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Abstract 
In Saint-Petersburg, Russia, most people choose to send their children to state kindergartens. 

However, the current situation is that there are 15 or more children in one group with one or two 

teachers. In addition, kindergartens’ playgrounds not always exist. In this situation, teachers have 

to take their group to governmental gardens, recreation areas, and parks, and closely monitor all 

the children. It is hard to not lose sight of a single child and, with the lack of staff, this becomes a 

real issue.  

The proposed solution in this master’s thesis is a system that could resolve the problem of 

tracking children outdoors. This system is based on wireless technologies and trending localizing 

methods. The main difference of the system from all currently popular tracking devices for children 

lies in the fact that this system is meant to be used by kindergarten teachers, and not by parents, 

therefore, it is meant to track a group of up to 30 children. 

To apprehend public opinion regarding children’s tracking, a questionnaire has been made. The 

system proposed is designed taking into account parental opinion. A group of experiments were 

conducted to specify what combination of methods and techniques should provide the most 

accurate results. 
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1 Introduction 
The constant evolution of technology provides, among other things, tools that make our lives 

safer. Even ordinary things become smart technologies. Embedded systems find new ways to a 

consumer, and all the fantastic technologies from the cinema screens are now gradually entering 

all spheres of our life. One central theme of current discussions is the safety of our children, and 

this question as well has been tackled by introducing child care devices into our daily childcare 

routine. 

Taking the frenetic pace of the life of a modern human being into consideration, spending quality 

time with children has become a privilege that many people cannot afford nowadays. As a result, 

parents trust their children to other people and organizations. For instance, most residents of St. 

Petersburg, Russia, choose to send their children to state kindergartens. The current situation of 

how things are handled inside the kindergartens is unsatisfactory.  

Two common problems are group size and lack of staff. On average, there are 15 or more 

children in one group with one or two teachers. Teachers struggle to evenly distribute their attention 

among the children, however, it goes without saying that under the current conditions, paying 

attention to each pupil is difficult, especially when the group goes to play outside. As a result, 

kindergarten teachers have no other option than to take their group to governmental gardens, 

recreation areas and parks. Of course, these places have no proper equipment for keeping children 

safe. Some of them do not even have a fence. 

Teachers in this situation have to closely monitor all the children and not lose sight of a single 

child, especially when they, for instance, run away, play, and hide from adults or other children.  

When a group goes on a field trip, it is the teacher's duty to watch them on the streets and make 

sure they get to their destination and back safe. One can easily see how likely it is for children to 

get lost in a big city because teachers were physically unable to track their location at all times. 

Children are the most important part of parents’ lives, and when it comes to their safety, each 

parent wants to provide a maximum level of security without taking away the child's freedom of 

movement. However, with the majority of parents working, they have to rely on kindergartens to 

provide a safe place for their children, but as we can see, with the lack of staff this becomes a real 

issue.  

The purpose of this study is to design a system that could resolve the problem of tracking 

children outdoors, a system like that could be administered by one person. The system consists of 

a smartphone application, two GPS modules, and multiple (from 1 to 30) wearable modules. One 

example of this module is to be presented as a little box-shaped tracker. The main difference from 

all popular tracking devices for children lies in the fact that this system is meant to be used by 

kindergarten teachers, and not by parents. The main difference is that the proposed system is meant 

to track a group of up to 30 children. 
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While researching the market for tracking devices, I only came across one-child-only solutions 

for parents, currently available on the global market.  

In addition to that, GPS is used in the devices on the market. Using Bluetooth and ZigBee 

technologies in the wearable module, instead of the usual practice, will reduce costs enormously.  

 

2 Theory and background 

2.1 General information about tracking 

Cambridge dictionary defines the verb “to track” as “to follow a person or animal by looking for 

proof that they have been somewhere, or by using electronic equipment [20]”.  

The main four purposes for using this technology are as follows: 

1. Medical purposes 

This category includes all tracking systems for human medical conditions, including such 

research trends as care for elderly people, childcare, or disability assistance. 

2. Guarding and safety purposes 

This category includes systems to protect goods or people. Guarding purpose of a system means 

that there is low prospect of damage to the guarded goods, or that the system only cares about the 

location of an item, not about its condition. In danger situations such systems have no actions to be 

done except informing the owner. Safety purpose of a system means that the system actively reacts 

in case of any danger for the guarded goods.   

3. Business  

When tracking technology is used in business, it can be implemented in many different ways. 

Tracking data forms vast knowledge bases which could help a manager to plan and make business 

decisions in time. Tracking allows reacting to changes faster, which is crucial in a lot of business 

areas. In addition, analyzing this data helps when building business patterns to be used in a long 

perspective.  

4. Statistic data collection 

A main area where tracking data is used is scientific research. The same data can be used for 

different studies in a variety of areas, and of course there could be several related studies based on 

the same data. Beside this, a statistic is a mighty instrument in the hands of prominent 

organizations. Collecting tracking data for statistics is useful for commercial companies. In case a 

company is very large and there is a need to find consistent patterns to manage human resources, 

they can track a movements of their employees and use this data for optimizing processes inside. 

By analyzing this list, it becomes evident that the system to be developed should be designed as 

a guarding system. With this conclusion, attention must be paid to studies of this kind of system. 

However, useful ideas and techniques can be found in any tracking system research area, regardless 

of the developers' aim. 
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2.2 Related research and technologies used in the same type of projects 

There is a huge variety of different studies on the subject. Many of them are developing their 

systems as a smart kindergarten network, while others promote ideas of one-unit devices. All of 

them exist as a concept only. As an example, in the paper “Smart Kindergarten: Sensor-based 

Wireless Networks for Smart Developmental Problem-solving Environments” by Mani Srivastava, 

Richard Muntz, and Miodrag Potkonjak [10], the authors aimed to build a system to educate 

children with smart toys equipped with sensors. This system could track the coordinates of multiple 

children as an addition to its main goal. This work was based on a wireless network connected to 

toys and other classroom objects, with developed back-end services and a database on a customized 

board. The main principles of this project are useful for building the wireless network for the 

current thesis project.  

At the same time, there are two studies by the same group of researchers, in which a smart badge 

is given directly to the child, such as the "Smart Kindergarten" environment for early childhood 

education. These two studies are "A Support Infrastructure for the Smart Kindergarten" [12] and 

"Design of a Wearable Sensor Badge for Smart Kindergarten" [13] by Alvin Chen, Richard R. 

Muntz, Spencer Yuen, Ivo Locher, Sung I. Park, and Mani B. Srivastava. These studies are very 

similar to the system developed for this thesis. The idea is the same in many aspects. For example, 

the authors decided to use personal badges connected to one network. More specifically, in this 

project the authors preferred to use a ready-to-use iBadge, a lightweight sensor-instrumented 

badge, and Sylph, a sensor middleware infrastructure. 

Many localization projects, such as "Development of a child localization system on RFID and 

sensor networks in an undergraduate capstone senior design project" by Chao Chen, Chinwe 

Aneke, Justin Ebaugh, and Christina Hong [7], "Design of a Child Localization System on RFID 

and Wireless Sensor Networks" by Chao Chen [8], "Application of intelligent agent and RFID 

technology for indoor position: safety of kindergarten as example" by Chun-Jung Lin, Tsung-Lin 

Lee, Shiang-Lan Syu, and Bo-Wun Chen [1], use RFID cards instead of other wireless 

technologies. This approach shows how children could be located within a range of 2-3 meters 

near landmarks with RFID readers. Systems which include RFID technology and a hardware 

environment consist of such components as an RFID active tag and tag readers. The above-

mentioned tag readers are located within the chosen area. The other tags (active tags) with personal 

data belong to the children. The tags represent them in the inner logic of the system. The paper 

"Mobile RFID Tracking System" by A. R. Al-Ali, Fadi A. Aloul, Nada R. Aji, Amin A. Al-

Zarouni, and Nassar H. Fakhro [3] describes an outdoor tracking system specifically for children, 

also based on RFID technology, while the article "Design And Implementation Of Child Activity 

Recognition Using Accelerometer And RFID Cards" by M.C. Kushbu Chandrashekhar, and Dr. 

M.Z. Kurian [11] focuses on preventing a child's injuries using RFID. Usually, the essential 
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components of an RFID system are a tag (an antenna and a chip), a reader (an antenna and a 

transceiver), and a workstation (middleware and database equipment) [3]. RFID's detection range 

varies from several centimeters up to 100 meters [3], which is very convenient for outdoor tracking. 

All projects of this type include the outdoor territory preparation. That approach can be used for 

kindergartens within their own territory. However, the system to be developed should not be linked 

to a specific location, because this can be changed.  

The project "A Multipurpose Child Tracking System Design and Implementation" [5] by Shatha 

K. Jawad, Al-Gawagzeh Mohammed Yousef, and Balkiest Essa Al-Shagoor represents the most 

common [18] approach to the problem. As the people who are most interested in a child’s safety 

are their parents, most of the developers develop a device specifically for them. In such projects, 

there is usually just one parent module and one or several child ones. Instead of a custom parent 

module there is usually a mobile application, while the child module is designed as a box or a 

bracelet (a wristwatch). In these systems, the tracking feature works through the Global Positioning 

System (GPS). [18] The alarm mode in such devices is activated after computing a dangerously 

long distance to the parent module, after getting coordinates outside the established safe zone, after 

the child has pressed the SOS-button, or after another designated event. The parent module is 

supposed to take the necessary decision and start the handling procedure.  

Using GPS-tracking in a child’s module is the easiest and standard way. This technology is 

dominating among the commercial products on the market as well. However, GPS can be a suitable 

technology for a one-child system, where the hardware for one unit could be more expensive. 

Nevertheless, for a group of children such approach is not necessary: even if it gives information 

about a child’s whereabouts 24/7, a GPS module implementation is too expensive for multiple 

tracking objects. Also, GPS modules have significant power consumption and consequently need 

an additional battery. These necessary adjustments lead to an increase in the size and weight of the 

unit. Heavy hardware units cannot be used in such a child-friendly device as the author is hoping 

to develop. This is a critical criterion, and the weight and size parameters will be described below 

in the technical specification. 

Another popular way of positioning is Cell-ID. Nowadays almost everyone has a mobile phone, 

and it is only logical to use it as a localization device. However, this technology could not give 

accurate data; in some cases the error can be equal to a few kilometers [18].  

Wireless Sensor Network (WSN) is the closest solution to the designed network. It combines 

automated sensing and embedded computing with a wireless network [4]. The size of devices is 

usually small, which corresponds to the requirements of a wearable module. WSNs are widely 

used not only for consumer purposes but also in healthcare industry and in military projects [19]. 

Until now WSNs were used for purposes that do not require high-speed data exchange. However, 

nowadays the WSN concept is more advanced and improved, and is more widely applicable. At 

this point, tracking is an accessible option to be realized through this concept [4]. 
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IEEE 802.15.4/ZigBee technology is one of the possible options to maintain wireless 

communication between several modules. It was developed specifically for WSNs. ZigBee handles 

low data rates and is used mostly in low-cost devices with long-life batteries. Therefore, ZigBee is 

one of the most suitable protocols for the project designed in this research. ZigBee is used mostly 

in indoor systems.  

It has already become a common practice to integrate WSN within Body Sensor Networks 

(BSNs). This type of network monitors the human body parameters, such as temperature, pulse, or 

blood pressure, for medical or sports training activities. These systems have a lot in common with 

the one described in this paper. The processing of data from these sensors could meet the same 

obstacles as processing data from wearable modules in the designed system. One thing that needs 

be mentioned separately is the difference in the modules’ characteristics, which makes it more 

difficult to combine them in one system. This problem is called “dimensionality curse” [17].  

To describe dimensionality curse, it is important to determine what the dimension reduction is: 

“the process of reducing the number of random variables under consideration” [25]. A set of 

principal variables should be obtained to solve the problem. There are various techniques to process 

dimensionality reduction. Thus, different modules should use different dimensionality reduction 

techniques. This leads us to the main problem of combining multiple data processed by different 

algorithms. 

Fuzzy logic was chosen as a method for module locating. It was demonstrated by Azat Rozyyev, 

Halabi Hasbullah, and Fazli Subhan in “Indoor Tracking In Wireless Sensor Network Using Fuzzy 

Logic Technique” [2] that fuzzy logic is more accurate than standard trilateration technology. 

 

2.3 Market analysis 

2.3.1 Exploring the retail market 

For the purpose of this research it was important to explore the current retail market for 

corresponding devices.  As it turns out, a lot of companies produce similar devices. The list of 

direct competitors is given in Appendix 1. However, as all the systems on the market are similar, 

we can predict that most products have the same build: one user and the same goal, different from 

what is planned in this project. They are designed specifically for family purposes only. There are 

currently no such products on the market, as are researched in this thesis. During the research, I 

discovered several other trends dominating the market: 

Most products on the market include a tracker for a child, and do not support a more expanded 

version with several tracking objects by including more trackers. Thus, it means that such devices 

cannot be used by families with several underage children. According to the logic of the 

developers, customers would need to buy 2 or more products. However, some packages included 

2 trackers. No devices supporting 15 or more trackers were found on the market.  
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Devices available on the market use GPS or cellular network technologies for the tracking 

function. There are only a few that use a different technology, e.g. Bluetooth. These products only 

cover close-range tracking. As an example, according to the specifications of the My Buddy Tag 

product, the range is limited to 40 feet indoors and 80-120 feet outdoors [22], which is 

approximately equal to 12 meters indoors and 24-36 meters outdoors. The tags are wearable and 

have the two qualities required by the current research: they are light and do not attract the child's 

attention. These models, however, do not have a rechargeable battery, and their durability hardly 

exceeds one year.  

The average price on the market ranges from 100$ to 200$ plus a monthly payment for 

embedded mobile phone functions (calls and texts). The products are developed in different 

variations with additional functions. Some of them allow messaging and calling, as there is a SIM 

card installed, other products are designed to be extremely durable and/or water-resistant, in 

addition, most of them have a so-called “SOS mode” or SOS-button. One more common factor for 

all the products on the list is that instead of a control unit they use a smartphone application. The 

shapes in which the devices are made may be different as well: usually they look like a wearable 

bracelet (sometimes a wristwatch) or a small box, rarely like a tag that can be attached to e.g. 

clothing. 

 

2.3.2 Target market 

1. User Persona and Characteristics 

The following user persona is done by using templates available at Xtensio.com. 

General info 

about the user 

Age: 23-65 (kindergarten teachers of all ages) 

Work: kindergarten teacher (possibly also parents; for personal use) 

Location: cities, but could be used anywhere 

Goals The user hopes to achieve the goal of increasing the safety of the children 

he or she is working with and to be able to track them at any time when 

needed. 

The user is meant to use the product predominantly while completing the 

typical tasks of a kindergarten teacher: going for a walk with the children, 

taking them on field trips, taking them on excursions. 

If the user is a parent of several children, one of the goals is also to ensure 

the safety of his or her children. The experience to be felt is a feeling of 

safety and reassurance that everything is well with the children. The 

experience is meant to reduce stress levels and eliminate risky situations. 

Frustrations Both these users (kindergarten teachers and parents) would like to avoid 

such consternation and stress as not being aware of a child's whereabouts. 

Kindergarten teachers specifically would also like to avoid the distress 



T. Sycheva: A system for tracking kindergarten children 

12 

related to the possible consequences of losing a child, e.g., during a field trip 

(prosecution, legal punishment, or losing their job). 

The main obstacles preventing users from achieving that objective include 

the fact that there is no ready-to-use solution. That solution should allow 

tracking multiple children at once. 

Bio User Journey: 

Awareness stage: the user experiences a problematic situation where he or 

she loses a child or realizes that he or she cannot keep an eye on several 

children simultaneously. 

Considerations/research stage: at this stage, the user starts researching the 

market and looking for technologies or devices that could help him/her solve 

the problem. Motivations at this stage are mainly the forebodings above and 

related problems. Questions at this stage include: "How can I eliminate the 

problem?", "Is there any technology out there that could help me?", "What 

is the price of those solutions?". 

Decision/purchase stage: here, the user selects a particular product, 

purchases it and starts using it. 

Post-experience: the user forms conclusions related to the product, such as 

whether it is functional enough, does its job adequately, is easy to use, and 

others. The user may share feedback. The user may also start looking for a 

replacement for the product. 

Preferred 

channels: 

Digital marketing (e.g., on websites dedicated to being a kindergarten 

teacher, upbringing, technologies for parents and households) 

(Xtensio, 2017) 

2. Key Success Factors 

According to Don Reisinger, critical success factors for wearable devices, including tracking 

devices, are as follows: wearable devices need to be smarter than the existing ones and provide 

more features; they need to have real-world capacities; they need to be backed up, supported by 

big companies; they must have strong software support; these devices must integrate with other 

ones; “Third-party developer support is essential”; cultural acceptance is crucial; these devices 

must deliver value; they need to be durable; most importantly, they have to be affordable [23]. 

Several factors from this list, such as real-world capacities, cultural acceptance, and value apply 

to the envisioned product already. Perhaps, once the product is scheduled to be manufactured, some 

other factors will apply as well. Taken all the abovesaid into consideration, even some of these 

factors can indicate good competitiveness for a startup company. 
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2.4 Questionnaire examination – public need for many-child tracking analysis 

In order to research the difference between the devices that are on the market and those that 

parents wish to have, I used a questionnaire for parents. All the participants took part online with 

the help of the Google Forms platform. I chose Google Forms because Google services are popular, 

easy to use, and provide easy data migration to table form via the Google Tables service. I chose 

an online method instead of paper form because most respondents reside in the country where the 

project is supposed to be realized – in Russia. The questionnaire was originally written in Russian 

and translated to English later on.  

This questionnaire was distributed among parents of young children, including ones who were 

sent to school 3 or less years ago. Also, soon-to-be parents took part in the investigation. The total 

number of participants was 62. The results were analyzed and organized as tables and diagrams to 

be presented in this thesis. The questionnaire was used as a base for the technology choices, 

understanding the priority of the functions to be realized, and other vital decisions in the project of 

developing the device. Several conclusions were drawn based on the questionnaire responses. 

The questionnaire includes seven questions about the conditions of the kindergarten, parents’ 

attitude towards the kindergarten, parents’ beliefs about the ideal kindergarten, and parents’ 

wishes. The responses are presented below as pie charts with comments.  

 

1. How many children do you have in your family? 

 

To the first question about the number of children in the family, 50% of the respondents 

answered that there are two or more children in the family. 45.2% of the respondents had one child. 

4.8% answered that they were expecting their first child.  

These results indicate that half of the market consists of families with two or more children. That 

way, for half of the potential customers, one of the most important purchasing factors - the cost of 

Graph 2.1 The distribution of the number of children in respondents’ families 
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the device - would be several times higher, because almost all the tracking systems on the market 

only include one tracking device.  

 

2. What is the age of your child?  

 

In the second question each parent selects the age group for their child. In case a participant has 

several children, he/she had an option to write the age of all the children using “other”. Because of 

that, the graph, automatically designed by Google Forms, does not show the real age distribution. 

However, it could be seen from this graph that the percentage of childless adults partaking in the 

questionnaire is relatively small – 4 answers out of 62. Additionally, families with two or three 

children make up one third of all respondents. Thus, the data demonstrates that there is a potential 

need for a multitracker device that is not yet available on the market.   

For the purpose of a detailed chart analysis, another graph 2.4.2b has to be presented. The new 

chart has fuller data and presents all options. The pie chart has sectors, each divided into four parts 

to represent the age of the children in the families. The darker parts show the age of the children in 

the families that belong in that sector. If the color of a sector is light, it means that there are no 

children of the corresponding age group in the families of this sector.  

According to the calculations based on the results, the output data showed that 27 families (43% 

of the participants) have a child aged 0 – 3 (sectors are 1-5 clockwise on the chart). At the same 

time, 26 of the respondents (35%) have children aged 4 – 7 (sectors 2-4, 6-9 clockwise), and 21 

families have children aged 8 and older (33,3%, sectors 5, 9, 10 clockwise).  

From these 21 families, only 13 (20,6%) have no younger children. This way, childless families 

and families with children aged 8+ (17 answers, totaling 27%) were classified as a non-targeted 

audience. 

Graph 2.2 The distribution of the age of the children in respondents’ families 
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However, 8 of these families (12,8%) responded that they are interested in tracking their child.  

 

3. How big is your trust in the teachers and staff of the kindergarten? 

 

 

 

The next question was asked in order to learn about the parents' trust in kindergarten personnel. 

Only 23,3% of the respondents were confident that the personnel of the kindergarten have the 

required skills to take good care of all the children in the group at once. At the same time, 58,3% 

of the parents believe that they can watch their children much better than the professionals in the 

kindergarten. The last group of responses "Other" includes answers that did not fit the two previous 

categories. 

The third greatest group of answers was “Other”. All the parents who chose that option 

commented that their child is not in the kindergarten. Some of them were waiting for a vacant place 

in a kindergarten group; some of them were avoiding seasonal flues, which are common in 

Graph 2.3 The structured distribution of the ages of the children in respondents’ families 

Graph 2.4 The distribution of the attitudes of the respondents towards kindergarten staff 
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kindergartens, while some just had their own vision of how to raise a child. However, this question 

reveals a lack of trust in kindergarten staff. Previous guesses about the thoughts of the parents were 

confirmed by the questionnaire and so the existence of parents potentially interested in the 

proposed device was confirmed as well. 

 

4. How many children are there in one group in your child’s kindergarten? 

 

The next question in the questionnaire concerned the number of children in one group, as one of 

the above-mentioned critical factors.  A maximum number of pupils in one group affects 

significantly the quality of childcare in kindergarten. The number of children in one group and the 

quality of care they receive are connected by inverse ratio. When the group is too big, there are 

more children for one teacher to care for and his or her attention is divided. The teacher cannot 

watch 10 children with the same effectiveness as he/she would watch 5-6 children. As 

demonstrated in the chart below, more than 60% of the respondents claimed that there are 15 or 

more pupils in one group in their kindergarten. That means that one child can have 7% of the 

teacher’s time at the most.  

 

5. How many children in one group should be in an ideal kindergarten? 

 

Graph 2.5 The distribution of kindergarten group sizes 

Graph 2.6 The ideal size of a kindergarten group 
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In the next question the parents were asked to suggest an ideal, in their opinion, number of 

children in one group. The purpose of this question was to establish a clash between the parents’ 

needs and the decisions of a kindergarten’s manager (see the previous question). As expected, the 

majority of respondents (93.5%) answered “less than 5”, “5-10”, and “10-15”. All these options 

mean less than 15 children per group. It is quite clear that the expectations of parents contradict 

with the situation in real life, as more than 63% of the groups are bigger than they wished. This 

once again confirms the necessity of a new solution to help teachers in the current situation. 

 

6.  What type of tracking system would you like to have? 

 

 

I do not need one 

 

I would like to track my child in some public 

places and situations (parks, museums, etc.) 

I would like to the teacher to track my child on 

a daily basis in the kindergarten  

I would like to track my child on a daily basis in 

kindergarten by myself and by the teacher 

I would like to track my child 24/7 

 

The next part of the questionnaire was designed to explore the interest of parents in devices for 

tracking their children.  

As can be seen in the graph 2.4.6, the general opinion of the parents is that such a system should 

exist. Less than 10% of the respondents answered that they do not need any system, while 90% 

want to track their child, in one form or in another. 

These results demonstrate the necessity of developing such projects as designed in this paper.  

In addition, the answers showed that parents prefer systems where they themselves can track their 

children. While the designed project is for a kindergarten use mostly, it has been discovered that 

there is a need for different types of tracking systems. However, the designed system could be 

redesigned in a future project to adjust it to the target group’s needs. The designed system is 

developed as a prototype, a new device by which the parents can receive data from the teacher’s 

module.  

Graph 2.7 The distribution of respondents willing to track their children 
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7. How far could a child go from the teacher while the group is outside? 

The next question was designed to find out an appropriate, according to the parents, distance for 

the modules. The respondents had a choice of 10, 20, 30, or 50 meters, and an option “other” as 

well. While almost 44% chose 10 meters as a safe distance, 34.5% thought about 20 meters, and 

15% considered 30 meters.  

As the parents’ opinion varied, it could be useful to perform a more detailed study in the future. 

In a situation where the range must be chosen without delay, it is best to select the safest option.  

Thus, for this project it would be motivated to choose an area with a 10 meter radius. This choice 

is crucial to make while the project is still in early stages, as there is a direct correlation between 

the working distance of the modules and the choice of technology for the project. 

8. What are the most significant additional functions that should be in a tracking system?  

 

It was important to research the hardware for the modules before starting work on the current 

project, in order to find out which features are important and which ones are hardly needed. Thus, 

with all the data on necessary features, we can decide on what features the proposed device will 

include. The features were extracted from the research on the current market of tracking devices 

and the features they have. The final list of features to implement consisted of: mapping module 

location on the screen; alarm on the parent’s/teacher’s device; alarm on a child’s device; absence 

of territorial tracking restrictions, alarm if the device is not working correctly. An additional option 

Graph 2.8 Distribution of the responses: a reasonable distance for the module 

Graph 2.9 Respondents’ opinion regarding the most important functions to implement 
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“other” for any other ideas the parents might have was presented as well. However, no answers 

contained additional proposals. 

The results also indicated that the absence of territorial tracking restrictions is important for the 

parents. However, there was a clear clash between the parents who thought that the system must 

only work in one assigned place and in different places. This result helped to eliminate systems 

with static modules (based on GPS or Wi-Fi). The system must be able to be easily relocated, 

therefore the system must be very mobile.  

According to the results, the most important option is an alarm located on the main module 

(teacher’s module) and the least significant feature is an alarm on the child’s module. These 

findings bring us to the conclusion that the child's module can be made lighter by removing a 

potentional speaker.  

 

2.5  Definitive aspects of the proposed system 

There are notable differences between systems that are designed for parents, as opposed to those 

that can be effectively used by teachers. The biggest difference is scalability, as the majority of 

commercially available products do not allow connecting more than a few slave devices to the 

master module, which would, in most cases, be a required functionality for a teacher who needs to 

track many children at once. 

Another important consideration is price. The systems that are geared towards parents usually 

cost up to $200 and do not allow tracking many children at once. In this case, if a system like this 

is to be used in a kindergarten environment, the costs could easily reach $2000-$3000. These 

systems are usually designed with the assumption that each individual tracking unit must be 

autonomous, as children may spend their time away from the parents during the day. These units 

usually have a variety of extra features and require a large capacity battery. However, a teacher 

tends to be close to the children throughout the day, and the tracking system is usually only 

effective during a few hours a day. A kind of system more suited to teachers would not require the 

same battery capacity as a system for parents, and all of the non-essential extra features would only 

introduce additional complexity for the teacher. 

 

2.6 Work specification - what is needed for the system 

The purpose of this research is to develop a system that will give kindergarten teachers a tool for 

real-time tracking of all their pupils and alarm in case of losing the connection. 

The system will provide real-time location of all children of the kindergarten group and send 

this information to the teacher’s smartphone. Each pupil will be equipped with a small wearable 

tracking device. Each teacher must have a mobile application, compatible with the system. This 

project is not setting a goal to design the client part – a mobile application for kindergarten teacher 
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smartphone. The aim is to develop a working prototype of the system, ready to deliver data to the 

client part.  

 

2.6.1 Requirements specification 

The author has outlined certain requirements in addition to the ones stated earlier. 

1. The system is able to track up to 30 people.  

As the system will work with the standard size of a kindergarten group, it is important to outline 

these standards. Restrictions are described in “Sanitary Regulations and standards” by the 

Department for State Sanitary and Epidemiological Surveillance of the Ministry of Public Health 

of the Russian Federation (2016): according to them, there are should be no less than 2 square 

meters per one child. 

It appears that there are no official standards in kindergarten groups’ room size. Assuming there 

are no kindergarten premises with rooms more than 60 m2 available, this size, as an absolute 

maximum, has been taken as a sample size for the prototype. 

2. The system is temperature resistant.  

Weather conditions in the part of Russia where the research was conducted are such that in 

winter the temperature can be as low as -30 °C. According to the statistics, in recent years the 

temperature has reached -30 °C in February 2011, and -27 °C in February 2012 [21]. For the 

summers, the temperature has reached 37.1 °C in August 2010 [24]. 

Taking into consideration that average room temperature in Russia in winter is 23-25 °C, the 

temperature difference between indoors and outdoors in winter can reach 50 °C. Thus, the 

prototype must function under fast changes of temperature inside this temperature range. In 

addition, the prototype must work at summer as well, hence, regardless of whether the tracking 

happens inside (museum, theater, other public place) or outside (playground, street, etc.), the 

prototype must keep working from -30 to +40 °C range.  

3. The alarm mode is activated in more than one case:  

a. A child’s module stops functioning or develops problems 

b. A child’s module moves away more than 10 meters from the teacher's module. 

4. The data is transmitted in real time (no delays) and allows the main module to find the 

child module described in cases 3.a. and 3.b.  

 

2.6.2 Form-factor specification 

1. Content of the child’s module. 

The module consists of a sensor, continually sending data to the teacher’s main module, a main 

board, an alarm block, and a power block.  

2. Controlling module has a sturdy mount. 
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Mount is important, because children are mobile, active, and curious. In this case we are 

considering toddlers as well.  

However, the teacher must be able to notice when the module is open and/or detached. The 

mount must be attached to a place where the child cannot see or reach it, and therefore cannot take 

it off easily, whether on accident or on purpose. A third person must not be able to do so either.  

3. The child’s module cannot be quickly turned off or disassembled by the child himself or 

by a third person. 

Each child’s module represents this very child in the proposed system, so it should remain active 

until the teacher decides to turn the system off. The child must not disassemble his/her module and 

play with one of boards or with the power module. It is dangerous for a very young child to handle 

small objects, especially powered parts.  In addition, if the signal from the module were lost, this 

would cause an emergency for the teacher. Thus, to keep the hardware safe and to prevent any 

inconvenience, the content of a child’s module should not be accessible without the proper 

instruments. 

4. The weight and size of a child's module must be comfortable.  

The child should not feel the presence of the module as it should remain beyond the child’s 

attention. 

 

2.6.3 Other specifications 

State financial support for kindergartens is quite limited, therefore there is no money in the 

budget the state allocates to its kindergartens to purchase a tracking system. Thus, the system has 

to be paid by the kindergartens and with the help of the parents. Each kindergarten will make a 

decision separately. Hence, at early stages, while the system will still be in testing, trust credit will 

be low, while doubts regarding the necessity of the tracking system will be high. Therefore, 

promoting the system to the audience will be more successful if the cost of implementation will be 

small.  

 

2.6.4 System design and components 

This section presents diagrams that are intended to illustrate the structure of the proposed system. 

Figure 2.6.4.1 introduces the child module, the teacher’s module, and the receiver module. 
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Figure 2.6.4.1 System details 

The proposed system design requires 1 main teacher’s module and at least 2 other receiver or 

teacher’s modules, because 3 modules in total are required to analyze the distances and calculate 

the tracked module’s location. The resulting system must be able to track up to 30 children. 

The teacher’s module is based on a smartphone app (the smartphone must have GPS 

capabilities), but it also acts as one of the receivers. This is the main module, and it can calculate 

the location data based on its own and other receiver’s measurements. The location data will be 

presented visually to the teacher, with an alarm function triggered in case a child leaves a pre-

determined radius. Other receivers may be replaced by teachers with the same smartphone app. 

The rest of the receivers feature a GPS block (or other means of knowing the receiver’s location); 

a signal translating module which is used to receive signals from children’s modules, as well as to 

connect and send data to the main teacher’s module; a computing/translating module to process, 

output or control the flow of the data, which also physically connects all of the system components; 

and a power module. 

The child’s module includes a computing module which is intended to broadcast the signal 

through the physically connected signal translating module. This signal bears no location data. The 

child’s module also requires a power source. 

It is possible to arrange the system in different ways, depending on how many teachers are able 

to use the smartphone app.  Figure 2.6.4.2 shows how a single child can be tracked using different 

combinations of receivers or teacher modules, but the same principle can be applied to multiple 

children at once. 
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Figure 2.6.4.2 Possible system configurations 

The panel a illustrates a common scenario where a single teacher is responsible for tracking all 

the children. For this scenario, 2 separate receivers are required, which must be installed in the 

area. 

In case there are 2 or 3 teachers with smartphones, as illustrated in panels b and c, it is possible 

to reduce the number of standalone receivers or remove them altogether. 

In all of these diagrams, the 3 teacher/receiver modules receive a signal from the child’s module 

and measure the distances to the signal source. This data is sent to the main teacher’s module, 

where the location is calculated based on the measured distances. 

 

3 Implementation 

3.1 Specification of the system 

3.1.1 Choice of protocol 

The proposed system is wireless, hence the protocol for the system must be chosen from wireless 

options. This protocol must satisfy the criteria mentioned below: 

1. Firstly, the working range of this protocol must be no less than 10 meters, as this was 

chosen as a reasonable safe distance for the children’s module.  

2. Next, the ideal protocol for the proposed system should have a low-powered mode. This 

mode helps to reduce the amount of energy used, hence we can reduce the power level 

and, correspondingly, the size of the power block. Usually the power block is the heaviest 

part of any wearable device and, by reducing the weight of it, we follow the requirement 

of a light module. 

3. Also, the ideal protocol should be well-documented. It is important to know all details 

about the protocol and, in addition, a documentation helps to write a code efficiently. 
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The Bluetooth protocol is one of the most common solutions in many wireless projects. This 

technology has many benefits. Some of them are: good documentation, many experts in this area, 

and a wide range of hardware modules on the market. On the other hand, such wide use of the 

technology leads to many misleading publications and fake hardware components. As Bluetooth 

technology is used in this project, the author has been prepared to come across unreliable sources 

while gathering information for the thesis. Another problem with this technology is the small 

working range of the modules - only up to 10 meters. Using this technology, the developer must 

be sure that this range is enough for the purpose and he/she must decide how to deal with losing 

the signal once the module is out of range.  In the case of the proposed system, the working range 

of Bluetooth is enough. The teacher will be notified if a child walks out of the range zone, and the 

range zone does not have to be more than 10 meters.  

The signal will be sent and received with no problems, if the range between the child and the 

head module is up to 10 meters and there are no obstructions between them. However, if the child 

decides to go further away from the group or walks behind a large object, this will be an obstacle 

for the signal, which will be lost immediately, and the teacher will be able to react to the situation 

without any delay, because the last known location of the child is stored in the teacher’s application. 

One of the most popular protocols among the “Smart House” projects is the ZigBee protocol. It 

competes with the more famous Bluetooth technology and was designed specifically to solve some 

issues in Bluetooth. ZigBee was developed for battery powered devices. It is a low-cost and low-

energy technology, based on a mesh network. In addition, its latency is low. ZigBee-based modules 

have a wide working range, up to 100 meters. 

Typically, ZigBee is applied for home control and automation projects. It can be used in a variety 

of areas, such as lighting and temperature control, multimedia control, and security systems. 

ZigBee is often used in industrial and medical areas.  

Z-wave is another popular protocol, besides ZigBee, used for various household appliances.  

The Z-wave protocol is a simpler and less expensive alternative to ZigBee for home use. Z-wave 

modules are highly compatible – all of them can receive data from and transmit data to each other.  

This technology is based on a mesh network, like ZigBee. Another similarity between the two 

technologies is a wider range in comparison to the Bluetooth technology described above.  

In terms of security, both Z-Wave and ZigBee use the same AES 128 encryption standard. The 

radio frequency range for Z-Wave is 800-900 MHz, unlike the ZigBee (which operates on the 2.4 

GHz frequency). Therefore, Z-Wave is a better choice, as a frequency of ZigBee interferes with 

that used by Wi-Fi. As a result, the signal is more stable for Z-Wave based devices, making them 

more reliable than ones using ZigBee. 

Another difference between the systems is Z-Wave networks’ supporting up to four hops 

between the controller and the destination device. This means that the signal from the controller 
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can go through three other devices before the final module receives it. At the same time, ZigBee 

networks are not limited to any specific number of hops.  

In addition to that, a Z-Wave network is limited to a total of 232 devices. In comparison with a 

ZigBee network, a Z-Wave network is relatively small, as the ZigBee analogue could connect more 

than 65000 devices. This fact will, however, have no impact on the choice of the technology for 

this project, as both networks offer enough working range for the proposed product. 

Z-Wave looks like the best option for the proposed system, especially because it uses a different 

frequency than Wi-Fi; however, it is a proprietary technology: Z-Wave is owned, licensed, and 

maintained by a private organization Sigma Designs. This makes ZigBee a priority protocol among 

those used for household appliances. 

Another protocol to be mentioned is DASH7, designed for Wireless Sensors, as well as for 

Actuator Networks. DASH7 Alliance, or D7A, is an open protocol, which operates in three 

different ISM (industrial, scientific, and medical) radio bands. Usually, ISM frequencies are 

reserved for radio-frequency process machines such as microwaves. They are also used for medical 

purposes, for example in diathermy machines. 

The ISM radio bands are not licensed, which makes it possible for anyone to use them. 

Therefore, this becomes an additional obstacle for developers of equipment that uses these bands. 

They should design their products knowing that at any moment an outside signal could appear on 

their bands. Thus, developers of devices under ISN radio bands have to prevent interference and 

make their equipment impervious to other devices which are using ISM frequencies. The DASH7 

protocol operates in three different ranges - 433 MHz, 868 MHz, and 915 MHz. 

The DASH7 protocol was designed to acquire the B.L.A.S.T. (Bursty, Light, Asynchronous, 

Stealth, Transitive) standard. According to the protocol, transferring data is abrupt, packages are 

limited to 256 bytes, there are no hand-shaking signals or synchronizations, no beaconing, and it 

is upload-centric.  The working range is 2 km, and there is low latency when connecting to moving 

devices. However, the problem is that DASH7 is not very popular. Work with DASH7 is hard on 

the hardware side, as there are very few modules which support this protocol, besides, all of them 

have a relatively high price. It would add a lot of difficulties to the development of the proposed 

system if DASH7 were chosen. There is no active community which could help with the 

development, nor structured resources where implementing information were in open access. Thus, 

the code for the device would need to be written from scratch, while the other protocols have 

templates. That leads to the conclusion that DASH7 is a highly unreasonable choice for a protocol, 

despite it characteristics. 

After researching I decided that the most suitable technologies for the sensor part are Bluetooth 

and ZigBee. The first one is widely used, and it is fast to implement due to a lot of helping materials 

and big databases, designed by the Bluetooth community. The second technology is not so popular, 

and there is not so much useful documentation on it, but ZigBee has a better working range and 
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power consumption. Thus, experiments were planned with separate use of both protocols, and the 

results of the experiments will show us which one is the better choice for the proposed system in 

practice and how they would work in parallel.   

 

3.1.2 Hardware 

The system developed in this project has certain significant features, dictated by the 

technological requirements. To implement these features, specific technologies must be used. More 

specifically, as the designed system contains up to 30 sensors, the main question is what locating 

and network technologies should be used, because the outcome of the project depends on the right 

choice of technology. 

1. Selecting locating technology 

There are not many options when it comes to the locating technology. A system based on RFID-

cards is the easiest to implement and a well-established way to know if a person is located inside 

the secure perimeter. A simple RFID-based system consists of multiple cards, each of which 

belongs to a tracked person and a card reading module which reads the data from the cards and 

sends data with a timestamp to a main module/server which collects data from each card reading 

module and processes it. The card reading modules, also called the card readers, are placed at the 

entrances to the closed territory, so nobody can enter or leave the site without passing the card 

reader. RFID-based systems are widely known on the market, easy to maintain, and low-costed. 

They were considered as one of the most popular ways to secure the area where the playground is 

located.  However, this technology requires a closed perimeter. Unfortunately, not every child-care 

organization can afford to have a territory of its own. The government might not allow modifying 

a common territory by introducing such technology. Thus, RFID-based systems can be used in 

kindergartens with their own yard and fence, where no one can enter or leave except at specific 

points - through the gates. 

Another option is a solution based on Wi-Fi networks around the kindergarten. Nowadays, there 

are dozens of networks in every area of a big city. There is no need to register in the network to 

use it for location needs, just to be in its working area. It is a standard through all modern navigation 

systems and mobile programs to use the Wi-Fi networks within reach to localize better under 

difficult conditions in big cities full of high buildings and concrete constructions. However, as a 

kindergarten itself has no control of these networks, their owners can set up or shut down their 

networks at any moment. This is especially important for kindergarten yards located far from 

residential areas or business districts that usually have many networks. And surely, there are 

kindergartens located in places far from any network areas.  

Most of the designs work with the help of GPS modules, as this is one of the most popular 

technologies for localization. These designs could all be divided in two different groups. The first 

one consists of GPS-only based systems and consists of devices where GPS tracking hardware is 
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embedded in every module, while the second group uses a GPS-equipped module as the main one, 

and lighter and cheaper modules as beacons. This type of organization between the modules is the 

most appropriate for this system. Instead of a GPS-equipped module there will be a teacher’s 

module – a smartphone with a GPS feature, while the beacons will be presented as part of the 

children’s modules.  

2. Selecting a localization method 

A trilateration method  

This method is based on three devices able to identify their own location (these modules are mostly 

equipped with GPS). On the Figure 3.1.2.1 they are named as modules A, B, and C.  

According to this method, the tracked device O on Graph 3.1.1.1 should emit a signal to be seen 

by the GPS modules A, B, and C. As the signal from the tracked device’s sensor is visible to each 

of them, this sensor’s exact location is found after measuring the distance to each GPS module. 

There are three ways to use the trilateration method.  

The first method is simply measuring the RSSI signal. RSSI stands for Receive Signal Strength 

Indication; this signal is widely used. Both ZigBee and Bluetooth have their own versions of this 

signal. This method returns the value to the head module and this value correlates with the signal 

strength. As the signal fades with increasing distance, after the first several measurements (to 

acquire a multiplying factor for the RSSI signal) it will be possible to find the distance to the object.  

The next method measures the time between sending and receiving signals. The time delay 

allows one to calculate the exact distance to the module the input/output signals comes from and 

goes to.  

The third method uses the overlapping areas. In this method, the position of the module to be 

localized is calculated through locating all the neighboring modules and measuring the distance to 

them. It was concluded in earlier studies through implementation and evaluation of all three 

methods that the overlapping method is the most accurate [3]. As will be demonstrated in the 

Figure 3.1.2.1 A scheme of how trilateration works 
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practical part of this thesis, this statement was confirmed not only by other studies but by the 

author’s experiments as well. 

In the proposed system I started from an idea of using the 3 smartphones of the kindergarten’s 3 

teachers as 3 GPS modules; however, in a real life it is an unlikely situation where a kindergarten 

group will go to a walk with several teachers. Thus, I arrived at the concept of having a special 

type of “base modules” – 2 devices, equipped with GPS modules. They exist as additional GPS 

modules to form a triangle to localize the child’s module by calculating the distance to each of the 

GPS modules. Ensuring the system’s reliability for the fixed-site usage is a priority, bit in case the 

group moves together with the system, the tracking may not work reliably. An example of such 

circumstances is when the group is walking from the kindergarten building to the garden. However, 

the system could be used in such situations to provide additional help to the teacher of a senior 

kindergarten group. For this case, two base modules can be given to the most responsible children 

from the group. The children’s module is a simple beacon with additional options. By measuring 

the signal integrity, we can find out how far from each GPS “base module” the child we track is; 

and thus, the location is found. Of course, more than three GPS modules can be used, and the signal 

accuracy will be improved. It is possible to use this technology with a minimum of three GPS-

based modules around the object. 

 

3.1.3 Design point of view (how the module should look) 

The size of the module is important because of children’s innate curiosity and energy. They are 

interested in any item they can reach; therefore, the device must not draw attention to itself, it 

should be unnoticeable, and hard to dismantle. After I researched the market, I discovered that all 

the devices are manufactured either in a bracelet form, or as a solid construction shaped as a pebble 

or a box. 

 Both designs have their own advantages and disadvantages. The bracelet-like design can be 

easily and securely attached to a child; however, it can excite the child, who may attempt to remove 

the bracelet or play with it. By contrast, the solid construction design is less likely to pique the 

child’s interest, but it is not as convenient to attach and carry. I tried to collect the best qualities of 

Figure 3.1.3.1 The design of the module 
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both designs to create a better option. I decided on the belt fixated module, which will be safely 

fastened on a child’s waist. The preliminary design of the module is shown on the Figure 3.1.3.1.   

 

3.1.4 Smartphone application  

One of the system’s components is a tracking application installed on the teacher’s smartphone, 

and this application should be developed specifically for this system. A UI mockup of the proposed 

application is presented in this section; however, the actual development is not the goal of this 

thesis. The most important features are depicted in the mockup screenshots presented in the Figure 

3.1.4.1.   

 

The application mockup has two views: a radar mode and a list mode. In the radar mode, the 

teacher can see where the children are. The connected children are represented by colored dots, 

whereas GPS stations or other teachers’ smartphones are represented by larger dots, and grey dots 

depict the last calculated locations for children that are currently out of reach.  The same logic 

applies to the list mode: while the child's module is connected, its icon will be colored, but it will 

become greyed-out for disconnected modules. 

One of the suggested features is an alarm that will be triggered if a connected module’s position 

will remain outside of a safe zone (within the radius of 10 meters, as indicated by the 

questionnaire’s responders) for more than 5 seconds. This is enough time to let the child come back 

within the safety boundaries before completely losing any sign of the child in case the child is 

separated from the group. These values may be programmable, but for the illustrative purposes 

they are selected to be 10 meters and 5 seconds. In the teacher's application this child's module will 

be depicted by a blinking icon in both views, with the alarm feature activated in case the child 

leaves the safe zone. 

 

3.2 Planning the experiments  

3.2.1 Experiments to conduct 

It is necessary to determine which combination of techniques and hardware produces the most 

accurate data. As there are three different trilateration techniques described in the paragraph 3.1.1, 

Figure 3.1.4.1 The mockup of a teacher’s smartphone application 
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experiments should be conducted to find the most accurate solution. Several experiments were 

planned because two protocols were chosen as candidates for the proposed system:  

1. Using the hardware module with the Bluetooth protocol applying (where possible) the three 

different trilateration techniques from the paragraph 3.1.1. 

The distance data should be received using three techniques: by using the RSSI signal, by 

measuring the time delay, and through the overlapping technique. This experiment should be 

initially conducted in an open area without any obstacles in the way of the signal. This will show 

the best-case scenario for the system’s usage. The second area for conducting the experiment 

should introduce obstacles that would resemble objects in the real-world usage scenario in order to 

analyze if there is any difference in the results, and if there is, this difference will be considered in 

the analysis section. For this purpose, an area with bushes and trees should be found. The collected 

data should be compared with the real distance measurements. This experiment will be conducted 

to find the most accurate measurement method for the Bluetooth protocol module. 

2. Using the hardware module with the ZigBee protocol applying (where possible) the three 

different trilateration techniques from the paragraph 3.1.1. 

The distance data should be received using three techniques: by using the RSSI signal, by 

measuring the time delay, and through the overlapping technique. This experiment should be 

conducted in two different areas as well: in an open place and in an obstructed area. The resulting 

data should be compared with the real distance measurements. The goal of this experiment is to 

find the most accurate measurement method for the ZigBee protocol module. 

3. Using the hardware module with the most accurate protocol applying most accurate 

technique from the paragraph 3.1.1. 

Based on the chosen combination of the most accurate method and the most accurate protocol, 

the final experiment will be conducted. In this experiment, only one method and one protocol will 

be used in two areas (an open area and an obstructed area). Each attempt will measure the 3 

required distances to calculate the location, and the resulting calculated location will be analyzed 

and compared against the real one. 

It must be noted that for these experiments, the goal is to identify the best combination of a 

method and a protocol by comparing individual distance measurements. For this experiment, only 

the distance without the location coordinates will be calculated for each attempt. For the 

overlapping technique, the measuring modules are positioned close to each other at an equivalent 

distance from the measurement point, thus removing the necessity to calculate a spatial position. 

Since the devices are located at an equivalent distance, the measured distance for each attempt is 

considered to be the average of the three, for five attempts per experiment in total. The location 

measurement will be conducted in further experiments based on the chosen combination of the 

best method and the best protocol. The average data is to be produced from the identified best 

measurement methods from the described experiments. This averaged data is to be compared with 
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the data collected from the experiments. As a result, the final measurement method should be 

identified.  

According to the questionnaire’s question 7, which was discussed in paragraph 2.4, the 

respondents (parents) chose 10 meters as a maximum safe distance from a child to a teacher, so it 

is especially important to test the system at this distance. It is expected that, ideally, the child should 

always be within this radius from the teacher. If a child leaves the safe distance radius, the teacher 

should be alarmed immediately. It is expected that the teacher takes action before the child is lost. 

The purpose of the system is to prevent situations where the child is too far from the teacher, and 

thus, the experiments should focus on testing the system within the 10-meter radius. 

 

3.2.2 System design for experiments 

This section illustrates the system design adapted for the experiment. The Figure 3.2.2.1 

illustrates the system design diagram for the test. 

 

Figure 3.2.2.1 Testing setup diagram 

This setup follows the original system design and features 2 receivers and 1 teacher’s module 

for each experiment. The teacher’s module is equivalent to the receiver’s module, however, for the 

real-world scenario the teacher will use a phone application. Only one child is tracked during these 

experiments. In further diagrams related to the experiments the “teacher” and the “receiver” 

modules can be used interchangeably. 

A laptop is used as a power source and to output any received signal data. A computing module 

featured in the child’s module represents a board (Arduino Pro Mini) that broadcasts the signal. 

Translating modules represent the hardware (Arduino Uno, or a combination of Arduino Uno and 

Arduino Pro Mini, or XBee connection modules) that is used to connect a signal translating module 

(Bluetooth, ZigBee) or a computing module to the laptop. 

The previously featured GPS blocks are absent from this system because the locations of the 

receivers are known for these experiments. In the final system the receivers must include means to 

determine their own location. 

In addition, the receiver modules do not need to connect to the teacher’s module for these 

experiments, because only the distance data is analyzed initially, and for the final location 

experiment the child’s position is calculated directly based on data from the receivers. 
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3.2.3 Hardware and software for experiments 

The following criteria are to be used when deciding on the hardware to be used (in the 

experiments): the size of the module, the cost, and the programmer’s expertise concerning the 

platform. The programmer’s experience is an important criterion, because the quality, reliability, 

and the development time of the code are directly related to the programmer’s background. An 

Arduino Pro Mini board was chosen as one that fits all these criteria. 

It is important to check if the modules work properly, and the board for the testing should be 

reliable. In addition, the board should be from the same board family as the one used for the 

experiments (Arduino family), as both protocol modules should be compatible with the testing 

board. It is also preferable if the programmer knows the board well. An Arduino Uno board was 

used as a first board to test the Bluetooth and ZigBee modules. This board was chosen because it 

is easy to program, it is reliable, and because I am experienced with it. 

The module JT-025 (HC-05) was chosen as the Bluetooth protocol module. The module XBee 

Series 2 was used to utilize the ZigBee protocol. Additionally, two module XBee platforms 

from SparkFun were used to connect to the XBee module version 2. The first of them is used to 

connect an XBee module to the Uno board and the second one is used if an XBee module is 

connected directly to a laptop.  

Arduino IDM was used to work with the testing board, the child’s module board which performs 

any necessary computing, and for the Bluetooth module. The XCTU configuration platform was 

used to conduct the experiments with the ZigBee protocol. 

 

3.2.4 System structure 

This section illustrates the structure of the system and its variations; the components which are 

used to build the system are described in paragraph 3.2.2.  

1. Arduino Pro Mini 

The Figure 3.2.3.1 illustrates the Arduino Pro Mini board. 

The Arduino Pro Mini is a board from the Arduino family developed for small-sized projects. It 

is based on the microcontroller ATmega328. This board has 14 digital input/output pins along with 

6 analog inputs. In addition, it has an on-board resonator, a reset button, and holes for mounting 

pin headers. The board is connected to the laptop through USB using Arduino Uno. 
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Figure 3.2.4.1 Arduino Pro Mini 

2. Arduino Uno 

The Figure 3.2.3.2 illustrates the Arduino Uno board. 

 

Figure 3.2.4.2 Arduino Uno 

The Arduino Uno is a microcontroller board which includes ATmega328P as the main 

component. This board also has a variety of input/output digital pins as well as analog inputs, a 

16MHz quartz crystal, a USB interface connector, a power port, a reset button and various other 

components. The board is used to connect Arduino Pro Mini to the laptop. 

3. JT-025 (HC-05) module (Bluetooth) 

The Figure 3.2.3.3 illustrates the JT-025 module which is connected to the board. 

The Bluetooth module is connected to Arduino Pro Mini and allows one to use Bluetooth 

capabilities in various modes. The firmware that was used with this module is 3.0-20170601. 

This module was chosen due to its commercial availability and price, as well as the fact that it is 

easy to use and supports the required functionality, as it is HC-05 compliant. 
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Figure 3.2.4.3 JT-025 (HC-05) module (Bluetooth) 

4. Digi XBee Series 2 module (ZigBee) 

The Figure 3.2.3.4 illustrates the XBee module.  

Figure 3.2.4.4 Digi XBee Series 2 (ZigBee) 

The module was chosen as it was readily available for the experiments, however, in order to 

connect it to the board, an XBee Explorer Dongle or an XBee Explorer Regulated module is 

required. 

5. SparkFun XBee Explorer Dongle 

The Figure 3.2.3.5 illustrates the XBee Explorer Dongle. 

 

Figure 3.2.4.5 SparkFun XBee Explorer Dongle 

The SparkFun XBee Explorer Dongle is a module that is compatible with Digi XBee 

components. The XBee Explorer Dongle allows one to use the USB connection of the target system 

and acts as an adapter between a laptop and an XBee module. This dongle is required to connect 

the ZigBee module to the laptop. 
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6. SparkFun XBee Explorer Regulated 

The Figure 3.2.3.6 illustrates the XBee Explorer Regulated module. 

 

Figure 3.2.4.6 SparkFun XBee Explorer Regulated 

The SparkFun XBee Explorer Regulated is a module that is compatible with Digi XBee 

components. In order to control the 3.3 V regulation, signals, connectivity, and various indicators, 

the SparkFun XBee Explorer Regulated module must be used, and it also acts as a connection 

adapter. With this module, it is possible to connect a 5 V system to any XBee module, because it 

allows converting 5 V serial signals to 3.3 V. This board is required for ZigBee module connections 

to the Arduino Pro Mini board.  

 

3.2.5 System overview for the Bluetooth protocol experiments 

This section illustrates how the system is assembled in order to conduct the Bluetooth protocol 

experiments, which are described in section 3.2.1. 

 

Figure 3.2.5.1 Bluetooth-based tracking system 

The system consists of 3 receivers, one of the receivers being the teacher’s module, and a child’s 

module which broadcasts the signal to the receivers. The diagram of the system is shown in Figure 

3.2.4.1. 
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Each receiver as well as the child’s module includes a laptop with the Arduino Uno board 

connected, with the Arduino Pro Mini board connected to the Arduino Uno, and the JT-025 

connected to the Arduino Pro Mini. The laptop’s purpose is to provide power supply and output 

the data from the receivers, so in case multiple laptops are not available, it is acceptable to share 

laptops between the other components. The Arduino Uno board serves as an adapter for the 

Arduino Pro Mini board, because otherwise it is not possible to connect it to the laptop using the 

current configuration. 

 

3.2.6 System overview for the ZigBee protocol experiments 

This section illustrates how the system is assembled in order to conduct the ZigBee protocol 

experiments, which are described in section 3.2.1. 

The system consists of 3 receivers, one of the receivers being the teacher’s module, and a child’s 

module which broadcasts the signal to the receivers. The diagram of the system is shown in Figure 

3.2.5.1 

 

Figure 3.2.6.1 ZigBee-based tracking system 

The main module (receiver) features a laptop with the connected XBee Explorer Dongle, which 

has an attached XBee module. The reason the XBee Explorer Dongle is required is that there is no 

way to directly connect the XBee module to the laptop. That said, the Arduino Pro Mini board is 

not required in this case. 

The second and the third receiver also feature a laptop with the connected XBee Explorer Dongle 

and the XBee module. 

The child’s module is more complex and features the Arduino Pro Mini board connected to the 

laptop through the Arduino Uno board (due to the fact that Arduino Pro Mini could not be directly 

connected to the laptop). The XBee module is connected to the Arduino Pro Mini board through 

the XBee Explorer Regulated module.  The purpose of the laptop in this system is to provide power 
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supply, so in case multiple laptops are not available, it is acceptable to share laptops between other 

components. The Arduino Pro Mini board is used to broadcast the signal from the child’s module.  

 

3.3 Experimental results 

3.3.1 Trilateration techniques for Bluetooth in an open area 

The results of the first experiment, detailed in the paragraph 3.2.1, which involves using the 

Bluetooth protocol in an open landscape, are presented in the Table 3.3.1.1.   

The goal of this experiment is to analyze the three trilateration techniques for the Bluetooth 

protocol: the RSSI method, the time delay method, and the method of overlapping areas. This 

experiment was conducted in an open landscape, without any significant obstacles or landmarks, 

with an approximate area of 130 m2.  

  Attempt 1  Attempt 2  Attempt 3  Attempt 4  Attempt 5  Average  
Measurement 1  Distance in reality – 1 meter 

RSSI, dB -  -  -  -  -  -  
Time delay, m 1.41 1.58 1.51 1.57 1.67 1.55 
Overlapping, m 1.12 0.98 1.18 1.04 1.06 1.08 
Measurement 2  Distance in reality – 5 meters 

RSSI, dB - - - - - - 
Time delay, m 6.58 6.95 6.81 6.28 7.11 6.75 
Overlapping, m 5.83 5.21 5.83 5.51 5.43 5.56 
Measurement 3  Distance in reality – 10 meters 

RSSI, dB - - - - - - 
Time delay, m 12.04 12.32 11.42 11.91 13.01 12.14 
Overlapping, m 11.38 10.55 11.20 10.06 10.87 10.81 
Table 3.3.1.1 Distance measurements using the Bluetooth protocol in an open area 

An issue occurred during the preparations for the experiment. The available Bluetooth module 

version was similar to an HC-05 model, and the firmware version for that module was 3.0-

20170601. As was discovered, the used model did not function as expected. The reason for that 

was that there are several firmware versions for the module, and the available version had some 

differences which were crucial for the designed system. Initially, an AT-mode command error 

occurred. As the first method to measure the distance was by using the RSSI signal, an RSSI signal 

receiving command was used. This command belongs to a special group of AT-commands, and 

this is the reason the Bluetooth module should be configured to work in a special AT-mode which 

is a special functionality setting to receive AT-commands. If the Bluetooth module contains the 

wrong firmware, it returns an error after sending a command to initiate the Serial Port Profile (SPP) 

mode. It was discovered much later with the help of the Bluetooth community that a properly 

working module should be equipped with an older firmware version 2.0-20100601, while the 

available module had the newest firmware version, which is 3.0-20170601. The properly working 

module with the firmware version 2.0-20100601 and the module in use with the firmware version 

3.0-20170601 are physically different, specifically, the first module has some components that are 

absent from the second module. Due to the fact that downgrading the firmware for this particular 
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module was not achievable under the circumstances and would have been likely to affect other 

functionality present in the newer version of the firmware, the module was used with the current 

firmware.  Because of these unpredictable differences between the two firmware versions, the 

RSSI signal method data is not presented in this experiment part or in the second part of the 

experiment in an obstructed area, where the same measurements were taken. 

The time delay method and the overlapping method produced averaged deviations which are 

presented in the Table 3.3.1.2. 

The overlapping method results were the closest to the real distance. The time delay method 

yielded unreliable results, which are further away from the real distance of 10 meters by 

approximately 2 meters. The average deviation is a bit higher for the overlapping method, however, 

the value is relatively close for both methods. 

Distance (m) Time delay 

average 

deviation (m) 

Time delay 

average 

deviation (%) 

Overlapping 

average 

deviation (m) 

Overlapping 

average 

deviation (%) 

1 0.07 4.52 0.06 5.56 

5 0.25 3.7 0.21 3.78 

10 0.42 3.46 0.41 3.79 

Table 3.3.1.2 Average deviations for Bluetooth protocol in an open area 

 

3.3.2 Trilateration techniques for Bluetooth in an area with obstacles 

The second experiment was conducted in an area with obstacles; the measurements were taken 

in a forest. In this area, there were a moderate number of bushes and some trees present. The total 

area amounted to approximately 100 m2. The results of the experiment are present in the Table 

3.3.2.1. For this experiment the same RSSI issue applies, which prevented the used device from 

being able to collect RSSI information.  

  Attempt 1  Attempt 2  Attempt 3  Attempt 4  Attempt 5  Average  
Measurement 1  Distance in reality – 1 meter 

RSSI, dB - - - - - - 
Time delay, m 1.93 2.24 1.54 1.92 2.02 1.93 
Overlapping, m 1.25 1.10 1.33 1.12 0.97 1.15 
Measurement 2  Distance in reality – 5 meters 

RSSI, dB - - - - - - 
Time delay, m 6.79 6.02 7.38 6.60 7.88 6.93 
Overlapping, m 5.95 4.40 6.12 5.91 5.98 5.67 
Measurement 3  Distance in reality – 10 meters 

RSSI, dB - - - - - - 
Time delay, m 13.73 13.77 12.27 12.02 14.09 13.18 
Overlapping, m 11.39 11.32 10.45 9.24 11.75 10.83 
Table 3.3.2.1 Distance measurements using Bluetooth protocol in an area with obstacles 

The time delay method and the overlapping method produced averaged deviations which are 

presented in the Table 3.3.2.2. 

As can be seen from the Table 3.3.2.1, the average result is expectedly worse than in the first 

experiment, but each individual measurement may, in some cases, show better results. Notably, 
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the distance measurement is not as affected by the trees and bushes for the overlapping 

technique at the distance of 10 m, which is comparable with the results of the first experiment. 

Distance 

(m) 

Time delay 

average 

deviation (m) 

Time delay 

average 

deviation (%) 

Overlapping 

average 

deviation (m) 

Overlapping 

average 

deviation (%) 

1 0.16 8.29 0.11 9.57 

5 0.56 8.08 0.51 8.99 

10 0.82 6.22 0.79 7.29 

Table 3.3.2.2 Average deviations for Bluetooth protocol in an area with obstacles 

The rest of the results suggest that the overlapping technique yields better results, and the 

results produced by the time delay technique are affected by the obstacles in the area, which 

makes the overlapping technique superior. That said, comparable average deviation trends 

appear (Table 3.3.2.2) as in the open area experiment. 

 

3.3.3 Trilateration techniques for ZigBee in an open area 

This experiment details the evaluation of the ZigBee module in an open area (approximately 

130 m2).  The experiment is described in the paragraph 3.2.1, and the results are summarized 

in the Table 3.3.3.1. 

The challenge to reach the RSSI signal using the ZigBee protocol is in the fact that the ZigBee 

module has different configuration modes. The main obstacle is that the most commonly used 

mode has no access to the RSSI signal. The module must be reprogrammed to be able to receive 

the RSSI signal command. A detailed explanation on the retrieval of the RSSI value is described 

in [26]. This process involves a specific configuration for the ZigBee module, as well as custom 

firmware. A feature of this custom firmware is that it allows extracting the RSSI value for the 

experiment. 

  Attempt 1  Attempt 2  Attempt 3  Attempt 4  Attempt 5  Average  
Measurement 1  Distance in reality – 1 meter 

RSSI, dB -44.00 -38.00 -42.00 -39.00 -42.00 -41.00 
Time delay, m  1.49 1.64 1.47 1.49 1.42 1.50 
Overlapping, m 1.12 0.97 1.08 1.02 0.99 1.04 
Measurement 2  Distance in reality – 5 meters 

RSSI, dB -57.00 -42.00 -59.00 -63.00 -61.00 -56.40 
Time delay, m 6.25 6.28 6.73 6.67 6.27 6.44 
Overlapping, m 5.73 5.23 4.98 5.31 5.38 5.33 
Measurement 3  Distance in reality – 10 meters 

RSSI, dB -70.00 -52.00 -67.00 -72.00 -80.00 -68.20 
Time delay, m 12.12 12.01 13.02 11.53 11.67 12.07 
Overlapping, m 11.03 10.71 9.79 11.16 10.97 10.73 
Table 3.3.3.1 Distance measurements using ZigBee protocol in an open area 
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The RSSI method, the time delay method, and the overlapping method produced averaged 

deviations which are presented in the Table 3.3.3.2: 

Distance 

(m) 

RSSI 

average 

deviation 

(dB) 

RSSI 

average 

deviation 

(%) 

Time 

delay 

average 

deviation 

(m) 

Time 

delay 

average 

deviation 

(%) 

Overlap 

average 

deviation 

(m) 

Overlap 

average 

deviation 

(%) 

1 2 4.88 0.05 3.33 0.05 4.81 

5 5.76 10.21 0.21 3.26 0.18 3.38 

10 6.96 10.21 0.40 3.31 0.39 3.63 

Table 3.3.3.2 Average deviations for ZigBee protocol in an open area 

The deviation percentage values are used to analyze the applicability of the RSSI method. 

The RSSI value is pulled from the device itself, and hence it is called the “received” signal 

strength. The method of determining the exact RSSI values associated with each distance is based 

on the repeated measurements for each distance as was performed in the experiments. This value 

can be taken as a baseline for any further RSSI measurements, and in case the RSSI method is 

chosen to be used as a primary distance measurement method, the reference RSSI values for each 

possible distance are to be determined through a series of measurements for each given distance, 

as was performed in the current experiments for 3 distances. 

However, it is necessary to determine whether the RSSI method itself is reliable in terms of 

measurement deviation, and thus find out whether using the RSSI reference values for distance 

measurements is applicable at all. 

The analysis of the RSSI measurement suggests that each individual measurement may 

introduce too large a deviation. 

The results of the time delay and overlapping techniques follow the same tendencies as in the 

Bluetooth experiment, where the results of the overlapping technique were more accurate. Overall, 

the results of using the ZigBee module for the open area are comparable to the results of the 

Bluetooth module, but with lower average deviation values. 

 

3.3.4 Trilateration techniques for ZigBee in an area with obstacles 

This experiment details the evaluation of the ZigBee module in an obstructed area with 

bushes and trees (approximately 100 m2). The experiment is described in the paragraph 3.2.1, 

and the results are summarized in the Table 3.3.4.1.  

The same as in the previous experiment applies here: the module must be reprogrammed to be 

able to receive the RSSI signal command. A detailed explanation on the retrieval of the RSSI value 

is described in [26]. This process involves a specific configuration for the ZigBee module, as well 

as custom firmware. A feature of this custom firmware is that it allows one to extract the RSSI 

value for the experiment. 
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  Attempt 1  Attempt 2  Attempt 3  Attempt 4  Attempt 5  Average  
Measurement 1  Distance in reality – 1 meter 

RSSI, dB -37.00 -41.00 -43.00 -45.00 -37.00 -40.60 
Time delay, m 1.81 2.20 2.01 2.27 1.95 2.05 
Overlapping, m 1.08 1.01 1.11 0.87 1.16 1.05 
Measurement 2  Distance in reality – 5 meters 

RSSI, dB -42.00 -53.00 -62.00 -67.00 -56.00 -56.00 
Time delay, m 5.80 6.52 6.38 5.46 6.41 6.11 
Overlapping, m 5.52 5.69 5.81 4.69 4.98 5.34 
Measurement 3  Distance in reality – 10 meters 

RSSI, dB -79.00 -71.00 -53.00 -64.00 -75.00 -68.40 
Time delay, m 12.08 12.02 13.73 11.62 12.27 12.34 
Overlapping, m 10.73 11.49 10.27 11.54 9.57 10.72 
Table 3.3.4.1 Distance measurements using ZigBee protocol in an area with obstacles 

The RSSI method, the time delay method, and the overlapping method produced averaged 

deviations which are presented in the Table 3.3.4.2: 

Distance 

(m) 

RSSI 

average 

deviation 

(dB) 

RSSI 

average 

deviation 

(%) 

Time 

delay 

average 

deviation 

(m) 

Time 

delay 

average 

deviation 

(%) 

Overlap 

average 

deviation 

(m) 

Overlap 

average 

deviation 

(%) 

1 2.88 7.09 0.15 7.32 0.08 7.62 

5 6.80 12.14 0.39 6.38 0.40 7.49 

10 7.92 11.58 0.55 4.46 0.64 5.97 

Table 3.3.4.2 Average deviations for ZigBee protocol in an area with obstacles 

The analysis of the RSSI measurement again suggests that the value can vary due to many 

factors, even if the resulting average value is comparable to the value in the open-area experiment. 

The results of the time delay and overlapping technique follow the same tendencies as in the 

previous experiment, where the results of the overlapping technique are more accurate. However, 

comparing to the results of the Bluetooth experiment, the measurements taken from the ZigBee 

module are not as affected by the obstacles in the area, compared to an open area experiment. 

Overall, the results of using the ZigBee module for the obstructed area provide slightly more 

accurate results compared to the results of the Bluetooth module in the same area.  

 

3.3.5 Analysis of the average measurement deviation from the real value 

 Bluetooth, 

open area (%) 

Bluetooth, 

obstructed 

area (%) 

ZigBee, open 

area (%) 

ZigBee, 

obstructed 

area (%) 

Time delay, 1 m 55 93 50 105 

Overlapping, 1 m 8 15 4 5 

Time delay, 5 m 35 38.6 28.8 22.2 

Overlapping, 5 m 11.2 13.4 6.6 6.8 

Time delay, 10 m 21.4 31.8 20.7 23.4 

Overlapping, 10 m 8.1 8.3 7.3 7.2 

Table 3.3.5.1 Average measurement deviation from the real value 
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The Table 3.3.5.1 illustrates the percentage difference between the actual and the measured value 

for the time delay and overlap methods. There are two ways of calculating these percentages: either 

by taking the absolute value of the subtraction of the real value from the mean measurement 

average and converting it into percentage, or calculating the average measurement deviation (based 

on each measurement) and comparing this to the real value and converting it into percentage. These 

methods produce mathematically similar results. 

As can be seen from this table, the deviation is high for the time delay method, specifically, in 

certain cases the difference is close to 100 percent. The overlapping method deviation shows better 

results, and this is the main reason this method is chosen for the system. However, further analysis 

also considers the average deviations from the mean measured value. It can be assumed that certain 

external factors introduce a constant error to some measurements, especially for the time delay 

method, which may cause a significant difference in the real value against the mean measured 

value. Because of this, it is important to consider the average deviation of the mean measured value, 

so that the deviation can be analyzed in terms of the actual measurement process, regardless of 

how it compares to the real value.  

 

3.3.6 Analysis of the average measurement deviation from mean measurement average 

 

Graph  3.3.6.1 Average deviation for the time delay method 

The Graph 3.3.6.1 illustrates how the deviation for the time delay method is affected by obstacles 

and by the protocol. Even though it stays about the same for the “ZigBee, open area” scenario, it 

tends to get lower with the distance. However, it must be noted that if more experiments were 

conducted, the deviation values might exhibit a flatter trend. This can be explained by the fact that 

the deviation is measured as a percentage from the mean value and suggests that the factors that 

affect each individual measurement do not scale proportionally with the distance, but rather, they 

are caused by a consistent measurement delta. That said, this method still provides the least accurate 

mean results, even if the deviation values look good.  
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Graph  3.3.6.2 Average deviation for the overlapping method 

The Graph 3.3.6.2 illustrates how the deviation for the overlapping method is affected by 

obstacles and by the protocol. Overall the trends are the same as for the time delay method, except 

the deviation is a little higher, which can potentially be improved by introducing enhancements to 

the trilateration algorithm. Even though this may pose issues, the deviation difference is too small 

compared to the measurement accuracy and the measurement deviation from the real value, as was 

analyzed previously. Due to this, the overlapping method is preferred to the time delay method.  

The Graph 3.3.6.3 illustrates how the deviation for the RSSI method is affected by obstacles. As 

can be seen, the deviation is high compared to the other two methods, even though it is close to the 

overlapping method deviation values at the distance of 1 meter. This can be explained by the fact 

that the RSSI calculation is overall more affected by the distance, which makes measurements less 

reliable. The deviation for the RSSI method was considered to be too high, which makes this 

method reliable only if many measurements are taken. 
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3.3.7 Analysis of the measurement differences between an open and an obstructed area 

Presented in the Table 3.3.7.1 and the Table 3.3.7.2 is a summary of the results of the area 

comparison for the Bluetooth and ZigBee protocols. These tables illustrate the difference (delta) in 

mean measurements for the Bluetooth and ZigBee protocols between an open and an obstructed 

area. The delta is calculated by subtracting the mean measured distance value of the obstructed 

area experiment from the mean measured distance value of the open area experiment for the 

respective configuration and distance (and taking an absolute value if the result is below zero). 

 ZigBee, delta between open and obstructed (dB) 

RSSI, 1 m (db) 0.40 

RSSI, 5 m (db) 0.40 

RSSI, 10 m (db) 0.20 

Table 3.3.7.1 Mean measurements delta between open and obstructed areas, RSSI 

 Bluetooth, delta 

between open and 

obstructed (m) 

Bluetooth, delta 

compared to the 

real distance (%) 

ZigBee, delta 

between open and 

obstructed (m) 

ZigBee, delta 

compared to the 

real distance (%) 

Time delay, 1 m 0.38 38 0.55 55 

Time delay, 5 m 0.18 3.6 0.33 6.6 

Time delay, 10 m 1.04 10.4 0.27 2.7 

Overlap, 1 m 0.07 7 0.01 1 

Overlap, 5 m 0.11 2.2 0.01 0.2 

Overlap, 10 m 0.02 0.2 0.01 0.1 

Table 3.3.7.2 Mean measurements delta between open and obstructed areas, time delay and overlap 

A lower delta indicates a better combination of a protocol and a method, because it is important 

that the resulting system produces consistent results regardless of any obstacles. From this analysis, 

it is clear that the overlapping method provides the lowest delta between areas compared to the real 

distance, which means it is the least affected by the obstacles. It is also worth noting that ZigBee 

results are marginally better than Bluetooth results, which aligns with the expectations, because 

the ZigBee protocol should perform better in the areas with obstacles, thus reducing the delta. 

 

3.3.8 Determining the best technique and protocol 

This section provides a summary of the experiments. The Table 3.3.8.1 contains the average 

values measured across different experiments. 

 It can be concluded that the overlapping technique provides the results closest to the actual 

distance, regardless of the obstacles in the area or the protocol. The RSSI measurements could be 

considered useable, however, since they tend to demonstrate a large average deviation and are too 

reliant on the firmware features, it was decided to proceed with the overlapping technique. 

The ZigBee protocol demonstrates slightly better performance in both an obstructed and an open 

area, and the difference for the overlapping method between both is smaller than with the Bluetooth 

protocol. Considering the results, as well as the delta between the open and the obstructed area 
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measurements, the ZigBee module is to be used, and the overlapping trilateration technique will 

be applied to measure the distance. 

 Bluetooth, 

open area 

Bluetooth, 

obstructed 

area 

ZigBee, open 

area 

ZigBee, 

obstructed 

area 

Measurement 1 Distance in reality – 1 meter 

Average RSSI, dB -  - -41 -40.60 

Average time delay, m 1.55 1.93 1.50 2.05 

Average overlapping, m 1.08 1.15 1.04 1.05 

Measurement 2 Distance in reality – 5 meters 

Average RSSI, dB - - -56.40 -56 

Average time delay, m 6.75 6.93 6.44 6.11 

Average overlapping, m 5.56 5.67 5.33 5.34 

Measurement 3 Distance in reality – 10 meters 

Average RSSI, dB - - -68.20 -68.40 

Average time delay, m 12.14 13.18 12.07 12.34 

Average overlapping, m 10.81 10.83 10.73 10.72 

Table 3.3.8.1 Summary of the measurements 

 

3.3.9 Measuring the location using the overlapping method with ZigBee  

This section provides an overview for the location measurement and calculation experiment. For 

this experiment, the receivers are set at various locations, and the measured distances are used to 

calculate the location of the child’s module.  

Figure 3.3.9.1 illustrates the locations of the receivers M1, M2, and M3 with their respective 

distances to the child module represented by colored circles with varying radii. In all three cases, 

the child’s module is located at the (1,1) coordinates where the circles intersect. The left panel 

illustrates the receiver’s locations at (0,0), (0,1), and (1,0). The central panel illustrates the receivers 

located at (0,0), (0,5), and (5,0). Finally, the right panel illustrates the locations at (0,0), (0,10), and 

(10,0), which represents the scenario when the tracked child is close to the safety zone boundary 

(as perceived by the questionnaire responders). A more detailed diagram is shown in the Figure 

3.3.9.3.3.92 

Figure 3.3.9.1 The locations of receivers 
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M
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Distance from M1, m 1.4 1.4 

 

1.5 1.5 1.7 1.3 

Distance from M2, m 0.9 4.1 9 0.9 4.2 8.8 

Distance from M3, m 1.1 4.2 9.3 1 3.8 9.4 

Location (0.875, 

1.075) 

(0.932, 

1.015) 

(0.788, 

1.063) 

(1.125, 

1.220) 

(1.345, 

1.025) 

(0.666, 

1.213) 

Table 3.3.9.1 Location measurement for the ZigBee protocol, overlapping method, attempt 1 
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M
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1
0
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Distance from M1, m 1.3 1.6 1.6 1.3 1.3 1.4 

Distance from M2, m 1.1 3.9 8.9 0.8 4 9.5 

Distance from M3, m 0.8 4 9.3 0.9 4.1 9.4 

Location (1.025, 

0.740) 

(1.189, 

1.268) 

(0.804, 

1.168) 

(0.940, 

1.025) 

(0.988,  

1.069) 

(0.680, 

0.586) 

Table 3.3.9.2 Location measurement for the ZigBee protocol, overlapping method, attempt 2 
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M
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),

 M
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),
  

M
3
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1
0

,0
) 

Distance from M1, m 1.5 1.5 1.5 1.4 1.5 1.3 

Distance from M2, m 1.1 4.2 8.7 1.2 3.7 8.8 

Distance from M3, m 1 3.9 9.4 0.7 4.2 9.3 

Location (1.125, 

1.020) 

(1.204, 

0.961) 

(0.695, 

1.328) 

(1.235, 

0.760) 

(0.961, 

1.356) 

(0.760, 

1.213) 

Table 3.3.9.3 Location measurement for the ZigBee protocol, overlapping method, attempt 3 
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The location for each measurement was calculated as follows. Assuming that the three receivers 

M1, M2, and M3 are located at known points, their location was assigned as follows: (MX1, MY1), 

(MX2, MY2), (MX3, MY3), and the tracked module location is at (1, 1). In this case, the radii of 

the location circles are marked as a, b, and c, the receivers’ positions are represented as (MX, MY). 

The equations for the circles can be described in terms of (x, y) as: 

Formula 3.3.9.1 The equations for the location circles 

 

Figure 3.3.9.2 The equations for the location circles 

In the scenario where the circles do not intersect in a single point, the solution is to draw radical 

lines. The red circle (M1) and the green circle (M3) intersect when 𝑎2 = 𝑐2, and the formula that 

describes the radical line drawn through the intersection is (the red line in the picture): 

Formula 3.3.9.2 The equations for the intersection of the (M1) and the (M3) 

 

 

 

𝑎2 = (𝑥 − 0)2 + (𝑦 − 0)2, 𝑟𝑒𝑑 𝑐𝑖𝑟𝑐𝑙𝑒 (𝑀1) 

𝑏2 = (𝑥 − 0)2 + (𝑦 − 𝑀𝑌)2, 𝑏𝑙𝑢𝑒 𝑐𝑖𝑟𝑐𝑙𝑒 (𝑀2) 

𝑐2 = (𝑥 − 𝑀𝑋)2 + (𝑦 − 0)2, 𝑔𝑟𝑒𝑒𝑛 𝑐𝑖𝑟𝑐𝑙𝑒 (𝑀3) 

 

𝑥 = (1 − 𝑐2 + 𝑎2)/2 𝑓𝑜𝑟 𝑡ℎ𝑒 (0,0), (0,1), (1,0) 

𝑥 = (25 − 𝑐2 + 𝑎2)/10 𝑓𝑜𝑟 𝑡ℎ𝑒 (0,0), (0,5), (5,0) 

𝑥 = (100 − 𝑐2 + 𝑎2)/20 𝑓𝑜𝑟 𝑡ℎ𝑒 (0,0), (0,10), (10,0) 
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The intersection of the red circle (M1) and the blue circle (M2) are represented by the blue line 

when 𝑎2 = 𝑏2  and can be calculated as: 

𝑦 = (1 − 𝑏2 + 𝑎2)/2 𝑓𝑜𝑟 𝑡ℎ𝑒 (0,0), (0,1), (1,0) 

𝑦 = (25 − 𝑏2 + 𝑎2)/10 𝑓𝑜𝑟 𝑡ℎ𝑒  (0,0), (0,5), (5,0) 

𝑦 = (100 − 𝑏2 + 𝑎2)/20 𝑓𝑜𝑟 𝑡ℎ𝑒 (0,0), (0,10), (10,0) 

Formula 3.3.9.3 The equations for the intersection of the (M1) and the (M2) 

Finally, the intersection of the blue circle (M2) and the green circle (M3) when 𝑏2 = 𝑐2 (the 

purple line) can be calculated as: 

𝑥 = (𝑏2 − 𝑐2 + 2𝑦)/2 𝑓𝑜𝑟 𝑡ℎ𝑒 (0,0), (0,1), (1,0)  

𝑥 = (𝑏2 − 𝑐2 + 10𝑦)/10 𝑓𝑜𝑟 𝑡ℎ𝑒 (0,0), (0,5), (5,0)  

𝑥 = (𝑏2 − 𝑐2 + 20𝑦)/20 𝑓𝑜𝑟 𝑡ℎ𝑒 (0,0), (0,10), (10,0) 

Formula 3.3.9.4 The equations for the intersection of the (M2) and the (M3) 

By calculating or visually inspecting the intersection of these lines, the location of the object will 

be found. It is not necessary to use all three lines, but it can provide better results in case the circles 

do not intersect precisely.  

As can be seen in Tables 3.3.9.1-3.3.9.3, the resulting locations’ coordinates are close to the real 

location, and the measurements correspond with the analysis of the distance experiment. The mean 

location values and the difference against the real location will be analyzed in the next section. 

 

3.3.10 Analyzing the location accuracy from the overlapping method with ZigBee  

A delta between the mean and real location in meters can be calculated by comparing the x and 

y coordinates of both locations and applying the distance formula, where (x1, y1) are the 

coordinates of the first point, and (x2, y2) are the coordinates of the second point: 

 

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  √(𝑥2 − 𝑥1)2 + (𝑦2 − 𝑦1)22
 

Formula 3.3.10.1 The distance calculation 

The calculation results are presented in the Table 3.2.3.10.1. As can be seen from this table, the 

difference in the detected location is within 30cm from the real position even in the worst-case 

measurement. The obstacles affect the result slightly, except for the case of (0,0), (0,10), (10,0) 

where the difference between the open and the obstructed area calculated locations is negligible. 

These findings correspond with the previous analysis of the distance measurement experiments. 
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),

 

M
3

(1
0
,0

) 

Actual location (1,1) (1,1) (1,1) (1,1) (1,1) (1,1) 

Mean location (1.008, 

0.945) 

(1.108,  

1.081) 

(0.762, 

1.186) 

(1.1, 

1.002) 

(1.098, 

1.15) 

(0.702, 

1.004) 

Mean and real 

location delta (m) 

0.056 0.135 0.302 0.100 0.179 0.298 

Table 3.3.10.1 Mean location and delta 

  



T. Sycheva: A system for tracking kindergarten children 

50 

4 Expectations and evaluation  

4.1.1 Expectations from the experiments 

In accordance with the analyzed scientific papers and literature, the results of the experiment 

“Trilateration techniques for Bluetooth in an open area” (experiment 1 from the paragraph 3.2.1) 

were expected to show certain trends and tendencies.  It was expected that the time delay method 

would be the least accurate, specifically, the measured values would be the furthest from the 

expected values compared to the other methods. There are too many real-world factors that could 

affect the time of the signal distribution, and because of this it is the method that yields the least 

accurate results. The RSSI signal method is more accurate, and the overlapping method is 

considered the most accurate in research [3].  

It was expected that the experiment “Trilateration techniques for Bluetooth in an area with 

obstacles” (described in the paragraph 3.2.1), which would be conducted in an area with trees and 

bushes, would show the same trends for the accuracy of the methods as the first experiment. The 

best method was expected to be the overlapping method, with the RSSI-signal method providing 

moderate accuracy data, and the time delay method providing the least accurate results. However, 

all of these results were expected to be slightly worse due to the obstacles present in the area. The 

time delay method was expected to give especially bad results due to this, and it was expected that 

the usage of this method in such circumstances would be doubtful. The RSSI-signal method was 

also expected to show lower quality results, however, it was likely that the overlapping method 

would give very accurate, almost the same results as in the open area experiment due to the fact 

that the data calculated by processing distances to three sources should be reliable. It was expected 

that this method would not be greatly affected by the obstacles. 

The “Trilateration techniques for ZigBee in an open area” and “Trilateration techniques for 

ZigBee in an area with obstacles” experiments were expected to provide results close to the first 

two experiments, including the deviation of the measured results. It was, however, expected that 

the ZigBee experiments would provide better results in an area with obstacles, because the protocol 

suggests that it handles obstacles better than Bluetooth. 

The final experiment was to be conducted based on the selected method and protocol 

combination, and the calculated location was expected to correspond with the previous analysis of 

the distance measurement experiments. 

 

4.1.2 Evaluation of the experiments 

It was planned to conduct two experiments with two variations, the difference being the tested 

area, followed by the location measurement based on the best method and protocol. Some of the 

experiments where not conducted completely as planned, specifically, it was not possible to receive 

the RSSI signal on the Bluetooth module. Even though this was unsuccessful, the data received 
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from the other experiments was enough to analyze the protocols and the methods, and to find the 

best combination of the two to use in the child’s module. 

Based on the experimental data analysis, including the measurement accuracy compared to the 

known distance, the measurement deviation from the mean measurement, the measurement 

deviation from the real value, and the delta of the mean measurements between the areas, the 

resulting combination was selected to be the overlapping technique with the ZigBee protocol. 

The location experiment was conducted with 3 ZigBee modules to determine the tracked 

module’s location based on distance measurements. The results of this experiment correspond with 

the previous experiments’ results; additionally, the difference between the mean measured location 

and the real location was calculated and analyzed. The location detection precision was determined 

to be within 30cm from the real value. 
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5 Analyzing the completed work, discussing possible future 

improvements  
The purpose of this study was to design a system to resolve the problem of tracking children 

outdoors. To achieve this purpose, various approaches to the problem were studied. The research 

area has been identified, and relevant scientific articles and books were analyzed. Among the 

analyzed studies and through the market analysis, several trends were noted. It was discovered that, 

while studies prefer to track children with RFID systems or wireless systems with GPS modules, 

the commercially available products are mostly single-child GPS-based devices, and thus, an 

empty niche for the proposed product exists.  

It was decided to create a questionnaire to find out the opinions of parents. Using this 

questionnaire, the current situation in kindergartens was studied and analyzed. Based on the 

answers, the system’s technical and requirement specifications were created, and the module 

system was proposed. 

The market research has been conducted, and the system’s requirements were identified. 

Multiple implementation approaches have been studied, and several hardware and software 

options for the system’s implementation were considered. Based on the available options, a final 

system was created, and the trilateration technique was chosen as the basis for the system’s 

operation. Various system designs have been identified and the external and internal design of a 

child’s module was proposed. 

 The hardware prototypes for the various system configurations have been created. In order to 

choose the most accurate method and the best appropriate protocol for localization, several 

experiments were conducted. They covered various methods and were conducted in two different 

areas. Analyzing the data from these experiments allowed us to select the combination of 

techniques and methods which provides the most accurate location distance.  

Once the best combination of the technique and the protocol had been chosen (overlapping 

technique, ZigBee), the location detection experiment was conducted. The results of the 

experiments have been analyzed, including accuracy and deviation. 

However, the aim to complete the proposed system demands a lot more work compared to what 

has been done. The first milestones are to complete the prototype of the child’s module with a 

power module and to make a prototype of the GPS-signal module; these could be seen as a 

possibility for future work.     
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Appendix  

Commercial products – competitor list 
 

 Form Functions in addition Technology Size Use on 1 charge; 

Battery 

Cost Additional information 

AngelSense Module SOS button; Call 2 numbers; 

Receive calls/texts; 

Safezones; Audio monitor 

Cellular, GPS 76 x 26 x 

20 mm 

12 hours - - 

102 x 51 x 

12 mm  

24 hours - - 

TraxPlay Module - GPS, GPRS  38 x 55 x 

10 mm 

72 hours 

510mAh LiPo 

- The US use only 

Traxfamily.com 

FiLIP Watch Call&receive from 5 

numbers; CheckIn button; 

SOS button 

Cellular, GPS, 

WiFi 

- full day $150 The US and Spain use only 

Monthly fees 

Tinitell Wrist-

band 

GPS tracker; phone; water-

resistant 

GPS - Day 

Li-ion battery. 

3.7V 400mAh 

€149 

 

- 

HereO  Watch Water Splash Proof; Safe 

Zone; Panic alert 

GPS, GSM, 

WiFi 

112-

136mm 

Up to 60 hours $199 $5/month 

Lineable Wrist-

band 

100% water resistant Bluetooth - one year; not 

rechargeable 

$10 - 

My Buddy 

Tag  

Wrist-

band 

- Bluetooth - lithium one 

year, not 

rechargeable 

$40 the range limited to 40 feet 

indoors and 80-120 feet 

outdoors 

mybuddytag.com 

PocketFinder Module Water-resistant to 3 feet; 

SOS button; Accelerometer 

Cellular, GPS, 

WiFi 

- four days $130 international plan 

$29.95/month 

pocketfinder.com 

Gator watch Watch SOS button; Call 2 numbers; 

receive calls/texts; Safe Zone 

alarm; Audio monitor 

 

GPS 

 

 

 

- 4 days £99 From £9/month 

2 models (Caref GPS phone 

allows children to call their 

parents from the watch) 

http://www.mybuddytag.com/
http://pocketfinder.com/gpschildtracker/
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 Form Functions in addition Technology Size Use on 1 charge; 

Battery 

Cost Additional information 

Amber Alert 

GPS Locator 

Module Water-resistant; Speed 

Detection; Safe Zones; SOS 

button; Silent Mode; Call 

Cellular, GPS 71 x 38 x 

203 mm 

40 hours, 

880 mAh 

Lithium Ion 

$125 worn with a lanyard, on the 

wrist, placed in a backpack 

$15/month, $18/month, 

$10/month 

Revolutionary 

Tracker 

 

 

 

Module/

Watch 

 

Listen in mode; SOS button; 

Safety zone control; Low 

battery alert  

 

Cellular, GPS 51 x 26 x 

19 mm 

- $199  snap these on, put in a pocket, 

wear as a bracelet or necklace 

$25/month 

May 2016, these devices were 

in a pre-order state 

PING 

 

Module Call 1 number 

Water resistant 10m; 

CheckIn button; SOS button 

Bluetooth, 

cellular, GPS, 

GLONASS 

34 x 34 x 

12 mm 

3 months, 

300mAh custom 

lithium ion 

$99 $46 for global tracking plan 

 

AmbyGear 

Smartwatch 

Watch Messaging; Smartwatch 

Apps; Safe Zones; Water 

Proof & Shock Resistant 

Cellular, GPS - - $109 purchasing - $14.90/month  

renting - $19.90 + 2-year 

contract  

DokiWatch Watch Video calling; Voice 

Messaging; Texts; AlertArea 

geofencing; SOS/Emergency 

mode; Moderated contacts 

list; Moderated friends; 

Silence mode; Fitness 

tracking 

GPS, GSM, 

WiFi 

- - $199 comes unlocked with support 

for any 3G mobile networks 

GizmoPal 2 

by LG 

(KizON) 

Module/

Watch 

check-in button; SOS button; 

Waterproof IPX7 

CDMA 38 x 49 mm Standby - 9 days 

Usage - 2.5 hrs 

510 mAh 

 The US use only 

Monthly fees 

a.  

Kigo Watch Watch global SIM support; 

waterproof IPX8; 

SOS/Emergency mode; Wrist 

detection; Flashlight; 

Messaging 

GPS, A-GPS, 

GSM, WiFi 

43 x 34 x 

10 mm 

24 hours; 

3 .7V/350mAh 

LiPo 

€189 €6/month 

international plan €8/month 

Tile Module water resistant - 36 x 37 mm - - - 
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 Form Functions in addition Technology Size Use on 1 charge; 

Battery 

Cost Additional information 

MyKi Kids 

Watch and 

GPS Tracker 

Watch make calls; 

voice and text messages; 

SOS mode; 

track your child’s physical 

activity and sleep habits 

GPS-GSM - - - - 

iGPS Watch Watch two-way voice calling to 

select contacts, 

geo-fencing tech for setting 

boundaries, and SMS text 

support  

SOS button (calling all the 

contacts in the phonebook 

one by one until someone 

answers) 

GPS and GSM - - - - 

DokiWatch Watch Video calling; Voice 

Messaging; Texts; AlertArea 

geofencing; SOS/Emergency 

mode; Moderated contacts 

list; Moderated friends; 

Silence mode; Fitness 

tracking 

GPS, GSM, 

WiFi 

- - $199 - 

Snowfox 

Trackerphone 

Module  “call me” notification; 

location tracking; smart 

notifications; voice calling 

support 

3G and 2G 

networks 

- full week €99 9.90/month, both $ and € 

The first shipments are 

expected to be sent out in 

October 2016  

Guardian 

Angel Kid 

Tracker 

 

main 

hub + 

tracker 

module 

Audible alarm on both the 

remote unit and the hub 

The central hub has 4 LEDs 

to show the direction of the 

child’s location. 

- - - - main hub 

two tracker modules, up to 4 

 


