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Summary 

 

This project aims to present an approach to wireless communication and data transmission 

between a master device and multiple slave devices. The theme selected for the project is 

music, meaning that the data transferred will represent musical notes that will then be played 

by the receiving devices. Due to the nature of music, relatively precise synchronization 

between all receiving devices is required. Therefore, the master device providing all the 

musical data, will also have the role of coordinating every slave, also referred as instrument. 

Each instrument will work independently, without communicating with other instruments, only 

listening to what the master device (also referred as director) wants it to play and when. 

The devices used in the project will be Raspberry Pis, and they will communicate through Wi-

Fi, using the master device as an access point, creating a local wireless network (WLAN). The 

director will have full control over the instruments, being able to access them through secure 

shell (SSH) and allowing to work with them remotely. 

Because of the erratic nature of Wi-Fi transmission, several features such as verification of 

data received, sending of data multiple times and a buffer system will be incorporated to the 

transfer protocol to attempt a stable playback of notes even when interferences are occurring.  
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1. Glossary 

 

This will contain a brief list of all abbreviations present in this document and its definitions: 

BPM:  Beats per minute, unit of measure of rhythm in music. 

CAN bus: Controller Area Network. It is a robust vehicle bus standard designed to allow 

microcontrollers and devices to communicate with each other in applications without a host 

computer. 

IDE: Integrated Development Environment. It is a software application that provides 

comprehensive facilities to computer programmers for software development. 

MIDI: Musical Instrument Digital Interface. It is a technical standard that describes a 

communications protocol, digital interface, and electrical connectors that connect a wide 

variety of electronic musical instruments, computers, and related audio devices for playing, 

editing and recording music 

RF module: Radio Frequency module. It is a small electronic device used to transmit and/or 

receive radio signals between two devices. 

SSH: Secure shell. It is a cryptographic network protocol for operating network services 

securely over an unsecured network. Typical applications include remote command-line login 

and remote command execution 

UDP: User Datagram Protocol. It is an alternative communications protocol to Transmission 

Control Protocol (TCP) used primarily for establishing low-latency and loss-tolerating 

connections between applications on the Internet. 
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2. Preface 

 

2.1. Motivation 

 

Having played the piano for several years and a general interest for classical music made this 

project to stand out. Also, the topics of development with Python, working for the first time with 

a Raspberry PI, wireless communication and network protocols helped with my final election. 

 

2.2. Justification 

 

While the theme of this project is mostly academic and has no direct industrial applications, 

the concept of real-time wireless transmission between multiple systems has a broad list of 

possible applications: 

The most direct one would be a wireless home cinema, where the central device sends the 

information that every speaker has to reproduce to recreate that surround sound effect. 

However, the sent information does not necessarily have to be sound related. The data sent 

could be used for multiple purposes such as synchronization of multiple devices within a factory 

or office. Real-time broadcasting of messages or commands from a central control point can 

be useful in many situations. 

 

2.3. Previous requirements 

 

To facilitate the research process of this project, some previous knowledge of Python 

programming learned in the computer science subjects of the Industrial Technology 

Engineering bachelor’s degree has proven to be very useful. Some topics about digital 

electronics like sequential system design also helped with the development process.  
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3. Introduction 

 

3.1. Objectives 

 

The main objective of this project is to develop software that allows the user to listen to any 

MIDI file in a way where each audio track in the file is played by a different device and therefore 

is heard by a different speaker. An audio track could represent the sound of one instrument if 

the song consists of multiple musical instruments or it could represent the sound of one hand 

in a piano performance.  All forms of communication between the devices have to be wireless 

and in real time. 

In case of interruption or interferences during the transmission of data, the devices must 

attempt to be synchronized for as much time as possible to guarantee a steady flow during the 

playback of a song.  

Given the academical nature of this project, the other main objective is the acquisition of all 

the new knowledge and experience needed to make the previous objectives possible. 

 

3.2. Scope 

 

The project scope will include a fully functional prototype, able to process and reproduce any 

list of notes previously formatted accordingly and saved into the director memory. The solution 

will be developed and optimized with Raspberry PIs usage in mind, although for the director 

program it will be compatible with Windows and Linux desktop computers as well.  

The devices emulating the instruments will be limited to Raspberry PIs, mainly due to the 

compatibility of the software they use. Other Linux environments might be compatible as well, 

but this will not be tested. 

To guarantee a good performance even with the presence of interferences or interruptions in 

the Wi-Fi transmission, additional features such as error detection and handling, different 

transfer protocols like note by note transfer or a buffering system will be implemented and 

tested. 
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The prototype will also include some extra functionality such as the ability for the user to pause, 

stop or resume the song, as well as setting various parameters like the BPM (beats per minute) 

or the musical instrument that will play the song. 

There will not be any hard limitations in terms of length of the song, number of instruments 

playing simultaneously or tempo of the song. The testing process will only include reasonable 

values for those parameters. Therefore, there will be no guarantee of a correct behavior of the 

prototype on some extreme cases. 

Values considered reasonable for the previous parameters will be within these ranges: 

• Length of the song: From 5 seconds to 10 minutes. 

• Number of instruments: From 1 to 8. 

• Tempo of the song: From 20 to 300 BPM. 

Any song played within those ranges will be expected to run without any issues. Regarding the 

number of instruments, due to limitations in the availability of Raspberry PI devices, all testing 

of the real setup will be performed with up to three devices working as instruments. Situations 

where the number of instruments is higher than three will only be tested through an IDE. 
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4. Proposed solution 

 

4.1. Background 

 

There are some other published projects which were similar to this one in some aspects: 

In 2011, Google created Youtube Symphony Orchestra 2011, with the main objective of 

playing an orchestra on a global scale. To accomplish this, 101 musicians were connected to 

the internet and played their corresponding instruments around the world. All those audio 

tracks were then compiled and played at the Sydney Opera House [1]. 

Another project called Orchestra! a Distributed Platform for Virtual Musical Groups and Music 

Distance Learning over the Internet in Java™Technology allowed different musical groups to 

play and practice together despite being physically distant from each other [2]. 

In UPC, other projects have been developed on this topic [3], [4]. The main differences with 

this project are the devices they used (PIC18 microcontrollers from Microchip) and the 

communication between devices was through a CAN bus or an RF module. 

 

4.2. Possible alternatives 

 

As already seen in the background section, very similar functionality can be achieved with a 

lot of different variations of the project: 

The devices could also be a desktop computer, a microcontroller such as an Arduino or a 

PIC18 or even smartphones. Each choice performs better in a different situation. While the 

desktop computer offers better overall functionality, it lacks maneuverability and it is the most 

expensive solution. A microcontroller would be quite the opposite: cheap and portable but 

unable to perform additional tasks besides the main one. A smartphone would be a middle 

ground, being a good option for a director but being overkill as an instrument. 

The chosen solution based on several Raspberry PIs seems suitable for both the director and 

instrument roles while being cheap and allowing a lot of additional functionalities. 
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There are also several alternatives in terms of what channel is used to transfer the data 

between the devices: 

An Ethernet connection would be the fastest option, its major downside is that it would also be 

the most rigid. CAN buses have also proven to be valid options if the chosen device is a 

microcontroller. Bluetooth could also be a solid option, since it has very similar benefits to a 

Wi-Fi network in terms of flexibility and it is already integrated into new models of Raspberry 

PI.  

The main advantage of using a Wi-Fi network over a Bluetooth connection is that it handles 

better the communication between multiple devices simultaneously. Especially with tools like 

multicast groups, which will be explained more in detail later. 

 

4.3. Development of the solution 

 

4.3.1.  Selected tools 

 

Here is a brief list and descriptions of all the software and libraries used to develop this project: 

Raspbian 4.1.4 

It is the operating system used in all Raspberry Pis. It is a free operating system based on 

Debian and optimized for the Raspberry Pi hardware. It was installed using the NOOBS 

installer through an SD card [5]. 

 

Secure Shell 

Secure Shell (SSH) is a cryptographic network protocol for operating network services securely 

over an unsecured network [6]. In this case it will be used to execute console commands for 

the slave PIs remotely from the master PI. 
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Python 2.7 

It is the programming language used to develop all the software for the project. This version 

2.7 was selected due to more familiarity and good overall compatibility with all the other tools 

and libraries needed for the project. 

 

PyCharm 4.5.1 

It is an IDE (Integrated Development Environment) specialized in Python, which offers a lot of 

tools to make the development process more efficient [7]. It has been used to write the code, 

as well as running and debugging it. 

 

FluidSynth 2.0.4 

It is a real-time software synthesizer based on the SoundFont 2 specifications [8]. It is only 

used by the instruments to reproduce different sounds based on the data they receive. It is 

usually used to reproduce MIDI inputs from instrument peripherals. But in this project, it will be 

used to play notes using a Python script as input. 

 

4.3.2.  Selected libraries 

 

Socket 

This library provides access to the BSD socket interface, which is used to send messages 

across a network. They provide a form of inter-process communication (IPC). The network can 

be a logical, local network to the computer, or one that is physically connected to an external 

network, with its own connections to other networks [9].  

On this project, they will be used to exchange data (mostly notes and confirmations) between 

the director and its instruments. 
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Threading  

This library enables the use of multiple threads for the application, which allows the execution 

of multiple operations simultaneously [10]. On this project, they are used so the director is able 

to send data to the different instruments while waiting to receive external data from the user or 

the instruments themselves. Instruments make use of it as well to be able to receive data from 

the director while timing the activation and deactivation of notes multiple simultaneously. 

 

Music21 

It is a broad Python-based toolkit for computer-aided musicology [11]. On this project, it is 

used to extract data from any song MIDI file and translate it into a text file with all the notes 

and their properties. This is accomplished through the script Partiture.py developed by Manuel 

Moreno Eguílaz and it does not need to be used by the Director directly. The program code for 

that file can be found in the annex. 

 

Pyfluidsynth 

This module contains python bindings for FluidSynth [12]. It allows loading patches, setting 

parameters, then sending NOTEON and NOTEOFF events to play notes, all of it through a 

Python script. 

 

Some other libraries have been used as well but to a lesser extent to accomplish certain tasks: 

time, sys, linecache, collections and struct. 

 

4.3.3.  Structure 

 

4.3.3.1. Overall project setup 

 

To connect all the devices involved in the project, a local wireless network (WLAN) has been 

created, with the director device working as a Wi-Fi access point to which the instruments will 

connect. A more detailed explanation about the whole setup process of the access point can 
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be found in the annex. It is also worth noting that for Raspberry PI 3, the built-in Wi-Fi adapter 

can be used. For older models, an external USB Wi-Fi adapter is required. 

 

Figure 1: Overall physical setup of the project. Source: own. 

 

After the wireless network has been established, the communication between the devices will 

be managed using 2 methods: 

• Secure Shell (SSH): As mentioned before, its main purpose for this project is to offer 

remote control of all the slave devices through the main device. A detailed explanation 

about the setup process can be found in the annex as well. When a connection has 

been successfully established, access to the console of the device is granted and you 

are allowed to even execute administrator commands. The main commands used for 

the project will only be related to folder navigation, file modifications and execution of 

scripts. 

• Python sockets: Once the python scripts of the slave devices are executed, sockets 

become the primary channel of communication. Although the exchange of data will be 

mostly one sided, there will be situations where the slave devices will send information 

back to the master device to notify errors in the data received or if any 

desynchronization between two devices is detected. 

 



Wi-Fi musical orchestra based on Raspberry PI Pag. 15 

 

4.3.3.2. Multicast 

 

Passing the same information between many devices becomes challenging as the number of 

direct connections grows. Sending messages separately to each recipient consumes 

additional processing time and bandwidth, which can be a problem for applications such as 

streaming video or audio. Using multicast to deliver messages to more than one endpoint at a 

time achieves better efficiency because the network infrastructure ensures that the packets 

are delivered to all recipients. Multicast messages are always sent using UDP [13]. 

Because the volume of data sent in this project is low, the ‘separate messages for each device’ 

formula could work without problem. Despite that, to facilitate the usage of this project for other 

applications where the data volume might affect performance, multicast groups will be used as 

a one-to-many distribution between the director and the instruments. 

In this project, the director will serve as a multicast sender, being able to broadcast data to all 

devices connected to the multicast group or send data to a single address. The instruments 

will serve as a receiver, each one of them will bind its address to its socket. They will be able 

to listen to the multicast group or any data sent directly to their address, but they will not be 

able to broadcast any data, only send it to a known address. 

One last detail to consider for the implementation of multicast in a Raspberry PI with Raspbian 

is that if not using a router, the routing for multicast has to be setup beforehand. This can be 

accomplished with the following command: 

sudo ip route add 224.0.0.0/4 dev eth0 
 

4.3.3.3. Files structure 

 

The director folder will contain a main Python file called Director.py with the main loop of the 

director as well as all auxiliary functions to execute it properly. It will also contain the 

Partiture.py script, which extracts data from MIDI files into a text file using the Music21 library. 

There will also be two subfolders, one containing all MIDI files, and the other one containing 

the converted text files listing all the notes to play. 
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For the instrument folder, it will be the main Python file called Instrument.py, the Python 

bindings for FluidSynth, called fluidsynth.py and the Soundfont files containing the samples of 

instruments to play. 

 

Figure 2: File structure and interactions between files. Source: own. 

 

4.3.3.4. Note files format 

 

The formatting of the notes in the text files obtained from MIDI files by the Partiture.py script 

consist of separate lines, each one containing a single note which is represented as a Python 

list with 4 parameters: 

Time or offset: It is the moment in the song that note starts to play. It is expressed in black 

notes or ¼ of a beat, therefore, the director must translate it into real time depending on the 

BPM (beats per minute) of the song. Because usually all MIDI files do not provide this 

information, the BPM parameter has been set to be decided by the user, and this will decide 

the speed or tempo of the song. The formula used for both director and instruments to convert 

from offset to real time is as follows: 

𝑇𝑖𝑚𝑒(𝑠) = 𝑂𝑓𝑓𝑠𝑒𝑡 ∗  
15

𝐵𝑃𝑀
 

Pitch: Corresponds to the frequency of the sound to play.  

Velocity: It indicates how rapidly and forcefully a key on a keyboard is pressed. It is not 

relevant to all instruments. 
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Duration: It is the length of the note expressed in ¼ of a beat. 

All of the previous parameters will be stored as float numbers of up to three decimals. Another 

important detail is that each instrument will receive the notes one by one, meaning that it will 

not be able to start playing multiple notes at once. To take this into consideration, any list of 

notes for a given instrument will not have two notes with the same offset value. However, if the 

MIDI file contains simultaneous notes, the Partiture.py script can simply distribute those notes 

into another new list in a new file to be played by an additional instrument. 

Despite this limitation, every instrument will be able to play several notes at the same time, as 

long as their starting points are different. 

  

 

Figure 3: Example of a list of notes obtained from a MIDI file, each line representing offset, pitch, velocity 
and duration respectively. Source: own. 

 

4.3.4.  Behavior 

 

4.3.4.1. Basic director program 

 

From the director perspective, a basic execution of the applications works as follows: 

On startup, the director will read the values of BPM (beats per minute), the name of the song 

file and the musical instrument that will be played. These parameters will be previously 

introduced by the user in a configuration file. Then the Director will search for the text files 

containing the notes of each instrument in the song. As stated before, these text files will be 

obtained beforehand with the Python script ‘Partiture.py’, which uses Music21 to extract the 

necessary data from a MIDI file of the selected song.  
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Once the files are found, the director will read the text files of the song and generate a list 

containing the first note to play for each instrument. Then it will create a datagram (UDP) 

sending socket, sending an initialization message to all receiving instruments connected to the 

multicast group, this message will contain the BPM value and the musical instrument selected. 

Upon receiving the initialization message, the instruments are able to track the address of the 

director and send a confirmation back. When the director receives a confirmation from any 

instrument, it tracks its address and adds it to a list.  

If the address list is successfully completed, it will wait for user confirmation to start to play the 

song. When confirmed, the director will broadcast to the multicast group a start message. Then 

it will search from all the notes from the list which ones have the lowest offset and send them 

one by one to their corresponding instrument. Once all of them have been sent, the director 

will broadcast a confirmation message for the instruments to start playing those notes. 

After the confirmation message, the director reads the note files again to replace the notes 

sent previously with the next note to play. Then again it searches for the lowest offset notes 

on the list and waits an amount of time equal to the difference between the old and new offset. 

Once that time has passed, it sends the lowest offset notes again and this sequence repeats 

itself until there are no more notes to play for any instrument. At that moment, the director 

sends an ‘end’ confirmation to all instruments and shuts down.  

 

 

Figure 4:  Screenshot of the first messages sent by the director when playing a two-instrument song, 
executed from a desktop computer. Source: own. 
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Figure 5: Flux diagram of all steps followed by the director with a basic and intended execution of 
Director.py. Source: own. 
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Figure 6: Example of data sent by the director to the instruments to play 2 sets of notes after user 
confirmation. Source: own. 

 

On Fig. 6, all instruments are represented in green on the vertical axis. The blue bars represent 

the moment where the director sends data to the multicast group, and therefore, to all the 

receiving instruments connected to the group. Each yellow segment represents a note 𝑁𝑖
𝑛 

where n is the index of the file it comes from and i is the order of the note in its corresponding 

notes file. All notes are sent one by one to their corresponding instrument. Offset0 value is 0 

while subsequent offset values are obtained from sorting in ascending order all offset values 

from all note files combined. 

 

4.3.4.2. Transfer protocol improvements 

 

The behavior described previously guarantees real-time synchronization between all 

instruments, but only if all data sent is always received in time. In real life, and specially when 

using a Wi-Fi network as a transmission channel, interruptions may appear at any point of the 

execution of the program, causing some data to arrive late if using a TCP protocol or never 

arrive if sent via multicast group. 
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There are certain messages from the director that are crucial to define the behavior of the 

instruments, these are: 

• Initialization message with BPM and instrument data. 

• Start message. 

• End message. 

If any of those messages are lost during transmission and not received by the instruments, 

they would be locked in an incorrect state without the director knowing. To avoid this, the 

director has to make sure that every instrument has received the message before proceeding. 

This behavior would be built-in if the transmission protocol was TCP. Unfortunately, multicast 

groups only support the UDP protocol [13], so additional functionality needs to be added: 

Whenever the director sends an important message to the multicast group, it will wait to receive 

acknowledgement from all instruments. After three seconds, if not all instruments have 

responded, the director socket will time out and the message will be sent again to the multicast 

group. This process will be repeated up to five times. If the maximum number of attempts is 

reached, the director will shut down. The frequency and count of the repetitions has been 

selected based on the length of interferences experienced during the testing process. 

For messages like the play order from the director, the previous protocol is not applicable, 

since they need to be received simultaneously. If one instrument does not receive it, it is 

already too late for the director to resend that message. What the director can do instead, is 

send the play order multiple times before the final one that usually synchronizes all instruments 

to play the note. With this method, the chances of the instruments receiving the play order are 

greatly increased, since it no longer depends on the connection between them in a single 

moment. 

As an example, in Fig. 7 the director sends a certain number of notes of equal offset to different 

instruments, and instead of waiting for the entire difference in offsets between the current notes 

and the next ones, it sends right away a first play order to the multicast group along with an 

index indicating its position in the sequence and the value of offset that it will wait until the note 

needs to be played. Then, it waits half of the offset difference and sends the play order again 

with a new index, as a final countdown. This action is repeated once more for a total of three 

indexed play orders sent to all instruments. 
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Figure 7: Example of data sent by the director to the instruments where the play order is sent multiple 
times. Source: own. 

 

As a result, it is enough if the connection between an instrument and the director is maintained 

during one of the three moments when the play order is sent to the multicast group, as it can 

know exactly at what moment it needs to play the note previously received. However, this 

method is only effective if the interruptions between director and instrument are shorter than 

the time between notes. It does not guarantee real-time transmission otherwise because none 

of the play orders will be received by the instrument. 

 

4.3.4.3. Implementation of buffering 

 

Even with the addition of all previous improvements to the transfer protocol, real-time 

synchronization cannot be accomplished when the transmission between director and 

instruments is interrupted for a period of time longer than the time between notes. Even if the 
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note data arrives after the connection is resumed, it will be too late to play those notes if the 

interruption is too long. 

The solution proposed for this problem is to maintain the real-time synchronization of 

instruments whenever possible, but always having a buffer of notes for the instrument to play 

if the transmission between director and instruments is interrupted. To implement this, major 

changes are needed in both director and instrument programs. 

From the director side, the sequence in which it sends the notes and the play orders needs to 

be redesigned. The sending of information will be split into two independent threads: one 

sending the notes point-to-point in batches and the other sending the play orders to the 

multicast group. 

In order for the instruments to have a buffer, an initial batch of notes needs to be sent to each 

instrument. From experimental data, it appears that all interruptions between director and 

instruments are shorter than four seconds. Meaning that if we initially send an interval of notes 

that would take six or more seconds to be played, even if an interruption of maximum length 

occurs right after, the instrument should have enough notes to play until the interruption ends. 

After the initial buffer is sent, additional batches of two seconds worth of notes will be sent 

every two seconds, this will always guarantee a buffer of four seconds for each instrument. 

 

Figure 8:  Example of note data sent by the director using the buffering approach, sending an initial 
batch of 4 seconds and 2 second batches every 2 seconds next. Source: own. 
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As for the final format of the note data sent, it will consist of a list of seven elements, which are, 

in order: 

1. Note identifier ‘n’ so the instruments can differentiate between notes and play orders. 

2. Offset value. 

3. Note pitch. 

4. Velocity. 

5. Note duration. 

6. Note index, indicating the order in which notes are being sent. 

7. Checksum or sum of all previous numeric values. 

 

Figure 9:  Example of 4 notes being sent by the director to one instrument. Source: own. 

 

Regarding the play orders, they will be sent at the same rate than before, the main difference 

is that they will now have to also specify the offset of the notes that need to be played since all 

instruments will have notes stored but not necessarily all of them will need to be played. 

Another improvement is the consideration of execution time, which is the time it takes for the 

program to prepare the messages and send them. This time has been measured and it ranges 

from two to five milliseconds, if it was not taken into account, it would add up over time and 

cause timing issues between director and instruments. The solution is to remove the execution 

time of the previous messages sent from the sleep time of the current set of messages to 

compensate. 

 

Figure 10:  Example of 7 play orders sent to the multicast group to play 3 sets of notes of different 
offset. Source: own. 



Wi-Fi musical orchestra based on Raspberry PI Pag. 25 

 

 

 

Figure 11:  Sequence of messages sent to the multicast group by the director to play two groups of 
notes with same offset. Source: own. 

 

From an overall execution perspective, as can be seen in Fig. 12, the director program will 

behave the same as stated in previous sections up to the point where the first batch of notes 

is sent. At that moment, all offset values of the notes sent will be added in ascending order to 

a queue. Then, the main thread will access this queue to know in what order and when to send 

the play orders. Whenever a play order is sent, the first value from the queue will be removed. 

Whenever the thread sending the notes sends a new batch, all offset values of the notes sent 

will be added to the end of the queue. This process will be repeated until the queue is empty. 
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Figure 12:  Flux diagram of all steps followed by the director in an intended execution of Director.py with 
buffering implemented. Source: own. 

 

Even with all the positive implications that a buffering system may have on performance, it 

comes at a cost. Since an initial buffer of six seconds is sent, this means that there is a delay 

of at least six seconds between the moment when the director processes the notes and the 

moment when the instrument plays them. For this project, since all notes of the song are static 

values, a delay of six seconds is not a problem. However, if a buffering system was attempted 

to be implemented into a project where the data being sent was obtained on the spot and its 

value depended on the instruments or other external factors over time, a delay that big would 
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make synchronization impossible. For those cases, the real-time solution should always be 

more appropriate, even with all the other problems it entails when used with a Wi-Fi network. 

 

4.3.4.4. Additional functionality 

 

There is also some functionality not directly related to the transfer protocol. While the director 

is executing the main loop sending notes to the instruments in one thread, there is another 

thread being executed waiting for user input.  

If the user introduces the word ‘pause’, the main loop will be paused until the ‘start’ word is 

introduced. The user can also introduce the word ‘stop’, while the director is running, to pause 

and restart the song (by clearing the list of notes to play). 

To allow the user to pause the director indefinitely and still maintain a connection, a warning 

message needs to be sent to all instruments, so they can adjust the timeout values for their 

sockets and stop playing the notes from their buffer while they wait for the communication to 

resume. Another message needs to be sent if the user decides to resume the song or 

shutdown the director so the instruments can react accordingly. 

Another feature included is a timer, that tracks how much time the song has been playing. It is 

displayed in all the console messages that the director prints when any data is sent. It 

measures from milliseconds up to minutes and it is interrupted by ‘pause’ commands, 

interrupted and reset by ‘stop’ commands and resumed by ‘start’ commands. 
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4.3.4.5. Basic instrument program 

 

From an instrument perspective, the execution is as follows: 

On startup, the instrument creates a receiving datagram socket bound to its address. The 

timeout of its socket is also set to one minute. Then, it waits for an initialization message from 

the director. The initialization message must contain the BPM value and musical instrument 

both set by the user.  If received, it tracks its address and sends back a confirmation message. 

 

 

Figure 13: Socket configuration in instrument.py, setting up the device as a receiver in the multicast 
group. Source: own. 

 

If the fluidsyinth module is successfully imported, it also attempts to load the SoundFont file 

that will be used, as sometimes it can take a significant fraction of a second to load. 

From this point, the behavior of the instrument will be dictated by its state and the data received 

by the director. If the ‘start’ order is received, the instrument sends an acknowledgement back 

to the director and changes state into ‘wait_for_len’, where it waits to receive the total number 

of notes that the director will send to that instrument. The next data to be received is expected 

to be an integer in string form, but even if the data received does not match the type expected, 

the instrument will proceed to the next state. Because the value of total notes is only used 

during the testing process, it is not crucial that the instrument receives it, and skipping to the 

next state prevents the instrument from becoming locked if that value is not received.  There 

is one exception where the data received is the ‘start’ order, this happens when the instrument 

received correctly a previous ‘start’ order, but there are other instruments that have not 
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received it yet, in this case the director sends it multiple times until all instruments have 

responded. In this case the ‘wait_for_len’ state cannot be skipped. 

The next state is ‘wait_for_note’, where the instrument waits for the note data, if a valid note is 

received, the state changes again into ‘wait_for_play’ where the instrument waits to receive 

the play order to start reproducing the note. After that, the state goes back to ‘wait for note’. 

Being at any of the previous states, if the data received contains the ‘end’ message, the 

instrument will send an acknowledgement to the director, close the socket and the instrument 

will shut down after waiting for all the notes to be turned off in all threads. 

 

Figure 14: Transitions between states of an instrument. ‘d’ stands for data received by the director. 
Source: own. 
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If a valid note is received during the ‘wait_for_note’ state and a valid play order is received 

afterwards, a new thread will start calling the play_note function, which takes the list of 

parameters of the note, the BPM value and the fluidsynth object as arguments. When called, 

this function immediately calls a method for Fluidsynth to start playing that particular note, 

specifying the track, pitch and volume of the note. Then, it waits a certain amount of time 

depending on the BPM and the duration parameter of the note. After that, another method is 

called to stop the note from playing and the thread is closed. 

If all play orders have not been received, the instrument will select the latest one and wait a 

fraction of its ΔOffset parameter depending on the index of that play order. After that, it will 

proceed normally with the execution of the play_note function. 

An example of its execution under normal circumstances can be seen in Fig. 15, where it first 

sends the ‘init’ message to notify the director. To the left of each line there is the time expressed 

in seconds, the timer starts when the ‘start’ message is received.  After the confirmation 

message, the instrument is ready to receive the notes. The red lines correspond to the moment 

where the methods are called to turn on and off the notes. As can be seen, the reception of 

data is separate from the execution of the Fluidsynth methods. 

 

 

Figure 15: Screenshot of data sent and received by an instrument on startup. Source: own. 
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4.3.4.6. Data disturbance handling 

 

To make sure that the notes arrive unmodified to the instruments, the sum of all terms of the 

note is also sent as an error detector (checksum). This way, the instrument can check that at 

least one parameter of the note sent has not been altered. While this method does not detect 

rare alterations of the data sent, (like alterations of more than 1 parameter or the security one 

itself) it is considered enough given the current usage of the application, where it is not crucial 

that the data received is 100% correct. This method only handles errors during the 

transmission of data. It does not solve issues where the instrument is in a different state than 

the one predicted by the director. 

Another condition for a note to be considered valid is that there is no discontinuity between the 

note received and the previous ones. This is detected thanks to the index included in the 

parameters of the notes. When discontinuity occurs, it means some notes have not arrived in 

time to the instrument, but because they are sent with a TCP protocol, they arrive right after 

the interruption ends. To prevent the instrument from playing any of those notes out of time 

when the next play order arrives, they are filtered out and labeled as not valid. 

When it comes to the confirmation messages, the instrument only checks if the data received 

corresponds with the expected data given its current state. For example, when an instrument 

is on the ‘wait_for_start’ state, the only data expected from the director are the messages ‘start’ 

or ‘end’. In the case of the play order, it is a bit different, as it also includes the index of the 

play order and the offset difference between notes which indicates the time between the 

previous note and the next one to play. The instrument checks if the string received can be 

converted into a three-element list and if the second and third elements can be converted into 

a floating type. 

 

4.3.4.7. Buffering implementation 

 

When implementing the buffering system, a substantial rework also needed to be made to the 

instrument program in order to process the new flux of data, detect when interruptions are 

happening and play the notes asynchronously from the director when necessary. 
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With the old flux of data, instruments received notes one at a time. The type of data expected 

was always alternating between a note and a play order. With the buffering system, the 

transmission of note data and play orders is now independent, meaning that the instrument 

cannot predict if the next data it receives is a note or a play order. To manage this new situation, 

the old ‘wait_for_note’ and ‘wait_for_play’ states have been merged into one. Upon receiving 

new data in this state, the instrument will check if it is a note or a play order. 

If it is a note, it will do the same checks as before (checksum, continuity) and if it is valid, it will 

be added to a queue of notes. If it is a play order it will compare the offset value included in 

the play order with the offset value of the first note in the queue, which leads to three situations: 

• Play order offset equal to offset from the first note: Note must be played and 

removed from the queue. 

• Play order offset greater than offset from the first note: Desynchronization, all 

notes of less offset than the play order offset must be removed from the queue. 

• Play order offset smaller than offset from the first note: No notes with that offset 

value stored in the queue, no need to do anything. 

Whenever a note is successfully played, the instrument will calculate the time when the next 

note should be played and start a new thread calling the method ‘play_from_buffer’. This 

method will first wait until the moment when the next note needs to be played plus an additional 

margin of 30 milliseconds. If no play order regarding that note has been received yet, it will 

play that note asynchronously. Then it will calculate again the time when the next note should 

be played and call the ‘play_from_buffer’ method again. This process will repeat itself until a 

valid play order is received. 

Because of the margin of 30 milliseconds, the first note played from the buffer will always be 

played 30 milliseconds late, this offset is large enough to be noticed by the human ear, but it 

is necessary to make sure that a real interruption is happening and not just small fluctuations 

in the receiving times. If more notes are played from the buffer after the first delayed one, the 

second one will be played 30 milliseconds before to compensate this margin. 

The process previously described only handles situations where there is an interruption and 

several play orders are never received. But interferences sometimes cause play orders to be 

received way later than expected. The instrument must be able to identify wrong play orders 

and filter them out so they don’t cause desynchronization. 
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To predict the moment when the next note needs to be played, the instrument uses the 

following expression right before calling the method to play the current note: 

 

𝑇𝑛𝑛 = 𝑇𝑐𝑡 + ∆𝑇𝑝𝑜 + ∆𝑇𝑏𝑛 

Where: 

• Tnn is the time when the next note must be played. 

• Tct is the current time when calculating the expression. 

• 𝛥Tpo is the time specified by the last valid play order to wait until the current note must 

be played. 

• 𝛥Tbn is the time between the current note being played and the next one, specified in 

the partiture file. 

This expression gives an accurate estimate of the time when the note must be played, but 

even with no interferences between director and instruments, the play orders often arrive at 

different times within a range of 10 to 20 milliseconds. So instead of checking if the play order 

arrives exactly at the predicted moment, the instrument checks if it arrives at the predicted 

moment ±20 milliseconds. 

To summarize the points previously mentioned, for a play order to be considered valid, three 

conditions need to be met: 

• The queue of notes needs to not be empty (there are notes to play). 

• The offset specified in the play order must be equal to the offset of the first note in the 

queue (it must reference the note that is about to be played). 

• The moment when the note must be played that the play order specifies must be within 

range of the previously predicted value. 

Above all previous conditions, if the play order is the first one received, it will be valid. Since 

that play order is sent right after a validated connection from the start confirmation, it is 

considered to always be received correctly. 
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Figure 16: Flux diagram showing the most significant actions taken by an instrument with a normal 
execution of the Instrument.py program using the buffer system. Source: own. 

 

  



Wi-Fi musical orchestra based on Raspberry PI Pag. 35 

 

4.3.5.  Testing and debugging 

 

To ensure a correct behavior of the software, it has been tested in several environments. While 

being developed, the Director.py and Instrument.py files were always tested using the built in 

Python interpreter of PyCharm, executing both the director and the instrument scripts in the 

same desktop computer, this proved to be the fastest and most efficient way to implement and 

test new code.  

Sometimes, the software was behaving correctly in the desktop environment but some 

interactions between director and instruments were expected to be different if executed by the 

Raspberry PIs. Therefore, the final stages of the testing process were usually done with one 

Raspberry PI working as the director and two more as instruments. In most cases, the 

environment change presented no issues, although some tweaks were needed, especially in 

terms of address handling and socket configuration. 

When operating with Raspberry PIs, each device is assigned with a different IP, and the 

software is designed and behaves that way. If the director and multiple instruments are 

executed within the same device, like when testing in a desktop computer, all of them will have 

the same IP, meaning that any message meant to be sent to a single instrument will be 

received by all of them. To avoid this problem, all testing in a desktop computer was made 

between the director and one instrument. All testing involving multiple instruments needed to 

be done with Raspberry PIs. 

There were also some cases where the audio output of the Raspberry PI was disabled by 

default. This happened in older Raspberry PI 2, where the sound drivers were not fully tested 

yet [14]. This simple command solved the issue: 

sudo amixer -c 0 cset numid=3 1 
 

In terms of debugging, most of it was handled directly with the help of PyCharm. The most 

complex part was the implementation of the buffer for the instruments. Since it required an 

erratic behavior in the reception of data to be fully tested, it could not be debugged with 

PyCharm unless a preestablished incorrect sequence of inputs emulating an interference was 

fed to the instrument program. This caused some problematic situations to not be covered in 

this stage and later found during the testing with Raspberry PIs, making them very hard to 
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identify and handle. Because of this, the most frequent issues have been amended, but not all 

the rare ones. 

 

4.3.6.  Results and performance 

 

Because of the erratic nature of Wi-Fi transmission and the use of multicast, which forces the 

use of an UDP protocol, there are moments where the transmission of data can be interrupted 

for relatively long periods of time. When this occurs, real-time transmission cannot be 

guaranteed and there are no workarounds like sending confirmation messages multiple times. 

To find the most influential factors, several tests under different conditions need to be 

performed. 

At first, Wi-Fi interferences might seem random, occurring at random points of the playback 

with random lengths. To prove that, an initial test with default settings has been conducted:  

• Song played: “The heart asks for pleasure first”.  

• BPM: 50, 85 second duration. 

• Distance between the director and the instruments: Less than 50 cm. 

• Wi-Fi adapters: TP-Link TL-WN725N, D-Link DWA-121. 

• Nº of instruments: 2 

• Transmission protocol for the note data: UDP point-to-point. 

• Transmission protocol for the start, play and end commands: UDP multicast. 

• Buffering: Disabled. 

• Repeat play orders 2 additional times: Disabled. 

To be able to obtain meaningful results, both the director and the instrument software now 

include the following features: 

The director needs to be able to detect how many notes have to be played by each instrument 

and transmit that information to the instruments. This value will be sent to each instrument 

separately right after all instruments have confirmed the reception of the start order by the 

director. In addition, each note packet will now contain a new parameter indicating the index 

of the note sent. This will allow instruments to detect if some notes have been lost during the 

transmission. 
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From the instrument side, a new state has been added between ‘wait_for_start’ and 

‘wait_for_note’ to process the value of the total number of notes that will be sent by the director. 

The instruments are now also able to process the index of notes, detect which notes have not 

been received and list them in a file. Another counter has been added to detect how many 

notes have been successfully played to display the percentage of notes played correctly at the 

end of the song. 

An additional setting to the configuration file of the director has been added for the user to 

select how many consecutive playbacks of the song will be performed when executing the 

program. With this functionality, large sample sizes during tests can be obtained by executing 

both director and instrument programs just once instead of manually executing them for each 

playback. 

The song “The heart asks for pleasure first” has been selected mainly because it requires both 

instruments to play the same number of notes and always at the same time, making 

comparisons between instruments simpler. A total of 20 playbacks of the song will be 

attempted under the default settings and the distribution of notes not successfully received will 

be measured. The notes will be indexed within the total of 540 notes to play for each instrument. 

 

Figure 17: Count notes not received from 20 playbacks, distributed within intervals of 20 notes from the 

total of 540 notes of the song. Source: own. 
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As can be seen in Fig. 17, despite some variance caused by the small number of samples, the 

trend of notes not received appears to be constant through the duration of the song. Therefore, 

it is reasonable to assume that interferences between the director and the instruments are not 

related to the type of notes being sent or what part of the song is being played. The average 

number of notes successfully received within the 50 attempts is 513.5, which means an 

average performance of 95.09% under default settings. The standard deviation of the 

performance stays relatively low at 0,0194. However, there are some other factors that might 

affect performance and should be tested. 

 

 

Figure 18: Performance distribution at default settings from 50 playbacks. Source: own. 

 

4.3.6.1. BPM of the song 

 

To test if the frequency at which the notes are being sent affects performance, 15 playbacks 

of the song will be attempted under the same previous settings but with the BPM value set to 

300, a much higher value than the large majority of songs. 
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Figure 19: Performance distribution at 300 BPM from 15 playbacks, the rest of the settings set to 

default. Source: own. 

The average performance stays similar to the default settings at 96.05%, but the standard 

deviation is much higher at 0.0472. As we can see in Fig. 19, the performance values are more 

spread out, with a considerable number of them at 100%. This increase in variance is mostly 

caused by the significant reduction of measure time. Since the song plays six times faster than 

the default settings and the duration and frequency of the interferences has not changed, they 

are less likely to happen within an entire playback, but when they do happen, they interrupt a 

larger portion of the song. 

 

4.3.6.2. USB Wi-Fi adapter 

 

Another decisive factor for performance might be the USB Wi-Fi adapter used in each 

Raspberry PI. To see if it is relevant, their performance has been compared on previous tests 

where both devices were working under the same conditions, with a total of 50 samples per 

device. 
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Figure 20: Performance distribution from 50 playbacks under the same conditions for both devices. 

Source: own. 

 

From the data displayed in Fig. 20, there appears to be a small difference between the two 

adapters, the TP-Link presents an average performance of 95.5%, and 0.68% higher for the 

D-Link adapter at 96.18%. While this might indicate an overall better performance of the D-

Link adapter, it is considered not enough to invalidate the results of tests for other factors. 

 

4.3.6.3. Distance between director and instruments 

 

This test was performed with 10 successful playbacks of the song under default settings, but 

with one instrument next to the director and the other one at approximately 15 meters of 

distance, with the least number of obstacles possible. 
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Figure 21: Performance distribution from 10 playbacks with different distance settings. The rest of the 

settings are set to default. Source: own. 

 

From the data displayed in Fig. 21, we can see a significant drop in performance when playing 

the song from a distance. It drops from an average of 95.7% at close range to 88.62% at long 

range. During this test, in 4 occasions the farthest instrument disconnected entirely from the 

Wi-Fi network, interrupting completely the execution of the program, those tries were discarded 

but they further demonstrate the impact that distance has on performance. 

 

4.3.6.4. Sending of multiple play orders 

 

As an attempt at increasing performance, one of the features added to try to improve 

performance was that the director sent each play order 2 additional times before sending the 

final play order in real time. This intends to increase the possibilities of the connection being 

stable when the play order is sent. To know how much of a positive impact this feature had, 

50 playbacks will be performed with the feature activated, and their performance will be 

compared to previous data collected from sending play orders just one time. 
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Figure 22: Performance distribution from 50 playbacks with default settings, only modifying the number 

of play orders sent by the director for each group of notes to play. Source: own. 

 

From the data displayed in Fig. 22, this improvement appears to have a not significant positive 

impact in performance, with a 95.30% average versus the previously obtained value of 95.09%. 

This was expected, since this feature only handles situations where the connection is 

interrupted for a very small amount of time, only affecting the playback of one note. In most 

cases, interruptions affect the playback of a sequence of notes. 

 

4.3.6.5. Number of instruments 

 

To see if the number of instruments affects the performance of the playbacks, an additional 

instrument will be added and 50 playbacks will be performed. The song played will be the same, 

but this additional instrument will play the same set of notes as one of the other instruments. 
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Figure 23: Performance distribution from 50 playbacks with default settings, only modifying the number 

of instruments playing the song. Source: own. 

 

As we can see in Fig. 23, adding an additional instrument does not appear to affect 

performance, which stays at 95.25%. This value is expected to be altered as more instruments 

are added, since processing times are still way faster than the times between data sent, and 

the performance of the multicast communication is not affected at such low number of receiving 

devices. 

 

4.3.6.6. Buffer system 

 

Regarding the performance of the final setup with the buffering system implemented, the 

average percentage of play orders successfully received is considered to be the same as the 

non-buffer solution one. With the main difference being that all notes should end up being 

played as long as the buffer does not empty out during the playback. Fortunately, with the 

buffer size selected, this has not happened in any of the tests performed yet. One of the main 

issues yet to be resolved is that in a small number of cases (5.4% of tests recorded), the 

instruments still had issues detecting when an interruption had ended. This caused them to 

play notes from their buffer for longer than needed, causing increasing desynchronization 

between instruments during the playback until they could resynchronize with the director. 
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Figure 24: Evolution of the number of notes stored in the buffer on an instrument for the first 23 seconds 

of a playback. Source: own. 

 

In Fig. 24, we can see the evolution of the buffer stored in an instrument when playing a song. 

The size is expressed in seconds it would take to empty the buffer from a regular playback. 

The steep increases in size occur when the notes are being received, the first one being the 

initial buffer of six seconds, and subsequent increases of slightly more than two seconds every 

two seconds. The decreasing segments are the moments where the notes are being played, 

and therefore, removed from the buffer. At around the 12 second mark, there is a small 

variation in the decreasing slope, most likely caused by the small delay introduced by the first 

note being played from buffer. Since no notes are not received at the 12-second mark, it safe 

so assume that there was an interruption in the connection, which is later resumed after 

approximately 1.5 seconds, when the notes finally arrive and the playback from buffer stops. 
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4.3.7.  Possible improvements 

 

There are several ideas that were out of scope but could be very interesting to try to implement 

in future revisions of this project: 

Add compatibility with different time signatures: In this project, all the songs played have 

simple time signatures, meaning that each beat of the song contains four crotchets. But, for 

instance, there are also compound time signatures, where each beat is divided in three equal 

parts instead of four. This affects the offset to real time conversion, so it would be interesting 

if the director could know the time signature of the songs and adjust the offset to real time 

formula accordingly. 

Musical instrument selection: Currently, the data extracted from the MIDI files does not 

specify what type of musical instrument plays each note. This could be solved by updating the 

Partiture.py script to add the instrument data to the notes and modifying the Director and 

Instrument programs as well to be able to handle the extra information.  

Director graphical interface: One of the small problems that could not be resolved is the fact 

that when executing the director program through a console, it prints information about data 

sent/received very frequently. This causes user input through that console to be a little chaotic, 

since the input messages often overlap with the notifications of the director. A solution could 

be to implement a simple graphic user interface (GUI) to make user input clearer as well as 

add a better structure to implement more complex functionalities in the future. 

 

 

Figure 25: Overlapping between user input and program messages in the second and fourth lines. 
Source: own. 
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Playback of multiple notes at the same time within an instrument: This would allow 

instruments to play songs where chords are involved, enabling more song choices like piano 

songs being played by two Raspberry PI, one for each hand. 
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5. Temporal planning 

 

In this section all stages of the project will be shown, as well as an estimate of time dedicated 

to each one of them. The estimate duration of the project is 271 hours, distributed between the 

dates of 15/07/2018 and 03/06/2019. It has gone through the following stages: 

Installation and updating of Raspbian (6 h): Includes the research time and the time 

required to setup the SD cards, install, update and upgrade Raspbian on a total of 5 Raspberry 

PI’s. 

Access point setup (5 h): Includes research time, executing the procedure as well as solving 

all the issues as they appeared. 

SSH setup and usage (2 h): Mainly spent solving particular issues. 

Simple multicast server (10 h): Mostly dedicated to research and experimentation, it was the 

first stage of the program dedicated to send and receive simple messages through sockets. 

Also includes testing on the Raspberry PI’s. 

Threaded multicast server (2 h): Addition of threads to the server to allow user input while 

the main loop executes in the background. 

Generation of file notes from MIDI files (4 h): It took less time than expected because 

another script with similar functionality was already accessible (provided by Manuel Moreno), 

it just needed some research to fully understand it and some later modifications. 

Director program (20 h): Includes design and implementation of the processing of files, 

recognition of instruments, basic data transmission protocol and timing adjustments. 

Instrument program (15 h): Includes design and implementation of the automaton which 

responds to the data sent by the director. 

Additional functionality implementation (20 h): Includes all the extra features included to 

the director such as stop, pause or change song options, as well as the changes to the 

instrument program to support those features. Also includes the implementation of the data 

disturbance handling, basic instrument selection, config files. 

Fluidsynth implementation (8 h): Includes research and testing time as well as a failed 

attempt at making it run in Windows 10. 
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Final testing and adjustments (15 h): Includes setup time to test the software with many 

variations and its subsequent debugging and modifications. 

Main report and annex writeup (60 h): Compilation of all the work done as well as preparation 

for the oral defense. 

First improvements to the transfer protocol (9 h): Includes implementation and testing of 

message confirmation, notes send via TCP protocol and sending of multiple play confirmations 

for the same notes. 

Data collection (15 h): Includes implementation and testing of all the features that help record 

data about the behavior of the software, the set-up time to gather all necessary data and its 

posterior analysis and processing to extract results. 

Director and instrument as a class (5 h): A late implementation of both main programs as 

classes instead of separate functions. To facilitate later additions. 

Buffering functionality (40 h):  Includes research, implementation, debugging and testing 

time of all features related to buffering, as well as porting to the new system previously 

implemented features such as the play, stop, start commands and some of the data collection 

functionality. 

Main report and annex updates and new content (35 h): Includes all changes and new 

sections added to the main report to reflect all the latest additions and improvements. 
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6. Budget 

 

The budget of the project consists mainly of the development cost, the energetic consumption 

and the used hardware. 

Table 1: Material budget. Source: own. 

Material 

Product Amount Unit cost (€/unit) Total cost (€) 

Raspberry PI 3 5 40 200 

Desktop computer 1 (800/5) = 160 160 

Speakers 3 10 30 

HDMI cable 1 6 6 

 

To consider the cost of the desktop computer used for the project, only the amortization cost 

is included. The amortization is the total cost divided by its lifespan, which is considered of five 

years. 

Table 2: Energetic consumption budget. Source: own. 

Energetic consumption 

Product Hours Cost (€/kWh) Total cost (€) 

Devices 271 0.14 37.94 

Work space 271 0.14 37.94 

 

For the development cost, if we consider a salary of 20 € per hour and a total development 

time of 271 hours as shown in the previous section, the total development cost is 5420 €. 

Therefore, the final cost of the project, considering all the costs from Tables 1 and 2 as well as 

the development cost is 5891.88 €. 
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7. Environmental Impact 

 

Since this project is focused on software development, it does not affect the environment 

directly. There is a very small impact caused by the manufacturing and energy usage of all the 

devices required for the project (multiple Raspberry PIs, speakers and other supporting 

hardware). However, the solution suggested in this project is only meant to be used in 

particular cases, and all its components are expected to have a relatively long lifespan with 

low electric consumption, so the overall impact ends up being really small. 

There is another aspect in which this project can affect the environment: acoustic 

contamination. The overall acoustic impact depends mostly on the user, but since the speakers 

used for this project have adjustable volume and they do not have much power (1 to 2 Watts), 

a normal use of this project will probably not cause any acoustic impact beyond the room it is 

being used. 
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Conclusions 

 

Through this project, the main objective of developing an electronic orchestra using Raspberry 

PIs through Wi-Fi to synchronize themselves and be able to play a wide variety of songs, has 

been achieved. 

The final prototype involves a master device controlled by the user, storing all the data of the 

songs, able to extract the meaningful data, format it accordingly to send it in a correct sequence 

to the correct slave device. Each slave device is able to listen and react to all the data and 

instructions sent by the master device and it can process it to reproduce it as sound in 

conjunction with all other slave devices. To handle interferences or interruptions in the 

connection between the devices, several improvements to the transfer protocol have been 

implemented such as UDP message verification, multicast communication or a buffering 

system. 

Although several improvements can be made to facilitate user accessibility and customization, 

the core functionality works as expected, and it can easily be reused for future projects and 

applications with a thematic not necessarily related to music. 

The choice of the Raspberry PIs as both the master and slave devices has proven to be more 

than enough for this task while being one of the most economic alternatives.  

The usage of a Wi-Fi network as the communication channel may not be the best one if real-

time data transmission was needed. If that is a top priority, a more reliable method like an 

ethernet network should be more effective. Despite its limitations, Wi-Fi transmission is a good 

solution if delay between data gathering and data reception is acceptable. With the help of an 

adequate transfer protocol, it can ensure precise synchronization and control over devices. 
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