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ABSTRACT 

According to the U.S. energy consumption survey in 2012, about 25% of the commercial and 

42% of the residential building energy were used for heating. Despite the development of new 

and more efficient Heating, Ventilation, and Air Conditioning (HVAC) systems over the years, 

the high energy consumption in heating is still one of the major energy efficiency issues. Studies 

showed that decreasing HVAC operating temperature set points by 4°F will result in energy 

savings of 15% or more. Thus, the smart localized heating control (SLHC) system was designed 

and prototyped to provide localized heat directly to a person so that HVAC can run at a lower 

temperature set point. SLHC detects human movement and delivers the heat based on the result of 

the target location estimation and temperature measurement feedback. To detect the human 

movement, image processing techniques were used; image segmentation, mass center detection, 

background subtraction using the Mixture of Gaussian model, and human feature detection. In 

SLHC, a near-infrared heater and a tracking function were used to provide an instant and a direct 

heat to the person in order to minimize wasting energy. The SLHC system is divided into the 

sensing and processing (SP) and the heating and regulating (HR) subsystem. The SP’s primary 

function is to process captured video images and measured temperature data. SP also generates 

and sends the heater operating signal to HR. HR purposes to control the heater’s direction and 

power based on the signal. The communication between SP and HR was established through Wi-

Fi enabled development platform. The SLHC prototype successfully processed the sensing data 

and transmitted the control signal. The result shows that it detected human movement and 

estimated the person’s location in 3D space within 10% margin of error. Also, it delivered the 

focused heat to the surface of the human body and increased the temperature by 10.0°F in 3 

minutes at the distance of 1.5m away from the heater. This cost-effective, wireless, and localized 

heating system demonstrates the potential to improve energy efficiency in buildings.
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CHAPTER 1  

INTRODUCTION 

 

1.1 Problem Statement 

The objective of this thesis is to design and build the smart localized heating control (SLHC) 

system with human movement tracking in order to improve energy efficiency in buildings. 

1.2 Motivation 

Heating, Ventilation, and Air-Conditioning (HVAC) system accounts for nearly half of all energy 

consumption in residential and commercial buildings. U.S. Residential Energy Consumption 

Survey in 2009 [9] shows that 48% of the total residential electricity was used to operate the 

HVAC system. The data implies that improving energy efficiency in the HVAC system can 

significantly reduce the energy consumption of both residential and commercial buildings. 

Therefore, many researchers and engineers have studied over the years to model the thermal 

conditioning patterns in buildings in order to develop new types of temperature control systems 

that reduce HVAC operating cost. The studies projected a 28% of energy savings on average 

which shows a potential of significantly reduce the electricity usage with a more efficient HVAC 

system.   

The typical projects to develop in order to increase HVAC energy efficiency are the smart 

thermostat and localized heating system (LSH). The smart thermostat is a successfully 

commercialized example of the new type of temperature control system based on the thermal 

conditioning pattern study. However, the device is expensive and inefficient for handling various 

conditions associated with occupancy information. Some of the smart thermostats are developed 
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to detect and factor in occupancy information, but still they are ineffective given that it powers 

that whole HVAC system. According to the data from the U.S. Department of Energy, the energy 

consumption of heating in buildings accounted for 25.2% in the commercial sector and 44.2% in 

the residential sector in 2015 [22]. The localized heating system (LHS) is developed to reduce the 

heating cost by changing the heating object from space to a person. Some study estimates up to 

90% of energy saving in LHS over the traditional space heating system. However, there are 

challenges in order to implement the system. The occupancy detecting sensors are expensive and 

the installation process is very costly. Moreover, the extra devices used in the system require 

additional power to operate their functions. 

The smart localized heating control (SLHC) system suggests a possible solution that overcomes 

these problems. SLHC operates locally and instantly based on the occupancy information. The 

heating system is effective to reduce the energy loss in space heating by using the human 

movement tracking function and a near-infrared (IR) heater. Also, the system uses inexpensive 

sensing and controlling devices that require minimal installation and low power usage. Moreover, 

the system utilizes the existing office equipment such as PC and USB webcam to avoiding the 

extra costs and power usage while SLHC has a sophisticated human movement tracking and an 

optimized thermal conditioning capability. Studies showed that decreasing HVAC operating 

temperature set-points by 4°F will result in energy savings of 15% or more. In this thesis, SLHC 

system was designed to be prototyped and we tested the prototype to show the feasibility of the 

practical implementation of the system.            

1.3 Research Objectives 

The smart localized heating control (SLHC) system was designed to use smart technology 

concepts in localized heating system: effective sensing and data acquisition, accurate detection 

and target tracking, and autonomous thermal conditioning. 
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The primary objective of the research is to design, build, and test the smart localized heating 

control (SLHC) system. To achieve this objective, there are several specific objectives in this 

thesis: 

a) To establish the localized heating system based on the occupancy information, we 

integrate the fundamental image processing techniques, the target location estimation 

(TLE) algorithm, the finite state machine (FSM) based signal control algorithm, and the 

human movement tracking function.  

b) To improve energy efficiency, we tested the feasibility of using a thermoelectric device to 

generate supplementary power using the residual heat of the heating system. 

c) To provide thermal comfort to the user, the SLHC system controlled the direction of heat 

stream and the heater’s operating state based on the temperature measurement and the 

user’s feedback. 

 

1.4 Organization of Thesis 

This thesis is organized as follows. In Chapter 2, the literature about the recently developed 

commercialized smart thermostat and approaches for the localized heating system are reviewed. 

Also, we reviewed some of the energy recycling technologies. Chapter 3 presents the overview of 

the design of the Smart Localized Heating Control (SLHC) system. There are two subsystems in 

the SLHC system. The sensing and processing (SP) subsystem has been developed to detect 

human movement and to find the location of a person in 3D observation field. The methods and 

the fundamental ideas used in SP subsystem are presented in Chapter 4. Chapter 5 presents the 

heating and regulating (HR) subsystem’s design, with the effective direction control and power 

regulating technique using the thermoelectric generator (TEG). Chapter 6 presents the 
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implementation, experimental result of the SLHC system prototype. Lastly, Chapter 7 concludes 

the project with a summary of the thesis, discussion about the result and the future work.  

1.5 Contribution of Thesis 

The contributions of this thesis are: 

a) Designed a smart localized heating system to save energy in buildings using occupancy 

information and smart temperature controlling technology. 

b) Developed a relationship between the pixel information in 2D and the space information 

in 3D using a simple webcam to detect the human movement. 

c) Integrated existing image processing methods using office equipment to develop a smart 

detection and control system. A cost-effective localized heating control system can be 

used in any office environment. 

d) Established wireless communication between the main control system and the peripheral 

devices (temperature sensing tag, pan/tile servo movement controller). 

e) Prototyped the SLHC system in hardware and software to test the feasibility. 

f) Evaluated the functionality of a thermoelectric generator (TEG) device attached to the 

heater to show the possibility of generating a supplementary power for the small devices 

(microcontroller and motors). 
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CHAPTER 2 

BACKGROUND      

 

On the average, space heating and cooling system of the commercial and residential building 

amounts to 40% of the total energy consumption in the United States [2]. A study in 2009, at the 

Lawrence Berkeley National Laboratory, recorded that the HVAC commissioning (continuous 

monitoring and adjusting temperature) improved about 16% of the building energy efficiency [9]. 

However, it is difficult to control the operating temperature frequently and consciously without a 

commissioning person such as a HVAC system operation engineer. However, commissioning 

labor is expensive and occupancy information is still not considered. Thus, a smart thermostat and 

localized heating system (LHS) are needed. In order to save energy, the smart localized heating 

control (SLHC) system is investigated. Moreover, the energy recycling techniques were reviewed 

to increase the energy efficiency of SLHC. 

2.1   Smart Thermostat 

Smart thermostat is a typical example of the automated HVAC operation control technologies. 

The smart thermostat [4] is developed to adjust the set point temperature automatically respecting 

the user’s comfort level. It determines HVAC operating temperature based on the user’s 

behavioral pattern analysis result. There are two behavior learning methods used in smart 

thermostat development. The first method is the behavior learning for the temperature set-point 

changing pattern. The thermostat memorizes the chronical changes of the temperature set-point 

by user in certain period of time, and then it operates HVAC system based on the learned result. 

The commercialized smart thermostat, Nest [4] is the particular example that uses that method. 

This control method achieved about 15% energy savings over the manual control mechanism in 

traditional programmable thermostat [5]. The second method is the behavior learning that uses 
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occupancy information in space. The motion detection sensors are used in the smart thermostat to 

capture the occupancy information. Then thermostat operates HVAC system based on the 

analyzed result of the occupancy information [19]. Thermostat establishes the temperature set-

point pattern based on the result of time period vs. occupancy information. This smart thermostat 

technique estimates 28% more saving in HVAC energy consumption.  

In the SLHC system, we use the instant and localized near-infrared heater at the target point. 

Therefore, SLHC porduces heat for the detected person only instantly and directly while HVAC 

runs at the minimal temperature level. Also, SLHC does not require any complex sensing system 

installation because the system uses the existing office equipment such as PC and webcam, to 

detect occupancy information. 

2.2   Localized Heating System 

According to the research of the Advance Research Projects Agency-Energy (ARPA-E), a 

significant energy saving is expected by developing Localized Thermal Management System 

(LTMS) [1] when it is combined with the lower set-point HVAC operation. ARPA-E’s LTMS 

developmental program in 2013 aims to switch the thermal envelope from the building to the 

surroundings of the human body in order to reduce 2% of domestic energy use [1]. In fact, 

cooling a space takes only 8% of the total energy use of thermal conditioning [2]. Thus, the major 

energy saving in HVAC system can be achieved when the heating cost is reduced and the heating 

object is switched to an occupant. We estimate more than 14% in energy savings when we 

decrease the winter month’s temperature set-point of HVAC to 66
°
F, while a localized heating 

system (LHS) delivers additional heat to the person [1]. 

To develop a LHS with occupancy information detecting function requires more technology 

integration into the heating system. For instance, the heating system needs a dynamic sensing and 

tracking function to provide thermal power to the detected person directly. In the project of 
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Chuah (2013) [2], to detect movement, ultrasonic sensors were used in the observation field. The 

ultrasonic sensor detects any movement in the range and it triggers to turn on the heater in the 

region. The response time is fast in this case and the process is completed locally. However, the 

movement may be due to something other than human, and the approach requires tedious 

installation process of sensors. Chuah used 355 of sensors for the 111m
2
 of apartment model in 

the simulation. Therefore, we do not want to use the short range detection sensors although they 

are cheap and effective.  

Another LHS project named as “Local Warming” was developed by MIT Senseable City Lab [3]. 

In this project, the Microsoft Kinect RGB-D camera was used to detect occupancy information. 

The RGB-D camera detects the objects’ locations in 3D space and shoots a radiant heat onto the 

person or the particular group of people at a distance using a high powered infrared (IR) heater. 

According to their research, the localized heater is 10 times energy efficient than traditional 

heating for the space that has a high volume of air and a low density of people.  This type of LHS 

uses a high capacity image sensor and the number of sensors is fewer than the LHS of Chuah’s 

project. However, the sensor is expensive (around $200 USD) to be used in multiple locations 

and the device consumes higher power (12W).  

Both projects used the radiant IR heater to warm up each individual indoor or outdoor space 

without any significant energy loss. However, the systems still have problems; expensive sensing 

device, complex installation process, and extra power use. Moreover, they have a lack of thermal 

sensation control functionality even though it is an essential factor of temperature control system.  

The heating system cannot provide adequate thermal comfort condition to the user without 

temperature feedback analysis. Therefore, we designed SLHC utilize inexpensive, ready-to-use, 

and low power sensors enabled by USB connection while the system operates based on the 

temperature feedback analysis result. In addition, the thermoelectric generator (TEG) was 

attached to heater in order to recycle some waste energy in the system. 
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2.3   Heat Energy Recycling Technique 

Technologies using renewable energy are a relatively new concept with a huge potential to 

increase energy efficiency. In 2014, the statistics released by U.S. Energy Information and 

Administration showed that the renewable energy takes 9.1% of U.S. electricity generation [13]. 

The powerful aspect of the renewable energy concept is converting wasteful energy by collecting 

and recycling. This process is called energy harvesting and energy scavenging. The energy 

harvesting is a way of collecting energy from the natural resources such as sunlight, wind, or 

water and from the waste or recyclable materials like biomass. On the other hand, the energy 

scavenging is collecting some residual or wasteful energy produced during some process.  

Solar energy is one of the most popular and well-known examples of energy harvesting. Although 

it takes only 3% of the electricity generated, it is still a powerful and useful source of energy. 

Solar energy is divided into two types; light and heat. The Photovoltaic (PV devices) is normally 

used to collect sunlight and generate electricity. Heat is used in a passive way and in an active 

way. In a passive way, we can warm up space and save some heating energy in building by 

simply increasing the size of the window and adjusting the direction of the sunlight. In an active 

way, we use a direct heat/electricity conversion device, thermoelectric generator and cooler (TEG 

and TEC). The thermal/electric power plant uses the concentrated solar energy to heat the fluid to 

make indirect power generation in general. A newly developed solar thermal energy project uses 

the conversion technique to generate electricity directly from solar heat [32]. However, the 

thermoelectric generator system using solar energy has some issues; the limited energy harvesting 

time and the inconsistent amount of energy over time due to the sunlight’s change in direction 

and intensity depending on the time and the weather condition. 

Energy scavenging technique collects heat from anywhere other than solar energy. Heat can be 

collected from the physical activities like burning woods, running motors, vibration, or human 

activities. In general, heat is generated by mechanical energy or chemical energy and energy 
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changes its format one to another. This basic principle allows us use the electricity production 

mechanism comprehensively. For instance, the major source of electricity generation is a stream 

turbine in U.S. and the stream of the fluid heat by the burning fuel. The large amount of heat 

energy produced through the mechanical process is converted to electricity [27]. Thus, the 

industrial application of thermoelectric generator (TEG) is significant.  

However, this same mechanism is not favorable in domestic applications although TEG attached 

to chimney or woodstove has been introduced in the past. The main reason of the failure was that 

the voltage generated by TEG in the domestic application was too low to be used. Nevertheless, 

the TEG application techniques become considerable over the years due to the advanced material 

science and the micro-sized device development. For example, a mini TEG was applied on 

wearable devices such as the wristwatch powered by TEG [26]. The microwatt level energy 

produced by TEG is sufficient for the micro-sized device. The PowerPot [14] project is one of the 

real life applications using TEG. Recently, the massive usage of USB charger like smart personal 

devices is introduced into our daily life. The portable charging system utilizing TEG and USB 

was useful and practical in the electricity unavailable environment such as outdoors. 

The examples showed the TEG applied systems that generate various voltages and are used in 

various environments. We adopted the concept into the SLHC system design to develop a TEG 

indoor application. By testing the available TEG models, we evaluated the possibility of using 

TEG indoor application and reducing the extra power consumption in the control system by 

utilizing the device. We believe TEG technique can improve energy efficiency even more in 

heating if we can optimize the application design to collect residual heat efficiently in LHS. 
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CHAPTER 3  

SLHC SYSTEM DESIGN OVERVIEW 

 

The smart localized heating control (SLHC) system is designed to save energy, thus we used the 

fundamental concept of the energy saving strategy in our system design. The energy saving 

pyramid shown in Figure 1 is a typical way to demonstrate the major elements of the concept; 

energy conservation, energy efficiency, and renewable energy. The ultimate goal of energy 

saving can be achieved when these three elements are combined together in the SLHC design.  

 

Energy Conservation

Energy Efficiency

Renewable 

Energy

 

Figure 1: Energy Saving Pyramid 

In SLHC, we used the occupancy information and the near-infrared (IR) to conserve energy and 

to increase energy efficiency. According to studies of the energy usage pattern in residential and 

commercial buildings, a large amount of energy is wasted to warm vacant rooms. Therefore, 

SLHC detects a person and delivers the heat directly to the person using IR heater (see Figure 2) 

to reduce the wasted energy.  

Heat is a renewable energy source that can be collected to generate electricity. The SLHC system 

includes the heat energy scavenging technology using thermoelectric generator (TEG). We 

attached TEG device to the IR heater to collect the heat around the heater’s body while the heater 
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provides heat to the person in the room. The collected heat is converted to electricity that can be 

used as a supplementary power source of the heater’s direction controller unit. 

 

Figure 2: Traditional Forced Air Heating vs. Radiant Heating 

The ultimate goal of the SLHC system is to provide thermal comfort to a user. In the scope of this 

thesis, the system is developed to provide heat to a single person in the observation field while the 

existing HVAC system runs at the energy saving mode. The operational dimension is limited by 

the detectable observation field range, 𝐿𝑟𝑜𝑜𝑚 = 6.00𝑚 𝑎𝑛𝑑 𝑊𝑟𝑜𝑜𝑚 = 3.00𝑚 . The system 

integrates the following methodologies to achieve the goal:  

 Image processing techniques 

 Human movement tracking algorithm  

 Real-time and wireless communication between the main control processing unit and the 

peripheral devices 

 Thermal sensation control based on the temperature feedback 

 Heater controlling signal generation using finite-state machine (FSM) 

 Direct heat to electricity conversion technology using TEG 

In this chapter, the SLHC system’s functions and structures are overviewed. 
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3.1 Functional Overview  

The SLHC system is functionally divided into two subsystems and four units. Figure 3 

demonstrates the functions of each subsystem and unit. Functionally, the sensing and processing 

(SP) subsystem takes a role as a controller that processes data and generates control signals. The 

heating and regulation (HR) subsystem is responsible for heating and tracking as an actuator. 

 

 Read 2D video 

images 

 Measure 

temperature

 Read user Input

 Recognize human 

shape

 Estimate the target 

location (x, y, z) and 

convert to zone number

 Generate the signal to 

determine the heater’s 

facing direction and the 

thermal sensation 

control operation

 Send the control signal 

to HR subsystem 

 Receive operation 

signal from SP 

subsystem

 Track the target 

movement 

 Generate heat 

based on the 

direction and 

thermal sensation 

control signal

 Regulate the voltage 

output

 Distribute the power 

for required devices

 Convert heat to 

electricity using TEG 

(testing purpose)

Smart Localized Heating Control(SLHC) System 

Sensing and Processing (SP) Subsystem Heating and Regulation (HR) Subsystem

Sensing & Input 

(SI) Unit

Smart Processing & 

Controlling (SPC) 

Unit

Heating & Tracking 

(HT) Unit

Heat & Power 

Regulating (HPR)

Unit

 

Figure 3: System Functional Block Diagram 

3.1.1 Sensing and Processing (SP) Subsystem 

3.1.1.1 Sensing and Input (SI) Unit 

The primary function of the sensing and input (SI) unit is collecting data. The SI unit captures the 

raw 2D video images and reads the temperature measurement and user’s input. The images 

captured through the webcam are the main source of occupancy information and target location 

estimation. And, the temperature measurement value and the user’s input are used to adjust the 

heater’s operation. The collected is transferred to the SPC unit. 
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3.1.1.2 Smart Processing and Controlling (SPC) Unit 

The SPC unit processes the data from the SI unit and generates the control signals and parameters 

for the heating and regulation (HR) subsystem operation. The SPC unit has three major functions, 

human movement detection, target location estimation (TLE), and decision-making for the 

thermal sensation adjusting operation. 

Human Movement Detection 

The SPC unit uses the fundamental image processing techniques to detect movements and human 

shapes in space. The information provides the human occupancy information and the human 

location in 2D coordinate. The SPC unit initiates the SLHC system when a sufficient movement 

occurs in space. Once the system is activated, the SPC unit searches for the human features and 

location by converting 2D coordinate to 3D coordinate. The SPC unit continuously determines 

the human location for the entire processing time, but it stops the human feature detection after 

the system verifies the human movement. 

Target Location Estimation (TLE) 

The human image is primarily 2D coordinate information. This information must be converted to 

3D coordinate information to support the heater’s tracking function. The heater has a different 

view from the webcam. Therefore, the heater’s tracking motion needs the 3D information in the 

observation field. The converted information contains (x, y) coordinate and the estimated distance 

between the webcam and the target. This information is converted again to the corresponding 

zone number in the zone-based map of the heater’s view (see Figure 32 in Chapter 5). Then, the 

heating and tracking (HT) unit uses the zone number to provide heat in direction. However, the 

system determines the heater’s direction not only using the zone number, but also using the 

temperature measurement and user’s input. The HT unit provides heat to target based on the 

selected map after the SPC unit made a final decision. 
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Thermal Sensation Adjusting Operation 

Thermal sensation adjusting operation of the SPC unit provides the temperature level. Depending 

on the temperature reading and the user’s input, the temperature level is determined with three 

states: normal state, warm (low-level (LL) temperature control required state), and hot (high-level 

(HL) temperature control required state). The SPC unit evaluates both the location information 

and the temperature control level to make the final decision. 

We design the thermal sensation adjusting function to avoid the excessive heat exposure to 

human. The SPC unit utilizes the FSM-based control algorithm to determine the conditions. The 

SPC unit finds out the conditions corresponding to each state and makes a decision to select the 

required actions. There are some example operations shown below. 

 Operation 0: High Temperature Control Operation (State 3 in FSM) 

A person shows up and moves in space for a while. The user turns off the heater operation on the 

user interface. The temperature reading turns to 85°F (approximately). The heater stops tracking 

and turn to the initial position with no heat. 

 Operation 1: Normal Operation (State 1 in FSM) 

A person shows up and moves in the observation field. The temperature reading is in normal 

operation mode under 80°F (approximately). The heater tracks the person’s movement based on 

the signal from the SPC unit. 

 Operation 2: Low Temperature Control Operation (State 2 in FSM) 

A person shows up in space and moves. The temperature reading is in warm level between 80°F 

and 85°F (approximately). The heater tracks the person’s movement based on the LL signal from 

the SPC unit. The heater’s focusing direction will be off by 5° to 10°. 
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3.1.2 Heating and Regulation (HR) Subsystem 

3.1.2.1 Heating and Tracking (HT) Unit 

The HR subsystem communicates with the SP subsystem to control the heater’s operation. To 

determine the next heater’s operation, the HT unit reads the transmitted operation signal and zone 

number from the SPC unit. The communication between the HT unit and the SPC unit is 

established through wireless communication and the heater’s direction is controlled by the pan/tilt 

frame connected through the Wi-Fi enabled microcontroller. More detailed is given in Chapter 5. 

3.1.2.2 Heat and Power Recycling (HPR) unit 

The HT unit provides heat in the target direction and the heat is collected by the thermoelectric 

generator (TEG) attached to the heater. The heat and power recycling (HPR) unit supports the 

power to servo motors and microcontroller while it collects some amount of the electricity 

generated by TEG. TEG device generates direct electricity and add some supplementary heat. 

The first design uses TEGs to power up small electronics, but the amount of the electricity is very 

low to be used as an independent power source. Thus, we designed this recycling part to test the 

possible solution of using heat energy in the SLHC system. We will discuss more in Chapter 5 

and 7. 

3.2 Structural Overview 

The physical structure of the SLHC system consists of two subsystems and four units. In this 

section, we discussed the general structure and component overview used in the system design. 

3.2.1 Hardware  

The SLHC system’s function and physical structure of the system are shown in Figure 4.  
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Figure 4. Hardware Components with Brief Functional Description 

The SP subsystem consists of a PC, a webcam, and a temperature sensor. The HR subsystem 

includes a heater, heater’s direction control devices, and power recycling circuit. Figure 4 shows 

the main hardware parts included in each unit. This figure also describes the roles of the parts, 

types of input and output data, and intercommunication relationship between one component and 

another. 

3.2.1.1 Sensing and Processing (SP) Subsystem 

The SP subsystem consists of a webcam, a PC, and a temperature sensor. We use the low-cost 

and commercial devices in an office environment to reduce the system’s cost. In this section, we 

discuss the minimum requirements and feasible options in the device selection. 

Sensing and Input (SI) Unit – Image Sensor, WEBCAM 

There are two types of image sensors, Complimentary Metal Oxide Semiconductor (CMOS) and 

Charged Coupled Device (CCD). The sensors are both widely used in camera and video system. 

Webcam uses both sensors. Figure 5 shows the basic structure and the principle of the sensors. To 
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achieve the successful result of our project, the sensors’ functionality and suitability must be 

compared.  

 

Figure 5. COMS and CCD Digital Image Sensors [55] 

Table 1 shows the comparison of two sensors: CCD and CMOS. The CMOS sensor has faster 

response and cheaper manufacturing cost. However, the CCD sensor has better picture quality in 

the various light conditions and the lower individual development cost. Moreover, the CCD 

camera generates a relatively higher quality image for the same resolution compared to CMOS 

camera. In this thesis, a USB CCD webcam is used. 

Table 1. Comparison of CCD and CMOS Sensor 

 
Advantage Disadvantage 

CCD 

- Entire cell is devoted light   

  sensor: Higher image quality 

- Less expensive to develop 

- Takes longer to sense full image 

- Analog device, requires additional circuitry  

  to use 

- CCD cell can be overloaded with bright  

  light, causing vertical smear 

CMOS 

-  Less expensive at volume 

-  Each column of pixels is  

   summed digitally and  

   multiplexed with other columns:   

   faster read time. 

-  Output is digital, simpler to use 

- Some of the cells are used for  the 

photodiode, other is the active circuit.   

Lower image quality at the same    

resolution. 

- If object is moving faster than read 

  time: rolling shutter 

 

Sensing and Input (SI) Unit – Temperature Sensor 

The long-term exposure to IR heat for the moving person does not cause any significant thermal 

discomfort, because the exposed body surface to the heat changes constantly. In contrast, the 
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long-term exposure to IR heat to the fixed body surface can cause the skin damage and the 

thermal discomfort. Thus, the SLHC system takes the measured temperature near the person in 

the observation field. We consider both cases in our SLHC design to control the heater’s 

operation based on the measured temperature to avoid user’s discomfort feeling and any damage 

on the user. 

Table 2. Different Types of Temperature Sensors 

Type of 

Temperature 

Sensor 

Advantage Disadvantage 

Thermocouple 

Wide range (-270°C to +850°C) of 

measurable temperature, large variety 

of type, low voltage output, moderate 

signal conditioning, low cost, capable 

of withstanding harsh environment 

Non-linear, required probe, leads, 

need reference point 

RTD (Resistance 

Temperature 

Detector) 

Accurate, stable, repeatable, wider 

range (~750°C) of measurable 

temperature 

Expensive, external stimulus 

required, not linear, self-heating can 

be caused, signal conditioning 

required (high cost) 

Thermistor 
Fast response, cheap, simple setup, 

small size, predictable linearity 

High sensitivity, less linear than 

RTD, current source required, limited 

range of temperature measurement 

(~150°C) 

IC Temperature 

Sensor 

Analog and digital output available, 

low cost, linear, numeric digital 

format, and digital interfaces 

Mounted board temperature can 

affect the reading, limited range of 

temperature measurement (~150°C) 

 

There are several different types of the temperature sensor. They are developed for the different 

conditions of the environment and the different targets. In this thesis, we need to measure the 

temperature around a person. Therefore, the temperature sensor does not require measurement of 

an extreme temperature range. Also, the high accuracy is not required. Thermistor and IC 
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temperature sensors are recommended types for the SLHC system due to the cost and 

implementation effectiveness. Table 2 shows the comparison result of the temperature sensors. 

Smart Processing and Controlling (SPC) Unit - PC 

The SLHC system uses a PC that is common in an office environment. PC has minimum 

requirements due to the real-time system operation and the image data processing and 

communication functionality. The minimum system requirements for the running capability of a 

webcam and the computer vision software are 1.6GHz CPU Intel Core with 2GB RAM, Window 

XP OS or later version and video calling and recording capacity. Also, the number of USB ports 

must be sufficient to connect sensors (at least USB 2.0 x 2) and the internet connection must be 

available to communicate with the HR subsystem wirelessly. 

3.2.1.2 Heating and Regulation (HR) Subsystem 

The HR subsystem is an independent heating system. However, it is controlled by the decision of 

the SPC unit. The subsystem consists of the heater tracking (HT) unit and the heat and power 

recycling (HPR) unit. This subsystem is the primary action compartment of the SLHC system. 

The major components associated with each unit and their major roles are presented in this 

section. 

Heating and Tracking (HT) Unit  

The HT unit is a trackable local heater. The following questions must be answered to design the 

unit. 

 What type of heat is strong enough and focused on reaching the target?  

 What kind of heater is low-cost and effective?  

 How to deliver the maximum thermal power to the moving target?  

 How to communicate effectively with the main system? 
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The main functional divisions of the HT unit are heating and tracking. The first two questions can 

be answered in the heating division by reviewing the types of the heater to provide enough 

strength and coverage. And the potential tracking and communicating devices presented in the 

tracking division will cover the last two questions.  

Heating: The infrared (IR) radiant heater used in the SLHC system is the most prominent heater 

for directional heating. The heater delivers high thermal energy directly to the body without 

wasting heat. The heater’s emitter produces an IR wave. IR radiation makes human skin feel 

warm like sunlight directly touching on the skin. However, the heat emitter is excessively hot and 

the infrared heat penetrates into skin. Depending on the distance and the applied time period, 

these factors can cause serious health problems. Therefore, the use of the IR heat must be limited 

and controlled in time and distance appropriately.  

As shown in Figure 6, the Infrared wave range in the electromagnetic spectrum is in between 

visible light and microwave. The range is divided into three regions. Near infrared (NIR) has a 

wavelength, approximately 0.78µm ~ 2.5µm and it is the closest to the visible light. This portion 

can be detectable by human eyes as reddish orange color. Middle infrared (MIR) has the 

wavelength, approximately 2.5µm ~ 50µm. This range is also a little bit visible to our eyes, but it 

is dimmer than NIR. Far infrared (FIR) is farthest from the visible light and it is in the range of 

wavelength between around 50µm and 1000µm. FIR is completely invisible and has low energy 

[7]. (Note: the wavelength values presented for each IR range may vary depending on the 

determinants)  
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Figure 6. The Sun and Electromagnetic Spectrum and IR Range [30] 

Since the IR wave has three ranges in the energy spectrum, there are three types of IR heaters that 

correspond to each range of infrared waves. The NIR heater has the shortest wavelength which 

means it has higher energy. The temperature of the heat emitted from the heater is around 1300
◦
C 

~ 2000
◦
C. This could cause a serious burn on the human skin. The MIR heater is a favorite to be 

used in domestic and commercial applications both because of its comfortable heat and moderate 

price range. The heat range is in between 500
◦
C and 1000

◦
C. FIR is the primary source of the 

thermal wave itself rather than reflected heat like NIR and MIR. Therefore, the FIR heater has a 

large surface of the panel to generate heat. The FIR type of heater recently became popular for 

comfortable and a long-term energy saving for indoor space heating method. However, the heater 

is expensive and it has a slower responding time than NIR and MIR heaters [7]. Table 3 

demonstrates the comparison of the heater types. The NIR heater lamp is utilized in the SLHC 

system, because of the NIR heater’s instant and directional heat. Also, the heater type is 

inexpensive compared to the others. The NIR’s properties are suitable to accomplish the 

personalized heating of the SLHC system because the NIR heater is strong, focused, inexpensive 

and effective. Thus, the heater with NIR emitter is the solution for the first two questions.  
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Table 3.  Infrared Heater Types 

Types 

of 

Heater 

Wavelength 
Source Heat Range 

/ Power per m
3
 

Advantage Disadvantage 

Near 

Infrared 
0.78µm-1.5 µm 

~1300
◦
C above / 

250W 

Cheap, high and intensive 

heat, fast response time 

Good for outdoor and 

bathroom 

Skin damage 

caution with 

closer contact or 

long term expose 

Mid-

Infrared 
1.5µm -4 µm 

500
◦
C ~ 1000

◦
C / 

100W~500W 

Comfortable heat, 

moderate response time 

Good for domestic and 

commercial heating 

Skin damage 

caution with 

closer contact or 

long term expose 

Far 

Infrared 
4 µm -1000 µm ~100

◦
C /25W 

Comfortable, high energy 

efficiency 

Good for domestic 

heating 

Expensive and 

slow response 

time 

 

Tracking: The tracking division has two goals: to provide personalized heat of a moving person 

and to communicate with the SPC unit. The main hardware components used to achieve these 

goals are microcontroller and servo.  

The microcontroller is easily programmable and low power consumption device that can control 

the peripheral devices such as motors. In particular, the controller in the HT unit generates the 

pulse width modulation (PWM) signal that corresponds to the desired turning angle of the servo. 

Also, the controller can communicate between the HT unit and the SPC unit. The microcontroller 

communicates with the main system via USB cable or wireless communication protocol. For 

example, the Arduino Uno board (ATmega328P microcontroller) uses USB connector to 

communicate with the computer. To make the wireless communication, we can add ZigBee (an 

IEEE 802.15.4 based wireless specification) module to the communication system. Otherwise, we 

can choose a microcontroller that includes the internet connectable functionality. Electric Imp is 

one of the typical examples; microcontrollers with 2.4GHz and 5.0GHz Wi-Fi connection 
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enabled. It is a wireless network processor. Also, it is a real-time monitoring and controlling 

device. This device can control peripheral devices and communicate with the main processing 

unit simultaneously. In the SLHC system, the independent heating unit is developed and located 

apart from the main computer. Therefore, the wireless communication method is preferred.  

To track a moving person, the microcontroller sends signals to the pan/tilt movement frame. The 

frame contains two servos in general that are a standard type with metal gears. The standard servo 

can make a stable 180-degree movement. The servo with metal gear has a higher torque over 100 

𝑜𝑧 ∙ 𝑖𝑛 than the one with a plastic gear with a stall torque about 40 𝑜𝑧 ∙ 𝑖𝑛. The servo with a metal 

shaft is recommended because the motor must lift up the heater in vertical direction about 100 oz. 

More details about weight and handling capacity are explained in Chapter 6. 

Heat and Power Regulating (HPR) unit 

The HPR unit’s main function is to regulate power outputs for the heater’s tracking devices. In 

addition, there is electricity generating component, thermoelectric generator (TEG) device 

attached to the heater. The device collects heat and converts it to electricity to be a supplementary 

power for the control devices.  

Electricity Regulating Components: The HPR unit regulates the power outputs and supplies an 

adequate power to the tracking devices for the stable operation. The HPR unit aims to provide 

stable and customized power to each device due to the various voltage requirements for each 

device. To regulate the power outputs, we used the series voltage regulator because the IC type 

regulator like LM780x works reasonably well and it is inexpensive. The valid feeding voltage 

depends on the output voltage of the regulating circuit. The input voltage must be more than 2V 

higher than the output, but it should not be too high to break the IC regulator. More details about 

the circuit and the components are presented in Chapter 6. 
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Electricity Generating Component: TEG is a direct conversion device between heat and 

electricity. The basic considerations to select a right device are cost, size, and power generating 

capacity. In general, the cost depends on the power generating capacity. And the power 

generating capacity depends on the size of the unit. Therefore, the primary concern is the power 

generating capacity. The power rating must be minimum 5VDC at 5W rating due to the required 

power of the tracking devices. The size of the device must be attachable to the heater frame in 

order to minimize the heat loss. Also, the tolerance level of the hot side of the thermoelectric 

device must be high enough to contact the NIR heater’s surface, which is above 100°C. Finally, 

the device must be cost effective. 

3.2.2 Software  

The main structure of the SLHC system and the software functions are demonstrated in Figure 7. 

The SLHC system’s software has four major functions that correspond to each unit: data 

acquisition (SI unit), data processing and decision making (SPC unit), action control (HT unit) 

and status monitoring (HPR unit). Based on the functions, the important features and the 

intercommunication method between modules are presented in this section. 
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Figure 7. SLHC System - Software Functional Modules and Structure 
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3.2.1.1 Sensing and Processing (SP) Subsystem 

Data Acquisition (SI Unit)  

The data acquisition is the main function of the SI unit. The main data contains images and 

temperature feedback. The data enters the main processing system through the SI unit. For the 

image data acquisition, the software establishes the connection between the main computer and 

the webcam. Through this connection, the real-time video images stream into the system. In fact, 

the image data acquisition is a part of the image processing function. The image processing 

module reads each single frame continuously and converts them into 2D pixel data to process the 

image as information. We use the information to determine the target location and to generate the 

thermal conditioning parameter values.  (See the Chapter 4 Human Detection and Target Location 

Estimation Section 4.1.) 

The SI unit reads temperature values and user’s direct input through the feedback processing (FP) 

module. This module is the bridge between the SI unit and the SPC unit. The FP module gathers 

the feedback data and converts the raw data to the entailed information for the main processing 

(MP) module in the SPC unit. The information critically influences the decision-making of the 

MP module when the thermal condition adjusting is in progress. More details of using feedback 

data to control are given in Chapter 4.  

Data Processing and Decision Making (SPC unit) 

Image processing (IP) module and main processing (MP) module are the main modules 

implemented in the SPC unit. The IP module is an independent processing module that detects 

human movement and estimates the target location. The MP module generates the control 

parameters and signals to control servo’s movement and power switching actions of the HR 

subsystem.  
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The MP module receives the result of the IP and FP module. The module decides the required 

action sequence to control the thermal condition. Also, the MP module establishes the 

communication channel between the PC and the heating station. The fundamental design idea of 

the MP module is the state-based control algorithm. The algorithm helps to speed up the process 

and increase the usability of action units. This module can be implemented at the gate level 

design and also in the high-level language programming. For our project, we implement the 

algorithm in the higher level language, Python. More details about the state-based control, 

activation signal flow control based on the finite-state machine (FSM) structure, and the logical 

behavior control are explained in Chapter 4. 

The IP module converts the 2D images to the occupancy information in 3D space. The occupancy 

information generated by the module contains human movement and (x, y, z) coordinate of the 

target person. Once, the object is verified as a moving human by using the face recognition 

algorithm, the 2D target image is used to estimate the distance between the webcam and the 

person by using the target location estimation (TLE) algorithm. The technical approaches of 

image processing and TLE method are explained in Chapter 4.  

 

3.2.1.2 Heating Regulation Subsystem 

 HT unit - Action Control 

The action control functions are accomplished by the servo control (SC) module and the power 

switch control (PSC) module in the HR subsystem (see Figure 7). The servo module generates the 

servos’ angular movement. The power control module controls the heater’s power switching 

operation. These modules are correlated and they are implemented on the microcontroller in the 

HT unit. The selection of programming language is according to the hardware, but normally C, 

assembly language or similar low level languages are used to program the microcontroller.  



 

27 

 

The SC module interprets the MP outputs and makes the angular movement of the servos. The 

module reads the target zone number and the angle movement option number from the MP 

outputs. The target zone number and the angle movement option number are the indicators of the 

heater’s direction. Depending on the angle option numbers, the servo’s moving angles get 

changed. For example, there are three angle option numbers, 0, 1, and 2. The SC module receives 

the angle option 0 and the SC module lets the heater turning to the initial position. For the angle 

option 1 and 2, the SC module uses the mapped angle data (MAD) with each target zone number. 

Figure 8 shows the MAD table and the example of the heat affection area (circled) when the SC 

module reads information: angle option 1 and the zone number 5. The SC module converts the 

selected angles to the PWM signal output to communicate with servos.   

 

OP1 OP2 OP1 OP2 OP1 OP2 

Zone 0 

ALT 45+ 

AZ45 

Zone 0 

ALT 35+ 

AZ35 

Zone 1 

ALT 45+ 

AZ90 

Zone 1 

ALT 35+ 

AZ80 

Zone 2 

ALT 45+ 

AZ135 

Zone 2 

ALT 35+ 

AZ125 

Zone 3 

ALT 0 

AZ45 

Zone 3 

ALT 10+ 

AZ35 

Zone 4 

ALT 0 

AZ90 

Zone 4 

ALT 10+ 

AZ80 

Zone 5 

ALT 0 

AZ135 

Zone 5 

ALT 10+ 

AZ125 

Zone 6 

ALT 45- 

AZ45 

Zone 6 

ALT 35- 

AZ35 

Zone 7 

ALT 45- 

AZ90 

Zone 7 

ALT 35- 

AZ80 

Zone 8 

ALT 45- 

AZ135 

Zone 8 

ALT 35- 

AZ125 

 

Figure 8. MAD and Heat Affection Area – Servo Angle Option 1 and Zone Number 5 
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The power switch control (PSC) module controls the output pin that connects to the power 

distribution circuit when the power control timer is activated. The MP module examines the 

user’s thermal condition and decides to turn on the power timer to reduce the temperature. Once 

the power control timer is activated, the SC module is deactivated and the PSC module starts to 

toggle the output signal based on the timer. The signal controls the main heating station’s power. 

The PSC module is activated for the predetermined time period. The power toggling behavior is 

controlled by the signal from the microcontroller as shown in Figure 9.  

 

Figure 9. Timer Operation and Power Switching 
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CHAPTER 4  

SENSING AND PROCESSING SUBSYSTEM 

 

The sensing and processing (SP) subsystem is one of the major parts of the SLHC system. It reads 

the sensed data and processes it to control the heating system. The SP subsystem includes human 

detection and target location estimation (TLE) algorithm, finite-state machine (FSM) model based 

control algorithm, and feedback based temperature control technique.   
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Figure 10. Sensing & Processing Subsystem in SLHC Functional Block Diagram 

 

4.1 Human Detection and Target Location Estimation 

The occupancy information is a crucial element in the Smart Localized Heating Control (SLHC) 

system. Thus, the image’s quality and type are also important. To attain image data in space, 

many different methods and advanced equipment can be used. In particular, the depth detection 
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camera such as the time of flight (ToF) or the RGB-D camera is commonly used in the human 

recognition and movement detection projects [8]. However, they are expensive and relatively 

high power consumption devices. The Microsoft Kinect (RGB-D) is popularly being used in the 

similar image processing projects because it is cheaper than the other depth detection camera. 

However, it is a still expensive (~$200 USD) for our heating system. Therefore, we decide to use 

a webcam that is a cost effective (~$25 USD) and has the capability to stream the real-time video 

images despite the image captured is only 2D images.  

Due to the limited information of the webcam’s image, we use the integrating and utilizing 

method of the existing image processing techniques to obtain the useful level of occupancy 

information for the target’s coordinate in 3D space. We use five distinctive methods listed below 

to get the result of human movement detection and target location estimation. 

 

1. Movement Detection (Human Movement Detection) 

   

Detect the intensity change and segment the region 

2. Human Verification (Human Movement Detection) 

 

Detect the human features, face and shape 

3. Human Height Determination (Target Location Estimation)  

 

Capture the pixel values around the human image in 2D space and estimate the height to 

find the initial target point of the region 
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4. Distance Computation (Target Location Estimation) 

 

Capture the lowest extrema point (foot location) and compute the distance between the 

webcam and the person 

5. Target Point Determination (Target Location Estimation) 

 

Determine the target zone based on the target coordinate in 3D (x, y, z) when z represents 

distance (d) 

 

In order to accomplish the 3D target point detecting function of the system, we use the state-of-

the-art image processing techniques such as human feature detections (face detection, histogram 

of gradient (HOG)) and the basic image processing methods (intensity segmentation, contouring, 

mass center detection, and background subtraction using the Mixture of Gaussian (MOG)). Also, 

we develop the TLE algorithm to compute 3D coordinate value from 2D source image.  

 

4.1.1 Human Movement Detection – Movement Detection and Human Verification 

The SP subsystem detects any movement occurred in the space and determines whether the 

movement is made by a human or not.  The example of movement detection and human 

recognition using face detection technique is shown in Figure 11. 



 

32 

 

 

Figure 11. Image Processing Example of Human Face and Movement Detection 

 

Movement Detection - Intensity Change Detection  

We utilize the intensity change detection method to detect some movement in the video streaming 

images. There is a number of methods to accomplish the task. The background (BG) subtraction 

is one of the easiest ways to detect the changes. Equation 1 represents the basic process of the 

subtraction and thresholding to segregate the intensity changed area. The moving foreground 

(FG) image in the static background after this process is converted to the binary image 

represented with black (0) and white (1). 

𝐼(𝑥,𝑦) = {
1,   𝑤ℎ𝑒𝑛 | 𝐼𝑁𝐸𝑊(𝑥, 𝑦) − 𝐼𝐵𝐺  (𝑥, 𝑦)| >   𝐼𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                                  
}                                    (1) 

𝐼(𝑥,𝑦): 𝑅𝑒𝑠𝑢𝑙𝑡𝑒𝑑 𝑃𝑖𝑥𝑒𝑙 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑉𝑎𝑙𝑢𝑒,  

𝐼𝑛𝑒𝑤 : 𝑐ℎ𝑎𝑛𝑔𝑒𝑑 𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑣𝑎𝑙𝑢𝑒,  
𝐼𝐵𝐺 : 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑣𝑎𝑙𝑢𝑒,  
𝐼𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑: 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑣𝑎𝑙𝑢𝑒 
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For the main process, we convert color images to grayscale images and smooth the edges. Then 

we create the background image using BackgroundSubtractorMOG2 to distinguish the intensity 

changed pixels in the image. Applying morphology techniques to clarify the foreground area is 

important steps to connect the pixels that share the same properties. The technique helps to 

remove noises and obtains the clustered areas clearly in order to apply contouring method. We 

use the size of the contour area to verify the movement. If the contour size is larger than the 

threshold value, the SP subsystem defines there is a movement possibly made by a human. After 

the movement is verified, the subsystem starts the human features (face or shape) detection 

process. 

 

Human Feature Detection and Verification 

The other key information about the segmented image is that the object is a human or not. For the 

verification, a distinctive human feature must be revealed on the object image. Human face and 

shape feature detections are used in our method. 

Firstly, a human face can be detected by using ‘haarcascade_frontalface_default.xml’ classifier in 

OpenCV library. The human face has a distinctive feature and the classifier is powerful and fairly 

accurate. The classifier is developed using Viola-Jones object detection method [10] in 2001. 

This classifier is trained by Haar-like features with a huge data set of the human face images (see 

Figure 12). The Haar-features focuses on the similar properties in the face dataset that shared the 

common face structure like eye region with darker intensity and nose bridge region with brighter 

intensity. This information enables the sensing system to recognize the object as a person.  
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Figure 12. Human Frontal Face Image and Haar-like Features [10]  

The second method is the human detection using the Histograms of Oriented Gradient (HOG) 

descriptor [30]. The various distances and the poor light condition lead poor result of face 

detection. Therefore, we use the alternative method to detect another human distinctive feature 

that is a shape. As shown in Figure 13, HOG method’s main idea is an edge detection using the 

gradient magnitude and orientation computed based on the descriptor window. The classifier 

detects the human features such as head, shoulder and foot based on the silhouette contour (The 

first image in Figure 13: average gradient image over the training examples) from the 

background. 

 

Figure 13. Example of using HOG detector for human image [30] 

We use both human face and shape detection to detect the features, because they have some 

environmental limitation such as light condition and size of the region. In our method, we use the 

shape detection when the object is in a distance (mostly at the first appearance) and use the face 
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detection when the object is closer to the webcam. The performance of the detection is limited by 

the processing time. 

 

4.1.2 Target Location Estimation  

The SP subsystem starts the next process as soon as the human movement is detected. In the next 

process, the moving person’s location must be identified to be tracked by the heater. The image 

processing (IP) module in the SP subsystem applies the image segmentation method to identify 

the target location by using the target location estimation (TLE) algorithm. The TLE algorithm 

verifies the estimate location of the person. The first detected target location in the image is the 

2D location point and this point is converted to the 3D location information of the person in 

space. Figure 14 shows the matching point of the center point detected in 2D and 3D. 
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Figure 14. Target Center Matching Point – 3D Space (left) and 2D Segmented Image (right) 

Image Segmentation for the Detected Moving Person 

The image segmentation method used in this process is different from the method used in the 

movement detection due to the different purpose of the segmented image usage. The IP module 

Detected 
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point 
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detects the specific pixel clustered area as the region of interest (ROI) rather than just intensity 

changed area in the raw video images. We use the OpenCV BG/FG subtraction operator, 

BackgroundSubtractorMOG2() in this process. This algorithm is also known as a Gaussian 

Mixture Model (GMM) based BG/FG segmentation algorithm and the method uses the pixel-wise 

GMM creation according to the papers of Zivkovic, [24] and [25]. The segmentation result using 

this method is successful in the dynamic lighting environment. 

Contour and Mass Center Detection 

To define the center location of the ROI in the real-time video images, the IP module uses the 

contouring and the mass center detection method. The contour of the segmented region provides 

the boundary of the moving object. The pixels inside the boundary share the same properties, so 

we find the center location of the segmented area by using the procedure of finding centroid in a 

regular geometric shape. To find the centroid, we compute the image moment (see Equation 2). 

The pixels’ weighted average (moment) is used to find area and centroid of a specific region in 

the binary raster (pixel-based digitized) image. The mass center can be computed as shown in 

Equation 3. The spatial moment 𝑚10  (variance in the x- direction), 𝑚01   (variance in the y-

direction) and 𝑚00  (segmented area) are used to estimate the center location of the contour [23]. 

This center of the mass coordinate in the image is the core information to estimate and track the 

location of the target movement. 

    Spatial Moment:         𝑚𝑗𝑖 =  ∑ (𝐼(𝑥, 𝑦) ∙ 𝑥𝑗 ∙ 𝑦𝑖)𝑥,𝑦                                                   (2) 

𝐶𝑒𝑛𝑡𝑜𝑖𝑑:    �̅� =  
𝑚10

𝑚00
                          �̅� =  

𝑚01

𝑚00
                                                             (3) 

𝑚00: 𝑠𝑒𝑔𝑚𝑒𝑛𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 

𝑚10: 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑥 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 

𝑚01: 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑦 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 

𝐼(𝑥, 𝑦): 𝑝𝑖𝑥𝑒𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑣𝑎𝑙𝑢𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 (𝑥, 𝑦) 
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For this process, we use the image moment finding operator (cv2.moment ()) in OpenCV 

functions. The operator is constructed based on the Green’s Theorem. The theorem is the 

fundamental concept of finding a moment of contour image (see Equation 4) and it represents the 

relationship between a line integral for the bounding outlines of a closed area and a double 

integral for the bounded area. 

∮ (𝐿 𝑑𝑥 + 𝑀 𝑑𝑦) =  ∬ (
𝜕𝑀

𝜕𝑥
−

𝜕𝐿

𝜕𝑦
) 𝑑𝑥𝑑𝑦

𝐷𝐶

                                             (4) 

A closed curve C and the plane region D under the curve C are shown in Figure 15. The 

relationship between them is built when the area D has no hole and the C is a simply closed 

which means the curve ends at the started point without any interception (positively oriented 

curve). Also, L and M are the function of (x, y).  

 

Figure 15. Green Theorem 

Based on this theorem, the spatial moments of the contour are computed. In fact, the moment is 

computed based on the theorem and the actual moment of the rasterized image can be different. 

There are two reasons. First of them is that the area under the curve is not fully filled due to the 

gap existing in the image. We applied morphology to close the gap, but it is almost impossible to 

fill completely. The second reason is the limited raster resolution. However, this operator gives 

the reasonably good result for the target center location of the moving person. 
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Estimation of the Location in 3D Space - TLE 

There are two types of information in the segmented image. The first information in the image 

specifies the height of the person at the very initial moment of capturing when the person stands 

on the baseline. The second type is a varying size of the image depending on the movement of the 

person. 

The size of the contour’s bounding box determines the size of ROI image for the moving person. 

And, the values get changed when the distance between the webcam and the person gets changed.  

Therefore, the rate of the change in the size of the image and the actual person’s height provides 

the clue of distance between the webcam and the person. The TLE algorithm uses the size of the 

image, the rate of the change, and the location of the person’s feet information. The relationship 

between the image and the real size is used to estimate the target location in real image critically.   

Example of Image Pixel Measurement Example of Parameters 

  

𝐻 = 170 𝑐𝑚 

𝑦𝑡𝑜𝑝 = 200 

𝑦𝑏𝑜𝑡𝑡𝑜𝑚 = 54 

𝐻𝑖𝑚𝑔 = 146 

𝑑 = 3.5 𝑚 

 

Figure 16. Example of Human Image and Corresponding Parameter Values 

To obtain the distance computation factors, we need the edge information of the ROI in the 

image. In Equation 7, the 𝑦𝑡𝑜𝑝 value indicates the pixel location of the extrema at the top of the 

edge and the 𝑦𝑏𝑜𝑡𝑡𝑜𝑚 value defines the extrema at the bottom of the segmented image. These 

values are used to create the bounding box around the contour and also used in the computation 

of the image height (see Figure 16). 

𝐻𝑖𝑚𝑔 = 𝑦𝑡𝑜𝑝 − 𝑦𝑏𝑜𝑡𝑡𝑜𝑚                                                          (5)  
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𝐻 (𝑑) =  𝛼1 ∙ 𝑑 +  𝛼2                                                              (6) 
 

The real height of the person can be computed by the simple linear relationship between the 

image and the ground truth measurement at the first appeared location. In Equation 6, the height 

of the actual person is denoted as H in the measured distance, d. The d value is defined by the 

measured distance between the webcam and the entrance point where the persons stands. The 

value of ɑ1 and ɑ2 are determined by the relationship revealed during the measurement. We use 

the height information to estimate the initial target location in y direction. 

We use the 𝑦𝑏𝑜𝑡𝑡𝑜𝑚 value that is the lowest extrema point (sometimes it is the feet location of the 

person) to compute the distance. The varying distance (𝑑𝑎𝑐: estimated distance, z: 3D coordinate 

value) between the webcam and the moving person corresponds to the pixel location in the image. 

However, the actual distance from the webcam to the person cannot be computed based on the 

relationship between the webcam’s viewing angle changes and the pixel value changes in the 

image. The fundamental of the distance estimation method we used is the conversion between 

∆pixel and ∆angle and the conversion between ∆ angle and distance using a simple trigonometry 

(see Equation 8). 

 

Figure 17. Fundamental Setup and Parameters to Compute the Target Location 

The distance in the horizontal direction from the webcam and the foot location is computed by 

using the parameters, H (height of the webcam location), W (base distance from the webcam to 

Threshold 
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the D0 that is the first location shown in the image), and 𝜃 (base angle computed by using the 

values of H and W, see Equation 7). The angle 𝜃 is the angle covers the hidden area before the 

webcam’s view starts at the Threshold point. Also, the webcam’s viewing angle, 𝜃𝑤  and the 

image resolution are the major parameters in the computation. The steps of the conversion from 

the lowest extrema point (𝑦𝑏𝑜𝑡𝑡𝑜𝑚=𝑓𝑒𝑒𝑡) of the human image to the distance are following. 

𝜃 = arctan(
𝑊

𝐻
)                                                       (7) 

                                                               𝑑𝑛 = tan(𝜃 + 𝐴𝑝𝑖𝑥𝑒𝑙) ∗ 𝐻                                                   (8) 

 

𝑤ℎ𝑒𝑛 𝐴𝑝𝑖𝑥𝑒𝑙 = (
𝑐𝑎𝑚𝑒𝑟𝑎 𝑣𝑖𝑒𝑤𝑖𝑛𝑔 𝑎𝑛𝑔𝑙𝑒

total vertical pixel count
) ∗ ∆pixel                     

 

1. Measure H and W value based on the setting 

2. Compute the angle 𝜃 using Equation 7 

3. Count the vertical total pixel number (check the image resolution to obtain the 

value) and the pixel difference between the lowest point y value and the 

maximum y value (∆pixel = 𝑦𝑚𝑎𝑥 −  𝑦𝑓𝑒𝑒𝑡) 

4. Convert the pixels to the angles using the camera viewing angle and the total 

value, ∆pixel →  𝐴𝑝𝑖𝑥𝑒𝑙, then apply the value to find distance (Equation 8) 

Example: 

Webcam viewing angle: 30°, vertical total pixel value: 240 pixels, ∆pixel: 50 

Then, 𝐴𝑝𝑖𝑥𝑒𝑙 = (
30 °

240 pixels
) ∗ 50 pixels  = 6.25°   

The coordinate (𝑥, 𝑦, 𝑧) is defined based on the result of the target location estimation. The x 

value is determined the mass center location. The z value is the same as the computed distance. 

Also, the y value is determined by Equation 6 depending on the person’s height. 
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4.2 State-Based Temperature Control 

The Smart Localized Heating Control (SLHC) system has the state-based temperature control 

function. Figure 18 shows the finite state machine (FSM) that is embedded in the Smart 

Processing and Controlling (SPC) Unit of the SLHC system. The FSM model consists of four 

states based on movement sensing and temperature feedback conditions. Each state has a unique 

action and the requirements to move next state. Depending on the selected state, the heater’s 

direction and power are controlled.  

 

Figure 18. FSM Model for SLHC Digital Signal Control 

The SLHC system is designed to provide the ideal thermal condition to the user. Consequently, 

the temperature is one of the core inputs to the system. The temperature monitoring is important 

to prevent the thermal discomfort and the damage caused by overheating. The SLHC system has 

the method to control the applied temperature based on the feedback and the effective heater 

operation control.  



 

42 

 

To design an optimum temperature control function in the system, we consider several things 

related the heater’s operation. First of all, we consider how the heater’s operation affects human 

thermal sensation in various situations. Also, the feedback inputs to operate the heater must be 

decided. Lastly, the method of temperature control in the SLHC system and the expected 

outcomes of the system operation must be discussed. 

4.2.1 Thermal Sensation Analysis 

Thermal sensation is one of the important inputs for regulating the heater’s operation. In 

particular, the temperature measurement is critical factor when the target person enters the desk 

area because overheating can occurs when the person does not move for a long period of time. 

Overheating can damage person’s clothes and skin, along the uncomfortable thermal sensation. 

Therefore, temperature around a user must be monitored and adjusted to prevent the overheating 

problem.  

Heater 
Unit

Target 
Person 

Heat 
Affected 

Area

Heater 
unit

Target 
Person Heat 

Affected 
Area

Computer

 

(a) Stationary Position                                                  (b) Moving State                    

Figure 19. Applied Heat for the Various Affected Area of the Target Person 

In Figure 19, we identify the various sizes of the applied heat area in different situations. The 

results of the thermal sensation differ from one another depending on the movement status and 

the amount of time we apply heat. Figure 20 represents the expected temperature changes in 

various cases for that we assume the room temperature is steady, the same heater is used for the 

entire experiment and 𝑇0 is the initial body temperature.  
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           (a)Fixed location near PC                         (b) Temperature Changes in Various Movement              

 Figure 20. Expected Temperature Change in Time 

 

In Figure 19(a), the person sits in the region near the PC and the heater is directly applied to the 

person. For this situation, the ambient temperature near the target location increases linearly with 

time until the temperature gets to the stable point. Figure 20 (a) shows the typical result when 

applying heat to a fixed surface area for a time period based on the Newton’s Law of cooling and 

heating. After the dead zone, the temperature on the surface increases continuously until it 

reaches the maximum temperature limit. In this case, the applied heat may cause some damage 

person’s skin or clothing if the heater is placed too close or too direct. 

On the other hand, the effect of the applied heat changes when the person is moving although the 

heater focuses on the target region of the person. As shown in Figure 19 (b), the heat affected 

areas of the person’s body are changing continuously depending on the distance. The strength of 

the heat also diverges. Therefore, the effect of the heat has a non-linear relationship over time and 

area. Figure 20 (b) demonstrates the possible results of the different cases when the target person 

is moving. The cases are created based on the situations that can happen during the SLHC system 

operation. The situations contain the effect of the varying distance between the heater and the 

target person, the size of the heat applied area, and the tracking failure of the person’s movement 

and the response of the system.  

To To 
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In Figure 20 (b), there are 5 sample cases. In the case 1, the distance between the heater and the 

person is short and the person does not move. The temperature quickly bumps up and reaches a 

certain desired level. As soon as the person starts to move in the same region, the temperature 

keeps in the range shown in the case 2. The person gets closer to the heater and the movement 

gets slower in the case 3. After that, the temperature increases slowly. In case 4, there is the target 

person’s unexpected movement. The person can move further away unexpectedly from the 

current target range. For example, the person is moving too quick to be caught by the sensor and 

the system cannot reach the person. However, the sensor catches the person’s movement and 

adjusts the heater’s direction later if the person still stays in space. After the sensor re-tracks the 

person’s location, the temperature starts increasing as shown in the case 5. We can expect various 

results depending on the diverse environmental settings and thermal sensation level for each 

individual. Therefore, the feedback information improves the result optimization of the SLHC 

system operation. 

 

4.2.2  Types of the Temperature Feedback Inputs 

There are two types of temperature feedback in the SLHC system. The first feedback is the raw 

value of temperature reading. It is measured by the temperature sensor and the result of the 

threshold procedure triggers the climate control function. The other feedback is the user’s input. 

The user directly enters the feedback input to the system based on his or her level of thermal 

comfort level. Both feedback inputs are the main source of the temperature sub-controller unit to 

recognize the temperature level in space. 

The feedback temperature level is categorized based on three thermal conditions: moderate, warm 

(low-level [LL] control required), and hot (high-level [HL] control required). The moderate 

condition refers that the temperature control is not necessary. In the winter season, the adequate 

range of the room temperature is between 68°F (20°C) and 72°F (23.5°C) [21]. We consider this 
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range as the moderate level. The range of the LL temperature control thresholding is determined 

based on the moderate level values. The [LL] range is between 75°F and 81°F. If the temperature 

passes 82°F, we consider that the HL temperature control is required. The user’s selection for the 

temperature level is based on the user’s feeling. It is not related to the actual temperature reading 

values. Regardless, the temperature controller’s operation strictly depends on the selected 

indicators either [LL] or [HL].  

4.2.3  Temperature Controlling Method 

The feedback loop of the temperature control is shown in Figure 21. The figure shows a simple 

and practical model of the heating control system using the feedback loop [20]. In this simple 

model, the comparator is used as the temp controller’s main structure. It helps to decide the power 

operation of the heater depending on the measured temperature at the sampling period. The power 

is off if the measured value is higher than the set temperature and the power is on if the measured 

value is lower than the set value in general. 

 

Figure 21. Basic and SLHC Heating Control System  
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The SLHC system also uses the comparator to thresholding procedure not only power switching 

but focusing direction adjustment of the heater. The measured temperature is continually 

compared with the threshold values to detect the climate control level [LL] and [HL] after the 

temperature controller is activated. There are required actions to control the temperature when the 

temperature reading fits any of the threshold range. For the [LL], the heater’s focusing direction 

changes. And the power switch’s on and off operation is made if the level selection is [HL].  

This feedback control loop is also driven without the comparator’s action. The controller directly 

accepts the user’s input. The user’s input also follows the temperature levels, [LL] and [HL]. The 

user’s input overrides the controller’s current loop until the automatic temperature control mode 

is restored. (Note: The user interface to receive the user’s input is not presented in this thesis due 

to the time constraint of the development.) 

The FSM model is design to implement the temperature control method. The digital signal 

controller model in the smart processing and controlling (SPC) unit regulate the heater’s 

operation based on the temperature control method. There are four sub-controller units in the 

digital signal controller module, main, temperature, servo motors and a power sub-controller and 

the interactive behavior of the sub-controllers controls the state changes in the FSM model. The 

full functionality of the digital signal controller is achieved by the cascaded structure and 

sequential operation among the units. Figure 22 (b) shows the gate-level embedded logics in the 

controller and the inputs /outputs signals to operate the units. The major functions and brief 

descriptions of each sub-controller are presented in this section and the detailed structure and 

behaviors are in Appendix B. 
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 (a) Structure of Conceptual Controller Model and Sub-Controller Units 

 

(b) Embedded Logics and Input / Output Signals 

 

Figure 22. Digital Signal Controller in the SLHC System 

 

Main Sub-Controller  

The main sub-controller is the decision-making unit. The sub-controller decides the main control 

flow of the actions based on the detected conditions. The main inputs of this unit are the signals 

related to the occupancy information and the thermal condition. The main sub-controller directly 

drives the servo and temperature sub-controller unit. The power sub-controller unit is only 

engaged in the control performance when the temperature controller selects the high-level 
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temperature control when the detected temperature is too high. The action control units operate 

independently and also their actions influence one another. 

Temperature Sub-Controller  

The temperature sub-controller is operated based on the control signal of low level [LL] 

temperature control and the high level [HL] control signal. Temperature measurement is running 

all the time and the control signal gets changed when the measured value passes the preset 

threshold for [LL] temperature control, 75°F (24°C) and the threshold value of [HL] temperature 

control, 82°F (28°C). These threshold values are default values, so the threshold values for the 

actual system can be different.  

Servo Sub-Controller 

The servo sub-controller has three operations to control the heater’s direction. Based on the inputs 

from the main sub-controller and the temperature sub-controller, the operation is divided as the 

normal operation, the addition angle adjustment required operation, and the initial position 

operation. The heater tracks the target person based on the detected zone information in normal 

operation. For the additional angle adjustment operation, the heater adjusts its pointing direction 

about 10 degree from the preset angle at the assigned zone. This adjustment is required when the 

temperature measurement passes the lower level temperature control threshold value. The 

measured temperature exceeded the higher level temperature control threshold value, then the 

heater gets into 50% power controlling mode or stops its operation until the user resume the 

operation. In this case, the heater backs to its original position at the center.  

Power Sub-Controller 

The power sub-controller is designed to control the heater’s power system based on the power 

switching timer. The power switching timer is activated or deactivated by the temperature 
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controller’s output. The power system of the heater must be regulated to prevent the excessively 

applied heat. The power sub-controller regulates two output signals, the power of the heater and 

the backup battery connection. This sub-controller generates the output signals in order to 

indicate the power connection and control the heater’s power switch by using the microcontroller. 

The power control is required in the higher level temperature control mode. This control function 

behaves like a duty cycle controller for PWM. The length of the power switching operation timer 

responds to the pulse’s length control. As shown in Figure 23, the controller’s output indicates the 

percentage of the duty cycle (top). The duty cycle controls the length of the time that the heater’s 

power is on (second). During the power is applied to the heater, the rate of temperature increases 

over the time and the temperature decreases while the power is off (third). The temperature 

responds about 20 seconds (fixed value for testing purpose) later after the power output gets 

changed. Therefore, the time delay will appear in the response. In the SLHC system, we simply 

use a constant 50% power output to control the power switching timer. 

 

Figure 23. Expected Temperature and Power Responses to the Control Signal 



 

50 

 

CHAPTER 5  

HEATING AND REGULATION SUBSYSTEM 

 

The heating and regulation (HR) subsystem includes the main actuation units in the SLHC system 

(see Figure 24). The HR subsystem contains tracking devices, heater, waste heat reusing circuit 

and power regulating circuit. The HR subsystem includes the heating and tracking (HT) unit and 

the heat and power recycling (HPR) unit. The major function of the HT unit is to track the target 

movement by using IR heater. The HPR unit collects and reuses the heat energy inside the 

system. In this chapter, we discuss how to make the heater’s movement, to collect the waste heat, 

and to regulate the power. 
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Figure 24. Heating & Regulation Subsystem in SLHC Functional Block Diagram 
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5.1 Heater’s Movement Control  

In the SLHC system, the heater tracks the person’s movement by using servo motors. The servo 

sub-controller generates the servo control outputs based on the signal from the main and 

temperature sub-controller in the SP subsystem. The servo sub-controller sends the outputs to the 

HR subsystem to decide the next servo motors’ turning angles. In this section, we explain the 

heater’s movement control method using to the celestial coordinate system and the mapped angle 

data (MAD) table.  

Pan and Tilt Movement Control 

The heater frame makes a pan/tilt movement of the heater. The movement corresponds to 

Altitude (vertical) and Azimuth (horizontal) in the celestial coordinate system. As shown in 

Figure 25, the heater frame’s tilt motion in the vertical direction can be described in the Altitude 

angle. Altitude angle is used to express the elevation above the horizon by the angular movement. 

The ascending motion of the heater is expressed as the positive ALT value (z+) and the 

descending motion can be expressed as the negative ALT value (z-). The single servo’s position 

at the angle 90° corresponds to ALT 0° if the servo’s 0° angle position is set at the most ALT 

value of the positive or negative side. For the pan movement, we use the Azimuth angle 

expression. The angle measurement starts at the north point at AZ 0° that is anywhere on the 

positive y-axis except the origin and it ends at the south point at AZ 180° on the negative y-axis 

of the x-y plane (see Figure 25). Basically, AZ 0° matches to the servo angle 0° and AZ 180° is 

same as the servo 180° position based on the single servo’s angular movement. Therefore, the AZ 

90° indicates 90° position of the servo motor. The servo motor controls the horizontal (pan) 

movement of the heater. 
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Figure 25. Altitude and Azimuth Positioning Description  

The heater’s direction is regulated by the microcontroller in the HT subsystem. The pulse width 

modulation (PWM) signal from the microcontroller for each servo makes the angular movement 

for the heater’s vertical and horizontal direction. However, the individual servo’s action cannot 

represent any meaningful information in 3D space. Therefore, we use the 3D celestial coordinate 

system to describe the specified behaviors of the heater. To control the heater’s direction with 2-

way movement, the 3D space coordinate information of the moving person must be converted to 

the zone-based 2D sectional information (see Figure 26). The heater points the selected zone in 

the two-dimensional target plain according to the altitude and azimuth angle that are in the range 

of the target zone. The particular coordinate of the person in 3D space is predetermined by the 

calibrated 2D zone information. The information corresponds to the dimension of the observation 

area and the mapped angle data (MAD). To read the signal from the SP subsystem and to 

generate the servo control signal, the servo controller algorithm is implemented on the 

microcontroller. Therefore, the servo controller algorithm operates the servos’ turning angle to 

change the heater’s direction based on the prerecorded values in the MAD. There are two options 
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in using MAD table; OP1 and OP2. For the normal tracking operation, we use the values 

corresponds to the target coordinate of OP1. For the [LL] temperature control operation, we use 

OP2 values that are assigned as 5° to 10° different in AZ coordinate from the target coordinate in 

OP1. (Note: The coordinate values of each zone in the table can be varying based on the 

condition of the implementation.) 

The example is shown in Figure 26. The target location is in the range of the zone 5. The heater 

changes its direction following the angular information, ALT 0 and AZ 135. (For the [LL] 

temperature control operation, the values will be ALT 10° and AZ 125° (see Table 4). To adjust 

the heater’s pointing direction to the location, no tilt motion is required. But the servo makes the 

pan motion by rotating its shaft for 45° (from 90° center point) to cover zone 5. The number of 

zones and the coverage can be varying based on the heater’s coverage in the distance and the 

location of the heater. 
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Table 4. Example of the Mapped Angle Data (MAD)  

OP1 OP2 OP1 OP2 OP1 OP2 

Zone 0 

ALT 45+ 

AZ45 

Zone 0 

ALT 35+ 

AZ35 

Zone 1 

ALT 45+ 

AZ90 

Zone 1 

ALT 35+ 

AZ80 

Zone 2 

ALT 45+ 

AZ135 

Zone 2 

ALT 35+ 

AZ125 

Zone 3 

ALT 0 

AZ45 

Zone 3 

ALT 5+ 

AZ35 

Zone 4 

ALT 0 

AZ90 

Zone 4 

ALT 5+ 

AZ80 

Zone 5 

ALT 0 

AZ135 

Zone 5 

ALT 5+ 

AZ125 

Zone 6 

ALT 45- 

AZ45 

Zone 6 

ALT 35- 

AZ35 

Zone 7 

ALT 45- 

AZ90 

Zone 7 

ALT 35- 

AZ80 

Zone 8 

ALT 45- 

AZ135 

Zone 8 

ALT 35- 

AZ125 

 

5.2   Heat Energy Collection Using Thermoelectric Device 

The energy conversion is the fundamental aspect of the energy recycling. For instance, the 

electricity is generated by the kinetic or potential energy such as wind or waterfall. Heat, thermal 

energy is one of the natural and powerful energy that is beneficial and also critical element for 

human and living organisms. Moreover, the energy can be converted directly to electricity by 

using the thermoelectric device. The application of thermoelectric generation method is currently 

achieved with multi-disciplines from micro-sized biometric devices to a nuclear power source in 

space [27]. In this thesis, the commercialized thermoelectric devices are used to collect thermal 

energy and generate electricity. The resulted electricity is regulated and distributed by the power 

recycling circuit that feeds the regulated sources to the controller system and other peripheral 

devices. 

5.2.1 Heat Energy Harvesting Fundamentals and Devices 

The ultimate goal of using the thermoelectric device is minimizing waste heat in the system. The 

device was developed from the old concept of the thermocouple device that measures temperature 

by using two dissimilar conductive metals. By connecting two conductive materials like copper 

and iron that have different thermal conductivities, a complete circuit is established that contains 

the thermal and electrical current flow (see Figure 27(b)) when one of their joint is hotter than the 

other side. The voltage difference can be measured at each cold end of the metals and the reading 
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value is utilized to estimate the temperature difference from one joined side to another because 

the temperature gap between two sides proportionally increases to the voltage increase.  

The temperature difference between two junctions (two ends of a single conductive material) 

creates the electric charges’ movement and the movement induces the electrical potential 

difference between two ends of the metal or the referenced points of the thermocouple. The 

phenomenon is called ‘Seebeck Effect’ and it is shown in Figure 27 (a). It was observed by the 

physician Thomas Johann Seebeck in 1821 [23]. This concept was expanded to the direct power 

conversion between heat and electricity which is fundamental of thermoelectric devices.  

       

 

 

 

                                  (a)                                                                              (b) 

Figure 27. Seebeck Effect [23] and Thermocouple Device  

The magnitude of the effect can be diverse depending on the material or the combination of the 

dissimilar metals used. The Seebeck coefficient shown in Equation 10 is the primary value to 

measure the capacity of the material responding to the effect. The coefficient is denoted as 𝛼 

which is defined by the ratio of the electrical potential (V) over the temperature (T) difference on 

each side of the conductive material. This coefficient indicates the thermopower of the material 

and has a unit, microvolt per Kelvin, [𝜇𝑉/𝐾], 

𝛼 =  
𝑑𝑉

𝑑𝑇
                                                                                  (10) 
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The Seebeck coefficient is basically an expression of the potential on the cold side of the material 

respect to the hot side. It is normally negative for the regular conductor (see Figure 27) and 

positive for a p-type semiconductor because of the holes’ opposite movement from the hotter side 

to the colder side. As shown in Equation 11, the major interest of finding coefficient is to define 

the electrical potential power, ∆𝑉 , depending on the temperature gradient of the ends of the 

material. The potential increases over the time until the maximum level reached and decreases 

after the heat transferred to the other side of the material.  

∆𝑉 =  ∫ 𝛼𝑑𝑇 

𝑇

𝑇0

                                                              (11) 

The thermoelectric power conversion gets into the advanced level of technology and applications 

along the device development in new materials and new structures. The typical example is using a 

semiconductor that satisfies the requirements for a good thermoelectric generator (TEG). The 

higher efficiency of TEG device performance is relying on the high electric conductivity and the 

low thermal conductivity due to the fundamental relationship between the electrical potential and 

the level of the temperature gradient. By using semiconductor material, the voltage generated by 

one unit of the thermocouple is increased by about 5 times. For instance, a unit of thermocouple 

means a set of the dissimilar metal combination like ‘K’-type thermocouple made by nickel-

aluminum, generates about 4 mV. In comparison, a single ‘N’-type semiconductor pellet 

produces about 20 mV that measured by the connected voltmeter [32]. For a semiconductor cell, 

it is ‘p’ or ‘n’ type of material joined with a conductive material. The commercial thermoelectric 

device consists of the internal structure that the p-type and n-type materials connected electrically 

in series and thermally in parallel [16] as shown in Figure 28.  
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Figure 28. Structure of the Commercial Thermoelectric Device 

As the name of the device implies, the strong relationship exists between the generated power and 

the thermal condition applied to the material. Therefore, the structure and the material properties 

are extremely important for experiencing the enhanced TEG performance. The commercial 

modules use a typical Z-shape internal structure with the widely used materials like Bi2Te3, 

PbTe, or SiGe. To choose a suitable device for our system, we evaluate the functional efficiency 

and the operational factors of the TEG device. 

 

5.2.2   Functional Efficiency and Operational Factors 

The thermoelectric device associated with any thermal power reusing system has two types of 

efficiency evaluation; device-wise and system-wise. For the device-wise efficiency, the main 

testing elements are the power conversion factors. Equation 12 demonstrates the typical thermo-

power device’s efficiency evaluation that is the ratio of the power output to the heat flow applied 

to the device. The thermal power, Q, is the input power generated by heat and its unit is Watts 

[W]. The heat is the main source of the electrical charges’ movement to generate the electrical 

current in the circuit. Thus, the strength of the Seebeck effect and the factors that represent the 

material’s reaction to the thermal power greatly influences the resulting power.  
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𝜂 =
𝑃𝑜𝑢𝑡

𝑄
                                                                                             (12) 

𝑃 =  𝐼2𝑅𝐿 =  𝑃 = (
𝛼∆𝑇

𝑅𝑖 + 𝑅𝐿
)

2

𝑅𝐿                                                                                   

𝑠𝑖𝑛𝑐𝑒 𝐼 =   (
𝛼∆𝑇

𝑅𝑖 + 𝑅𝐿
)  𝑎𝑛𝑑 𝑅𝑖 ≠ 𝑅𝐿                                            (13) 

𝑄 =  𝛼𝑇ℎ𝐼 +
1

2
𝐼2𝑅𝑖 + 𝐾∆𝑇                                                                       (14) 

Definition of the Symbols (Equation 12-14) 

 𝜂 ∶ Efficiency, 𝑃𝑜𝑢𝑡 : Output Power, 𝑄 : Thermal Power, 𝑃: Power,  𝐼 : Current, 

𝑅𝐿 : Load Resistance,  : Seebeck Coefficient (Thermoelectric Sensitivity of a material),   

∆𝑇 : Temperature Difference, 𝑅𝑖 : Internal Resistance, 𝑇ℎ: High Temperature,  

K: Thermal Conductivity 

The major factors to select the adequate device for the system are the relative current density, U 

and the figure of merit, Z. The relative current density (U) indicates the ratio of the electrical 

current density (J) to the thermal conductivity (k) and temperature gradient (∇𝑇). Since the 

electrical current is generated by the thermal flow, the Seebeck coefficient and temperature 

differences for each side of TEG device always affect to the amount of the current generated as 

shown in Equation 13. The electrical current flow is proportional to the thermoelectric sensitivity 

of a material (𝛼) and the temperature difference (∆𝑇). Thus the higher relative current density can 

indicates the higher efficiency of the device. The figure of merit (Z) of the thermoelectric device 

is also an important factor to choose a device due to the relationship shown in Equation 16. The 

value of Z is defined by the thermal sensitivity which is strongly related to the material cost. The 

higher Z value can be achieved by the bigger gap between the thermo-power (same as the 

thermoelectric sensitivity,𝛼) and the resistivity (𝜌) of the device.  
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𝑈 =  
𝐽

𝑘∇𝑇
                                                                              (15) 

𝑍 =  
𝛼2

𝑘𝜌
                                                                              (16) 

Definition of the Symbols (Equation 16-15) 

 𝑈 ∶ Relative Current Density,   Electrical Current Density, ∇𝑇 : Temperature Gradient,  

𝑍: Figure of Merit,  𝜌 : Resistivity 

The device-wise efficiency is strictly related to the materials’ properties and their influences on 

the performance of the device. To choose the suitable device for the system, we must consider the 

system-wise aspect of power efficiency in the device selection also. The cost is one of the 

important factors in the device selection. It is the first priority for all system design projects. The 

higher material factors related to the device’s capacity increase the budget to build a device and a 

system. In the optimized design, the system-wise evaluation can help to reduce the cost of the 

device selection. The main purpose of this TEG using power supply is providing the required 

power with maximum power efficiency in the system. As shown in Figure 29, the device works 

like a DC battery with internal resistance. In general, the maximum power efficiency is achieved 

when the load resistor, 𝑅𝐿 is matched to the value of the internal resistor, 𝑅𝑖𝑛 (see 𝑃𝑚𝑎𝑥 value in 

Equation 20).  

 

Figure 29. TEG Connected Circuit with a Load 



 

60 

 

The single TEG utilized in the circuit shown in Figure 29 is a sample structure of a single cell in 

the TEG power generating system that contains four units of TEGs. Each unit generates the same 

amount of power ideally. They are combined in parallel and also in series to feed the power 

regulating circuit. The following equations show voltage and power output values from a single 

cell. 𝑉𝐿 represents the load voltage measured. 𝑉𝑁𝐿 indicates the non-load voltage produced by a 

single cell TEG unit. The voltage produced from the unit can be calculated by using the voltage 

divider relationship shown on Equation 17. The maximum power output can be achieved when 

the load and the internal resistance are the same (see Equation 19).  

𝑉𝐿 =  𝑉𝑁𝐿 ∙  
𝑅𝐿

𝑅𝑖𝑛 + 𝑅𝐿
                                                            (17) 

𝑃𝑜 =  𝐼2𝑅𝐿 =  𝑉𝐿 ∙ 𝐼𝐿                                                            (18) 

𝑃𝑚𝑎𝑥 =  
(𝛼∆𝑇)2

4𝑅
     𝑠𝑖𝑛𝑐𝑒 𝑅 = 𝑅𝐿                                              (19) 

Definition of the Symbols (Equation 17-19) 

𝑉𝐿 ∶ Load Voltage, 𝑉𝑁𝐿  : Unload Voltage, 𝑃𝑜  : Power Output, 𝑃𝑚𝑎𝑥 : Maximum Power Output 

Equation 12 defines the power efficiency is the ratio of the output power, 𝑃𝑜 to the input power, 

𝑃𝑖 which is the thermal power, Q. This is a power efficiency based on the general concept of TEG 

device evaluation not related to the waste heat collection system. However, the actual power 

efficiency must be evaluated in the system-wise point of view. The SLHC system pursues the 

optimized TEG system that has free power source, passive heat sink, remoteness of the use-site 

and low noise solution due to the fundamental purpose of designing this system. This system uses 

the waste heat from the heater which meets the free power source requirement. Then, the input 

power becomes zero. Therefore, the normal power efficiency computed by Equation 20 does not 

mean anything. Instead, the electrical power efficiency can be used for this evaluation procedure 

(see Equation 21). 
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𝜂𝑝 =  
𝑃𝑜

𝑃𝑖
                                                                            (20) 

𝜂𝑒 =   
𝑃𝑜

𝑃𝑜 + 𝑃𝑖
=  

𝑃𝑜

𝑃𝑡𝑜𝑡
                                                            (21) 

Definition of the Symbols (Equation 20-21) 

𝜂𝑝 ∶ Normal Power Efficiency, 𝜂𝑒 : Electrical Power Efficiency Voltage, 𝑃𝑜  : Output Power,  

𝑃𝑖  : Input Power, 𝑃𝑡𝑜𝑡  : Total Power Output 

 The electrical power efficiency is the ratio of the output power to the total power generated 

(𝑃𝑜) and consumed by the internal resistor (𝑅𝑖). For instance, the simple analysis of the efficiency 

can be analyzed by using the maximum power generating rule. Since the internal resistor is the 

same value of the load resistor, the expected efficiency is 50% (see Equation 19). It could be not a 

practical value that can be expected because the actual efficiency is normally lower than the 

calculation due to the extra loss in the structural and operational procedure. However, it still 

refers a good range of device selection and the circuit designing options.  

5.3   Power Regulation 

5.3.1   Supplementary Power Source Generation 

The power output from the parallel and series combination of the multiple TEG devices can be a 

supplementary power source of the HT unit. The raw power output of the system can be added to 

the voltage regulation and the power distribution circuit for the microcontroller and servos. To 

maximize the voltage and current output, the circuit that consists of four TEGs connected in 

parallel and series as shown in Figure 30 is an ideal structure. The expected output of the raw 

power generating system is 10V and 4A if each TEG can produce 5V and 1A despite the values 

can be different depending on the selected device. However, we expect a small additional power 

output in practical case due to the limitation of the heat from the heater’s body and the capability 

of heat dissipation rate. 
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Figure 30. Parallel and Series Combination of TEGs 

5.3.2   Voltage Output Regulation and Power Distribution 

The voltage output from the power source that combines the 9V battery and the supplementary 

TEG output is enough to provide the output power. The regulated output powers the 

microcontroller and the servos. The microcontroller requires approximately 3V to 6V in general. 

In case of using Wi-Fi connectable platform, the required voltage is higher than the regular 

microcontrollers. The servo motors also require 5V to 6V. Depending on the devices utilized in 

the control system, the types of regulator IC are decided to be used in the power regulating 

circuit.  

 

Figure 31. Power Regulation for Multi-load with Various Voltages 
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This linear regulation for the various voltage outputs allows the various loads’ connection to the 

regulating circuit (see Figure 31). We use multiple power regulating circuits for multiple load to 

prevent the over power dissipating in a single regulating IC which causes the failure due to the 

excessive heat. In addition, there are some requirements to assemble the power regulating circuit.  

The unregulated voltage input must be 2V higher than the output and the load should not require 

too high current for the operation. The capacitors are used to stabilize and reduce the noise in the 

circuit, so the values are not critical matter in the design. The suggested values are in between 

0.1µF and 100µF@25V~35V. The diodes are placed to protect ICs in the circuit in case of the 

back current from the fully charged capacitor. But, it is optional if the capacitor value is small. 

The final output voltages of the regulating circuit in Figure 31 can be adjusted by choosing the 

types of LM78xx IC and we can use some booster circuit if needed, so that the adequate power is 

provided for each device. The implementation and the testing result of the power regulating 

circuit will be discussed in Chapter 6.  
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CHAPTER 6 

IMPLEMENTATION AND EXPERIMENTAL RESULT 

 

The SLHC system is prototyped to test feasibility of the real world application. The physical 

system contains the sensing and processing (SP) subsystem and the heating and regulation (HR) 

subsystem. Each subsystem has the distinctive hardware and software structure. In this chapter, 

we discuss the main aspects of implementation, the experimentation procedure and results.  

6.1 System Implementation and Experimental Procedure 

6.1.1 Implementation Requirements 

The SLHC system is designed to save energy in domestic and commercial indoor heating system. 

Thus, we must consider the system’s cost and energy efficiency along the user’s thermal comfort. 

The requirements for the system implementation are analyzed in three aspects. 

Cost Effectiveness 

To achieve the cost-effectiveness of the system, we must consider the material cost and the 

operating cost of the system. To reduce the system cost, we use the office equipment (webcam, 

PC) and limit the heating unit cost to less than $200 USD (the price is determined based on the 

ordinary IR heater without automatic temperature control device). To reduce the operating cost, 

low power devices; a webcam and a microcontroller used in SLHC system.  

Independent and Remote Operation 

The heating unit (HR subsystem) of the SLHC system requires some space to perform the 

tracking and heating function. Therefore, the heater must be located at least 1.0 m apart from the 
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desk area (the specific distance must be verified in the experimental procedure) to avoid any 

damage due to the excessive heat. Also, the heating system must be independently operated 

during the regular operation without the new command from the main system. Therefore, the 

system must have wirelessly connected and it has to be controlled remotely. 

Smart, but Keeping the Privacy 

The invasion of privacy is one of the serious issues of the indoor surveillance system using 

human detection. The SLHC system is designed as a smart indoor heating system using human 

detection technique. Therefore, the person’s identity and private information can be captured. To 

prevent this problem, our system does not collect or record any personal information or 

characteristics of the individual. The system only captures the general human feature instantly 

and uses the location information inside the room. 

6.1.2 Hardware Implementation 

6.1.2.1 Sensing and Processing (SP) Subsystem 

The subsystem contains data acquisition devices and data processing/controlling devices. The SP 

subsystem reads two types of data: images by using a webcam and temperature by using a 

temperature sensor. The primary processing/controlling equipment is PC. The PC processes data 

and makes a decision based on the data. The major hardware implementation steps in the SP 

subsystem are establishing connections between PC and sensors. Therefore, we installed the 

image sensor with USB cable and the temperature sensor with wireless communication enable 

controller board to communicate with PC. 

Parts and Equipment: 

1.   Data Acquisition Devices  

1-1. Image Sensor: webcam (C270 / Logitech, specification in Appendix A - Table A.1) 
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1-2. Temperature sensor (I2C MCP9808, specification in Appendix A - Table A.2) and 

ESP8266 IOT board (NodeMCU, specification in Appendix A – Table) with the indicator 

LEDs (red, green)  

2.   Data Processing and main control unit – PC / Laptop (LENOVO X220) 

          

 

        (a)                               (b) 

Figure 32. Basic Experimental Setup 

Implementation and Experimental Procedure: 

1. Connect the webcam to the main PC/Laptop and adjust the height and its view angle based 

on Figure 32 (a) (Note: The room dimension to test must follow the operating range 

requirement to run the system, 𝑊𝑟𝑜𝑜𝑚 = 3.00𝑚 and 𝐿𝑟𝑜𝑜𝑚 = 6.00𝑚  

2. Connect the temperature sensor and the wireless microcontroller circuit 

3. Calibrate the viewing angle to test each testing point shown in Figure 32(b) and the 

temperature sensor’s reading for the test  

4. Run the unit test for each device 

4-1. Measure the height of the location where the webcam is installed  

𝑊𝑟𝑜𝑜𝑚 = 3.00𝑚 

𝐿𝑟𝑜𝑜𝑚 = 6.00𝑚 

𝟐. 𝟖𝟎𝟎𝒎 

𝟑. 𝟎𝟎𝒎 

𝟒. 𝟎𝟎𝒎 

𝟔. 𝟎𝟎𝒎 

𝟓. 𝟎𝟎𝒎 
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4-2. Measure the distance from the webcam location and the first shown location in the 

webcam’s view  

4-3. Measure the initial temperature reading  

5. Run the functional test - data acquisition capability validation 

5-1. Check the speed and the area shown in the window of the webcam view 

5-2. Check the wireless transmission of temperature measurement between the temperature 

sensing circuit and the application website 

6. Run the functional test - data processing and control signal generating function 

6-1. Test the processing speed of PC/Laptop for reading the image, temperature 

measurement, and generating outputs 

6-2. Test the wireless communication speed among the devices – PC to heating system 

microcontroller, PC to temperature reading system (Tag for a user) 

6.1.2.2 Heating and Regulation (HR) Subsystem 

The HR subsystem’s components are divided into four categories: heating, tracking, 

collecting/converting heat, and supplying power. Each category contains its main components to 

make the particular actions. We assembled all the parts according to their major functions and 

tested to evaluate the functionality. 

Figure 33 shows the hardware setting for the heating and regulation (HR) subsystem. There are 

four parts demonstrated; heat collection and conversion for testing TEG device, heating to test the 

effect of the heating capability and difference between focused heat and unfocused heat, tracking 

to test wireless tracking function, and power supply to test power supplying function to the 

tracking devices.  
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Figure 33. HR Subsystem Experimental Setup 

 

Parts and Equipment: 

1. Heating Device – IR Heater (Specifications in Appendix A – Table A.3 and Table A.4) 

1-1. IR Heating Lamps: 250W BR Clear IR Bulb 

1-2. IR Heating Frame: National Geographic™ Reptile Heat Lamp 

2. Tracking Device – Microcontroller, pan and tile frame with servo motors 

2-1. WIFI Microcontroller: Electric IMP 001 (Specification in Appendix A – Table A.5 and 

Table A.6) 

2-2. Pan/Tilt Servo Frame: RG-SRV180 servos (Specification in Appendix A – Table A.7) 

3. Heat Collecting/Converting Device – Thermoelectric Devices  

3-1. TEG – TEGpro 4V-6W, TEGpro5V-5W (Specification in Appendix A – Table A.8) 

3-2. Steel frame for direct contact and heat sink 

Implementation and Experimental Procedure: 

1. Run hardware unit test (Testing the basic performance and the range of the components) 

Heat collection and 

conversion:  

TEG with heat sink and steel bar 

Heating:  

IR Heater with aluminum focusing 

cylinder  

Tracking: 

Pan & Tilt Frame with Servos 

with wireless microcontroller 

Power Supply: 

Power regulating circuit with 

battery 
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1) IR heater (result in Appendix A - Table A.3 and Table A.4 : color, strength, range)  

2) Thermoelectric devices (result in section 6.2.2) 

2. Assemble the heater frame with aluminum focusing cylinder and attach to pan/tilt frame 

3. Connect the controller to the servos and the power source circuitry 

4. Attach the thermoelectric device on the frame and connect its output to the power source 

circuit 

5. Run functional test 

1) Receiving and responding function to the SP subsystem 

2) Tracking function to make a following movement based on the operational signal 

3) Power regulating function of the power source circuitry with TEG and without TEG 

4) Heater’s power on/off indicating function that the microcontroller’s response to heater 

operation signal 

 

6.1.3 Software Implementation 

6.1.3.1 Sensing and Processing (SP) Subsystem 

The SP subsystem’s software consists of five interconnected modules. They are SLHC caller, 

IP_main, TLE, tmp, and http_caller module and the modules are written in Python 2.7. The 

modules are responsible to establish the bridge between the main PC and the sensors with wire 

and wireless methods and they gather information through the connections. Then, the modules 

process information and generate the output signal to control the HR subsystem. Figure 34 shows 

the block diagram of the modules and we discuss each module’s functionality and responsibility 

in this section. 
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Figure 34. SP Subsystem Software Interconnected Modules 

 

SLHC_caller 

The <SLHC_caller> module launches the entire process of the subsystem. This module is only 

responsible for triggering the IP_main module to run the entire process. We create this module to 

simply the running process without calling all the modules and further application development. 

IP_main 

<IP_main> is the main process controller (see Appendix C. Controller’s logical process). The 

module is responsible to gather the image data by connecting webcam to the main PC. Also, the 

module processes the image data to send the location parameters to <TLE> module. The 

operational code is generated based on the input from the temperature reading and evaluating 

module, <tmp>. There are three operational code, 0, 1, and 2. The operation code, “0” means the 

higher level (HL) temperature control required. This code assigns the action controller turns off 

the heater. The code “1” means the normal operation mode that the heater tracks the target based 

on the normal heater operation and the target zone information. Lastly, the heater operation gets 
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into the lower level (LL) temperature control mode when the operation code is “2”. The heater 

points off by about 5° from the preset zone value. The actions are made by the communication 

between the <http_caller> module and the hardware control agent code in the HR subsystem. 

TLE 

The function of target estimation requires the image processing result from <IP_main> module. 

<TLE> module uses the parameters related to the size and the location information based on the 

pixel reading in 2D image and process to get the moving person’s location information 3D space. 

The space dimension and the corresponding zone information are predetermined for the testing 

environment.  

tmp 

The module <tmp> reads temperature measurement wirelessly and evaluates data to generate the 

signal that is corresponding to the required control level. The output of this module is the 

combination of lower level (LL) control signal and high level (HL) control signal with 0 or 1. The 

value of LL and HL are indicator of the required temperature control. For example, [LL, HL] is 

equal to [0, 0]. That means there is no temperature control required. [LL, HL] = [1, 0] means 

lower level temperature control is required. In case of [0, 1], the signal tells to main processing 

unit to do high level temperature control which means the heater must be turned off. The signal 

indicates [1, 1] means that no action is required 

http_caller 

This caller function is designed to communicate with the heater-side microcontroller through http 

wireless communication protocol. The microcontroller, ElectricImp has its own http-agent 

address to operate the device and <http_caller> module sends the http request with the 
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operational code and the section number (target zone information) for the heater’s operation to 

the agent. 

6.1.3.2 Heating and Regulating Processing (HR) Subsystem 

The HR subsystem’s software consists of two parts to operate the heater, wireless communication 

function, and controlling device operation function due to the requirement of wireless 

communication for the SLHC system’s design. The HR subsystem operates the heater according 

to the information received from the main processing unit of the SP subsystem. The <http_caller> 

module in the SP subsystem sends the operation code and the target zone information to the 

agent-side code of the microcontroller. Then, the agent-side code passes the values to the device-

side controlling part to generate the hardware control signal outputs. As shown in Figure 35, the 

device-side code generates PWM signal to control servo motors in the pan/tilt frame. Moreover, 

the controller sends the heater’s power control signal which is ‘0’ for off and ‘1’ for on. The 

initial value is ‘0’ for the power and it becomes as soon as the SP subsystem starts to track a 

target. The heater gets into the higher level temperature control mode when the heater operation 

code turns the power control signal to ‘0’. (The power control part will not be implemented in the 

hardware, but the indicator of the power may be presented to verify the function.) 

HR Subsystem Software

Agent Device

http_caller

 Receive http 

request with the 

operational code 

and the section 

number (zone 

information)

 Pass the 

information to 

Device side

 Receive input value, 

operational code and 

section (zone) number and 

find the corresponding 

angle of servo operation

 Generate PWM for each 

angle of pan and tile servo

 Generate the heater’s 

power on and off signal

Send the 

operation 

code and the 

target zone 

and send the 

information to 

HR 

subsystem

Pan &
Tilt 

Servos

Heater’s 
Power 
control 

 

Figure 35. HR Subsystem Software Modules – Agent and Device Communication 
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6.2 Result 

6.2.1 Sensing and Processing (SP) Subsystem  

The SP subsystem’s result is essential information to operate the entire SLHC system. The system 

performance is affected by the results of human movement detection, target location estimation, 

and feedback reading to control the heater’s operation. In this section, the results of the 

operational and functional test for the SP subsystem are presented. 

6.2.1.1 Human Movement Detection  

The main control module, <IP_main> verifies the object’s movement as a human and it decides 

whether the operation must be continued or not. We tested and evaluated the algorithm for the 

human detection functionality. Figure 36 shows the example of the human detection. The 

algorithm defines the object is when the face or human silhouette (human shape) is detected. 

Figure 36 (a) shows the face detection example. The large dot shown on the original picture 

indicates the system recognizes a human in space. Also, the contour around the segmented area of 

the human image indicates that the moving object exists in space. In Figure 36 (b), the box 

around the person presents the region where the system detects a human and his or her movement 

by the human shape detection. 

          

(a)                                                            (b)      

Figure 36. Example of Human Movement Detection (a) Face (b) Shape 
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The test results show about 3.33% error rate in the face detection function and 10% error rate in 

the shape detection (see Table 5). Each test has been done for 90 frames in 30 seconds. Any 

complicated background could increase the error rate and the poor light condition can affect the 

outcome. However, the detection functions’ error rates are moderately maintained in the normal 

office environment. The error rate for the shape detection is a little higher than we anticipated, but 

the face detection function collaborates with the shape detection to improve the functionality. 

Table 5. Face and Shape Detection Result 

Feature Testing(30 second) Error % 

Face 3/90 frames 3.33 

Shape 9/90 frames 10.00 

 

6.2.1.2 Target Location Estimation  

The TLE function in the SP subsystem is designed to estimate the real distance in 3D space based 

on the 2D image coordinate information. As shown in Figure 37, the segmented area is captured 

and bounded by using the extrema points on the top and the bottom. The TLE module computes 

and determines the person’s height and the target location based on the captured values in the 2D 

images. Figure 37 shows that the person’s estimated height is 1.65m and the distance from the 

webcam is 6.06 m. This typical example’s result specifically demonstrates the distance 

measurement in 6.00m with 1% of error (0.06m difference between the real distance and the 

estimated distance). The result also shows that the system determined the target is in the zone 5 

based on the result of the distance estimation and the operation of heater was decided to do 

normal tracking. The wirelessly connected temperature sensor’s input (at the moderate value 81.5 

°F) is shown on the output list in Figure 37. 
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<Resulted Output List in Figure> 

 Estimated Human Height: 1.65m 

 Decided Zone Number: Zone 5 

 Heater Operation Mode: OP 1 

 Measured Temperature: 81.50℉ 

 Estimated Distance: 6.06m 

 

Figure 37. Example of Movement Detection and Distance Computation 

 

Table 6. Distance Estimation Result in 2.80m and 3.00m 

 

Frame Distance, 2.80 (m) Distance, 3.00 (m) 

1 2.86 3.39 

2 3.00 2.97 

3 2.95 2.86 

4 2.86 2.50 

5 2.50 2.93 

6 2.50 3.20 

7 3.22 3.20 

8 2.90 3.22 

9 2.90 3.11 

10 2.80 2.89 

AVE 2.85 3.03 

Error (%) 1.75 0.90 

Temperature Reading 
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Table 7. Distance Estimation Result for Varying Distance  

 

 

 

 

 

 

The experiment results of the target location estimation function are shown in Table 6 and 7. 

Table 6 shows the result of the distance estimation for 2.80m and 3.00m. The errors in this 

estimation were 1.75% for 2.80m and 0.09% for 3.00m. Table 7 shows the result of estimating 

the various distances from 2.50m (closest distance threshold) to 6.00m (maximum detectable 

range). We tested 10 times for each measurement point and the error was within 6%.  

6.2.1.3 Temperature Measurement and User Feedback Input 

The temperature is measured by a user’s tag (Figure 38 (a)). This tag is designed to send the 

measured temperature around the body to the main processing system wirelessly. We designed 

the system to measure temperature every 10 cycles of the operating loop that took around 5 

seconds. The measured value is used to decide the heater’s operation mode for the temperature 

control function. We used the digital temperature sensor, MCP9808, and the measured value was 

compared with the reading value of the IRK659K infrared thermometer to check the accuracy. 

The sensor was connected to the circuit using the ESP8266 IOT board to check the sensors’ 

functionality and usability. Figure 38 shows the ESP8266 attached microcontroller (b) and the 

Ready-to-Use tag (a) that measures temperature near the user. 

Actual Distance (m) Computed Distance (m) Error (%) 

2.50 2.50 0.00 

2.80 2.90 3.57 

3.00 3.03 1.00 

3.50 3.65 4.29 

4.00 4.09 2.25 

4.50 4.75 5.56 

5.00 5.11 2.20 

5.50 5.66 2.91 

6.00 6.06 1.00 
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      (a) Ready-to-Use Tag                     (b) ESP8266 IOT Microcontroller Board 

Figure 38. Temperature Sensing Tag and ESP8266 IoT Board 

The temperature measurement result is transmitted wirelessly to the temperature observable user 

interface (Adafruit IO system account) and the SP subsystem captures the values to process. In 

Figure 39, (a) shows the tag’s green light LED was on and red light LED was off. In Figure 39 

(b), the result was opposite: the green light LED was off and the red light LED was on. The user 

controls the heater’s power on and off function through this user interactive platform based on his 

or her thermal comfort level. The switch on the left top of the screen is toggled to show “ON” for 

heater’s normal operation and “OFF” for the high level temperature control mode selection which 

means the user wants to turn off the heater.  

 

      (a) Heater ON with Normal Operation             (b) Heater OFF with HL Operation 

Figure 39. Temperature Sensors and User Interface 
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As shown in Figure 39, we received the user’s input directly and the temperature measurement 

result instantly during the transmission was going on between the user interface and the Ready-to-

Use tag.  

6.2.2 Heating and Regulation (HR) Subsystem  

To verify the HR subsystem’s functionality, we tested the heater’s capability to deliver the 

adequate thermal power to the user, the target tracking functionality of the heater station, and the 

power generation capability using the adequate power sources that includes thermoelectric 

device. 

6.2.2.1 Heat Deliverance   

The IR heater is the core unit of the HR subsystem. We chose this specific type of heater in order 

to limit the deliverance of heat energy to the target person without wasted energy. At the first 

experiment, we used the 250W heat lamp (250BR40H) without using the focusing cylinder cap to 

test the basic heat effect on the body in the particular distances. For the second test, we placed the 

focusing cylinder cap (see Figure 40(b)) in front of the heater. The focusing cylinder cap helps to 

limit the dispersing rays to deliver more heat energy to the target area. The testing components 

are shown in Figure 40. The IRK659K IR thermometer was used for measuring temperature on 

the human body surface. 

                                       

     (a) IR Heater Basic         (b) IR Heater with focusing cap       (c) Thermometer 

Figure 40. 250W IR Heater with Testing Frame and Thermometer IRK659K  
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There are two sets of measurement shown in Table 8. In this experiment, we tried to find the 

relationship between the heat deliverance in time and distance. According to the result, we 

observed the distance affects the rate of temperature changing over time significantly. In Figure 

41, the temperature increased more than three times faster when the distance decreases by 50%.  

Table 8. Temperature vs. Time in 3.00 m and 1.50 m 

Distance (m) 

/ time(sec) 

0 30 60 90 120 150 180 Ave 

3.00 m 80.0 ℉ 82.5 ℉ 82.5 ℉ 81.6 ℉ 81.6 ℉ 81.6 ℉ 81.6 ℉ 81.9 ℉ 

1.50 m 80.0 ℉ 85.2 ℉ 85.8 ℉ 86.0 ℉ 87.0 ℉ 86.1 ℉ 87.0 ℉ 86.2 ℉ 

 

(a)                                                                    (b) 

Figure 41. Temperature vs. Time in the Distances, 1.5m and 3.0m (a) Actual Reading (b) 

Linearized Rate of Temperature Change in 3 minutes 

 

In the second experiment, we used the focusing cylinder cap in front of the heater. The result 

(Table 9) represents the rate of temperature change in 1.5m with the cap or without the cap. The 

base temperature gets quickly changed for both cases when the heater is applied. Based on the 

measured temperature after 3 minutes, the heater with the focusing cap delivered 29.25% more 

heat to the target person than the heater without the focusing cap.  

3.00m 

 

1.50m 

 

3.00m 

 

1.50m 
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Table 9. Temperature vs. Time in 1.50m with/without a Focused Cap 

w/wo Cap 

time(sec) 

Base 

Temperature 

10 30 60 90 120 150 180 

No Cap 76.5 ℉ 80.0 ℉ 85.4 ℉ 85.7 ℉ 86.6 ℉ 87.0 ℉ 87.1 ℉ 86.9 ℉ 

Cap 76.5 ℉ 84.7 ℉ 90.1 ℉ 91.2 ℉ 91.4 ℉ 92.4 ℉ 92.3 ℉ 91.2 ℉ 

 

 

Figure 42. Temperature vs. Time in the Distance of 1.5m <Focused Heat: with the focusing 

cap, Dispersed Heat: without the focusing cap> 

 

 

6.2.2.2 Target Pointing 

The HR subsystem has a function to move the heater’s pointing direction. By this target pointing 

function, the system delivers heat to the target person without heating the air in space. The 

heater’s tracking points are predetermined based on the nine zones for each operation set; OP1 

and OP2. The mapped area data (MAD) table shown in Figure 43 (a) is the conceptual zone 

division. The actual angle of the servo motor’s movement needs to be adjusted after calibration. 

Figure 43 (b) is actual angles used for the testing. 

 

 

Focused Heat 

Dispersed Heat 
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DESK

Computer

Z

C

WEBCAM

Y

ZONE 0 ZONE 1 ZONE 2

ZONE 3

ZONE 8

ZONE 5ZONE 4

ZONE 6 ZONE 7

ALT 45+
AZ 45

ALT 45+
AZ 90

ALT 45+
AZ 135

ALT 0
AZ 45

ALT 45-
AZ 45

ALT 0
AZ 90

ALT 0
AZ 135

ALT 45-
AZ 90

ALT 45-
AZ 135

  

(a) MAD table with Conceptual Zone Division   (b) Calibrated Angles Used in Testing Procedure 

Figure 43. Conceptual and Calibrated MAD Table with Controller’s Output Value  

The microcontroller’s actual output values to control the servos are included to compare the result 

in the calibrated MAD table. The output values between 0.0 and 1.0 are corresponding to the 

angular movement value based on the 180 degree. For instance, the microprocessor output, 0.5, 

indicates the center location of the servo which is 90 degree in general. In the celestial coordinate 

system based on the facing direction of the heater, the output value corresponds to AZ 90 and 

ALT 0. The heater’s location affects the MAD table calibration. Depending on the heater’s 

location where it is located on the left or right from the webcam’s point of view, the zone number 

must be flipped in horizontal way.  

HEATER

2.34m

1.85m~44° 

 

Figure 44. Coverage Angle Based on the Distance and the Affected Area Measurement 
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Based on the measurement result (see Figure 44), the heater’s approximate coverage angle for 

each zone is 44 degree. The calibrated angles for each zone have some uncovered area in the pan 

direction about 1 degree for zone 2, 5, and 8 in the conceptual MAD table (set the heater on the 

left from the webcam’s point of view).   

6.2.2.2 Power Generation 

The thermoelectric generator is introduced to generate electricity using a heater. In this section, 

we verified the device’s basic functionality and usefulness for the application in the SLHC 

system. Figure 45 (a) shows two TEG models that have different output ranges. The 

commercialized thermoelectric generators (TEGs) have their specific range of the operating 

temperature and the producible power. The output power critically relies on the temperature 

difference between the hot side and the cold side of the device as we discussed in Chapter 5. The 

optimal range of the temperature gap is the key elements in the device’s operation. We tested the 

device with several different settings to find the optimal operating point. 

                           

        (a) TEG Module 5W-5V (left) and 6W-4V (right)              (b) Single Unit Heat Sink                 

          Figure 45. Heat/Electricity Conversion Devices and Heat Sink 

 

The TEGs in Figure 45 are 5W – 5V and 6W – 4V rating models. We applied approximately 

300℃ different temperature (cold side: 0°C, hot side: 300°) on both devices. The temperature 

measurement fluctuated due to the excessive heat from the gas stove. The operating temperature 

    5W-5V     6W-4V 
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range was close to the maximum tolerant range of the devices. Thus, both devices did produce 

inconsistent result. However, we verified the devices’ basic function which is the direction 

conversion between heat and electricity. In the result (Table 9), the 5W-5V rated TEG produces 

around 3VDC and the 6W-4V model generates about 1VDC in average. Each unit’s testing result 

is shown in Table 10 (with a note about the experiment). 

Table 10. Result of TEG output reading 

Model Temp_HOT Temp_COLD 
Voltage 

Output 
Note 

TEG 5W-5V 300 ℃ 0℃ 3V Basic Function is verified. 

TEG 6W-4V 300 ℃ 0℃ 1V Basic Function is verified. 

NOTE: The applied temperature gap is too large. The optimal range is about 120 ℃ in difference.  

 

We tested TEG devices with the IR heater in the HR subsystem. First of all, we had to decide the 

location where we place the TEG unit on the heater. For the first test condition, we attached TEG 

on the hottest spot of the heater. To maximize the applied temperature difference, we applied a 

cold steel bar and sled through the contact area end to end. This helps to apply a constant cold 

temperature and the TEG unit generated relatively optimal DC value. As shown in Table 11, we 

could get the value about 40% of the maximum value shown in the device specification by this 

procedure despite the resulted power was inconsistent due to the unstable temperature condition. 

For the second test condition, we designed to avoid the direct contact to the heater to produce a 

steady voltage using the steel bar. We used a multi-channel passive heat sink to release the heat 

and the system provides the steady hot temperature and cold side temperature to the unit. The 

system is shown in Figure 46. However, the power generated from this condition only reaches 

15% of the specified maximum value at the temperature difference (details in Chapter 7 – 

Discussion) despite the stable voltage reading from the TEG unit. 
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Table 11. TEG Testing Result with Various Conditions 

Model 
Cold Side 

Temperature 

Hot Side 

Temperature 

Generated 

Voltage Max/Min 
Applied Condition 

6W – 4V 30.0°C 70.0°C Steady 0.09V 

Use steel bar to make steady 

contact with the heater bulb 

and use isolated heat sink 

outside of the heater cylinder 

6W – 4V 

Varying < 

30.0°C 

92.2°C 0.22V/0.02V 

Direct attachment of TEG hot 

side and the heater’s top side 

(hottest spot) and varying 

cold temperature by sliding 

steel bar 

5W – 5V 30.0°C 70.0°C Steady 0.33V 

Use steel bar to make steady 

contact with the heater bulb 

and use isolated heat sink 

outside of the heater cylinder 

5W – 5V 

Varying < 

30.0°C 

92.2°C 0.80V/0.20V 

Direct attachment of TEG hot 

side and the heater’s top side 

(hottest spot) and varying 

cold temperature by sliding 

steel bar 

 

The temperature differences between the hot and the cold sides were more 60°C for the first 

testing condition and about 40°C for the second testing condition. The measured values shown in 

Figure 46 are used for the second testing condition. The temperature of the heat sink was varying, 

but the steady temperature on the surface was 30°C. The hot side temperature of the TEG unit is 

the same temperature of the steel bar that is contacted to the core of the heater. Thus, the applied 

temperature at the hot side of the TEG was 70°C even though the temperature of the inside the 

heater cap was 137°C. The major purpose of this testing is to verify the usefulness of the TEG in 

the heater tracking power circuit. The consistent voltage output of a single TEG was not enough 

to be used. However, the combination of the multiple TEG units may possible to support the 

power supply while the battery provides the main power of the tracking devices. 
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Figure 46. TEG Attached HR Subsystem - Testing Setup and Temperature Measurement 

We built a circuit simulation model to use the multiple TEG cells in series and parallel to build an 

alternative power supply circuit. The lowest value (0.2V) generated from the 5W-5V model TEG 

cell in the experiment (shown in Table 10) was used as the voltage output of a single TEG cell in 

the simulation. As shown in Figure 47, we measured the output voltage and current. Figure 47(a) 

shows the parallel connection of two TEG cells to build a power source. The output voltage was 

the same as the single cell TEG’s output voltage when the circuit is open. The measured current 

has been doubled as we expected. The resulted current is 100mA (equal to twice of 50mA). For 

the circuit shown in 47 (b), the output voltage is doubled and the current is equal to the resulted 

current of (a) circuit. 

 

Figure 47. Simulation Result Using Multiple TEG Cells 
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6.2.2.3 Power Regulating Devices – Voltage Regulating Circuit 

To verify the physical functionality of the regulating circuit, three units of the voltage regulating 

circuit were assembled and tested. We used the voltage generator and the digital multimeter to 

measure the output voltages (see Figure 48). We used LM7806 in order to generate 6VDC for 

each unit. The measured values were within 3.00% error when we applied 9.2V for each unit.  

The result is shown in Table 12.  

               

Figure 48. Unit Testing Components for Voltage Regulating Circuit - DC Power Source 

(left), LM7806 Voltage Regulating Circuit (middle) and Multi-meter (right) 

 

Table 12. Regulator’s Voltage Output Accuracy Test  

Regulator Circuit Input Voltage Output Voltage 

1 9.2V 5.8578 V 

2 9.2V 5.8552 V 

3 9.2V 5.9145 V 

 

The voltage regulating circuit is powered by a battery while the regulating circuit supplies power 

to the microcontroller or the servos (they use 5 or 6VDC). The major components of the voltage 

regulating circuit are shown in Table A.9 (see Appendix A). Figure 47 shows the simulation 

result of the circuit design using the regulation circuit with LM7805 and additional 1VDC to 

match the required output (Note: LM7806 is not available for the simulation software, Multisim 
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10.0). In Figure 49, there are two types of circuits shown; a bottom circuit with 9V and a top 

circuit with the combination of 9V battery and a single TEG unit (0.2V of the minimum voltage 

reading from the experiment). Both circuits have the same power regulating circuit and the same 

size load (based on the microcontroller, Electric IMP that consumes 60mA when it operates Wi-

Fi enabled). The general requirement of the feeding voltage is 2V higher than the desired output.  

The result shown in Figure 49 demonstrates the regulated output we expected and the values are 

the same when the battery is in full voltage range, 9V.  

 

Figure 49. Simulation Result Using LM7805, TEG added (top) and no TEG added (bottom) 

However, the alkaline 9V battery drops to 6.0V in 8.5 hours and to 8.0V (regulating circuit 

required minimum voltage for wireless connectivity) in 2 hours when the 50mA current 

continuously as shown in Figure 50 (a). That means the microcontroller can lose control 

functionality after 8.5 hours of operation without power regulation and in 2 hours of operation 

with regulation. Without regulation, the batter lasts longer, but its inconsistent output may 

damage more sensitive control devices and we cannot use alternative power source if the suitable 
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source is unavailable (see general types of batteries used to operate a general 3.3V 

microcontroller, in Table A.11).  

      

(a) Voltage vs. Time in Varying Current      (b) Voltage vs. Time in Varying Temperature 

Figure 50. 9V Battery Discharging Curve vs. Hours [34] 

 

Therefore, we chose the 9V battery with voltage regulator for a safe operation. To increase the 

capability of using the battery, we tested the effect of the multi-TEG used circuit shown in Figure 

52. The power source 9V connects to the Multi-TEG connected source to be fed to the regulator. 

The Multi-TEG connected source as shown in Figure 51 was tested as open circuit without load 

to check the output voltage and tested with load circuit in Figure 52.  

          

Figure 51. 9V Battery and Multi-TEG Connected Source Used Circuit without Load  

Multi-TEG 

Connected 

Source 
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Figure 52. 9V Battery and Multi-TEG Connected Source Used Circuit with Load  

To verify the functionality of the circuit, we simulated the various cases of Multi-TEG connected 

source circuit with load circuit. The output was varying depending on the structure of the TEG 

circuit and the change of the battery output in time. The result of testing shows that the parallel 

and series connected case using four TEG cells generates the highest and the stable output 

condition in about 9 hours of the 9V battery operation. The tested result is listed in Table 13. 

Table 13. Voltage Source Output and Regulated Load Voltage Output 

TEG Count & Connection 
0 1 2 Series 2 Parallel 4 Series & 

Parallel 

Battery 

Output 

Output Voltage 

Reading (V) 

     

9V 
𝑉𝑠  9.00 8.95 8.89 9.07 9.14 

𝑉𝑜𝑢𝑡 6.00 6.00 6.00 6.00 6.00 

8V 
𝑉𝑠 9.00 7.94 7.89 8.07 8.14 

𝑉𝑜𝑢𝑡 6.00 6.00 6.00 6.00 6.00 

7V 
𝑉𝑠 7.00 6.96 6.91 7.08 7.15 

𝑉𝑜𝑢𝑡 5.75 5.71 5.67 5.82 5.88 

6V 
𝑉𝑠 6.00 5.99 5.99 6.10 6.19 

𝑉𝑜𝑢𝑡 4.81 4.80 4.80 4.90 4.99 

5V 
𝑉𝑠 5.00 5.04 5.07 5.12 5.23 

𝑉𝑜𝑢𝑡 3.84 3.88 3.91 3.96 4.06 

Multi-TEG 

Connected 

Source 

𝑉𝑠 

𝑉𝑜𝑢𝑡 
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6.2.3 Smart Localized Heating Control (SLHC) system  

The functionalities of each subsystem were tested in the previous section. In this section, we 

demonstrate the integration test result of the SLHC system. There are two significant functional 

requirements in the SLHC system design, the communication between the subsystems and the 

real-time operation. The results related to the two essential functions are discussed in this section. 

6.2.3.1 SP and HR Subsystem Communication 

The SP and HR subsystems are communicating through wireless connection. This communication 

is based on the http request and response procedure. The brief steps of the process are followings. 

[SP Subsystem Side] 

Step 1. Launch the main controller module to detect the human movement 

Step 2. Read the temperature and the user’s input 

Step 3. Determine the required heater operation mode (0: turn off heater, 1: normal 

operation, 2: lower level temperature control) 

Step 4. Send the operation mode and the target section number (zone info) to the heater 

unit 

[HR Subsystem Side] 

Step 1. The agent of the heater unit’s microcontroller (Electric IMP) receives the http 

request from the main control unit 

Step 2. Connect to the device control side to send the corresponding operation and section 

number to the device manager (Electric IMP). 

Step 3. The device manager (Electric IMP) finds the corresponding angle values for the 

server and heater’s power control option in case of need 
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Step 4. Sends output PWM signals to the pan/tilt heater frame that contains two servos 

(indicating value and angular movement, 0.0= 0° and 1.0 =180°) based on the 

operation and section number  

 

Figure 53. Varying Zone Number Based Communication Result Example between the SP 

subsystem and the HR subsystem 

In the result of Figure 53, the pointer is used to check the direction and angle changed due to the 

change of zone number that the heater must point. The pointer follows nine predetermined zone 

locations based on the command signal from the main PC. Figure 53 (a) shows the zone 5 that 

corresponds to the target point with (ALT0, AZ135). The figure (b) of zone 4 also has the same 

ALT 0 due to the person’s standing position in the region between 2.8 m and 3.8 m. This is also 

the initial point when the heater is turned off. Lastly, the zone that is presented is the number 6 

which is for the sitting person near the desk. The value of AZ is negative because the heater’s 

pointing direction is downward by 9 degree. 

6.2.3.2 Real-Time Processing 

The SLHC system is designed to provide instant heat to the target person in the space for energy 

saving purpose. Thus, the process must run in real-time. However, we should use the prerecorded 

video that has the same experimental setting for the integration test although the system requires 
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the real-time operation. The integration test cannot be performed in real-time due to the 

complexity of the algorithm and the limitation of the computing power. Also, the wireless 

communication adds some delay to the real-time system performance.  

Figure 54 demonstrates the time delay in the data transmitting process wirelessly. In the figure, 

the original image window shows the current time is 23:55:17, but the latest time when the device 

received data shown in the HR subsystem-side log is 23:54:11. There is 1:07 second delay in this 

case. But, the time delay problem gets severe when we perform whole procedure simultaneously 

or we use a higher resolution image. The average time delay between the subsystems is about 5 to 

10 second depending on the condition. Also, the video image speed is reduced more than 50% 

when the complex image processing steps are running.  

 

Figure 54. Time Delay in the Data Transmitting Process with Wireless Communication 
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CHAPTER 7 

CONCLUSION AND FUTURE WORK 

 

7.1 Discussion 

7.1.1 Human Movement Detection 

The use of the low extrema point, which is the person’s foot location, to detect and compute the 

real distance in the 3D space caused the poor segmentation result. We used the background 

subtraction method based on the Mixture of Gaussian 2 (MOG2). The algorithm is highly reliable 

to create the background. However, the segmentation method is affected critically by the light 

condition and the contouring result. The poorly done segmentation leads a high error in the 

distance approximation. 

 

Figure 55. Poorly Done Segmentation Result and Incorrect Distance Value 
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Therefore, we use the alternative methods to capture better low extrema point in the image. We 

keep the original Mixture of Gaussian (MOG) background subtraction and add the pixel location 

detection of the ROI to adjust the outcome of the false detection. The major false detection comes 

from the poor segmentation as shown in Figure 55 and the division of the multi ROI area. The 

algorithm only considers the maximum area of the intensity change for the mass center detection. 

Therefore, the lower extrema point is only local lower extrema point and the real lowest extrema 

point is undetected as shown in Figure 55 (b). By using manual pixel location detection of the 

entire ROI, we can find the real extrema point of the ROI and reduce the false detection of the 

foot location. For the true detection of the lowest extrema point as shown in Figure 56, we used 

pixel by pixel subtraction after thresholding. The result is much better, but computationally the 

process is expensive. 

 

Figure 56. Alternative Method Result to Find the Real Lowest Extrema Point 

7.1.2 Temperature Sensor Calibration 

We used the I2C type temperature sensor (Figure 57-(a)) for the Read-to-Use tag. To verify the 

accuracy of the sensor and to calibrate the temperature control threshold value, we compare the 

reading of the IR thermometer that is a relatively accurate industrial grade meter. The 
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measurement results are shown in Table 14. The error is computed based on the reference reading 

of the IRK659K (Figure 57-(b)). The errors are within 4.00% and we consider the sensors’ 

readings are valid. These values will be used to test the device defect condition also. The sensors 

are very sensitive and easily breakable when we apply voltage with opposite polarity or higher 

than tolerant level. We applied the resulting values to calibrate the temperature control mode 

threshold. 

           

 

 

(a) MCP9808  (c) IRK659K 

Figure 57. Temperature Sensors and IR Thermometer 

Table 14. Temperature Measurement Using MCP9808 and IRK659K 

Measurement 

Condition 

Sensor 

Index 
MCP9808 (℉) IRK659K (℉) 

Error (%) 

Finger Touched 
1 84.09 86.50 2.78 

2 83.30 86.50 3.70 

  
 

  

Ambient 

Temperature 

1 77.90 79.50 2.01 

2 78.12 79.50 1.74 

 

7.1.3 Heat Increasing Rate and Distance 

The temperature increasing rate is inversely proportional to the distance as we discussed in 

Chapter 6. The temperature in the distance of 1.5m was growing three times faster than the 

temperature measured in the distance of 3.0 m. The phenomenon happens because the rate of 

light concentration for a fixed area and the rate of energy loss depend on the distance between the 
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heat source and the object. The heat lamp is a common reflector type bulb (Bulged Reflector 

(BR) series, one of the standard light bulb shape, see Figure 58) shape which lets the light 

disperse more for the further distance so that the heat concentration gets lower when the object 

moves away. Consequently, the energy loss increases even if the IR heat lamp generates radiant 

heat. Figure 58 shows the heat concentration for the same size of the area in the different 

distances. ‘A’ refers the area of the ray contacting surface and the variable, d, is the value of the 

distance between the heat core and the object. As shown in this simple figure, the heat amount 

decreases.  

 

Figure 58. Varying Heat Concentration for the Same Size Area (A) with Varying Distance 

To reduce the energy loss by dispersing the rays, we limited the heat spreading area by using the 

focusing cap. The heat lamp’s output rays were focused when the case bounds the rays’ spreading 

angle and we can adjust the focused area by considering length and shape of the cap and the light 

reflecting rate and direction of inner frame. 

7.1.4 System Performance Speed 

As we discussed in the result section, the system operation speed is a huge issue for the SLHC 

system design. The ultimate goal of the system is achieving the real-time tracking using the 

localized heating system. The user in the space needs instant and comfortable heat while the 

person is in motion. About 1 second of time delay still can make the user losing his or her thermal 

comfort. There are some solutions for the processing and communicating time issue. Either 
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reducing the complexity of the image processing algorithm or increasing the computational power 

of the main processing system will help to accomplish the task in real time. We tried a minimum 

change to reduce the computation steps to test the hypothesis and revealed the speed of the 

performance was enhanced a little bit. Thus, we predict through the optimized approach of the 

algorithm change can solve the processing time issue. 

7.1.5 TEG Optimum Output and Power Regulation 

The electricity values from the commercial TEG are much lower than we expected. The main 

reason is the small temperature contrast between the hot and cold side of the device. The applied 

heat was too hot and transferred too quickly, but the heat sink was too small to dissipate the heat 

quickly. The experimental result is the initial verification of devices. The result should be 

improved in the future study. The maximum achievable power were found using analysis. Figure 

59 shows the 5W – 5V TEG model’s specification that is related to the power generation for 

various cases.  

 

Figure 59. Specification of TEGpro 5W – 5V Thermoelectric Module 
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In our test result for the stable condition of applied temperature, the cold side temperature is 30°C 

and the hot side has 70°C. The arrows in the graphs indicate the point where we expected to have 

the output. Base on the result, we realized that only about 15 to 30 % of the maximum rate at the 

temperature difference. The generated electricity amount is significantly small to power up any 

device except a micro sized device otherwise using an extra power booster circuit. Therefore, we 

can use power switching circuit that includes TEG output as a supplementary power source to 

recharge the battery as shown in Figure 60.  

The additional power from TEG can be added to the power source recharging regulator circuit. 

This approach can help to avoid the problems of losing connection between wireless 

microcontroller and Wi-Fi due to the low voltage supplied to the microcontroller. The original 

circuit uses 9V battery for the tracking devices and the TEG can add some supplementary power 

to the alternative power source when the original battery drops below the required voltage. 

However, we need to maintain the battery in the required voltage level to control the devices and 

communicate through the Wi-Fi enabled platform.  

In fact, the wireless capable microcontroller is disabled to communicate wirelessly if the power 

source voltage drops below the minimum voltage for Wi-Fi connection in the specification 

although it operates at the low voltage as about 2.7 to 3.3V for the general signal generating 

function. Also, the motors cannot operate in full power if the voltage drops below the specified 

rating. If the batteries are switched to the rechargeable type and add the TEG output when the 

battery is charging (see Figure 60), we can avoid the battery wasting problem and increase energy 

efficiency in the system. 
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Rechargeable 
Battery A

Rechargeable 
Battery B

Battery 
Recharging 

Circuit

Battery A Recharging 
@ Battery B has higher output

Battery B Recharging 
@ Battery A has higher output

VOUT

Vout = VbatterA @VbatteryA > VbatteryB

Vout = VbatterB @VbatteryB > VbatteryA

TEG

 

Figure 60. A Potential Design of Power Regulating Circuit using TEG as a Supplementary 

Power Source 

 

7.2 Conclusion 

In this thesis, we designed the smart localized heating control (SLHC) system and built a 

prototype of the system to test the feasibility of the real world application. The SLHC system was 

developed to reduce the heating cost in buildings and to provide a customized thermal comfort 

zone by the human movement detection technique, the heater’s tracking function based on 

wireless communication, and smart temperature control mechanism using temperature 

measurement and thermal sensation feedback input. The proposed methods introduced to achieve 

the ideal thermal comfort level for the target individual in real time and the cost effective 

localized heating system. 

The SLHC system was implemented on hardware and software and tested its functionality in 

units, subsystems and integrated system. The methods we introduced to design and develop the 

SLHC system have a potential to be used in real world application in the following terms: 

1. Provision of thermal comfort to a targeted human using a wirelessly connected localized 

heater without wasting heat energy  

2. Conversion of 2D image pixel information to 3D spatial information using a webcam 

image and the target location estimation algorithm 
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3. Smart control of thermal condition based on the wireless feedback input from the external 

temperature sensor and user 

4. Harvesting energy using thermoelectric device to supply additional power to the 

controller system 

We conclude that the process of designing and implementing the SLHC system is successful and 

useful process for the future development of a new type of smart thermal controlling system. The 

experience of testing for the accessibility to the state-of-the art image processing technique and 

the feasibility to integrating the smart controlling techniques with wireless communication is 

valuable for the further research expansion of sensing and controlling area. Furthermore, the 

study of the thermoelectric device through the SLHC system development showed a high 

potential in the energy scavenging technique to reduce the waste energy and to improve energy 

efficiency. 

 

7.3 Future Work 

The SLHC system is currently able to detect a person in the observation field and provides heat to 

the individual based on the location information. The prototype of the system that is built in this 

thesis can be operated for a single user and under a limited environmental condition. The major 

enhancement of the system needs to be done in two areas, image processing and real-time system 

operation. 

Using a webcam to obtain occupancy information is one of the main advantages in development 

of the SLHC system’s design concept. However, the limitation of the image sensing device lets 

the system depends heavily on the result of the currently developed image processing techniques 

that are imperfect for the various environmental conditions such as light and obstacles in the 

space.  
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For the real-time operation, the capability of the main processing unit (PC) and the wireless 

connection influences the performance critically. The prototyped SLHC system is unable to 

perform in real-time due to the complexity of the system operation and the heavy computation 

required for some image processing techniques. Moreover, the poor Wi-Fi connection or the 

problems using some types of Wi-Fi network makes the system’s real time processing 

challenging. 

To empower the system’s economical advantage and real-time processing capability, the 

following methods should be studied and applied to the future SLHC system: 

1. To reduce the effect of the environmental changes in image processing result, develop a 

less photo sensible imaging processing method. 

2. Find an advanced method to compute the coordinate of the person when the person’s 

lowest extrema point (foot location) is not shown in the image due to the presence of 

obstacles or the limited view of a webcam (image sensor). 

3. To reduce the computational heavy load of image processing, find the method to combine 

several computation inexpensive image processing technique to recognize the human 

features and movement detection. 

4. Investigate the alternative way of wireless transmission using other communication 

methods such as Bluetooth technology or ZigBee Technology instead of using ESP8266 

Wi-Fi communication device. 
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APPENDIX A 

COMPONENTS AND SPECIFICATIONS 

 

 

Table A-1. Data Acquisition Sensor – Webcam Specification 

Categories Description Note 

 Model/Company 
C270 / Logitech 

 

 Dimension/ Weight/ Lens 

and Sensor 
 6in x 3in x 8.25in / 0.45lb / Plastic  

 Connection Type  USB 2.0 High Speed 

 Focus Type/Filed of 

View(FOV)/ Focal Length 
 Fixed / 60° / 4.0 mm  

 Optical Resolution (True)  1280 x 960 1.2 MP  

 Image Capture (4:3 SD)  320 x 240, 640 x 480 1.2 MP, 3.0 MP  

 Image Capture (16:9 W)  360p, 480p, 720p  

 Video Capture (4:3 SD)  320 x 240, 640 x 480, 800 x 600  

 Video Capture (16:9 W)  360p, 480p, 720p  

 Frame Rate (max)  30fps @ 640x480  

 Microphone 
Built-in, Noise Suppression  

 Operation Type  Plug and play  

 System Requirements 

 1.6GHz CPU Recommended (1.0 GHz 

minimum), 2GB RAM recommended (Basic 

Requirement) 

 2.4GHz Inter Core 2 Duo with 2GB RAM 

recommended(HD Requirement) 

 

 Software Support / OS 

Support 

 Logitech Webcam Software 2.0 

(LWS)/Windows XP, Windows Vista, 

Windows 7 and later 
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Table A-2. Data Acquisition Sensor – Temperature Sensor Specification 

Categories Type 1 Type 2 

Model 

                      TMP36  

 

 

       MCP9808 

Mounted Type Low-cost 3-leads surface mount I2C Mounted on Board 

Voltage Operation Range 2.7V- 5.5V 2.7V~5.5V 

Scale Factor 20mV/°C N/A 

Accuracy Over Temperature +/-2°C +/-0.25°C 

Linearity +/-0.5°C +/-0.0625°C 

Temperature Operation Range -40°C ~ +125°C, up to 150°C -40°C ~ +125°C 

Operating Current 50µA 200 µA 

Reading Type Analog Digital 

Description 

Low Voltage Temperature Sensor, 

stable with large capacitive load, 

low self-heating, qualified 

automotive operation 

I2C digital temp. sensor 

accurate/precise 

 

Table A-3. Varying Thermal Power of IR Heating Lamps 

Thermal Power 

Level 

Wavelength at 

Max Power 
Size (diameter / depth) 

Estimate Thermal 

Sensation at 18 inch 

250W Unspecified 5.00in / 4.72in Uncomfortable range 

150W 800nm 3.74in / 4.33in 82.4°F 

100W 800nm 3.19in / 3.43in 80.0°F 
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Table A-4. Varying Color of IR Heating Lamps 

Color of the 

Heater 

Visibility of 

Affected Area 

Brightness and Color 

Effect 

Comfort Level for Office 

Environment 

Black Partially Clear Very Dim and Grey Dark and Comfort 

Red Clear Dimmer and Reddish Uncomfortable for office 

Clear Not Clear 
Bright and Yellow 

White 
Suitable for Bathroom 

No Color 

(ceramic) 
Invisible 

No Light Emitted and 

No Color Effect 
Comfortable 

 

Table A-5. Electric IMP001 Specification  

Features Description Note 

WIFI 
802.11b,g,n / 20MHz 11n channels / Integrated antenna 

with 2.5dBi max gain 

 

Processor 
32-bit Cortex M3 Processor / Robust embedded 

operating system with fail-safe firmware updates 

 

I/O 

6 user selectable I/Os (GPIO, PWM, Analog Input & 

Output / SPI (2 channels), UART (3 channels), I2C (2 

channels) 

Check the Pin 

Description 

Conditions Min Typical Max Unit 

OP temperature -20  55 °C 

Operating Voltage (VDD) 1.8 3.3 3.6 V 

Activation Mode Current Drawn 

(IDD), WIFI on/sleep 
 80 / 5 

400 / 

400 
mA 

I/O Input High-Level Voltage/Low-

Level Voltage 

0.7*VDD / 

Vss-0.3 
 

3.6 / 

0.3*VDD 
V 

Max. Current Drive on I/O pins -4  4 mA 

WIFI Operation Required Voltage / 

Code Operation Voltage 
2.5/1.8   V 
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Table A-6. Electric IMP001 Pin description 

PIN # PIN Name and Specialized Functions Note - figure 

1 I/O (GPIO, TX, DAC, ADC, PWM, Pulse Count & 

wake) 

 
(Electric IMP 001, Spec version 

20140812) 

2 I/ O (GPIO, RX,ADC, PWM) 

3 Ground (Vss) 

4 Power Input (VDD) 

5 I/O (GPIO, TX, DAC, ADC, PWM) 

6 Connects to the Atmel ATSHA ID chip 

7 I/O (RX, ADC, PWM) 

8 I/O (TX, ADC, PWM) 

9 I/O (RX, ADC, PWM) 

Dimension 24mm(Width) x 32mm(Height) x 2.1mm(Depth) 

 

Table A-7. Servo Motor Specification Used in the Pan/Tilt Frame 

Part Number RG-SRV180 

Operating Voltage  6 V 

No-load Speed 43 RPM, 0.23 sec / 60° 

Stall Torque 12 𝑘𝑔 ∙ 𝑐𝑚 (166 𝑜𝑧 ∙ 𝑖𝑛) 

Operating Angle  180° 

Size / Cable Length 30mm x 45mm x 51mm / 270 mm 

Stall Current/No load Current 1600 mA / 150 mA 

Control Protocol PWM 

Material Plastic Body and Metal Gears 

 

Table A-8. Thermoelectric Generator Specification 

Part Number TGPR – 5W- 5V-305 

Output Power 5W 

Output Voltage 5V DC 

Max. Temperature of Applied 

Surface 
626°F (330°C) 

Dimensions 1.2in x 1.2in x 0.1in (30mm x 30mm x 5mm) 
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Table A-9. Power Regulating Circuit Components and Specification 

Parts Description QTY Note 

TGPR – 5W- 5V-305 

(or TGPR-6W-4V-

305) 

 

5V DC, 5W output TEG modules (or 

use 4V DC, 6W output module for 

more current with the same price) 

4 

Output Voltage: 10V 

DC, Output Current: 

2A 

LM7806 

3 Terminal 1A positive Voltage 

Regulator in the TO-220 package with 

fixed output 

2 Output Voltage: 6V 

1N4001(options: 

1N4148) 

Standard Power Diode ( can be 

replaced with Signal Diode (0.72V) or 

Schottky Diodes (0.15V)) 

2 Max. current rating 

Capacitor 0.1µF @25V~35V 2  

Capacitor 100µF@25V~35V 2  

Resistors 
Depending on the measurement of 

internal resistance and the load 
vary  

Battery 9V DC 1 
Non-Rechargeable/ 

Rechargeable 

 

Table A-10. ESP8266 IOT Board Specification 

ITEM DESCRIPTION 

MODEL DPO8266E 

COMPANY Elecrow 

SIZES 50mm(length)x35mm(width) 

WIRELESS microcontroller ESP8266@80MHz with 3.3V logic/power 

MEMORY 4MB of Flash (32 Mbit) 

WIFI 802.11 b/g/n 

POWER OUTPUT 3.3V, 500mA peak current output 

PINS 9 GPIO, 1 Analog inputs 1.0Vmax 

BATTERY RECHARGING CAPABILITY 100mA LiPoly charger 

APPEARANCE 
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Table A-11. Common Battery Comparison [33] 

Battery Type Voltage 

Range 

Capacity 

(mAh) 

Required 

Components 

Pros Cons 

4 x AA 

(Lala,Hannah) 

4.0V to 

6.8V 

Alkaline: 

2700  

NiMH: 2900 

Buck High capacity, 

lots of 

headroom, 

easy for user 

to replace 

Bulky, replacing 

batteries 

increases cost of 

ownership 

4 x AAA 4.0V to 

6.8V 

Alkaline: 

1200  

NiMH: 1000 

Buck Smaller than 

4xAA, lots of 

headroom, 

easy for user 

to replace 

Lower capacity, 

replacing 

batteries 

increases cost of 

ownership 

2 x AA 

Conventional 

(Nora) 

2.0V to 

3.4V 

Alkaline: 

2700  

NiMH: 2900 

Boost Good capacity, 

small form 

factor, easy for 

user to replace 

Low capacity 

2 x AA 

Lithium 

2.0V to 

3.4V 

LiFeS2: 3000  No additional 

components 

needed, small 

form factor, 

widely 

available 

Same form factor 

as conventional 

AA 

batteries, very 

poor 

performance if 

replaced with 

Alkaline cells 

9V 5.0V to 

9.0V 

Alkaline: 310 

to 565 

Buck Convenient 

form factor, 

widely 

available 

Low capacity 

CR123A 2.5V to 

3.1V 

LiMnO2: 

1550 

Optional No additional 

components 

needed, small 

form factor, 

widely 

available 

Less capacity 

than other 

primary-cell 

options, less 

widely known by 

potential users 

than other 

primary cells 

(typically used in 

older cameras) 

Li-Ion/LiPo 3.2V to 

4.2V 

500 - 3000 Expensive. See 

Guide 

Small or 

flexible form 

factor, 

rechargeable, 

decreases cost 

of ownership 

Expensive, 

requires many 

additional 

components, less 

capacity per 

charge than most 

primary cells 

 

https://electricimp.com/docs/hardware/resources/reference-designs/lala/
https://electricimp.com/docs/hardware/resources/reference-designs/hannah/
https://electricimp.com/docs/hardware/resources/reference-designs/nora/
http://www.powerstream.com/9V-Alkaline-tests.htm
http://www.powerstream.com/9V-Alkaline-tests.htm
https://electricimp.com/docs/hardware/resources/reference-designs/lithium/
https://electricimp.com/docs/hardware/resources/reference-designs/lithium/
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APPENDIX B 

CONTROLLERS - LOGICS AND DESCRIPTION 

 

B. 1 Digital Signal Controller – SLHC Temperature Control Embedded Logic  

 

 

Figure B-1. Digital Signal Controller in the SLHC System 

 

Main Sub-Controller  

     

Figure B-2. Logic Structure and Truth Table of the Main Sub-Controller  

LOC Tmr_M Cnt Extn Mv Tmp SVR 

0 0 0 0 0 0 0 

0 0 1 0 0 0 0 

0 1 0 0 0 0 0 

0 1 1 0 0 0 0 

1 0 0 1 0 1 1 

1 0 1 1 0 1 1 

1 1 0 1 0 1 1 

1 1 1 1 1 0 1 
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The basic operation of the main sub-controller is reading (x, y, z) input during the specific time 

period and determines the digital signal controller’s activation status. The [LOC] signal is the key 

information to indicate the human existence in the observation field.  The [Extn] is same as the 

[LOC] value, but it is defined as a particular key value that triggers the servo and the temperature 

sub-controlling system. After any human activity initiates the controller operation, the main sub-

controller evaluates the movement conditions of the person and the temperature 

SVR

Tmr_PW

SVR_Ac

 

Figure B-3. Servo Sub-controller Control Signal from Main Sub-Controller  

The main subcontroller’s outputs control two cascaded sub-controllers, servo, and temperature 

sub-controller unit.  The activation of the temperature sub-controller is decided based on the 

values of [Extn] and [Mv] after the movement evaluation. The servo sub-controller unit is 

activated based on the [SVR] signal. However, the [SVR] signal is not directly fed into the servo 

unit because the servo unit is affected by the result of the temperature controller’s conditioning 

procedure if the signal [Tmp] is true. Figure B.3 shows the actual servo activation signal, 

[SVR_Ac]. The signal is affected by both the servo activation signal, [SVR], from the main sub-

controller and the heater’s power switching control signal from the temperature sub-controller 

unit, [Tmr_PW]. However, the power switching timer signal is normally deactivated and the 

[SVR_Ac] value is only influenced by [SVR] value. The details of the key parameters in the main 

sub-controller unit are described in Table B.1. 

 

 

SVR Tmr_PW SVR_Ac 

0 0 0 

0 1 0 

1 0 0 

1 1 1 
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Table B-1. Key Parameters in the Main Sub-Controller 

Types Name Description 

INPUT 

LOC 

Location tracking result. The existence of a person in space is 

indicated when (x, y, z) has any value regardless the fact of 

movement. 

LOC = 1: a human exists,   LOC=0: no human exists 

Tmr_M 

Timer to check the status. The timer is reset when the main timer hits 

10 minutes (peak time) to pass the dead zone or to affect the change. 

Tmr_M=1: timer hits the max to be reset, Tmr_M=0: still counting 

Cnt 

Movement detecting counter. This counter will count the movement 

detection during the main timer is running. The low limit is ‘0’ and 

the maximum value is 300 due to the rate of frame read. (30 

frame/mins) 

CONTROL 

PARAMETER 

Extn 

Human existence indicator. The existence of the person in the 

observation field is determined by the main subcontroller based on 

the inputs, LOC. Solely, the value of LOC is the determinant for this 

value.  

Extn = LOC = 1: human inside, Extn = LOC = 0: no human inside 

Mv 

Human movement indicator. The human can move around the 

observation field and can stay around the stationary area which means 

the assumption that he or she is not moving, but existing inside. The 

Tmr_M turns to 1 when the timer hits the maximum rate and the Cnt 

signal turns to 1 when the value passes the threshold. 

Mv = Tmr_M & Cnt = 1: moving, Mv = 0: not moving 

OUTPUT 

Tmp 

Temperature controller activator. Temperature becomes a determinant 

of action control factors when the rate of the person’s movement is 

very low. The sensitivity of change in x, y, and z values near the 

stationary position is the main parameter to determine the frequency 

of the movement.  

Tmp=Extn      Mv ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = 1: temp controller activated, Tmp = 0: temp 

controller deactivated 

SVR 

Servo controller activator. Any person enters the room and the system 

is activated. The movement tracking mode is on and starts to adjust 

the heater’s direction based on the location detected. Servo is 

activated for the whole time of a person existing in the room. 

SVR = Extn = 1: servos are activated, SVR = SVR_Ac = 0: servos are 

deactivated when the heater’s power timer is activated or no human 

movement detected inside the room 
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Temperature Sub-Controller  

The temperature sub-controller is activated when the person is sitting or staying near the desk. 

The controller assumes the person is not going to move much and the temperature must be 

monitored. There are two preset conditions depending on the threshold values, the low level [LL] 

control required for warm and the high level [HL] control required for hot temperature. The 

control signal gets high for [LL] when the temperature passes or reaches the first threshold value 

which is 75°F (24°C). The control signal gets high for [HL] when the temperature passes or 

reaches 82°F (28°C) that is the second threshold value. These threshold values are default values, 

so the actual threshold values for the actual system can be different.  

     

Figure B-4. Logic Structure and Truth Table of the Temperature Sub-Controller 

As shown in Figure B.4, there are two direct outputs from the temperature sub-controller unit. 

The Add_Svr signal provides an input to the servo unit and the Tmr_PW output signal affects the 

power sub-controller depending on the temperature level detection. The first case has the high 

signals for [LL] and [Tmp]. The outcome of this case is the additional angle change required for 

the servos, [Add_Svr] = 1. The second case has that [HL] and [Tmp] signals are high. The 

outcome of this case activates the power control timer, [Tmr_PW]. This signal triggers the power 

unit controls the power of the heater. The output value will stay at ‘NC’ which means no change 

is required when the signals of [HL] and [LL] both are high. More detailed description of the 

input and output parameters are shown in Table B.2. 

Tmp LL HL Add_Svr Tmr_PW 

0 0 0 0 0 

0 0 1 0 0 

0 1 0 0 0 

0 1 1 0 0 

1 0 0 0 0 

1 0 1 0 1 

1 1 0 1 0 

1 1 1 0 NC 
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Table B-2. Key Parameters in the Temperature Sub-Controller 

Types Name Description 

INPUT 

Tmp 

Temperature control activation. This signal from the main sub-controller 

to activate the temperature control action. The actions are related to the 

servo direction change and the power switch operation. 

Tmp = 1: Activate temp control, Tmp = 0: Deactivate temp control 

LL 

Lower level temperature threshold. The measured temperature is passed 

the lower threshold limit from the set temperature. This signal affects 

the selection of the servo angle input options in the servo controller. 

LL = 1: Measured temp passes lower limit,  LL = 0: temp in a range 

HL 

High-level temperature threshold. The measured temperature is passed 

the higher threshold limit from the set temperature. This signal activates 

the power switching timer.  

HL = 1: Measured temp passes higher limit,  HL = 0: temp in a range or 

already temperature control is activated by LL signal 

OUTPUT 

Add_Svr 

Apply additional angle change in the servo. The servo controller has 

three options to adjust the angle of the servo motor’s movement. This 

signal influences the Mux result in servo controller to choose the right 

angle. Add_Svr = Tmp & LL = 1: additional angle applied, Add_Svr = 

0: no angle change associated action required 

Tmr_PW 

Activate power switching timer. The power switch of the heater is 

switching on and off based on the timer. The timer is activated only for 

the case of excessive heat applied to the person. [HL] value indicates the 

level of temperature. The timer in the power controller unit is activated 

by the value of Tmr_PW. 

Tmr_PW = Tmp & HL = 1: Activate the power switching timer, 

Tmr_PW = 0: Deactivate the power switching timer 

 

Servo Sub-Controller 

The major structure of the servo unit has a multiplexer as shown in Figure B.5. The combination 

of the signal [SVR_Ac] and [Add_Svr] gives the option to choose the correct angle for each case. 

There are three servo operations in the selection mode [Ang_Cn], [Ang_Rr], and [Ang_Add]. The 

operations control the onsite microcontroller’s output to change the heater’s direction. 
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Figure B-5. Logic Structure and Truth Table of the Servo Sub-Controller 

The heater points at the predetermined center location and stays until the system is activated. The 

initial angle (center angle) is indicated by [Ang_cn] signal. This is the first servo operation. As 

soon as any person enters and starts moving, the system is activated and the heater follows the 

person. For this case, the regular servo operation is selected ([Ang_Rr] =1) and the servo sub-

controller decides the servos’ angles based on the coordinate information from the image 

processing module. The heater’s pointing direction is corresponding to the zone number contains 

the target point. The last operation makes the heater’s additional direction change. The signal 

from the temperature sub-controller [Add_Svr] is high and the servo is still activated at this time. 

The selected servo sub-controller output is [Ang_Add] = 1. This case refers the lower-level 

temperature control state of the controller. About 5 to 10 degrees of the additional angle changes 

in the horizontal and vertical direction from the heaters’ regular pointing direction is required. 

The MAD table for the additional angle operation provides the applied heater’s direction for the 

zone number. More detailed description for each parameter is summarized in Table B.3. 

 

 

 

 

SVR_Ac Add_Svr Ang_SVR 

0 0 Ang_Cn 

0 1 Ang_Cn 

1 0 Ang_Rr 

1 1 Ang_Add 
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Table B-3. Key Parameters in the Servo Sub-Controller 

Types Name Description 

SELECTION 

SVR 

Activate servo controller. Activate the servo controller when the 

main sub-controller detects any human activity in the observation 

field and deactivates if not. 

SVR=1: Activate servo controller, SVR=0: Deactivate servo 

controller 

Add_Svr 

The additional angle changes for temperature control. One of the 

selection parameters to decide the right angle change of the servos in 

order to avoid the excessive heat applied to the person by off 10 

degrees of the original coordinate of the heater’s pointing direction. 

Add_Svr=1: Required additional change, Add_Svr=0: no additional 

change required 

INPUT 

Ang_cn 

The initial state of the servo angle 90/90. If the servo control is not 

applicable [SVR] = 0 due to no true detection of the existence of a 

person and movement, the heater stays at the center location. 

Ang_Svr = Ang_cn: servo_1 = 90 degree, servo_2 = 90 degree 

Ang_Rr 

A regular angle change of servos by tracking operation. Without any 

additional angle change, the heater follows and points to the person 

who detected in space and in the movement. [SVR]=1 and 

[Add_Svr]=0 

Ang_Svr = Ang_Rr: angle variation according to the coordinate of a 

person in regular operation mode 

Ang_Add 

The additional angle changes to the regular mode. The servo control 

is affected by the additional angle change when the temperature 

control is activated and the measured temperature hits the lower level 

threshold. [SVR] = 1 and [Add_Svr] = 1 represents the need of low-

level temperature control by moving heater’s pointing direction. 

Ang_Svr = Ang_Add: angle variation according to the coordinate of 

the person with the result operation plus additional angle movement 

OUTPUT Ang_Svr 

Final selection of the servos’ angle change. The servo controller 

generates the final result of the angle changes that affects two servos 

attached to the heater. The heater’s direction is determined by their 

motion. [Ang_cn][Ang_Rr] or [Ang_Add] signal becomes the value 

of the Ang_Svr that signal makes the action by the selection of the 

multiplexer. 

[Ang_Svr] = [Ang_cn] : Initial state of the heater 

[Ang_Svr] = [Ang_Rr] : Normal operation by movement tracking 

[Ang_Svr] = [Ang_Add]: Lower level temperature control by 

applying off 10 degrees (x direction only) of the servo angle variation 

in the normal operation 
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Power Sub-Controller 

The power sub-controller is designed to control the heater’s power system based on the power 

switching timer. The power switching timer is activated or deactivated by the temperature 

controller’s output. The power system of the heater must be regulated to prevent the excessively 

applied heat. The power sub-controller regulates two output signals, the power of the heater and 

the backup battery connection. This sub-controller generates the output signals in order to 

indicate the power connection and control the heater’s power switch by using the microcontroller. 

           

Figure B-6. Logic Structure and Truth Table of the Power Controller 

The unit’s output normally stays at [Tmr_PW] = 0. This value indicates two things: the heater’s 

normal operation and deactivated power switch. According to the design of the SLHC system, no 

battery connection is required when the power of heater is on. However, the backup battery must 

be connected when the timer is activated for the high-level temperature control, [HL] = 1. The 

person is not moving much and the measured temperature exceeds the higher limit. Then, the 

[Tmr_PW] signal is triggered. Once the timer is activated, the heater’s main power operation is 

controlled by the microcontroller signal [SW]. The switch toggles its value when the counter hits 

the maximum value. For instance, the switch is on and off every 2 minutes. As soon as the 

temperature control time period is completed, the timer resets and the power controller returns to 

the normal operation.  More details of the parameters are explained in Table B.4. 

 

 

Tmr_PW SW PW_H BC 

0 0 1 0 

0 1 1 0 

1 0 0 1 

1 1 1 1 
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Table B-4. Key Parameters in the Power Sub-Controller 

Types Name Description 

INPUT 

Tmr_PW 

Activate power control timer. The signal activates the power switching 

timer to control heater’s power switch when the temperature control is 

required.  

Tmr_PW=1: power control timer on, Tmr_PW=0: timer off 

SW 

The power of heater on/off switching signal. This power switch operates 

based on the timer that is saturated every 2000 counts (approx.2 minutes) 

and resets. If the temperature control is on, the timer starts to increase to 

the maximum value and to toggle the power of the heater with switch 

value after the power timer activation. (Tmr_PW=1) Otherwise, the timer 

has value zero (Tmr_PW=0) and the switch operation does not affect any 

change in the system.  

Tmr_PW=1 & SW = 1: power on, Tmr_PW & SW = 0: power off 

Tmr_PW=0 & SW = 2: no effect, Tmr_PW & SW = 0: no effect  

OUTPUT 

BC 

Battery connection indicator. The backup battery is in charging mode 

when the temperature controlling function is not activated. Once the 

power timer is activated (Tmr_PW=1), the battery must turn to power 

supply mode.  

BC=Tmr_PW=1: connect battery to use as a power source, BC=0: 

disconnect battery to charge  

PW_H 

Heater’s power indicator. The heater’s power starts toggling when the 

power control timer is on (Tmr_PW=1). The signal of SW affects the 

connection of the power supply to the heater based on the timer 

operation. However, the heater’s power is steady when the system is in 

the normal operation. (Tmr_PW=0) 

PW_H=Tmr_PW′+(Tmr_PW•SW)=1:power on, PW_H=0: power off 
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APPENDIX C 

SOFTWARE ALGORITHM FLOWCHART 

 

C.1 Software Algorithm Flowchart – Main Control (IP_main) 

 

START

Call: Movement Verification 

Function

MV = 1

State 1: 

Movement 

Tracking

State 2: 

Medium High 

Temperature 

Control

Call: Control Parameter Generation 

and State Condition Verification 

function 

    INPUT

 X,Y,Z coordinate and 

corresponding zone#

 Feedback Inputs (LL, HL)

X & Y & Z = 0

Microcontroller

P C

State 0: 

initialization

LL = 1

YES

NO

MAIN CONTROL 

– State Based Control Signal & Parameter Generation

NO

YES

HL = 1

NO

Default

NO
State 3: High 

Temperature 

Control

YES

OUTPUT 

Send control parameters (Servo 
activation signal,  angle_option#, 
target zone# and heater’s power 
switching timer activate signal)

Image 

Processing

Module

YES

EXTN = 0

NO

YES

Sensing & Input 

Devices 

(Temperature 

sensor, user 

interface)

 

 



 

121 

 

MAIN CONTROL 

Function 1. Movement Verification 

Call

Set:

LOC = 1, Tmr_M = max, Cnt = 0

Decreasing timer Tmr_M

Read X, Y, Z values

Store x_p=X, y_p=Y, z_p=Z 

Read X, Y, Z values 

and Get the difference, 

(*_d) between 

(x_p,y_p,z_p) and 

(Y,Y,Z)

(x_d+y_d+z_d) > 50 pixels

Increase Cnt

YES

Store x_p=X, y_p=Y, z_p=Z 

Cnt>30 or Tmr_M=0

Return to Main Function

With MVvalue

NO

NO

YES

Cnt > 30

YES

MV = 1

MV = 0

NO

 

MAIN CONTROL 

Function 2. Control Parameter Generation and State Condition Verification  

Call

Receive the State#

Servo  angle_option# = 2, 

SVR=1

State#?

State#=0: Initial State

Extn=0, MV=0, Tmp=0, 

PW_H=0, BC=1, 

Ang_SVR=Ang_Cn

State#=1: Movement 

Tracking State

Extn=1, MV=1, 

Tmp=0, PW_H=1, 

BC=0, 

Ang_SVR=Ang_Rr

State#=2: Medium High 

Temperature Control State

Extn=1, MV=0, Tmp=1, 

PW_H=1, BC=1, 

Ang_SVR=Ang_Add

State#=3: High 

Temperature Control State

Extn=1, MV=0, Tmp=1, 

PW_H=0, BC=1, 

Ang_SVR=Ang_Rr

Default: 

Initial State

heater’s power switching 

timer activate signal 

(Tmr_pw) = 1, SVR=0

Ang_SVR = Ang_Cn
Servo  

angle_option

# =0, SVR=0

YES

Ang_SVR = Ang_Rr

Servo  

angle_option

# =1, SVR=1

YES

NO

NO

Tmp = 1 & PW_H=0

heater’s power switching 

timer activate signal 

(Tmr_pw) = 0

YES

Return to Main

SVR, angle_option#, 

Tmr_pw

NO
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C.2 Software Algorithm Flowchart – Main Control (IP_main) 
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C.3 Software Algorithm Flowchart – Servo Control (Servo – Electric IMP Agent/Device) 

 

START

Map the angles of servos to 

corresponding zone
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C.3 Software Algorithm Flowchart – Power Control (Servo – Electric IMP Agent/Device) 
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