the first moment, the robot detects an open door, then after a 

while, the door is closed, but when the robot meets the door again, it will think 

that door is still open. Unfortunately, there are still not appropriate algorithms to 

allow the robot to recognize the dynamic environment.  However, due to the fact 

that most of the techniques are only used in the creation of a short-time map, the 

dynamic factors can be recognized as noise and eliminated. 

The last problem is which path the robots should choose to walk in when creating 

the map in the unknown environment. 
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3.1.2 Types of sensing limitations 

Since there are several kinds of sensors that can observe the world, it is necessary 

to focus on the limitations of different perceptive sensors to find proper ones for 

mapping under different conditions.  

We categorize sensors according to their capabilities: the range of the sensor, 

spatial resolution, accuracy, and cost considerations. All of them are discussed as 

following [29]: 

(1) Range limitations 

The range capabilities of sensors vary from zero to a comparatively long range. It 

is obvious that a robot cannot observe or mapping the environment that are outside 

the sensor’s valid range. Thus, for a mapping algorithm to build accurate maps 

with range-limited sensing, the algorithm must effectively control the robot’s 

motion to pass the sensor over portions to be mapped. 

(2) Resolution limitations 

Resolution capabilities also vary from sensor to sensor. The spatial resolution of 

arrays of some simple sensors like infrared sensors is highly dependent on the 

arrangement of the array. In contrast, a laser finder has dense coverage of the 

environment, normally in every one degree increments over a 180° of view. The 

stereo cameras also have high-resolution, though they are with smaller fields of 

view.  

(3) Distance accuracy limitation 

Due to noise or other characteristics of the sensor, sensors are subject to accuracy 

constraints. Most approaches for mapping use range and bearing measurements to 

build maps, so the accuracy in measuring both the distance and the angle to the 

obstacle should be considered. 

The maximum ranges of sensors are already discussed. However, sensors are 

subject to in accuracy even within the maximum range. For example, a sound wave 

may reflect off a specular surface, resulting in an inaccurate measurement; the 
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accuracy of the measurements of stereo cameras depends crucially on the 

calibration and resolution of the cameras.  

(4) Bearing accuracy limitations 

Many sensors measure bearing to an observed object. For sensors in an array, the 

placement of the individual sensors determines which objects can be observed. 

Due to the beam width of a sensor, it could have very high uncertainty, e.g. the 

sonar sensor’s beam width is around 30° degree and it is difficult to determine the 

bearing within the beam of an obstacle generating a return. In contrast, the laser 

sensors have very small beam widths, and the accuracy of  bearing measurements 

of cameras is limited mainly by its own resolution. 

(5) Cost and power 

The critical consideration is the cost of the sensor. Scanning laser rangefinders  are 

typically expensive. Other reasonably accurate, high-resolution sensors like stereo 

cameras are comparatively less expensive. However, in order to build 

mass-producible robots with tight cost constraints, cheaper  sensors such as 

infrared arrays or monocular cameras should be used. 

In real-world, robotics applications are limited by power constraints. The cost and 

size of batteries and the power requirements of devices on the robot may require 

the use of sensors with very little energy. Fortunately, when compared with the 

power costs of actuation, computation, and communication,  most sensors are 

reasonably efficient. 

(6) Size, weight and convenience 

The size and weight of sensors is related to energy costs. Besides, a robot must be 

big enough to support the sensor it uses. Laser rangefinders can weigh several 

kilograms, requiring significant space, while sonar sensors usually weigh only 

several grams. In addition, some sensors may have special requirements. E.g. 

cameras must be mounted on the top in order not to be obstructed by any other part 

of the robot.  

(7) Computational costs 
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Last but not least, the computational costs associated with the data must be 

considered. A sensor with high-resolution usually produces large amounts of data 

to build a map. Generally the amount of computation for mapping is  related to the 

amount of data produced by the sensor. 

 

Table 1Sensors comparisons among capabilities and costs  

Sensors Bump 
sensor 

Infrared 
array 

Sonar 
array 

Monocular 
camera 

Stereo 
camera 

Laser 
range 
finder 

Diagram 

      

Range Zero Short(1m) Medium 
(10m) Long Long Medium 

(10-40m) 

Resolution Low Low Low High High high 

Accuracy 

Accurate 
distance; 

Inaccurate 
bearing 

Accurate 
distance; 
Accurate 
bearing 

Inaccurate 
distance; 

Inaccurate 
bearing 

No 
distance 

informatio
n; 

Accurate 
bearing 

No 
distance 

informatio
n; 

Accurate 
bearing 

Accurate 
distance; 
Accurate 
bearing 

Cost Low Low Medium High High High 

Power Low Low Low Low Moderate Moderate 

Size/weigh
t 

Small/Ligh
t 

Small/Ligh
t 

Medium 
/Light 

Medium 
/Light 

Large 
/Moderate 

Large 
/Moderate 

Computati
on Little Little Little Significant Significant Significant 

 

3.2Ultrasonic Sensors 

In the research on the application of mobile robot,  due to its cheap price, simple 
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operation, practice under any illumination, ultrasonic sensor has been widely used, 

which has become a standard configuration of the mobile robot.  Sonar is a kind of 

distance sensor, which can obtain the distance between the obstacle and the robot 

in a certain direction. 

3.2.1Working principle of ultrasonic sensors 

The ultrasonic sensor, or sonar, which is based on sound navigation and ranging, is 

initially used in underwater detection. For sonar sensors, in the work of sending 

and receiving signal, the detection of distance between obstacles and robots are 

obtained by the so called “Time of Flight (TOF)” method. That is, sonar sensors 

emit sound waves, and then the sound waves are received by the sensors after the 

reflection of the obstacle. According to the time TOF between the acoustic 

emission and the receiving and the propagation velocity v of the sound wave in the 

air, the relative displacement d between the robot and the detecting obstacle is 

calculated. 

 
2

v TOF
d


  (3-1) 

3.2.2 Uncertainty of measurement 

Under the ideal condition, the measurement accuracy of the sonar is satisfactory 

enough according to the above measurement principle.  However, in the real 

environment, there area lot of uncertainties in the measurement results, and it even 

can be very disappointing. The results are affected by the following several facts: 

(1) Environmental effect: In addition to the measurement data error, the 

measurement accuracy of the sensor itself is affected by the change of external 

conditions. The propagation velocity of sound wave in air is influenced by 

temperature and humidity. 

(2) Orientation error: Due to the presence of scattering angle, it is difficult to 

determine the exact location of the obstacles, which can be seen in Figure4 
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(3) Inappropriate acquisition frequency: Since a robot is usually equipped with a 

number of sonar sensors, sometimes crosstalk can happen, that is, the sound 

wave of a sensor is received by another sensor. This situation usually occurs in 

a crowded environment, which can only be eliminated by repeatedly measuring 

verification in a different location and reasonable arrangement of work order 

of each sensor. 

3.2.3 Valid distance of measurement 

Because of the attenuation of sound wave in the process of propagation, it is 

difficult to detect the long-range echo. As shown in Table 2, error is not the same 

at different distances. In the range of 200-2200mm, the error is comparatively 

small, and then as the distance increases, the error raises. But generally, the error 

is within centimeter-level, which can basically meet the requirements of the 

engineering. Thus the valid distance of sensors is set to 0.2 -3m. 

 

 

 

 

Figure 4Ultrasonic beam 
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Table 2Measuring results of ultrasonic sensors  

Actual 
distance 

(mm) 

Measurement 
(mm) 

Error 
(%) 

Actual 
distance 

(mm) 

Measurement 
(mm) 

Error 
(%) 

200 190 5 1300 1260 3.08 

400 390 2.5 1500 1470 2 

500 510 2 2000 1950 2.5 

600 600 0 2200 2210 0.45 

700 690 1.43 2600 2510 3.46 

900 880 2.22 2800 2700 3.57 

1000 1000 0 3000 3120 4 

 

3.3 Grid Map 

3.3.1Grid map building 

The grip map is a discretized field that converts an environment into a number of 

the grid in same size, which represents a part of the environment. It is easily used 

for localization and path planning. Different tags will be used to represent the 

state of each grid, that is, whether it is occupied or not.  

In the mapping process, the cumulate value (CV) is detected by the sensor to 

indicate the existence of obstacles in each grid cell, and high CV value represents 

the high possibility of the existence of obstacles. As the sensors continuously 

doing rapidly environmental sampling, the presence of obstacles in each grid will 

be detected. Meanwhile, the amount of computation required is very small in each 

sample. 

3.3.2 Characteristics of grid map 

The grid map model has the following characteristics:  

(1) The established grid map is related to the type of sensor used in the system.  
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Different sensors have different acquisition methods for environmental 

information, resulting in the difference of shape and accuracy of grid. 

(2) The shape and the specific location of the obstacle cannot be reflected in the 

global coordinate system. 

The size of grid size directly affects the performance of the control algorithm. The 

smaller the grid, the higher resolution, and the larger computation amount; in 

contrast, when the grid is bigger, the anti-interference ability is stronger, and the 

required information storage capacity is small, though with lower resolution. 

But this does not mean that the higher resolution, the better is the map, we should 

determine the unit grid size according to the actual situation, so that we not only 

create maps of higher accuracy, but also save system resources and improve the 

speed of map building. 

3.3.3 Grid map based on ultrasonic sensors 

Due to the scanning characteristics of ultrasonic sonar, the grid is fan-shaped, 

which is not conducive to the rasterization of work environment (such as 

room).Therefore, it is needed to transform each grid into a rectangle, which can be 

seen in Figure 5. As long as the precision of the sensor is sufficient, such 

approximation is acceptable. 

 Figure 5Indoor measurements for robot with ultrasonic sensors  
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Considering the work environment of the mobile robot is indoor  environment, the 

robot cannot stop at some position all the time, so the sonar sensors should work 

while walking in the room. 

The typical grid map building algorithm is shown in Algorithm 3-1: 

 

Algorithm 3-1 A basic mapping algorithm 

1: loop 

2: Move; update the robot’s pose estimate based on proprioceptive information  

3: Sense the environment 

4: Extract features from the raw sensing data 

5: Match features with the current map 

6: Based on matches, update the robot’s pose estimate and the estimated map  

7: end loop 

 

  



 

  



 

 

 

 

 
 
 
 
 
Chapter 4  

 
 
 

Object Detection on Image Processing  
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Generally speaking, the typical image object identification technology consists of 

four parts: preprocessing, image segmentation, feature extraction and selection, 

and target classification. 

(1) Image preprocessing 

After obtaining the image from the sensors, it will enter to the stage of image 

preprocessing. The purpose of preprocessing is to reduce the noise and clutter in 

the image, to improve the contrast between target and background, and to enhance 

the availability of image data. To this end, the preprocessing part involves of 

image enhancement and implementation of any necessary image transformation, 

including: noise suppression, DC component recovery, focusing control, adaptive 

contrast enhancement, partial adjustment, etc. These processing are usually 

completed by the median filter or some other types of filters. 

(2) Image segmentation 

The purpose of image segmentation is to divide the image into several target areas 

and the natural area that can be classified as an auxiliary target . Two basic 

technologies are edge detection and texture analysis. Edge detection method uses 

edge extraction techniques to determine the edge location of the region. For the 

image whose background is relatively simple (such as the sky and the sea), most of  

the segmentation algorithms are based on the area’s variety in grey scale. In this 

case, the most common image segmentation methods include gradient orientation 

method, threshold method, maximum likelihood ratio method, etc. 

(3) Feature extraction and selection 

After the segmentation of the target image, a set of characteristic parameters of 

each target are calculated. The objective is to compute the independent 

identifiable features of each image object.  The reliability of these features is the 

basis of the classification of targets. Statistical features of the target include 

standard deviation, variance, average pixel intensity, and maximum pixel intensity 

characteristics. And the structural features include the height, width, aspect ratio, 

and other dimensions. The main purpose of feature selection is to find the most 
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effective features, in order to maximize the similarity of similar targets, minimize 

the similarity of different targets, and improve the classification efficiency and 

reduce the storage requirements of the memory.  For example, as for aircrafts and 

ships, the commonly used feature is the Hu moment. 

(4) Object classification 

Object classification is to compare the characteristic vector of the object in the 

image with the ideal feature vector of each object stored in the classifier. Once the 

closest match of the image object is determined, the target classification process is 

to assign a probability of reliability in a given class. After analyzing all objects in 

the image, the object with highest probability will be regarded as the main target. 

Some commonly used target classification algorithms are respectively based on 

decision tree classifier, K-nearest neighbor algorithm, structural classifier, etc. 

Figure 4-1 Generic image processing flow 

 

4.1Image Preprocessing 

In the stage of acquisition, and digital transmission, the image quality will be 

affected by all kinds of noises, which often results in unsatisfactory degradation, 

Figure 6Generic image processing flow 
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influencing the visual effect of image. This noise interference causes the image 

quality to drop, resulting in the image fuzzy and the characteristic submerged. 

Thus it is difficult to identify and track the target directly in this kind of image. To 

solve this, the suppression of the interference signal (that is, noise) has become 

particularly important, as well as the enhancement of the useful signal in the 

image. 

The effect of noise on the image cannot be avoided, so for a good image 

processing system, whether it is analog processing or computer processing, the 

primary goal is to reduce the noise. Filtering the noise in the image is an important 

step, which has practical significance for image processing. To this end, several 

filter algorithms are used: Mean filter, Median Filter, Bilateral filter, etc.  

4.1.1 Mean filter 

Mean filter is a typical linear filtering algorithm. It gives a template, which 

includes the adjacent pixels and itself, to the selected pixel in the image, use the 

average value of all pixels in the template to replace the original pixel values.  

 
,( , )

( , )( , )
i jm n R

S m n
D i j

M N




  (4-1) 

where 0,..., 1i H  , 0,..., 1j W  ; ( , )S i j represents the gray value of pixel

( , )p i j ; 

W is the width of an image; H is the height of an image;   

R is the template; ,M N represent the width and height of template respectively;  

( , )D i j is the grey value of pixel in the target image;  

Mean filter algorithm has the advantages of simple operation, and it can 

effectively filter the additive noise in the image, but it destroys the details and 

blurs the image.  

4.1.2 Median filter 

Median filter is a typical nonlinear filtering algorithm, which is based on order 
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statistics theory. The basic idea is using median gray value of the around zone of 

each pixel to replace the pixel itself, so as to eliminate the isolated noise points. 

This method can remove both speckle noise and salt-and-pepper noise, as well as 

preserve image edges at the same time. 

Under certain conditions, the median filter can overcome the image fuzzy problem 

caused by the common linear filter, and is very effective in filter pulse noise 

interference and preserve the edge information. Itis a classic filter smoothing 

algorithm method. 

 

 

Figure 4-2 Median filter 

4.1.3 Bilateral filter 

Bilateral filter, which is introduced by Tomasi and Manduchi [30], is a non-linear, 

edge-preserving filter for image. The intensity value at each pixel in an image is 

replaced by a weighted average of values from nearby pixels. Given an input 

image ( )I x , the output image ( )H x is obtained by: 

 
1( ) ( ) (|| ( ) ( ) ||) (|| ||)

i

i r i s i

xp

H x I x f I x I x g x x
W 

    (4-2) 

where pW is the normalization term 

Figure 7Median filter 
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where  is the window centered in x ; rf is the range kernel for smoothing 

differences in intensities and sg is the spatial kernel for smoothing differences in 

coordinates. 

Effectively, the discrete version of bilateral filtering can be written as follows:  
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,

( , ) ( , , , )
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D
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 (4-3) 

With the weights given by: 

 
2 2 2

2 2

( ) ( ) || ( ) ( ) ||( , , , ) exp( )
2 2d
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w i j k l

 

     
    

 

where d and   are smoothing parameters; DI is the de-noised intensity of pixel

( , )i j . 

 

4.1.4 Comparison among three filtering methods. 

Figure8 shows the filtering results by using these three methods respectively. 

As shown in the figure, the mean filter can effectively reduce the additive noise in 

the image, but it destroys the details and blurs the image.  The median filter is very 

effective in reducing salt-and-pepper noise interference and can preserve some 

edge information. As for bilateral filter, it is obvious that median filter is good at 

preserving fine details and edges. 
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Figure 4-3 Filtering results among three filters Figure 8Filtering results among three filters  
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4.2 Image Segmentation 

4.2.1 Edge detection 

One of the important algorithms of image segmentation is based on edges. By edge, 

it refers to a collection of continuous pixels on the boundary line of two different 

regions in the image. It is a reflection of the discontinuity of the local feature of 

the image, which also reflects the change of the characteristics of the gray value, 

color and other features. Usually, the edge based segmentation method refers to 

the edge detection on the gray scale image. 

Edge detection method is to extract the edge from the image. It is regarded as a 

basic tool for many technologies, such as pattern recognition, machine vision, 

stereo vision, image compression, feature extraction and so on. Therefore, an 

effective method of edge detection is very important for the above mentioned 

technologies. 

In the past decades, several edge detection algorithms have been introduced. And 

most of them can be divided into four categories [31]. 

(1) Gradient edge detection 

At present, most popular edge detection algorithms are based on the gradient 

method, including Sobel (1970), Prewitt (1970), Kirsch (1971), etc. Gradient 

corresponds to first order derivative, and the gradient operator is the first order 

derivative operator. When the edge transition is sharp and the noise is small, the 

gradient operator usually has good effect and it can also detect the edge 

orientation. However, the weakness of this kind of algorithm is its sensitivity to 

noise. 

(2) Zero crossing edge detection 

It uses second derivative operator, e.g. Laplacian operator. 

(3) Marr–Hildreth algorithm (LOG) 

(4) Canny edge detection 
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4.2.2 Sobel edge detection 

4.2.2.1 Sobel operator 

The Sobel operator performs a gradient measurement on an image , and then the 

approximate absolute gradient magnitude at each pixel can be found.  It is based on 

convolving the image with a small and integer-valued filter in both horizontal and 

vertical directions, thus the computations are relatively inexpensive [32]. 

The operator uses a pair of 3×3 convolution masks, one for horizontal edges, and 

one for vertical, convolving with the original image to calculate the gradient in 

both x-direction and y-direction. The actual Sobel kernels are shown below: 
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The kernels can be applied separately to the input original image to produce 

separate measurements of the gradient in each orientation. These will be combined 

together to find the resulting gradient approximations at each point as well as the 

orientation of that gradient. The gradient magnitude is given by:  

 2 2
x yG G G   (4-5) 

Typically, an approximate magnitude is computed using:  

 | | | | | |x yG G G   (4-6) 

The angle of orientation of the edge is given by: 

 arctan( / )y xG G   (4-7) 

In this case, orientation 𝜃means that the direction of maximum contrast runs from 

-1 0 +1 

-2 0 +2 

-1 0 +1 

+1 +2 +1 

0 0 0 

-1 -1 -1 

Figure 9Sobel operator 
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left to right on the image, and other angles are measured anti -clockwise from this. 

4.2.2.2 Sobel edge detection 

The typical Sobel edge detection algorithm is shown in Algorithm4-1 

Algorithm 4-1 A basic Sobel edge detection algorithm 

1: Read image 

2: Convert image into grey scale image 

3: Calculate Threshold value of the image using average method  

4: Calculate the gradient approximations at each point and store it 

5: Compare the gradient magnitude with the threshold: 

 If it is larger than the threshold, it is the edge point 
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5.1 Software and Hardware Resource 

5.1.1 Hardware resource 

This project regards the Arduino robot system as the experimental platform for the 

relevant theoretical research and experimental modeling. The hardware system 

used here includes two Arduino robots, two Arduino Uno boards, two Arduino 

WiFly Shields, several ultrasonic sensors, and one Arducam Mini Module Camera 

Shield. 

(1) Arduino Robot 

The Arduino Robot is the first official Arduino on wheels. It is 19cm in diameter 

and 10cm in height [33]. The robot has two boards: motor board and control board, 

on both of which are there processors. The motor board controls the motors, so as 

to the movement, and the Control Board reads signals form sensors and decides 

how to operate. Both Motor and Control boards are microcontroller  boards based 

on the ATmega32u4, which has 32 KB memory. It also has 2.5 KB of SRAM and 1 

KB of EEPROM. Besides, the Arduino robot has many pins mapped to sensors and 

actuators for application. 

 

 

 

 

 

Control board Motor board 

Figure 10Arduino Robot 
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(2) Arduino Uno board 

The Arduino Uno [34] is a microcontroller board based on the ATmega328P. It has 

14 digital input/output pins, 6 analog inputs, a 16 MHz quartz crystal, a USB 

connection, and an ICSP header. The flash memory of ATmega328 is 32 KB. It 

also has 2 KB of SRAM and 1 KB of EEPROM. 

 

 

 

 

(3) Arduino WiFly Shield 

The WiFly Shield enables Arduino to connect to 802.11b/g wireless networks. The 

key components of the shield are a Roving Network’s RN-131C wireless module 

and an SC16IS750 SPI-to-UART chip, which is used for faster transmission speed 

and to free up the Arduino’s UART. 

By using this shield, the Arduino board can communicate and send information  

through the internet. 

(4) Ultrasonic sensors 

The sonar sensor used here is HC-SR04 ultrasonic sensor, which offers 

non-contact range detection from 2cm to 400 cm. A serial of measurement tests 

have been taken, and the result shows the accuracy and stability of  sensors is 

Figure 5-2 Arduino Uno board 
Figure 11Arduino Uno board Figure 12Arduino WiFly shield 
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acceptable. 

 

 

(5) Arducam Mini Module Camera Shield 

The camera module used here is ArduCAM-M-5MP Camera Shield, which 

integrates 5MP CMOS image sensor OV5642. It can capture the image with both 

the format of JPEG and BMP. The resolution with JPEG format is up to 

2592×1944, while which with BMP file is 320×240.  

5.1.2 Software resource 

To program the robot, the Arduino Integrated Development Environment - or 

Arduino IDE software - is needed, which connects computers to the Arduino 

hardware to upload programs and communicate with them. The Arduino language 

is based in C/C++, though some specific functions require study.  

 

Figure 14 Ultrasonic sensors Figure 13Camera module 

Figure 15Arduino IDE software 



Chapter 5                                                     Implementation planning 

50 

 

 

5.2Experiment Design 

As the final goal of the project is to use the Arduino robotic platform to realize the 

object identification with the combination of context awareness method, the 

specific experiments need to be self-designed basing on hardware resources. 

Through analysis and combining with the actual situation, the ultimate goal of 

graduation design is defined in achieving identification of furniture in indoor 

environment, as well as exploring the application of context awareness method in 

robotic perception system.   

5.2.1 Context-aware model 

(1) Context acquisition 

In order to build the context-aware model, one prerequisite task is to determine 

which context needs to be acquired. Considering the requirements for efficiency 

and capacity of practical robotic system, the location and size of the indoor object 

are two crucial characteristics needed for identifying object. 

To obtain the position of entity, the whole map of the indoor environment should 

be formed. According to the previous discussion in Chapter 3, the grid map is 

chosen as it is simple and intuitive, then the ultrasonic sensors is chosen to collect 

the environment for its low price. 

And then, after setting up the map, the image of the object should be captured by 

the monocular camera and will be processed to extract some useful feature such as 

height and color of the objects. 

Besides, there are still some other contexts required for the following object 

identification task, some of which can be obtained from sensors while some need 

to be preset by users. 

The source of different context can be seen from the followingTable3: 
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Table 3Source of the context 

 

(2) Context processing 

Context processing involves two parts: context pre-processing and context 

reasoning. 

In the stage of context pre-processing, effective context is extracted from the 

original signals from sensors and then is processed into useful format. E.g. after 

forming the map with the ultrasonic sensors, the location of the object will be 

obtained by calculation; after capturing the image with camera, the image 

processing method is needed to extract the features.  

In the stage of context reasoning, the collected context is used for the 

identification of object. Considering efficiency and capacity, the rule-based 

reasoning method with decision tree is selected to classify the object. 

Because the project is in the indoor environment and all objects are regarded as 

furniture, then they can be simplified into 3 categories: Table, Sofa and Cupboard. 

(The object should be big enough to be “seen” in the map with ultrasonic sensors) 

Contexts, or conditions, which are obtained from the previous steps and selected 

for reasoning, includes: length, width, height and color of the object, as well as 

distance between the wall and objects.          

As shown in Figure16, the decision tree has 3 layers: 

Context Source Context Source 

Location of object Ultrasonic sensor Size of object 
Ultrasonic sensor 

/Camera 

Size of room Ultrasonic sensor Color of object Camera 

Background color Camera Location of door Preset 
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Figure 5-7Decision tree 

  

(3) Network communication 

In order to obtain enough contexts, the project requires the cooperation among 

different robots with their own sensors. That is, communication on the Internet is 

required to send context. 

As for network robot system, there are two issues that to be clear in advance: 

which information should be sent and how to achieve this. 

Due to the fact that the whole project involves two robots, the context obtained by 

the first robot should be sent to the second one, and they will be transmitted using 

User Datagram Protocol (UDP) protocol. 

5.2.2 Grid map building 

(1) Grid map 

The research is conducted in a rectangular room, with approximately 3m in length 

and 2.5m in width. As shown in Figure17, the grid map has 30 columns and 25 

rows. 

(2) Measurement methods 

The Arduino Robot with four ultrasonic sensors will move in the room, and on its 

all side there is a sensor, which allows the robot to get data from all four 

Figure 16Decision tree 
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directions. Every time the robot moves only a short distance, at around 10cm, then 

the ultrasonic sensors will get the distance to the obstacles by sending and 

receiving sound waves. After calculation, the robot will translate the data from 

sensors into the coordinates in the map, that is, which grid cell is occupied  by the 

objects. 

One example of possible grid map can be shown is as following: the upper left 

corner is the origin of coordinate; X-direction is from top to bottom; Y- direction 

is from left to right. 

Figure 5-8Grid map Figure 17Grid map 
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5.2.3 Image processing 

(1) Image acquisition and format conversion  

As discussed previously, the camera module used here can capture the image with 

both the format of JPEG and BMP. The resolution with JPEG format is up to 

2592×1944, while which with BMP file is 320×240. However, since the image 

processing is conducted on Arduino Uno board, which only has 2KB in SRAM, it 

is impossible to decode and process the JPEG format picture, thus the BMP format 

is selected to process.  

The BMP file format, or bitmap image file, is a raster graphics image file format 

used to store bitmap digital images, which is capable of storing two-dimensional 

digital images of arbitrary size and resolution, both in monochrome and color. 

There are several ways for the image storage and comprehension, thus the BMP 

file should be processed after captured and transformed to the format that Arduino 

Uno board can process. 

(2) Image preprocessing 

After the camera module taking the image, the image is stored in the FIFO buffers 

as the BMP file. However, the Arduino Uno board cannot process the BMP file 

directly. It needs to read data from the butter through serial post and store them as 

array in the SRAM of microcontroller. 

Another problem is that since the SRAM of the Arduino Uno board only has 2KB, 

which greatly limits the operations of managing data, it is impossible to store the 

whole image with 320×240 pixels in resolution. The resolution of the image must 

be reduced. Besides, the color picture (RGB) is transformed into grey scale one  to 

reduce the size, as each pixel in the grey scale image only needs 1 byte to store.  

Considering the calculation load, the nearest neighbor interpolation algorithm is 

used to downsize the image. It resample the original image at every four points 

and in this way, the size of image can be reduced to 80×60. But it’s still too large 

to process on board. One possible solution is to divide the image into blocks and 
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read and process part of it at each time. That is, we can deal with the image with 

the size of around 40×6separately.  

By comparing the performance of three filters, we select the mean filter to reduce 

the noise of the image as it requires least amount of computation.  

(3) Edge detection 

In order to improve the efficiency, the object is expected to locate in the center of 

the image, which can be achieved by selecting the right position for camera to take 

the picture. Through experiments, it can be found that the distance of 1.5meter is 

suitable for taking pictures, in which way the size of the image in the picture is 

more appropriate, neither too large nor too small. Therefore, when obtaining the 

object position from the map, the proper position or coordinate should be 

calculated.  

When the objects are in the middle of the image, we can select a horizontal 

rectangular and vertical rectangle in the center of the image to implement Sobel 

operator algorithm to detect the edge respectively. By calculating, we can get the 

proportion of the length and height of the object, by combining data from the map, 

the size of the object can be obtained. 

Figure 5-9Edge detection Figure 18Edge detection 



Chapter 5                                                     Implementation planning 

56 

 

In all, as shown in Figure19,the following processing steps are selected:  

 

Figure 5-10Image processing steps 

 

5.3 Experimental steps 

The whole project is divided into three parts: contexts acquisition, information 

processing and communication among robots. During the experiment, two robots 

obtain the indoor map and object features with ultrasonic sensors and cameras 

respectively. After communication among the two robots, the context awareness 

method is combined to identify the object. That is，the experiment includes three 

steps. 

Step 1: 

 Use one Arduino Robot (Arduino Robot Ι) with ultrasonic sensors move in the 

room to form the grid map.  

Figure 19Image processing steps 



Chapter 5                                                     Implementation planning 

57 

 

 Calculate proper positon to take a picture of objects for the second Arduino 

Robot equipped with a camera. 

 Transfer the map and position to the second robot by using WiFi.  

Step 2 

 As long as the second Arduino Robot (Arduino Robot Ⅱ ) gets the map 

information, it will move to the exact position near the object and take 

pictures. 

 Process the image; calculate the height and size of each object; extract some 

other features like color.  

Step 3 

 The second Arduino Robot will use context awareness technology, combining 

features obtained from two robots, e.g. location and size, to identify the 

furniture. 

 

Figure 5-11Experiment steps 

 

  

Run in the room 

Grid map building 

Location selction 

Move to the 
selected position 

Take pictures 

Image 
processing 

Object 
identification 

Arduino Robot Ι 

Map information 

Arduino Robot Ⅱ  

Figure 20Experiment steps 
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6.1 Experiment on Arduino Robot Ι 

6.1.1 Build experimental hardware system 

Due to the hardware limitation of Arduino Robot, as most capacity of the SRAM is 

used for motor control, the grid map building is conducted on Arduino Uno Board. 

Meanwhile, the Arduino Uno board controls both the ultrasonic sensors and the 

movement of Arduino Robot Ι.  

To transmit the control information between Arduino Uno and Arduino Robot, the 

Serial Peripheral Interface (SPI) bus is used for wired communication.  

As shown in Figure21, the hardware system consists of one Arduino Robot, one 

Arduino Uno Board with WiFly shield, and four ultrasonic sensors. 

 

 

6.1.2 Test for grid map building 

The experiment is conducted in a rectangular room, with one sofa against the wall, 

as shown in Figure 22. 

 

Figure 21Arduino robot Ι  
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Considering the range limitation, the robot is set to move against the wall and 

measure the object in another side, it will stop when the forward distance is less 

than 50cm to avoid hitting the wall.  

Figure 6-2Movement of Arduino robot Ι 

6.1.3 Results of experiment 

The grid map formed here is like in the following, the location of this object is 

represented by the coordinates of two vertexes. By calculation, the length and 

width of the sofa can be obtained, which are 50cm and 60cm respectively. While 

the actual length and width of the sofa is 54cm and 56cm, the measurement from 

the map is acceptable with the error less than 10%. 

Figure 6-3 Grid map formed byArduino robot Ι 

Figure 22 Movement of Arduino robot Ι  

Figure 23Grid map formed by Arduino robot Ι  
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Then this Arduino Robot will transmit the coordinates of the vertices to the second 

robots in turn, that is, the value of x1, y1, x2, y2.  

6.2 Experiment on Arduino Robot Ⅱ 

6.2.1 Build experimental hardware system 

The same as Arduino Robot Ι, most part of the experiment is conducted on 

Arduino Uno Board, which not only controls the camera module and the sonar 

sensors but also the movement of Arduino RobotⅡ . And the Serial Peripheral 

Interface (SPI) bus is also used for transmitting the control information between 

Arduino Uno and Arduino robot.  

 Figure 6-4Arduino robot Ⅱ  

 

As shown in Figure24, the hardware system consists of one Arduino Robot, one 

Arduino Uno Board with WiFly shield, one ultrasonic sensors and the camera 

module. It also has two LED lights to show the results of the object identification.  

 

Figure 24Arduino robot Ⅱ  
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6.2.2 Location selection for taking picture 

After the robot receives the vertex coordinates from the first robot, it will do some 

calculation to find proper position to take the picture. As discussed previously, the 

robot should be located right in front of the object, with the distance of 1.5 meter. 

Here is an example of how to calculate:  

If the vertex coordinates are (11, 19) and (16,19), as the width and length of each 

grid cell are both 10 cm, then we can get the width and length of the object are 

60cm and 50cm respectively. Thus the proper coordinates is (12, 10), which means 

that the robot should run forward for 120cm, and then turn right for moving 100cm 

continuously.    

6.2.3 Image processing 

The image processing part involves several steps: reduce the size of image from 

320×240 to 80×60; get the horizontal rectangle from the center of image; use edge 

detection method to find the edge; obtain the length of object in image; get the  

vertical rectangle from the image center; use edge detection method to find the 

edge; finally, obtain the height of object in image.  

 

Figure 6-5 (a)Original BMP image (320×240)        (b) Scaled-down image (80×60) 

 
Figure 25Original BMP image (320×240)        (b) Scaled-down image (80×60) 
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Figure25(a) shows the original BMP file with the resolution of 320×240, while the 

right picture is the scaled-down one with the size of 80×60. As can be seen, though 

the details of the image are partially lost, the edge is preserved well enough to be 

recognized. 

 

 

 

 

Figure 6-6Edge detection for the object 

 
Figure 26Edge detection for the object  
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After then, we intercept the horizontal and vertical part in the center of the image 

separately, and by using the edge detection method based on Sobel operator, the 

edge of the object is found and the length and height can be calculated.  

After get the length of the object in image il and height ih , as well as the actual 

length of the object L from the map information, the actual height can be 

calculated as following: 

 i

i

h
H L

l
  (4-7) 

In this actual test, the height and length of the object in image is 40 and 25 pixels 

respectively, and the length of actual object which is obtained f rom the map is 

50cm, thus by calculation, the height of the object is 80. And the actual height of 

the sofa is 82cm. 

6.2.4 Object identification based on context reasoning 

Once all contexts are obtained, the decision tree algorithms can be used to 

determine the identification of the object.  

 

Figure 6-7Object identification for furniture  

 
Figure 27Object identification for furniture 
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As we preset that the object is near the wall and the height obtained from the 

image and map is 80cm, which is less than 1.4m, than the object can be classified 

as sofa, 

To show the results in the robot system, two LED lights are used: one is red and 

the other is yellow. Each of them represents one possible category. In this test, the 

yellow light is on behalf of the sofa, and in the actual test, when the Arduino Uno 

board successfully work out the height of object, the yellow light is lit.   
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7.1 Conclusion 

Our project starts with a short survey about the state of network robot system. By 

analyzing the implementation of perceptional system with networked robots in 

indoor environment, the graduation project mainly focuses on conducting this 

system under the task of object identification, as well as exploring the application 

of context awareness method in robotic perceptional system.  

In this project, we discuss the conception of context-aware computing and give the 

definition of context. Then four key technologies in context awareness are 

analyzed separately to enable us to present the context–awareness framework for 

indoor system. In this framework, we offer the solution to build the context -aware 

model for indoor environment, including the context acquisition and context 

process steps, in order to achieve object identification.  

Due to the fact that the location and size of the objects are two crucial contexts in 

indoor systems, we first describe the map building algorithms. By analyzing the 

existing problems for robot map building and type of sensing limitation, we 

present the grid map building method based on ultrasonic sensors, which is an 

appropriate solution for indoor system. Further, we discuss the object detection 

algorithms in image processing. By comparing the performance of different filters 

and edge detection method, one visual recognition process flow is introduced for 

robotic systems. 

To explore the implementation of the proposed context-aware model for network 

perceptional robotic systems, we conduct practical experiment on the Arduino 

robot system. We use two Arduino Robot and several sensors to form the 

networked robot system and successfully achieve the object classification tasks in 

recognizing the sofa in the room. 

Above all, we present one complete solution for object identification in network 

robot system and verify it by experiment.   
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7.2 Limitation and Future Enhancement 

Due to the limitation of the Arduino hardware systems, several algorithms cannot 

be implemented on this robotic system, which greatly limits the design of the 

whole project. That is, if the hardware systems can be improved, the proposed 

model can also be improved in the following aspects:  

(1) Context aware-computing 

In this paper, due to the limitation of computation, the context -aware model is 

based on logical rules, which is easy to be established but difficult to express 

uncertain information. This model can be improved by using the concept of 

ontology to describe the context in a field and its attributes , that is, combining the 

ontology algorithms. 

(2) Grid map building 

The grid map we propose is only the 0-1 standardized grid map with only two 

stages in each grid cell. To increase the accuracy of this method, the probability 

distribution algorithm should be combined.  

(3) Edge detection 

With the development in image processing, several advanced edge detection 

method are introduced, and they usually perform better than the Sobel operator 

based algorithm. 
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Related Code 

(1) Code for Arduino UnoΙ: 

Arduino_uno_1.ino 
#include <Arduino.h> 

#include <Comm.h> 

#include "utility/credentials.h" 

#include "utility/roving_definitions.h" 

#include"SR04.h" 

#include <Wire.h> 

#define DEFAULT_PORT 2000 

#define lengthResolution 10 

#define widthResolution  10 

#define TRIG_PIN_1 9 

#define ECHO_PIN_1 8 

#define TRIG_PIN_2 6 

#define ECHO_PIN_2 7 

SR04 sr04_1 = SR04(ECHO_PIN_1, TRIG_PIN_1);  

SR04 sr04_2 = SR04(ECHO_PIN_2, TRIG_PIN_2); 

int temp=0; 

int objectLength=0; 

int objectWidth=0; 

int distanceWall; 

static int standLength=0; 

 

void setup() { 

  Wire.begin();  

  Serial.begin(9600);  

  Serial.println("Connecting to Wireless...");  

  commBegin(); 

  Serial.println("Connected!!"); 

  IPAddress local = WiFlyWiFi.localIP();  

  Serial.print("IP Address: "); 

  Serial.print(local[0]); 

  Serial.print("."); 
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  Serial.print(local[1]); 

  Serial.print("."); 

  Serial.print(local[2]); 

  Serial.print("."); 

  Serial.println(local[3]); 

  standLength = measureDistance2();  

  Serial.println(standLength); 

} 

 

void loop() { 

  Wire.beginTransmission(8); 

  caliEvent(); 

  Wire.endTransmission(); 

  delay(1000); 

} 

 

void caliEvent() { 

    int distance1= measureDistance1();  

    static int disWall[25]={0}; 

    static int disObj[25]={0}; 

    static int count = 0; 

    //form the grid map 

    if (distance1>90 ){ 

      int distance2= measureDistance2();  

      if ((standLength-distance2)>5) { 

        int pointPosition = distance1-90; 

        int disNow = standLength-distance2;          

        disWall[count] = pointPosition; 

        disObj [count] = disNow; 

        count++; 

        delay(2000); 

       } 

        temp=2;        

        Wire.write(temp); 

    }                           
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    else {        

        robotStop();   

        int sum=0; 

        for(int i=0;i<count;i++){ 

           sum=sum+disObj[i]; 

        } 

       objectLength =disWall[count-1]-disWall[0]; 

       objectWidth = sum/count; 

       distanceWall = (disWall[0]+disWall[count-1])/2+50;  

       IPAddress addr(255, 255, 255, 255); 

        WiFlyUDP.beginPacket(addr, 3000); 

        WiFlyUDP.write(objectLength); 

        WiFlyUDP.write(distanceWall); 

        WiFlyUDP.endPacket(); 

delay(1000); 

      } 

} 

 

void robotStop(){ 

  temp=0; 

  Wire.write(temp); 

  Serial.print("temp "); 

  Serial.println(temp); 

} 

 

 

void commBegin() { 

  WiFlyWiFi.begin("GRYS-WiFi", "sala8202AZUL"); 

  WiFlyUDP.begin(DEFAULT_PORT); 

} 

 

int measureDistance1(){ 

    int count = 0; 

    int sumDistance = 0; 

    int averDistance = 0; 
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    for (int i=0;i<8;i++) { 

      int distance = sr04_1.Distance();  

  if (distance>5&&distance<400){ 

        count++; 

        sumDistance+=distance; 

      } 

      delay(100); 

    } 

    if (count==0) 

      count=1; 

averDistance=sumDistance/count; 

    return(averDistance); 

} 

int measureDistance2(){ 

    int count = 0; 

    int sumDistance = 0; 

    int averDistance = 0; 

    for (int i=0;i<8;i++) { 

      int distance = sr04_2.Distance();  

  if (distance>5&&distance<400){ 

        count++; 

        sumDistance+=distance; 

      } 

      delay(100); 

    } 

    if (count==0) 

      count=1; 

averDistance=sumDistance/count; 

    return(averDistance); 

} 

 

(2) Code for Arduino Uno 2 

Arduino_uno_2.ino 
#include <UTFT_SPI.h> 

#include <Wire.h> 
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#include <ArduCAM.h> 

#include <SPI.h> 

#include <Comm.h> 

#include "utility/credentials.h" 

#include "utility/roving_definitions.h" 

#include "memorysaver.h" 

#include "Matt.h" 

#include"SR04.h" 

#define TRIG_PIN_1 6 

#define ECHO_PIN_1 7 

static int lengthImage,heightImage,lengthObject,widthObject,heightObject; 

SR04 sr04_1 = SR04(ECHO_PIN_1, TRIG_PIN_1); 

// set pin 10 as the slave select for the digital pot:  

const int SPI_CS = 10; 

uint8_t temp, temp_last; 

ArduCAM myCAM(OV5642, SPI_CS); 

UTFT myGLCD(SPI_CS); 

 

void setup(){ 

  delay(10000); 

  pinMode(9, OUTPUT); 

  pinMode(8, OUTPUT); 

  Wire.begin();  

  Serial.begin(115200);  

  Serial.println("Connecting to Wireless...");  

commBegin(); 

  Serial.println("Connected!!"); 

IPAddress local = WiFlyWiFi.localIP();  

  Serial.print("IP Address: "); 

  Serial.print(local[0]); 

  Serial.print("."); 

  Serial.print(local[1]); 

  Serial.print("."); 

  Serial.print(local[2]); 

  Serial.print("."); 
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  Serial.println(local[3]); 

 

  uint8_t vid, pid; 

  Serial.println("ArduCAM Start!");  

  pinMode(SPI_CS, OUTPUT); 

  SPI.begin(); 

  //Check if the ArduCAM SPI bus is OK 

  myCAM.write_reg(ARDUCHIP_TEST1, 0x55); 

  temp = myCAM.read_reg(ARDUCHIP_TEST1); 

  if (temp != 0x55){ 

    Serial.println("SPI interface Error!");  

    while (1); 

  } 

  //Check if the camera module type is OV5642 

  myCAM.rdSensorReg16_8(OV5642_CHIPID_HIGH, &vid);  

  myCAM.rdSensorReg16_8(OV5642_CHIPID_LOW, &pid);  

  if ((vid != 0x56) || (pid != 0x42)) 

    Serial.println("Can't find OV5642 module!");  

  else 

    Serial.println("OV5642 detected");  

  int distance = measureDistance();  

  Serial.println(distance); 

 

  while( distance > 140){ 

      int temp=2; 

      Wire.beginTransmission(8); 

      Wire.write(temp); 

      Wire.endTransmission(); 

      delay(1000);  

      distance = measureDistance(); 

  } 

  meaLength(); 

  meaHeight(); 

  calculateHeight(); 

} 
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void loop(){ 

} 

 

void commBegin() { 

  WiFlyWiFi.begin("GRYS-eG", "egothamm"); 

  WiFlyUDP.begin(2000); 

} 

 

void meaLength(){ 

  byte bufferB[240]={0}; 

 Mat<byte,int>B(6, 40,bufferB); 

  myCAM.clear_fifo_flag(); 

  myCAM.write_reg(ARDUCHIP_FRAMES, 0x00); 

  Serial.println("Start Capture");  

  myCAM.set_format(BMP); 

  myCAM.InitCAM(); 

  myCAM.clear_bit(ARDUCHIP_TIM, VSYNC_LEVEL_MASK);  

  myCAM.wrSensorReg16_8(0x3818, 0x81); 

  myCAM.wrSensorReg16_8(0x3621, 0xA7); 

  myCAM.flush_fifo(); 

  myCAM.clear_fifo_flag(); 

  myCAM.start_capture(); 

  delay(2000); 

  if (myCAM.get_bit(ARDUCHIP_TRIG, CAP_DONE_MASK)){ 

    Serial.println("Capture Done!");     

    uint8_t VH, VL; 

    uint8_t Red, Blue, Green, green_h, green_l, grey;  

    int i = 0, j = 0; 

    float grey_temp; 

    for (i = 0; i <240; i++){ 

      for (j = 0; j< 80; j++){ 

          int grey = 0; 

          VH = myCAM.read_fifo(); 

          VL = myCAM.read_fifo(); 
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          VH = myCAM.read_fifo(); 

          VL = myCAM.read_fifo(); 

          VH = myCAM.read_fifo(); 

          VL = myCAM.read_fifo(); 

          VH = myCAM.read_fifo(); 

        VL = myCAM.read_fifo(); 

          Red = VH & 0xf8; 

          green_h = VH & 0x07; 

          green_h = green_h << 5; 

          green_l = VL & 0xE0; 

          green_l = green_l >> 3; 

          Green = green_l + green_h; 

          Blue = VL & 0x1f; 

          Blue = Blue << 3; 

          grey_temp = Red * 0.3 + Green * 0.59 + Blue * 0.11;  

          if ( j<61 && j>20 && i >111 && i <133 &&(i%4)==0 )  

              B.pushFIFO(byte(grey_temp));     

       } 

    } 

    int p[4][38] = {0}; 

    for(int i=2;i<6;i++){ 

      for(int j=2;j<40;j++){        

          int dx=B.deltax(i,j); 

          dx=abs(dx); 

          p[i-2][j-2]=dx; 

        } 

    } 

   for(int j=1;j<37;j++){ 

      for(int i=0;i<4;i++){ 

          if ( p[i][j]>200 && p[i][j]>p[i][j-1]&& p[i][j]>p[i][j+1]){ 

              p[i][j]= 1 ; 

               p[i][j+1]=0; 

          } 

          else   p[i][j]=0; 

        //Serial.println(p[i][j]);    
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      } 

    }    

 

    int edge[2]={0}; 

    int numberEdge=0; 

    for(int j=1;j<38;j++){ 

      int sum=0; 

      sum=p[1][j]+p[2][j]+p[3][j]+p[0][j];  

      if (sum > 2){ 

        edge[numberEdge]=j; 

        numberEdge++; 

      //Serial.println(j);     

      } 

    } 

    lengthImage = edge[1]-edge[0]; 

    Serial.println(lengthImage); 

    myCAM.CS_HIGH(); 

    myCAM.clear_fifo_flag(); 

    }     

} 

 

void meaHeight(){ 

  byte bufferC[250]={0}; 

  Mat<byte,int>C(50, 5,bufferC); 

  myCAM.clear_fifo_flag(); 

  myCAM.write_reg(ARDUCHIP_FRAMES, 0x00);  

  Serial.println("Start Capture for C"); 

  myCAM.set_format(BMP); 

  myCAM.InitCAM(); 

  myCAM.clear_bit(ARDUCHIP_TIM, VSYNC_LEVEL_MASK);  

  myCAM.wrSensorReg16_8(0x3818, 0x81); 

  myCAM.wrSensorReg16_8(0x3621, 0xA7); 

  myCAM.flush_fifo(); 

  myCAM.clear_fifo_flag(); 

  myCAM.start_capture(); 
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  delay(2000); 

  int p[48][3] = {0}; 

  if (myCAM.get_bit(ARDUCHIP_TRIG, CAP_DONE_MASK)){ 

    Serial.println("Capture Done for C!");     

    uint8_t VH, VL; 

    uint8_t Red, Blue, Green, green_h, green_l, grey;  

    int i = 0, j = 0; 

    float grey_temp; 

    for (i = 0; i <240; i++){ 

      for (j = 0; j< 80; j++){ 

          int grey = 0; 

          VH = myCAM.read_fifo(); 

          VL = myCAM.read_fifo(); 

          VH = myCAM.read_fifo(); 

          VL = myCAM.read_fifo(); 

          VH = myCAM.read_fifo(); 

          VL = myCAM.read_fifo(); 

          VH = myCAM.read_fifo(); 

        VL = myCAM.read_fifo(); 

          Red = VH & 0xf8; 

          green_h = VH & 0x07; 

          green_h = green_h << 5; 

          green_l = VL & 0xE0; 

          green_l = green_l >> 3; 

          Green = green_l + green_h; 

          Blue = VL & 0x1f; 

          Blue = Blue << 3; 

          grey_temp = Red * 0.3 + Green * 0.59 + Blue * 0.11;  

          if ( j<43 && j>37 && i >23 && i <221 &&(i%4)==0 )  

              C.pushFIFO(byte(grey_temp));     

       } 

    } 

 

    for(int i=2;i<50;i++){ 

      for(int j=2;j<5;j++){        
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          int dy=C.deltay(i,j); 

          dy=abs(dy); 

          p[i-2][j-2]=dy; 

        } 

    } 

 

   for(int j=0;j<3;j++){ 

      for(int i=1;i<47;i++){ 

          if ( p[i][j]>200 && p[i][j]>p[i-1][j]&& p[i][j]>p[i+1][j]){ 

              p[i][j]= 1 ; 

               p[i+1][j]=0; 

          } 

          else   p[i][j]=0; 

      } 

    }    

    int edge[2]={0}; 

    int numberEdge=0; 

    for(int i=1;i<47;i++){ 

      int sum=0; 

      sum=p[i][0]+p[i][1]+p[i][2]; 

      if (sum > 2){ 

        edge[numberEdge]=i; 

        numberEdge++; 

      } 

    } 

 heightImage = edge[1]-edge[0]; 

    myCAM.CS_HIGH(); 

    myCAM.clear_fifo_flag(); 

    }     

} 

 

int measureDistance(){ 

    int count = 0; 

    int sumDistance = 0; 

    int averDistance = 0; 
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for (int i=0;i<8;i++) { 

      int distance = sr04_1.Distance();  

  if (distance>5&&distance<400){ 

        count++; 

        sumDistance+=distance; 

      } 

      delay(100); 

    } 

    if (count==0) 

      count=1; 

averDistance=sumDistance/count; 

    return(averDistance); 

} 

 

void calculateHeight(){ 

  float temp; 

  lengthObject = 60;  

  temp = float(heightImage)*float(lengthObject)/float(lengthImage);  

  heightObject=int(temp); 

  Serial.println(heightObject);  

  if(heightObject>150){ 

    digitalWrite(9, HIGH); 

  } 

  else digitalWrite(8, HIGH); 

} 

 

void debugMat(Mat<byte, int> *mat) { 

    for(int i = 1; i <= mat->rows; i++) { 

        for(int j = 1; j <= mat->cols; j++) { 

            byte val = mat->at(i, j); 

            Serial.print(val); 

            if (j < mat->cols) { 

               Serial.print(","); 

            } 

        } 
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        Serial.println(); 

    } 

} 

 

(3) Code for Arduino Robot: 

Arduino_robot.ino 
#include<ArduinoRobot.h> 

#include <Wire.h> 

#define STOP 0 

#define TURNRIGHT 1 

#define WALKING 2 

#define CALIPOSITION 3 

 

int state = STOP; 

int speedLeft=80; 

int speedRight=80; 

int temp=0; 

 

void setup() { 

  Wire.begin(8); 

  Robot.begin(); 

  Serial.begin(9600); 

  Wire.onReceive(receiveEvent); 

} 

 

void loop() { 

  switch (state) { 

    case WALKING: 

      Robot.motorsWrite(speedLeft, speedRight);  

      delay(1000); 

      Robot.motorsStop(); 

      state = STOP; 

      break; 

    case STOP: 

      Robot.motorsStop(); 
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      break; 

    case TURNRIGHT: 

      Robot.motorsWrite(100, 0); 

      delay(1250); 

      Robot.motorsStop(); 

      state = STOP; 

    case CALIPOSITION: 

      calibratePosition(temp);  

      state = STOP; 

    default: 

      break; 

  } 

 

  delay(10); 

} 

 

void receiveEvent(int count) { 

  while (Wire.available()) { 

    int sValue = Wire.read(); 

    Serial.println(sValue); 

    switch(sValue){ 

      case 0: 

        state = STOP; 

        break; 

      case 1: 

        state = TURNRIGHT; 

        break; 

      case 2: 

        state = WALKING; 

        break; 

      default: 

        state = CALIPOSITION; 

        temp =sValue; 

        break;      

    } 
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  } 

} 

 

void calibratePosition(int pos) { 

  int oriSpeed=80; 

  if(temp>175) 

    temp=temp-255; 

    // modify distance 

  if (temp<0){ 

    speedLeft = oriSpeed - temp; 

    speedRight = oriSpeed;} 

  else {  

    speedRight = oriSpeed + temp; 

    speedLeft = oriSpeed;} 

  Serial.println(speedLeft); 

  Serial.println(speedRight); 

  Robot.motorsWrite(speedLeft, speedRight);  

  delay(1000); 

  Robot.motorsStop(); 

} 
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